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Foreword
by
Sydney Brenner
Nobel Laureate in Physiology or Medicine, 2002
Biomedical Research Council
Agency for Science, Technology and Research
Singapore

Stem cell research has gained much prominence in recent years for its
therapeutic potential in dealing with difﬁcult diseases many of which are
essentially incurable by normal therapies. These diseases are characterized
by progressive cell loss and, in the nervous system, which has no regenerative potential, the degenerative process leads to Alzheimer and Parkinson
diseases. These have become serious health problems as people in advanced
societies now live longer. There is great variability in the occurrence and
onset of these diseases and the underlying environmental and genetic factors are unknown. Cell loss can also be caused by autoimmune reactions
which produce the destruction of the beta cells of pancreatic islets, the main
cause of diabetes, another serious health problem.
In all of these cases, it is hoped that using stem cells with a potential to
differentiate into the destroyed cells will allow a replacement of function
and a cure or amelioration of the disease. A large part of stem cell research
aims to identify and propagate the appropriate stem cells to recapitulate, so
to speak, embryonic development for that particular cell lineage.
For therapeutic use we would want autologous cells or else we face the
problem of transplantation barriers. There are organs which are capable of
regeneration, such as the liver, as well several systems which are continually
being renewed, such as the epithelial lining of the intestine, skin and, most
prominently, the hemopoietic system. There is a large effort to identify and
cultivate such stem cells and to see whether there are dormant stem cells
and whether one stem cell could be converted into another.
xvii
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Foreword

Ideally, we would like methods to take a normal differentiated cell of
an individual and drive it back in time to generate a stem cell with the
appropriate differentiation potential. The only way of doing this today is
to put the nucleus of a differentiated cell into a fertilized egg and allow
it to develop a little further to isolate pluripotential stem cells bearing
the same genetic properties of the donor. Since this is the ﬁrst step in
the cloning of organisms from somatic cells, this area has aroused much
controversy. There are strong moves to ban human reproduction by cloning
on socioethical grounds quite apart from the uncertainties of cloning that
have been revealed by animal experiments. There are also moves to extend
this prohibition to what is called therapeutic cloning, i.e. the use of cloning
to generate stem cells. There is also the question of using human embryos
to develop techniques of selecting and propagating human stem cells with
speciﬁc differentiation potential.
The reader will ﬁnd a complete and up-to-date coverage of this important
ﬁeld of stem cell research, ranging all the way from molecular biology to
bioethics.
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Foreword
by
Philip Yeo
Chairman, Agency for Science, Technology and Research
Co-Chairman, Biomedical Sciences Group
Economic Development Board
Singapore

Stem cell research has great potential to transform modern clinical
medicine, given the ability of stem cells to change themselves physiologically, morphing into distinct tissue types. These undifferentiated, selfrenewing cells can provide doctors with the hope and means to tackle
illnesses such as Parkinson and Alzheimer diseases, spinal cord injuries and
insulin-dependent diabetes.
To take full advantage of their limitless potential requires highlyskilled, dedicated personnel and excellent facilities, all functioning under
a forward-looking regulatory framework. Singapore possesses these key
factors, as exempliﬁed by our two universities, our hospitals, and our
Biopolis, Singapore’s unique biomedical sciences public and private
research hub.
The success of the First International Stem Cell Conference 2003,
co-hosted by our Biomedical Research Council of the Agency for Science,
Technology and Research and the National University of Singapore, put
the seal of approval on our island-state’s reputation as a global player in
this arena, something that it has been working towards since Prof. Ariff
Bongso’s discovery of human embryonic stem (ES) cells in 1994.
Prof. Bongso has since gone on to produce several ES cell lines and
developed an animal-free system for growing them in culture, making him
one of the world’s acknowledged authorities on ES cells and an excellent
choice for editor of this book.

xix
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Foreword

Prof. Bongso’s skills are complemented well by fellow editor Prof. Lee
Eng Hin’s expertise in adult stem cell-mediated physeal and articular cartilage repair. Prof. Lee and his team at the Faculty of Medicine, The National
University of Singapore, were among the ﬁrst in the world to bring this
technology to clinical trials. They have since demonstrated that it can successfully restore damaged physeal and articular cartilage.
Together, the two co-editors bring a unique perspective to bear on
Singapore’s stem cell research scene; one that I hope the readers of this
book will greatly enjoy.
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Stem Cells: Their Deﬁnition,
Classiﬁcation and Sources
Ariff Bongso∗ and Eng Hin Lee

Introduction
Stem cell biology has attracted tremendous interest recently. It is hoped
that it will play a major role in the treatment of a number of incurable diseases via transplantation therapy. Several varieties of stem cells have been
isolated and identiﬁed in vivo and in vitro. Very broadly they comprise of
two major classes: embryonic/fetal stem cells and adult stem cells. Some
scientists wish to pursue research on embryonic/fetal stem cells because of
their versatility and pluripotentiality, while others prefer to pursue research
on adult stem cells because of the controversial ethical sensitivities behind
embryonic/fetal stem cells. However, both embryonic/fetal and adult stem
cells are equally important and research on both types must be enthusiastically pursued since the ﬁnal objective is the application of this technology
for the treatment of a variety of diseases that plague mankind. It is very
possible that the ﬁndings from one stem cell type may complement that of
the other.
The word “stem cell” has also been loosely used by some scientists without the demonstration of stem cell markers or conﬁrmation of stemness
via transcriptome proﬁling. It is their ability to self-renew and differentiate
that certain cells are termed stem cells both in vivo and in vitro. It is very
crucial that the correct deﬁnition and proof of stemness through proper
and accepted characterization tests be addressed before a particular cell type
is classiﬁed as a stem cell. Stem cell therapy has already reached the bedside
in some hospitals through the transplantation of donor bone marrow stem
cells into the circulatory system of leukemic patients and the transfer of

∗ Correspondence: Department of Obstetrics & Gynaecology, National University of Singapore, Kent
Ridge, Singapore 119074. Tel.: 65-67724260, Fax: 65-67794753, e-mail: obgbongs@nus.edu.sg

1

干细胞之家www.stemcell8.cn ←点击进入
2

A. Bongso and E.H. Lee

umbilical cord stem cells into the circulatory system of leukemic children
or their siblings produced from the same mother who had previously stored
her umbilical cord cells. However, the more challenging and impactful use
of stem cells would come from the directed differentiation or transdifferentiation of stem cells into other cell types and tissues to help cure a plethora
of incurable diseases. It would be tremendously useful if embryonic, fetal,
adult or umbilical cord stem cells could be coaxed to produce islets cells for
the treatment of diabetes or neurons for neurodegenerative diseases, cardiomyocytes for heart disease, and so on. This chapter attempts to deﬁne,
classify and describe the sources of the various types of stem cells that have
been isolated to date.

Deﬁnition of Stem Cells
Stem cells are unspecialized cells in the human body that are capable of
becoming specialized cells, each with new specialized cell functions. The
best example of a stem cell is the bone marrow stem cell that is unspecialized
and able to specialize into blood cells, such as white blood cells and red blood
cells, and these new cell types have special functions, such as being able to
produce antibodies, act as scavengers to combat infection and transport
gases. Thus one cell type stems from the other and hence the term “stem
cell.” Basically, a stem cell remains uncommitted until it receives a signal to
develop into a specialized cell. Stem cells have the remarkable properties of
developing into a variety of cell types in the human body. They serve as a
repair system by being able to divide without limit to replenish other cells.
When a stem cells divides, each new cell has the potential to either remain
as a stem cell or become another cell type with new special functions, such
as blood cells, brain cells, etc.
Most tissue repair events in mammals are dedifferentiation independent
events brought about by the activation of pre-existing stem cells or progenitor cells. By deﬁnition, a progenitor cell lies in between a stem cell and a
terminally differentiated cell. However, some vertebrates such as salamanders regenerate lost body parts through the dedifferentiation of specialized
cells into precursor cells. These dedifferentiated cells then proliferate and
later form new specialized cells of the regenerated organ. In fact, some
invertebrates such as the Planarian ﬂatworm and the hydra regenerate tissues very quickly and with precision.1,2 The word “stem” actually originated
from old botanical monographs from the same terminology as the stems
of plants, where stem cells were demonstrated in the apical root and shoot
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meristems that were responsible for the regenerative competence of plants.
Hence also the use of the word “stem” in “meristem.”3 Today, stem cells
have been isolated from preimplantation embryos, fetuses, adults and the
umbilical cord and under certain conditions, these undifferentiated stem
cells can be pluripotent (ability to give rise to cells from all three germ
layers, viz. ectoderm, mesoderm and endoderm) or multipotent (ability to
give rise to a limited number of other specialized cell types).

Classiﬁcation and Sources of Stem Cells
Stem cells can be classiﬁed into four broad types based on their origin,
viz. stem cells from embryos; stem cells from the fetus; stem cells from the
umbilical cord; and stem cells from the adult. Each of these can be grouped
into subtypes (Fig. 1). Some believe that adult and fetal stem cells evolved
from embryonic stem cells and the few stem cells observed in adult organs
are the remnants of original embryonic stem cells that gave up in the race
to differentiate into developing organs or remained in cell niches in the
organs which are called upon for repair during tissue injury. 4
Embryonic stem cells
In mammals, the fertilized oocyte, zygote, 2-cell, 4-cell, 8-cell and morula
resulting from cleavage of the early embryo are examples of totipotent cells
(ability to form a complete organism).5 Proof that these are indeed totipotent cells comes from the fact that identical twins can be generated from
splitting of the early embryo in vitro by micromanipulation in domestic
animals. However, strictly speaking, the fertilized oocyte and blastomeres
cannot be termed“stem cells”because the making of more of them is limited
during early cleavage division. They, thus, cannot self-renew even though
they have the potential to form a complete organism.
The inner cell mass (ICM) of the 5- to 6-day old human blastocyst is
the source of pluripotent embryonic stem cells (hESCs). During embryonic
development, the ICM develops into two distinct cell layers, the epiblast and
hypoblast. The hypoblast forms the yolk sac which later becomes redundant
in the human, and the epiblast differentiates into the three primordial germ
layers (ectoderm, mesoderm and endoderm). Embryonic endoderm cells
are rather restricted in their developmental pathways. A small population
of multipotent cells, called the deﬁnitive endoderm, gives rise to all of
the endoderm derived organs in the adult. The deﬁnitive endoderm is

4
A. Bongso and E.H. Lee
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separated from the pluripotent ICM during gastrulation immediately after
implantation. The deﬁnitive endoderm comprises an epithelial sheet of
approximately 600 cells that cover the ventral surface of the embryo. This
sheet later forms the fore and hind gut. The fore gut later forms the lung,
liver, stomach and pancreas, while its more posterior aspects gives rise to
the intestines (mid-gut) and cloaca. The hind gut gives rise to the rectum
and large intestine.6 Knowing what drives these developmental pathways is
crucial to understanding the factors and events that lead to differentiation
of embryonic stem cells to desirable tissues such as the pancreas. Pluripotent
embryonic stem cells can give rise to many cell types in vitro, including cells
speciﬁc to endodermal tissues. Advances in the understanding as to how
ES cells differentiate should provide answers for re-programming of stem
cells from adult tissues.
Embryonic germ cells
Primordial germ cells or diploid germ cell precursors transiently exist in
the embryo before they closely associate with somatic cells of the gonads
and then become committed as germ cells. Human embryonic germ cells
(hEGCs) which are also stem cells, originate from the primordial germ
cells of the gonadal ridge of 5- to 9-week old fetuses. hEGCs have been
successfully isolated and characterized.7 These stem cells are pluripotent
and are able to produce cells of all three germ layers.
Fetal stem cells
Fetal stem cells are primitive cell types found in the organs of fetuses.
Neural crest stem cells, fetal hematopoietic stem cells and pancreatic islet
progenitors have been isolated in abortuses.8 Fetal neural stem cells found
in the fetal brain were shown to differentiate into both neurons and glial
cells.9,10 Fetal blood, placenta and umbilical cord are rich sources of fetal
hematopoietic stem cells.
Umbilical cord stem cells
Umbilical cord blood contains circulating stem cells and the cellular contents of umbilical cord blood appear to be quite distinct from those of bone
marrow and adult peripheral blood.11 The characteristics of hematopoietic
stem cells in umbilical cord blood have recently been clariﬁed. The frequency of umbilical cord blood hematopoietic stem cells equals or exceeds
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that of bone marrow and they are known to produce large colonies in vitro,
have different growth factor requirements, have long telomeres and can
be expanded in long term culture. Cord blood shows decreased graft
versus host reaction compared with bone marrow, possibly due to high
interleukin-10 levels produced by the cells and/or decreased expression of
the beta-2-microglobulin. Cord blood stem cells have been shown to be
multipotent by being able to differentiate into neurons and liver cells.11
While most of the attention has been on cord blood stem cells and
more speciﬁcally their storage for later use, there have also been reports
that matrix cells from the umbilical cord contain potentially useful stem
cells.12 This matrix termed Wharton’s jelly has been a source for isolation
of mesenchymal stem cells. These cells express typical stem cell markers,
such as c-kit and high telomerase activity; have been propagated for long
population doubling times; and can be induced to differentiate in vitro into
neurons.
Adult stem cells
Hematopoietic stem cells (bone marrow
and peripheral blood)
Bone marrow possesses stem cells that are hematopoietic and mesenchymal
in origin. Hematopoiesis is the production and maintenance of blood stem
cells and their proliferation and differentiation into the cells of peripheral blood. The hematopoietic stem cell is derived early in embryogenesis
from mesoderm and becomes deposited in very speciﬁc hematopoietic sites
within the embryo.13 These sites include the bone marrow, liver, and yolk
sac. Hematopoietic stem cells can be puriﬁed using monoclonal antibodies,
and recently, common lymphoid progenitor and myeloid-erythroid progenitor cells have been isolated and characterized.13 Bone marrow stem cells
may be more plastic and versatile than expected because they are multipotent and can be differentiated into many cell types both in vitro and in vivo.
Mesenchymal stem cells (bone marrow stroma)
Mesenchymal stem cells (MSCs) are found postnatally in the nonhematopoietic bone marrow stroma. Marrow stromal tissue is made up of a
heterogenous population of cells, which include reticular cells, adipocytes,
osteogenic cells, smooth muscle cells, endothelial cells and macrophages.14
In a steady state or in response to injury, turnover of stromal tissue and
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repair occurs through the participation of a population of stem cells found
in the stromal tissue.15 Apart from bone marrow stroma, MSCs can also
be derived from periosteum, fat and skin. MSCs are multipotent cells that
are capable of differentiating into cartilage, bone, muscle, tendon, ligament
and fat.16 There is some recent evidence that there is a rare cell within MSC
cultures that is pluripotent and can give rise not only to mesodermal but
to endodermal tissues.17 The authors have called this a Multipotent Adult
Progenitor Cell.
Gut stem cells
The gastrointestinal epithelial lining undergoes continuous and rapid
renewal throughout life. Differentiation programs thus exist in speciﬁc
regions of the tract. Epithelial renewal is sustained with populations of multipotent stem cells residing in distinct anatomic sites governed by niches.18 A
major challenge is to identify these niches, the properties of these stem cells
and the molecular mechanisms underlining their fate decisions in appropriate developmental pathways. These answers will provide clues as to why
some patients infected with Helicobacter pylori are at risk in developing
gastric adenocarcinoma. Many patients harbor H. pylori in their stomachs
but only a percentage goes on to develop pathology.19
Epithelial cell renewal in the intestine is sustained by multipotent stem
cells located in the crypts of Lieberhahn. In the small intestine, epithelial
cells of enterocytic, goblet and enteroendocrine origin differentiate as they
migrate from a crypt up an adjacent villus and leave the intestine once
they reach the villus tip. In the colon, it is different. Epithelial cells migrate
from the crypt to a ﬂat surface cuff that surrounds its opening. The stem
cell hierarchy in the gut and the fact that stem cells and their progeny are
located in well deﬁned anatomic units make the gut an ideal in vivo model
for stem cell research.20
Liver stem cells
Mammals are said to survive surgical removal of at least 75% of the liver
by regeneration. The original tissue can be restored in 2–3 weeks. This is
in contrast to most other organs such as the kidney or pancreas. Recent
evidence strongly suggests that different cell types and mechanisms are
responsible for organ reconstitution, depending on the type of liver injury.
In the case of the liver, regeneration must be distinguished by transplantation (repopulation) with donor cells.21
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Bone and cartilage stem cells
Mesenchymal Stem Cells in bone marrow can differentiate into bone and
cartilage under appropriate conditions. However, if bone or cartilage is
injured, are there stem cells inherent in bone or cartilage to participate in
the repair process? Bone itself has been found to have both uncommitted
stem cells as well as committed osteoprogenitor cells.22,23 In addition, when
bone is fractured, there is exposed marrow and abundant bleeding with
hematoma formation in the marrow space, which results in good repair
potential. In vivo, articular cartilage has a very limited capacity for repair if
injured. It is currently not clear whether there is a committed chondrocyte
progenitor cell located within cartilage. In the presence of injury to cartilage,
stem cells do participate in the repair process. The numbers, however, are
small and the regulatory factors are limited.24,25 It is postulated that these
cells may be derived from surrounding tissues such as muscle, bone or other
non-cartilaginous tissues.26
Epidermal stem cells (skin and hair)
The human skin comprises the outer epidermis and underlying dermis.
Hair and sebaceous glands also make up the epidermis. The most important
cell type in the epidermis is the keratinocyte which is an epithelial cell that
divides and is housed in the basal layer of the epidermis. Once these cells
leave the basal layer they undergo terminal differentiation resulting in a
highly specialized cell called a squame which eventually forms either the hair
shaft or the lipid-ﬁlled sebocyte that form an outer skin layer between the
harsh environment and underlying living skin cells. The epidermis houses
stem cells at the base of the hair follicle and their self-renewing properties
allow for the re-growth of hair and skin cells that occurs continuously. New
keratinocytes are produced continuously during adult life to replace the
squames shed from the outer skin layers and the hairs that are lost. Stem
cells differentiate into an intermediate cell called the “transient amplifying
cell” which gives rise to the more differentiated cell types inclusive of the
keratinocytes and sebocytes.27
Neuronal stem cells
It has been suggested that a continuous neurogenic turnover occurs in some
limited areas of the central nervous system (CNS). Two neurogenic regions
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of the adult mammalian CNS are supposed to be involved in this process: the
subventricular zone (SVZ) of the forebrain28−30 and the dental gyrus of the
hippocampus31,32 which are considered reservoirs of new neural cells. Thus,
neural stem cells (NSCs) are known to reside in these two areas and they
consistently generate new neurons.33−35 In vivo, endogenous NSCs seem to
be able to produce almost exclusively neurons, while a single NSC in vitro
is competent to generate neurons, astrocytes and oligodendrocytes.36 NSCs
are multipotent progenitoir cells that have self-renewal activity. Although
it seems clear at present that the bona ﬁde NSC is the subventricular zone
B cells, the search for self-renewing, multipotent NSCs is in progress and
conﬂicting information is available in the literature. There has been data to
suggest that the SVZ NSC is an ependymal cell,37 while others have demonstrated that the SVZ astrocyte is the NSC.38 It was also demonstrated that
ependymal cells were unipotent giving rise to only glial cells, whereas SVZ
astrocytes were able to produce multipotent neurospheres that yielded both
neurons and glia.39 The ﬁnal fate of the NSC is under tight environmental
control and a stem cell niche has been postulated for the adult mammalian
brain.
Pancreatic stem cells
There has been controversy as to whether the pancreas contains true stem
cells. It was reported that the endocrine cells of the rat pancreatic islets
of Langerhans, including insulin-producing beta-cells, turn over every
40–50 days by processes of apoptosis and the proliferation and differentiation of new islet cells (neogensis) from progenitor epithelial cells located
in the pancreatic ducts. The administration to rats of glucose or glucagonlike peptides resulted in the doubling of the islet cell mass, suggesting that
islet progenitor cells may reside within the islet themselves.40 The same
authors showed that rat and human pancreatic islets contained an unrecognized population of cells that expressed the neural stem cell-speciﬁc
marker nestin. These nestin-positive cells were distinct from ductal epithelium. These nestin positive cells, after isolation, had an unusually extended
proliferative capacity in vitro, could be cloned repeatedly and appeared to
be multipotential. They were able to differentiate in vitro into cells that
expressed liver and exocrine pancreas markers. The authors proposed that
these nestin-positive islet derived progenitor cells were a distinct population of cells that resided within the pancreatic islets and participated in
neogenesis of islet endocrine cells.40
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More recently, however, in an effort to pin down the source of new b cells,
Dor et al.41 designed transgenic mice in which insulin-producing cells were
prompted to produce HPAP that is detected by blue staining. When the mice
were 6–8 weeks old, the HPAP gene was turned on. Once the HPAP gene
was tuned on, b cells were expected to pass on the gene to daughter cells. If
the new b cells came from stem cells, then they should not be labeled by the
stain. After 12 months, the percentage of blue cells was higher than that in
6-week-old mice, suggesting that the b cells replicate themselves and that the
pancreas is unlikely to harbor stem cells that produce large numbers of new
b cells. Later, Seaberg et al.42 exposed pancreatic cells to culture media that
encourage growth of neural stem cells. One out of every 5000 cells quickly
multiplied into groups of cells. The authors suggested that this grouping
was characteristic of stem cells. Additionally, the authors demonstrated the
formation of a variety of cell types from these cell groups when the culture
medium was changed to encourage the cell groups to differentiate. The cell
milieu comprised neurons and pancreatic cells inclusive of b cells based
on gene proﬁling. The b cells secreted insulin and when sugars were added
to the culture medium, the b cells put out more than twice as much of
insulin. The unequivocal demonstration of the existence of stem cells in
the pancreas was, however, not proven.
Eye stem cells
Stem cells have been identiﬁed in the adult mouse eye.43 Single pigmented
ciliary margin cells were shown to clonally proliferate in vitro to form
sphere colonies of cells that can differentiate into retinal-speciﬁc cell types,
including rod photoreceptors, bipolar neurons and Muller glia. The adult
retinal stem cells were localized to the pigmentary ciliary margin and not
to the central and peripheral retinal pigmented epithelium.
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From Human Embryos to Clinically
Compliant Embryonic Stem Cells:
Blastocyst Culture, Xeno-free Derivation
and Cryopreservation, Properties
and Applications of Embryonic
Stem Cells
Ariff Bongso∗ , Mark Richards and Chui-Yee Fong

Introduction
The isolation of stem cells from human preimplantation embryos has been
considered the biggest breakthrough of the 21st century. These mysterious
cells aptly referred to as the “mother of all cells” hold promise in a new era
of reparative medicine by providing an unlimited supply of different tissue types suitable for transplantation therapy (Fig. 1). Human embryonic
stem cells (hESCs) can be isolated from: i) surplus embryos left over after
in vitro fertilization (IVF) treatment1−3 ; ii) embryos created speciﬁcally
for this purpose4 ; and iii) from embryos created by somatic cell nuclear
transfer.5 The latter two approaches are heavily charged with emotional
and ethical implications while the ﬁrst is less controversial. However, hESC
research leading to prospective cures for a variety of incurable diseases has
the potential to affect the lives of millions of people around the world,
not through the prolongation of life but more through the improvement
of the quality of life. Two major hurdles fundamental to hESC biology
have to be overcome before puriﬁed hESC directed cells are used in clinical therapy, viz., a) hESC culture technology in vitro must be safe with
∗ Correspondence: Department of Obstetrics and Gynaecology, National University of Singapore, Kent
Ridge, Singapore 119074. Tel: 65-67724260, fax: 65-67794753, e-mail: obgbongs@nus.edu.sg
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Figure 1. Cell lineages from the ICM of human blastocysts.

FDA approval, and b) enough hESC lines must be produced that are readily expandable to generate the required number of cells for later clinical
application.
Whatever the approaches are, it is important when deriving stable hESC
lines that the gametes and ensuing embryos are of high quality and free from
both genetic and infectious diseases. Patients donating such material with
informed consent should be screened for HIV, hepatitis B, sex-linked and
autosomal genetic diseases. There is an urgent necessity for a global effort
in establishing centralized hESC repositories with stringent quality control
that carry panels of cell lines that are: i) xeno-free and of clinical grade,
derived and grown under current good manufacturing practice (cGMP)
and good tissue culture practice (GCTP) conditions; ii) diverse for gender
and ethnicity; iii) HLA typed for future tissue matching; iv) fully tested for
diseases and fully characterized (inclusive of molecular genetic markers);
v) sustainable in vitro without karyotypic changes for prolonged passages;
vi) grown both by the “cut and paste” (mechanical transfer) and “bulk
culture” (enzymatic transfer) protocols with growth and culture conditions
identiﬁed; and vii) able to differentiate with known inducers.
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Blastocyst Culture
The successful production of stable hESC lines with high success rates
depends largely on the quality of embryo started with. These are usually leftover embryos from IVF clinics. Institutional Review Board (IRB) approval
and informed patient consent must be sought before such frozen embryos
are used for hESC derivation. Such donated embryos may have been frozen
at the day-1 (pronuclear); day-2 (4 cell); day-3 (8 cell); day-4 (compacted);
or day-5 (blastocyst) stages of embryonic development. Knowledge of the
daily embryo scores using polarized and morphological markers and cleavage speed that will generate the best blastocyst is useful in ensuring a high
success rate in hESC line derivation (Fig. 2). Once thawed, such embryos
are grown to the blastocyst stage using an extended microdroplet culture
protocol with two-stage sequential culture media in the presence of 5% or
6% CO2 in air atmospheres.6,7 Blastocysts with distinct inner cell masses
(ICMs) and thin zona pellucidae are ideal for hESC derivation. Success
rates for producing hESC lines vary from laboratory to laboratory. Taking
all existing reports collectively,2,3,8 a success rate of about 20% is expected
in producing an hESC line from a single frozen day-2 to -3 embryo (Fig. 3).
As more experience is gathered, these success rates are deﬁnitely expected to
go up. Using the extended microdroplet culture protocol, embryo scoring,
enzymatic zona removal with pronase and immunosurgery, high success
rates of nearly 50% were obtained by our group (Fig. 4).

Research Grade hESC Lines from Surplus IVF Embryos
Fertilization of a single oocyte from a natural cycle to produce a single
embryo for IVF results in suboptimal pregnancy rates, and thus it has
become necessary to stimulate the ovaries of such subfertile women with
hormones to obtain an optimum number of oocytes that will generate
at least 2–3 embryos for transfer resulting in pregnancy rates of as high as
40–50%. To obtain such high pregnancy rates, most IVF centers fertilize
all aspirated oocytes, thus resulting in surplus embryos that are frozen
for future use for the couple. IVF couples have several options with their
surplus frozen embryos. If they have completed their families and have no
personal use for such surplus embryos, they could: 1) donate the embryos
to a needy childless couple; or 2) donate the embryos for research that
will beneﬁt mankind; or 3) dispose off the embryos. The embryos that are
available for deriving hESC lines come from those patients who donate such
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EGG & EMBRYO STAGING

MII EGGS
(denuded):

Smooth polar body (PB)
Rough PB
Fragmented PB
Large PB

++++
+++
++
+

2PN (D1):

Nucleoli alignment
Nucleoli evenly scattered
Others

+++
++
+

4–6 cell (D2):

Blastomere regularity; absence of fragments
Blastomere regularity; moderate fragments
Blastomere irregularity, abundant fragments

+++
++
+

8-cell/Compacting
(D3):

Compacting
8–10 cell, no fragments
Others

+++
++
+

Compacting/
compacted/EC (D4):

Early cavitating
Compacted
Compacting
Others

+++
+++
++
+

LC/EB/Expanding
BL (D5):

Expanding blastocyst
Early blastocyst (EB)
Late cavitating (LC)

+++
+++
++

Figure 2. Human egg and embryo scoring from day-0 to day-5.

embryos for useful research. Thus, derivation of hESC lines should be by
informed patient consent, Institutional Review Board (IRB) approval, and
by using approved hESC derivation protocols to help overcome the ethical
sensitivities of hESC research.

Derivation and propagation
“Cut and paste” method (mechanical transfer)
Embryonic stem cells were ﬁrst isolated from IVF human blastocysts in
1993.1,9 After removal of the zona pellucida with pronase (Sigma, MO), 21
zona-free blastocysts from 9 IVF patients were cultured intact as a “whole
embryo culture” on irradiated human adult oviductal epithelial ﬁbroblasts
in the presence of Chang’s medium supplemented with 1000 IU/ml of hLIF.
Nineteen of these produced healthy ICM lumps in 7 to 11 days. The lumps
were mechanically separated from the peripheral trophectodermal (TE)
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Figure 3. The success rates in developing hESC lines. The ﬁgures in parentheses are number of
embryos. Thaw survival (70%); blastulation (60%); zona removal (100%); immunosurgery
(70%); primary culture (80%); ﬁrst colony (80%); hESC line (100%).

cells and underlying feeder cells with hypodermic needles, trypsinized and
passaged further on fresh irradiated human adult fallopian tubal feeders.
hESC cell colonies were produced in the ﬁrst and second passages. The
hESCs of the ﬁrst two passages had typical hESC morphology (high nuclearcytoplasmic ratios and prominent nucleoli), stained positive for alkaline
phosphatase and had normal karyotypes. These cells differentiated from
the third passage onwards.1
Later, Thomson et al.2 used immunosurgery10 to completely separate the
ICM and cultured the intact ICM on irradiated murine embryonic ﬁbroblasts (MEFs) instead of human feeders. Parts of each hESC colony were
then cut mechanically with hypodermic needles and the cell clusters grown
on fresh irradiated MEFs instead of cell disassociation into single cells with
trypsin. Using such a protocol, these workers were successful in producing
the ﬁrst hESC line. Thus, the differentiation of the hESC colonies from
the third passage onwards in the reports of Bongso et al.1,9 was perhaps
due to the dissociation of the colonies into single cells very early in culture
with trypsin. hESCs have been considered very “social” cells with numerous
junctional complexes holding them together for their survival and hence
the single cell disaggregration may have disturbed this “social” behavior
resulting in differentiation. Later, Reubinoff et al.3 used immunosurgery,
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Figure 4. Blastocyst culture and immunosurgery. A. Frozen-thawed day-3 human embryo containing 8 healthy blastomeres; B. Good quality blastocyst grown from (A). Note distinct ICM at
10 ‘o’clock position; C. Zona-free blastocyst after dissolution of zona pellucida with pronase;
D. Intact ICM after immunosurgery.

mitomycin-C treated MEFs and a similar “cut and paste” mechanical transfer method to derive and propagate hESC lines that could be spontaneously
differentiated into neuronal cells in vitro. Amit and Iskovitz11 and Suss-Toby
et al.12 later conﬁrmed that the “whole embryo culture” method worked just
as well as the immunosurgery protocol to produce hESC lines. A re-visit of
the work of Bongso et al.1,9 to use human feeders instead of MEFs recently
showed that hESC lines can be successfully derived and propagated on fetal,
neonatal and adult human feeders.13–15 hESC colonies grown on human
feeders using the “cut and paste” method are more angular and rhomboid
compared with the circular colonies grown on MEFs.13,14
“Bulk culture” method (enzymatic transfer)
Some of the limitations of the “cut and paste” method are that it is laborintensive and it takes a long time to scale up hESC numbers. Thus a bulk
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culture protocol was developed where hESC colonies are mechanically cut
into clusters and transferred to MEFs in initial passages and in later passages
colonies were exposed to collagenase and/or trypsin and single disassociated
cells sown on mitomycin-C treated MEFs, like rice thrown on a paddy
ﬁeld. Several hESC colonies sprouted up and thus cell numbers could be
expanded in shorter time periods. Some laboratories enzymatically treat
both hESC colonies and feeders at the same time and seed the entire mixed
cell suspension onto fresh MEFs, allowing the single hESCs to produce new
colonies while the old feeder cells degenerate in culture.
Recently, Cowan et al.8 derived 17 individual hESC lines from 97 ICMs
using MEFs as feeder cells, recombinant hLIF, serum replacement and plasmanate. Each cell line was initially passaged (up to the ﬁrst 5 passages) by
mechanical dissociation immediately after the initial ICM outgrowth. The
cell lines were then adapted to enzymatic passage with trypsin. All 17 cell
lines were characterized using several molecular markers and they maintained a normal karyotype in culture. However, with prolonged passaging
in vitro these authors observed karyotypic changes involving chromosomes
12 and 2. These chromosomal changes were associated with a proliferative
advantage and a shortening in the population doubling time.
Our group recently conﬁrmed that human feeders could also be used
in the “bulk culture” protocol to successfully support hESC propagation
(Richards and Bongso, unpublished data).

Research Grade hESC Lines from Cloned Embryos
Since hESCs are derived from donor surplus IVF embryos, there has been
some concern that the tissues differentiated from these hESCs may be
rejected after transplantation to patients. There are several approaches,
however, that could help overcome transplantation incompatibility. These
include: 1) the modiﬁcation of the histocompatability locus or alteration of
cell surface antigens of hESCs to produce a universal cell line that would be
more acceptable and rejection-free; 2) the production of large repositories
of HLA-typed hESCs for tissue matching; 3) the coating of hESC derived
cells with an immuno-privileged membrane during delivery; 4) the use of
immunosuppressive drugs to reduce rejection; 5) the production of tailormade customized hESCs and differentiated tissues by somatic cell nuclear
transfer (SCNT) (therapeutic cloning); and 6) hESC cytoplasmic transfer
into somatic cells.
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Interestingly, LiLi et al.16 recently demonstrated that hESCs are immunoprivileged. In some very elegant experiments these authors showed that
hESCs injected into immunocompetent mice were unable to induce an
immune response. Undifferentiated and differentiated hESCs failed to stimulate proliferation of alloreactive primary human T cells and inhibited
third-party allogeneic dendritic cell-mediated T cell proliferation via cellular mechanisms independent of secretory factors.16 Thus, hESCs may be
behaving like donor human embryos that do not get rejected when transplanted into the uteri of surrogate mothers in IVF programs.
Recently, Hwang et al.5 successfully derived hESCs from cloned human
embryos using the SCNT technique. The nuclei of the patient’s own cumulus cells were electrofused with her own enucleated mature oocytes to generate blastocysts, from which hESCs were derived and propagated to produce
an hESC line. Of 176 oocytes that were used, 30 blastocysts were generated
and from these blastocysts one hESC line was produced. The protocols for
blastocyst culture, hESC derivation and propagation were the same as those
described for surplus IVF embryos in this chapter. The hESC line was not
xeno-free as MEFs and animal-based culture ingredients were used. Several hurdles in terms of improvement of the efﬁciency of the technique;
the implications and consequences of the absence of gene imprinting in
the absence of sperm participation; the role of the left-over mitochondrial DNA in the enucleated oocyte; the use of other cell types for nuclear
re-programming because of the paucity of mature oocytes, are all issues
that have to be studied and overcome before SCNT can become a routine
and useful method for customizing tissues for transplantation therapy. It
has been claimed that it is highly unlikely that large numbers of mature
oocytes would be available for tailor-making hESC cell lines and their
tissue derivatives to suit each sick patient, particularly if hundreds of oocytes
are required to produce each hESC line.17 Furthermore, it has also been
suggested that epigenetic remnants of the somatic cell used as the nuclear
donor may cause major functional developmental problems.18

Clinical Grade hESC Lines for Research and Application
Thus far, all 78 hESC lines on the NIH registry are derived and grown
on xeno-supports (MEFs) in the presence of xeno-proteins (guinea pig
complement, rabbit antihuman antibodies, fetal calf serum, bovine insulin,
porcine transferrin) (Table 1). hESC lines have also been propagated on
cell-free matrices such as laminin and matrigel in the presence of MEF
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Table 1. Xenosupports and Xenoproteins in hESC Lines

Embryo Culture

Bovine/ovine hyaluronidase: intracytoplasmic sperm injection

Derivation of hESCs

Guinea pig complement
Rabbit anti-human antibodies
Murine embryonic ﬁbroblasts (MEFs)
DMEM supplemented with fetal calf serum (FCS)
Bovine insulin-porcine transferrin-selenium (ITS)
Feeder-free matrices: animal origin

Propagation of hESCs

Murine embryonic ﬁbroblasts (MEFs)
DMEM supplemented with fetal calf serum (FCS)
Feeder cell attachments: bovine/ovine gelatine
Passaging: bovine trypsin
Bovine insulin-porcine transferrin-selenium (ITS)
Feeder-free matrices: animal origin

conditioned medium.19 Unfortunately, most of these matrices are of animal origin and the hESCs may also be exposed to animal based proteins
from an unconditioned medium20 or conditioned medium.21,22 Derivation
and growth of hESCs on xenosupports in the presence of xenoproteins
introduces several disadvantages with respect to exploiting the therapeutic
potential of hESCs. A major drawback is the risk of transmitting pathogens
such as the hantavirus and lymphocytic choriomeningitis virus from the
mouse feeder cells or conditioned medium to the hESCs. A xeno-free hESC
line was derived and propagated by our group using human fetal muscle as a
feeder in the presence of a culture medium containing ingredients of human
origin (human serum, human insulin, human transferrin) or knock out
serum (KO).13 We later evaluated a panel of in-house derived and commercial sources of human fetal and adult feeders (Table 2). Human fetal muscle
(in-house derived), human fetal skin (D551, ATCC) and human adult skin
(in-house derived) all supported hESCs well and ranked ﬁrst, second and
third, respectively.15 Later, other reports also showed that human foreskin
ﬁbroblasts14,23 were able to successfully support hESCs in prolonged culture. Although generally in tissue culture practice, fetal tissues perform
better than adult tissues in vitro, the use of an adult skin biopsy from the
same IVF patient donating embryos for hESC derivation has the advantages
of autologous support as well as safety, since the patient would have been
previously tested for HIV and hepatitis B before enrolling for IVF treatment. Also, commercially available human cell lines are usually exposed to
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Table 2. Supportive and Non-supportive Feeders for Prolonged
hESC Growth

Feeder

Supportive
Human fetal muscle
Human fetal skin (D551, ATCC)
Human adult skin
Human adult fallopian tubal epithelium
Human foreskin (CRL-2552)
Human adult muscle
Mouse embryonic ﬁbroblasts
Non-supportive
Human fetal lung (MRC-5 and WI-38)
Human glandular endometrium
Human stromal endometrium

Undifferentiated
hESC colonies

+++
+++
++
++
++
+
++
−
−
−

xenoproteins such as fetal calf serum (American Type Culture Collection,
ATCC) and hence are not xeno-free. The preparation of human feeders
from fetal and adult tissues is described in detail by Fong and Bongso.24
Xeno-free derivation and propagation of hESCs without feeders would be
the most ideal as it will be less labor-intensive, involving lesser risks of
feeder contamination and enabling easier scaling-up of hESC numbers.
However, at this point in time it is extremely difﬁcult to grow ICMs and
derive hESC cell lines without feeder cell support. Transcriptome proﬁling
of the genetic make-up of human feeder cells will shed light on possible
proteins released by these cells that will hopefully allow feeder-free growth
of hESCs in the future. Since all existing NIH hESC lines are derived and
propagated on MEFs, it is urgently necessary to produce panels of xenofree clinically compliant hESC lines using cGMP and GTCP conditions.25
The cells and tissues differentiated from such cell lines when grown under
the same stringent quality control conditions will help take this science to
clinical trials faster.

Xeno-free Cryopreservation of hESCs
Safe and efﬁcient freezing and storage methods are an important prerequisite for hESC clinical application. These novel methods complement
the production of xeno-free clinical grade hESC lines. In most stem cell
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laboratories, hESCs are stored in closed cryovials in the liquid phase of
liquid nitrogen (LN2 ) using the conventional programmeable slow freezing method and a mixture of 10% dimethylsulfoxide (DMSO) and 90%
fetal calf serum (FCS) as cryoprotectant. The thaw-survival rates, plating
efﬁciencies and undifferentiation rates after thaw and subsequent passage
are quite low with this method. The vitriﬁcation (snap-freezing or ultrarapid freezing) open pulled straw (OPS) protocol using ethylene glycol as
cryoprotectant which is much simpler and yields better thaw-survival rates
has replaced the slow freezing method.26 Both the slow freezing and OPS
vitriﬁcation protocols, however, are fraught with problems in that: 1) the
slow freezing method is inefﬁcient and not xeno-free, and hence unsafe
for clinical application because of exposure of the cells to FCS; and 2) the
open straw at one end in the OPS method allows the hESCs to come into
direct contact with LN2 . Numerous reports describe the contamination
of frozen blood and cells with adventitious agents, primarily viruses, in
LN2 storage tanks.27 The cross-contamination of frozen cell stock between
cell lines and cell types in LN2 storage tanks has also been documented.28
Also, several viruses including HIV and hepatitis B are known to survive
in LN2 .29,30 Thus, an efﬁcient xeno-free protocol to freeze and store cGMP
compliant clinical grade hESCs is important. Our group recently reported
a safe, xeno-free cyropreservation protocol for hESCs using vitriﬁcation in
closed sealed straws (heat sealed at both ends), using human serum albumin (HSA) as opposed to FCS in the cryoprotectant solution, and long
term storage in the vapor phase of liquid nitrogen.31 Post-thaw, the hESCs
showed high thaw-survival rates (88%), low differentiation rates, remained
pluripotent and maintained normal karyotypes throughout extended passage. The xeno-free closed straw-vitriﬁcation LN2 vapor phase storage
method will prove very useful for the setting up of hESC banks throughout
the world.

Nature and Properties of hESCs
Phenotype and behavior
The various protocols used in hESC derivation and propagation are outlined in Fig. 5. hESCs in vitro behave like established continuous cell lines
exhibiting the characteristic of immortality by indeﬁnite growth. This feature separates them from multipotent adult somatic stem cells which show
senescence in culture after a certain period of time. hESCs when frozen and
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Figure 5. Outline of various approaches in deriving and propagating hESC lines. ICM: inner cell mass;
TE: trophectoderm; MEF: murine embryonic feeder; HAF: Human adult feeder; HEF: human
embryonic feeder.

then thawed continue to behave like fresh cells showing all the morphological characteristics and characterization markers for pluripotency.26,31
hESCs supported by MEFs and grown by the “cut and paste” method have
circular compact colonies that are thicker at the periphery (Fig. 6A) and take
about 8 days to remain undifferentiated between passages. hESCs grown
on human feeders by the “cut and paste” method are angular and rhomboid in shape, thinner (Fig. 6B) and remain undifferentiated slightly longer
between passages. At high magniﬁcation, hESCs have a unique and typical morphology that distinguishes them very easily from other cells. They
have scant cytoplasm, large nuclei (high nuclear-cytoplasmic ratios) and
very prominent nucleoli (Figs. 6C, D). hESCs grown by the “bulk culture” method on human feeders generate several colonies per dish compared with the number of colonies obtained by the “cut and paste” method
(Figs. 7A, B). The cells are tightly packed to each other and held by several
junctional complexes as observed in transmission electron micrographs.32
Transcriptome analysis using SAGE shows that the genes for claudin and
connexin 43 are highly expressed in hESCs, conﬁrming their very unique
social nature.33 If grown alone as single cells, they tend to differentiate very
easily. hESCs probably possess membrane-bound receptors and secretory
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Figure 6. Stereo and inverted micrographs of hESC colonies and hESCs grown by the “cut and paste
method.” A. Six hESC colonies growing on MEF cells. Note circular colonies with thick edges
(×100); B. 7 hESC colonies growing on HEF cells. Note angular rhomboid colonies with
thin edges (×100); C. hESC colony at high magniﬁcation showing several undifferentiated
small hESCs of equal size with degeneration at core of colony; D. High magniﬁcation of
hESC colony showing individual tightly packed hESCs. Note prominent nucleolus and high
nuclear-cytoplasmic ratio in each hESC.

A

B

Figure 7. hESCs grown by the “bulk culture method.” A. Stereo micrograph showing several
hESC colonies (×100); B. Higher magniﬁcation phase-contrast inverted micrograph showing
several large and small hESC colonies (×200).
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Table 3. Unique Characteristics of hESCs

Proliﬁc growth, unlimited self renewal and abundant in numbers
Cell lines available and easy to scale up with bulk culture protocol
Pluripotent, versatile with wide plasticity
Maintains normal genetic make-up in low density cultures and on feeders
Telomerase levels high and consistent
No shortening of chromosome length with serial passaging
Late apoptosis
Customization of hESC lines possible via somatic cell nuclear transfer
Ethical issues limited to some countries and institutions
Can be used for (1) transplantation therapy (2) pharmaceutical screening (3) gamete and
embryo production (4) studies on human development, congenital anomalies and infant
cancers

growth factors for their maintenance and self renewal. The population doubling time of hESCs usually ranges from 24 to 96 hours. Early passages have
a longer population doubling time (approximately 144 to 168 hours) that
gradually reduces and stabilizes with prolonged serial passage. hESCs can
also be derived clonally but their clonal efﬁciency is low.34 Cloning efﬁciency can be improved by supplementing serum-free culture media with
basic ﬁbroblast growth factor (bFGF). When hESCs are removed from their
feeders and grown in suspension, they have the unique property of forming
balls of cells called embryoid bodies (EBs) which give rise to a variety of cell
types. hESCs differentiate spontaneously via a default pathway into their
own preferred cell types such as patches of beating cardiomyocytes or neurons (axons and dendrites), while other tissues types are more difﬁcult to
derive. In some other experiments, cells arising from hESCs have shown to
express genes associated with liver and pancreas function.35 Other unique
characteristics of hESCs are summarized in Table 3.
Stability in extended culture: karyotypic changes
Certain hESC lines (H7.S6 and H14.S9, University of Wisconsin) showed
karyotypic changes involving the gain of chromosomes 17q and 12 with
extended culture of 22 to 60 passages (2–6 months).36 Interestingly, these
aneuploid karyotypes were very similar to those seen with human embryonal carcinoma cells that show a distinct gain of 17q and the presence of
one or more isochromosomes of 12p. The authors concluded that the chromosomal changes observed in the hESCs suggest caution when designing
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culture conditions, in particular feeder-free conditions, because in vitro
evolution may select for adaptive genetic changes. Pera37 stated that it was
important not to draw the conclusion that these results reﬂect a high intrinsic level of karyotypic unstability of hESCs grown in vitro because the data
were seen only in two speciﬁc sublines of hESCs. Pera37 also postulated
that the results appeared to stem from particular aspects of the cell culture
methods or the period for which the cells were cultured under speciﬁc conditions. Interestingly, for one subline, the cells were grown feeder-free, while
for the other subline, a feeder was employed but the cells were passaged at
relatively high density. It was possible that the karyotypic changes actually
conferred a selective advantage of such abnormal hESCs in high density
culture. Later Buzzard et al.38 reported that six other NIH registered hESC
lines (HES 1–6, Embryonic Stem Cell International, ESI Singapore) had
been grown for 34 to 140 passages in their laboratory and they observed
only one karyotype change (translocations between X, 17, 11 and 13) that
occurred at an early passage in only one cell line (HES 5). They claimed
they had never seen any evidence for the frequent non-cumulative aneuploidies reported by Draper et al.36 Buzzard et al.38 claimed that their culture
methods may have had some bearing on the results. They used a mechanical
“cut and paste” method for transferring peripheral colony pieces between
passages unlike the other groups who used enzymatic or chemical methods
of cell dissociation for passage in bulk culture. Buzzard et al.38 also postulated that if hESC lines became susceptible to karyotypic change after 40
passages, one such hESC line could still generate more that 1035 cells before
it became cytogenetically unstable. It is, therefore, very unlikely that such
karyotypic changes will have a major impact on hESC-based therapies in
the future. Similar chromosomal changes observed by Cowan et al.8 in their
hESC lines may also be attributed to the enzymatic bulk culture protocol
they used after the mechanical disassociation of cells in early passages.

hESC gene expression and stem cell signature
The molecular mechanisms of self renewal and differentiation of hESCs are
poorly understood phenomena. It appears that hESCs and murine embryonic stem cells (mESCs) do not represent equivalent embryonic cell types.
hESC lines possess heterogenous genetic backgrounds and appear to behave
differently in culture. hESC lines derived by some groups do not appear to
be stable and do not conform to the same kind of behavioral growth in vitro
as other lines prepared by other groups. One good example is that not all
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the hESC lines on the NIH registry are equally amenable to bulk and feederfree culture, with some lines easier to maintain than others; the population
doubling times varying considerably between lines; and the degree of spontaneous differentiation in vitro being also diverse.13,39 Our group suggested
that a quantitative comparison of the transcriptome proﬁles of hESCs may
allow the determination of key regulators involved in the maintenance of
“stemness”as well as help identify a basis for line-speciﬁc cellular and behavioral differences.33 Using Serial Analysis of Gene Expression (SAGE), we
compared the transcriptome proﬁles of HES3 and HES4 (ESI) with mESCs
and other human tissues. Close to 21 000 unique hESC transcripts were
detected with SAGE. A large proportion of these unique transcripts appear
to match to novel genes, hypothetical proteins and ESTs. hESCs and mESCs
share a number of expressed gene products, although hESCs have very low
levels of LIF and LIF receptor expression and almost 10-fold higher expression of POU5FI and SOX2, unlike mESCs.33 This suggests that mESCs and
hESCs differ greatly in their fundamental biology. We found that proteins
involved in the translation apparatus and cytoskeletal architecture were very
highly expressed in hESCs. Two proteins CLDN6 and GJA1 that form adhesion complexes between cells were also very highly expressed and examination of signaling pathways in hESCs indicated active Wnt, TGFβ and FGF
signaling. A list of 21 candidate hESC marker genes responsible for stemness
was also reported.33 Eight of these genes were also identiﬁed as upregulated
by microarray studies.40 Novel candidate genes were either highly expressed
in hESCs (GJA1, CLDN6, CKS1B, ERH, HMGA1) or were strongly downregulated during ES cell differentiation (POU5F1, LIN28, DNMT3B,
FLJ14549/ZNF206, HESXI). These candidate genes will be very useful for
studying the molecular pathways involved in the maintenance of pluripotency, self-renewal and the suppression of differentiation.33 Intriguingly,
SAGE and quantitative RT-PCR in the hESC line HES4 did not detect REX1
gene expression. Studies on mESCs indicate that the zinc ﬁnger transcription factor REX1 is important for the pluripotent phenotype. The lack of
REX1 expression is surprising because HES4 forms teratomas in SCID mice
and can be propagated for over 200 population doublings in vitro, thereby
conﬁrming it to be pluripotent and immortal. More reliable markers that
distinguish truly pluripotent hESCs are necessary and one approach is to
catalogue the genes that are switched on and off at various times in culture.
Data from such gene expression proﬁles using a variety of analytical methods such as microarray, SAGE, MPSS and other proﬁling methods need to
be compared in order to identify a clear blueprint or signature for hESCs.
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Strategies for differentiation
Differentiation is the biological process whereby an unspecialized cell
acquires the properties of a specialized cell. For example, in vivo, a bone
marrow stem cell could differentiate into a blood cell e.g. lymphocyte.
Differentiation in vitro could either be spontaneous or controlled. Under
sub-optimal conditions or in high-density cultures hESCs spontaneously
differentiate into several different cell types with a preference towards neuronal and cardiomyocyte-like cells. These differentiated cell types seem to
form via a default cell growth pathway. With time in culture, representatives
of all three germ layers (ectoderm, mesoderm and endoderm) are produced.
Some scientists have mechanically separated the desired cell type from this
mixed milieu of cells, and propagated a pure line of such desired cell type
e.g. neuronal cells.41,42 Controlled differentiation can be accomplished by
three approaches: 1) Biochemically treating the hESCs with speciﬁc agents
(growth factors, chemicals) to generate a speciﬁc differentiated cell type
e.g. retinoic acid to produce neurons; 2) growing hESCs in direct contact
with companion fetal cells of the required cell type or a different cell type
(coculture) with the hope that the companion cell will release certain factors that will entice the hESCs to be converted to the desired cell type.
For example, cardiomyocytes have been produced in vitro by coculturing
hESCs by direct contact with visceral endodermal cells43 ; 3) speciﬁc gene
constructs are transfected into hESCs and the gene then switched on so
as to direct the hESC to differentiate along a speciﬁc cell pathway, e.g. the
cardiomyosin gene when transfected into mESCs and then switched on converts the mESCs into cardiomyocytes. The above three approaches could
be carried out on hESCs per se or by allowing the hESCs to spontaneously
form embryoid bodies (EBs) in culture and then exposing the EBs to the
biochemical factors, companions cells or transfection.

Bona Fide hESC Lines
Several criteria need to be satisﬁed before an hESC line can qualify as a bona
ﬁde hESC line. These criteria include: 1) maintenance of classical colony
and individual cell morphological characteristics; 2) Oct-4 gene expression
and other pluripotent marker expression; 3) teratoma formation (tissues
from all 3 germ layers) in SCID mice; 4) prolonged passaging (at least 200
passages) with maintenance of normal karyotype; 5) clonality; 6) telomerase expression; and 7) alkaline phosphatase expression (Fig. 8). The fact
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Figure 8. Characterization tests of hESCs derived and grown on human feeder cells. Immunohistochemistry (A–D) and SCID mice teratomas (E–H). A. Tra-1-60; B. Tra-1-81; C. SSEA-4;
D. Alkaline phosphatase; E. Bone and cartilage; F. Pigmented epithelium; G. Neural rosettes;
H. Columnar epithelium. Scale bars: Immunohistochemistry, bar = 200 µm; Teratomas,
bar =100 µm.
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that hESCs can form teratomas of all three germ layers in SCID mice conﬁrms that they are pluripotent. Pluripotency is the ability to produce several
cell types via all three germ layers (ectoderm, mesoderm and endoderm)
but not produce the entire organism. In theory, therefore, hESCs have the
potential to produce all 210 cell types in the human body. Totipotency, on
the other hand, is the ability to form the entire fetus and placenta and such
cells in the human are limited to the early embryo. Fetal stem cells and adult
stem cells such as hemopoietic, neuronal and mesenchymal stem cells are
multipotent with the ability to give rise to a limited range of cell types.25

Clinical Application of hESCs
hESCs have several clinical uses. Firstly, it is possible to differentiate these
cells either spontaneously or in a controlled fashion into a variety of desirable replacement tissues that can be used for the treatment of several target
diseases by transplantation therapy. It is a matter of ﬁnding the right inducer
or signal that could trigger the hESC to form that speciﬁc desirable tissue.
There is thus hope for the treatment of heart diseases, neuronal diseases
such as Parkinson’s and Alzheimer’s, diabetes, blood cancers, skin problems
such as burns and so on.
hESCs also serve as ideal in vitro assays for screening and testing potential
drugs for the pharmaceutical industry. The directed derivatives of hESCs
such as a human cardiomyocyte cell line can be used in vitro as an assay for
a potential drug that may act on the heart. At the moment, animal cell lines
are being used by pharmaceutical companies to test drugs. Similarly, hESCs
themselves being sensitive to suboptimal culture conditions, could perhaps
be used as a sensitive assay for quality control for water puriﬁcation and
microbiology laboratories.
hESCs also serve as ideal models to study early human development
(through the production of germ cells, gametes and embryos in vitro),
infant cancers and congenital anomalies. Given the fact that hESCs are
pluripotent cells, the effects of potential teratogens can be studied in vitro
using hESCs as a plating assay.

Hurdles to Overcome in the Development of Cell-based
Therapies from hESCs
There are several unanswered questions with respect to stem cell biology
that need to be addressed before this science can be taken to the bedside.
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Clinically compliant safe xeno-free protocols for the generation of hESCs
and its directed derivatives are crucial because this technology is expected
to yield a cell based therapy and as such the administered cells must be safe.
All the risks of administering whole cells containing all their organelles into
the portal veins or directly into malfunctioning tissues of patients need to
be addressed. hESC differentiated cells should ﬁrst be puriﬁed to avoid any
renegade hESC being administered and thereby yielding teratomas. The
administration of hESC derived “progenitor” cells (rather than terminally
derived cells), hESC conditioned medium or agents from the conditioned
medium, which do not induce teratomas but make use of the stem cell niche
environment to trigger off normal tissue development and function, would
be a short-cut to therapy and solve many of the consequential unexpected
problems. It would be ideal if we could simply inject a progenitor rather
than an hESC into the malfunctioning tissue or organ and let the progenitor
take its cues from the surrounding environment. A stem cell niche has been
recognized by some workers. This niche comprises a combination of cells
and extracellular matrix components in the local tissue environment that
govern stem cell behavior. The niche supports and controls stem cell activity.
For example, in the hair follicles the bulge just underneath the sebaceous
glands appears to be a stem cell niche and in the intestinal mucosa the
pericryptal myoﬁbroblasts that ensheath the crypts serve as niche cells.44 It
would be important to ﬁnd out how differentiated hESCs once placed in
a living brain, for example, will communicate with surrounding neurons.
Studying the embryonic niche in organogenesis is one approach that will
help identify the signals that normally instruct hESCs to choose a particular
pathway of development.
The dosages and routes of administration have to be carefully worked
out in animal models. This will involve studying targeted delivery by direct
injection of cells into malfunctioning organs or homing of the cells into
the speciﬁc malfunctioning organ after portal vein administration. The
number of cells for administration and the stability of treatment in terms
of the duration need to be addressed as well. Will a patient have to have
repeated doses of cell therapy or would a single or few modes of treatment
be adequate to bring about a cure?
It would be important to study the in vivo functional aspects of hESCs
differentiated in vitro. This could only be validated in animal models and
preferably the non-human primate. The development of a SCID macaque
would be the most ideal to make these studies. Currently, mouse and rat
models are being used which may not be the best choice.
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Table 4. Steps in the Development of Novel Cell Therapies from hESCs

Screen egg/sperm donors for HIV1, HIV2, HepB, CJD, STD
Clinical grade “xeno-free” hESC lines in cGMP/cGTCP conditions
Testing of hESC lines for chromosomal and single-gene defects
Expansion of clinical grade “xeno-free” cGMP hESC lines
Phenotypic, genomic, proteomic characterization
Tests for pluripotency
Periodic testing of hESCs for infectious agents and karyotype
In vitro characterization of differentiated hESC therapeutic progenitors
Morphological evaluation/Detection of cell surface antigens
Detailed gene and protein expression analysis
Test biological activity in vitro
Check MHC/HLA expression

In vivo characterization of differentiated hESC therapeutic progenitors
Test physiological and biological functions in murine/primate
Demonstrate efficacy & efficiency
Demonstrate safety: absence of tumour formation
Test methods to prevent rejection

Phase I clinical trials in human subjects

The new approaches of generating gametes and embryos from hESCs
in vitro are very encouraging, as this branch of science will generate alternative material in terms of oocytes for therapeutic cloning. Additionally, if
it is possible to exploit the power of the hESC cytoplasm by using hESCs
to re-program somatic cell nuclei, the need for mature oocytes for SCNT
would not be necessary.
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Finally, the more complicated the organ, such as the brain and the heart,
the greater is the likelihood of the existence of a multitude of progenitor
cells for different parts of the organ and hence the more difﬁcult it will be
to generate single speciﬁc hESC directed tissues for treatment. Preparing
islet cells for the pancreas for the treatment of diabetes may thus be less
complicated but yet challenging, given the fact that this organ is made up of
a few cell types. The steps in the development of future hESC differentiated
cell based therapies are outlined in Table 4.
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Introduction
Embryonic stem cell (ESC) lines were ﬁrst derived from human embryos
as recently as 1998,1 and subsequently a large number of lines have been
reported by several investigators.2 Nevertheless, the study of these cells has
been built upon a long history of investigations, ﬁrst with teratocarcinomas
and ESC lines from the laboratory mouse, then human teratocarcinoma cell
lines and ﬁnally primate ESCs (reviewed in Ref. 3). Teratocarcinomas are
a subset of germ cell tumors (GCT) containing a disorganized array of
somatic tissues and malignant stem cells, the embryonal carcinoma cells
(ECCs), which are able to differentiate into the various cell types found in
the tumor, and confer the malignant properties of the tumor.4 These tumors
may also contain tissues resembling the extraembryonic membranes of the
early conceptus, typically the yolk sac and, in humans but not mice, the trophoblast. Malignant GCT occur most commonly in the testis in humans,
and are the most common neoplasm of young adult men, although malignant teratocarcinomas with similar histopathology occur occasionally in
the ovary or in extragonadal locations. By contrast, benign GCT occur much
more commonly in the ovary where they are typically known as dermoid
cysts. These benign“teratomas”may contain many cell types and sometimes
well organized tissues, but they differ from the testicular teratocarcinomas
and rare ovarian teratocarcinomas by lacking an ECC component.
Teratomas and teratocarcinomas in humans have provided medical
curiosities for many centuries.5 Histological studies led to the ﬁrst proposals
∗ Correspondence: The Centre for Stem Cell Biology and the Department of Biomedical Science,
University of Shefﬁeld, Western Bank, Shefﬁeld S10 2TN, UK. Tel.: +44 (0)114-222-4173,
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that these tumors in someway reﬂected the processes of embryonic
development, and that ECCs are their malignant stem cells.6 However, serious experimental study had to await the discovery by Stevens that male
129/J mice regularly develop testicular teratocarcinomas.7 This provided
the springboard from which further research conﬁrmed the derivation of
these tumors from germ cells,8 established the pluripotent stem cell character of the ECCs,9 with their ability to differentiate into all cell types found in
the tumors, and demonstrated that similar tumors could be derived from
early embryos placed in ectopic sites.10,11
ECC lines from teratocarcinomas of the laboratory mouse were established in culture, ﬁrst in 1967,12 and subsequent studies demonstrated their
close relationship to the cells of the inner cell mass (ICM) of blastocyst stage
embryos.13 This demonstration was initially dependent upon a conﬂuence
of research into the development of the hematopoietic system and studies of the early embryo. By the early 1970s, surface antigens had become
well established tools for deﬁning subsets of cells in the immune system,
and the concept of differentiation antigens was developed.14 Building on
these ideas, Artzt and her colleagues15 identiﬁed an antigen, “F9” antigen,
typically expressed by both ECCs from teratocarcinomas and ICM cells
from early mouse embryos. However, a more explicit demonstration of
the relationship of EC and ICM cells came from the ﬁnding that ECCs
could participate in normal embryonic development if they were injected
into a blastocyst that was subsequently transferred to a pseudopregnant
mouse and allowed to develop to term.16,17,18 Chimeric mice were born
with apparently normal tissues derived from both the host blastocyst and
the implanted ECCs.
The culmination of these studies eventually came in 1981, with the
derivation of stable lines of Embryonic Stem cells (ESCs) directly from
mouse blastocysts placed in culture.19,20 These ESC lines appeared to be
genetically normal, could be maintained in culture apparently indeﬁnitely,
where they could be induced to differentiate, and could form chimeras
of all tissues, including the germ line, when placed back into a blastocyst.
Indeed, if ESCs are combined with blastocysts from tetraploid embryos,
then they can generate a whole mouse.21 Such ESCs have since provided
one of the most important tools for experimental mouse embryology and
genetics, as the vehicle for homologous recombination and the generation
of transgenic mouse strains. Nevertheless, with some notable exceptions,
relatively little work over the past 20 years has been directed to the basic
biology of mESCs.
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Human Embryonal Carcinoma Cells (hECCs)
The early studies of mouse EC cells (mECCs) raised the prospect that the
study of their properties and differentiation in vitro could provide insights
into early embryonic development. Not only did these cells express developmentally regulated markers characteristic of the inner cell mass and early
epiblast of the mouse embryo, e.g. the F9 and later monoclonal antibody
deﬁned antigen, SSEA1, they also could be induced to differentiate in culture in ways that seemed to resemble early developmental processes. For
example, the initial formation of embryoid bodies in which a layer of cells
resembling primitive endoderm developed over an inner core of undifferentiated ECCs seemed to resemble the formation of primitive endoderm
from the inner cell mass during the late blastocyst stage of the embryo.22
Further, it was possible to induce differentiation of certain ECCs into particular lineages. For example, F9 ECCs differentiated to parietal endoderm
if treated with retinoic acid and cyclic AMP in monolayer culture, or visceral endoderm if embryoid bodies were exposed to retinoic acid.23,24 Other
lines, e.g. P19, would differentiate into neural or muscle lineages under
speciﬁc conditions.25
However, this work in the mouse was soon over shadowed by the derivation of mESC lines. For human development, however, human embryos and
hESC lines were not available in the early 1980s; ECCs offered the only realistic prospect at that time of accessing cells that might resemble pluripotent
cells of the early human embryo. At that time there were already grounds
for believing that there might be signiﬁcant differences between mouse and
human embryos; most obviously the organization of the early germ layers
of the embryo and the extraembryonic tissues was apparently signiﬁcantly
different. Such differences provided some justiﬁcation for working with
human ECC lines, but cancer biology provided other grounds. For example, the incidence of testicular germ cell tumors, already the most common
solid tumor of young men, was rising substantially, having at least doubled
over the preceding 50 years.26
The ﬁrst lines of human germ cell tumors were established as retransplantable xenografts in hamster cheek pouches in the 1950s,27 but little
came out of that work. Subsequently, the ﬁrst human cell lines established
in culture from teratocarcinomas were the TERA1 and TERA2 lines of
Fogh,28 and SuSa by Hogan.29 Initially, these were thought to closely resemble mECCs, and were suggested to express similar antigens, notably the
F9 marker antigen in common use at that time.30 Further lines were then
derived by several investigators, most notably Bronson and his colleagues
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in the University of Minnesota.31 The paradoxical problem with many of
these lines was that, although unlike many mECC lines, they did not show
much propensity to differentiate extensively into well deﬁned derivatives,
and did tend to produce somewhat heterogeneous cultures, in which some
cells resembled mECCs, while other cells had a distinct though ill deﬁned
morphology.32 However, some did produce xenograft tumors composed
entirely of EC-like elements, suggesting that the lines were composed of
hECCs. A detailed study of one such line, 2102Ep, which was cloned by
picking single cells, led to the conclusion that although hECCs resembled
mECCs morphologically, they had a confusingly opposite surface antigen phenotype.33 Thus it appeared that hECCs express the surface antigen
SSEA3 (which is expressed in early mouse embryos, but not by inner cell
mass cells or by mECCs), but do not express the antigen SSEA1, the successor to the F9 antigen, which is expressed by mouse ICM and ECCs. In
other experiments, ECC components in clinical biopsies of human teratocarcinomas were also shown to express SSEA3.34 Further confusion was
caused because, if cultured at low cell densities, many hECC lines undergo
some differentiation to yield morphologically distinct cells that do express
SSEA1. The nature of these SSEA1 positive derivatives was unclear, though
in some cases they included trophoblastic derivatives.35 They appeared to
be stably differentiated and did not seem to revert to an EC phenotype. It
became evident that an important aspect of hECC culture, and a signiﬁcant difference from mECC culture, was the need to maintain cells at high
densities to prevent this type of differentiation.

Pluripotent Human ECC and ESC Lines
Although the presence of a wide range of histological cell types is the
hallmark of teratocarcinomas, a signiﬁcant number of germ cell tumors
contain ECCs without evidence of extensive somatic differentiation. This
can be rationalized in the context of tumor progression by the realization
that in many cases the somatic differentiated derivatives of ECCs have a
limited proliferative capacity and typically have a much reduced malignant potential. Thus, as tumors progress any genetic changes that occur to
limit the capacity of ECCs to differentiate will have a selective advantage.
Indeed, in several studies in which “nullipotent” mECCs (i.e. ECCs that
have lost their ability to differentiate) were fused with certain differentiated somatic cells, typically from the hematopoietic system, the resulting
hybrid cells exhibited an EC phenotype and, moreover these hybrid EC
cells were capable of differentiation.36,37 Apart from the dominance of the
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EC phenotype in these hybrids, the results are most easily explained by the
proposition that the nullipotent parental ECCs had lost the function of key
genes required for pluripotency and that complementation of these mutations occurred in the hybrids with the introduction of a “normal” genome
from the somatic parental cells.
As with the clinical tumors, many hECC lines in culture also appear
to have lost the capacity for extensive differentiation; in fact, it may be
that adaptation to in vitro culture places further selection pressures for
the outgrowth of nullipotent lines. However, there are several exceptions,
most notably TERA2, from which NTERA2 cl.D1 is the most widely studied clonal subline,38 as well as GCT2739 and NCCIT.40 Of these, GCT27 is
notable for its requirement for feeder cells for maintenance in an undifferentiated state. The other lines do not require feeders.
NTERA2 cells, which are perhaps the most widely used pluripotent
hECCs, closely resemble the ECCs of other nullipotent human lines
like 2102Ep. Morphologically, they are characterized by closely packed
small cells, with little cytoplasm, pale nuclei and prominent, few nucleoli
(Figs. 1A, B). However, they differentiate in response to retinoic acid, unlike

Figure 1. The morphology of hECCs and hESCs cells. Panel A: NTERA2 hECCs; Panel B: 2102Ep
hECCs; Panel C: a colony of H7 hESCs; and Panel D: H7 cells with higher magniﬁcation.
Note the similar morphology of the cells which are tightly packed and have relative high
nucleus: cytoplasm ratio, and prominent nucleoli.
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Figure 2. Panel A: The expression of several surface antigens by undifferentiated NTERA2 hECCs
and by the same cells following differentiation induced with retinoic acid. Note the high levels
of SSEA3 and TRA-1-60 antigen expression by the undifferentiated cells, the down regulation
of these antigens after differentiation, and the appearance of cells expressing SSEA1, A2B5
and VINIS56 (see also Table 1). Panels B and C show clusters of neurons in retinoic acid
induced cultures of NTERA2 cells, respectively by phase contrast and by immunoﬂuorescence
staining for the neural marker TUJ1 (note: these are different ﬁelds of cells).

many hECC lines, and yield a complex array of differentiated cells that
include neurons (Fig. 2).41 Other cells, most likely of a mesenchymal type,
are found in retinoic acid-treated NTERA2, and may include smooth muscle, chondrocytes and others, but no deﬁnitive evidence of mesodermal
derivatives has been forthcoming. NTERA2 cells also differentiate extensively in xenograft tumors or after treatment with HMBA or the BMPs in
culture.42,43 In these cases, distinct differentiation pathways appear to be
activated. Apart from their value in studies of neurobiology — NTERA2
neurons have been tested in transplant models for stroke, and even in
human patients in limited trials — the NTERA2 system has been used
to investigate certain viruses, notably human Cytomegalovirus (HCMV)44
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and human Immunodeﬁciency virus (HIV),45 neither of which can replicate in the undifferentiated human ECCs but can replicate in some of their
differentiated derivatives.
However, the differentiation capacity of even the best hECCs is limited compared with mESCs, and it was not until 1995 that the ﬁrst primate ESC lines were derived,46 and 1998 when the ﬁrst hESC lines were
reported.1 These hESC lines were isolated in a manner similar to the isolation of mESCs, by isolating the inner cell masses from human blastocysts
by immunosurgery and plating onto feeder cells. The resulting hESC lines
can be maintained in culture on mouse or human ﬁbroblasts that have
been inactivated by irradiation or mitomycin C. In such cultures, they
closely resemble hECCs in morphology, tending to grow in tight colonies
of small cells with little cytoplasm, large nuclei and few prominent nucleoli.
(Figs. 1C, D). In a DNA microarray expression study, established hECC and
hESC lines clustered separately, though they were nevertheless more closely
related than to other cell and tumor types in global analyses of their gene
expression proﬁles.47
The ESCs also differentiate readily if removed from the feeders or grown
in suspension as aggregates. When such aggregates or“embryoid bodies”are
subsequently plated and allowed to attach, a wide arrange of cells grow out
(Fig. 3). They also form well differentiated teratomas with many different
well-organized tissues when grown as xenografts in SCID mice.

Surface Antigen Markers of hECCs and hESCs
Surface antigens have generally proved to be valuable markers of cell type
as they can readily be detected and assessed on single cells. They can also
be used readily in various immunological techniques, most notably ﬂuorescence activated cell sorting (FACS), to isolate subsets of cells from heterogeneous mixtures, such as those typically found in cultures of ECCs
and ESCs, especially when differentiation is deliberately induced. The
past studies of hECCs have now provided an array of antigens (Table 1)
that are also expressed and developmentally regulated in hESCs as well
as ECCs.48,49 These antigens include the globoseries glycolipid antigens
SSEA3 and SSEA4, the high molecular weight proteoglycans detected such
as TRA-1-60, TRA-1-81 and GCTM2, and several protein antigens such as
TRA-2-54 and TRA-2-49 (liver/bone/kidney alkaline phosphatase), Thy1.
All of these show marked down regulation during the differentiation of
hECCs and hESCs (Figs. 2, 3).
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Figure 3. Panel A: Flow cytoﬂuorimetric assay of surface antigen expression by undifferentiated
H14 hESCs. Note, like undifferentiated NTERA2 ECCs, these cells are predominantly SSEA3
and TRA-1-60 positive and lack expression of SSEA1, A2B5 and VINIS56. Note also the expression of the antigen TRA-1-85, a pan human antigen that is not expressed by the mouse feeder
cells on which the hESCs are growing; reactivity with this antibody indicates that over 90%
of the culture is composed of human cells. Panel B: RT.PCR demonstrating the expression of
Oct4 and Nanog in undifferentiated H7 hESCs and their absence following the formation
of embryoid bodies (EB) by growing the cells in suspension for 12 days. This is an effective
way to induce differentiation of the ESCs and many different cell types grow out when they
are allowed to reattach to a substrate. Panel C: Neurons growing out from replated embryoid
bodies of H7, stained for TUJ1.
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Antibody

Antigen

Glycolipid structures

Reference

Some common markers of undifferentiated hECCs and hESCs
MC631

Galβ1→3GalNAcβ1→3Galα1→4Galβ1→4Glcβ1→Cer (62, 63)

SSEA3

Globoseries glycolipid

MC813-70 SSEA4

Globoseries glycolipid

TRA-1-60

TRA-1-60

Keratan suphate proteoglycan

TRA-1-81

TRA-1-81

Keratan suphate proteoglycan

(64, 65)

GCTM2

GCTM2

Keratan suphate proteoglycan

(66, 67)

TRA-2-49

L-ALP

Liver/bone/kidney isozyme of
alkaline phosphatase

(68)

TRA-2-54

L-ALP

Liver/bone/kidney isozyme of
alkaline phosphatase

(68)

NeuNAcα →3Galβ1→3GalNAcβ1→3Galα1→4Galβ1→4Glcβ1→Cer (63)
(64, 65)

Some markers of differentiation
MC480

SSEA1 [Lex ]

Lactoseries glycolipid; also
associated with high mol wt
glycoproteins

Galβ1→4GlcNAβ1→4Galβ1→4Glcβ1→Cer (69, 70, 71)
3
↑
Fucα1

A2B5

GT3

Ganglioseries glycolipid

NeuNAcα2→8NeuNAcα2→8NeuNAcα2→3Galβ1→4Glcβ1→Cer (72)

ME311

9-0-acetylGD3 Ganglioseries glycolipid

(9-0-acetyl)NeuNAcα2→8NeuNAcα2→3Galβ1→4Glcβ1→Cer (73)

VINIS56

GD3

Ganglioseries glycolipid

NeuNAcα2→8NeuNAcα2→3Galβ1→4Glcβ1→Cer (42)

VIN2PB22 GD2

Ganglioseries glycolipid

GalNAcβ1
↓
4
NeuNAcα2→8NeuNAcα2→3Galβ1→4Glcβ1→Cer (42)

M.M. Matin et al.

Table 1. Common Surface Antigen Markers of hECCs and hESCs
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It is quite clear that generally the surface antigen phenotype of hESCs
closely resembles that of hECCs and is quite different from that of mESCs.49
Before the derivation of hESCs, it was possible that this difference between
murine and human ECCs could be because hECCs were not, in fact,
related to the ICM cells of the human blastocyst — perhaps they were
related to another unidentiﬁed embryonic cell type. However, the similarity of hECCs and hESCs suggests that such a hypothesis is unlikely. We
have since also shown that the pattern of antigen expression in the early
human embryo itself is, in fact, distinct from that of the mouse embryo.
In particular, the antigen phenotype of the ICM from human embryos is
SSEA3(+), SSEA4(+), TRA-1-60(+), SSEA1(−), like that of hECCs and
hESCs, and distinct from that of mouse ICM, EC and ES cells.50 These
observations serve to underline further the differences between mouse and
human embryos, and to emphasize the importance of the direct study of
human pluripotent stem cells.

Pluripotent marker genes of hECCs and hESCs
A key issue in understanding the biology of ECCs and ESCs is the nature of
the molecular mechanism that maintains the undifferentiated, pluripotent
state. It certainly seems that pluripotent stem cells equivalent to those of
the ICM soon disappear from the developing embryo and, apart from
the specialized case of primordial germ cells, pluripotent stem cells have
disappeared by the time of gastrulation. However, in culture, ESCs can
apparently be maintained in a state of self-renewal indeﬁnitely, if cultured
under appropriate conditions. Such maintenance is presumably the result of
removal from a source of an embryonic factor that promotes differentiation,
or the continued presence in culture of some factor that promotes selfrenewal, but that disappears in vivo. Despite various hypotheses, a deﬁnitive
answer, or the identiﬁcation of the key factors functioning in vitro, remains
elusive. Clearly, the feeder cells used in vitro produce some factor that is
essential for self renewal. For mESCs, the cytokine LIF can replace the need
for feeder cells, but at least LIF is not sufﬁcient to promote the self renewal
of hESCs in the absence of feeders.1,2 Recently, it has been shown that
BMPs can also promote self renewal of mESCs in serum free conditions,
but whether this is true of hESCs remains to be tested.51
Other factors intrinsic to the cells do seem to be commonly expressed
in hESCs and mESCs, and probably to play similar functions. Thus Oct4
is strongly expressed by human and mouse ECCs and ESCs, and is down
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regulated upon differentiation (Fig. 3); other than in primordial germ cells,
it is not known to be expressed in other tissues. Thus Oct4 provides an excellent marker for the undifferentiated ECCs and ESCs. We have now shown
that indeed Oct4 is required for maintenance of the undifferentiated state
of hESCs which differentiate towards trophectoderm if Oct4 expression is
knocked down by RNA interference.52
The recently discovered gene, Nanog is another strongly expressed gene
characteristic of undifferentiated ESCs in both mice and humans, and it is
certainly required for maintenance of the undifferentiated state of mESCs.53
It is also down regulated upon the differentiation of hESCs (Fig. 3). A
variety of other genes, e.g. Sox2, Rex1, Tert, Utf1 and FGF4, have also
been suggested to be expressed by hESCs and to be used as markers for
the undifferentiated, pluripotent state, but they have yet to be tested widely
[e.g. Refs. 50, 54] Several DNA microarray expression studies of hESCs
have also been reported and analyses of these have been used to suggest
various genes as speciﬁc stem cell related marker genes.55,56,57,58 However,
many of the candidates differ between the studies, which also suffer from
the difﬁculties of interpreting results from heterogeneous cultures resulting
from the typical spontaneous differentiation of the ESCs. Deﬁnition of an
agreed set of markers characteristic of the undifferentiated hESCs remains
to be achieved.

Future Prospects
The study of hESCs is still in its infancy. Although the ﬁrst lines were
reported in 1998, development of work on these cells has been slow, in part
because of the ethical issues raised, and in part because of difﬁculties in
culture. Nevertheless, studies are now expanding rapidly with a signiﬁcant
number of laboratories worldwide reporting new lines. No doubt progress
will accelerate, given the strong interest in using these cells to generate
speciﬁc functional differentiated cell types for transplantation to patients
to replace diseased or damaged tissues. But signiﬁcant challenges remain.
A key issue is to establish how best to maintain the undifferentiated cells.
As we have already noted, these have a tendency towards spontaneous differentiation which hampers their continued culture. More importantly, under
some culture conditions, the lines are subject to karyotypic instability. Strikingly, this instability is manifest in the ampliﬁcation of chromosomes 17q
and 12p, chromosomes that are also characteristically ampliﬁed in ECCs in
germ cell tumors.59 At present, the factors that promote this karyoptypic
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change are unknown. However, we propose that it relates to the mechanisms that control the balance between self renewal, differentiation and
apoptosis. Understanding the causes of this instability and the nature of the
selective advantage conferred on the altered cells will help establish ways to
minimize its occurrence, help elucidate the mechanisms that control self
renewal, and provide insights into progression of germ cell tumors and,
perhaps, also other cancers that involve stem cells.
We still know very little about the mechanisms that do control self
renewal in hECCs and hESCs. Some clearly are similar to those operating in the mESCs, notably Oct4 and Nanog. But others may be different.
A challenge is to characterize these mechanisms in detail. Equally important, though, will be elucidating the control of commitment to speciﬁc
cell lineages. It is fairly simple to generate neurons from hESCs, but the
functional characteristics of the speciﬁc types of neuron produced remains
to be assessed. Cardiac muscle differentiation has also been observed in
ESC culture,60 offering hope that eventually techniques will be developed
for cardiovascular clinical applications. Yet another important application
could be in diabetes. However, although some tentative reports have raised
hopes,61 robust protocols for directing pancreatic differentiation remain to
be developed. Clearly many signiﬁcant problems remain to be overcome,
not least of which will be scaling up the production of genetically stable
ESCs and their functional derivatives. Nevertheless, the opportunities for
developing novel and powerful treatments for hitherto untreatable diseases
are certainly great.
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Stem Cells and Their Developmental
Potential
Martin F. Pera∗ and Mirella Dottori

Introduction
A stem cell is a cell that can self renew to produce more stem cells, or
undergo diffferentiation into particular types of specialized tissues. A critical feature of any stem cell, whether of embryonic, fetal or adult origin, is its
developmental potential, deﬁned operationally as the range of precursor or
mature tissue cell types the stem cell can produce in a given experimental
context. In this chapter, we will discuss the developmental potential of various stem cell populations, and compare stem cells derived from embryonic
stages with stem cells from mature tissues, focusing on the bone marrow
and central nervous system.
Embryogenesis is generally viewed as a series of committed events, during which the developmental capacity of the cells of the embryo becomes
gradually restricted, so that once the tissues of the body have been formed,
their constitutive stem cells can only give rise to a restricted range of cell
types. Recent experiments have challenged this concept, but much of the
evidence for this phenomenom known as tissue stem cell plasticity remains
controversial.

Deﬁnition of Terms
A stem cell has been deﬁned in the introduction above. Implicit in that
deﬁnition is the requirement that the experimental evidence demonstrates,
through single cell cloning, that a putative stem cell can both self renew
∗ Correspondence: Monash Institute of Reproduction and Development, 246 Clayton Road, Clayton
3168 Victoria Australia. Tel.: 61 3 9594 7318, Fax: 61 3 9594 7311, e-mail: martin.pera@
med.monash.edu.au
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and give rise to a differentiated progeny. A progenitor cell is a cell that is a
precursor to mature differentiated cells, but is not capable of extensive self
renewal. A term used to describe some progenitor cells is the transit amplifying cell, a committed progenitor cell capable of some division that sits in
a hierarchy between stem cells and mature differentiated cells. Embryonic
stem (ES) cells are stem cells derived from the early embryo, before the specialized tissues of the body have begun to form. Embryonic germ (EG) cells
are stem cells derived from primordial germ cells, the precursors of sperms
and eggs, before their differentiation into oogonia or prospermatogonia.
The term “adult stem cell” is often used to denote stem cells with speciﬁc
immunologically and molecularly deﬁned phenotypes and known differentiation capabilities that reside in particular mature tissues. However, the
use of the term “adult” is not entirely accurate, since stem cells with similar
properties are often found in the corresponding fetal, neonatal, or pediatric
tissues. We prefer the use of the term tissue stem cell, and would use this
term to refer to stem cells from fully developed tissues after the period of
organogenesis in the embryo. Tissue stem cells are sometimes referred to
as constitutive, if they function as stem cells during routine renewal and
repair, in contrast to facultative stem cells, which are stem cell populations
that play a role in special forms of tissue repair but do not function as stem
cells under normal physiological conditions.
There is some lack of clarity in the literature regarding the terms used to
describe cellular developmental potential. The terms totipotent, pluripotent, and multipotent are commonly used to describe stem cell developmental capacity. Totipotent is a term that some use to identify a stem cell
that can give rise to every extraembryonic, somatic, or germ cell known in
mammalian development. The difﬁculty with this use of the term totipotent is that many assume that such a cell is developmentally equivalent to
the zygote. Such usage has led to the confusion of embryonic stem cells with
embryos in the context of ethical discussions concerning the use of human
embryos in research. We prefer the use of the term totipotent to be conﬁned to cells in mammals that can give rise on their own to a new organism
given appropriate maternal support. Pluripotent cells, on the other hand,
are cells that can give rise to all cells of the body including germ cells, and
some of the extraembryonic tissues that function to support development
in mammals, but cannot give rise on their own to a new organism. Multipotent stem cells are cells that can give rise to several types of mature
cells. There are also examples of stem cell populations that are bipotent, or
unipotent.
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It is most important to note that a cell’s developmental capacity is always
operationally deﬁned in a particular experimental context, such as in an
assay designed to measure engraftment into a damaged tissue. Developmental potential, as we shall see, may be a function of the cellular environment, and therefore may vary depending upon the circumstances of the
experiment.

Developmental Potential of the Cells of the Early Embryo
Commitment and pluripotentiality
Stem cells do not really exist in the early embryo, since embryonic development represents a state of ﬂux in which multiplication, commitment,
differentiation, and death constantly reshape and redeﬁne the relationship
between various cell populations until the body plan emerges and the major
organ systems have developed.1 Nevertheless some understanding of cell
commitment in the embryo is critical to understanding of the concept of
pluripotentiality, and to understanding of the developmental potential of
stem cells derived from embryonic tissues.
The unfertilized oocyte may be regarded as a pluripotent cell, since artiﬁcial activation of the mammalian egg can give rise to a parthenogenetic
conceptus that will develop up to the early postimplantation stages,2 and
ES cells derived from parthenogenetic embryos have been described in
mice and primates. However, there are limitiations to the development of
parthenotes imposed by genomic imprinting and the resulting requirement
for both a maternal and paternal genome for normal development.3 Thus,
the oocyte is not truly totipotent in the sense that the zygote is.
The zygote and early blastomeres of the mouse embryo are totipotent, in
the sense that we have deﬁned the term, up to the eight-cell stage of development. Thereafter, the early stages of mammalian development are devoted
largely to the formation of the extraembryonic tissues, tissues derived from
the zygote that support development, including the trophoblast, yolk sac,
amnion, and allantois. It is around the eight-cell stage that the formation of these extraembryonic tissues begins, with the preparation for the
ﬁrst commitment event in mammalian development, the formation of the
trophectoderm.4 Compaction of the embryo leads to an asymmetric division of its constituent cells to produce either inner or outer cells, leading to segregation of the future trophectoderm cells to the outer layer of
the developing blastocyst.5 The outer cells lose pluripotency and become
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committed to the trophectoderm fate. Stem cell lines may be established
from the trophoblast in the mouse, but these cell lines participate only in
the development of the placenta.6
The cells on the inside of the blastocyst constitute the inner cell mass, precursor of all body tissues plus extraembryonic endoderm and mesoderm.
Not long after it has been formed, the inner cell mass soon loses the ability
to generate a trophoblast. The next commitment event in the development
is the formation of the primitive endoderm, the precursor of the yolk sac.
The yolk sac can be regarded as a primitive form of placenta, functioning in
the uptake processing and transport of nutrients prior to the development
of the chorioallantoic placenta. The yolk sac endoderm also has important
functions in the patterning of the pluripotent cells of the early conceptus
as well.
Following differentation of the extraembryonic endoderm and implantation, the inner cell mass develops into an epithelium known as the epiblast.
The epiblast retains pluripotentiality, since cell lineage tracing experiments
show that it will contribute to multiple tissues at this stage, and it can give
rise to teratomas when transplanted into ectopic sites. A teratoma is a disorganized growth comprising multiple tissue types foreign to its anatomic site
of origin.7 This capacity to form teratomas disappears after about 7.5 days
of development in the mouse. ES cells can also be derived from the mouse
epiblast. However, epiblast cells, unlike inner cell mass cells, cannot colonize
a host blastocyst. Whether this reﬂects a limitation of their developmental
capacity, or a limitation of the assay in that these cells may not be able
physically to integrate into the host embryo, is uncertain.
Beginning shortly after implantation, pluripotent cells of the epiblast
receive signals from the surrounding extraembryonic endoderm and
extraembryonic ectoderm that specify cell fate in a regionally and temporally controlled fashion.8 These signals help to deﬁne the future anteroposterior axis of the embryo. In the pregastrula embryo, there is an anterior
to posterior gradient in the intensity of Wnt, nodal, and BMP signaling
that helps to determine cell fate. Before gastrulation, the fate of the particular epiblast cells correlates with their speciﬁc localization in the embryo,
but the progeny of one cell can contribute to multiple germ layer derivatives, and grafting studies have shown that the fate of these cells is not yet
ﬁxed but can be altered in a different environment. However, the process
of gastrulation results in the commitment of most cells in the embryo to
particular fates. Thus, after gastrulation, cells become restricted in their
developmental capacity. Movement through the primitive streak commits
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Figure 1. The human blastocyst shortly after implantation, depicting the early extraembryonic lineages and the pluripotent cells of the epiblast. Amnion (blue) develops early in the human,
via cavitation of the inner cell mass, and will later envelop the developing conceptus and
provide it with a protective cushion. Trophectoderm (red) will shortly begin to invade the
maternal tissue (purple) to help establish the deﬁnitive placenta. The primitive endoderm
(green) develops below the epiblast, and some cells migrate out to line the blastocoel cavity (these latter cells, shown as green strands, are probably homologous to rodent parietal
endoderm. The pluripotent epiblast (orange) is an epithelial disk that will receive signals
from the surrounding tissue to drive regionally sepciﬁc commitment of its constituent cells.
Gastrulation will begin in a few days at the posterior end of the embryo, giving rise to all
three embryonic germ layers. After this point, pluripotency is limited to cells of the germline.

cells to an endodermal or a mesodermal fate, depending on the time of their
emergence. Cells of the distal epiblast retain pluripotentiailty for some time,
but the cells in the anterior become committed to a neural fate quickly.
Primordial germ cells
One embryonic cell population escapes some of these restrictions on
development fate. Primordial germ cells, the precursors of oogonia and
prospermatogonia,9,10 are induced in the proximal epiblast by signals from
the surrounding extraembryonic ectoderm and extraembryonic endoderm,
in particular BMP-2, -4, and -8. Once formed, primordial germ cells proliferate as they migrate through the hindgut to the genital ridge. Prior to overt
sexual differentiation of the gonad, primordial germ cells show a similar
phenotype in either sex. Differentiation of the supporting cells of the gonad
is accompanied by sex-speciﬁc differentiation of the primordial germ cells.
Male cells undergo additional cell division before arresting in G1, whereas
female cells enter the prophase of the ﬁrst meiotic division. Male cells, if
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they fail to migrate properly and escape the environment of the developing
testis, enter the ﬁrst prophase of meiosis similar to oogonia.
During normal development, primordial germ cells ultimately give rise
only to sperm or egg, both of which could be regarded as highly specialized cell types. But under a range of different circumstances, primordial
germ cells can express pluripotentiality. Primordial germ cells are the cells
of origin of spontaneously occurring teratocarcinomas that occur at low
frequency in most mammals but are relatively common in certain inbred
strains of mice.7 A teratocarcinoma is a tumor similar to a teratoma, but
contains malignant stem cells in addition to differentiated tissues. In those
mouse strains that develop teratocarcinomas, the origin of the tumors can
be traced back to primordial germ cells at around day 12.5 of development.
Ectopic transplantation of the genital ridge up to day 12.5 of mouse development can also give rise to teratocarcinomas. Primordial germ cells can
also give rise to EG cells when cultured in vitro.11 EG cells are permanent
cell lines that share many properties of ES cells, including pluripotentiality, although their genomic imprinting status reﬂects the erasure of the
parental speciﬁc imprints that occurs during the development of the germ
line. The rate of formation of teratocarcinomas from grafted genital ridges,
or the rate of EG cell line establishment from primordial germ cells, drops
off abruptly after differentiation of the germ cells. EG cells may also be
established from embryonic or fetal gonads in man, and though the human
cells are difﬁcult to propagate, they can certainly differentiate into a variety of cell types. Recent evidence indicates that mouse male neonatal testis
contains a cell population that can give rise to pluripotent cell lines. These
stem cell lines, called multipotent germ cells, are not really equivalent to ES
cells in developmental potential, but can form chimeras when placed in a
host blastocyst.12
Pluripotency is not a property of primordial germ cells during normal
development; EG cells and multipotent germ cells appear to require some
period of cultivation in vitro before they express the property of pluripotentiality, and teratocarcinogenesis requires a speciﬁc genetic predisposition
in mice, or exposure to an abnormal environment. Thus, some workers
regard the expression of pluripotentiality in primordial germ cells as a type
of developmental reprogramming. However, it is also true that primordial
germ cells continue to express many molecular markers of the pluripotent
state, and that they are unique amongst the cells of the postgastrulation
embryo in this respect. Thus, primordial germ cells, while they may require
some degree of reprogramming to express pluripotentiality, are probably
much closer to the pluripotent state than are most tissue stem cells.
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Embryonic stem cells
Cells that show the expected properties of ES cells have only been developed in mice and primates.13−15 These properties include pluripotentiality,
immortality, and maintenance of a normal diploid karyotype during long
term cultivation in vitro. In either species, ES cells are usually derived from
the inner cell mass, but in the mouse, they may be developed more efﬁciently from the epiblast.16 The ability of ES cells to form a wide range of
tissues is best tested by chimera formation, in which small numbers of cells
are introduced into a host blastocyst, which is then returned to a foster
mother. The embryo is allowed to develop, and the contribution of the ES
cells to various tissues is assessed through the use of genetic markers. In
the mouse, the bright line test of pluripotentiality is the establishment of
germ line chimerism, and the transmission of ES cell genotype through the
germ cells of the chimera. Mouse ES cells are capable of forming all the
body cells of a chimera, including germ cells, when they are combined with
tetraploid four-cell stage embryos, formed by the fusion of diploid two-cell
stage blastomeres. In such chimeras, the trophoblast and yolk sac endoderm is formed by tetraploid embryonic cells. The tetraploid embryo cells
complement the developmental capacity of the ES cells, which cannot form
trophoblast, and rarely form extraembryonic endoderm in the context of
chimeras (though they do so in vitro readily).
Thus mouse ES cells on their own cannot give rise to an embryo, in part
because they cannot form trophectoderm. However, the developmental
limitations of ES cells go beyond their inability to form certain extraembryonic derivatives. ES cells undergoing differentiation in embryoid bodies
often recapitulate temporal patterns of gene expression seen in the embryo,
but the three dimensional structure of the embryoid body does not show
the spatial organization of the periimplantation embryo. Thus, ES cells do
not undergo patterning or axis formation, and are incapable of generating
a body plan on their own. Combination of ES cells with recent progeny
of a zygote is required to support participation of the ES cells in normal
development. Nonhuman primate stem cells have not yet been tested for
their ability to contribute to the tissues of a chimeric animal, but monkey
and human ES cells can both form teratomas containing a wide range of
different cell types.
Molecular control of pluripotency
Several factors are known to be essential for the maintenance of the pluripotent state in the mammalian embryo. These include the POU domain
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transcription factor Oct-4, the SRY containing gene Sox-2, the homeobox
gene Nanog, and the winged helix transcription factor Fox-D3.17,18 Deletions in any of these genes will result in failure of the pluripotent lineage in
the embryo to develop or be maintained, and it is impossible to derive ES
cell lines from embryos that are homozygous for deletion of these genes.
In addition to these functionally deﬁned determinants of the pluripotent
state, a number of studies of human and mouse embryonic stem cells have
analyzed the transcriptome of these cell types, and a common set of genes
found in pluripotent stem cells of both species has been identiﬁed.19 These
include DNA modifying enzymes, speciﬁc cell surface markers, transcription factors, and receptors for speciﬁc growth and differentiation factors.
Comparison of gene expression in ES cells with gene expression in various
embryonic stages of development revealed a number of important differences, though in global terms, the ES cells were most similar to embryos at
age E6.5 or E7.5 or to blastocysts.20
The loss of pluripotentiality is governed not only by downregulation
of expression of genes characteristic of the pluripotent stem cell, but also
by the onset of expression of lineage speciﬁc transcription factors, including, for example, CDX-2 in the trophectoderm lineage and GATA-6 in
the extraembryonic endoderm. Thus, commitment in the early embryo
involves upregulation of some genes and downregulation of others. Recent
results indicate that the expression of GATA-6 begins early (day 3.5), and
suggest that commitment to extraembryonic endoderm has occurred by
day 3.5 of development, well before overt differentiation.

Multipotent Tissue Stem Cells
Stem cells have long been known to exist within the adult animal in various organs and tissues. A general feature of multipotent stem cells is that
under homeostatic conditions, they remain quiescent. Upon entering the
cell cycle, stem cells may divide symmetrically to give rise to two identical stem cells. Alternatively, stem cells may divide asymmetrically, resulting
in one identical daughter stem cell (for self renewal) and one daughter
progenitor cell, or two different daughter progenitor cells. The progenitor
daughter cell then undergoes cellular proliferation and progressive differentiation, leading to an expansion of committed progenitor populations.
The presence of multipotential stem cells within the adult animal may be
an evolved compensatory mechanism of cell replacement in response to
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injury and/or an ongoing required mechanism for replacing cells in tissues
that have a high cell turnover, such as the skin and blood.
Recent studies have shown that certain tissue stem cells sometimes
display the capacity to differentiate into multiple cell types, including cells
outside their lineage of origin, i.e. they demonstrate the property of plasticity. The mechanism of tissue stem cell plasticity is not yet well understood.
Different theories advanced to account for plasticity include transdifferentiation of a stem cell to unrelated cell type, de-differentiation of a mature
cell to a more primitive stem cell followed by subsequent differentiation into
another cell, or perhaps for some cases, fusion between two different cells.
Evidence for the presence of plastic stem cells in mature tissues extends to
bone marrow, brain, liver, skin and muscle. For example, facultative tissue
stem cells found within the liver, known as oval cells, are capable of differentiation into hepatocytes as well as bile duct epithelium. Multipotent
precursor cells from the pancreas have also been clonally isolated, and these
cells may differentiate into various pancreatic cells as well as neural and
glial cells.
Tissue stem cells of the bone marrow and brain have been extensively
studied and are described in greater detail below. The current controversy
over the developmental potential of stem cells in these tissues21 serves to
illustrate important concepts about the biology of stem cells, their potential and their limitations, and how they may be therapeutically useful for
treatment of diseases and injuries.

Stem Cells in the Bone Marrow
The bone marrow harbors hematopoietic stem cells (HSCs) and mesenchymal or stromal stem cells (MSCs).22,23 Hematopoietic stem cells (HSCs) give
rise to the eight major hematopoietic lineages, including the two lymphoid
lineages of T cells and B cells, and six myeloid lineages. HSCs are identiﬁed by purifying various populations of bone marrow cells on the basis of
cell surface marker expression and then functionally assayed in vivo. A true
HSC, intravenously injected into an irradiated recipient, is able to home
to the host’s bone marrow and repopulate the entire hematopoietic system
long term. Markers of human and mouse HSCs include high expression of
CD34 and Sca-1, respectively, and lower levels of c-kit and Thy-1 expression in both species. The frequency of occurrence of HSCs within the bone
marrow is relatively low (1 in 104 –105 cells), although several transplant
studies have demonstrated that only very few HSCs (even a single cell) are
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required to reconstitute the hematopoietic system. In addition to the bone
marrow, low numbers of HSCs migrate in the circulation and thus they
can also be found within non-hematopoietic tissues. This consideration
should be taken into account in the interpretation of experiments showing
the ability of various tissues to give rise to blood cells.
MSCs differentiate into osteoblasts, chondrocytes, and adipocytes, and
provide supporting stromal cells for HSC proliferation and maintenance.
There are no speciﬁc markers for MSCs but they are usually identiﬁed and
isolated using a combination of antigenic markers, such as CD90 (Thy-1)
and CD105, together with an absence of typical hematopoietic antigen. The
most reliable method of identifying MSCs in culture is to test their ability
to clonally expand and form colonies in vitro as well as differentiate under
the appropriate conditions to all mesenchymal lineages.

Plasticity of cells from bone marrow
Several studies have shown that following bone marrow transplantation,
there is recruitment of bone marrow cells (BMCs) to various tissue sites and
their subsequent differentiation into cells of that tissue, suggesting they are
plastic.24,25 Plasticity of BMC differentiation in vivo has been observed
within multiple tissues, including the liver, skeletal muscle, cardiac muscle, pancreas, brain, kidney and skin. Under certain culture conditions,
BMCs may be induced in vitro to differentiate into multiple cell types,
including neural, hepatocytes, endothelial and cardiomyocytes. Plasticity
of enriched populations of either HSCs or MSCs has been shown, suggesting that plasticity of BMCs may be derived from either stem cell population.
Another type of stem cell, referred to as multipotent adult progenitor
cells (MAPCs), have also been identiﬁed and isolated from long term, low
density cultures of bone marrow cells. These cells have shown to differentiate in vitro into various lineages of endoderm, mesoderm and ectoderm
and furthermore, injection of MAPCs into mouse blastocysts demonstrated
their contribution and differentiation into most somatic lineages. It has yet
to be determined whether pluripotent MAPCs endogenously exist within
the bone marrow as a subpopulation of MSCs, or whether they arise in vitro
from specialized long term culture conditions of bone marrow. However,
their potential to differentiate into such a widespread array of cell types
makes them therapeutically useful candidates for cell replacement. Further
investigations are needed to demonstrate which population of BMCs is
relatively more efﬁcient for differentiation into certain lineages, or it may

干细胞之家www.stemcell8.cn ←点击进入
65

Stem Cells and Their Developmental Potential

be that engraftment of BMCs, consisting of a mixture of multiple stem cell
types, is more effective.
The homing and differentiation of transplanted BMCs particularly
occurs when there is injury or damage to the host tissue. In the liver, muscle, or skin, engraftment and plasticity of marrow-derived cells is greatly
enhanced when the host tissues are undergoing repair. The signals required
for recruitment of bone marrow stem cells to the injury site are not known,
and one possible hypothesis is a response to inﬂammatory signals.
The mechanisms that enable BMCs to transdifferentiate into multiple
cells types have not yet been identiﬁed. Furthermore, many of the earlier reports that claimed BMC plasticity have been challenged by more
recent studies.26 The fate of bone marrow cells, either unfractionated or
enriched for HSCs, injected into damaged myocardium, remains controversial, with some studies showing differentiation into cardiomyocytes and
others showing only formation of hematopoietic or endothelial cells from
the grafted tissue. Some workers attribute cardiomyocyte formation following marrow grafts to MSCs, rather than HSCs: One possible mechanism
that may explain the observed plasticity of BMCs into different cell types
is fusion between donor and host cells. In several models, careful evaluation of engrafted tissue reveals fusion between graft and host cells, with
apparent reprogramming of gene expression in the resulting hybrid cell.
Macrophages appear to be particularly adept at fusing to other cell types.
Thus, there are many aspects one needs to consider before claiming transdifferentiation of a stem cell to an unrelated cell type, and in deﬁning the
developmental potential of stem cells or mature cells from various tissues.
One needs to investigate expression of phenotypic markers, as well as morphological and functional characteristics of the differentiated cell, and to
determine the absence of cell fusion between donor and host cell. There
are some reports that have investigated many of these features, particularly the absence of cell fusion, and that claimed that transdifferentiation
had occurred. Transdifferentiation, though often a low frequency event in
response to tissue damage, would appear to be a real phenomenon, and further studies are required to determine the signals and mechanisms involved
that enable such a process to occur.

Stem Cells within the Nervous System
Multipotential stem cells also exist within the adult central nervous system.27
There are questions over the role of these cells in normal physiology28 and
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in repair of the brain and spinal cord that illustrate how the developmental
potential of a cell may vary, depending upon its environment.
In the adult brain, multipotent neural stem cells (NSCs) are generated
within the subgranular zone (SGZ) of the dentate gyrus in the hippocampus
and the subventricular zone (SVZ) of the lateral ventricles In the SVZ.29 The
fate of these cells under routine experimental conditions is fairly restricted.
NSCs (also referred to as type B cells) give rise to rapidly dividing transient amplifying cells (type C cells) and committed migratory neuroblasts
(type A cells). Neuroblasts migrate in chains along the rostral migratory
stream to the olfactory bulb, where they then differentiate into two types of
interneurons, granule and periglomerular cells. NSCs originating from the
SGZ of the hippocampus, migrate to the granule cell layer of the dentate
gyrus and give rise to new granule cells.
NSCs arising from SVZ and SGZ share some common characteristics;
both are slow proliferating cells; they express glial ﬁbrillary acidic protein
(GFAP); and both share morphological and electrophysiological properties
of astrocytes. The origin and phenotypic nature of NSCs is still debatable,
and the continuing controversy shows the difﬁculty in deﬁning the developmental potential of these cells. There are a few studies that propose that
NSCs are derived from radial glial cells during embryogenesis and remain
in the adult SVZ as a specialized type of astrocyte with stem cell properties.
During embryonic development, radial glial cells are found within the SVZ
and these cells give rise to both glial and neurons; however, they are not
present in the adult mammalian brain. Other studies suggested that NSCs
are derived from ependymal cells which line the lateral ventricle, but these
studies have been disputed by many other reports. The glial properties of
NSCs30 has led to the proposal that NSCs are a subtype of astrocytes residing within the SVZ and SGZ regions. NSCs do not express the astrocyte
marker, S100, thereby suggesting that NSCs are not the same as the commonly known astrocytes. In addition, cells with properties similar to NSCs
have also been identiﬁed from other regions of the CNS, such as the olfactory bulb and spinal cord, thereby suggesting multipotential NSCs may be
more widespread than originally thought.
Do these cells represent a population of astrocytes that in certain speciﬁc niches in vivo can undergo differentiation into neuroblasts? Although
they display some phenotypic characteristics of glial cells, the majority of
endogenous NSCs give rise to neuroblasts in vivo. However, their stem
cell characteristics of self renewal and multipotentiality can be demonstrated in vitro. A number of studies have shown that round aggregates
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called neurospheres can be generated from NSCs grown in the presence
of EGF and FGF in vitro, and that cells within these neurospheres have
the capacity of self renewal as well as generating neurons, astrocytes and
oligodendrocytes.
Recruitment and increased proliferation of adult NSCs have been
observed in the adult brain in response to acute or chronic injury, again
suggesting that the environment of these cells can inﬂuence their developmental fates. Induced injuries, such as global forebrain ischemia and
middle cerebral artery occulsion, induce increased neurogenesis in the SVZ
and SGZ.31 As a result of injury, the endogenous migration of NSCs to their
normal destination is transiently altered by their migration to the lesion site.
Rodent models of stroke injury show an increase of cell proliferation within
the SVZ regions and their migration into the damaged striatum. Recruitment of NSCs to the damaged area may also be promoted by infusion of
growth factors. However, in most cases of brain injury, the contribution
of endogenous NSCs to tissue repair is not signiﬁcant. Thus, although the
presence of endogenous multipotential neural stem cells within the nervous system is promising for repair of brain damage, therapies still need
to be devised that will promote endogenous NSC recruitment, migration,
differentiation and their survival in the site of injury.32,33

Plasticity of NSCs
There is some experimental evidence for plasticity of adult NSCs. Irradiated mice inoculated with adult NSCs had hematopoietic cells derived
from the donor NSCs.34 Differentiation of NSCs to muscle cells has been
observed in low density cultures of NSCs, and in co-cultures of NSCs with
muscle cells. Remarkably, incorporation of mouse adult NSCs into chick
embryos or mouse blastocysts demonstrated their differentiation to cells of
all three germ layers.35 However, another study demonstrated cell fusion in
co-cultures of NSCs with ES cells, and in a more recent report, NSC injection into blastocytes resulted in their differentiation to glial cells. Thus,
similar to what is observed with bone marrow stem cells, further investigations are required to determine whether NSCs are capable of pluripotency,
and if so, to what cell types and in what environment. It is important to
remember that neural crest cells show mesoderm as well as neural differentiation as a part of their normal developmental repetoire,36 and it is
important to bear this in mind in the interpretation of studies of NSC
transdifferentiation.
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Reprogramming of the Adult Cell Epigenome
The successful cloning of mammals by somatic cell nuclear transfer into
an oocyte shows that an adult cell nucleus, under the right circumstances,
can be reprogrammed to support the entire program of embryonic development, and thus regain totipotency.37 The cloning process in mammals is
highly inefﬁcient and subject to stochastic error, resulting in developmental
failures, but some degree of successful reprogramming of the adult nucleus
is often observed.38 Thus, cloning rarely restores totipotency, but frequently
endows the donor nucleus with pluripotency.39,40 Fusion of adult cells with
pluripotent cells can also result in reprogramming and expression of some
aspects of the pluripotent phenotype.41 These observations show that in
mammals, as in lower vertebrates, restriction of developmental capacity,
and even terminal differentiation, is a solely epigenetic phenomenon and
therefore potentially reversible. An improved understanding of the mechanisms of reprogramming may lead to an improved understanding of the
basis and potential practical application of tissue stem cell plasticity.
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Transcriptome Proﬁling of Embryonic
Stem Cells
Mahendra Rao∗ and Bing Lim

Introduction
The past few years have seen remarkable progress in our understanding of
embryonic stem cell (ES cell) biology. The wealth of genomic data, and the
multiplicity of cell lines available have enabled researchers to identify critical conserved pathways regulating self-renewal and identify markers that
tightly correlate with the ES cell state. Comparison across species has suggested additional pathways likely to be important in long-term self-renewal
of ESCs. In this chapter we have discussed the relative merits of various large
scale analytical techniques, including microarray, EST enumeration, SAGE
and MPSS. We suggest that while much has been learned, already additional information remains to be gleaned by metaanalysis of existing data.
Finally, newer technologies which may complement the existing strategies
are brieﬂy discussed.

The Transcriptome and Embryonic Stem (ES) Cells
Transcriptional regulation plays a central role in deﬁning the state of a cell.
Activating and inhibiting signals establish a dynamic cascade of coordinated
gene expression changes in response to extrinsic signals and intrinsic programming. Integration of these instructions occurs in the nucleus through
combinations of signal-activated and tissue-restricted transcription factors
(TFs) binding to and controlling related enhancers or cis-regulatory modules (CRMs) of co-expressed genes. Additional regulation is provided by
∗ Correspondence: National Institute of Ageing, StemCell, LNS, GRC, 333 Cassell Drive Baltimore,
MD 21224. e-mail: raomah@grc.nia.nih.gov
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previously unappreciated epigenetic mechanisms, such as histone modulation and CpG island methylation, as well as potentially by noncoding
microRNAs. The set of individual components controlling a particular
biological process and the interactions between them deﬁne a regulatory
network, and the sum of interacting regulatory networks (transcriptome)
deﬁne the state of the cell.

ES and other Pluripotent Stem Cells
A brief summary of blastocyst and inner cell mass (ICM) maturation is
shown in Fig. 1. The primary trophoblast lineage ﬁrst segregates from
the lineage of the embryo proper; this is followed by segregation of the
hypoblast (extraembryonic endoderm) and mesoderm, and then by the
amniotic endoderm.1,2 The epiblast or the embryo proper forms the embryonic ectoderm, followed by the development of the primitive streak that
leads to differentiation of the mesoderm and endoderm, which then differentiate into speciﬁc tissues and organs.

Figure 1. Early differentiation in the embryo. The sequential stages of embryonic differentiation are
summarized. Note that early development is dynamic with signiﬁcant alterations in cell differentiation ability occurring during the preimplantation stage. (The ﬁgure has been adapted
from Gilbert-Developmental Biology.)
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ESCs are derived from the ICM of blastocysts prior to implantation and
these cells retain many of the characteristics of ICM cells although, unlike
the ICM that is a transient structure that rapidly differentiates, ES cells can
be maintained relatively indeﬁnitely in culture.3 Mulitple ESC lines have
been derived, and while some differences have been described, all ESC lines
appear similar in their ability to form compact colonies, exhibit prolonged
self-renewal and contribute to all germ layers.4 ES cells recapitulate the
development program of ICM cells and their differentiation is regulated by
many of the same factors that regulate germ layer formation and cell type
speciﬁcation.5–7
It is important to note, however, that ICM-derived ESCs are not the
only pluripotent population present in the early embryo. Pluripotent cell
populations that differ from ESCs in morphology, marker expression and
growth requirements have been isolated from early blastocysts, embryoid
bodies and germ cells.8–11 These cells appear similar in their expression of
Oct 4 and their ability to contribute to multiple somatic tissues and germinal
derivatives, but likely differ in their imprinting status,12 their ability to
differentiate into extraembryonic tissue, and their relative frequency of
contribution to chimeras after blastocyst injection. In general, it has been
difﬁcult to distinguish between these cells and ICM derived ESCs.
Thus, while technologies for large scale analysis have existed, it has
been difﬁcult to apply them to these early stages of development, until
recently. The ﬁrst steps in such an analysis have come from examining
mouse embryos and mouse ES cells (mESCs)13–16 although recent technical advances have made multiple strategies possible (Table 1), allowing
these large scale techniques to be applied to human cells. The technical
advances include the ability to obtain pure populations of cells by growing
cells in feeder free conditions (and) separating feeder cells from ESCs; the
ability to extract RNA from single or small number of cells; enhancements
in library construction; and the improvement of the quality of genomic
information that allows short reads to be unambiguously mapped as well
as the ability to map the information to a well annotated genomic database.
These and other technical advances have allowed large scale genomic analysis to be performed by a variety of techniques (Table 1) and several reports
have been released over the last year.17–24 In subsequent sections, we discuss the various genomic methods used and their relative advantages and
disadvantages, and then summarize the current understanding of human
ES cells (hESCs) based on these data.
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Table 1. Genomics Technology for ES Analysis

Technology

Comments

Microarray

Most widely used; limited by sensitivity of probe;
Limited novel gene discovery
Expensive but data invaluable; small complexity
And limited depth
Double Sage offers increased sensitivity, precision of
mapping; novel transcript discovery
Highly sensitive, most depth; high discovery
rate of novel genes; good for comparison;
limited by annotation
May be the cheapest available; adaptable to small
number of cells and low RNA quantity.

EST scan
SAGE
MPSS

Illumina bead
technology
Other Technologies
Meta-analysis/
bioinformatics assessment

MicroRNA expression
assessment
Mitochondrial
sequencing
SNP analysis
Methylation studies
Specialized arrays
ChIP-to Chip

Proteomics

Softwares for merging and cross comparison across
multiple large scale genomic studies
In-silico prediction of binding sites and
recognition sequences
Library sequencing; arrayed probes in chips
developed for global proﬁle of miRNAs
PCR sequencing; Development of Chip
Illumina; Sequenome
Various limited techniques for global
survey of methylated versus non-methylated genes I
Micro Fluidics ABI system; Focused arrays
Promoter Chips and selected
whole Chromosome Chip available; Total Genome
Chip being develop (NimbleGen, Affymetrix)
Antibody chips (Ciphergen); SELDI; MS/MS

Methods of Global Analysis
Microarray analysis
In microarray technology, probes for a large collection of genes based on
cDNA clones or oligonucleotides are spotted on membranes, glass slides
or chips to allow for simultaneous assessment of the expression of thousands of genes. At least ﬁve different groups have reported gene expression
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analysis of mESCs and hESCs using microarrays and a basic outline of
the methodology is summarized in Fig. 2. The method allows very efﬁcient gathering of data that show not only conserved and divergent pathways between species23 but also differences between different hESC lines18
(Tables 2 and 3).
However, there are a number of technical limitations and problems that
are associated with most of the commercially available microarray chips
that limit their use for studying ES or any other cells of interest. The ﬁrst
is the limitation of the gene coverage, since novel unknown genes will not
be included in the chips. The second problem with large-scale arrays is the
selection and quality of cDNA fragments. The third is the complexity of the
data collection and analysis. Indeed, the cost and need for special equipment for complex data analyses are two barriers that prohibit most research
laboratories from using microarray technology as a routine research tool.

Figure 2. Immunosurgery of a human blastocyst for the derivation of human ES cell line. A. Donated
human embryo produced by in vitro fertilization at the blastocyst stage. B. Human blastocyst
after zona pellucida removal by Tyrode’s solution, during exposure to rabbit anti-human
whole antiserum. C. Embryo after exposure to guinea pig complement. D. Intact inner cell
mass immediately after immunosurgery on mitotically inactivated mouse embryonic ﬁbroblast feeder layer. Bar = 50 µm. (From Amit & Itskovitz-Eldor, J Anat 2002.)
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Table 2. Signaling Pathways Conserved between Mouse and Human

Stat3 signaling
Nanog

Oct-Sox
BMPR1a
TGFß signaling

Igf2/H19
MicroRNAs

Methylation/X Inactivation

Cell cycle

Others

Evolutionarily conserved gene, STAT binding sites
present in multiple ES cell speciﬁc genes
Shown to be critical in mouse and likely
in human, rat genomic sequence
available, not yet cloned
Conserved genes and co-binding sites conserved;
Oct 3/4 present in ﬁsh, not in chick.
Co-operates with LIF to sustain self-renewal,
function conserved in human and mouse
Cripto, nodal, lefty appear to show similar
patterns of expression and function; appears to
be recruited more actively in hESCs
Highly expressed in both mESCs and hESCs
Dicer required for blastocyst development;
expressed in human ES cells; heterochronic gene
expression (e.g. Lin-28) is conserved
Polycomb genes; EZH2/eed complex,
Xist, TSIX, DNMT3ß and DNMT3-like show
conserved patterns of expression
While differences exist, both hESCs and mESCs
show distinct Rb regulation when compared
to other cell types
DNA repair machinery, telomerase biology,
some aspects of cell death, and several novel
gene pathways (Dppa 2, 4 etc.), several ES
speciﬁc microRNAs are likely conserved

Cross reactivity can be minimized by careful probe selection and direct
testing, and control hybridization patterns can be generated with positive
and negative controls incorporated for the entire set if necessary. Several
technologies have evolved which are likely to make microarrays more robust
and even more reliable. These include synthesis of probes in situ; the use
of non-overlapping longer oligonucleotide probes (40–70 mers); custom
design high density arrays (e.g. NimbleGen Systems); designing of better
ﬂow and hybridization chambers (e.g. BioMicro Systems); and development of better software and data mining tools (Pathway analysis,
Genesifter, etc.).
Perhaps one of the greatest problems is that microarray probes do not
discriminate or even account for alternate splice variants. Indeed, many
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Table 3. Divergent Signaling Pathways between mESCs and hESCs

LIFR/gp130
Eras and EHox
Fox-D3
Rex-1
FGF signaling

Lefty A
SSEA antigens
Tert and aging
Fbox15
Cell cycle and
cell death

Expression of
trophoblast markers

Claudin 6
Decorin
NROB1
Others

LIFR gene regulatory domains not well
conserved; LIFR absent in hESCs
Conserved in mouse and rat,
no functional ortholog in humans
Required in mice but expression
variable in hESC lines
Variable expression in hESC lines
FGF2 appears high in hESCs while FGF4
is high in mESCs critical for blastocyst
development in mice. Between mouse
and human, differences in use of FGF
pathways; several FGFRs expressed in hESCs
No orthologue in mice or rats identiﬁed
Differential expression seen between human and mouse
Several components of this pathway are
differentially expressed
Does not appear to be expressed in hESCs
Ubiquitination seems important
in regulating human rb levels while mdm2
appears more important in rodent.
Likewise pattern of caspases and other cell
death genes expressed are quite distinct
MESCs do not differentiate into
trophoblast while human cells appear
to do so and express early trophoblast markers
in maintenance conditions
Shows a reverse pattern of expression;
high in hESCs and low in EB; low in mESCs
Differentially expressed in mESCs and hESCs
Steroid (NROB1/DAX) axis appears divergent
MPSS analysis show very low concordance in
gene expression suggesting multiple additional
differences exist

genes are known to encode splice variants with different biological activities and therefore may be subject to alternate modes of transcriptional
regulation. Consequently, microarray data on different platforms do not
cross-validate well because probes to the same gene may be detecting
different splice forms.
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EST scan
An alternative strategy that has been used successfully to assess gene expression is shotgun sequencing of cDNA clones from full length cDNA libraries.
This method takes advantage of the large scale resources assembled for the
genome sequencing project and the reduction in sequencing costs. In addition, the improved quality of the genome data allows short reads to be
reliably mapped to the genome, providing unambiguous identiﬁcation of a
gene product. The number of sequences read is limited only by the resources
available, and for unsubtracted libraries, the number of sequenced occurrences of a transcript is a reasonable estimate for the frequency of expression
level of the corresponding gene. In general 10 000 to 1000 000 sequences
are read from a prepared library. Libraries can be prepared from single cells
or small amounts of RNA using linear ampliﬁcation protocols.
Brandenberger and colleagues,19 in collaboration with Celera, utilized
such an approach to examine gene expression in undifferentiated ESCs
as well as in differentiated populations. They obtained 148 453 expressed
sequence tags (ESTs) from undifferentiated hESCs and three differentiated
derivative subpopulations. Over 32 000 different transcripts expressed in
hESCs were identiﬁed, of which more than 16 000 had no sequence homology to any transcript clusters in the Unigene public database. Queries of this
EST database revealed 532 ESTs that were signiﬁcantly up-regulated and 140
signiﬁcantly down-regulated in undifferentiated hESCs. Among the differentially regulated genes identiﬁed were several representatives of signaling
pathways and transcriptional regulators that likely play key roles in the
control of hESC growth and differentiation. These genes were expressed
at low levels and were not picked up by most microarray analyses. This
study represented the ﬁrst large-scale effort to capture the transcriptome
of hESCs and highlighted the importance of such investigations. Details
of the ﬁndings can be obtained from the manuscript but one strategy that
these investigators utilized is becoming more widely used. Rather than
relying on changes in gene expression in single genes, the expression data
was mapped onto regulatory pathways, and patterns of coordinated gene
expression were used to predict if a particular pathway was important or
not. This strategy proved very useful in identifying key regulatory pathways as well as suggesting that pathways thought to be biologically active
are probably inactive or tightly regulated (e.g. LIF and Wnt pathways).
Comparison of this study with other in depth analyses revealed relatively
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good concordance.21,24 Independent veriﬁcation by semiquantitative RTPCR or microarray has shown a high degree of reproducibility. This reproducibility provides the conﬁdence for cross-platform comparisons, and we
anticipate such meta-analyses to further enhance the utility of this and
other large scale datasets. The high cost of this effort has prevented most
laboratories from repeating this effort, but the data obtained are readily
accessible from the NIH/NCI websites and can be searched using NCI tools
such as digital differential display.

SAGE and double SAGE
Serial analysis of gene expression (SAGE) is another directed large scale
sequencing-based approach to gather quantitative and qualitative information about the transcriptome expressed by a cell.25,26 The technique consists
of isolating unique 3 -end sequence tags from individual transcripts, followed by a concatemerization of tags serially into long DNA molecules and
preparing a library of the DNAs. Rapid sequencing of concatemer clones
yield information about individual tags, allowing quantiﬁcation and identiﬁcation of a speciﬁc transcript. Typically about 150 000–200 000 tags are
sequenced, from which the frequency and identity of speciﬁc transcripts
can be computed (Fig. 3). Thus the method allows not only a comprehensive global snapshot of the transcriptome proﬁle to be captured, but also
provides a means of identifying transcripts of new genes.25 Several studies
have utilized SAGE to derive deep unbiased proﬁling of mESCs.27 More
recently, Richards et al.,24 in a more extensive SAGE analysis, examined the
transcriptome proﬁles for two hESC lines, and compared them with mESCs
and other human tissues. Differences in the presence or absence of speciﬁc
transcripts such as the LIF receptor, were extrapolated to reﬂect fundamental biological differences between species of what appear to be the same cell
type (Table 3). This study elegantly showed that an in-depth analysis of a
rare population of cells provides useful insights and, more importantly, by
directly comparing two populations of ESCs showed that allelic differences
could be distinguished. The data sets have been published and are available
for downloading and will serve as a unique resource in the ﬁeld.
3 -tags generated by SAGE and massively parallel signature sequencing
(MPSS) often arise from sites several hundred bp upstream of the 3 -ends.
When mapped to the genome, these “internal” tags are often ambiguous
in deﬁning transcription units and cannot identify precisely the beginning
and end of the putative transcripts. To retain the efﬁciency of the short-tag

干细胞之家www.stemcell8.cn ←点击进入
80

M. Rao and B. Lim

strategy while increasing the speciﬁcity and information content of short
transcript tags, Wei et al.28 developed separate 5 -LongSAGE (LS) and 3 -LS
protocols based on the original SAGE methodology (Fig. 3). By obtaining the ﬁrst or last 18 bp of each transcript, the transcriptional initiation
sites (TISs) and polyadenylation sites (PAS) can be precisely captured and
mapped to the genome. Based on this experience, and to overcome its
inability to connect the ends of the same transcript, Wei et al.28 went on
to develop a method that replaced the independent construction of two
5 - and 3 -SAGE libraries intrinsic to 5 -LS and 3 -LS, with the generation
of a single paired SAGE library derived from full length cDNAs that had

5′- and 3′-Long Sage genome annotation
Transcripts

5′- & 3′-Long SAGE tags

Terminal tags to be extracted

Concatenated & sequenced

Terminal 20bp tags / transcript

Chromosome

Genes

Mapping tags to genes & chromosomes

5′
Known
Abundant gene

AAAAAAA
3′

AAAAAAA
AAAAAAA
AAAAAAA

5′ LongSAGE library

AAAAAAA

Known
Rare gene

5′

AAAAAAA
AAAAAAA

3′

AAAAAAA
Previously 5′
Unidentified gene

AAAAAAA
AAAAAAA

New
Promoter

AAAAAAA
AAAAAAA
AAAAAAA
AAAAAAA

3′ LongSAGE library
3′

Figure 3. Double SAGE. A schematic representation of the process of 5 - and 3 -Long SAGE (LS)
reproduced from Wei et al., 2004. An overview of the 5 -LS and 3 -LS methods for mapping
transcription initiation start sites (TISs) and polyadenylation sites (PASs). A. The ﬁrst and last
20-bp nucleotides of full-length transcripts were extracted as 5 -LS and 3 -LS tags, respectively.
B. The 5 -LS and 3 -LS tags were concatenated and cloned as separate 5 -LS and 3 -LS libraries
for sequencing analysis. C. The 5 - and 3 -tags were concurrently mapped to the assembled
genome sequences to deﬁne the TIS and PAS of transcripts and determine expression levels.
Conventional SAGE is simply 3 -SAGE with restriction enzyme used during tagging of cDNA
that cut only about 16 bp from poly A tail versus Long SAGE in which an enzyme is used that
cut 18 bp from poly A tail. (white arrow) Bar = 100 µm.
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been tagged at both ends. This simultaneous generation of paired, linked
tags representing both ends of a transcript not only immediately increased
the speciﬁcity of recognizing transcripts, but also facilitated the identiﬁcation of all splice variants, a very precise mapping of the ﬁrst and last exons
and the genomic location of genes (Fig. 3). The technique also presents
a very powerful tool for discovery of novel unusual transcripts. Applied
to the analysis of ESCs and other stem cells, such a method should bring
the transcriptome proﬁling of ESCs to a deeper level of complexity and
completeness not achieved before.

Massively parallel signature sequencing (MPSS)
MPSS is another sequence-based approach to a large scale transcriptome
analysis.29 Recently, Lynx Therapeutics Inc., the pioneer of the MPSS technology, improved the methodology to obtain 20 base pair sequences from
each mRNA molecule while reducing the cost and amount of required
RNA (Fig. 4) These improvements have made it possible for the individual
laboratory to develop comprehensive databases for particular cell types.
MPSS has been used to assess multiple cell types.30–33 The data obtained by
such methods is exempliﬁed by the work of Rao and colleagues.20,34 Massively parallel signature sequencing (MPSS) of approximately three million signature tags (signatures) identiﬁed close to eleven thousand unique
transcripts, of which approximately 25% were uncharacterized or novel
genes (Fig. 5B). Since on average most cells express about 10–12 000 transcripts, such an in-depth analysis is close to the theoretical level of detection
of every transcript, subject, however, to the intrinsic limitations of such
technologies.
MPSS conﬁrmed the expression of previously identiﬁed ESC markers
and furthermore, multiple genes not known to be expressed by ESCs could
be identiﬁed. Rao and colleagues utilized the comprehensive nature of the
analysis to map expressed genes to chromosomes but could not demonstrate
the presence of major regulatory loci or hotspots. Their data suggested that
this may be due a difference between undifferentiated and differentiated
cells because in the latter, regions of high gene expression have been shown.
Comparison of MPSS data with EST scan data using identical samples
showed good concordance (Fig. 5A), and identiﬁed a large number of genes
that changed rapidly as ESCs underwent transition from a pluripotent to
a differentiated state. These included known and unknown ESC speciﬁc
genes, as well as a large number of known genes that were altered as cells
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Input Port

Output Port

>1 Million
Beads!

MPSS Flow CELL
>1,000,000 copies of
unique
signature-tags

Figure 4. MPSS technology. MPSS, like SAGE, maps short sequences to the genome and measures
the frequency of the transcript to assess the relative levels of expression. MPSS technology is
based on parallel sequencing by loading beads into a ﬂow cell such that sequences can be
uniquely assigned to a particular bead and thus millions of sequences can be processed in
parallel. The ﬁgure shows the ﬂow cell (dime inserted for relative size) and the high power
insert shows the loaded beads. Two Lynx MPSS ﬂow cells are shown above with a US dime
for scale. Each ﬂow cell holds more than one million beads. The schematic shows how beads,
enzymes, oligonucleotides and other reagents are delivered to the ﬂow cell. The ﬁve micron
beads ﬂow readily into the seven micron space within the ﬂow cell, but they back up against
a dam on the right side which does not impede the ﬂow of other reagents. Bar = 50 µm.

differentiate. MPSS analysis identiﬁed markers unique to hESCs, human
embryoid bodies (hEBs), and signaling pathways that regulated differentiation. The data generated can be used to monitor the state of hESC isolated
by different laboratories using independent methods and maintained under
differing culture conditions. As with other methods, all of the data are available for download, including comparisons between microarray, SAGE and
MPSS data sets.
Full MPSS analysis, while capable of providing a full in-depth analysis,
is still a heavy undertaking for most laboratories. Lynx offers an alternative for sampling lower number of tags (350 000, and 500 000 range). The
data, while still more extensive than that obtained by SAGE, are not as
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Figure 5. MPSS scatter plot and data showing frequency of distribution of transcripts. A. Scatter plots
for murine and human homologous genes comparing: i) 2 different hECS lines, H-9(hESWi )
with HES-1(hESESI ); ii) hESESI with E14 murine ES line (mES); iii) mES with murine EBs;
iv) hESWi with hEBWi . All scatter plots were drawn after the removal of ribosomal proteins
(with mitochondrial genes ﬁltered out in the original lists). The corresponding correlation
coefﬁcients are shown in the panels. B. Table shows the distribution of genes with expression
levels from >10,000/tpm to >10 tpm in murine E14 ES cells (mES), day 4 murine embryoid
bodies (mEB), human HES-2 (hESESI ), pooled human ES cell lines H1, H7 H9 (hESWi ) and
human day 12 embryoid bodies derived from hESWi . Note that only about 20% of expressed
genes in ES or EBs are expressed at a frequency of >50 tpm. Bar = 50 µm.

quantitative as the full MPSS in estimating relative levels of expression.
Low level transcripts may also be missed. Zheng et al.35 have compared
lower resolution MPSS with higher resolution MPSS and conﬁrmed that
such comparisons are viable and that lower resolution MPSS, nevertheless, provides more than adequate data for the average laboratory. The data
from analysis of the BGO2 line are available for download from the Lynx
website.
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Illumina bead technology
More recently, a novel technology that combines the advantages of microarray and SAGE/MPSS has been described. In this case, hybridization is performed using sequences that have been attached to beads. This makes the
process much cheaper and more reliable and allows hybridization stringencies to be set such that speciﬁcity is high. No results using hESCs are available
for direct comparison, but readers are advised to refer to www.illumina.com
for additional information on whether this technology will suit their
purpose.

Relative Strengths and Weaknesses of the Various Methods
The limitations of EST, SAGE and MPSS are the cost, sample processing
time and limited genomic information available for some species. Perhaps the most important conclusion from examining the results on ESC
analysis using a variety of methods is that no single methodology is optimal for all potential uses. Each method provides some important beneﬁts and has its limitations (Table 1). Microarray is by far the most common method and provides a large database of existing information that
can be used for comparison. Many of the problems associated with signal to noise ratio have been solved and array formats and density and
data mining software continue to improve, while strategies to amplify, label
and detect hybridization probes continue to evolve. However, microarray
remains a comparative technique and hybridization, sensitivity, cross reactivity of similar/related transcripts and the variability inherent in competitive hybridization remain.
SAGE, double SAGE and EST scans continue to be good competing
technologies which do not rely on competitive hybridization and offer the
potential of providing an unbiased readout of known and unknown genes
present in a give cell type. SAGE libraries exist and can be readily accessed.
Tools to search these databases exist and new data sets are being added.
More recent techniques allow longer reads and different restriction enzymes
allow one to bypass digestion problems and better genome annotation
reduce the number of unmapped tags. The cost of the analysis and the time
taken, however, remain major issues that need to be resolved. Most SAGE
analyses are limited to sequencing 50–100 000 transcripts and it often takes
six months or longer to obtain and analyze all the sequences. Since a typical
mammalian cell contains more than 300 000 mRNA molecules with many,
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including critical regulatory molecules, being expressed at only a few copies
per cell, sequencing 100 000 transcripts limits sensitivity at the low end.
Massively parallel signature sequencing (MPSS™), a robust, highthroughput alternative,29,33,36 reduces the cost of 20 base pair signature
of the 3 -most DpnII sufﬁciently such that over a million transcripts per
sample can be assessed. As a result, the method is highly sensitive with
a high dynamic range, permitting the identiﬁcation of high abundance
transcripts as well as transcripts at single copy per cell. The time period
required is also shortened to 1–2 months. However, disadvantages remain.
The technique is proprietary, cannot be performed in one’s own laboratory
and, as with SAGE and EST scan, its utility is limited to genomes for which
annotation is accurate and complete. MPSS and SAGE cannot distinguish
between alternative splicing events and possible incomplete digestion during the sample preparation process. Furthermore, since signature lengths
are relatively short, there are inherent ambiguities in mapping the tag to
the correct genome site.37 Sequencing errors can vitiate results and in the
case of MPSS, transcripts that contain palindromic sequences (in particular
double palindromes) are often undetected because of self-hybridization of
single DNA strands on the bead (approximately 3% of all virtual signatures
in human MGC database have double palindromes). In the GIS Analysis
ditag-SAGE method,28 the tagging of each end of a full length transcript
increases many fold the efﬁciency and precision of mapping a transcript to
the genome. Furthermore, spliced variants can be identiﬁed to an extent
superior to that provided by the other competing short-tag techniques.
Most intriguing, perhaps, is the possibility of capturing unusual novel transcripts arising from fusion of transcripts (trans-splicing ) and polysistronic
transcription through the same locus (with intergenic splicing) (Wei et al.,
personal communication).

Other Large Scale Analytical Methods
A wealth of information on the properties of ESCs is available and many
additional insights can be gleaned from the currently available information
by comparing datasets, and examining individual genes and pathways by
standard methods such as over-expression, down-regulation by knockouts
or siRNA, generation of transgenics or creation of promoter reporter cell
lines to perform expression screens. Such methods are in use and results
will no doubt provide important information. In addition, it has become

干细胞之家www.stemcell8.cn ←点击进入
86

M. Rao and B. Lim

possible to begin studying aspects of cell biology that were not possible
before and a few of these are discussed brieﬂy below.
Epigenetic alterations to the DNA or to the histone packaging proteins
are independent of gene sequences and over the past few years the importance of heritable epigenetic remodeling has been highlighted in regulating
stem cell proliferation, cell fate determination and carcinogenesis.38–42 Its
role in regulating X inactivation and in imprinting43,44 and in appropriate
development after somatic nuclear transfer45–48 is beginning to be better
understood. It has been difﬁcult, however, to study these events on a global
scale. The ability to grow large number of cells and to differentiate them
along speciﬁc pathways, coupled with the ability to perform such studies in
a high throughput fashion, suggests that this will change in the near future.
Global methylation studies can be performed using PCR and sequencing
and methylation-speciﬁc microarray techniques have been described.
MicroRNA’s are small noncoding RNA genes found in most eukaryotic genomes and are involved in the posttranscriptional regulation of
gene expression. MicroRNAs appear to be processed by Dicer and double stranded RNAs appear to regulate gene expression via transcriptional,
translational or protein degradation regulation.49,50 Recent reports have
described library-sequencing global strategies for identifying microRNAs
and over 250 such untranslated RNAs have been identiﬁed.51–53 These
include computational analysis using sophisticated algorthims to recognize potential microRNA binding sites in targeted 3 -UTRs of mRNAs.
MicroRNA chips are being tested.54,55 Lynx therapeutics has developed
sequencing protocols, analogous to MPSS, to enable quantitative data on
microRNAs made by a particular cell to be obtained.
Structural and functional abnormalities in mitochondria lead to a variety
of diseases and mitochondrial mutations are common in human cancers,
in aging, as well as when cells are maintained in culture for prolonged periods. Mitochondrial DNA is also relevant to cloning because most animals
inherit most or all of their mitochondria from the host oocyte. Assessing mitochondrial stability and accumulation of mutations is of particular importance for presidential ESC lines. Techniques to examine such
mutation have been developed.56 The recent development of a PCR-based
approach for sequencing vertebrate mitochondrial genomes has attracted
much attention as being more rapid and economical than traditional methods using cloned mtDNA and primer walking. A mitochondrial Custom
Reseq microarray as an array-based sequencing platform for rapid and
high-throughput analysis of mitochondrial DNA has been developed. The
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MitoChip contains oligonucleotide probes synthesized using standard photolithography and solid-phase synthesis, and is able to sequence >29 kb of
double-stranded DNA in a single assay. It is useful to note that many mutations arise in the D-loop and a simple PCR ampliﬁcation and sequencing
process would capture a large amount of information. No published data
on baseline mitochondrial sequence and its change after culture of ESCs
is currently available. Several laboratories have initiated such experiments,
however, and we expect data on the long term viability of ESCs, in relation
to mitochondrial stability, to be available soon.
Apart from the major chromosomal anomalies found in developmentally arrested embryos and fetuses, less detrimental rearrangements and/or
mutations are likely to go unnoticed in most ESC karyotypes, as routine
assessment includes only chromosomal banding analysis. More sensitive
assays have been developed, including chromosome painting and comparative genome hybridization spectral genomics.
HLA typing and ST-R analysis have clearly indicated that the different
ESC lines differ from each other. Further multiple studies have shown that
variations in the expression of individual genes due to allelic variability can
signiﬁcantly alter the response of cells in culture or after transplantation.57
This has led to the suggestion that allelic variability should be analyzed in
a comprehensive fashion. Such an analysis has been difﬁcult until recently.
Illumina and Affymtrix offer competing technologies that may begin to
allow better resolution of this question. Transcriptional mapping strategies have evolved to examine gene regulation as well. Some focused on
in-silico computational strategy to retrieve putative genes with such binding sites. Another indirect approach has been to constitutively overexpress
speciﬁc transcriptional factors and to compare transcripome proﬁles by
microarray between cell states as a way to capture putative genes regulated
by the factors. A direct and physiological approach is to perform chromatin
immunoprecipation (ChIP) of factors cross-linked in vivo to DNA targets,
followed by identiﬁcation of the speciﬁc DNA binding sites.58–60 Promoter
chips from focused selection to varying degree of complete arrays are now
being made. A hybridization of labeled ChIP DNA fragments to such chips
may be useful for obtaining the ﬁrst impression of genes targeted by the
factor of interest. More useful are chips with a dense coverage of the genome
for selected entire chromosomes to the total human genome, are now being
made that will allow unbiased probing to locate all binding sites bound by
transcriptional factors.61 Multiple studies have shown that such ChIP-CHIP
approach is feasible.
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An analogous approach to identifying regulatory elements that are activated shortly after an initial stimulus is to perform labeling of early processed RNA and using it rather than total RNA to examine only genes
induced after a speciﬁc stimulus. Such hybridizations, while requiring larger
amounts of material, are feasible with cell lines and with ESCs and can provide a global overview of the network of changes to a speciﬁc stimulus.
More importantly, they provide an element of temporal control allowing
one to better place individual genes in a transcriptional network.
Proteomic analysis
Most of our discussion has been on assessing the transcriptome. However, post-transcriptional and post-translational modiﬁcations play a crucial part in modifying genomic instructions and increasing the complexity
of information that can be processed by a cell. The very complexity of the
proteome has made it difﬁcult to study, on a large scale, expression proﬁle
of cells. However, multiple breakthroughs have begun to make global protein analysis of cell populations possible. Pertinent to studies of stem cells,
these include advances in sensitivity of mass spectrometry, development
of variations in 2D gels and labeling techniques to identify key proteins
that are altered under different conditions, and identiﬁcation methods for
isolating and sequencing of small quantities of proteins.62 Proteomic analysis of ESCs has somewhat surprisingly not been reported as yet despite
the fact that cell lines have been available for several years. The complex
media in which these cells grow and the requirement for co-culture with
feeders have made it difﬁcult to obtain pure samples. However, improving methods for feeder-free and even deﬁned conditions for growing hESC
lines will allow such studies to be performed. Recent report on factors
secreted by feeders63 that may be important for ESC self-renewal suggests
that proteomic approaches should be an integral part of the transcriptome
and expression analysis of ESCs. The feasibility of this is supported by
early reports of analysis of the complexity of conditioned medium from
feeder cells supporting ESC growth,64 and the potential identiﬁcation of
biomarkers expressed by hESCs.65

Comparison Across Datasets
While a detailed analysis of results is beyond the scope of this chapter,
readers are encouraged to examine the publicly available datasets and draw
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their own conclusions. We believe that several consensus conclusions can
be drawn by comparing the datasets already available. We ﬁnd that ESCs
appear similar to other cells in synthesizing about 10 000–12 000 genes of
an estimated 35 000 or 40 000 genes annotated in the Ref Seq database
(Fig. 4).20,34 Total RNA per million cells tends to be higher in ESCs compared with other cells (average of 5–10 µg/10 million cells), but is similar
to levels seen in metabolically active cells. The distribution of transcript
frequency suggests that most genes are transcribed at relatively low levels
of less than 50 transcripts per cell (Fig. 4). Mitochondrial, ribosomal and
housekeeping genes tend to be more abundant, while transcription factors, growth factors and other cell type speciﬁc molecules are expressed at
much lower levels. This pattern of gene expression is similar to that seen
in most other cell types. Comparison of data with other cell types suggests
that on average the large majority of genes are shared or are in common,
while approximately 20% are different (by greater than ten-fold) in any two
samples. The average concordance rate between two ESC populations is 0.9
when two different lines grown under different conditions are compared,34
and is much closer when identical samples are compared in two independent sequencing runs (0.99) (Fig. 4). In contrast, when identical samples
are compared between two methods, SAGE and MPSS or EST and MPSS,
then the concordance rates are much lower (0.7), suggesting that those
that are common between two methods are likely to be important. However, the lack of high concordance when identical samples are analyzed by
different methodologies suggests caution in assuming that the failure to
detect expression by any one method negates the ﬁnding. The number of
novel genes identiﬁed in most experiments are generally higher in ESCs
than in other populations, as is the total number of genes, suggesting that
ESCs maintain an open or globally de-repressed transcriptome and that
this population is not yet well characterized, and will be a rich source of
novel transcripts.
Examining ESC enriched (though not necessarily speciﬁc) genes suggests that several major pathways are active in ESCs. These include the
LIF/gp130 (in rodents only); TGFß signaling pathway; the FGF signaling
pathway; the cell cycle regulatory pathways, including myc and DNA repair;
and anti-apoptotic pathways. Intriguingly, genes regulating timing of differentiation, anti-sense RNA, siRNA, speciﬁc methylases and chromatin
remodeling enzymes appear to be present at high levels, suggesting that
epigenetic remodeling is an important aspect of ESC biology. Examination
of cell type speciﬁc genes suggests that several are expressed at low levels
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and components of many inactive pathways are present but their activity is
suppressed by the expression of inhibitors, suggesting that repression plays
an important role in early ESC self-renewal or differentiation. Mapping
of all expressed genes does not show a chromosomal bias as has been suggested in other stem cell populations and suggests that no major hot spots of
ESC expression exist. On the other hand, several cold spots (regions of low
expression) can be identiﬁed, suggesting that as differentiation proceeds
speciﬁc regulators are activated.20

ES speciﬁc genes and genes of metabolic pathways
A good illustration of the usefulness of transcriptome proﬁling is the ﬁnding in ESCs of the expression of a set of genes (a few hundred based on
estimates from combined data) that appear to be relatively unique to this
population of cells. A small core set, often referred to as pluripotency-related
or ESC related genes, that include Oct4, Nanog, Sox-2, REX-1, UTF, TERT as
well as novel genes are clearly distinct from genes expressed in other “adult
non-ES” stem cell populations. Only a small number of these genes have
been studied and shown to be necessary for maintaining the pluripotency
of ESCs. Oct 4 is an example of one of the most studied stem cell genes. In
knockout zygotes, there is no development of ICM and development does
not progress beyond the blastocyst.66 Nanog was a gene uncovered by array
proﬁling before its function was known. Selected for further investigation,67
it was found to be a crucial pluripotency gene that works with Oct-4. This
was a good illustration of the power of proﬁling to narrow down potential
important genes to investigate. In an independent approach, Nanog was
identiﬁed by expression cloning.68 Similarly, Eras was identiﬁed by differential screening as a murine ES speciﬁc gene,69 and further investigation
showed that the gene contribute to the “tumor” like properties of ESCs (as
discussed later, E-Ras is not expressed in hESCs). Genes such as Rex 170 and
Fbox 1571 have been studied, but their real function in stem cells remain
elusive. This is true for the function of most of these “ES genes.”
Other potential important genes uncovered by transcriptome proﬁling
are transcriptional factors found to be either up or down regulated during
transition of ESCs into differentiated states.19 Presumably, these genes play
relevant roles in controlling genes recruited by ESCs and a focused effort
in studying these genes should yield useful information.
Examination of ESC-enriched genes, though not necessarily ES-speciﬁc,
has also been very useful in revealing several major pathways that are active
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in ESCs. These include the LIF/gp130 (in murine cells only); TGFß signaling
pathway; the cell cycle regulatory pathways, including myc and DNA repair;
and anti-apoptotic pathways. A recent inter-species comparative analysis
showed that, compared to mESCs, hESCs34 express a much wider variation
of FGF receptors. Such information provide a rational basis to search for
other FGFs that may be useful in optimizing the culturing and propagation
of hESCs for tissue engineering.
Intriguingly, genes regulating the timing of differentiation (e.g. Hox
genes) and chromatin modiﬁcation (e.g. Dnmt3L versus Dnmt3a) appear to
have very speciﬁc patterns of expression. Together with experiments which
showed that ESCs fused with other somatic cells produce heterokaryons
with ESC phenotype,72–74 there is good evidence that epigenetic remodeling may be an important aspect of ESC capability.75
Examination of cell type speciﬁc genes suggests that several are expressed
at low levels and components of many inactive pathways are present
but their activity is suppressed by the expression of inhibitors, suggesting that repression plays an important role in early ESC self-renewal or
differentiation.
Future investigations aimed at identifying the network of genes regulated
by these ES-genes, together with a search for the master regulatory genetic
factors that orchestrate these genes, should yield very useful information
that would lead to target genes and pathways that can be exploited to control
precisely ESC growth and development.

Species variation
An important ﬁnding that has become clearer from the availability of multiple data sets from both mESCs and hESCs is the species to species variability.
While many key pathways are conserved, many differences have been highlighted as well. For example, Oct3/4 homologues may not exist in chicken
embryos,76 while LIF signaling which is critical for ESC self-renewal in
rodents does not appear to be critical or even required for hESCs.21,34 No
paralogs of E-Hox have been identiﬁed in humans and Eras appears to be a
pseudogene in humans.18 The low overall concordance rate between human
and rodent ES cells (in one comparison, it was around 40%) relative to that
seen in human-to-human cell comparisons (90% between human ES cell
samples) provides additional support for this hypothesis.34 A shortlist of
differences is summarized in Table 3. As can be seen, this include genes that
have become redundant during evolution, factors that have been recruited
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to different functions and gene expression patterns that have been ﬂipped.
However, the number of differences reported from limited comparisons
was quite surprising. It suggests to us that additional mechanisms driving change, perhaps evolutionary pressure for speciation may underlie the
larger than expected difference observed.
Another important ﬁnding that has become obvious from such a data
set examination is the lack of any common stemness genes between ESCs
and other somatic stem cells. Comparing data sets77–79 with expression in
ESCs does not identify a common subset of genes, suggesting that ESCs are
quite different from other somatic stem cells.
Overall, the initial efforts at proﬁling ESCs from rodents and human have
yielded useful insights, allowing one to identify key regulatory pathways
and novel genes that are likely to play a role in regulating ESC self-renewal.
The data sets developed are an important resource and can be mined with
readily available tools. Efforts are underway to provide all of this data in a
readily accessible format that would allow even the uninitiated to be able
to examine the pattern of expression of their favorite gene.

Conclusions
Overall, large scale genomic analysis has provided unique insight into the
biology of this population of pluripotent cells. The wealth of genomic data,
and the multiplicity of cell lines available, have enabled researchers to identify critical conserved pathways regulating self-renewal and identify markers
that tightly correlate with the ESC state. Comparison across species has suggested additional pathways likely to be important in long-term self-renewal
of ESCs, and meta-analysis of existing data sets has provided additional
unique insight. Newer technologies have provided sophisticated tools to
probe into aspects of cell biology that were difﬁcult to study previously.
Combining these technologies and pooling information generated provides a synergistic increase in the value of the information available and
provides a platform for future breakthroughs.
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Introduction
Embryonic stem cells (ESCs) constitute a unique type of cell derived from
the inner cell mass (ICM) of the mammalian blastocyst. For a short time
window, ICM cells possess the capacity to differentiate into every cell type of
the adult body. This ability, known as “pluripotency,” distinguishes embryonic stem cells from adult stem cells that can only differentiate into cell
types of speciﬁc lineage. As mammalian embryonic development continues, the post-gastrulation embryo consists of specialized precursors
of all three germ layers and the pluripotency of each individual cell in
the embryo is lost. The length of this time window, during which the
embryo consists of pluripotent cells, is unknown (Fig. 1). Nonetheless,
if the ESCs are isolated from the embryo and cultured in vitro under suitable conditions, they can not only proliferate indeﬁnitely, but also maintain their pluripotency throughout the culture period. The pluripotency
of ESCs has been proven using different approaches: 1) undifferentiated mouse ESCs consistently contribute to chimeras and particularly to
the germ cell line;1 2) some murine ESC (mESC) lines can form entire
viable fetuses2 ; 3) subcutaneous injection of mESCs into severe combined immunodeﬁcient (SCID) mice induces the formation of teratomas
which may include cells of all three germ layers3 ; and 4) in vitro aggregations of ESCs result in the formation of embryoid bodies (EBs) with
regional differentiation into embryonically distinct cell types.4 As will be
∗ Correspondence: Department of Obstetrics and Gynecology, Rambam Medical Center,
P.O.B. 9602, Haifa 31096, Israel. Tel.: +972-4-854-2536, Fax: +972-4-854-2503, e-mail:
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Figure 1. Scheme of mammalian embryonic development from fertilization to gastrulation.

discussed in detail later in this chapter, ESCs, mainly from mouse origin,
have been shown to differentiate in vitro into hematopoietic stem celllike cells5,6 ; neural precursors7,8 ; cardiomyocytes9 ; endothelial cells; and
insulin-secreting cells.10,11 This exceptional differentiation potential underline the cells’ superior ability to serve as a model for research on early
human development, lineage commitment, differentiation processes and
cell-based therapy.
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Compared to adult stem cells and somatic cells, ESCs exhibit many other
unique characteristics in addition to their pluripotency. They maintain
normal diploid karyotypes even after prolonged culture; unlike somatic
cells, they remain in the S phase of the cell cycle for the majority of their
lifespan and do not show X chromosome inactivation; and they express
unique markers, such as Oct-4, a transcription factor known to be involved
in the process of ESC self-maintenance, and Nanog, whose role in selfmaintenance is still unclear.12,13 ESC features are summarized in Table 1.
The ﬁrst multipotent cell line was derived in the 1970s from a murine
teratocarcinoma.14 Under suitable conditions, multipotent cell lines can
be maintained in vitro as undifferentiated cells in prolonged culture.15
Embryonal carcinoma (EC) cells have been shown to differentiate in vitro
into a variety of cell types, including muscle and nerve cells, to form EBs
while cultured in suspension,16 and to form teratocarcinomas following
their injection into SCID mice.17 The derivation, differentiation and culture methods developed for EC cells laid the groundwork needed for the
isolation of ESCs.
The ﬁrst ESC lines were derived from mouse blastocyst in 1981.18,19
Since then, ESC lines and ESC-like lines have been derived from other
rodents20–22 ; from domestic animal species23–25 ; and from three nonhuman primates.26–28 However, only murine ESC lines have been reported
to demonstrate the complete set of ES cell characteristics as summarized in
Table 1, rendering them the most potent research model amongst existing
ESC lines.
Table 1. Main Features of Embryonic Stem Cells

Derived from the ICM of the blastocyst
Capable of prolonged undifferentiated proliferation in culture
Exhibit and maintain normal diploid karyotype
Pluripotent
Able to integrate into all fetal tissues during embryonic development following
injection into the blastocyst, including germ layer chimerism
Clonogenic, i.e. each single ES cell possesses all other features
Express high levels of Oct-4 — a transcription factor known to be involved in ES
cell self-maintenance
Can be induced to differentiate after continuous culture in an undifferentiated
state
Remain in the S phase of the cell cycle for the majority of their lifespan
Do not show X chromosome inactivation
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Due to the contribution of mouse ESCs to the research on development, great efforts have been invested in the derivation of human ESCs
(hESCs). The ﬁrst step towards this goal was achieved by Bongso and colleagues who reported that ICM cells isolated from human blastocysts can
be cultured with inactivated human embryonic ﬁbroblasts (hEFs) for two
passages while expressing alkaline phosphate activity, maintaining normal
karyotype and demonstrating ESC-like morphology.29 This initial study
paved the way for the ﬁrst isolation of hESC lines by Thomson and colleagues in 1998.30 Accumulating knowledge shows that hESCs meet most
of the criteria for ESCs listed in Table 1. hESCs were derived from embryos
at the blastocyst stage30,31 and were shown to be capable of continuous
culture as undifferentiated cells while expressing high levels of Oct-430–32 ;
their morphology resembled that of mESCs, and their pluripotency has
been demonstrated both in vitro by the formation of EBs33 and in vivo in
teratomas.30,31 They have also been shown to be clonogenic, with resultant single-cell clones demonstrating all ESC features.32 For obvious ethical
reasons, the ability of hESCs to integrate into fetal tissues during embryonic development is limited. hESCs demonstrated normal diploid karyotypes even after prolonged culture.32 Cases of karyotypic instability are
scarce,32,34,35 suggesting that they represent random changes which often
occur in cell culture.
The speciﬁc stage of the cell cycle in which hESCs spend most of their
time has not been reported. Recently it has been reported that hESCs,
like mouse ESCs, do not exhibit X inactivation. Also, while maintained
at the undifferentiated stage, both X chromosomes are active and, upon
differentiation, one chromosome undergoes inactivation.36
To date, there are many established and well-characterized hESC lines in
several laboratories worldwide.37–39 The availability of hESC lines provides
a unique new tool with widespread potential for both research purposes
and clinical application.

Derivation of hESC Lines
For the derivation of hESC lines, embryos from various sources, including
surplus,30,31 or low-quality40,41 embryos from in vitro fertilization (IVF)
programs and embryos produced for research purposes42 were used. A
recent report put forth the application of the human nuclear transfer technique to rabbit oocytes as an additional source for deriving hES cell lines
for therapeutic application.43 As in the production of embryos for research
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purposes, this method raises ethical questions with respect to therapeutic
cloning that should be carefully considered. An additional potential source
for the derivation of hESC lines is embryos that harbor genetic diseases
from pre-implantation genetic diagnosis (PGD) programs. Models established by the use of hESC lines carrying speciﬁc genetic defects may be
highly effective in developing gene therapy strategies or drugs designed to
treat these diseases. Two lines, one harboring the Van Waardenburg disease
(deletion at the PAX3 gene), and the other harboring Myotonic Dystropyhy,
a repeated expansion mutation in the 3 -untranslated region (3 -UTR) of
the myotonic dystrophy protein kinase gene ((CTG)n repeats), were established (Amit and Itskovitz-Eldor, unpublished data). These lines may also
be utilized for research aimed at gaining a better understanding of the
mechanisms underlying these diseases.
The increasing number of available hESC lines indicates that the derivation of these lines is a reproducible procedure, where success rates vary
from less than 10%43 to over 50%.44
hESC lines were derived using the methods developed in the 1970s for EC
cell lines and in the 1980s for mouse ESC line derivation. Three principal
methods can be used to isolate ICM cells from the blastocyst: 1) immunosurgical isolation; 2) mechanical isolation; 3) using a whole intact embryo.
Immunosurgical isolation
Solter and Knowles designed immunosurgery as a method for deriving
EC cell lines,45 and later for the derivation of ESC lines from mouse
blastocysts.18,19 The aim of immunosurgery is to selectively isolate ICM
cells from the blastocyst. This goal is achieved by the following steps:
1. The zona pellucida (ZP) is dissolved by either tyrode solution or pronase.
This stage is optional as the ZP may be left intact and will not interfere
with the remaining steps.
2. The exposed embryo is incubated for approximately 20 min in antihuman whole serum antibodies which attach to any human cell. Penetration of the antibodies into the blastocyst is prevented due to cell–cell
connections within the outer layer of the trophoblast, thus leaving the
ICM cells unharmed.
3. The embryo is incubated for up to 20 min with guinea pig complementcontaining medium which lyses all antibody-marked cells. Since the ZP
allows the penetration of both antibodies and guinea pig complement,
it may be removed alternatively after the lysis by complement proteins.
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Figure 2. Immunosurgery of a human blastocyst for the derivation of human ES cell line. (A) Donated
human embryo produced by in vitro fertilization at the blastocyst stage; (B) Human blastocyst after zona pellucida removal by Tyrode’s solution, during exposure to rabbit anti-human
whole antiserum; (C) Embryo after exposure to guinea pig complement; (D) Intact inner cell
mass immediately after immunosurgery on mitotically inactivated mouse embryonic ﬁbroblast feeder layer. Bar = 50 µm. (From Amit and Itskovitz-Eldor, J Anat 2002.)

4. The intact ICM is further rinsed and cultured with mitotically inactivated MEFs. These steps are illustrated in Fig. 2.
Mechanical isolation
Isolation of ICM cells can be achieved by the selective and mechanical
removal of the trophoectoderm layer under a stereoscope. After the ZP is
removed, the trophoblast layer is gently separated using 27G needles or
pulled Pasture pipettes. As in the immunosurgery method, the last stage
consists of proliferating the intact ICM cells with MEFs.
Plating intact embryos in whole
Contrary to mechanical isolation and immunosurgery, this method is based
on the removal of the ICM cells after one passage of culture together with
the trophoblast layer.41 Lines can be derived simply by plating a zonafree embryo in whole with mitotically inactivated MEFs. The exposed
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Figure 3. Whole embryo culture on MEFs showing ICM cell outgrowth. [White arrow: Bar = 100 µm.]

embryo attaches to the feeder layer, which in return permits the continuous growth of the ICM with the surrounding trophoblasts as a monolayer. When the ICM reaches sufﬁcient size and is noticable, it is removed
mechanically and further propagated (Fig. 3). This method bears the risk
of ICM differentiation.

Maintenance of hESCs
Following their isolation from human embryos, ESCs are further proliferated and maintained at the undifferentiated stage using methods similar to
those applied earlier for mouse ESCs. Traditional culture conditions include
MEFs as a feeder layer and medium supplemented with fetal bovine or calf
serum (FBS).30,31 The feeder layer plays a dual role of supporting ESC proliferation and preventing their spontaneous differentiation. When cultured
in these conditions, ESCs form ﬂat colonies with typical spaces between the
cells, high nucleus-to-cytoplasm ratio, and with the presence of at least two
nucleoli (Fig. 4A).
The future use of hESCs for therapeutic applications will require welldeﬁned and animal-free conditions for their derivation and culture in order
to prevent any exposure of the cells to animal photogenes. This translates into three requirements: 1) hESCs must be cultured with medium
supplemented with serum replacement; 2) the culture should be prepared
with human feeders and human serum; and 3) the proliferation of hESCs
must be administered without feeders. A few steps toward meeting these
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Figure 4. hESC colonies cultured on MEFs (A), on foreskin ﬁbroblasts (B) and in feeder-free conditions (C). [Bar = 50 µm.]

requirements have already been achieved. hESCs can be cultured with
serum replacement and basic ﬁbroblast growth factor (bFGF) as supplement, thereby providing a deﬁned medium.32 Several human feeder layers
were found to be successful in supporting hESC maintenance and proliferation: human fetal-derived ﬁbroblasts or Fallopian tube epithelial feeder
layers46 ; foreskin ﬁbroblasts47,48 ; and bone marrow cells.49 An example of
the morphology of hESC colony when cultured with foreskin ﬁbroblasts
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is seen in Fig. 4B. Under the above culture conditions, hESCs were shown
to maintain the major ESC characteristics after prolonged growth. In some
cases, the conditions were found to be supportive not only of hESC maintenance but also of new hESC line derivation.46,48
Although these culture systems promote the goal of animal-free conditions, they cannot be regarded as well-deﬁned. The ideal culture method
would be a combination of an animal-free matrix and both serum and
animal-free medium. In 2001, Xu and colleagues reported the ﬁrst steps
towards this solution — development of a feeder-free culture system for
hESCs.50 Their method used Matrigel, laminin or ﬁbronectin matrix combined with 100% MEF conditioned medium, supplemented with serum
replacement. Using this method, hESCs can be cultured for more than a
year in continuous culture while maintaining ESC features.51,52 The major
shortcoming of this method is the use of animal based matrices and MEFconditioned medium which may expose hESCs to mouse pathogens and is
not regarded as well-deﬁned.
Amit and colleagues eliminated the use of conditioned-medium for
a feeder-free culture system using medium supplemented with serum
replacement, transforming growth factor beta-1 (TGFβ1 ) and bFGF.53 In
these culture conditions, hESCs were cultured continuously for more than
50 passages with human ﬁbronectin, with ESC features being maintained all
the while.53 No conditioned medium was used. Examples of an undifferentiated hESC colony grown in this system are shown in Fig. 4C. The method
comprises a well-deﬁned culture system which facilitates the future use of
these cells in research and provides a safer alternative for future clinical
applications. However, the serum replacement used in this study contains
animal products (Albumax, for example), and further improvements still
need to be developed.

Subcloning of hESCs
As mentioned earlier, hESC lines are derived from the ICM, a clump of
pluripotent cells which may not represent a homogenous cell population. Therefore, there is the possibility that the pluripotency of the hESC
lines reﬂects a collection of several distinct committed multipotential cell
types. In order to eliminate this possibility, parental lines must be singlecell cloned, and the single-cell clone pluripotency has to be demonstrated.
Following the failed attempt to clone hESCs in the same culture medium
in which they were derived, several culture media were tested to clone
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the ﬁrst parental hESC lines: medium supplemented with either FBS or
serum replacement, either with or without human recombinant bFGF.32
The results revealed that the highest cloning efﬁciency is obtained when
a medium supplemented with 20% serum replacement and bFGF is used.
Several parental hESC lines were cloned in our laboratory using these conditions, and the resultant clones demonstrated hESC features, including
pluripotency.32 Thus the pluripotency of human embryonic single cells has
been established.
Single-cell clones may have further advantages over parental lines. Firstly,
they are easier to grow and manipulate in comparison to their parental
lines (Amit, unpublished data). Secondly, research models based on gene
knockout or targeted recombination require homogeneous cell populations
starting with a single cell harboring the desired genotype. The main disadvantage of this strategy is the relatively low cloning efﬁciency (1%), which,
when coupled with reduced successful recombination rates,54 results in a
model which is rather difﬁcult to obtain. This is partly overcome by the
prolonged culture abilities of the resultant clone, which enable extended
periods of research.
Single-cell cloning may also be required in cases of karyotype abnormalities. Any future application of hESCs for therapeutic purposes will depend
on their karyotypic stability. Random karyotypic instability incidents were
reported for hESCs.32,34,35 In the case of 17q trisomy and 12 chromosome
trisomy, the abnormality provides a selective advantage for the carrying cell
population, resulting in a tendency to take over the culture, until 100% of
the culture exhibits these trisomy.35 If the problem is identiﬁed, single-cell
cloning of clones harboring normal karyotypes may prevent the loss of
cell lines. Based on the growing data on hESCs and the experience with
mESCs, the periodic cloning of hESCs for the purpose of maintaining a
homogenous euploid population may be needed, but will be infrequent.

Spontaneous Differentiation of hESCs
Teratomas
Differentiation of hESCs occurs once they are removed from culture conditions which support their pluripotency and self-renewal. In vivo spontaneous differentiation can be achieved by the injection of undifferentiated
hESCs into immuno-compromised mice.30 This results in the formation
of a teratoma, a benign tumor containing complex structures and composed of differentiated cell types representing derivatives of the three major
embryonic lineages. Figure 5 shows various tissue structures differentiated
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Figure 5. Teratoma formation. Histology sections stained with H&E of teratoma formed from H9.2 line show: A. low magniﬁcation for general view of
cartilage formation (arrows) with focus on B. stratiﬁed epithelium and C. connective tissue. Bar = 100 µm.
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from hESCs within a teratoma. In one study, it was demonstrated that,
using a sensitive recovery method, human keratinocytes can be isolated
from trypsinized cells of such a teratoma and can be grown in cell culture.55
A more recent study suggested that a teratoma generated from hESCs may
be utilized as an in vivo human microenviroment model for the study of
tumor invasion, angiogenesis and metastasis.56 It should be noted that the
capability of undifferentiated hESCs to form teratomas is a risk factor to
consider when applying hESC-derivatives to cellular therapy.
Embryoid bodies (EBs)
Formation and growth
The appeal of ESCs is their ability to differentiate in vitro into all three
primary germ layer derivatives. After removal from their undifferentiatedsupporting culture conditions, the differentiation of hESCs in vitro can
be activated in two main ways: 1) two-dimensional (2-D) culturing on
a differentiation-inducing layer (matrix or culture), or 2) formation of
embryo-like aggregates in suspension, termed embryoid bodies (EBs).33
Human EB (hEB) formation can be achieved by culturing hESC aggregates
in suspension (i.e. using a non-adherent dish) or within hanging-drops,
followed by their cultivation in Petri dishes. Forty eight hours after initiation
of cellular aggregation, hEBs complete the agglomeration process,57 which
results in the formation of simple EBs by day 3, followed by cavitated
EBs after 7–10 days, and cystic EBs after two weeks of differentiation.33
hEBs recapitulate several aspects of early development, displaying regionalspeciﬁc differentiation into derivatives of all three embryonic germ layers
[Ref. 33; Fig. 6].
It was recently suggested that hEB generation and differentiation can be
induced and directed by physical restriction. One study showed dynamic
formation of differentiation of hEBs in rotating bioreactors.58 The efﬁcacy
of the dynamic process compared to static cultivation in Petri dishes was
analyzed with respect to the yield of hEB formation and differentiation.
With the use of the Slow Turning Lateral Vessel (STLV), the hEBs formed
were smaller in size and no large necrotic centers were seen, even after one
month of cultivation. The appearance of representative tissues derived from
the three germ layers indicated that the initial developmental events were
not altered in the dynamically-formed hEBs. In general, this study deﬁned
the culture conditions in which control over aggregation of differentiating hESCs may enable scaleable cell production for clinical and industrial
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Figure 6. Embryoid bodies. Photographs of hEB development from line I9 (A–C). Histology sections of 1-month-old hEBs show: D. different types of
cells with focus on two EBs in high magniﬁcations (E–F). Bar = 100 µm.
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applications. In another study, hEBs were generated directly from hESC
suspensions within three-dimensional (3-D) porous alginate scaffolds.59
The conﬁning environments of the alginate scaffold pores enabled the efﬁcient formation of hEBs with a relatively high degree cell proliferation and
differentiation, encouraged round, small-sized hEBs, and further induced
vasculogenesis in the forming hEBs to a higher degree than in other culture systems examined.59 It was concluded that hEB differentiation can be
induced and directed by physical constraints in addition to chemical cues.
Lineage differentiation
With the use of EB formation, hESC differentiation into several lineages
has been extensively studied.
Cardiomyocytes. Seeding hEBs on an adherent substrate may result in the
appearance of beating areas. These beating areas display structural and
functional properties of early-stage cardiomyocytes60 and exhibit properties
of early-stage cardiac phenotype, with gap junctions immunostained with
connexin 43 and connexin 45 but not connexin 40.60,61 High-resolution
activation maps using microelectrode arrays have demonstrated the presence of a functional syncytium with stable focal activation and conduction
properties along the contracting area of the human EBs.61 Characterization
of the contraction and action potential from beating EB outgrowths showed
that hESCs can differentiate into multiple types of cardiomyocytes which
display functional properties characteristic of embryonic human cardiac
muscle.62
Hematopoietic. 15-day-old spontaneously differentiated hEBs were shown
to express low levels of CD45 (1.4% ± 0.7%). Most of these cells coexpress CD34 (1.2% ± 0.5%), a phenotype similar to the ﬁrst deﬁnitive
hematopoietic cells detected within the wall of the dorsal aorta of human
embryos.63
Vasculature. During hEB differentiation, an increase in expression of
several endothelial cell-speciﬁc genes and the development of extensive vasculature-resembling structures within them was shown.64 Sorted
CD31+ cells (2%) were shown to possess embryonic endothelial cell features as well as a potential for microvessel formation both in vitro and
in vivo.64 Spontaneous formation of a vessel-network of CD34+ cells
within forming hEBs was further demonstrated [Ref. 65; Fig. 7]. In addition, smooth muscle cells which may be identiﬁed by speciﬁc markers,
e.g. smooth muscle actin, calponin and smooth muscle myosin heavy chain
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Figure 7. Vascular formation within EBs. Confocal analyses of 12-day-old hEBs revealed distinct
areas with complex vascular structures composed of CD34+ cells (red; nuclei in blue). Total
magniﬁcation ×200.

(SM-MHC), were shown to form thicker vessel structures with no observable network structure.
Extra-embryonic tissues. Unlike mESCs, hESCs can also form extraembryonic tissues. The use of hESCs to derive early human trophoblasts
is particularly valuable, because they are difﬁcult to obtain from other
sources and are signiﬁcantly different from mouse trophoblasts. A recent
study explored hEBs for trophoblast differentiation potential.66 Levels of
human chorionic gonadotropin (hCG), progesterone and estradiol-17beta
in medium from hEBs grown in suspension culture for 1 week were found to
be higher than in unconditioned culture medium or medium from undifferentiated hESCs or spontaneously differentiated hESC colonies. Another
study demonstrated the formation of visceral endoderm within developing
hEBs, which provides further scope to the study of early human primitive
endoderm and yolk sac visceral endoderm development.67

Controlled Differentiation
Regulating differentiation via hEBs
hEB formation has been utilized as an initial step in a wide range of studies
aimed at differentiating hESCs into a speciﬁc desired cell type. Alternative
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strategies, utilizing speciﬁc growth factor combinations and cell–cell induction systems, have enhanced differentiation of hEBs into a desired lineage.
Schuldiner and colleagues were the ﬁrst to examine the exposure of differentiating hESCs to growth factors.68 Five day-old-hEBs were plated on
a Petri dish and grown in the presence of eight growth factors known for
their ability to direct the differentiation of mESCs basic ﬁbroblast growth
factor (bFGF); transforming growth factor β1 (TGFβ1 ); activin-A, bone
morphogenic protein 4 (BMP-4); hepatocyte growth factor (HGF); epidermal growth factor (EGF); β nerve growth factor (βNGF); and retinoic
acid.68 Differentiation was examined by the expression of 24 cell-speciﬁc
molecular markers that cover all embryonic germ layers and 11 different
tissues. The results showed that Activin-A and TGFβ1 induced differentiation primarily into mesodermal cells; retinoic-acid, EGF, BMP-4 and bFGF
induced differentiation into endodermal and mesodermal markers; and
NGF and HGF allowed differentiation into three embryonic germ layers.
None of the growth factors directed the differentiation exclusively to one
cell type, indicating that multiple human cell types may be enriched in vitro
by speciﬁc factors.68
Detailed studies have examined the use of β nerve growth factor (bNGF)
and retinoic acid (RA), showing an increase in the proportion of neuronal
cells.69,70 Moreover, three protocols have been established for the in vitro differentiation, enrichment and transplantation of neural precursors71,72 One
study showed that, upon aggregation to hEBs, differentiating hESCs formed
large numbers of neural tube-like structures in the presence of FGF-2 which
can be isolated by selective enzymatic digestion and further puriﬁed on
the basis of differential adhesion.71 Withdrawal of FGF-2 resulted in their
differentiation into neurons, astrocytes and oligodendrocytes.71 These progenitors further differentiated into both neurons and astrocytes after hES
cell-derived neural precursors were transplanted into the neonatal mouse
brain.71 Another protocol observed a neural precursor population in hEBs
grown in suspension in serum-free conditions, in the presence of 50% conditioned medium from the human hepatocarcinoma cell line HepG2.72
Recently it was demonstrated that, using a protocol consisting of several steps, insulin-producing cells can be generated from hESCs.73 The
procedure included the following phases: culturing and plating of hEBs
in insulin-transferrin-selenium-ﬁbronectin medium; supplementation of
medium with N2, B27, and bFGF; reduction of glucose concentration in
the medium, withdrawal of bFGF; addition of nicotinamide; and, ﬁnally,
dissociation of the cells and re-growing them in suspension. This process
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resulted in the formation of clusters which exhibited higher insulin secretion and had longer durability than cells grown as monolayers. In addition
to insulin, most cells also co-expressed glucagon or somatostatin, indicating
similarity to immature pancreatic cells.73
Enrichment of cardiomyocytes was achieved when 4–6 day-old hEBs were
treated with 5-aza-2’-deoxycytidine.74 Moreover, the differentiated cultures
could be dissociated and separated via Percoll gradient density centrifugation, which led to a population of 70% pure cardiomyocytes. Hematopoietic
cells were also derived from hESCs by co-culturing them with murine bone
marrow cell lines and yolk sac endothelial cell lines.75 Treating formed
hEBs with hematopoietic cytokines (SCF, Flt3L, IL-3, IL-6 and G-CSF)
demonstrated a six-fold increase in the proportion of CD45+ cells coexpressing CD34.63 The addition of these cytokines plus BMP-4 increased
the frequency of CD45+CD34+ cells by six-fold. It seems that BMP-4
promotes the self-renewal of hESC-derived hemetopoietic progenitors.63
In a continuous study, it was further shown that vascular endothelial
growth factor A (VEGF-A165 ) selectively promotes erythropoietic development from hESCs. Effects of VEGF-A165 were dependent on the presence of hematopoietic cytokines and BMP-4, and could be augmented by
the addition of erythropoietin (EPO). Treatment of hEBs with VEGF-A165
increased the frequency of cells co-expressing CD34 and VEGF receptor 2
(KDR), as well as cells expressing erythroid markers. In addition to promoting erythropoietic differentiation from hESCs, the presence of VEGF-A165
enhanced the in vitro self-renewal potential of primitive hematopoietic cells
capable of erythroid progenitor capacity.76
For the induction of trophblasts, hEBs were explanted into Matrigel“rafts”
for up to 53 days.66 This resulted in small protrusions which appeared
on the outer surface of hEBs, as well as an increase in secretion of hCG,
progesterone and estradiol-17beta which remained dramatically elevated
over the culture period. In comparison, hEBs maintained in suspension
culture failed to demonstrate this elevation in hormone secretion.66

Directed differentiation via 2-D cultures
Speciﬁc manipulation protocols of hESCs have been established in order to
obtain enriched and even highly puriﬁed speciﬁc cell populations.
Neuronal progenitors were isolated from continuous cultures of hESCs
on mouse embryonic feeder cells.77 Patches formed in the center of differentiating hESC colonies were cut out and re-cultured in serum-free medium
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supplemented with known neuronal growth factors. This resulted in the
generation of spheres of proliferating neuronal progenitors which were
able to differentiate in vitro and in vivo into the progeny of the three neural lineages.77 Recent studies further showed the capability to differentiate
hESCs into neurons by means of co-culture with feeder cells.78,79 One study
demonstrated the derivation of midbrain dopamine neurons from hESCs
by co-culture on either bone marrow or aorta-gonad-mesonephros stromal cells.78 Using this approach, proliferating neuronal rosettes expressing neuronal progenitor markers could be obtained, and could be further
dopaminergically differentiated by administration of SHH and FGF8.78
Another study showed that culture of hESCs on astrocytes derived from
embryonic striatum or on PA6 cells led to their differentiation into tyrosine
hydroxylase positive neurons.79
Induction of cardiac differentiation can be achieved by 2-D differentiation of hESCs. It was shown that co-culture of hESCs on visceral endodermlike cells results in contracting areas.80 Characterization of these beating
muscles includes sarcomeric marker proteins, chronotropic responses, ion
channel expression and function, and electrophysiological features resembling human fetal ventricular cells.81 Furthermore, cardiomyocytes generated from hESCs using this co-culture procedure were able to couple by
gap junction with human fetal cardiomyocytes.81
A procedure for the generation of hematopoietic cells from hESCs was
demonstrated by a co-culturing system.75 hESCs were co-cultured with
the murine bone marrow cell line S17 or the yolk sac endothelial cell
line C166 with medium containing fetal bovine serum but no other
exogenous cytokines. The resultant differentiated hESCs expressed known
hematopoietic precursor markers. When cultured on semisolid media with
hematopoietic growth factors, these hematopoietic precursor cells formed
characteristic myeloid, erythroid and megakaryocyte colonies. More terminally differentiated hematopoietic cells derived from hESCs under these
conditions also expressed normal surface antigens, including glycophorin A
on erythroid cells, CD15 on myeloid cells, and CD41 on megakaryocytes.75
Different studies have shown that co-culture of hESCs with OP9 bone
marrow stromal cells enhanced the upregulation of CD34+ cells.82 These
CD34+ cells displayed the phenotype of primitive hematopoietic progenitors and were able to further differentiate into lymphoid as well as myeloid
lineages.82
The use of hESCs to derive early human trophoblasts was demonstrated
by the addition of BMP-4 to feeder-free hESC cultures.83 DNA microarray,
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RT-PCR and immunoassay analyses demonstrated that the differentiated
cells expressed trophoblast markers and secreted placental hormones. When
plated at low density, the BMP4-treated cells formed syncytia that expressed
hCG.83
In order to facilitate the generation of vascular cells from hESC, an
approach of induced mesodermal differentiation was established.65 hESCs
were differentiated via 2-D culture on type IV collagen which up-regulated
endothelial progenitor markers. Re-culture under strict conditions and
exposure to angiogenic growth factors resulted in a prolonged differentiation pathway into endothelial cells and vascular smooth muscle cells
markers. In particular, the addition of human VEGF brought about the
generation of some 20% of endothelial cells expressing von Willibrand
factor, Ac-LDL and CD31. The addition of platelet-derived growth factor
BB resulted in around 80% of vascular smooth muscle cells expressing
smooth muscle actin, calponin and SM-MHC. The use of 3-D collagen
gels and matrigel assays, for the induction and inhibition of human vascular sprouting in vitro, further established the vascular potential of the
cells generated by the 2-D differentiation system. It was further suggested
that hESCs may serve as an in vitro model to study angiogenic mechanisms
that allow its promotion and inhibition. For this purpose, 2-D differentiated mesodermal cells were embedded into matrigel or type I collagen gels
and allowed to grow. After 24–48 hours, intensive sprouting was observed,
resulting in penetration of the cells into the gel and generation of tube-like
structures. The formation of such structures was shown to be inhibited by
adding anti-human vascular endothelial cadherin to the culture medium.65
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Differentiation In Vivo and In Vitro of
Human Embryonic Stem Cells
Barak Blum and Nissim Benvenisty∗

Introduction
Embryonic stem cells (ESCs) are pluripotent cells generated by the in vitro
cultivation of the inner cell mass (ICM) of a blastocyst stage embryo.1,2
ESCs were ﬁrst established from mouse embryos in 1981,1,2 and almost
two decades later, human embryonic stem cells (HESCs) were derived.3,4
In a normally developing embryo, the pluripotency of the ICM is a transient state, and by gastrulation the ICM cells have lost their pluripotency
and become committed to speciﬁc Lineages.5 When grown in vitro, HESCs
may remain in an undifferentiated state in the presence of a supportive
feeder layer, usually mitotically inactivated mouse embryonic ﬁbroblasts
(MEF).3,4 HESCs have the capacity for self renewal, meaning they can proliferate in an undifferentiated state indeﬁnitely, while maintaining a normal
karyotype for many passages in culture. These cells are capable of differentiating to derivates of all three embryonic germ layers either in vivo or
in vitro.3,6 Undifferentiated HESC holds some typical characteristics. They
form tight colonies with deﬁned borders (seen in Fig. 1A), in which the cells
are packed together, connected by gap junctions, and have a large nucleusto-cytoplasm ratio. They also possess some molecular characteristics, such
as a high expression of telomerase, activation of the enzyme alkaline phosphatase, and the expression of typical transcription factors such as OCT4
and REX1, as well as typical surface antigens such as SSEA-3, SSEA-4 and
TRA-1-60.7 Recently, it was suggested that HESCs also express a unique set
of microRNAs.8
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Figure 1. Differentiation of HESC. A. Phase contrast image of undifferentiated HESC colony grown
on MEF feeder layer. B. Histology of a teratoma derived from undifferentiated HESCs. Neural
rosettes (NR) can be seen within two types of mesenchymal cells (M). C. Cystic embryoid
bodies (EBs), formed by growing HESCs in suspension for 23 days. D. Neuronal outgrowth of
an EB grown for 20 days. Cells are immunostained with an antibody against the neuroﬁlament
heavy chain (NF-H).

Murine ESCs (MESCs) have been used as an extensive research tool in
biological sciences for more than two decades. The establishment of HESC
lines has opened remarkable opportunities for basic, as well as medical
science. The advantages of HESC are most prominent in two ﬁelds: as a
tool for modeling early differentiation events occurring in the developing
human embryo, and as a virtually unlimited source of human cells for tissue
transplantation and cell therapy. Here, we will present the current knowledge concerning the potential of HESCs to differentiate in vivo, and discuss
the progress en route for reaching this differentiation potential in vitro.

In Vivo Differentiation Of HESC
Spontaneous differentiation of HESCs in vivo
When addressing the in vivo differentiation potential of HESCs, it is appropriate to initially discuss the fate of these cells if they would have been
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left to normally differentiate (i.e. during the normal course of early mammalian development). At that time, the blastocyst — at ﬁrst composed only
of an outer epithelial-like trophoblast layer, and an undifferentiated inner
cell mass — will go through successively complex cascades of divisions
and differentiation processes. While the trophoblast differentiates only to
an extra embryonic tissue, the ICM — from which embryonic stem cells
are derived — will differentiate into the extra embryonic endoderm, the
amniotic ectoderm, and the embryonic epiblast. The latter will be separated
by the process of gastrulation to the three embryonic germ layers — ectoderm, mesoderm and endoderm — which will eventually differentiate to
give rise to the full repertoire of embryonic tissues (as well as the extra
embryonic mesoderm).5,9 The cells of the ICM, thus, differentiate into all
types of animal tissues, aligning to form the complete body plan of an adult.
More than twenty years ago, in 1984, Bradley et al.10 took the ultimate
test for verifying the differentiation capabilities of murine embryonic stem
cells: they injected the cells into mouse blastocysts, and produced chimera
progenies. Indeed, the injected embryonic stem cells contributed to each
and every tissue of the offspring, including germ cells, demonstrating a
deﬁnitive proof of embryonic stem cells differentiation capacity.10,11 In
humans, however, such an assay is not feasible, due to obvious ethical reasons. The most widely accepted alternative assay for the differentiation
repertoire of HESCs is, thus, ectopically injecting them into a laboratory
animal, such as a mouse, to form a teratoma.
If HESCs are injected intramuscularly,3 into the testis,4 subcutaneously12
or under the kidney capsule13 of an adult immunocompromised mouse,
they proliferate and differentiate to form a benign, embryo-like tumor,
called a teratoma. Named after the Greek word“teraton”— a monster — the
teratoma is a gross, haphazardly organized neoplasm, which includes tissue
representation of all three germ layers.14 Unlike other tumors, teratomas
are not composed of a homogeneous population of neoplastic cells, but
rather of a histologically deﬁned variety of mature or pre-mature tissues,15
which resemble a disorganized embryo.
When allowed to differentiate in vivo as a HESC-induced teratoma
model in the mouse,3 the cells differentiate in a manner that may resemble the series of events occurring in the developing embryo, albeit without complete pattern formation. In that sense, one can ﬁnd that along
with embryonic tissues of less deﬁned nature, such as primitive neuroectoderm or embryonic mesenchyme (Fig. 1B), the tumor also displays a
representation of more mature tissues. The repertoire of tissues identiﬁed
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within HESC-induced teratomas includes ectoderm derived neural epithelium forming neural rosettes, mesoderm derived cartilage, bone or muscle,
endoderm derived gut epithelium, and even tissues whose development
require inductive interaction between tissues of different origin, such as
liver cells (see Table 1). In addition, many of the normal features of
simple tissue architecture are imitated, and complex structures like fetal
glomeruli,3 ganglions,4 teeth,16 hair follicles,13 and even brain structures
such as choroid plexus17 can be found. Yet in HESC-induced teratomas, no
complete organogenesis is formed.18
Teratomas can be experimentally induced by other sources of pluripotent cells, such as embryonic carcinoma (see below) or embryonic germ
cells, and even by grafting whole early embryos or embryonic discs to extra
uterine sites. Teratomas can also form spontaneously in many animals,
including humans, as congenital or adult neoplasms.14,54,55 The presence
of pluripotent cells, however, is a prerequisite in teratoma formation. This
was assessed by Damjanov et al., who showed that in mice, only embryos of
7-days old or less (prior to neural folding) are capable of forming
teratomas.55
When formed spontaneously, teratomas are classiﬁed within the category of germ cell tumors (GCT), that arise mainly in the testis and ovary,
but often also in extragonadal places. The most commonly accepted theory for the origin of GCTs suggests that congenital GCTs originate from
totipotent primordial germ cells that were dislodged from the stream of
migration toward the gonads. Adult GCTs are usually suggested to arise
from parthenogenic germ cells.14,56,57
As a deﬁnition, teratomas contain tissues of embryonic origin only
(i.e. derivatives of ectoderm, mesoderm and endoderm), and not of
extra embryonic origin. The differentiation repertoire of spontaneouslyoccurring teratomas is extremely vast: among the cell and tissue types
found are neurons, glia, skin, hair, teeth, muscle, bone, cartilage, adipose
tissue, liver cells, salivary glands, etc.14,58 In contrast to HESC-induced
teratomas, spontaneous teratomas have been reported, although rarely, to
contain structures of early organogenesis, such as malformed limbs, bowels, vertebrates.14,58 and even a completely developed eye.59 A teratoma is
deemed “mature” if it contains terminally differentiated tissues; “immature” if it also contains foci of immature tissues that resemble those of the
embryo; and “teratocarcinoma” if it also contains foci of undifferentiated
cells, termed “embryonic carcinoma cells.” These cells closely resemble
the cells of the ICM, are pluripotent, express OCT-4, and can invade and
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In vivo

In vitro

Spontaneous

Ectoderm
Neurons

HESC-induced
teratoma

EB,
monolayer

(3, 4, 13, 16, 17,
19–25)

RA (26–28)
(4, 6, 16, 26) NGF (26, 27), EGF
(28, 29), bFGF
(28–30), PDGF (28),
IGF-1 (28), NT-3
(28), BDNF (28),
noggin (31), TGFα
(32), FGF-8 (33),
SHH (33)
RA (28)
EGF (28, 29),
bFGF(29, 30),
PDGF (28), IGF-1
(28), NT-3 (28),
BDNF (28)
(26)
EGF (26)

Glia

Skin
Retinal epithelia
Hair
Adrenal
Dental component

Directed

(13, 25)
(23)
(13)

By growth
factors

By non-protein
factors

RA (26)
(16, 25)

By feeder layers

By other
means

Transplantation
MS5 (stromal
into chick embryo
cells) feeder layer
(33), MedII (human (35, 36)
hepatocarcinoma)
condition media (34)

Differentiation of Human ESC

Table 1. Differentiation of HESC In Vivo and In Vitro. Shown is the repertoire of cells derived in vivo and in vitro from HESC in a spontaneous or
directed fashion. (The classiﬁcation of tissues between the germ layers is according to Ref. 9.)
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Table 1. (Continued)

In vitro

Spontaneous
HESC-induced
teratoma
Mesoderm
Dorsal
Muscle
Bone

Cartilage
Adipose tissue
Intermediate
Kidney
Lateral
Cardiomyocytes

Endothelial cells
Blood cells

EB,
monolayer

Directed
By growth
factors

(3, 4, 13, 19, 22–24) (26)
(3, 13, 19, 22, 23)

By non-protein
factors

By feeder layers

Dexamethasone,
ascorbic
acid, β-glycerophosphate (37)

(3, 4, 13, 16, 17, 19, (26)
21–25)
(20)
NGF (26)

(3, 13, 19, 25)

(26)

(38)

(4, 6, 16, 26, 39) TGFβ (26)

(20)

(42)
(6, 26)

VEGF, PDGF (43)
Cytokines (44–46),
Cytokines + BMP4
(45), Cytokines +
BMP4 + VEGFA165 (47)

5-aza-2 deoxycytidine
(40)

END-2 (visceral
endoderm) feeder
layer (41)
C166 (yolk sac
endothelia) feeder
layer (44), S17
(bone marrow)
feeder layer (44)

By other
means
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In vivo
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In vivo

In vitro

Spontaneous

Directed

HESC-induced
teratoma

EB,
monolayer

By growth
factors

By non-protein
factors

(22, 38)

(16, 26)

NGF (26), HGF
(26) aFGF (38)

Sodium butyrate
(48)

Pancreas

(22)

(26, 49)

NGF (26)

Gut epithelia
Salivary gland
Germ cells

(3, 13, 19, 21, 25)
(22)

Endoderm
Liver

Extra Embryonic
Ex. Embryonic
endoderm
Trophoblast

By feeder layers

By other
means

Primary
hepatocytes
condition media
(38)
Various hormones, growth factors and
matrix components (50)

(51)
(31)

BMP2 (31)

(3)

BMP4 (52)

Growth in 3D
“Matrigel rafts”
(53)

Abbreviations: NGF: nerve growth factor; EGF: epidermal growth factor; aFGF: acidic ﬁbroblast growth factor; bFGF: basic ﬁbroblast growth factor;
FGF-8: ﬁbroblast growth factor 8; PDGF: platelet derived growth factor; HGF: hepatocyte growth factor; IGF-1: insulin like growth factor 1; NT-3:
neurotrophin 3; BDNF: brain derived growth factor; TGFα: transforming growth factor α; TGFβ: transforming growth factor β; RA: retinoic acid;
VEGF: vascular endothelial growth factor; BMP2: bone morphogenic protein 2; BMP4: bone morphogenic protein 4; SHH: sonic hedgehog.
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Table 1. (Continued)
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metastasize.14,58,60,61 It was suggested that these cells are the source — or
the stem cells — of all GCTs, including those of extra embryonic tissues.14
In the mouse, teratocarcinomas are hard to obtain in an induced experimental teratoma model.55
Ironically, the immense opportunity residing within HESCs — their
capacity to differentiate in vivo into all cell types — also entails their significant drawback: the risk of teratoma formation. Although not transformed
in the regular fashion, the tumorogenic potential of HESC is a major issue
when considered for clinical use. This is further emphasized by the fact that
single mouse embryonic stem cells have been reported to be sufﬁcient for
efﬁciently producing teratomas in a mouse model.62
Directed differentiation of HESCs in vivo
Nevertheless, evidence also exists for direct differentiation of HESC in vivo.
Thus, Goldstein et al.35 have transplanted undifferentiated HESC colonies
instead or within the somites of chick embryos. Recapitulating inductive
signals from the developing embryo, the cells differentiated to neurons,
and the speciﬁc position in which they were placed determined their ﬁnal
appearance. Interestingly, the cells did not develop an encapsulating crust
isolating them from their surroundings, as is usually seen in teratomas, but
rather integrated and contributed to the host neural tissue. Additionally,
the injection of undifferentiated HESCs to a chick embryo with an open
neural tube defect was shown to correct the lesion. In this case, however,
HESCs did not integrate into the neural tube.36 Due to the short-timed
nature of these experiments, teratoma formation could not be overruled.
Murine ESCs (MESCs) were sometimes reported to directly differentiate
into neurons and integrate in mouse models (reviewed in Ref. 63). However,
in one such report, an attempt to differentiate MESCs to dopaminergic
neurons by injecting them into the striatum of rats resulted in an approximate 25% (5 out of 19) death rate due to teratoma formation.64 It is possible,
thus, that introduction of ESCs into the developing tissues (i.e. the embryo)
will cause the stem cells to acquire the developmental-inducing signals from
the surroundings and integrate with the embryonic tissues, while introducing them into adult tissues will not result in full integration, but rather in a
teratoma. One might then predict that the safest way to avoid teratoma in
the adult would be to completely or partially differentiate the cells in vitro
prior to transplantation.
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In Vitro Differentiation of HESC
Spontaneous differentiation of HESCs in vitro
As stated earlier, keeping HESCs in an undifferentiated state is an active
process. Even when grown in standard conditions (i.e. in the presence of
MEFs), HESC colonies tend to differentiate in their peripheries.3,4 When
totally deprived of MEFs or grown to full conﬂuence, intensive differentiation is observed. In these cases, HESCs differentiate as a monolayer composed mostly of neurons and extra embryonic cells.3,4 The variety of cell
types spontaneously differentiating from HESCs can be enhanced by aggregating them into spheroid clusters, called embryoid bodies (EBs), because of
their resemblance to early embryos.6 These represent differentiation characteristics of all three embryonic germ layers.
Methods for culturing EBs from HESCs were thoroughly reviewed
elsewhere.18 In brief: HESC are grown in suspension in non-adhesive culture dishes (i.e. bacterial petri plates) without bFGF. Within two days, the
cells aggregate to form tightly-packed clusters, termed “simple EBs.” Soon
after, the center of the EB starts to cavitate, and 14–20 days after their initial
aggregation the EBs are ﬁlled with ﬂuid, forming balloon-like “cystic EBs.”6
Such cystic EBs are seen in Fig. 1C. Another method involves growing the
cells in media drops hanging upside down on a petri dish cap, enabling
control over EB size.18 Recently, a method by which EBs are grown in a
rotating bioreactor was also developed.65
When ﬁrst produced, human EBs were cultured for 20 days, after
which regional clusters of specialized differentiated cells were observed,
with tissue speciﬁc genes expressed within them. Among these were
neurons expressing the neuroﬁlament 68Kd protein, hematopoietic cells
expressing ζ-globin, endodermal cells expressing α-fetoprotein, and even
synchronically pulsing cardiomyocytes expressing α-cardiac actin.6 Later
studies further extended the repertoire of tissues spontaneously differentiating within human EBs, and observations were reported of many cell
types, such as hepatic cells,38,39 endothelial cells,42 germ cells,51 etc. (See
Table 1.)
Since the differentiation of EBs may imitate early events occurring during
embryonic development, such as the process leading to blastocyst cavitation
and the early cross-talk signals between cells conducting tissue determination, the EB system could be of major beneﬁt as a research tool for studying
early human embryogenesis.
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Directed differentiation of HESCs in vitro
The spontaneously differentiated EBs are not sufﬁcient to serve as a source
of differentiated human cells for clinical therapy. This is because of the
stochastic nature of tissue differentiation, the non-homogenous cell population and the rather small number of speciﬁc cells that can be generated by this method, while utilization in the clinic requires mass culture
of highly-puriﬁed cell populations. For that reason, methods for enrichment, selection, or direct differentiation of HESCs to speciﬁc lineages were
developed.
It has been previously shown that EBs express receptors for multiple
growth factors (bFGF, TGF-β1, activin-A, BMP-4, HGF, EGF, βNGF and
RA).26 When exposed to each of these factors, the enrichment of speciﬁc lineages was observed within the population of differentiating cells
(see Table 1),26 although none of the factors could obtain complete purity.
Below (and listed in Table 1) is a description of the progress that was made
since, in order to directly differentiate or enrich speciﬁc human cell types
in vitro:

Neurons and glia
Among the cell lineages directly differentiated from HESCs, neurons produce the largest group of reports, and the enrichment of neuronal population was achieved through various methodologies (reviewed in Ref. 63).
This is perhaps because neuroectodermal precursors are the ﬁrst to arise
when HESCs go through spontaneous differentiation, and are among the
most simple to obtain.4,27 Thus, neurons were the ﬁrst cells to be isolated
from a differentiating HESC culture. As mentioned above, HESC left to
spontaneously differentiate for a long period of time in a high density
environment developed three-dimensional clusters, wherein neural progenitors, positively stained with antibodies against the adhesion molecule
N-CAM, appear. When isolated upon their morphology and re-plated on
an appropriate substrate, these cells form neurospheres, which expressed
markers for mature neurons, such as β-tubulin, synaptophysin and even
enzymes involved in GABA biosynthesis pathway.4 For a list of speciﬁc
markers expressed in HESC-induced neurons, please refer to Ref. 63.
The administration of the soluble growth factors bFGF and EGF to
such a culture enables the propagation and expansion of the neuronal
progenitors.29 When plated on an appropriate substrate and treated with
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speciﬁc combinations of growth factors, it is possible to direct speciﬁc neuronal lineages. For example: when plated on laminin-coated dishes, the
cells developed into mature neurons, expressing glutamate, glutamic acid
decarboxylase, GABA and serotonin.29 On the other hand, plating the cells
on ﬁbronectin coated dishes, and treating the culture with bFGF, EGF and
PDGF, followed by the steroid hormone T3, leads to the differentiation of
a variety of glial cells, such as astrocytes and oligodendrocytes.29
Similarly, the inﬂuence of growth factor administration was tested in
the EB system, whereupon treating EBs with βNGF or RA resulted in the
formation of complex neuronal networks when the EBs were re-plated in
adhesive plates27 (these can be seen in Fig. 1D). Administration of bFGF
to re-plated EBs, followed by TGFα enriched particularly dopaminergic
neurons.32 Using a much more complex protocol, Carpenter et al.28 have
succeeded in enriching an almost completely pure population of functioning neuronal cells, which respond to neurotransmitters and exhibit action
potentials.28 This is done by exposing 4-day re-plated EBs to a battery of
growth factors, including EGF, bFGF, PDGF, IGF-1, NT-3 and BDNF, followed by immunosorting the neuronal derivatives according to their surface
antigens.
Recently, it was shown that co-culturing HESCs (un-aggregated) together
with the inactivated stromal cell line MS5 leads to the formation of neural
rosette-like structures.33 Furthermore, when these neural rosettes were
re-plated in the presence of FGF-8 and SHH, they differentiated speciﬁcally to dopaminergic neurons.33 Likewise, the enrichment of neural cells
within EBs may also be carried out by growing them in a serum-free media
containing 50% of a medium conditioned by the human hepatocarcinoma
cell line HepG2 (MedII condition media).34
Finally, in vitro differentiated neuronal precursors were shown to successfully integrate in mice brains.29,30 Thus, neuronal precursors derived from
HESCs were injected into neonatal mice brains, completed differentiation
to mature neurons in situ, and integrated with the host tissues. Importantly,
no teratoma formation was observed in any of the reports, even as late as
six or eight weeks after transplantation.
Bone
Following the treatment of re-plated EBs with an osteogenic cocktail containing the synthetic glucocorticoid hormone dexamethsone, the extracellular matrix-promoting agent ascorbic acid, and the mineralization
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promoter β-glycerophosphate, HESCs were reported to commit to an
osteoblastic differentiation route.37 These cells expressed features characteristic of bone-forming cells, like the deposition of hydroxyapetite minerals
and transcription of osteogenic markers such as osteocalcin.
Cardiomyocytes
Spontaneously differentiating EBs tend to display patterns of rhythmically contracting muscle areas.6 These were further shown to display characteristics of early cardiac cells.39,66 When thoroughly scrutinized, these
cells exhibited a typical ultrastructure, containing gap junctions and Z
bands, as well as a typical electrophysiological signature of several types of
cardiomyocytes.39–41,66–68
Steps towards the enrichment of this cell population were taken, and
progress reported upon the addition of TGFβ26 or the demethylation
reagent 5-aza-2 -deoxycytidine.40 The latter method was further improved
when the cardiac cells were sorted from other unwanted cell types by means
of Percoll-gradient separation.40
Another approach for directing cardiomyocytes differentiation, came
from co-culturing HESCs with the visceral endoderm-like cell line
END-2.41 Based on developmental studies, it is suggested that an interaction
between mesodermal tissues and the adjacent visceral endoderm may give
the inductive signals for cardiac development.69 Indeed, when co-cultured
with the visceral endoderm-like cell line, HESCs differentiated within three
weeks to completely functional cardiomyocytes, as was determined by
electrophysiological, morphological, and immunocytochemical methods.41
It was recently suggested that the course of EB formation is somewhat similar to the creation of an early mammalian embryo and, after aggregation
of ES to EB, the outer cells differentiate to extra embryonic endoderm.43,70
This might explain why cardiac cells are so frequent in spontaneously differentiating EB cultures.
Endothelial cells
The expression of endothelial speciﬁc genes, such as PECAM1/CD31
and CD34, increases during EB maturation and peaks by two weeks,
indicating spontaneous differentiation toward this lineage.42 Sorting
the PECAM1/CD31 positive cells at the end of the second week by
means of FACS and using ﬂuorescent anti-PECAM antibody, results in
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endothelial precursors that can form a cord-like vascular structure when
grown in three-dimensional Matrigel cultures. Moreover, when the cells
were implanted subcutaneously into immunocompromised mice, they
formed blood vessels, identiﬁed by human-speciﬁc antibodies. It has been
suggested that the human blood vessels are functional and anastomized
with the murine circulation network.42
In another report, a successful effort toward endothelial enrichment
of HESC cultures was undertaken by treating the culture with various
angiogenic factors, such as VEGF and PDGF.71
Blood cells
In the mammalian embryo, hematopoiesis is associated with the blood
islands in the ventral mesoderm surrounding the yolk sac, where the
embryonic progenitors are induced to form blood cells by signals from
the endothelial cells. In the adult, this process is attributed to adult
stem cells which reside in the bone marrow.5 By trying to imitate these
hematopoiesis-promoting environments, differentiation of HESCs toward
a fate of hematopoietic precursors was made possible. When co-cultured
with either the murine bone marrow cell line S17 or the yolk sac endothelial cell line C166,44 HESCs were shown to differentiate into a CD34
positive hematopoietic progenitor cells, also expressing speciﬁc transcription factors such as GATA-2 and TAL-1. This CD34+ population could
be selected by means of immunomagnetic sorting, and when cultured
on semi-solid media supplemented with hematopoietic growth factors,
formed colonies characteristic of myeloid, erythroid and megakaryocytic
lineages. Treating EBs with a combination of hematopoietic cytokines
(namely: SCF, Flt-3 ligand, IL-3, IL-6 and G-GSF) provided similar
results.45 In this experiment, however, the population developed was
somewhat restricted to CD45 positive cells, indicating a leukocyte population. When treated with the same combination of cytokines, together
with the addition of VEGF-A165 ,47 HESCs could be directed to a CD34+
progenitor population, this time differentiating selectively to an erythropoietic fate. With a slightly different combination of cytokines (SCF, Flt3 ligand, IL-3, G-GSF, thrombopoietin and IL-4), a CD45+ population
emerged, of which about 25% of the cells were MHC class II positive
cells.46 Notably, these dendritic and macrophages like cells were functional antigen-presenting cells, and were capable of directly stimulating
CD4 and CD8 T-cell response in culture.46
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Liver cells
The differentiation of HESC into hepatocyte-like cells was suggested to be
achieved by the administration of sodium butyrate to the culture.48 This
induction method provides cells with morphological features of primary
hepatocytes, out of which 70–80% were claimed to express liver speciﬁc
genes, such as albumin and cytokertins 8 and 18. This method, however,
also results in signiﬁcant cell death.
Recently, a genetic approach was established in order to select liver cells.38
Thus, undifferentiated HESCs were genetically labeled with an eGFP coding
gene under the minimal promoter of the adult-liver-speciﬁc gene albumin.
Hepatocyte-derived HESCs could now be traced upon their differentiation, as they express the ﬂuorescent protein. In a culture produced by the
dissociation of a 20-day old EBs, hepatocytes composed about 6% of the
cells. After sorting the cells with FACS according to their ﬂuorescent nature,
one could reach a population of almost pure hepatocytes. This homogenous culture could be further grown for several passages without losing
its hepatic characteristics. By using the same genetically-labeled cells, several factors and conditions were checked,38 whereupon the administration of media conditioned by primary hepatocytes culture, and to a lesser
extent, treating with the growth factor aFGF, were shown to induce hepatic
differentiation.
Pancreatic β-cells
Cells attributed to pancreatic lineages of exocrine and endocrine nature of
both mice and humans were reported to develop in spontaneously differentiating ESC cultures, and efforts were also made in order to direct their
differentiation.49,50,72 Other evidences, however, suggested that the insulinpositive immunocytochemistry is attributed to insulin uptake from the
medium.73 More research is probably needed in order to speciﬁcally direct
for that illusive cell type.
Extra-embryonic tissues
Some extra embryonic tissues, like the extra embryonic endoderm, were
expected to differentiate from HESCs, since they are normally generated from cells of the ICM, ancestors of ES cells. Indeed, yolk sac
visceral endoderm was shown to appear spontaneously in differentiating EB populations.70 This process could be enhanced by the addition
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of BMP2 to the culture medium, and blocked by the BMP antagonist
noggin.31 Trophoblast cells, on the other hand, were not expected to arise
from ESCs, based on research with murine cells. Nonetheless, a small fraction of trophoblastic cells do spontaneously differentiate in HESC cultures
that are left to grow as conﬂuent monolayers.3 Moreover, when plated on
Matrigel-coated dishes and treated with BMP4, signiﬁcant amount of trophoblast differentiation is observed.52 This was evident by the development
of trophoblastic-like, multi-nucleated, syncytia, together with an elevation
in speciﬁc placental gene expression. Additionally, when EBs are imbedded in three-dimensional Matrigel “rafts”, and grown without conditioned
media or additional factors for long periods (up to 53 days), multi-cellular
projections are formed. These protrude into the substrate, and are stained
positive with an antibody against hCG.53

Conclusions
During normal mammalian development, gastrulation is believed to initiate both the formation of the embryo’s three-dimensional axes and
the segregation of the three embryonic germ layers. From the evidences
gathered here, it is obvious that mature tissues of all three layers are
able to differentiate without clear pattern formation. These include pure
ectodermal, mesodermal and endodermal tissues, and even germ cells. It is
thus possible that there is a conceptual separation between tissue differentiation and pattern formation. This might be the reason that teratomas can
present the full repertoire of cell types without any detectable axis.
Since their derivation, HESCs were considered to be pluripotent,3,4 even
before enough information could be obtained directly from them, as much
of the missing data was extrapolated from research done on MESCs. In
the mouse, the pluripotency of ESCs was demonstrated by their ability
to contribute to all embryonic tissues of a chimera offspring, after their
injection into the blastocyst.10,11 In humans, this demonstration method
is not conceivable. Nonetheless, from the evidences reviewed here, it is
clear that HESCs also possess similar differentiation capabilities, as was
demonstrated by their differentiation to all major embryonic tissues of all
three germ layers, either in vivo or in vitro, without the need for chimera
formation. Evidences, however, are emerging that HESCs are somewhat
different from their mouse counterparts. While MESCs do not possess the
capacity to create trophoblast cells,74 HESCs were shown to spontaneously
differentiate along this route.3,52,53 This raises questions concerning the
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correct placing of HESCs in the developmental cascade, and suggests that
they are more primitively originated than previously considered. HESCs
may therefore be regarded as “totipotent” instead of “pluripotent.” While
diverging from MESCs, HESCs are becoming closer to human embryonic
carcinoma cells, which can form extra embryonic tissues in vivo. This may
be alarming, since GCTs of extra embryonic nature are highly malignant.
As many of the cell types can now be regularly generated in vitro, the
differentiation of HESCs can be used as an extensive tool for directing
and enriching speciﬁc cell populations that will be utilized in the clinic.
Furthermore, these cells can also be utilized for studying general and speciﬁc
interaction between cell types in the course of tissue creation, enabling farreaching understanding of early human development.
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Feeder-free Culture of Human Embryonic
Stem Cells
Scott A. Noggle, Noboru Sato and Ali H. Brivanlou∗

Introduction
Since the initial derivation of mouse embryonic stem cells (mESCs) from
the pluripotent inner cell mass (ICM) of blastocysts,1,2 derivation of embryonic stem cells from other species has now been reported.3−5 Recently, the
isolation of human embryonic stem cells (hESCs) has generated the exciting possibility of both access to the basic science of human development,
as well as the possibility of new hope for cell-based therapy in the clinic.6
hESC lines provide a unique in vitro system in which studies of some
aspects of cell fate speciﬁcation in early human development are feasible. hESCs also have tremendous potential for use in cell-based therapy of
degenerative diseases and injuries, as well as hold great promise for clinically applicable discoveries from hESC lines with genetic defects. Such lines
could provide in vitro models of diseases and should be useful in screens
for drug candidates directed at treating these diseases. However, the therapeutic potential of hESCs relies on their efﬁcient derivation and maintenance in culture. This, in turn, relies on an understanding of the molecular
basis of the signaling pathways that maintain ESCs in an undifferentiated,
pluripotent state.
While the therapeutic potential of hESCs may be predicted by studies with mESCs, the ability to translate the available knowledge of the
mechanisms involved in the maintenance of pluripotency in mESCs to
hESCs is only beginning to emerge. Initial comparative molecular and cellular characterizations of hESCs seem to indicate properties both similar to and different from mESCs. For example, plating isolated inner cell
mass (ICMs) on mouse embryonic ﬁbroblast (MEF) feeder layers derives
∗ Correspondence: Laboratory of Molecular Vertebrate Embryology, The Rockefeller University,
New York, NY 10021-6399, Tel.: (212)327-8656, Fax: (212)327-8685, e-mail: brvnlou@rockefeller.edu
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mESCs. Studies of the molecular mechanisms that mESCs use to maintain
the undifferentiated, pluripotent state show that signaling through the
leukemia inhibitory factor (LIF)/gp130 signaling pathway is sufﬁcient for
the propagation of undifferentiated mESCs in the presence or absence of
MEF feeder layers.7−9 LIF signals through LIFR and gp13010,11 to maintain
mESC self-renewal7−9 by activating the JAK/STAT pathway (Fig. 1).12,13
However, while the activation of the STAT pathway seems to be sufﬁcient
for the maintenance of pluripotency in mESCs, a volume of evidence seems
to suggest that it is not necessary. For example, loss of function of LIF, gp130,

Figure 1. Pluripotency signaling pathways. In mESCs, the JAK/STAT pathway is activated by Il-6
family cytokines, such as LIF, resulting in maintenance of pluripotency. In hESCs (and mESCs),
activation of canonical Wnt signaling is initiated by a Wnt ligand binding to the receptor
Frizzled (Fz) and inhibits GSK-3 through Dishevelled (Dsh). In the absence of active Wnt
signaling, GSK-3 constitutively phosphorylates β-catenin leading to degradation of β-catenin
through the ubiquitin proteosome pathway. Inhibition of GSK-3 results in stabilization of
β-catenin which can signal in the nucleus to maintain pluripotency.
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or STAT3 does not affect the maintenance of pluripotency in mESCs. Additionally, LIF cannot sustain the undifferentiated state in hESCs; the STAT
pathway has been shown not to be active in the state of pluripotency in
hESCs. These arguments, taken together, strongly suggest that in mESCs,
signals other than STAT3 and LIF could be at play to maintain mESCs in a
pluripotent state.14
While the ﬁrst embryonic stem cells derived from human blastocysts were
also plated on MEF, it quickly became clear that the required conditions for
maintaining their undifferentiated state were different from those described
for mESCs. For example, basic FGF (bFGF) is required for hESCs to maintain their undifferentiated phenotype, while it is not required in mESCs.
Additionally, as stated above, neither human nor non-human primate cell
lines are sensitive to LIF for the maintenance of pluripotency. Despite these
differences, it is clear that the MEF feeder layers provide a major, yet not
fully deﬁned, contribution to hESC maintenance. hESCs can be cultured in
the absence of direct contact with the feeder cells,15 but in the presence of
feeder-conditioned medium, suggesting that soluble factors are involved.
It also implies that maintenance is independent of both factors produced
by feeders in response to hESC derived signals, as well as signals passed by
direct contact with the feeder layer. However, their undeﬁned properties,
in addition to possible cross-contamination, make them undesirable from
a clinical perspective.
While not technically prohibitive, the inclusion of xeno-derived culture
components presents signiﬁcant hurdles for products destined for therapy
at the individual level. Animal pathogens present in the feeder layers could
easily be transferred to the hESCs, which in turn might function as a carrier
of these pathogens. Transmission to the individual could be efﬁcient, as
intended cell replacement therapies would bypass natural immunological
barriers to these pathogens. Limiting the use of xeno-derived products in
cell-based therapy will also minimize the risk of transfer of animal
pathogens into the general population.
Aside from deﬁning components of the conditioned medium that contribute to maintaining the undifferentiated state, there are regulatory issues
relevant to therapeutic application, which arise from the use of feeders.
The ﬁrst involves the production of a consistent, predictable product. In
terms of cell therapy, it will be necessary to reduce variability in quality
of hESC cultures from lot to lot, cell line to cell line. While the quality of
feeders is important for the maintenance of hESCs, precise indicators of
feeder quality have not been found. In addition, feeder layers stimulated by
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serum derived factors, such as bFGF, might produce factors not found in
unstimulated feeder conditioned medium. As most protocols call for bFGF
in the conditioning medium, this may introduce signiﬁcant variability in
the quality and quantity of factors produced in response to the FGF signal.
It is also possible that the strength or quality of the FGF signal might induce
different factors or different amounts of active factors. For example, it has
been suggested that variation between lots and feeder densities induces variable levels of TGFβ inhibitory signals that might inhibit extra-embryonic
endoderm development in hESC cultures or differentially modulate their
response to differentiation signals.16 Achieving controlled application of
the active components using puriﬁed compounds could reduce variability
of cultured hESCs. This is critical for large-scale expansion of hESCs to
meet clinical needs.
Removal of the feeder cells eliminates a major theoretical source of
pathogens. Replacing the active functions, for example, with small molecule
or recombinant protein pathway effectors, in hESC culture is preferable.

Feeder-free hESC Culture System
Culture conditions for maintaining hESCs in feeder-free conditions have
recently been reduced to several distinct elements. Below, we review in some
detail feeder-free hESC culture and suggest future directions for possible
improvement of feeder-free culture.
hESC cell lines
We have predominantly used the following hESC lines, as they were readily available for analysis: H1 (WiCell), BG01, and BG02 (BresaGen, Inc.).
The culture conditions presented below are applicable across a variety of
independent hESC lines.
Substrate requirements
The ICM of primate blastocysts is associated with a basal lamina, pointing
to the possible importance of the extracellular matrix (ECM), in vivo, in
the maintenance or function of the ICM.17 When hESCs are grown under
conditions for feeder-free growth of mESCs, such as on gelatin coated
plastic dishes, they rapidly change their morphology and lose expression
of pluripotency markers. hESCs grown in feeder-free conditions instead
require an extracellular matrix substrate to maintain their growth in an
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undifferentiated state. A complex matrix, such as Matrigel (from BD
Biosciences, Inc.), has routinely and successfully been used. However, puriﬁed components such as human or bovine ﬁbronectin are also acceptable.18
Additionally, an optimal substrate coating is essential for success, as hESCs
lose their undifferentiated state when grown on inadequately prepared
substrate. To prepare and optimize matrix coating with Matrigel, plates
are coated with non-gelled Matrigel, usually overnight in cold conditions.
Warming subsequently polymerizes the Matrigel in the humidiﬁed incubator. Excess substrate is washed from the plate with growth medium leaving
a layer of extracellular matrix coating the dish. When hESCs are plated on
this substrate they attach, spread, and maintain ICM morphology under
non-differentiating conditions.

Application of GSK-3 inhibitors
Using microarray analysis of differentiated and undifferentiated hESCs, as
well as small molecule inhibitors, we have identiﬁed the canonical Wnt signaling pathway as instrumental in regulating the maintenance of pluripotency in both mESCs and hESCs.19,20 In canonical Wnt signaling, Wnt
ligands convey signals through Frizzled receptors at the cell surface that
result in the inhibition of glycogen synthase kinase-3 (GSK-3) (Fig. 1).
GSK-3 constitutively marks β-catenin in a signaling pool for degradation
by ubiquitination. Inhibition of GSK-3, therefore, results in an accumulation of β-catenin that can then move to the nucleus and, in collaboration
with TCFs, activate target gene expression.21,22 Gene expression analysis
showed that, among other pathways represented, all of the known members
of the canonical Wnt signaling pathway are enriched in the undifferentiated hESCs. Led by this result, in addition to unbiased screens for small
molecules that maintain mESCs and hESCs undifferentiated in the absence
of MEF or conditioned medium (CM) derived from MEFs, we deﬁned a
functional ability of the canonical Wnt signaling pathway to maintain the
pluripotent state of ESCs.
We discovered that a potent and speciﬁc pharmacological inhibitor of
GSK-3, isolated from the Mollusk, is able to maintain the undifferentiated
phenotype of both mouse and human ESCs by activating the canonical
Wnt pathway.20 Components of the vivid purple dye, “Tyrian purple,” isolated from mollusks in various parts of the world and used by many human
societies in classical antiquity and often associated with royalty and aristocracy, includes indirubins. This family of pharmacological agents has
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recently been shown as inhibitors of cyclin-dependent kinases (CDKs) and
GSK-3.23,24 A cell permeable synthetic derivative, 6-bromoindirubin-3 oxime (BIO), was subsequently shown to be speciﬁc for GSK-3. We found
that BIO, as opposed to the kinase-inactive derivative MeBIO, was sufﬁcient in both mESCs and hESCs for the maintenance of the undifferentiated, pluripotent phenotype (Fig. 3). In addition to BIO, a limited number
of pharmacological inhibitors of GSK-3 are also available, the best characterized of which is lithium. However, lithium is only functional at high
concentrations and can have toxic side effects. BIO seems to be the most
potent GSK-3 inhibitor, functioning to inhibit GSK-3 in the low nanomolar
range in cell-free kinase assays. In contrast to non-substituted indirubins,
BIO is over 16-fold more potent for GSK-3 than for the next most susceptible kinase, CDK5, demonstrating good selectivity for GSK-3 (Table 1).
BIO is also active in cell culture, as it is able to modulate the activity of
the Wnt pathway in the low micromolar range. At these concentrations
related CDKs, such as CDK5, are minimally inhibited. However, it is critical to ﬁnd a minimal concentration of BIO sufﬁcient to maintain each
hESC line in the undifferentiated state and that minimizes any signiﬁcant
effect on their viability or growth rate due to possible low-level CDK inhibition. The optimal concentration of the GSK-3 inhibitor (BIO) should
be determined for each hESC line as the rate of the cell cycle correlates
with the optimal dose of BIO and hESC lines can vary in their cell cycle
length. Concentrations from 1 µM to 5 µM provide an appropriate starting range. After about seven days of growth, hESCs treated with BIO start
showing signs of differentiation similar to hESCs grown in CM cultured for
a long period. Therefore, hESCs are grown in non-CM containing BIO for
ﬁve days before passaging. However, we also ﬁnd that BIO-treated hESCs
tend to reduce their growth rate and their ability to self-renew after three or
four passages. (Adding BIO to cultures on a daily basis might improve these
conditions. As the case with any drug, BIO likely undergoes a quick turnover and needs to be refurbished.) Our present goal is to determine culture
Table 1. Selectivity of Indirubin-derivatives

Indirubin


6-bromoindirubin-3 -oxime (BIO)
1-methyl-6-bromoindirubin-3 -oxime
(MeBIO)

GSK-3α/β

CDK1/CyclinB

CDK5/p25

1.000

10.000

10.000

0.005

0.320

0.083

44.000

55.000

>100.000
IC50 (µM)
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conditions that allow us to extend the BIO-mediated self-renewal in hESCs.
We believe that developing this culture system is one of the most promising
and necessary directions towards therapeutic applications.
Upon withdrawal from CM or BIO, hESCs show the ability to differentiate into multiple cell types in vitro when aggregated into embryoid
bodies and in vivo in teratomas formed in immunodeﬁcient mice.20 Differentiation in these systems can be accessed morphologically by the appearance of cell types or tissues and by analysis of differentiated, tissue-speciﬁc
markers.
Passaging conditions
Two independent approaches have been reported for successful passage of
hESCs. The ﬁrst and most commonly used technique is to transfer cells
as clumps. The second relies on cell dissociation followed by single cell
passaging.18 In both cases, the cells are traditionally cultured on MEFs or
Matrigel. Time-lapse analysis of hESCs passaged in clumps illustrates consistent survival and generation of new colonies of proliferating cells. When
parallel cultures with similar numbers of cells were isolated by microdissection and then broken down into a single cell suspension with Trypsin/EDTA,
they survived when plated on MEFs. However, in our hands, the vast majority of these cells integrated into the MEF feeder layer and did not generate
growing colonies. Rarely, however, some hESCs proliferate and generate
colonies. Similar results were achieved with hESC lines BGN1, BGN2, and
H1 using non-enzymatic cell dissociation buffer or EDTA alone. Therefore,
some hESC lines may require cell-cell contact to remain undifferentiated.
Alternative methods for passaging hESCs in cell clumps include enzymatic
treatments, such as collagenase or dispase, that do not result in dissociation
of the colonies into single cells. Such methods have successfully maintained
hESCs, undifferentiated in culture. However, as the more technically desirable single cell passaging method is possible in at least one case,25 further
study is needed to resolve this discrepancy.
It is important to note that the maintenance of cell-cell contact in hESC
colonies may be important for retaining normal karyotype as well as hESC
pluripotency.26 While aneuploidy has been detected in these cases,27 the
suggestion has been made that it is due to metabolic stress (see rebuttal
in 26) instead of passaging technique. It is possible that a combination
of passaging technique and metabolic stress can accelerate selection for
advantageous karyotypic changes. Thus, routine karyotyping of hESC cultures is highly recommended.
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hESC Behavior in Feeder-free Culture
Maintenance of the undifferentiated state
The morphology of hESCs maintained in MEF feeder conditioned medium
and in BIO shows striking similarity to the cells of the human ICM. Cells in
the ICM of high grade expanded, and the hatching human blastocysts are
compacted, often appearing more tightly associated with each other than
with the trophectoederm.28 Undifferentiated hESCs, much as cells of the
ICM, show a high nuclear to cytoplasmic ratio without signs of polarization. The appearance of a polarized epithelium in the ICM in vivo initiates
the formation of the amniotic cavity and is one of the ﬁrst morphological signs of differentiation in the ICM of implanting primate embryos.17
This parallels differentiation seen in hESCs cultured on feeders and on
Matrigel. When hESCs begin to differentiate, they decrease their nuclear to
cytoplasmic ratio, elongate, and spread on the dish (Fig. 2). This morphological change is usually evident within days of withdrawal from CM or
BIO. However, we have noted that increased density or size of the colonies
can delay differentiation, indicating that hESCs may produce factors that
aid in sustaining their maintenance. Different cell lines also differentiate at
different rates.
While morphology is convenient for monitoring the differentiation state
of any cell, including hESCs, it can be misleading if taken as conclusive
evidence. Basic embryologists working with model embryos have noticed
for some time that cells endowed with closely similar morphology might
be expressing genetic programs that are quite distinct and, in fact, remain
opposite from each other. The frog blastocyst is a good example of this
conundrum, as it is morphologically identical in speciﬁc regions of the
spherical embryo, yet gives rise to distinct cell fates following regional
molecular clues. This led to the use of cell type-speciﬁc molecular markers
as a diagnostic of cell type, giving birth to the ﬁeld of molecular embryology
in the latter part of the 20th century.
As these stem cells are embryonic in origin, we strongly believe that
rules should be applied in the diagnosis of the differentiation state of
hESCs. A number of molecular markers were originally suggested as a
standard of measurement of hESC potency.29 This list has expanded today
to allow quantitative and dynamic measurements of molecular changes
occurring during hESC differentiation. An example of marker expression
of hESCs cultured in BIO is shown in Fig. 3. hESCs in BIO, but not a
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Figure 2. The ICM-like morphology of hESCs is maintained by BIO. H1 (left and middle columns) or HUES6 (25)(right column) cell lines were cultured
in conditions indicated for 7 and 5 days, respectively. Note that both cell lines show tightly associated cells with a high nuclear to cytoplasmic
ratio in MEF-conditioned medium (CM). This morphology is lost in the absence of CM (non-CM). In BIO, both cell lines maintain a morphology
similar to that seen in CM. Scale bars: (left column) 300 µM; (middle and right columns) 100 µM.
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Figure 3. BIO maintains the undifferentiated state of hESCs. hESCs from the H1 and BGN1 cell
lines were maintained in 2 µM MeBIO (top) or BIO (bottom) for 7 days and analyzed by
immunoﬂuorescence for Oct-3/4. hESCs in MeBIO have a low level of Oct-3/4, whereas those
in BIO have maintained a high level of Oct-3/4 expression indicative of the undifferentiated
state. Scale bars: 100 µM.

kinase-inactive derivative MeBIO, are marked by expression of Oct-3/4 by
immunoﬂuorescence.
Molecular markers of “transition state” during differentiation must be
identiﬁed. As with the biochemical nature of the metabolic pathway, the
discovery of the “intermediate” or “transitional” fate during hESC differentiation will be crucial to the understanding of the hierarchy of molecular
decisions underlying the maintenance of the undifferentiated state, as well
as speciﬁc differentiation paradigms. These types of molecular marker analysis have been instrumental in the discovery of small compounds that can
direct hESCs toward different paths.
Time-lapse microscopy of hESCs
Preliminary analysis of the dynamic behavior of hESCs in feeder-free conditions by time-lapse microscopy has also revealed unexpected single cell
behavior in hESCs in BIO or CM on Matrigel. A collection of these are
available on the Brivanlou Lab website at http://xenopus.rockefeller.edu.

干细胞之家www.stemcell8.cn ←点击进入
154

S.A. Noggle, N. Sato and A.H. Brivanlou

For time-lapse photography, the culture conditions were maintained
essentially as described above with consideration of temperature, evaporation, and pH of the medium by using an on-stage incubation system (Zeiss)
as described below. Temperature was controlled by using a heated stage,
with airﬂow containing 5% CO2 . High-resolution images were acquired
at one minute intervals for 12 hours to 24 hours. Initially, phase contrast images were acquired with continuous illumination of the culture.
This proved to be incompatible with BIO-treated cultures. All cells in
BIO-treated hESC colonies showed signs of apoptosis within hours during continuous illumination. This underscores the fact that BIO is photosensitive, as is the dye Tyrian purple from which it is derived. Untreated
cultures did not show this behavior even after several days of continuous illumination. In subsequent experiments, illumination was shuttered
except during image acquisition. This was compatible with successful culture in BIO for at least 12 hours. This property of BIO is under further
exploration.
One striking characteristic of hESCs revealed in the feeder-free system
is the activity of ﬁlopodial projections at the borders of the colony. These
projections extend and contract from cells on the edge of the colony, sometimes reaching over a cell diameter away to make contact with the ECM
matrix of the Matrigel (Fig. 4). Long ﬁbers of matrix can be seen stretching
from the Matrigel substrate and attaching to the colonies as the projections
pull the Matrigel matrix into the colony. This can also be seen in cultures as
a clearing of the matrix around the colony. In the observed instances, this
exploratory behavior happens in minutes.
Filopodial projections are a sign of cell polarity and are thought to perform a sensing or long-range signaling function. They are also indicative
of the ability of a cell to migrate. During migration, cells use ﬁlopodia,
lamellipodia, or a combination of the two to reach out and sense the substrate on which they are traveling. These projections regulate the activity of their cytoskeletal machinery to guide and stabilize attachment and
promote movement. Close inspection by time-lapse video microscopy of
hESCs cultured in MEF conditioned medium reveals progressive spreading, whereby ﬁlopodia are initiated and lamellipodia are stabilized between
the ﬁlopodia. While hESCs at the border of the colonies display motile
or migratory behavior, cells within the colony are less active and not
polarized. In contrast, ﬁlopodia are generated in BIO treated hESC cultures but are not subsequently stabilized. BIO treated cultures, in contrast
to non-treated cultures, usually display a very tight colony morphology
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Figure 4. Filopodial dynamics of BGN1 hESCs in BIO. BGN1 hESCs were plated on Matrigel in the
presence of BIO and imaged by time-lapse microscopy under phase contrast conditions.
Images were collected at 2 min. intervals over 14 min. A ﬁlopodial projection is indicated by
an arrow. During imaging, this projection extends from the edge of the hESC colony and then
contracts.

with little difference seen between the edge cells of the colony and in
cells in the interior of the colony (Fig. 2, BIO). BIO treated cells show
less spreading on the substrate than hESCs exposed to CM. hESCs,
without BIO or CM, spread and quickly differentiate (Fig. 2, non-CM).
Therefore, the Wnt signaling pathway, in addition to its ability to promote
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pluripotency, may also delay some aspects of the acquisition of polarity
in hESCs.
These observations are consistent with studies that have linked regulation of GSK-3 to the signaling pathways that control both polarity and cell
migration (reviewed in Ref. 30). Our global microarray expression analysis
of genes expressed during the undifferentiated state of hESCs suggests that
at least some molecular components needed to regulate ﬁlopodial dynamics are present in undifferentiated hESCs.19 Several genes are expressed
in hESCs that are associated with ﬁlopodial dynamics, including Cdc42,
N-WASP homologues, PAK1 and Myosin-10. Regulation of GSK-3 by
Cdc42, a central regulator of cytoskeletal dynamics and polarity, is thought
to modulate the activity of ﬁlopodia. In addition, PAK1 and Mysoin-10 in
undifferentiated hESCs by microarray analysis are respectively enriched
5.6- and 4-fold, suggesting a function in stem cell maintenance. PAK1
is activated by Cdc42 and may function to inhibit ﬁlopodial formation
by inactivating myosin light chain kinase which activates myosin ﬁlament
assembly.31 As PAK1 is enriched in undifferentiated hESCs, ﬁlopodial projections may indicate a ﬁrst sign of differentiation. This is consistent with
EM studies of primate blastocysts in which there is little specialization of
structures within ICM cells prior to implantation.17
Filopodial projections have been described that connect the ICM of the
mouse blastocyst to trophectoderm32 indicating that they might have a
function in vivo. However, EM studies have shown that these projections
arise from larger projections of trophectoderm covering the juxtacoelic
surface of the ICM.33 Thus, the ICM remains a non-polarized, undifferentiated cell type. In light of these observations, polarization as evidenced
by ﬁlopodia, is unexpected in hESCs. Polarization at the outer edges of
hESC colonies grown on MEF feeders has been noted in hESCs analyzed using EM by others.34 The observed projections at the edge of hESC
colonies are also reminiscent of the trophectodermal projections described
for rodent, bovine, equine, and human blastocysts that have been implicated in locomotion, attachment and implantation.35 These are described as
long projections originating from the late blastocyst trophectoderm. These
observations may suggest that hESCs at the edge of the colony may retain
some of the characteristics of trophectoderm. Indeed, hESCs in feederfree conditions produce trophectoderm at colony borders in response to a
BMP signal.36 Thus, the projections from hESC colonies may indicate that
the cells at the border may be more plastic in their differentiation state,
displaying characteristics of both undifferentiated hESCs and the more
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differentiated trophectoderm. If true, hESCs may provide a cell culture
model for studies of implantation mechanisms the failure of which are
seen as a major cause of infertility.
Together, these observations suggest that inhibition of GSK-3 may, in
addition to maintaining the pluripotency of hESCs, have a direct role
in the polarity and motile behavior of hESCs. As the ICM is associated
with a basal lamina both prior to and after implantation,17 it is possible
that integrin mediated interactions with the substrate play a role in survival as well as migration of hESCs. Mysoin-10, which is also enriched in
hESCs, promotes ﬁlopodial formation and integrin relocalization in several cell types.37,38 Mysoin-10 also interacts with integrin betas and several
integrins are expressed in hESCs. This suggests an important function in
ECM attachment in hESCs. Integrins are known to provide survival cues
to cells through attachment to the ECM. These observations will need further study at the molecular level to understand the details of the pathways
that hESCs use to regulate survival, polarity and the ability to migrate and
differentiate.
While preliminary, these observations suggest a dynamic interaction of
hESCs with their substrate. Using expression data as a guide, future studies
should shed light on the optimal substrate conditions for hESC growth and
maintenance in feeder-free conditions.

Conclusions
Application of hESC technology in the clinic, from cell-based therapies to discoveries from lines harboring disease speciﬁc genetic defects,
depends on a detailed knowledge of the basic science of hESC biology and on reliable and safe methods for their derivation, culture and
expansion. Gene expression analysis by microarray technology has been
productive in directing study towards unraveling the signaling pathways
that maintain hESCs in an undifferentiated, pluripotent state. Further
work is also needed to deﬁne markers of “transitional states” that occur
during hESC differentiation. In addition to providing diagnostic markers for quality control of hESC cultures, they will be instrumental in
the discovery of small compounds that can guide the molecular decisions underlying the maintenance of the undifferentiated state as well as
direct hESCs toward different paths. We are optimistic that discoveries
of well-deﬁned stable compounds, such as the pharmacological GSK-3
inhibitor, BIO, will open new opportunities to direct the fate of hESCs.
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For practical applications in the clinic to become a reality, the discovery
of safe and dependable methods for regulating these pathways must be a
priority.
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Epigenesis in Pluripotent Cells
Lisa M. Hoffman, Jennifer Batten and Melissa K. Carpenter∗

Introduction
Mendelian inheritance states that both parents contribute a set of chromosomes to their offspring, ensuring genetic equality and offering protection against deleterious recessive mutations. The importance to mammals
of a proper combination of parental genes is exempliﬁed by studies of
mouse embryos that contain only maternally (parthogenetic, pg)- or paternally (androgenetic, ag)-derived chromosomes; in embryos containing
only female-derived chromosomes, the extraembryonic tissues that are
required to support embryonic growth develop poorly, and the embryo
dies soon after implantation. In contrast, development of embryos that
contain only male-derived chromosomes is retarded while extraembryonic
tissues develop well.1,2 These ﬁndings suggest that maternal and paternal genomes are not equivalent. Rather, each is endowed with different
“imprints,” leading to differential gene expression in the embryos. Such
imprints or “epigenetic modiﬁcations” mark the two copies of each gene as
being inherited either from the mother or the father. These modiﬁcations
occur without alterations or deletion of any DNA sequences, but rather by
heritable modiﬁcations of DNA that include changes in methylation status.
Two epigenetic phenomena result in monoallelic gene expression: genomic imprinting and X inactivation. Genomic imprinting results in the stable
monoallelic expression of maternal or paternal genes. To date, numerous
autosomally-imprinted genes have been identiﬁed in mice and humans,
and their expression analyzed throughout early embryonic development.
The importance of proper imprinted expression for normal growth and
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development is underscored by the failure of embryos containing only
maternal or paternal genomes to develop normally, and by the development
of human diseases and cancers due to loss of imprinting. Dosage compensation of the X chromosome in mammalian females, in comparison, is
achieved through X inactivation. In somatic female cells, one of the X chromosomes is silenced in either a random or imprinted fashion, depending
on cell type. These epigenetic events occur during early embryonic development, when pluripotent cells transition to lineage-restricted cells.
Genomic imprinting and X-chromosome inactivation (XCI) share a
number of intriguing features that include the tendency of genes to cluster,
the occurrence of differentially methylated regions (DMRs), and the presence of noncoding and antisense RNAs. As these topics have been reviewed
in detail elsewhere,3–6 we will discuss them brieﬂy below.

Genomic Imprinting
Over 50 imprinted genes have now been identiﬁed in mice and
humans (see the Harwell imprinting web site: www.mgu.har.mrc.ac.uk/
research/imprinting). Interestingly, they are often organized in clusters on
speciﬁc regions of chromosomes that contain key control elements, the
differentially methylated regions (DMRs). These control regions are complex with multiple functions that include gene silencing, either from the
inability of methylation-sensitive transcription factors to bind to their targets and regulate gene expression, or from the binding of methylationdependent silencer proteins. In other instances, DMRs are associated with
expression of an antisense transcript whose expression subsequently leads
to repression of an upstream gene. Regardless of the speciﬁc function
of DMRs, the end result is a monoallelic expression of imprinted genes.
For the purposes of this review, we will focus on a large imprinted cluster that has been well characterized in both mice and humans: mouse
7F/human 11p15.5. Although this gene cluster can be divided into two
independent imprinting subdomains: one containing H19, Igf2/IGF2
(mouse and human, respectively), and INS2 (H19 subdomain) and the
other containing CDKN1C, KCNQ1, KCNQ1OT1, and surrounding genes
(KCNQ1OT1 subdomain), we will focus only on H19 and Igf2/IGF2
of the former imprinting domain (Fig. 1; for full review of this topic,
see Ref. 4).
H19 encodes a nontranslated RNA that is transcribed exclusively
from the maternal allele.7–10 Igf2/IGF2, in comparison, is reciprocally
imprinted to H19, being transcribed only from the paternal allele (Fig. 2;
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Figure 1. Schematic diagram of the H19/IGF2 region of chromosome 11p15.5 in humans. RsaI
and AluI, and ApaI restriction site polymorphic regions are illustrated for H19 and IGF2,
respectively. (Adapted from Zhang and Tycko, 1992; Ulaner et al., 2003.)

Refs. 11–13). The repressed paternal H19 allele is hypermethylated over a
7 kb region14–16 ; within this region, approximately 2 kb upstream of the
H19 promoter, lies a differentially methylated region (DMR)14–19 that is
believed to contain the epigenetic “mark” that distinguishes the parental
alleles of H19.18,19 Thus, this methylated region is often referred to as the
imprinting control region (ICR). Deletion of this region in mice leads
to biallelic expression of both H19 and Igf2.20 Genome-wide demethylation through the use of DNA methyltransferase I (Dnmt1) mutant
mice provides still further evidence that allele-speciﬁc methylation regulates monoallelic expression at this locus; prior to their death around
11 days gestation, homozygous mutant mice not only exhibit dramatically reduced levels of overall DNA methylation as might be expected,
but also exhibit altered expression of various imprinted genes, including H19.21 Further analysis of the DMR has revealed that it contains
putative binding sites for the vertebrate insulator factor CTCF (CCCTC
binding factor); binding of CTCF to these elements in vitro is inhibited
by methylation of the target sequence.22–26 Verona et al.4 have postulated that on the maternal allele, where H19 is transcribed, CTCF binding to the unmethylated DMR may insulate the Igf2/IGF2 promoter from
enhancers located 3 of H19, allowing H19 exclusive access to these elements. On the paternal allele, in contrast, the methylated DMR acts to
silence H19 expression; CTCF cannot bind the hypermethylated DMR,
thus preventing the formation of an insulator, and allowing Igf2/IGF2
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Mouse Development

Human Development
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H19 IGF2
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Expression
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Bialleleic IGF2 /
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Figure 2. Schematic diagram of the status of imprinting of H19 and IGF2 genes in mouse and
human development. At fertilization in mouse and humans, both H19 and IGF2 are expressed
biallellically. H19 becomes expressed exclusively from the maternal allele at the blastocyst
stage of development in mice and presumably so in humans. IGF2, in contrast, becomes
expressed from the paternal allele, although in humans expression may be biallelic in certain
developing embryonic tissues.

access to downstream enhancers. Cumulatively, these studies provide new
insight into the molecular mechanisms that regulate genomic imprinting
in mammals.
Numerous techniques have been utililized to identify imprinted genes,
including targeted gene mutation, positional cloning coupled with candidate gene testing, use of parental differences in DNA methylation
and expression, subtractive hybridization or differential display using
cDNA from pg, ag and fertilized embryos,27–29 genome-wide screens,30,31
microcell-mediated cell transfer,32 and somatic-cell hybrid systems.33 The
use of a number of these technologies, however, is not feasible in humans,
and as such, examination of genomic imprinting in humans has, to date,
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largely been limited to analysis of in vitro-induced changes in DNA methylation, and examination of the effects of such changes on gene expression.
Identiﬁcation of single-base, or restriction site polymorphic regions within
these imprinted genes provides yet another powerful means of achieving
this goal (Figs. 1 and 3; Refs. 10, 34).
Considerable evidence suggests that DNA methylation is instrumental
in establishing and maintaining expression patterns of epigeneticallyregulated genes. It is not, however, the only determinant as changes in chromatin structure have also been shown to play a role. Brieﬂy, euchromatin
is accessible to DNA binding factors and is transcriptionally active whereas
heterochromatin is generally unaccessible to transcription factors and is
thus transcriptionally silent. The latter form of chromatin is characterized
by three biochemical marks: histone hypoacetylation, H3-K9 methylation
and, as already discussed in some detail, DNA methylation. These epigenetic
“marks” appear to be interdependent, suggesting that DNA methylation
and chromatin-mediated alterations of DNA act concertedly to maintain a
silenced chromatin state (for review see Refs. 35, 36). Indeed, as is becoming
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Tsix/TSIX

X Chromosome
Xic/XIC
Heterozygous Female with
Random X-Inactivation

Allele 1
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XIST1-1 XIST1-2

Heterozygous Female with Non-Random XInactivation

Allele 1

XIST1-1 XIST1-2

Allele 2

XIST1-1 XIST1-2

Figure 3. Schematic diagram of Xist/XIST on the mouse and human X chromosome. Xist/XIST and
the antisense transcript, Tsix/TSIX are located within a single cis-acting region within the chromosome referred to as the X-inactivation center (Xic/XIC). The bottom left panel illustrates
that X-inactivation is random since the female cDNA is ampliﬁed with both allele-speciﬁc
primers. The bottom right panel, in contrast, illustrates that X-inactivation is imprinted, as
cDNA is ampliﬁed by only one of the allele-speciﬁc primers. (Adapted from Plath et al., 2002;
Rupert et al., 1995.)
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increasingly obvious, regulation of autosomal imprinting is an extremely
complex process; although numerous studies demonstrate that regulation
occurs at many levels, much of the molecular network underlying such
differential gene expression remains to be elucidated.

Loss of Imprinting
A loss of imprinting (LOI) is often associated with a number of human
genetic diseases and cancers,37,38 one of the best-known examples being
the Beckwith-Wiedemann syndrome (BWS). BWS has been mapped to
chromosome 11p15 in humans, and is transmitted through the maternal
chromosome. Like many diseases affected by aberrant autosomal imprinting, BWS has also been found to be associated with uniparental disomy
or trisomy.39,40 It is characterized by general overgrowth in the affected
individual. Mutations in an imprinted gene, p57KIP2, accounts for about
10% of BWS patients,41–44 whereas LOI of an antisense transcript, LIT1,
accounts for 2/3 of BWS patients. LOI of LIT1 is achieved through the
hypomethylation of a DMR in the promoter region of LIT1, thus converting the epigenotype from the maternal chromosome to that of the paternal chromosome and silencing the maternal expression of genes at this
locus.45–47 Another common molecular event occurring in BWS is a LOI of
IGF2.48,49 LOI at this locus, not surprisingly, may also be accompanied by
the silencing of the H19 gene on the maternal allele.50,51
Evidence for a role for genomic imprinting in a variety of hereditary
and sporadic cancers, including Wilms’ tumor, come not only from the
association of Wilms’ tumor with BWS, but also from the parental origindependent LOI in Wilms’ tumor. Indeed, LOI at chromosome 11p15 in
sporadic Wilms’ tumor involves the loss of the maternal chromosome,
leading to overexpression of paternally-expressed genes and loss of expression of maternally-expressed genes.52,53 LOI of IGF2, for example, has
been observed in Wilms’ tumor, as well as in a number of other forms
of cancer.54–57 These studies further attest to the importance of proper
regulation of genomic imprinting.

Imprinting in Mouse Development
Genomic imprinting occurs very early in mouse development; at the blastocyst stage, both maternal and paternal alleles of H19 are hypomethylated,
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and as such, expression of H19 is biallellic. Around the time of implantation, however, the paternal allele becomes fully methylated and silenced in
the embryo and extraembryonic tissues, particularly the trophoblast. The
maternal H19 allele, in contrast, is expressed exclusively in tissues of both
pre- and post-implantation embryos (Fig. 2; Ref. 58).
Using an allele-speciﬁc ﬂuorescence in situ hybridization method, Ohno
et al.59 have demonstrated that Igf2 transcripts are expressed biallelically
in 2-cell mouse embryos until approximately the morula stage. At the
blastocyst stage, however, the maternal allele is silenced and monoallelic
Igf2 expression observed (Fig. 2). Interestingly, this imprinting event is
affected in embryos maintained in culture, suggesting that aberrant epigenetic events and imprinting may indeed lead to developmental anomalies
in in vitro fertilized (IVF) embryos.

Imprinting in Mouse Pluripotent Cells
Pluripotent stem cells have been used as a model to study early developmental events in mammalian embryos. These cell lines have been used
to study the mechanisms of genomic imprinting in the murine system.
These pluripotent cells include embryonic stem (ES) cells derived from the
inner cell mass (ICM) of preimplantation embryos, embryonic germ (EG)
cells derived from primordial germ cells migrating along the gonadal ridge
in embryonic development, and embryonic carcinoma cells derived from
teratocarcinomas. Because these pluripotent cell lines are derived from different tissues sources, they offer a variety of developmental states in which
to study these early developmental events.
The status of imprinted genes in undifferentiated and differentiated
mouse ES cells (mESCs) has been assessed. In the blastocyst, the majority of the genome is demethylated; therefore, the ES cells derived from
this material show low levels of methylation. Numerous studies indicate
that autosomal imprinting is, at least in part, maintained in the derivation of ES cell lines. For example, expression of various imprinted genes
in parthogenetic (pg) and androgenetic (ag) ES cells, and in differentiated
embryoid bodies (EBs) derived by suspension of these cells in culture, is
appropriate.60 Further evidence that appropriate genomic imprinting is
often maintained in ES cells comes from the demonstration that chimeras
made with ag ES cells are similar in phenotype to chimeras made with ag
morulae or ICMs.61–64 In some instances, however, methylation and allelespeciﬁc expression of imprinted genes differs from that observed in ICM
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cells. For example, paternal-speciﬁc hypermethylation of the H19 promoter
is progressively lost during ES cell passage.65 Maternal expression of the
Igf2 allele, in contrast, remains inappropriately active.66,67 Other imprinted
genes have also been demonstrated to exhibit aberrant methylation and
transcript expression in ES cells.68 Cloned embryos derived by combining
early-passage ES cells with tetraploid ova similarly exhibit a dysregulation
in the expression of imprinted genes,68 as do cloned mice derived from the
transplantation of ES cell nuclei into oocytes.69
Dysregulation of monoallelic gene expression is also often seen during
the derivation of embryonic germ (EG) cell lines from migratory primordial germ cells (PGCs). Several studies have demonstrated that undifferentiated EG cell lines show biallelic expression of imprinted genes, which
does not change to preferential expression of one allele, and therefore does
not show a complete imprint. Furthermore, the expression patterns can be
reversed from normal imprinting (for instance H19 and Igf2).70 This inappropriate expression pattern couples with abnormal methylation patterns
in both the undifferentiated EG cell lines as well as the PGCs from which
they are derived.71

Imprinting in Human Development
Limited information is currently available regarding autosomal imprinting in early human development. Although imprinting of H19 and IGF2
appears to be quite discrete in mouse development, it is considerably less
so in humans. For example, H19 is not expressed in oocytes through to
the 8-cell stage of development; rather onset of gene expression occurs at
the blastocyst stage.72 To date, there is very little information regarding
the onset of H19 imprinting in humans, although there have been clear
demonstrations that it does become expressed exclusively from the maternal allele.10 Given that the expression analysis of human H19 correlates
with that in mouse, it seems likely that, as in the mouse,18,66,67 monallelic
H19 expression occurs with the onset of gene transcription at the blastocyst
stage of development (Fig. 2).
IGF2 transcripts, in comparison, are detectable in oocytes and in all
cleavage stage embryos up to the blastocyst stage of development; and while
the maternal IGF2 allele is expressed exclusively prior to the 8-cell stage,
the paternal allele subsequently becomes expressed monoallellically from
this stage onward.73,74 Biallelic expression, however, has been reported in
fetal neural tissues,75 and in the developing liver (Fig. 2; Refs. 76–78). These
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tissue-speciﬁc differences in IGF2 expression are likely due to alterations in
promoter methylation, and emphasize, once again, the complexity in the
regulation of imprinting in humans.

Imprinting in Human Pluripotent Cells
Onyango et al.70 demonstrated that H19 is appropriately imprinted in
human EG cell lines. Although H19 shows monoallelic expression in the
differentiated cultures, other imprinted genes such as IGF2 showed a partial
relaxation of imprinting, resulting in biallelic expression. To date, analysis
of imprinted gene expression in human ES cells (hESCs) has unfortunately
been limited. A recent study by Hwang et al.79 however, has demonstrated
that both maternally (H19 and UBE3A) and paternally-expressed (SNRPN
and ARH1) imprinted genes are detectable in cells of an ES cell line derived
from a cloned human blastocyst via somatic cell nuclear transfer. While
RT-PCR conducted in this study demonstrates that various imprinted genes
are indeed expressed in the cell line, it does not address the question of
whether the expression pattern is appropriate, i.e. monoallelic or biallelic.
As use of hESCs becomes more accessible, and more information on the
culture conditions required to maintain them optimally becomes available,
further analysis of imprinted gene expression in humans will ensue.

X-inactivation
Dosage compensation of the X chromosome in mammalian females is
achieved through X-chromosome inactivation (XCI), an epigenetic event
that is regulated by a single cis-acting X-inactivation center (Xic/XIC
in mouse and humans, respectively), and through the action of at least
two genes that reside in this region, the X-inactive-speciﬁc transcript
(Xist/XIST) and the antisense transcript (Tsix/TSIX) (Fig. 3). Inactivation
is developmentally regulated, with initiation of inactivation occurring at
the onset of cellular differentiation.80 In mice, X-inactivation is imprinted
in the extraembryonic trophectoderm and primitive endoderm lineages
during preimplantation.81 This imprint is labile, however, allowing cells of
the epiblast to undergo random X-inactivation during postimplantation.
In humans, by comparison, the choice of the chromosome to inactivate is
random. Once an X chromosome is inactivated, the same X is silenced in all
descendent cells; thus, females are mosaic for their X-inactivation pattern
(Fig. 4; for review see Refs. 5, 6).
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Figure 4. Schematic diagram of X-inactivation during cellular differentiation in mouse and human
development. In trophoblast and primitive endoderm tissues, the paternal X-chromosome
is inactivated. Cells of the epiblast and embryo proper, in contrast, undergo random
X-inactivation. Whereas mESCs similarly exhibit random inactivation during differentiation,
hESCs exhibit skewed X-inactivation in both the undifferentiated and differentiated states.

The ﬁrst step in random XCI requires that a cell determine its X chromosome constitution; random XCI will occur only in those cells with two or
more X chromosomes (for review see Refs. 5, 6). This process of “counting”
is believed to be regulated by the Xic, and results in one X chromosome
being selected to remain active (Xa), while the other is destined to be inactivated (Xi).82–86 It has been postulated that the selection of one X chromosome as Xa is due to the presence in each cell of a blocking factor(s)
with the ability to bind and repress a single Xic.6,82 X-inactivation will then
proceed from unblocked Xics. When two X chromosomes bearing identical Xic regions are present in a female cell, Xa choice occurs randomly
because of the equal probability that the blocking factor will interact with
either of the counting elements. Further analysis of the Xic region, however, has revealed the existence of additional cis-elements, termed choice
elements, that can inﬂuence the counting element’s afﬁnity for blocking factor interaction.87 Xist is a likely candidate for such a choice element since
it has been shown to reduce the afﬁnity of a cis-linked counting element
for blocking factor.88,89 Tsix transcription, on the other hand, promotes Xa
choice, most likely by destabilizing Xist RNA and lowering the abundance
of functional Xist complexes acting on the counting element in cis.90–93
Imprinted XCI differs from the random form in that parental origin dictates which chromosome is inactivated. As epigenetic marks are acquired
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in the germline, the X chromosome must possess marks that establish
parental identity, bypassing the choice mechanism involved in random
X-inactivation.

Aberrant X-inactivation
In mice, the parental origin of a supernumerary X chromosome is of
the utmost importance in assessing the viability of the embryo; XmXmY
embryos have only been observed in rare circumstances,94 whereas XmXpY
embryos are fairly common.95 Analysis of embryos disomic for the maternal
X chromosome (XmXmXp; XmXmY) further demonstrates that a supernumerary Xm is embryonic lethal,96,97 largely due to failure of extraembryonic tissues to develop. Embryonic tissues, in contrast, develop relatively
well until approximately E7 when a lack of mesoderm becomes apparent.98
Cumulatively, these ﬁndings indicate that aberrant X-chromosome inactivation is responsible for embryonic lethality and/or extreme developmental
anomalies.
Aberrant gene silencing, either of autosomally-imprinted genes or of
X-linked genes, has also been demonstrated to occur in aging mammalian individuals.99 Interestingly, skewed X-chromosome inactivation
is also found to occur increasingly with age,100 as well as in recurrent
loss of pregnancy,101–103 trisomic pregnancy,104 and in the progression of
cancers.105–107

X-inactivation in Mouse Development
X-chromosome inactivation is one of the earliest events in mouse development, occurring during preimplantation development. Deletion analysis
indicates that both the Xist and Tsix genes are involved in regulating X-chromosome inactivation in mice; speciﬁcally, studies show that Xist expression
is required for inactivation of the paternal X chromosome,88 whereas Tsix
expression is required either to maintain the active state or to prevent inactivation of the maternal X chromosome.93,108 In support of these ﬁndings,
in female blastocysts, Xist is expressed exclusively from the paternal allele,
whereas Tsix is transcribed solely from the maternal X.93,108 Female blastocysts inheriting a maternal targeted deletion of the 5 CpG island and major
promoter of Tsix fail to express the Tsix gene and express Xist biallelically,
indicating that loss of Tsix transcription derepresses the normally silent
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maternal Xist allele in cis.108 In males, this deletion results in ectopic activation of the single maternal Xist allele. As such, it has been suggested that
Tsix may act as a maternal protective factor that negatively regulates Xist
expression. Subsequent studies, however, indicate that a Tsix-independent
mechanism silences Xist expression on the maternal X chromosome (for
review see Ref. 4). As such, further studies into the mechanisms regulating
XCI in mice are required.
DNA methylation also plays a key role in X-chromosome inactivation as
evidenced by the heavy methylation of CpG islands associated with genes
on the inactive X chromosome, and by the unmethylated status of genes on
the active X chromosome. Treatment of interspeciﬁc somatic cell hybrids
with demethylating 5-azacytidine conﬁrms this, revealing a reactivation
of silenced genes on the inactive X chromosome (reviewed in Ref. 109).
Further evidence that methylation regulates XCI is provided by studies
utilizing targeted disruptions of DNA methyltransferases.110–113

X-inactivation in Pluripotent Mouse Cells
Pluripotent cell lines have also been used to study X-inactivation in
early embryonic development. Evaluation of the mechanisms involved
in this process, however, have to date been largely limited to studies
in mESCs.89,111,114,115 As in mouse preimplantation embryos prior to
X-inactivation, Xist is expressed from both X chromosomes in female ESCs
whereas it is expressed only weakly from the single X chromosome in male
ESCs. At the onset of cellular differentiation, Xist expression is upregulated
on one of the two chromosomes in the female (Xi), while being silenced on
the remaining X chromosome (Xa) (Fig. 4; Refs. 116, 117). Expression of
Xist is sufﬁcient for XCI as demonstrated by the ability of an inducible Xist
cDNA to induce gene silencing in ESCs118 ; the ability of Xist to inactivate an
X chromosome, however, is dependent on the time at which it is expressed
during differentiation. For example, in undifferentiated ESCs, Xist transcripts induce XCI, but silencing is reversible and dependent on continued
Xist expression. At 3 days of differentiation, however, XCI becomes irreversible. Interestingly, if X inactivation is not initiated within 2 days of
differentiation, ESCs are refractive to expression of Xist transcripts (for
review see Ref. 113).
X-inactivation has also been assessed in a number of female mouse teratocarcinoma cell lines; the ﬁndings of these studies vary greatly between
lines. For example, McBurney and Adamson120 have demonstrated that
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undifferentiated teratocarcinoma lines exhibit only one active X chromosome. Martin et al.119 in comparison, demonstrate that another undifferentiated teratocarcinoma cell line exhibits two active X chromosomes, and
that upon differentiation, one of these X chromosomes is inactivated. The
difference in these ﬁndings may be the result of the derivation of cell lines
from different tissue sources. Indeed, McBurney and Adamson120 generated teratocarcinoma cells from a tumor from a 6.5 d embryo, while Martin
et al.119 derived cells from spontaneous tumors. Furthermore, both labs
used different culture conditions, which may have resulted in the selection
of particular cell types.
X-inactivation in murine ECs has been evaluated by measuring the activities of X-linked enzymes in XX and XO cell lines. In one study, the XX
line showed 2-fold higher enzyme activity in the undifferentiated EC cells;
however, upon differentiation, the ratio of X-linked activity dropped.119 In
contrast, other investigators reported that enzymatic activities were similar
in XX and XO cell lines, suggesting that only one of the X chromosomes
is active in the female lines.120 Because EC cell lines are derived from teratocarcinomas, there is considerable variability in starting material. These
studies suggest that it is possible to isolate ECC lines which represent different stages of development.
In the female germline, the inactive X chromosome is reactivated at the
onset of meiosis. The reactivated X chromosome remains in this state in
oocytes throughout ovulation and fertilization, and only becomes silenced
once again during preimplantation. In the male germline, in comparison,
the single X chromosome is transiently inactivated during meiosis, perhaps
to prevent the initiation of recombination events that might occur as a
result of the presence of unpaired sites on the single X chromosome.72,121

X-inactivation in Human Development
To date, the developmental regulation of XCI in humans is unclear. Studies
have demonstrated, however, that XIST is detectable in oocytes, and in both
male and female preimplantation embryos up until the blastocyst stage of
development.122,123 In contrast to the mouse, XIST expression is not limited
to the paternal allele; ﬁndings that exclusive XCI on the paternal allele does
not occur in human extraembryonic tissues are consistent with this (Fig. 4;
Refs. 124, 125). Also in contrast to mouse, supernumerary X chromosomes
(both Xm and Xp) are tolerated in humans, suggesting that XCI does not
occur in an imprinted fashion in humans.126,127
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X-inactivation in Human Pluripotent Cells
As with genomic imprinting, evaluation of the mechanisms involved in
the process of X-inactivation to date has largely been limited to studies in
mESCs. The recent availability, however, of hESCs now provides a unique
tool to assess this early developmental process in that they are derived from
human blastocysts, have an apparently unlimited proliferative capacity, and
can differentiate into ectoderm, mesoderm and endoderm.
In a study by Dhara and Benvenisty,128 it was demonstrated that in
undifferentiated female H9 hESCs, both X chromosomes are active. Upon
differentiation, however, one of the X chromosomes is silenced; in differentiated embryonic cells, XCI is random whereas in extraembryonic cells,
the silencing is non-random. We have further demonstrated that individual
hESC lines exhibit distinct patterns of X-inactivation (Fig. 5 and Ref. 137).
Speciﬁcally, as in human male somatic cells, expression of Xist transcripts is
virtually undetectable in undifferentiated male hESC cultures. XIST transcripts are similarly expressed at extremely low or undetectable levels in the
female H7 hESC line, suggesting that X-inactivation is not occurring or is
occurring by an alternate, as of yet to be identiﬁed, mechanism. In contrast, undifferentiated H9 and HES25 cultures exhibit high levels of XIST
RNA, indicating that XCI is occurring. hESCs are considered immortal
and can be maintained over one year in continuous culture (approximately
50 passages); importantly, X-inactivation appears consistent over long term

H9 undifferentiated

H7 undifferentiated

Figure 5. FISH analysis of XIST in hESCs. XIST transcripts are detected in undifferentiated H9 cell
cultures, but not in undifferentiated H7 cell cultures, indicating that X-inactivation is not
occurring in the latter.
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culture, exhibiting patterns of inactivation that are consistent with those
observed in low passage cultures (∼passage 30). Cumulatively, these ﬁndings further reinforce the genetic stability of hESCs over long term culture.
EC cells are the pluripotent stem cells of germ cell-derived tumors which,
in some cases, have the ability to recapitulate early embryonic events. While
there have been reports of XCI upon differentiation in human EC cells
derived from testicular tumors,129,130 there is little to no convincing data on
this process in lines derived from female tissues. Furthermore, as EC cells
are aneuploid, in contrast to euploid ES cells, it seems questionable as to
whether this may be an appropriate system for studying XCI.

Summary
There are a number of striking similarities between the two epigenetic phenomena discussed herein, autosomal imprinting and X-chromosome inactivation. One of these similarities is the tendency towards gene clustering,
suggesting that regional control elements coordinately regulate transcription of both autosomally imprinted and X-linked genes. Another particularly interesting similarity of imprinted domains and the Xic/XIC is the
abundance of noncoding and/or antisense transcripts that include H19,
Igf2sa, Xist/XIST and Tsix/TSIX; indeed, it is believed that approximately
27% of known human and mouse imprinted genes are noncoding, and their
functions unclear. DNA methylation has also been shown to be instrumental in establishing and maintaining expression patterns of epigeneticallyregulated genes, both in autosomal imprinting and in XCI, as have changes
in chromatin structure. It is important to note, however, that there are distinct differences in both autosomal imprinting and XCI between human
and mouse, as well as between various pluripotent cells; ES cells and EC
cells, for example, exhibit many common features, including the expression of cell-surface markers and transcription factors. Perhaps the most
signiﬁcant difference, however, between these populations is that ES cells
are euploid whereas EC cells are aneuploid. Furthermore, it is crucial to
recognize that not all hESC lines are equivalent; although ES cells from
both mouse and human typically show a normal karyotype, systematic
evaluation of the karyotype of three hESC lines (H1, H7 and H9) that have
been maintained in identical conditions over two years in culture reveals
that 20–30% of the cultures exhibit some aneuploidy.131 In direct comparison, a second study has shown that the H7 cell line exhibits trisomy 12 or
17, abnormalities that are typically associated with human EC cells.132 We

干细胞之家www.stemcell8.cn ←点击进入
176

L.M. Hoffman, J. Batten and M.K. Carpenter

have further demonstrated that there are distinct differences in patterns
of X-chromosome inactivation between various hESC lines. Cumulatively,
the studies reviewed herein reveal that while certain parallels exist between
various embryonic cell types in human and mouse, there are noteworthy
differences that cannot be trivialized; these differences may be due in part to
the manner in which the cell lines have been derived, and on the culture conditions in which the cells are maintained. Indeed, mouse embryos derived
from high passage ESCs exhibit developmental anomalies often observed
in mammalian offspring generated via nuclear transfer, including increased
size and mass, and perinatal lethality.133–135 These ﬁndings have led to the
suggestion that mESCs lose their developmental potential as a result of epigenetic alterations.136 As such, it will be important to fully characterize the
pluripotent state in various human cell types, and to elucidate the molecular mechanisms by which epigenetic states become altered upon prolonged
culture and cellular differentiation. Speciﬁcally assessing whether there is
a loss of imprinting or otherwise inappropriate gene expression upon cell
differentiation will have critical implications for the derivation of hESC
lines, and for their use in cell replacement therapies.
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Stem Cells and Translational Medicine
Ethics, Law, and Policy
Justine Burley∗

Introduction
Few developments in the biosciences have generated as much excitement as
stem cell research. Disease and ill health are enemies man faces even in times
of peace. The promise of stem cell research is that it may arm us to combat
disease in novel ways: to cure instead of treat; to repair hitherto irreparably
damaged tissue. Demonstrable beneﬁts have already been gained from stem
cell research, with one adult stem cell type — hematopoietic stem cells
present in bone marrow — in widespread clinical use. Initial optimism
over this success has been tempered by technical difﬁculties experienced
in work with many other adult stem cell populations. Embryonic stem cell
research, in relative infancy, has shown prowess in animal models for the
amelioration of a variety of conditions. But, challenging biological hurdles
have to be cleared before human ES cell research meets any of the goals
which have been set for it.
It perhaps goes without saying that given we are concerned about moral
as well as physical well being, science should not race forward blinkered by
the lure of progress. Nor, however, should scientiﬁc progress be impeded
without sound reason. In this chapter, I aim to consider various ethical,
legal, and policy dimensions of stem cell research. Some familiar territory
will necessarily be covered. This is because the chief ethical objection to
stem research that has been voiced, and which has prompted restrictive legislation in many countries, centers on the moral permissibility of research
involving human embryos. The general failure satisfactorily to address the
issue of the moral status of early life in other contexts — fertility treatment,
abortion, pre-implantation genetic diagnosis, and birth control — made it
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inevitable that any novel rationale for the use of embryos would see the same
debate resurface. This points to the importance of directly engaging with
the morality of embryo research, and also of forging a reasoned, enduring,
and publicly justiﬁable policy stance on it. To these ends, evaluation of a
subset of related issues is indicated. First, confusion reigns in ethical, and
policy debates, over the respective attributes of adult and ES cells. This, I
contend, has made it more difﬁcult for some to appreciate why it is that
many scientists insist that adult and ES cell research should be pursued in
tandem. Second, there has been signiﬁcant energy expended on the question of how embryos might ethically be sourced for research. Although
such discussion has served to facilitate “compromise” legislation in some
countries — ES cell research using supernumerary embryos is permitted
whilst embryos deliberately made for research purposes is not — the arguments deployed in the policy context to defend this move can, at best, be
described as lacking. This will be illuminated through consideration of
differing views on the moral status of the embryo. The requirement of
non-coerced, informed consent will also be addressed in this section, with
the spotlight on two pervasive problems: the form that consent takes, and
conceptual confusions in law concerning property rights in gametes, and
embryos. The third issue, the one I judge to be the most crucial, is whether
is it legitimate for citizens in a society to impose a particular conception
of the sacredness of life, on the minority. Fourth, I shall survey national
policies governing ES embryo research, and assess several of their implications for science, and the scientist. These include: the dubious wisdom of
conﬁning research to clinically unsafe stem cell lines, and basic research,
the hypocrisy of certain legal regimens which impose legal penalties on
scientists who transgress national stem cell laws, and whether it would be
just for any nation where ES cell research is currently illegal to avail itself of
research fruits plucked elsewhere. Finally, discussion shifts from the ethics
of stem cell research to exploration of new clinical applications involving
adult stem cells. The question to be addressed in this concluding section
is whether the clinical use of a product may permissibly precede scientiﬁc
understanding of its underlying mechanisms.

The Relative Merits of Adult and ES Cells
How we deﬁne the term “stem cell” is more relevant to a discussion of
the ethics of stem cell research than, at ﬁrst glance, it might appear. Definitions serve as the basis for mutual understanding. If we are to conduct a sensible ethical discussion of such research in the service of sound
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policy-making, it is essential that we establish common factual premises for
what we are arguing about. This would seem a rather basic, indeed obvious requirement. Yet loose, sometimes careless descriptions of stem cells
have been adopted in both ethical and policy debates, and have even been
enshrined in legislation.1 In some measure this is due to ignorance. It also
may suit certain interest groups who aim to inﬂuence policy to insist on factual inaccuracies. It does not help that scientists, themselves, do not always
agree on which cells merit the label stem cell.2 Nor does it help that scientists
have not always taken pains to be more precise in the stem cell literature.
Typically, stem cells are deﬁned by two functional properties: the ability to
self-renew, and the ability to generate other cell types. The property of selfrenewal is frequently described as being “unlimited” or “continuous.” The
property of potency is couched in terms of multipotency or pluripotency.
Without further qualiﬁcation, the two-part functional deﬁnition can mislead the non-specialist. It fails to highlight important differences between
adult, and ES cells, the most crucial of which for present purposes are: the
limited range of cell types that many adult stem cells can form; the inability of most adult stem cells to multiply outside their natural environment;
the difﬁculties associated with identifying and purifying populations of
adult stem cells — in this latter context, adult “stem cell” cultures are often
mixed populations of different stem cell types or of more differentiated
progenitor cells.3 These pitfalls will be elaborated on below. Here it merits
stress that the net result of the failure by ethicists and policy-makers to
appreciate the important differences between the categories of stem cells is
that: 1) discussions have been skewed towards consideration of the source
of the cells; and, thereby 2) important clinical advantages that work with
ES cells may bring about, have been ignored.
Many who oppose the use of embryos in research, and who advocate a
research focus exclusively on adult stem cells, have indiscriminately latched
on to the words “immortal” and “unlimited,” and phrases like “capable of
differentiating into a vast number of cell types,” to make the case that adult
stem cell types might serve all therapeutic needs, hence ES cell research is
unnecessary. This position rests on several misunderstandings about the
way in which these terms are aptly applied to adult stem cell populations
in the research context, if they may be applied at all. Two confusions that
we need immediately to dispel are: a) that adult stem cells all possess the
same properties as one another; and b) that adult stem cell types possess
the same properties as ES cells.
A plethora of studies has yielded the view that not all stem cells are equivalent. Only adult stem cells occur naturally in the body. ES cells, by contrast,
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are in vitro artefacts. The circumstances surrounding this unnatural origin
may account for some of the behavioral differences in culture between ES
and naturally occurring adult stem cells. Whereas ES cells have proved capable of signiﬁcant proliferative capacity in culture, most adult stem cell types
have not. Indeed, only adult neural stem cells (NSCs) have been induced
to proliferate extensively in vitro,4 and even here controversy persists in the
literature as to whether NSCs are indeed “stem cells” or stem-cell derived
neural progenitor cells — a cell type with an even more limited proliferative
capacity.5 This relative limitation of adult stem cells to self-renew is of no
small matter for policy. When the target of stem cell research is a therapeutic one, the proliferative capacity of the cells is decidedly of import, since,
depending on the clinical indication, large numbers of cells may be required.
If many adult stem cell types continue to resist propagation outside of the
body, ES cells, with their relatively superior performance in vitro, may be
better research tools on this count alone. There are additional reasons for
maintaining that ES cells may be preferable research tools.
A second confusion that reigns in ethical debate over stem cells concerns
the functional property of potentiality. There is solid evidence showing that
adult stem cells are nowhere near as potent as ES cells. The prevailing theory
is that adult stem cells are generated after the stage of gastrulation, and
this accounts for why it is that adult stem cell populations have a restricted
differentiation potential — why they are “conﬁned to barracks,” so to speak.
Recent reports (over 200 in one year) have suggested that these presumed
tissue-restricted cells possess developmental capabilities more similar to
pluripotent ES cells.6 Claims to this effect have been challenged on the basis
of ﬂawed experimental design, mixed starting cell populations,7 and for the
reason that studies describing plasticity do not meet the standard criteria
for stem cells. But, it remains a possibility that adult stem cells may be more
plastic than was previously thought. In contrast, ES cells can differentiate
into all of the cell types of the adult; here, the major technical challenge is
in controlling and maximizing the desired conversion. With this important
caveat in mind, the fact that adult stem cells either do not exist for certain
tissues or are inaccessible or otherwise unavailable in sufﬁcient numbers,
we can conclude that, in principle, ES cells currently suggest themselves as
candidates for the development of stem cell therapies for a wider range of
clinical applications than do adult stem cell types.
Our overview of the relative merits of the classes of stem cells for clinical applications must take into account one further factor. Although the
focus today is on the ability of stem cells to form the desired replacement
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tissue, clinical application of such tissues/cells requires consideration of
the immunological consequences of the transplantation. One attraction of
adult stem cells is that, in principle, they may be puriﬁed from the patient
him/herself, thereby circumventing the need for immunosuppression. In
comparison, those cell therapy products emanating from ES cells generated
from embryos surplus to in vitro fertilization (IVF) needs, will be generally immunologically distinct from the prospective patients’ cells, and will
elicit an immune reaction. The avoidance of this will necessitate the application of immuno-modulation therapies, most commonly chronic use of
immunosuppressive drugs. In many patients, such drugs induce moderate
to severe side effects. It is this reality which motivates calls for permissive policies viz. the creation of embryos produced by somatic cell nuclear
transfer (SCNT), which would enable tailor-made stem cells, immunocompatible with the patient.

Why Conduct Research on Adult and ES Cells in Tandem?
Having elaborated the functional deﬁnition of stem cells, and reviewed
some of their properties, it should now be clearer why it is that many
scientists insist that human adult and ES cell research should be pursued
in tandem. In the province of basic research, human ES lines provide a
surrogate to the human embryo, allowing investigation of early developmental processes that otherwise can only be studied in other mammals. As
mentioned above, for the purposes of pre-clinical or clinical research and
applications, each area has its advantages and disadvantages. Proliferative
capacity, broad range of differentiation, and ready availability, are major
advantages offered by ES cells.Control over differentiation, possible autologous sourcing, a better safety proﬁle, and universal ethical acceptability
constitute the advantages of adult stem cells. It is unclear which approach
will offer the most rapid clinical solutions. The likelihood is that neither
will have a monopoly over all clinical indications. The only resounding
therapeutic success using adult stem cells is bone marrow transplantation.
Whilst this demonstration conﬁrms the potential of adult stem cell use, the
fact that this solitary success was ﬁrst achieved over 40 years ago highlights
the need for new thinking as well as alternative approaches.
Taken jointly, the reasons given above support the claim that pursuing
adult and ES cell research in tandem is less speculative than it is commonsensical. This in-tandem recommendation also extends to embryonic germ
(EG) cells.8 EG cells possess similar characteristics to ES cells. For example,
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they can be propagated in culture over a long period (though less readily than ES cells — 200 population doublings over two years for EG cells9
versus 700 for ES cells), and can, with the correct prompts, spontaneously
differentiate into derivatives of all three primary germ layers — endoderm,
mesoderm, and ectoderm.10 It has been established that EG cell lines could
serve as reliable sources for cell-based interventions.11 There has been so
little work carried out on EG cells in comparison to both ES and adults
stem cells, that it is impossible to pronounce on their relative clinical applicability with any authority — only more research shall determine whether
and for which indications EG cells might be suited.

The Provenance of Stem Cells: Does Source Matter?
In spite of the fact that good scientiﬁc reasons can be supplied to support the
claim that adult, ES and EG cell research should be carried out in parallel,
ethical concerns over the provenance of the latter two cell types has resulted
in outright bans or policy restrictions on their use, in many nations. Does
the source of stem cells matter morally quite as much as people tend to
think?
Embryonic germ (EG) cells are obtained by laboratory cultivation of
primordial germ cells found in the fetal gonadal ridge.12 These can be
isolated from fetuses following pregnancy termination (artiﬁcially induced
in cases of unwanted pregnancy or the product of miscarriage). The source
of EG cells, immature reproductive organs of aborted fetuses, may repel
some, but it seems right that some good come of the frustration of life.
Indeed, given sensitivities about the destruction of early human life in
ES cell research, studies on EG cells ought to be more ethically palatable for
the obvious reason that the fetal source is moribund. Some anti-abortion
activists have argued that research involving EG cells will create demand for
fetal tissue, and this in turn will lead to the offering of ﬁnancial incentives
to women to terminate pregnancies that might otherwise be carried to
term. This objection is effete: like it or not, there is an ample, ongoing
supply of fetal tissue. The worry tabled, however, points to the need for
strict prohibitions against paying donors for fetal tissue to avoid the merest
hint of any ﬁnancial inducement to abortion (see below). Although I omit
dedicated discussion of EG cell research below, certain of the arguments
advanced provide further defence of it.
Adult stem cells can be isolated from tissues in an adult organism, or
from fetal tissue (excluding primordial germ cells). Mammals appear to

干细胞之家www.stemcell8.cn ←点击进入
192

J. Burley

contain some 20 major types of somatic stem cells, including brain, liver,
bone, blood, cartilage, and arguably corneal.
In ES cell research embryos are sourced in two main ways: from fertility
clinics, and by creating them speciﬁcally for research purposes. Either way
the entity is sacriﬁced at some point prior to gastrulation. The creation of
embryos in the laboratory setting can be performed either by inseminating
an unfertilized egg, or by splitting a fertilized egg, or by the technique of
SCNT — misleadingly dubbed therapeutic cloning. SCNT consists in the
removal of the nucleus from an unfertilized egg, substituting it with the
nucleus of a somatic cell, and then prompting the egg to undergo embryogenesis. As with embryo splitting, SCNT skirts the process of fertilization.
The major beneﬁt and driving force behind ES cells so generated is to provide an immunological match to the patient’s tissues as any replacement
tissue formed from ES cells would not elicit a hostile immune response.
Where research on gametes, embryos, or fetal tissue for research purposes, is permitted by law, uncoerced and informed consent of the donors
is usually sought. Many institutions, national and pan national ethics boards
have devised consent guidelines to ensure consent is faithfully solicited and
given. A full review of these is beyond the scope of the present inquiry. I
conﬁne myself instead to making one point about written consent. A great
deal has been published about the difﬁculty of eliciting truly informed
consent in the clinical context. However, it strikes me that most of the
standardly cited problems either do not obtain, or can be circumvented
in cases of consent for use of biological materials in research. A cursory
glance at a representative consent form gives quite the opposite impression.
I judge there to be strong reasons supporting a move away from increasingly
detailed, research-speciﬁc consent forms, to blanket consent or at least to
forms which stipulate in only broad terms the area of intended research. The
main reason behind this recommendation is that not all speciﬁc research or
clinical uses of donated materials are likely to be envisaged in advance, especially in the case of ﬂedgling technologies like ES cell research. Researchers
have already been, and clinicians may be placed in the position of having to
re-solicit consent to use the materials for purposes not originally speciﬁed
(e.g. the creation of chimeras using the line, or a therapeutic application).
Soliciting consent anew is not always logistically possible, and when it is,
there is no guarantee that consent will be granted the second time around.
Consequently, research can be slowed or signiﬁcant expenditure on the
production of a therapeutic product can be wasted. The abandonment of
detailed forms may not be a suggestion popular with lawyers, but, the fact
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is, continued usage of them in inappropriate circumstances invites more
problems than they solve.
Whether individuals might reasonably expect payment for the materials
is a matter of some controversy, and is the second pervasive problem connected to consent. Financial incentives, it is argued, constitute a form of
coercion or exploitation. Whatever the force of this objection is in relation
to body parts like kidneys, it lacks punch in the case of gametes, which
are replaceable, and non-essential to health. It is true that egg harvesting
carries some risk to the woman (e.g. perforation of the ovary), and so that
risk should be spelled out. However, it is not true that the magnitude of
risk is such as to warrant state interference in the form of a ban on either
donation or trade. And, we should note that risk cannot consistently be
used as an objection to sale, in those countries where donation is permitted. The notion that someone might abort a foetus because they had been
offered payment for fetal tissue, is rightly appalling. Abortion is defensible
if good reasons for it can be supplied (when carrying the pregnancy to term
would have special and grave consequences for the mother, when the life of
the resulting child would be profoundly compromised or not worth living).
The frustration of a life for monetary gain, under ordinary circumstances,
does not constitute a morally defensible reason. With respect to the sale of
embryos, the claim that individuals whose fertility treatment has resulted
in embryos surplus to requirements are justiﬁed in seeking remuneration
from researchers, invites the objection that this would be to commodify life,
to treat life as a mere piece of property.
In fact, the law is conceptually confused over ownership titles in gametes
and embryos. They are plausibly regarded in law as species of property. The
problem that arises is that the corpus of law in most countries contains
conﬂicting legal attitudes on which species of property, they are. Control
ownership of gametes is recognized in relation to, for example, procreation,
placement of gametes in banks prior to chemotherapy, non-procreative
sexual acts, and directives stipulating the fate of a couple’s supernumerary
IVF embryos in the event of divorce. At the same time, in countries where
control in these circumstances is recognized, the right to alienate our control
over gametes/embryos through donation, is not always permitted. And, in
many nations where donation is allowed, the right to alienate control of
sperm, eggs, and embryos, through sale is disallowed. Are such apparently
conﬂicting legal attitudes defensible?
What justiﬁcations are there for proscribing commercial trade in
gametes, and embryos, especially in those nations where donation of all
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three is legal? It has been argued that if we own our gametes, and embryos
then it follows that we also own our children. However, this objection
(of the slippery slope variety, a style of argument about which we shall
say more in another context, below), can be dodged by insisting that we
cannot own human entities which possess interests of a morally relevant
kind: infants, children, and adults indisputably have morally protectable
interests. Gametes have no interests let alone such interests, and therefore
I see no problem with unfettered property rights in them. As to whether
embryos have interests, the ensuing discussion makes clear this a matter of
deep disagreement about the sacred, the kind of disagreement over which
government may only legitimately take a stand, if it has strong reasons for
doing so, and it is most unclear that such reasons are available. The same
discussion also makes clear that even if we accept that embryos have interests, these interests are permissibly overridden in many circumstances. In
advance of that discussion, to round off our reply to the view that property
rights in embryos entails property rights in fully formed persons, the point
here, to repeat, is that there is no such entailment. Furthermore, recognition of some property rights in embryos does not amount to free license;
consistent with the norms of property law, is that not all property rights
can be exercised with impunity.13
The ﬁnal objection we shall consider to donation or sale in gametes and
embryos, is the woolly objection from reverence and respect for the human
body.14 It does not, however, seem to me, that we either do or should
revere/respect all bodily materials. As is obvious, we hold rather cavalier
attitudes to many “bits” of the body — hair, for example. And, alienation
of control over some body materials is widely practiced (donation/sale
of blood). Thus the objection from respect and reverence stands or falls
not on our attitudes to the human body but on our attitudes to gametes
and embryos. People typically, and permissibly, do not regard gametes as
objects of reverence, hence any objection to unfettered property rights in
them, on the basis that they do, is a non-objection. There are compelling
reasons to think that embryos merit respect when the intention is that
they shall become persons. When this is not the intention, the respect
requirement does not necessarily ﬁgure as a moral demand. The question
of whether embryos are the property of individuals, and can, on that basis,
be donated, bought and sold, hinges on what interests they might plausibly
be said to have. This is the subject to which we now turn, ﬁrst by way
a challenge to the claim that the source of embryos for ES cell research
matters morally.
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Emphasis has been placed on the merits of using embryos in research
which would otherwise remain in deep freeze and ultimately perish, in
preference to those deliberately created for research. On the face of it this
makes sense — if the entity is to expire anyway it seems better that beneﬁt be
derived. But, people who oppose the destruction of any and all human life
are not persuaded that the source makes any moral difference whatsoever.
Nor should they, given that they believe that as soon as human life begins,
it should be afforded the same protection of security of the person as adult
individuals. They therefore regard the sacriﬁce of supernumerary embryos
for research purposes to be worse than simply allowing the entity to degrade
gradually in its frozen-down state, just as they would regard it as being
morally worse to sacriﬁce an adult in failing health who was destined to
die, to serve the greater good. This position is consistent although, as I shall
shortly show, I strongly doubt that anyone is wholly wedded to it.
For others who subscribe to the view that human life assumes value
incrementally, hence early life has little value or is less valuable than adult
lives, the source of the embryos does not much matter either. If no early life
has value, then why trouble over the source of that early life? And, people
who think that early life has only marginal value, then, again, it is of little
import to them what the source of early life is. These positions are also
consistent.
There is one concern about source that people holding any of the views
just described, might harbor, which is not, on the face of it, underpinned by
any story of moral status. The argument is that had we not had IVF, and if
we did not have SCNT to generate ES cells from research embryos, then it
would be less likely that SCNT could be reﬁned as a procreative method (i.e.
to produce cloned children). This can be conceded. It is worth stressing,
however, that it is deﬁnitely not the case that there is hard and fast causal
relationship between a technology and all of its possible uses. Slippery slope
arguments are ever current though easily discredited. There are many technologies which might be abused, but which regulation and/or legislation
manages to keep in check. And, there are many technologies which are
abused but which nonetheless we would not want to disinvent. Consider
an analogy with information technology (IT). The Internet makes possible
global distribution and commerce in child pornography. Yet, few lament
the invention of IT. Thus the power of the objection that IVF and ES cell
research using SCNT make reproductive cloning more likely, rests heavily
on whether one can substantiate the view that IVF and deriving embryos
by SCNT are themselves immoral. If this is the argument, the objector is
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smuggling in the notion either that early life has morally protectable interests or that any non-natural manipulation of gametes is immoral because
naturalness in sex and procreation are fundamental to being human. This
constitutes, quite clearly, a conception of what is sacred about life. How the
state should respond when citizens hold divergent deep seated conceptions
of the sacred, is the issue in the controversy surrounding research involving
embryos, and merits sustained discussion. This we shall proffer following
scrutiny of different positions held on the moral status of early life.

The Moral Status of the Embryo, and Conceptions
of the Sacred
The moral status of the embryo has been the chief preoccupation of many
ethicists, religious groups, citizens, and policy-makers in the debate over
the moral permissibility of ES cell research. Arguments to the effect that
research on embryos is wrong because it violates human dignity have gained
currency but have virtually no value. Simply to utter the words as if, on their
own, they constitute an argument is reasoning at its sloppiest. And, to use
the concept of human dignity to place on the legislative agenda one’s own
private moral view, debases the whole idea of human dignity. Many mission
statements issued by ethics committees contain “human dignity,” yet for all
of the “whereas” clauses, and deﬁnitions found in these documents, no one
ever attempts to spell out what human dignity is, and how it might be
offended by ES cell research. We should be suspect of anyone who cannot
articulate any content for human dignity but who professes to know a
violation of it. In addition, it is insufﬁcient to state that human dignity is
transgressed when the vital interests of a human are acted on in inhumane,
and degrading ways. It must be established what these vital interests are,
and who might possess such interests.
It is said that research involving embryos turns “nascent human life
into a natural resource to be mined and exploited, eroding the sense of
worth and dignity of the individual.”15 Human conceptuses are human
entities from the time of conception. This is indisputable (at least from
a biological/genetic standpoint). However, it is controversial as to what
follows from this fact. Some argue that because the entity is human, it merits
the same legal protections that might be afforded an adult under threat of
physical violation. Does the property of humanness, in and of itself, really
matter morally? Let us reﬂect on the following example.16 There are two
islands, a violent typhoon will imminently strike both, and there is only one
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rescue boat. On one of the islands there are 100 human blastocysts housed
in a freezer, on the second island, there are 100 adult humans. Which island
population should the captain be ordered to rescue? Surely the boat should
be deployed to the second island. That the vast majority of people one might
survey, would likely endorse this answer, suggests that even those who say
that blastocysts have as much value as fully formed individuals who possess
sentience, etc. may not in fact believe in what they say.
Mere humanness does not capture what troubles people about research
involving embryos. Why would we prefer to save the adults? Is it because
they are sentient, and therefore possess the capacity for suffering, and have
awareness of their impending plight that (under no plausible understanding of early development) any human blastocyst has? One riposte is that
although embryos are not sentient, they should be accorded full or weighty
moral status on the grounds that they have the potential for sentience.
It is held by objectors to stem cell research that destroying embryos for
the purposes of stem cell cultivation destroys a potential person. However,
if the embryo is created speciﬁcally for the purpose of research, then does
it make good sense to consider it a potential person? In what sense is x a
potential y if the conditions required for the transition from x to y do not
obtain? For blastocysts to become persons, the necessary conditions of environment and nurture must be satisﬁed. In the case of natural procreation,
many embryos die owing to chromosomal abnormalities. We are told that
a potential person becomes such at conception. But these embryos could
never have become a person because they lacked the requisite genetic complement to survive. The point is that potentiality is necessarily a contingent
concept. A blastocyst created by a stem cell researcher would always have
been intended for research and/or clinical uses. Thus, from the outset, there
was no possibility of the blastocyst becoming, e.g. Jane Doe, because there
was never any intention of providing it with the correct environment (and
so points to the conclusion that, contrary to popular wisdom, it is not better
to use supernumerary embryos, because these were possible candidates for
implantation, which embryos created for research never are). This begs the
obvious question of whether creating life with the intention of destroying
it, can be justiﬁed.
So much is made of intention, we ought to give it due consideration. One
possible strategy is that intention need play no part at all in the defence of
ES cell research involving SCNT. This is because SCNT, were it applied
to humans for the purposes of reproduction, arguably creates no potential person. Why? Think of the reasons behind opposition to reproductive
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cloning. SCNT has a low efﬁciency rate, and is associated with severe abnormalities. The incidence of both has been traced to faulty gene imprinting.
The imprinting problem is deemed to be so severe by some scientists, that
they doubt that a human with a normal range of powers could emerge
from the technique.17 Furthermore it has been suggested, on the basis of
defects in gene imprinting, that SCNT in humans for reproductive purposes would likely require the creation of huge numbers (hundreds or even
thousands) of embryos before a single cloning success might be achieved.
Hence the experimentation on humans that would be required to establish
SCNT as a viable procreative method, speaks against deploying it for that
purpose. My own point is that since there is so much uncertainty surrounding the nature of the abnormalities that would present, it is reasonable to
state that it is possible no person could ever emerge through SCNT. Hence
SCNT in ES cell research involves no creation of life with the intention of
destroying a potential person. The factual premise is that no person can
be created by the technique, therefore there is no potential person whose
integrity, dignity or other such is violated. It is, however, ill advised for a
philosophical argument to rest on contingent facts about science. Within
the realm of the possible is that imprinting difﬁculties may be overcome. A
more robust rejoinder to the notion that it is wrong to create life with the
intention of destroying it, must be sought. One is available — the argument
from consistency in moral reasoning.
Any potentiality argument which incorporates the view that life begins
at conception, were it followed to its logical conclusions, denies the moral
permissibility of women using intrauterine devices for birth control, IVF
(which involves embryo wastage), and abortion. Perversely, it also implies
that natural procreation is morally problematic. We know that on average
three out of four human conceptuses die before one survives to the fetal
stage.18 When we make the choice to procreate in the light of knowledge
about this attrition rate, are we not complicit in bringing about the death
of early lives in order to produce one child? Critics will immediately object
that there is a meaningful distinction to be drawn between an act which is
non-maleﬁcent (such as procreation) and one which is maleﬁcent (creation
of life with the intention of destroying it).19 Critics also point out that
whereas in the case of procreation there is the clear intention to beneﬁt
any resulting child, in the case of embryo research there is no intention
to beneﬁt the entity created. These distinctions have less purchase than
they think, however. This is because much turns on how the respective
acts are described. The normative description of the deliberate creation
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of research embryos being “maleﬁcent” is inapt when we pitch the act in
terms of: “Researchers unavoidably destroy embryos in pursuit of cures for
millions of very ill people.”If this is a linguistic fudge, we can note that in any
country where embryo research is permitted but only to aid reproduction
or our understanding of it, policy-makers happily indulge such fudges. The
normative descriptive terms “non-maleﬁcent” and “beneﬁt” seem less apt
with respect to procreation when it is described as “knowingly risking loss
of some early lives in the pursuit of the selﬁsh preference to have a child.” It
is hard to erase, at least in convincing fashion, complicity in, if not intended,
death of some lives, from the procreative story. Moreover it is difﬁcult to
sustain the idea that procreation is motivated by the desire to beneﬁt a new
life. Certainly, the lives that perish in the process have not been beneﬁted
by being brought into existence. Furthermore the desire to have offspring is
really about beneﬁting the parent, it is not about other-regarding beneﬁt —
the child’s or that of the human species. The point is not that we do wrong
when we procreate. The point is that we procreate without a second thought
as to what it involves. Even if the arguments we have just advanced fail to
convince, it remains the case that it cannot be so much the loss tout court
of early lives that bothers individuals, but the non-natural uses for which
these early lives might be employed.
In the end, the defence of natural procreation from the objection that
people actively conspire in the death of early life when they procreate, boils
down to the claim that it defensible because it is an unavoidable, natural
state of affairs. Again, we ﬁnd that the “natural” is being trumpeted as the
“good.” The view that natural procreation is desirable whatever happens in
the course of it, fundamentally, is a conception of the sacred.20 This leads
us back to the question we asked above: How do we resolve disputes in the
policy arena, over differing conceptions of what is sacred about human life?

Resolving Disputes About the Sacred
Entrenched disagreement about when life assumes value has, what Ronald
Dworkin calls, an “essentially religious” character.21 What Dworkin means
by the nomenclature “essentially religious” is not that the beliefs about
whether the lives of embryos matter morally, and the ways in which they
do, are religious per se. Rather he means that they are akin to beliefs about
what the true religious path is. Both are instantiations of deep seated moral
convictions about the sacred. What is the appropriate response by government in the face of such disagreements? Well, think of religious worship.
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Would it be proper for government to mandate that citizens worship one
God and not another? The answer that would be given in most parts of
the modern world is no. A hallmark of modern societies is that freedom of
religion must be protected, that the State must never seek to enforce faith or
style of religious worship on its citizens. If people’s views about the sanctity
of life do not differ conceptually from religious beliefs, then it follows we
should not abandon government neutrality when the status of early life is
the subject. Once the dispute over embryonic stem cell research is recast in
the way suggested, we need no longer argue about or the point at which life
assumes value, potentiality, or whether, indeed, we are God’s or the Blind
Watchmaker’s children. Government policy must be publicly justiﬁable.
The right policy answer to the permissibility of embryo research is not that
it is deﬁnitively right or wrong. Rather the right answer is that given reasonable disagreement over the permissibility of ES cell research, government
has a duty not to promote the rightness of one understanding of the sacred
over another. Reasonable disagreement can be had about the moral status
of early human life in a way it cannot be had over the moral status of human
persons. The failure of contemporary policy-making viz. ES cell research,
is the failure to recognize that to take a stand on which conception of the
sacred is the true one, rocks the principled foundations of good government. It is not mindless or unreasonable to object to ES cell research on the
grounds that embryos have value (although, as I have argued, it deﬁes commonsense to insist on equal weight between them and, say, adults). What
is unreasonable is the expectation that it is legitimate to enlist government
to impose one’s own conception of the sanctity of life on other citizens.
No one who takes seriously the demand of religious tolerance in modern
society would champion the abandonment of government neutrality on
free religious worship. It follows they should also endorse neutral political
concern as regards that which is conceptually alike.

Ethical Implications of National Policies Governing ES Cell
Research for Science and the Scientist
At the time of writing, nine countries (comprising approximately 2.5 billion
of the world’s population) allow the deliberate creation of embryos for
ES cell research using SCNT: Belgium, China, India, Israel, Japan, Singapore,
South Korea, Sweden, and the United Kingdom.22 Currently, in all but one
country where the Shari’ah forms the legal system in part or whole, there is
no clear policy on ES cell research. No one uniﬁed juridical body represents
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all of Islam. But, Muslim jurists do draw a distinction between the early
stage of pregnancy (ﬁrst 40 days) and its later stages. Thus, under most
interpretations of Islamic law, the embryo is not given as weighty a status as
are fetuses. It has therefore been suggested that not only may ES cell research
be permitted by the Shari’ah, but also the deliberate creation of embryos for
research (so long as that research is well intentioned).23 By implication from
what has been said, it is unclear whether or not EG cell research would be
endorseable by Muslim adjudicators — the answer would appear to depend
on the fetal stage reached at the time an abortion/miscarriage occurred.
A number of countries have adopted different versions of what has been
called ﬂexible or compromise policy, according to which ES cell research
is permitted but not using embryos created for that purpose24 : Australia,
Canada, The Czech Republic, Denmark, Estonia, Finland, France, Greece,
Hong Kong, Hungary, Iceland, Iran, Latvia, The Netherlands, New Zealand,
Russia, Slovenia, South Africa, Spain, Switzerland, and Taiwan.
The United States of America (USA) has a rather unique legislative situation. In 2001, federally funded stem cell research was allowed for the ﬁrst
time in the USA, on a stipulated number of ES cell lines. (It turned out that
over two thirds of these lines were non-lines.) The private sector, however,
was left free to create new ES cell lines, including through SCNT. In addition,
owing to the USA’s unique federal political system it was left open to individual states to introduce state-speciﬁc laws, as California has just done.25
Our survey of extant legislation/policy indicates that there is little that is
united about nations in this debate. The deep divisions between countries
on the issue of whether it is permissible to create embryos using SCNT
was recently given expression in the United Nations (UN). By a margin of
one vote the UN General Assembly’s legal committee in November 2004,
accepted a proposal to delay further debate on SCNT. This decision effectively defeated a resolution tabled by Costa Rica, and backed by the US
and 60 other countries, which called for an international treaty to ban all
uses of SCNT in humans for being morally reproachable. It also supplanted
a second motion, emanating from Belgium, backed by 30 nations, which
sought an open-door policy for medical research on stem cells taken from
cloned human embryos.

Implications of Current Law for Science and the Scientist
The different legal situations that obtain, give rise to a set of ethical problems for science, and the scientist. First, how a stem line has been derived
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is a relevant policy consideration in any country which has or which seeks
to introduce restrictive legislation. For example, in the USA, all of the
human ES cell lines approved in 2001 for use by federally funded stem
cell researchers, were developed using mouse embryonic ﬁbroblast (mEF)
feeders. Such xenogeneic systems run the risk of cross-transfer of animal
pathogens from the animal feeder cells to the ES cells. Any later clinical
application of the currently approved lines is therefore potentially dangerous, and would be subject to the U.S. Public Health Service Guideline
on Infectious Disease Issues in Xenotransplantation.26 As of 2001, its definition of “xenotransplantation” “include[s] any procedure that involves
the transplantation, implantation, or infusion into a human recipient of
either: (a) live cells, tissues, or organs from a non-human animal source;
or (b) human body ﬂuids, cells, tissues or organs that have had ex vivo
contact with live nonhuman animal cells, tissues, or organs. Furthermore,
xenotransplantation products have been deﬁned to include live cells, tissues or organs used in xenotransplantation.” “It would also be subject to
stringent FDA guidelines”.27 Both sets of guidelines were drafted with the
potential for catastrophic zoonotic pathogens (particularly latent retroviruses) emerging from animal to human organ transplants, in mind. It is
important to note, however, that it is not, in fact, the case that the FDA
would regard ES cell-derived therapeutic products as necessarily unsafe,
nor is the FDA unwilling to consider for approval the use of human ES cellderived products which have been exposed to mEFs. But, in the absence of
any test case, it is unclear what the FDA’s ultimate decision will be on any
ES cell-derived therapy. It can, therefore, be insisted that it is not sensible
to disallow federal funding for research on the non-xenogeneic lines that
were created two years after the so-called Bush lines were approved.28 Yet,
USA policy continues to disallow federally-funded studies involving such
newly created lines. Germany, where researchers can only work on cell lines
created before January 2002, is sailing in much the same kind of boat, and
so is Austria. In the European context, from the perspective of clinically targeted stem cell research (for example, participation in the European Stem
Cell Bank Initiative) Germany and Austria may be left out in the cold. Basic
research, of course, continues, but it appears that scientists have decided
that the climate is so uncertain that few have applied for approval to import
lines.
The USA policy, taken in its entirety, is at best described as morally bipolar, and it is not the only country with legislation so afﬂicted. Although
Austria disallows the creation, by whatever method, of embryos for stem
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cell research,29 the import of pre-existing stem cell lines is not prohibited.30
In Germany, where The Embryo Protection Act 1990 explicitly prohibits
creation and utilization of embryos for any purpose other than reproduction, and where The Stem Cell Act (Stammzellgesetz) prohibits the use of
funds — public or private — to derive new human ES-cell lines, the importation of and work on embryonic stem cells produced from supernumerary
embryos (for which there was no payment) that date before 1 January 2002,
is legal upon approval by a supervisory body.
We can immediately note that if it is wrong to use embryos deliberately
created for research, then it is wrong. The fact that these embryos have been
created in the private sector (USA) or elsewhere (outside of Germany or
Austria) or before a certain date (USA, Germany, Austria), should not make
research involving them any more right. One might argue, as people have
done in relation to the use of data collected by Nazi doctors who performed
gruesome experiments on humans, that since wrong has already been done,
it is desirable that some good come out of it.31 Although I have some sympathy with that line of thinking, surely the time at which we “right a wrong”
in this manner, matters a great deal. It would have been unthinkable (one
hopes) for any scientist residing outside of Nazi Germany during the war
years, to use data that was gathered in violation of every known law of
acceptable treatment of human beings, for their own research whilst the
Nazi experiments were still being carried out. To have done so would have
been tantamount to collusion. Likewise, to pass a law denying that embryos
may be created using SCNT on the grounds that this is immoral, and yet
to allow use of embryos created by SCNT elsewhere, only a short while
ago, is an act of collusion. In sum, the policies of the USA, Austria, and
Germany suffer from, what philosophers call, the “dirty hands” problem.
Even accepting that the policies in these countries are intended to placate
different groups through compromise, and are illustrative of different political systems, and cultural histories, they are still an embarrassment if we
are correct in thinking that consistent and sound reasons should underpin
national legislation. The described curtailments of ES cell research are both
hypocritical and contradictory at the level of moral principle.
The last subset of issues that I wish to consider in this section is the
impact of legislation on the scientist. First, some countries have passed laws
which impose criminal sanctions on scientists who violate laws governing
ES cell research. Everyone has an obligation to obey the law. However, at
the very least the law should be clear on what is and what is not allowed,
and it should be consistent. In Germany this is far from being the case.
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As noted, two laws govern research on embryos: The Embryo Protection
Act 1990, and the Stem Cell Act 2002. After the passage of the latter utter
confusion reigned over the reach of the law. To help clarify current law,
the German Research Foundation (DFG) published an expert opinion in
an extensive report in mid 2003. The ﬁndings of the report are that the
regulations in the Stem Cell Act which cover existing stem cell lines, are only
applicable to research conducted on German soil, and apply to all German
scientists, including public servants. By contrast, the regulations on newly
created lines appear to endorse criminal sanctions on German Professors
(who, unlike their junior colleagues, are classiﬁed as public servants) if:
They move abroad and derive human embryonic stem cells in another
country, collaborate with colleagues abroad whose work involves the generation of human stem cell lines, sit on the advisory board of an international
company, or are on peer review committee of a foreign research council
which advises on funding for projects involving the derivation of new stem
cell lines, and engage in e-mail correspondence about new lines. One effect
of the uneven legal situation has been the departure of ES cell researchers
from Germany.
Brain drain, described in the context of ES cell research by one journalist as an “exodus for embryos”32 is not a new phenomena, and certainly
is not one conﬁned to scientists whose area of research involves the use
of embryos. However, one observes that the adverse impact of restrictive
national science policy on the complexion of the scientiﬁc community, and
the calibre of research, are lessons that have been repeatedly taught in the
past, but apparently have not been learnt.

The Injustice of Anti-ES Cell Research Policies
We have so far been discussing countries where ES cell research is permitted in some form or another. What of the position of those nations where
no research on embryos is allowed at all? Can these nations uphold the
view that it is morally wrong to conduct research on embryos yet avail
themselves at some future date of ES cell-derived therapies? If a country
has not participated in ES cell research when it possessed the ﬁnancial and
scientiﬁc resources to do so, and if a country actively sought to impede
others from conducting such research (for example, by pushing for a ban
on certain forms of it at the UN, or pushing for a pan-national policy in the
European Community prohibiting any research on embryos) why should it
be allowed to beneﬁt from such research? Putting aside the obvious reality
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of how the free market will work in favor of such nations, we pose the
questions: Is the anti-ES cell research position a just one? Can it be feasibly
maintained if and when ES cell-derived therapies are in the clinic? A possible way to secure fairness is to require all anti-ES cell research nations to be
signatories to a charter stipulating that they shall never seek to beneﬁt from
any ES cell-derived technology. Can such a move be defended? Why not?
One difﬁculty here is that the policy could not be extended down through
generations. Think of the legal cases in the USA involving Jehovah’s Witnesses in which the court has thwarted attempts by parents to deny their
children blood transfusions. The judicial decisions rendered all appeal to
the notion of the best interests of the child. This example is not as parochial
as it might appear. It can be reasonably stated that no government currently
opposing ES cell or other research on embryos which results in products
for the cure or treatment of devastating diseases, could deny such products
to their citizens, and yet maintain that the interests of citizens were being
served. It can be reasonably predicted that governments currently holding moral objections to research on embryos, would manage to overcome
them in this scenario. But on what basis? Simply arguing that proven ES-cell
derived treatments would beneﬁt their citizens places them in a rather awkward position. Surely something does not become moral simply because
beneﬁt is to be had. A more cogent defence of the projected policy switch
would be the argument that the instrumentalisation of early life is less bad
than children dying unnecessarily, therefore making ES-cell derived therapies available is morally permissible. Although speculative, the preceding
discussion suggests that the anti-embryo research legislation of today may
be myopic in the extreme.

Clinical Applications of Novel Adult Stem-Cell Derived Therapy
In 2001 a study was published claiming that stem cells derived from bone
marrow could be used to repair damaged heart muscle following a severe
cardiac event.33 This sparked a number of clinical studies involving intracoronary injection of autologous bone-marrow-cells.34 The leap into clinical action has been criticized on several counts. Although, historically, drugs
have been approved for general use without any knowledge of their mechanism of action, nowadays regulators prefer to see some evidence for the
underlying restorative mechanisms, both in vitro and in animal models,
prior to any move to the clinic. Neither was done in the case under consideration. Second, critics charge that the interpretation of the results has
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ignored a number of possible explanations for patient improvement which
either have nothing to do with the injected cells, or which have something
do with the cells injected but not with stem cells per se.35 Third, and relatedly, claims of efﬁcacy are normally based on the results of randomized,
and where possible, double-blinded, controlled trials. Such trials have not
been carried out.
All that being said, analysis of the risk/beneﬁt ratio of the treatment, justiﬁes these studies. Importantly, only minor adverse side-effects have been
reported, and a number of clinical studies have shown patient improvement. If an approach works, and does no harm, then why not champion its
use in the clinic? Here the question arises as to whether the studies should
have been commenced in the ﬁrst place. It could be argued that no clinical
study should precede scientiﬁc insight regarding the underlying mechanisms of the treatment. But, think of aspirin. It took 70 years to understand
the operating mechanisms of aspirin. Should we have waited until we possessed that understanding to administer it? The bottom line is that if the
beneﬁts gained signiﬁcantly outweigh the risks, then the move to the clinic
is defensible.
However, there are a number of identiﬁable problems with the existing studies: They are not blinded or controlled or standardized either in
methodology or interpretation, and they are all small studies.36 This reality
has prompted calls for clariﬁcatory clinical trials. Following a heart attack,
cardiac function tends to improve over time, hence controlled trials, in
which the control reproduces the same conditions of the test but does not
use bone marrow stem cells, are wanted. It goes without saying that the
failure to perform controlled trials can produce misleading outcomes. In
addition, it is the case that patients are treated for cardiac crises in many
different hospitals. An array of different practices will not serve to test efﬁcacy fully. Therefore trials should be designed that use protocols which are
practicable across the spectrum of participating institutions. Moreover the
protocols shall need to be standardized, and training of medics to perform
the techniques in uniform fashion is indicated.
Double-blinded studies which accord with the aforementioned recommendations will be highly costly. Who should pay for them? It has been
suggested that there will be little appetite for this on the part of industry37
mainly because autologous stem cells, in themselves, have no value as intellectual property. Their use in a trial will only attract commercial sponsorship if it is combined with a delivery system, or a cell preparation that is
patentable. It may be that this prognostication is unduly gloomy. However,
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in non-stem cell therapy applications, like the use of fetal neural tissue
for Parkinson’s disease, comprehensive clinical trials were made possible in
part thanks to government support. Thus the assistance of national or pannational governmental institutions may therefore be required to determine
the efﬁcacy of novel treatments using autologous adult stem cells. There is
an especially strong moral argument for insisting that in any country where
ES cell research is banned or restricted, government has a duty to step in.
These countries have very much pinned their hopes (somewhat misguidedly, we pointed out in the ﬁrst section of this chapter) on adult stem cells.
It would therefore be remiss were a novel, apparently promising treatment
involving adult stem cells, not to receive the blessing of government in the
form of generous ﬁnancial support. On the same ground it can be insisted
that any government which has placed its faith in the power of adult stem
research, should boost resources for basic research in the area, particularly
if a double-blinded controlled study involving the use of stem cells present
in bone marrow for heart repair, proves incontrovertibly to be of beneﬁt.
Funding, too, is a moral issue.

Conclusion
Translational medicine involving stem cells promises watershed advances
in the cure and treatment of disease, and in the regeneration of insulted
tissue. The current wisdom is that there may be no one stem cell system that
will take us from bench to bedside for all indications. Efforts are therefore
appropriately concentrated not only on different adult stem cell types, but
also on ES as well as EG cells. Many of the moral objections to the latter
two categories of stem cells lack force. But they have muddied the waters
of debate so thoroughly that clarity shall only be achieved through sound
policy. This reality calls attention to the need for policy-makers to guide
opinion and not simply reinforce bad arguments in the form of legislation.
Many national policies in place have adverse implications for science, and
scientists, and the timely delivery of stem cell-derived therapies. They also
raise questions of justice with respect to the fair distribution of the spoils
of research. It is the duty of all modern governments to resist legislating
in accordance with particular conceptions of the sacred, and to promote
the view that, in the public sphere, citizens cannot reasonably impose their
understanding of what is sacred on others. Additional territory charted
above yielded the conclusions that consent forms, and laws governing the
body as property require further review. Lastly, there is a pressing need
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for careful evaluation of recent reports of plasticity of adult stem cells in
the clinical context. Government, especially those which restrict ES cell
research, should be prepared to fund generously clariﬁcatory randomized
controlled trials of apparently promising ongoing clinical studies involving
adult stem cells.
I wish to acknowledge very helpful comments made by Alan Colman,
Jeremy Buzzard, and Ray Dunn on earlier drafts of this chapter. I wish
also to thank Arif Bongso and Eng Hin Lee for their editorial comments/
suggestions.
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Therapeutic Cloning: Derivation and
Propagation of Human Embryonic Stem
Cells by Somatic Cell Nuclear Transfer
Woo Suk Hwang∗ , Byeong Chun Lee, Sung Keun Kang,
Shin Yong Moon and Jose B. Cibelli

Introduction
Before Dolly the cloned sheep was announced to the world in 1997, mammalian de-differentiation was only reported in certain kinds of malignant
tumors. Although described as de-differentiation, cancer cells proliferate
in an unorganized fashion and rarely produce tissues that are representative of all three different germ layers. We would like to propose
that the only process known to induce physiological de-differentiation is
nuclear transfer-cloning. Here we describe our experiments that led to the
generation of an undifferentiated-pluripotent embryonic stem cell line,
SCNT-hES1, from a somatic adult human cell.
The idea of reactivating embryonic cells in somatic cells by nuclear transplantation was ﬁrst put forward by Spemann, using newt oocytes in 1914.1
This concept was later applied to more terminally differentiated cells in
amphibian by Gurdon et al. and has culminated in the currently accepted
idea that mammalian somatic cells can be turned into a whole new individual when placed in the oocyte of the same species.2 In 1996, we designed an
experiment using bovine oocytes as recipients and human somatic cells as
nuclear donors to try to generate human embryonic stem cells using nuclear
transfer. We observed some cell divisions and one blastocyst was produced
using this cross-species approach; however, no permanent embryonic stem
cell line was ever isolated.3 Cross-species nuclear transfer, a term wined
by the authors, has proven to be rather unpredictable. Bovine-bovine
∗ Correspondence: Department of Theriogenology and Biotechnology, College of Veterinary Medicine,
Seoul National University, Seoul 151-742, Korea. Tel: +82-2-880-1280, Fax: +82-2-884-1902,
e-mail: hwangws@snu.ac.kr
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nuclear transfer, i.e. the use of bovine fetal ﬁbroblasts as nuclear donors and
bovine enucleated oocytes as recipients, however, has been more successful.
We generated 37 blastocysts from 330 reconstructed oocytes (11%) and
isolated 22 embryonic stem (ES)-like cell lines from them (59%). When
we injected these ES-like cells into host non-transgenic bovine embryos,
six out of seven calves were found to have at least one transgenic tissue
in them. We concluded that in the bovine model, somatic cells can be
de-differentiated into embryonic ones when fused with an oocyte. Subsequently in 2000, Munsie et al. showed similar results using mouse cumulus
cells as nuclear donors.4 Furthermore, these mouse nuclear transfer-derived
ES cells were capable of in vitro differentiation. Wakayama et al. in 2001
demonstrated that de-differentiated cumulus cells could not only make
chimeric animals (by coat color), but could also go to the germline and produce offspring. This same group also demonstrated that neurons derived
from somatic-cell-cloned-ES cells can produce dopamine and serotonin.5
In 2002, Rideout et al. showed that somatic cells isolated from a Rag (-)
mouse, i.e. an animal that lacks T and B cells, can be transformed into ES
cells genetically corrected for the Rag mutation and then turned into blood
progenitors that when reintroduced into the mutant animal, will generate
B and T cells.6 This experiment elegantly demonstrated that somatic cell
nuclear transfer (SCNT) for therapeutic purposes can also be used as a reliable tool for ex vivo gene therapy. Having thoroughly proved the concept of
“physiological de-differentiation” of somatic cells — in contrast to “pathological de-differentiation” during cancer development — in animals, we set
out to test whether SCNT, for the purpose of making embryonic stem cells,
was feasible in the human.

Generation of hESC Lines from Human Somatic Cells
In 2001, we published a paper on our ﬁrst attempt to generate cloned
embryos using human eggs and human somatic cells with the purpose of
generating ES cells. Out of 19 reconstructed oocytes (11 with male adult
ﬁbroblasts and 9 with female cumulus cells) one 6-cell human embryo was
produced but no further development was obtained (Fig. 1). Later on in
2002, we began a series of experiments with a signiﬁcantly larger pool of
human oocytes. These experiments were systematically designed to determine: 1) the appropriate reprogramming time; 2) best oocyte activation
method; and 3) appropriate in vitro embryo culture conditions. We deﬁne
reprogramming time, as the necessary period of time between cell fusion
and oocyte activation that would allow proper embryonic development.

214
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Figure 1. Nuclear-transfer derived human embryos reconstructed with cumulus cells. (A) Pronuclear stage embryos 12 h; (B) 36 h; (C) a four-cell
embryo at 72 h; and (D) a six-cell embryo at 72 h. Scale bars = 100 µm.
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Our experience with domestic animals indicates that such a period plays
a critical role in chromatin remodeling and it is known to determine the
developmental competence in vivo and in vitro of SCNT embryos. The
underlying hypothesis is that time is needed to return the gene expression
pattern of the somatic cell to one that is appropriate and necessary for
the development of the embryo. Our studies indicated that two hours of
reprogramming time is the ideal period for development and we managed
to obtain development to blastocyst amounting to 25%.
Egg activation
Egg activation is the natural role of the sperm. During fertilization, the
spermatozoa will trigger calcium release inside the egg of a particular magnitude and frequency that will lead to a cascade of events culminating in the
ﬁrst embryonic cell division. SCNT does not require any sperms. We must
then mimic its actions using artiﬁcial mechanisms. We know from studies in
mice, rabbit and pig that the closer we can resemble these events, the higher
the rate of successful embryonic development will be. Different chemical, physical, and mechanical agents can induce development in oocytes of
several different mammalian species6 ; however, data on human parthenogenesis is limited. Oocyte activation using calcium ionophore, ionomycin
and puromycin has been shown to induce parthenogenetic development of
human oocytes at different efﬁciencies.7 We found that, 10 µM ionophore
for 5 min followed by incubation with 2.0 mM 6-dimethyl amino purine
(DMAP), has proven to be the most efﬁcient chemical activation protocol
for human SCNT embryos.
Culture medium
Culture medium is another important factor for the development of a successful nuclear transfer protocol. It has been shown in mice that embryo
culture systems that work for in vitro fertilized embryos not necessarily
will work on SCNT embryos. We implemented a sequential culture system
tailored to the different stages of embryo development. The recent development of serum-free sequential media, formulated according to the carbohydrate composition of the oviduct and adjusted for the changing physiology
and metabolic requirements of the human embryo, has led to considerable
improvements in the rate of pregnancies generated using assisted reproductive technologies. In this study, the human modiﬁed synthetic oviductal ﬂuid with amino acids (hmSOFaa) was prepared by supplementing
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mSOFaa8 with human serum albumin and fructose instead of bovine serum
albumin and glucose, respectively. The replacement of glucose with fructose has shown to improve the developmental competence of bovine SCNT
embryos.8,9 It was apparent that culture of human SCNT-derived embryos
in G1.2 for the ﬁrst 48 hours, followed by hmSOFaa media, produced
more blastocysts when compared with other culture regimes. The protocol
described here produced cloned blastocysts at a rate of 19 to 29% (as a
percentage of reconstructed oocytes) and was comparable to those from
our established SCNT system in cattle (∼25%)8 and pigs (∼25%).10,11 A
total of 30 SCNT-derived blastocysts were cultured, 20 inner cell masses
(ICMs) were isolated by immunosurgical removal of the trophoblast, and
one human ES cell line was derived (SCNT-hES1).12 The SCNT-hES-1 cells
had a high nucleus to cytoplasm ratio and prominent nucleoli (Fig. 4C). The
cells express pluripotency markers such as alkaline phosphatase, SSEA-3,
SSEA-4, TRA-1-60, TRA-1-81, and Oct-4, but not SSEA-1.12 When induced
to differentiate into embryoid bodies, SCNT-hES-1 can turn into derivatives of endoderm, mesoderm, and ectoderm.12 Teratomas generated in
immunodeﬁcient mice contained tissue representative of all three germ layers. In particular we observed neuroepithelial rosettes, pigmented retinal
epithelium, smooth muscle, bone, cartilage, connective tissues and glandular epithelium.12 The identical location of polymorphisms for each STR
conﬁrms that the SCNT-hES-1 cells were originated from the cloned blastocysts reconstructed from the donor cells and not from parthenogenetic
activation.12 The biparental expression of imprinted genes in SCNT-hES-1
cells further conﬁrmed that the cell line originated from the donor cells.12

Detailed Protocol
1. Oocyte collection and transportation
1.1. Informed consent. Our donors were asked to sign a consent form the
most important aspects of which are described below.
1.1.1. Oocytes and cumulus cells (including DNA) are voluntarily
donated for therapeutic cloning research (SCNT, ICM excision,
or ES cell growth and differentiation) and its applications (cell
therapy or transplantation medicine). Egg donors would receive
no beneﬁts of any kind (ﬁnancial or otherwise) for their contributions to this project.
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1.1.2. Donors are aware that oocytes and cumulus cells (including
DNA) would be used only for therapeutic cloning research and
its applications, and that reproductive cloning would not be
performed with their donated materials.
1.1.3. SCNT embryos with arrested growth during culture would
be destroyed according to the “Guidelines of the American
Fertility Society and Korean Society for Obstetrics and
Gynecology.”
1.1.4. Donors’ identity would be conﬁdential and anonymous.
1.1.5. Neither donors nor their family, relatives or associates may beneﬁt from this research.
1.1.6. Donors could cancel their donation at any time for any reason.
1.1.7. The cell line/s will be deposited in the National Research Institute on Stem Cells and can be used to treat other patients with
no ﬁnancial payments to donors.
1.2. Medical examination of oocyte donors
Before ovarian stimulation, oocyte donors underwent medical examinations for suitability, according to the “Guidelines for Oocyte
Donation” by the American Fertility Society and Korean Society
for Obstetrics and Gynecology. These include chest X-ray, complete
blood count, urine analysis and liver function tests. Donors were
also screened for human immunodefﬁciency virus, hepatitis B virus,
hepatitis C virus, and syphilis.
1.3. Oocyte collection and transportation
Human oocytes are extremely sensitive to temperature change and
exposure to light9 ; special care must be taken during transportation.
1.3.1 Transport media G1.2-HSA was prepared using G1.2 version 3
(Vitrolife; cat. no. 10091) with addition of 5% human serum
albumin (HSA; Vitrolife, Goteberg, Sweden; cat. no. REF 10064)
equilibrated at 37◦ C in a humidiﬁed atmosphere of 5% CO2 and
95% air under mineral oil (Sigma, St. Louis, MO; cat. M3536)
1 day before oocyte pick-up.
1.3.2 Cumulus-oocyte complexes (COCs) were placed in a 5-ml
round tube and incubated with 5 ml G1.2-HSA for 40 min at
37◦ C in a humidiﬁed atmosphere of 5% CO2 and 95% air.
1.3.3 Tubes with COCs were placed in a portable CO2 incubator
(MTG, Altdorf, Germany; model no. D-84032) and transferred
to the SCNT laboratory within 1 hour of retrieval.
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2. SCNT and embryo culture
During these experiments, autologous SCNT was performed, i.e. the
donor’s own cumulus cell was isolated from the COC and transferred back
into the donor’s own enucleated oocyte. The whole SCNT procedure, from
oocyte pickup to injection of donor cells, was accomplished within 4 to
6 hours. Unless speciﬁed otherwise, all drops were prepared in 35-mm
Petri dishes and overlaid with mineral oil (Beckton Dickinson, Heidelberg,
Germany; cat. no. 1008). Manipulations were performed in warming plates
at 37◦ C.
2.1. Oocyte preparation and denuding
2.1.1. Micromanipulation drops of 25-µl of G1.2-HSA were equilibrated at 37◦ C in 5% CO2 in a humidiﬁed incubator (Heraeus,
Hanau, Germany; model no. BBD6620) for 1 to 2 hours prior
to the procedure.
2.1.2. Collected COCs were placed in the equilibrated drops using a
capillary pipette (inner diameter 250- to 300-µm) and incubated at 37◦ C in 5% CO2 for 30 min.
2.1.3. After incubation, COCs were washed in 25-µl drops of
G1.2-HSA, followed by incubation in 25-µl drops of
G1.2-HSA containing 0.1% (v/v) hyaluronidase (diluted from
0.5% hyaluronidase stock solution in G1.2-HSA; Sigma;
cat. no. H3506) at 37◦ C in 5% CO2 for 1 min.
2.1.4. Cumulus cells were removed from the oocyte by pipeting in and out of a denuding pipette (inner diameter
120- to 150-µm) under a stereo dissecting microscope (Leica,
Bensheim, Germany; model no. MZ8). Denuded oocytes were
placed in a 25-µl drop of G1.2-HSA at 37◦ C in 5% CO2 for 5 min
(Fig. 2A).
2.1.5. After incubation, oocytes were moved into 25-µl drops of
G1.2-HSA containing 5 µg/ml bisbenzimide (prepared in
dH2 O) for 10 min at 26◦ C. DNA localization was examined
using an epiﬂuorescent microscope (Fig. 2B, before enucleation). In cases where cumulus cells were not completely
detached, step 2.1.4 was repeated. At times, severe mechanical denudation could cause dislocation of the oocyte chromosomes (metaphase plate) from the polar body. In such instances,
the localization of the DNA was based solely on bisbenzimide
staining.
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Figure 2. Morphology of human oocytes at metaphase II (A, ×200) and images (×200) of extruded
DNA-MII spindle complexes (arrows) from oocyte before (B) and after enucleation (C). Scale
bar = 100 µm.
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2.2. Donor cell preparation
2.2.1. Cumulus cells were isolated as described in step 2.1.4., placed in
a 1.5 ml tube (Beckton Dickinson; cat. no. 2003) containing 1 ml
of 0.25% Trypsin [1 mM EDTA (Life Technologies, Karlsruhe,
Germany; cat. no. 25200-056)].
2.2.2. Cells were incubated for 1 min at 26◦ C, centrifuged (Hanil Science, Inchon, Korea; model Micro-12) at 350 g for 3 min and
washed once with 1 ml 1X Dulbecco’s phosphate buffered saline
(DPBS; Life Technologies; cat. no. 14190-144).
2.2.3. Cumulus cells were resuspended with 400 µl 1X Dulbecco’s
modiﬁed Eagle’s medium (DMEM; Life Technologies; cat. no.
12800-058) containing 1% NEAA (100X; Life Technologies;
cat. no. 11140-050) and P/S (100X; Life Technologies; cat. no.
15140-122). Only those cells with a modal diameter of 10- to
12 µm were used for SCNT.
2.3. Enucleation and injection of donor cells
2.3.1. Five denuded oocytes at a time were placed into 4 µl drops
of G1.2-HSA containing 7.5-µl/ml cytochalasin B [Stock
solution = 8.1 mM (Sigma; cat. no. C-6762) in demethyl sulfoxide (DMSO; Sigma; cat. no. D2650)].
2.3.2. Under the Differential Interference Contrast (DIC) microscope (Nikon, Tokyo, Japan; model no. ECLIPSE TE300)
equipped with a micromanipulation system (Narishige; model
no. IM-88), oocytes were secured in place using a holding
pipette of 100 microns in diameter. A slit was cut in the zona
pellucida (ZP) adjacent to the polar body using a ﬁne glass
needle by rubbing the perforated ZP against the holding tip.
2.3.3. The oocyte was released from the holding pipette and squeezed
between the cutting pipette and the holding pipette. A fraction
of the egg’s cytosol, presumably containing the metaphase II
chromosomes (about 10% of total cytoplasm) along with the
polar body was expelled through the slit made in the ZP. All the
remaining oocytes underwent the same procedure.
2.3.4. Oocytes and extruded cytoplasm were stained with bisbenzimide (see subheading 2.1.5.) and observed under an inverted
microscope equipped with epiﬂuorescence to conﬁrm complete
removal of nuclear materials from the oocytes (Fig. 2C).
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2.3.5. Once successful enucleation was conﬁrmed, eggs were washed 3
times in 25 µl drops of G1.2-HSA and placed into a new dish containing a 4 µl drop of G1.2-HSA with 100 µg/ml phythemaglutinin (PHA; Sigma; cat. no. M2643). Donor cells (concentration
1 × 106 cell/ml) were placed in a different 4 µl drop of 1% FBS
(Life Technologies; cat. no. 16000-044)-PBS (v/v).
2.3.6. Using an injection needle with an inner diameter of 20 µm,
cumulus cells were aspirated and deposited into the perivitelline
space using the same opening in the ZP made during enucleation. One cell per egg was delivered.
2.4. Fusion of donor cells and oocytes
2.4.1. After transferring donor cells, reconstructed oocytes were
washed three times in 25 µl drops of G1.2-HSA on the warming
plate.
2.4.2. Three serial 60 µl drops (33%, 66% and 100%) of fusion buffer
were prepared using G1.2-HSA.
2.4.3. Oocytes were washed in 33% and 66% G1.2-HSA/fusion buffer
sequentially, and kept in 100% fusion buffer for 1 min.
2.4.4. Fusion of cumulus cell with oocyte (NT-couplet) was performed in a fusion chamber containing 2 stainless steel electrodes 3.4-mm apart containing 100% fusion buffer at room
temperature.
2.4.5. Alignment of the NT-couplet was performed with a ﬁne,
mouth-controlled pipette. Egg and donor cell membranes were
in parallel to the electrodes.
2.4.6. Two DC pulses of 1.75 kV/cm for 15 µsec/each using a
BTX Electro-cell Manipulator 2001 were delivered to the
NT-couplets. Minutes later, if fusion was not observed, another
set of identical pulses were delivered.
2.5. Activation of reconstructed oocytes
2.5.1. Immediately after electrical fusion, oocytes were rinsed with
serial dilutions of fusion buffer (100%, 66% and 33%), followed
by a 3 rinses with G1.2-HSA.
2.5.2. To determine an optimal reprogramming time (the lapse of time
between cell fusion and egg activation), four different treatments were tested: 2, 4, 6 or 20 hours of incubation in 25 µl
drops of G1.2 media at 37◦ C in a humidiﬁed incubator before
chemical activation.
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2.5.3. Two different concentrations of ionomycin A23187 or two concentrations of calcium ionophore were evaluated. To prepare
10 mM ionophore (Sigma; cat. no. C7522) 1 ml of DMSO was
added into a 1 mg bottle of ionophore. To prepare 10 mM ionomycin A23187 (Sigma; cat. no. I0634) 1.34 ml DMSO was
added into a 1 mg bottle of ionomycin. Both stock solutions
were aliquoted and stored at −20◦ C until use (for up to one
year). Working solutions of A23187 (5 or 10 µM) or ionomycin
(5 or 10 µM) were made by adding 995 or 990 µl G1.2 medium
to 5 or 10 µl of 10 mM stock solution, respectively, in a 1.5 ml
tube (activation media).
2.5.4. Reconstructed eggs were placed into 1 ml of activation media
[A23187 (5 or 10 µM) or ionomycin (5 or 10 µM)] for 5 min
at 26◦ C in a dark room.
2.5.5. Eggs were subsequently rinsed at least 3 times in 25 µl drops of
G1.2-HSA. During the washing step, fusion rates were recorded
under a stereomicroscope at 40 X magniﬁcation.
2.5.6. After washing with G1.2-HSA, oocytes were placed into 25 µl
drops of mSOFaa containing 2 mM 6-DMAP and incubated at
37◦ C in 6% CO2 , 5% O2 , 89% N2 for 4 hour.
2.6. Culture of reconstructed embryos
2.6.1. In order to develop an optimal culture medium for the
reconstructed human oocytes, hmSOFaa culture medium was
prepared by supplementing mSOFaa with human serum albumin (10 mg/ml) and fructose (1.5 mM; Sigma; cat. no. F0127)
instead of bovine serum albumin (8 mg/ml) and glucose
(1.5 mM), respectively.
2.6.2. After the 6-DMAP treatment, the reconstructed oocytes were
rinsed in 25 µl drops of G1.2-HSA on the warming plate and
were cultured in 25 µl drops of G1.2-HSA at 37◦ C in 6% CO2 ,
5% O2 , 89% N2 for 48 hour. On the third day of culture, cleaved
embryos were transferred to the second medium (hmSOFaa or
G2.2) in 25 µl drops (5 to 6 embryos per drop) and cultured at
37◦ C in 6% CO2 , 5% O2 , 89% N2 for another 6 days (Table 1).
One group of activated oocytes was cultured throughout in
hmSOFaa (Table 1).
2.6.3. Embryo development was monitored under an inverted microscope (Fig. 3).
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Experiment

1st set

2nd set

Activation
Condition

Reprogramming
Time (hrs)

1st Step
Medium

2nd Step
Medium

No. of
Oocytes

No. (%) of Cloned Embryos
Developed to
2-Cell

Compacted
Morula

Blastocyst

10 µM
Ionophore

6-DMAP

2

G 1.2

hmSOFaa

16

16 (100)

4 (25)

4 (25)

10 µM
Ionophore

6-DMAP

4

G 1.2

hmSOFaa

16

15 (94)

1 (6)

0

10 µM
Ionophore

6-DMAP

6

G 1.2

hmSOFaa

16

15 (94)

1 (6)

1 (6)

10 µM
Ionophore

6-DMAP

20

G 1.2

hmSOFaa

16

9 (56)

1 (6)

0

10 µM
Ionophore

6-DMAP

2

G 1.2

hmSOFaa

16

16 (100)

5 (31)

3 (19)

5 µM
Ionophore

6-DMAP

2

G 1.2

hmSOFaa

16

11 (69)

0

0

10 µM
Ionomycin

6-DMAP

2

G 1.2

hmSOFaa

16

12 (75)

0

0

5 µM
Ionomycin

6-DMAP

2

G 1.2

hmSOFaa

16

9 (56)

0

0
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Table 1. Conditions for Human Somatic Cell Nuclear Transfer
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Table 1. (Continued)

Experiment

3rd set

4th set

Activation
Condition

Reprogramming
Time (hrs)

1st Step
Medium

2nd Step
Medium

No. of
Oocytes

No. (%) of Cloned Embryos
Developed to
2-Cell

Compacted
Morula

Blastocyst

10 µM
Ionophore

6-DMAP

2

G 1.2

hmSOFaa

16

16 (100)

4 (25)

3 (19)

10 µM
Ionophore

6-DMAP

2

G 1.2

G 2.2

16

16 (100)

0

0

10 µM
Ionophore

6-DMAP

2

16

16 (100)

0

0

10 µM
Ionophore

6-DMAP

2

66

62 (93)

Continuous hmSOFaa

G 1.2

hmSOFaa

24 (36)

19 (29)
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3. Isolation of inner cell masses (ICM) and maintenance
of a cloned ES cell line
3.1. ICM isolation by immunosurgery
3.1.1. Blastocysts were processed (Fig. 3F) on day 6 or 7 and incubated
with 25 µl of human cloned ES cell culture medium containing
0.1% pronase (Sigma; cat. no. P5147) for 1 to 2 min at 26◦ C to
remove the ZP.
3.1.2. ZP-free blastocysts were washed 2 times for 3 min in 500 µl of
DMEM/F12 culture medium.
3.1.3. ZP-free blastocysts were subsequently incubated in 25 µl 100%
anti-human serum antibody (Sigma; cat. no. H8765) for 20 min
at 37◦ C in 5% CO2 .
3.1.4. Blastocysts were washed 2 times for 3 min in 500 µl DMEM/F12
culture medium and incubated with 100% guinea pig complement (Sigma; cat. no. S1639) in 50-µl drops for an additional
30 min at 37◦ C in 5% CO2 in order to lyze the trophoblast cells.
3.1.5. The remains of the blastocysts were washed 2 times for 3 min in
500 µl DMEM/F12 culture medium. Inner cell masses (ICMs)
were placed on a feeder layer in a 4-well culture dish (Fig. 4A).
3.2. Establishment of a human cloned ES cell line (SCNT-hES-1)
3.2.1. Feeder layers were prepared 6 to 48 hours before ICM seeding as
previously described by others.13 When possible, we have used
fresh feeder cells at low passage number.
3.2.2. Isolated ICMs were cultured on feeder layers in ES cell culture medium at 37◦ C and 5% CO2 . After 6 days in culture, we
observed the formation of a colony under the microscope.
3.2.3. Subculture was performed mechanically every 5 to 7 days by dissecting undifferentiated cell colonies into 200–300 cell clumps
using a hooked Pasteur pipette under an inverted microscope.
Dissected cell clumps were passaged to newly prepared feeder
layers.
3.2.4. After continuous proliferation in vitro, one ES cell line (SCNThES-1) was derived (Fig. 4B).
3.2.5. During the early stage of SCNT-hES-1 cell culture, human
cloned ES cell culture medium was supplemented with
2000 units/ml human leukemia inhibitory factor (hLIF; Chemicon, Temecula, CA).
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Figure 3. Preimplantation development of embryos after somatic cell nuclear transfer (SCNT). The fused SCNT embryo (A) was developed into 2-cell
(B), 4-cell (C), 8-cell (D), morula (E) and blastocyst (F). Magniﬁcation = 200× (A to E) and 100× (F). Scale bar = 100 µm (A to E) and 50 µm (F).
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A

B

C

Figure 4. The morphology of inner cell masses (ICMs) isolated from cloned blastocysts (A, ×100) by immunosurgery and the phase contrast (B, ×100)
micrographs of a colony of SCNT-hES-1 cells, and higher magniﬁcation (C, ×200). Scale bar = 50 µm (A) and 100 µm (B and C).
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4. SCNT-hES-1 freezing and thawing
4.1. Vitriﬁcation
4.1.1. SCNT-hES-1 cells were mechanically dissociated into
200–300 cells/clump.
4.1.2. Five clumps at a time were moved into 25 µl VS1 solution and
incubated at 37◦ C in 5% CO2 for 1 min.
4.1.3. Cell clumps were moved into 25 µl VS2 solution and incubated
at 37◦ C in 5% CO2 for 30 sec.
4.1.4. Using a capillary pipette, clumps (5 clumps/grid) were carefully
mounted on an EM-grid (Pelco, Redding, CA; cat. no. 3 HGC
#400) under an inverted microscope and immediately submerged in liquid nitrogen. The EM-grid was placed inside the
cap of a cryovial (Nunc; cat. no. 368632) and stored at −196◦ C.
4.2. Thawing
4.2.1. The EM-grid was submerged in 25 µl TS1 solution and incubated at 37◦ C in 5% CO2 for 1 min.
4.2.2. Cell clumps were moved to 25 µl TS2 solution and incubated
at 37◦ C in 5% CO2 for 5 min.
4.2.3. Cell clumps were rinsed in 25 µl ES cell culture medium and
incubated at 37◦ C in 5% CO2 for 10 min.
4.2.4. Cells were seeded on a newly prepared feeder layer. Up to
10 clumps were seeded onto a new feeder layer and cultured
at the same time. Dishes were placed at 37◦ C in 5% CO2 and
left undisturbed for 48 hours.
5. Expression of cell surface markers
5.1. SCNT-hES-1 cell colonies (8 to 10 colonies) were grown in a 4-well dish
with 500 µl. At the time of analysis, ES culture medium was removed
and the cells rinsed with 1X DPBS containing 0.9 mM Ca2+ (CaCl2 )
and 0.5 mM Mg2+ (MgCl2 ) (Life Technologies; cat. no. 14080055).
5.2. Colonies were ﬁxed with 500 µl of 4% paraformaldehyde (Sigma;
cat. no. P-6148) at 4◦ C for 30 min and subsequently rinsed 3 times
for 3 min in 500 µl of 1X DPBS with Ca2+ and Mg2+ .
5.3. Endogenous peroxidase activity was quenched by incubating ﬁxed
colonies with 500 µl of 0.3% H2 O2 (Sigma; cat. no. H3410) for 30 min
at 26◦ C.
5.4. Colonies were rinsed 3 times with 500 µl of 1X PBS for 5 min at 26◦ C.
5.5. Vectastain ABC kit (Vector, Burlingame, CA; cat. no. PK-6103) was
used to stain for cell surface markers according to the manufacture’s
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suggested protocol. The kit contains the Blocking serum (normal
serum), Biotinylated antibody and VECTASTAIN ABC regent.
5.6. Primary monoclonal antibodies were diluted using blocking
solution as follows: SSEA-1 (1:1000 dilution; Developmental
Studies Hybridoma Bank, Iowa, IL; cat. no. MC-480); SSEA-3
(1:1000 dilution; Developmental Studies Hybridoma Bank); SSEA-4
(1:1000 dilution; Developmental Studies Hybridoma Bank; cat.
no. MC-813-70); TRA-1-60 (1:1000 Dilution; Chemicon; cat.
no. MAB4360); TRA-1-80 (1:1000 dilution; Chemicon; cat. no.
MAB4381); and Oct-4 (1:1000 dilution; Santa Cruz Biotechnology,
Sata Cruz, CA; cat. no. SC-5279).

6. Formation of embryoid bodies (EBs) and
immunohistochemical staining
6.1. SCNT-hES-1 were dissociated using enzymatic (0.1% trypsin/1 mM
EDTA) or mechanical disaggregation.
6.2. EBs were cultured for 14 days in DMEM/F12 culture medium without
hLIF and bFGF.
6.3. EBs were placed in a small drop of 1% molten low melting point
agarose prepared in 1X PBS and cooled to 42◦ C.
6.4. Agarose containing EBs was ﬁxed in 4% paraformaldehyde in 1X PBS
and embedded in parafﬁn.
6.5. Individual (2-µm) sections were made and placed on glass slides.
6.6. Sections were deparafﬁnized and hydrated through the following solutions: Xylene 2 times, 5 min; 100% EtOH 2 times, 3 min; 95% EtOH
2 times, 3 min; 85% EtOH 2 times, 3 min; 75% EtOH 2 times, 3 min;
55% EtOH 2 times, 3 min and ﬁnally 1X PBS 2 times, 3 min.
6.7. Antibodies used were as follows: alpha-1-fetoprotein (18-0003;
1:500 dilution); Cytokeratin (18-0234; 1:500 dilution); Desmin
(18-0016; 1:500 dilution); Neuroﬁlament (18-0171; 1:500 dilution);
and S-100 (18-0046; 1:500 dilution) supplied by Zymed (South
San Francisco, CA). HNF-2-alpha (SC-6556; 1:500 dilution); BMP-4
(SC-6896; 1:500 dilution); Myo D (SC-760; 1:500 dilution); and
NCAM (SC-7326; 1:500 dilution) were purchased from Santa Cruz
Biotechnology. Primary antibodies were localized with biotinylated
secondary anti-rabbit, anti-mouse, or anti-goat and ﬁnally with
avidin-conjugated horseradish peroxidase or alkaline phosphatase
complex (see step 5.8).
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6.8. 300 µl of freshly prepared NBT-BCIP working solution (Roche,
Mannheim, Germany; cat. no. 1681451) was applied onto the slide
and incubated for 30 min (or until desired intensity developed) at
26◦ C. Reaction was stopped by adding tap water.
6.9. Sections were dehydrated through the following solutions: 95% EtOH
3 min; 100% EtOH 3 times, 3 min; and Xylene 2 times, 5 min. Slides
were mounted using VectorMount (Vector; cat. no. H5000) and examined under the microscope.
7. Formation of teratomas and H & E staining
7.1. SCID mice (CB17 strain at 6 to 8 weeks; Jackson Laboratory,
Bar Harbor, ME) were anesthesized by injecting intraperitoneally
0.2 ml 2.5% Avertin (Sigma; T4 840-2) using a 1-ml syringe (Beckton
Dickenson; cat. no. REF 302100).
7.2. Testes were sprayed with 70% ethanol.
7.3. Using forceps and scissors, the skin was cut and left testis exposed.
7.4. Mechanically harvested SCNT-hES-1 cell clumps (∼100 of them
of about ∼100 cells each) with undifferentiated morphology were
injected using 1-ml disposable syringe in a minimal volume of
G1.2-HSA.
7.5. Mice were euthanized by cervical dislocation 10 to 12 weeks after
injection and testis collected.
7.6 Testes were ﬁxed in 10% neutral buffered formalin, embedded in parafﬁn, and examined histologically after hematoxylin and eosin (H & E)
staining.
8. DNA ﬁngerprinting assay
8.1. Genomic DNA from the donor cells, SCNT-hES-1 cells, teratomas,
and lymphocytes from unrelated donors was isolated using a QIAamp
DNA Mini kit (Qiagen, Chatsworth, CA; cat. no. 51304) according to
manufacturer recommendations.
8.2. Genomic DNA (5 µl) was ampliﬁed with human STR markers using
an STR Amp FLSTR PROFILER Kit (Perkin Elmer Corp., Wellesley,
MA; cat. no. 4303326) on an automated ABI 310 Genetic Analyzer
(Applied Biosystems, Foster City, CA; cat. no. 106PB07-01).
9. Analysis of imprinted genes
9.1. Ten to 20 SCNT-hES-1 colonies were collected in 200 µl of TRIzol (Life
Technologies; cat. no. 15596-026) and total RNA isolated according to
the manufacturer’s suggested protocol.
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9.2. RNA was resuspended in 10 µl RNase free water (diethylpolycarbonate-treated water, Life Technologies; cat. no. 750024) in a
0.5-ml tube.
9.3. RNA solution was heated to 65◦ C for 10 min, and then chilled in ice
for 2 min.
9.4. mRNA was converted into ﬁrst-strand cDNA using a First-Strand
cDNA synthesis kit (Amersham-Pharmacia Biotech. Piscataway, NJ,
cat. no. 27-9261-01) in a total volume of 15 µl (use 10 µl of total
RNA solution for template) according to the manufacturer’s suggested
protocol.
9.5. Speciﬁc primers were designed for paternally-expressed [hSNRPN
(accession number: AF400432) and ARH1 (accession number:
NM_004675)] and maternally-expressed [UBE3A (accession number:
U84404) and H19 (accession number: M32053)] genes, and the housekeeping gene GAPDH (accession number: NM_002046).
9.6. Polymerase chain reaction was done in a total volume of 50 µl for 30
cycles using a Thermocycler (Perkin Elmer; cat. no. 9700) with the
following program: denaturation at 94◦ C for 30 sec; annealing at 55◦ C
for 30 sec; extension at 72◦ C for 30 sec.
9.7. PCR products were fractionated in 1.2% agarose gel by electrophoresis.

Stock Solutions and Culture Medium
Fusion buffer
4.76 g mannitol (0.28 M; Sigma; cat. no. M1902), 0.0119 g Hepes (0.5 mM
pH 7.2; Sigma; cat. no. H6147), and 0.05 g fatty acid-free BSA (0.05%
wt/vol; Sigma; cat. no. A6003) where dissolved to 99.9 ml dH2 O. Subsequently, 100 µl of a solution of 100 mM of 0.12 g MgSO4 (100 mM; Sigma;
cat. no. M2643) was added to the 99.9 ml fusion solution. We stored this
working solution at 4◦ C for up to 7 days.
Modiﬁed synthetic oviductal ﬂuid with amino acids (mSOFaa)
Stock Solutions:
Stock T (for 50 mL): 3 g NaCl (Sigma; cat. no. S5886), 0.2669 g KCl
(Sigma; cat. no. P5405), 0.081 g NaH2 PO4 (Sigma; cat. no. S5011),
0.28 mL sodium lactate (Sigma; cat. no. L-1375), 0.0375 g kanamycin
monosulfate (Sigma; cat. no. K1377).
Stock B (for 20 mL): 0.42124 g NaHCO3 (Sigma; cat. no. S5761).

干细胞之家www.stemcell8.cn ←点击进入
232

W.S. Hwang et al.

Stock C (for 5 mL): 0.0182 g sodium pyruvate (Sigma; cat. no. P4562).
Stock D (for 10 mL): 0.2514 g CaCl2 . 2H2 O (Sigma; cat. no. C7902).
Stock M (for 10 mL): 0.0996 g MgCl2 . 6H2 O (Sigma; cat. no. M2393).
Glucose stock (for 10 mL): 0.27024 g glucose (Sigma; cat. no. G7021).
Glutamine stock (for 10 mL): 0.14618 g L-glutamine (Sigma; cat. no.
G1517).
mSOFaa culture medium
100 mM NaCl, 7.2 mM KCl, 1.2 mM NaH2 PO4 , 3.3 mM sodium lactate,
2 mM CaCl2 . 2H2 O, 0.5 mM MgCl2 . 6H2 O, 2% (v/v) EAA (Life technology; cat. no. 11130-051), 1% (v/v) NEAA, 0.3 mM sodium pyruvate,
1.5 mM glucose, 8 mg/mL BSA (Sigma; cat. no. A6003), 1 mM, L-glutamine,
0.5% (v/v) insulin-transferrin-selenium (ITS) (Sigma; cat. no. I-3146),
0.128 mM kanamycin monosulfate. pH/Osmolarity = 7.2/275 ∼285. Culture medium was stored at 4◦ C for up to 7 days.
2 mM 6-DMAP
(Sigma; cat. no. D2629) solution was prepared by dissolving 0.0031 g of
6-DMAP in 10 ml mSOFaa. 500 µl aliquots were made and stored at −20◦ C
for up to 7 days until use.
ES cell culture medium
DMEM/F12 (1:1, Life Technologies; cat. no. 11320-033) supplemented
with 20% Knockout SR (Life Technologies; cat. no. 10828-028), 0.1 mM
NEAA, 0.1 mM β-mercaptoethanol (Sigma; cat. no. M-7522), 0.5% P/S
and 4 ng/ml recombinant human basic ﬁbroblast growth factor (bFGF;
Invitrogen, Carlsbad, CA; cat. no. 13256-029).
Vitriﬁcation solutions
VS1 10% DMSO (v/v) and 10% ethylene glycol (v/v; Sigma; cat. no.
E9129) in human cloned ES cell culture medium.
VS2 20% DMSO (v/v), 20% ethylene glycol (v/v) and 0.5 M sucrose
(Invitrogen; cat. no. 15503-022).
Thawing solutions
TS1: 0.2 M sucrose in human cloned ES cell culture medium.
TS2: 0.1 M sucrose in human cloned ES cell culture medium.
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Discussion
We have obtained the ﬁrst human embryonic stem cell line from a living
person. This discovery can potentially impact the lives of millions of people.
SCNT-derived ES cells are:
1)
2)
3)
4)

immunocompatible with the patient;
immortal;
pluripotent; and
rejuvenated.

The issue of immunocompatibility is one of considerable signiﬁcance. It
has been proposed that human in vitro fertilized-ES cells could be transplanted back to the patients to cure numerous diseases; however, it is not
clear to the medical community what strategy will be used to avoid the
surveillance of the patient’s own immune system. During the early stages of
ES cell research, it was thought that these cells, due to their embryonic phenotype, will not express MHC proteins. This hypothesis was rejected when
MHC class I was observed in the cells after differentiation and exposure to
interferon gamma.7 One possibility being currently tested is the use of bone
marrow chimerism. This procedure entails the infusion of ES cell-derived
bone marrow cells (hematopoietic stem cells) into the patient prior to transplantation in an attempt to obtain a state of blood chimerism. It is thought
that a permanent source of donor antigen will purge all the alloreactive
lymphocytes, building tolerance for future cell/organ transplants. Although
possible in mice, studies in human have not yet been completed and there
is the concern that depletion of T cells will lead to long term immunodeﬁciency. Another possibility being proposed is the creation of a cell
bank of human ES cells that will accommodate all different tissue types for
all potential patients. This proposal is ﬂawed. Using the current American
bone marrow bank as an example, there are approximately 3 million donors
registered. Considering the major histocompatibility complex these bone marrow donors are potentially useful for 80% of the Caucasian population: If
minor hitocompatibility complexes are included, the tissue match possibilities are dramatically reduced. Will SCNT-hES cells be compatible with the
donor from where the somatic cell came? The answer can be found in a
recent study performed in cloned pigs. Martin et al. recently showed that
skin grafts transplanted among cloned animals of the same genotype were
not rejected, whereas grafts from unrelated donors were acutely rejected.8
It is important to point out that in this study, mitochondrial DNA among
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clones was different since they were originated from separate enucleated
eggs. Nevertheless, this seems to be of no relevance from the tissue compatibility standpoint.
When cultured under proper conditions, primate ES cells are immortal and genetically stable. There have been a few recent reports describing chromosomal translocations or aneuploidy in human ES cells. This
phenomenon is apparently related to the way cells are cultured in different laboratories. In our hands, primate ES cells are genetically stable and
express the enzyme telomerase, conferring on them the capacity to replicate
indeﬁnitely. When these ES cells are induced to differentiate, telomerase is
downregulated and the cells then behave as a primary cell line, eventually reaching their limit in their replicative capacity. This observation gives
credence to the notion that telomerase expression is tightly regulated in
ES cells. It is safe to assume that cells and tissue-derivatives from ES cells
will not generate malignant tumors.
One characteristic that makes SCNT-hES even more desirable is the
rejuvenation aspect. The ﬁrst report trying to address the question as to
whether nuclear transfer cloning will rejuvenate a cell line or not was
based on telomere measurements made on Dolly the cloned sheep and
her original cell line.9 This report indicated that Dolly had shorter telomeres and as such, she would be biologically older than her chronological
age. Later studies done by our group and others have clearly demonstrated
that when proper reprogramming is successfully achieved, telomeres are
restored to the same and sometimes longer length than control animals.
We found that the average telomere length of cows cloned from a senescent
line of ﬁbroblasts was indeed longer than that of age matched controls.10
Later Wakayama et al. found that serially cloned mice had their telomeres
slightly longer in each generation.11 Kubota et al. found that serially cloned
bulls have restored telomeres as well.12 Interestingly, Miyashita et al. found
different levels of telomere restoration depending on the cell type used.
When cows were cloned from muscle cells, the cloned animal had longer
telomeres; conversely, when oviductal or mammary cells were used, shorter
telomeres were observed in the clones.13 Taken together, this data indicates
that nuclear reprogramming using an oocyte has the potential to rejuvenate
an individual and cells derived from it.

Future Challenges
Considering all the advantages SCNT offers, it is not difﬁcult to envision a
great future for this technology as a therapeutic tool in humans. Still, there
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are stringent standards to be met before reaching the patients. These are the
same standards that the US National Institute of Health has put forward
for IVF-derived ES cells. The cells have to:
1)
2)
3)
4)
5)
6)

proliferate extensively and generate sufﬁcient quantities of tissue;
differentiate into the desired cell type(s);
survive in the recipient after transplant;
integrate into the surrounding tissue after transplant;
function appropriately for the duration of the recipient’s life; and
avoid harming the recipient in any way.

Furthermore, SCNT faces 3 other signiﬁcant challenges at the moment.
Besides ethics there are the technical, logistical and scientiﬁc issues. From
the technical standpoint, our results indicate that we can generate three
blastocysts for every 10 reconstructed eggs. These results are considered
excellent for nuclear transfer efﬁciency. However, only one stable SCNT
ES cell line was obtained out of 20 SCNT-derived blastocysts. We must
improve the efﬁciency of transition from the ICM to an embryonic stem
cell line. The logistical challenge is to be able to obtain enough donated
human eggs in order to produce tailor-made ES cells for all the patients
that need them. Scientiﬁcally, we now know that we can turn an already
differentiated human cell into a rejuvenated-pluripotent one; however, at
present, we are unable to understand how this process works. We would like
to propose that the greatest legacy of our results is the demonstration that
this is possible in humans and it is up to the whole scientiﬁc community
to explain the mechanism that will help turn any somatic cell into ES cells
without having to create embryos.
Patient customized, tailor-made hESC differentiated tissues are of great
value in regenerative medicine to avoid immunological rejection of the
transplanted tissues. Recently, Hwang et al. (2005) established 11 hESC lines
by somatic cell nuclear transfer (SCNT) of skin cells from patients with disease or injury, into donated human oocytes. These lines, grown on human
feeders from the same SCNT-donor or genetically unrelated individuals,
were established at high efﬁciency, regardless of SCNT-donor sex or age. The
SCNT-hESC lines were pluripotent, karyotypically normal, and matched
the SCNT-patient’s DNA. Major histocompatibility complex (MHC) identity of each SCNT-hESC line with the patient’s showed immunological
compatibility, crucial for eventual transplantation. The generation of these
SCNT-hESCs allows evaluations of genetic and epigenetic stability. More
work is required to develop reliable directed differentiation of xeno-free
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tissues from such hESCs. Before clinical application of these cells, preclinical evaluation is required to prove that transplantation of differentiated
SCNT-hESCs is safe, effective and can be tolerated.
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Hurdles to Improving the Efﬁciency of
Therapeutic Cloning
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Introduction
Therapeutic cloning, the derivation of tissue matched embryonic stem cells
from blastocysts generated by somatic cell nuclear transfer using a patient
as the nucleus donor, has the potential to revolutionize medicine by providing designer tissue matched replacement cells for any number of diseases
ranging from diabetes (β-islet cells) to Parkinson’s (dopaminergic neurons).
The proof of principle experiment for therapeutic cloning has been demonstrated by the successful “curing” of an immunodeﬁcient mouse.1 The landmark paper by Hwang et al.37 provides the ﬁrst evidence in humans that this
novel technique can be used for the derivation of embryonic stem cells but
their results also reﬂect the pattern of this currently inefﬁcient technique,
raising questions of medical feasibility and requiring further optimization
before usefulness. Perhaps no two biomedical technologies are more controversial or more hotly debated publicly than cloning and embryonic stem
cells. Therapeutic cloning weds these two controversial topics and thus
draws interest and criticism from both. In this chapter, we will discuss the
promise and limitations in current technology for therapeutic cloning. As
reproductive cloning and therapeutic cloning share many of the same experimental methodologies and limitations and because of extensive studies on
reproductive cloning in agricultural, laboratory animals and non-human
∗ Correspondence: Department of Obstetrics, Gynecology and Reproductive Sciences, University of
Pittsburgh, 204 Craft Avenue, Pittsburgh, PA 16066. Tel.: 412-641-2430, fax: 412-641-2410,
e-mail: Cnavara@pdc.magee.edu
† In accordance with the International Society for Stem Cell Research’s (ISSCR) Nomenclature Statement
(September 2, 2004), ‘Nuclear Transfer (NT)’ is used instead of ‘therapeutic cloning,’ and ‘NT Stem
Cells’ or NTSC describe stem cells derived from NT embryos. The terms ‘Reproductive Cloning’ and
‘Therapeutic Cloning’ are used herein as well for clarity.
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primates, we include a summary of these results to enhance our discussions
of therapeutic cloning.
Reproductive cloning
The ﬁrst successful studies in reproductive cloning of mammals were
performed in agriculturally important species as a means of increasing
production.2,3,4 Scientists sought to minimize the inherent production variation among animals by generating identical animals, ideally using adults
of known quality. Embryonic blastomeres from early cleavage stages were
the ﬁrst donor cells and the cytoplasts formed were cultured in vitro for several days before being transferred to surrogate animals resulting in births
of genetically (but not phenotypically) identical animals. This was a signiﬁcant advancement in technology but was limited to producing a small
number of identical offspring and the genetic quality of the donor was not
known at the time of cloning. This procedure also did not lend itself to prior
genetic manipulation of the offspring. Wilmut et al. (1997) advanced the
ﬁeld to the current level with the seminal report on cloning of an adult sheep
using somatic cells. Now identical animals could be produced from an animal of known genetic quality. The ethical, legal and societal implications
currently debated regarding therapeutic cloning began at this time with
the discussions of theoretical reproductive cloning in humans.5,6,7 Additional mammalian species were cloned in rapid succession including: mice8 ;
cattle9,10 ; goat11 ; pig12,13 ; cat14 ; rabbits15 ; mule16 ; horse,17 rhesus monkeys18
and rats.19 A central supposition of therapeutic cloning is not only the successful derivation of embryonic stem cells (ESCs) after nuclear transfer, but
also the ability to correct genetic defects prior to nuclear transfer. This is
similar to the technology used for the generation of transgenic animals and
this has been successful in a number of species: Cattle20,21 ; pigs22 ; goat23
and mice.1
Therapeutic cloning
The isolation of mESCs (murine embryonic stem cells) from blastocysts
over 20 years ago revolutionized the use of mice for biomedical research.24,25
These pluripotent cells were able to self-renew and maintain pluripotency
indeﬁnitely; they were able to form tissues from all three germ layers in
teratomas or embryoid bodies. These cells could be genetically modiﬁed
and recombined with routine embryos to form chimeras, contribute to
the germ line and thus pass on the altered genotype to their offspring.
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Designer mice quickly became the model of choice for studying human
disease and immeasurable advances in biomedical research have resulted.
Similarly, the isolation of human embryonic stem cells from excess embryos
derived by in vitro fertilization26 heralded a new era in biomedical research.
These cells maintain pluripotency and undergo self-renewal and are able to
form all three germ layers in teratomas. As it is unethical to create human
chimeras, these cells have not been tested for their ability to contribute to
the germ line.
The potential utility of these cells for cell therapy was recognized and
the scenario shown in Fig. 1 was developed. Somatic cells are isolated from
a patient (in this case a patient with a spinal cord injury) (Fig. 1.1) and
are grown in vitro; additionally, oocytes are collected from the patient or
a donor after a superstimulation protocol similar to those currently being
performed in fertility clinics worldwide (Fig. 1.2). The cumulus cells are
removed from the oocyte (Fig. 1.3) and the oocyte chromosomes (Fig. 1.4,
highlighted) are removed by aspiration (not shown) or by squeezing the
oocyte following cutting of the proteinaceous zona pellucida surrounding
the oocyte using a micro needle (Figs. 1.5–1.7). It is important to note that in
addition to the chromosomes, a small amount of cytoplasm and the entire
meiotic spindle apparatus is removed during this procedure. This may be
important in the inefﬁciency of somatic cell nuclear transfer as described
below. Next, the donor cell is placed adjacent to the enucleated oocyte
(Fig. 1.8) and the two cytoplasms fused by a brief electrical pulse (Fig. 1.9).
Alternatively, an isolated nucleus can be injected directly into the cytoplasm
of the enucleated oocyte as is done during mouse cloning (not shown8 ). The
fused “clone” is artiﬁcially activated, simulating the function of a sperm at
fertilization and the embryo undergoes cleavage in vitro (Figs. 1.10–1.13).
The steps described up to this point are shared between reproductive and
therapeutic cloning. In order to isolate the embryonic stem cells, the blastocyst is either plated directly onto feeder cells or the inner cell mass of the
blastocyst is isolated by immunosurgery (Fig. 1.13). These isolated cells can
then be maintained and propagated in vitro (Figs. 1.14–1.16) and as they
are pluripotent, they can be differentiated into the necessary therapeutic
cells (motor neurons in our example (Fig. 1.17) and transferred back to the
patient (Fig. 1.18). The proof of principle of curing a patient’s disease using
transplanted differentiated embryonic stem cells has not yet been demonstrated. Here, we will discuss the progress that has been made in mouse
models of therapeutic cloning and discuss the limitations described in all
species but with special emphasis on non-human primates and humans.
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Figure 1. One Hypothetical Therapeutic Cloning Procedure. Somatic cells are isolated from a patient
(Fig. 1.1). Oocytes are collected from the patient or a donor after superstimulation (Fig. 1.2).
The cumulus cells are removed from the oocyte (Fig. 1.3) and the oocyte chromosomes
(Fig. 1.4, highlighted) are removed by squeezing the oocyte following cutting of the proteinaceous zona pellucida surrounding the oocyte using a micro needle (Figs. 1.5–1.7). The
donor cell is next placed inside the zona pellucida (Fig. 1.8) and the two cytoplasms fused
by a brief electrical pulse (Fig. 1.9). The fused “clone” is artiﬁcially activated and the embryo
undergoes cleavage in vitro (Figs. 1.10–1.13). In order to isolate ESCs, the inner cell mass of
the blastocyst is isolated by immunosurgery (Fig. 1.13). These isolated cells are then maintained and propagated in vitro (Figs. 1.14–1.16) and as they are pluripotent, they can be
differentiated into the necessary therapeutic cells (Fig. 1.17) and transferred back to the
patient (Fig. 1.18).
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Figure 1. (Continued )

The earliest mESCs were isolated in 1981.24,25 The ﬁrst mouse was cloned
in 19988 and this same group derived the ﬁrst mESCs after somatic cell
nuclear transfer.27 Rideout and colleagues (2002) assembled these technologies along with the technology to differentiate mESCs into hematopoietic
stem cells (HSCs),28 necessary for long-term engraftment of the immune
system of an immunodeﬁcient mouse. Cells were isolated from immunodeﬁcient Rag2-/- mice. These were cloned into mouse oocytes and ESCs
(embryonic stem cells) were derived from the cloned blastocysts. Standard molecular biology techniques were used to repair the Rag2 gene by
homologous recombination in the ESCs. From this point, two complementary techniques were used to test the ability of these ESCs to rescue the
immunodeﬁcient mice. The ﬁrst involved using the ESCs to generate mice
by tetraploid complementation chimera formation and embryo transfer.29
This technique results in the entire mouse being derived from ESCs in one
generation. These mice were used as HSC (hematopoietic stem cell) donors
for the Rag2-/- mice and successfully engrafted the deﬁcient mice. The second methodology involved in vitro differentiation, isolation and transplant
of the repaired ESCs. The ESCs were transduced with the HoxB4 gene and
cultured on OP9 stromal cells to produce HSCs for transplantation. These
cells succeeded in limited engraftment but only after removal of endogenous NK cells, by antibody treatment or by using mice naturally lacking NK
cells due to a deletion of the IL2 common cytokine receptor gamma chain.
This work was the ﬁrst successful application of therapeutic cloning but
also pointed to unexpected hurdles and underscores the need for extensive,
meaningful evaluation of preclinical animal models of therapeutic cloning.
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The ﬁrst progress towards therapeutic cloning in humans was recently
published by Hwang et al. (2004). These authors, using the procedure
detailed in Fig. 1, derived a single hESC (human embryonic stem cell)
line after somatic cell nuclear transfer (SCNT), a ﬁrst for any primate. As
reproductive cloning of humans is unethical, legitimate attempts have only
been made in non-human primates. Despite intensive efforts from several
labs, only two monkeys have been derived by nuclear transfer, using embryonic blastomeres rather than somatic cells, and this has yet to be successfully
replicated.18,30

Inefﬁciencies of Cloning
It has been seven years since Dolly was born (Wilmut et al., 1997). In
the most efﬁcient treatment group, Wilmut et al. reported that 3.4% of
embryos transferred resulted in live pregnancies using somatic cells as the
donor. Since that time, despite intensive effort the efﬁciency of reproductive cloning in all species remains at approx. 5% (for recent review see
Ref. 31). If we include the number of oocytes manipulated, the success
falls to 1–2%,8,32 an important consideration when discussing the precious
and limited resource of human oocytes necessary for therapeutic cloning.
The isolation of ESCs in mice from embryos derived by SCNT is slightly
more successful when measured as oocytes manipulated (1–6%1,27 ) but far
below the average derivation rate from control blastocysts (approx. 20%)
and perhaps as high as 50% under certain optimal conditions.33 Reported
efﬁciency of deriving ESCs from inner cell masses isolated from normally
fertilized human blastocysts are 35.8%,26 50%,34 16.7%,35 and 17.5%.36 If
the total numbers of embryos used are counted, the derivation percentage becomes 13.9%,26 4.9%,36 and 6.0%.35 It is not reasonable to compare
isolation rates between groups, as the numbers are often low and not statistically signiﬁcant. But even when embryos are generated speciﬁcally for
ESC derivation and not cast-offs from IVF programs, stem cell derivation efﬁciency hovers at or below 10%.35 The sole example of derivation
of hESCs from SCNT derived blastocysts is reported as 5% (1/20),37 but
as the best development to blastocyst reported in this singular paper was
29%, the most optimistic derivation of a therapeutically useful embryonic
stem cell line is 1.5%. Currently an average of 67 human oocytes would
be required to derive each therapeutic line of ESCs. As multiple lines may
be needed for successful therapy, this impractical number quickly becomes
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improbable without further reﬁnement and improvements of the nuclear
transfer technologies.
When we discuss the exquisite regulation of early embryonic development required for successful reproduction and the precise control of gene
expression found in somatic cells, the question should not be why cloning
does not work more often, but instead why it works at all. Successful nuclear
transfer requires both genetic and epigenetic success. The donor nucleus
must be reprogrammed from a somatic pattern of gene and protein expression to an embryonic pattern almost immediately (probably within one cell
cycle for mouse clones). The donor nucleus or the activating conditions
must replace the sperm in activating the egg and organizing the cytoplasm
after cloning. In non-murine mammals, the sperm brings with it at fertilization important factors for organizing the microtubule cytoskeleton and
the cytoplasm of the egg. Fertilization with sperm which poorly organize
the cytoplasm after fertilization is associated with reduced developmental
outcomes.38 We will discuss our understanding of reprogramming, particularly as new technologies may improve the efﬁciency of cloning. We will
also address what is known about epigenetic reprogramming, particularly
mitotic spindle formation during cloning, and the relationship this has to
aneuploidy in cloned embryos.

Reprogramming errors
Epigenetic modiﬁcation of the genome (i.e. DNA and histone methylation) ensures faithful tissue speciﬁc expression of appropriate genes. It is
necessary to change the expression pattern of the nucleus from the somatic
phenotype to the embryonic phenotype and to do so within one or two cell
divisions. The discrepancies between gene expression of nuclear transfer
derived embryos and control embryos have been well reviewed elsewhere
and will not be considered in this chapter. Instead we will discuss two
novel approaches to selecting and improving correct gene expression using
methods appropriate for later ESC derivation.
Boiani and colleagues (2002)39 have generated a fusion protein between
the promoter for the POU transcription factor and embryonic stem cell
marker Oct4 and GFP, resulting in a vital cell marker for cells expressing
Oct4. Oct4 is found in cells of the developing morula but is lost from
the trophectodermal cells during blastocyst formation. When SCNT was
performed with transgenic cells, clones had lower expression of Oct4GFP, including 18% of cloned blastocysts which had no expression of

干细胞之家www.stemcell8.cn ←点击进入
244

C.S. Navara et al.

this pluripotency marker. They also examined correct localization of the
expression. 93% of in vivo fertilized blastocysts have Oct4-GFP expression
restricted to the inner cell mass. This compares with only 34% of cloned
embryos. To test the pluripotency of those embryos expressing high levels of Oct4-GFP, indicative of correct endogenous expression of Oct4, the
embryos were allowed to outgrow on feeder cells for stem cell derivation.
Stem cell derivation was only observed for those outgrowths with strong
Oct4-GFP expression. Utilizing this system, it is possible to select the SCNT
derived embryos with the highest potential to form embryonic stem cells.
This may result in increased production of therapeutically derived ESCs.
Byrne et al. (2003)40 have examined the ability of amphibian germinal vesicles to reprogram isolated mammalian nuclei. When murine thymocytes are injected into the germinal vesicles of Xenopus laevis oocytes,
the expression of the differentiated thymocyte marker thy-1 is lost prior
to 5.5 days. On the same time course, the expression of murine Oct-4 is
initiated at levels comparable to those observed in mESCs. This raises the
possibility that mammalian nuclei could be reprogrammed prior to nuclear
transfer, perhaps increasing the efﬁciency of embryonic stem cell derivation.

Microtubule and mitotic spindle defects in clones
The embryo formed during nuclear transfer must successfully complete
many of the same functions during the ﬁrst cell cycle that an embryo formed
by normal fertilization must perform. While knowledge of the cytoplasmic
events of the mammalian zygotic ﬁrst cell cycle is far from complete, we do
know a great deal about the necessary microtubule regulation during the
ﬁrst cell cycle of the fertilized zygote. Except for the mouse, all mammals
studied41–46 adhere to the paternal inheritance of the dominant microtubule organizing center (MTOC). Brieﬂy, the only microtubules present
in the mature unfertilized oocyte are those found in the meiotic spindle.
After insemination, microtubules are found in the cytoplasm as a small tuft
adjacent to the incorporated sperm nucleus and nucleated from the sperm
centrosome.47 As this microtubule aster develops, the microtubules contact the female pronucleus and are necessary for pronuclear apposition. By
the time of mitosis, the sperm centrosome duplicates and splits to form the
poles for the ﬁrst mitotic spindle. As cytokinesis takes place, the asters ﬁll the
cytoplasm and become the interphase microtubule array with each pole of
the mitotic spindle serving as the centrosome for the daughter blastomeres.
The organization of the microtubules relative to the incorporated sperm
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plays a critical role in development as poor organization of these microtubules is related to poor developmental outcome, as shown in analysis
of return to estrous after embryo transfer in the bovine.38 Few studies
have been conducted to determine microtubule patterns and centrosome
fate during nuclear transfer. Most of these zygotes have been examined
after transfer of embryonic cells (ECNT) rather than somatic cell transfer (SCNT): bovine44 (ECNT),48 (SCNT); rabbit49,50 (ECNT); porcine51
(SCNT) and non-human primate52 (ECNT and SCNT),53 (SCNT).
In the case of bovine ECNT zygotes, an astral array of microtubules
(Fig. 2A, green) is associated with the donor nucleus (Fig. 2A, blue) nucleated from the centrosome of the donor cell. Occasionally, multiple asters
(Fig. 2B, green) form associated with the donor nucleus (Fig. 2B, blue). This
latter may represent defects in microtubule formation or a donor cell with a
replicated centrosome. These results serve as a reminder that nuclear transfer is a misnomer and that in the case of cloning utilizing cell fusion (the vast
majority of non-murine cloning), all of the donor cell’s organelles are transferred into the recipient oocyte. In the case of the centrosome, this organelle
remains active in the zygote in domestic species. Similar results have been
observed during bovine somatic cell nuclear transfer (Navara et al., unpublished results).48 At a similar time point during rabbit ECNT, Pinto-Correia
et al. (1995) described no microtubule formation associated with the
pronucleus (pronuclei) in the cytoplasm of the nuclear transfer zygote. In
this same study, Pinto-Correia et al. (1995) examined the mitotic spindle
structure of rabbit nuclear transfer embryos generated from embryonic

Figure 2. Laser-Scanning Confocal Microscopy of two zygotes after Nuclear Transfer. At 6.5 hours
after activation, a large microtubule aster (A, green) is seen associated with the donor nucleus
(A, blue). Two microtubule asters are sometimes associated with the donor nucleus. Fusion of
the 32-cell stage donor blastomere with an enucleated oocyte activated with ionomycin and
DMAP occurred at 1.5 hours after activation. Green = microtubules; blue = DNA; Bar = 10 µm.
Reprinted with permission from Navara et al., Dev Biol 162:29–40 (1994).
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blastomeres. They reported the very striking result that 5/7 nuclear transplant zygotes had misaligned chromosomes on the metaphase plate and
spindle errors. While only a small number of zygotes were examined, if this
percentage holds true, this represents a potential for gross errors in development. Normal mitotic spindles are predominant during bovine cloning
(Navara et al. unpublished results),48 but spindle abnormalities are commonplace during non-human primate somatic cell nuclear transfer.52,53 Ng
et al. (2004) examined the spindle formed during premature chromatin
condensation immediately after donor cell fusion. They found only 13.5%
of these formed normal bipolar spindle structures in the meiotic cytoplasm.
These authors did not examine the organization of mitotic spindles. In our
experience,52,54 primate NT embryonic and somatic constructs do not differ from control embryos when imaged using Hoffman optics. However,
when microtubule patterns are examined at interphase, primate NTs display
either unfocused microtubules or multiple arrays emanating from several
foci. At ﬁrst mitosis, all 116 ECNTs and all 30 SCNTs examined by immunocytochemistry displayed abnormal spindle morphology and poorly aligned
chromosomes.52 Despite these mitotic spindle defects, NT constructs cleave
but unequal division and aneuploidy result.
Aberrant mitotic spindle assembly during nuclear transfer (Fig. 3A) suggests key mitotic proteins are absent entirely, not localized correctly or
otherwise non-functional in the NT construct cytoplasm. NuMA (NuclearMitotic Apparatus), a nuclear matrix protein also responsible for spindle
pole assembly in somatic cells,55,56 is observed at meiotic (Fig. 3B) and
mitotic spindle (Fig. 3C) poles in primate eggs and zygotes. The somatic
donor cell nucleus contains NuMA (not shown) but it is not observed in
enucleated oocytes nor is it typically detected at disorganized mitotic spindles after NT (Fig. 3D). The kinesins HSET and Eg5, oppositely directed
mitotic microtubule motors, play key roles in proper assembly of the mitotic
spindle. HSET, the human homologue of the Kar3 kinesin-like family of
minus end directed motors, is found at the minus ends of the microtubules,
while Eg5, a bimC kinesin-like protein with plus end directionality, is typically found at the spindle poles.57,58 HSET, which is observed at the spindle poles of meiotic and mitotic spindles in primates, is not detected in
NT mitotic spindles (Fig. 3E). Conversely, Eg5 detects centromere pairs at
meiosis and mitosis, and remains present on misaligned chromosomes on
NT spindles (Fig. 3F). Collectively, these observations suggest that meiotic
spindle removal either depletes the ooplasm of NuMA and HSET or results
in their inaccurate positioning during mitotic spindle pole formation.
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Figure 3. Faulty Mitotic Spindles Produce Aneuploid Embryos After Primate Nuclear Transfer.
A. Defective NT mitotic spindle with misaligned chromosomes. Centrosomal NuMA at meiosis B. and mitosis C., but not NT-mitosis D. Centrosomal kinesin HSET is also missing after
NT E., but not centromeric Eg5 F. Bipolar mitotic spindles with aligned chromosomes and
centrosomal NuMA after NT into fertilized eggs G. Blue (DNA); red (β-tubulin); green (B, C, G:
NuMA; D: HSET; F: Eg5). Bar = 10 µm. Reprinted with permission from: Simerly et al., Science
300:297 (2003).

To rule out the possibility that the invasive manipulations of enucleation were damaging the oocytes, the following experiment was performed.
Oocytes were enucleated by needle aspiration and the autologous karyoplast
carrying the meiotic
 spindle and maternal chromosomes was fused back
into the oocyte ( = 95; 67.1% success; Simerly et al., 2003). Intracytoplasmic sperm injection (ICSI) was then performed on the reconstituted
oocyte to restore the normal diploid complement of DNA from both the
sperm and the egg, along with the respective cytoplasmic components.
These “FertClones” develop more successfully than either embryonic or
somatic NTs, with one pregnancy established after 16 embryo transfers
into eight surrogates. However, the pregnancy was “blighted” (an implantation attempt lacking fetal development). Perhaps not surprisingly, apoptotic rates were higher in these embryo constructs as compared with ICSI
fertilized embryos.54
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In a complementary series of experiments, the meiotic spindle was
not removed and NT was performed concurrently with ICSI generating
tetraploid constructs (55 oocytes; 54.4% success).52 These constructs, when
cultured until ﬁrst mitosis, organized aligned chromosomes on bipolar
spindles with centrosomal NuMA (Fig. 3G). The NT mitotic spindles could
be distinguished from the fertilized spindle by the presence of the sperm
tail visible at one pole by DIC optics.
Taken together, normal bipolar spindles found in tetraploids suggest
meiotic spindle removal as a primary source of NT anomalies at ﬁrst mitosis. Since “FertClones” gave apparently normal divisions, the application
of the enucleation step alone could not account for observed NT mitotic
defects. Proper mitotic spindles can organize around somatic chromosomes
when the meiotic spindle is not removed. However, current approaches
using enucleation may remove vital mitotic spindle assembly components
in primates.
It is not entirely clear why primate oocytes have a stricter requirement
for recycled meiotic spindle proteins than other species. Experiments with
cattle and mouse oocytes suggest that the mitotic kinesins and NuMA are
not exclusively concentrated on the meiotic spindle in these species and
thus may be available to more properly organize a mitotic spindle after
enucleation (Simerly et al., 2004).59
Before considering the possibilities of “therapeutic cloning” as a potential
source of tissue matched, ESCs the inefﬁciencies of NT must be overcome.
These inefﬁciencies are observed across species and are manifested in failed
or misguided reprogramming of somatic gene expression and in improper
microtubule organization in the ﬁrst cell cycle, resulting in aneuploidy
and poor in vitro development. The extraordinary achievement of Hwang
et al.37 encourages the endless possibilities “therapeutic cloning” might
bring, but the vast experience of somatic cell cloning in other species details
the numerous scientiﬁc problems remaining to be addressed.
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Hematopoietic Stem Cells: Basic Science
to Clinical Applications
Daniel L. Kraft∗ and Irving L. Weissman

Introduction
The hematopoietic stem cell (HSC) is characterized by its dual ability to
both self-renew and reconstitute and differentiate into progenitors of all the
mature blood cell lineages.1 The HSC was the ﬁrst stem cell to be prospectively identiﬁed, initially in murine systems and shortly thereafter in man.2
Hematopoietic stem cell biology has since become a model for other stem
cell systems, particularly as hematopoiesis demonstrates distinct, phenotypically identiﬁable populations, which differentiate via several possible
lineage pathways to generate mature cell populations.
The HSC is perhaps the best characterized stem cell, and is currently
the only stem cell population with extensive applications for the treatment of a broad array of diseases. Clinical utilization of autologous or
allogeneic donor HSC is through the ﬁeld of bone marrow transplantation
(BMT) or mobilized peripheral blood (MPB) transplantation, with applications ranging from treatment of malignant diseases (primarily leukemias
and lymphomas), to genetic diseases, immunodeﬁciencies, and potentially
broader roles in the newly evolving ﬁeld of regenerative medicine. The
ﬁeld of hematopoietic cell transplantation, in particular, has been driven
by bench to bedside research, in which principles and innovations worked
out in laboratory animal models have had direct translation to the clinic,
and observations in the clinic lead to laboratory investigations.
Unlike pluripotent embryonic stem cells (discussed elsewhere in this
textbook) which clearly have the ability to differentiate into cells of all three
germ layers, HSC have generally been considered multipotent, generating
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the hematolyphoid lineage of red blood cells, white blood cells and platelets.
Recently, there has evolved signiﬁcant debate as to the “plasticity” of HSC,
deﬁned in terms of the potential of HSC to contribute directly through
transdifferentiation to the generation of muscle, hepatic, or neuronal tissues. More recent data is inconsistent with transdifferentiation, albeit very
rare fusion events between HSC and damaged tissue cells can be found, and
some authors have proposed that such cell fusions play a role in the repair
of damaged tissues.
In this chapter, we seek to summarize the biology of HSC as deﬁned
initially in the mouse and later in the human system, and discuss the current,
evolving and potential future applications for human hematopoietic stem
and progenitor cell populations.

Biology of Hematopoietic Stem Cells
Deﬁnition and isolation of hematopoietic stem cells
The ability of cells within the bone marrow to reconstitute the hematolyphoid system was ﬁrst demonstrated by experiments in the 1950s, in
which mice receiving lethal doses of radiation (experience from Japanese
atomic bomb victims having demonstrated the radiation sensitivity of bone
marrow) could be rescued by bone marrow transplantation, providing
donor-derived hematopoiesis.3 The concept that a single cell which could
give rise to multiple hematopoietic and lymphoid outcomes was further
advanced in the 1960s, when a population of clonogenic bone marrow cells
was described which could give rise to both myeloid and erythroid progeny
(through generation of colony forming unit-spleen (CFU-S)), and which
also contained a subset of cells which could reconstitute the hematolymphoid system of lethally irradiated mice.4,5,6
In the two decades following these fundamental experiments, biomedical
tools which included monoclonal antibody technology enabling detection
of molecules expressed on bone marrow cells, and high-speed ﬂuorescenceactivated cell sorting (FACS) technology were developed. Researchers were
then able to prospectively isolate and test rare, phenotypically deﬁned
marrow populations (based on the presence and absence of certain
monoclonal antibody-deﬁned surface determinants). The next step was
to develop assays for clonogenic precursors of blood cell types; separate
quantitative assays for myeloerythroid lineage, then, T cell lineage, and
B cell lineages were developed. Through in vitro and in vivo assays of
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clonogenic hematopoietic precursor mouse bone marrow cell populations,
the phenotypic and functional characteristics of mouse HSC, and later of
committed myeloid and lymphoid progenitors, were successfully deﬁned.7
A key initial ﬁnding in the search for HSC was that the population of
cells with clonogenic potential for the generation of myeloerythroid, B lineage and T lineage cells was contained in a very rare population of bone
marrow cells (∼0.01% of all marrow cells) which had none to very low
levels of the lineage markers which mark the various types mature blood
cells. This lack of mature cell lineage markers deﬁnes cells which are “lineage negative” (Lin-) for the markers found on T cells, B cells, granulocytes,
monocytes/macrophages, erythroid cells, natural killer cells, etc. Two key
markers were found to be present on murine HSC: Stem Cell Antigen-1
(Sca-1) and Thy-18 ; both glycophosphatidyl inositol-linked immunoglobulin superfamily molecules. HSCs were also found to express the c-kit
receptor tyrosine kinase9 (see Fig. 1).
Using these markers (lack of lineage markers (Lin-) and the expression
of the c-Kit, Sca-1, and Thy-1 markers), mouse hematopoietic cells were
prospectively enriched or isolated by FACS using speciﬁc phenotypic combinations, and these FACS puriﬁed populations were tested for their ability to reconstitute the hematolymphoid system of lethally irradiated mice.
The mouse HSC was deﬁned with the “KTLS” phenotype: [c-Kithigh (K),
Thy1.1low (T), Linneg (L), Sca-1+ (S)], or with slightly different markers,
including [Linneg , Sca-1+ , Rhodamine 12low ]10 or [Linneg , CD34−/int , c-Kit+ ,
Sca-1+ ].11 These cells also rigorously exclude hydrophobic dyes such as
Hoechst 33342 via an ABC transporter, and a combination of hematopoietic markers with Hoechst exclusion can be used to isolate HSC.12
Subsequent investigations demonstrated that the KTLS (c-Kithigh ,
Thy1.1low , Linneg , Sca-1+ ) HSC population could be subdivided into three
subpopulations by surface markers and by their degree of self-renewal13 :
Long-term HSCs (LT-HSCs) perpetually self-renew, as well as give rise
to short-term HSCs, which self-renew in vivo following transplantation
for approximately 6 weeks, and which generate multipotent progenitors
(MPP), each step being marked by limited, or no self-renewal.
1) Long-term HSC (LT-HSCs): consist of perpetually self-renewing
HSCs; these HSCs lack cell surface Flk2 expression (fetal liver kinase 2,
a receptor tyrosine kinase14 ) and have very low levels of Mac-1 (a
macrophage differentiation antigen) expression and are CD4− .
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Figure 1. A. Hematopoietic stem cells have distinctive surface phenotypes (shown on mouse and
humans). B. Thy-1.1, Mac-1 and CD4 expression delineate a pathway of hematopoietic stem
cell (HSC) differentiation. Surface expression of Mac-1 is upregulated and Thy1.1 is down
regulated as HSC self-renewal capacity diminishes. LT-HSC, long-term hematopoietic stem
cells; MPP, multipotent progenitors; ST, short-term; Sca-1, stem cell antigen.

2) Short term (ST-HSCs): which self-renew in vivo following transplantation for approximately 6 weeks, express low surface levels of Mac-1
and are CD4− to CD4lo .
3) Multipotent progenitors (MPPs): have short self-renewal potential,
and are difﬁcult to detect under transplant conditions. They experience
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loss of Thy 1.1 expression, and have low-level expression of Mac-1 and
CD4.15
A single Long-term hematopoietic stem cell (LT-HSC) transplanted
in vivo with supporting host bone marrow can give long-term multilineage
(red cell, white blood cell and platelet) engraftment as well as expansion of
the LT-HSC, ST-HSC and MPP pool.16 LT-HSCs give rise in a linear manner
to ST-HSC, which in turn give rise to MPP (Fig. 1B). Reverse differentiation
(i.e. ST-HSC giving rise to LT-HSC) has never been detected.17
KTLS hematopoietic stem cells are the only cells within mouse bone marrow which will both radioprotect and reconstitute all blood cell lineages.18
Increasing the dose of puriﬁed KTLS cells transplanted into lethally irradiated hosts, shortens the time for donor cell engraftment (measured by
donor derived neutrophil and platelet count), but only to a point. Once the
KTLS-HSC dose required for engraftment within 10 days has been attained,
further several fold increases in KTLS dose does not shorten engraftment
time (see Fig. 2). This demonstrates that only stem cells are required for
rapid engraftment, and that the cellular output from transplanted HSC is
regulated.19
As few as 25 puriﬁed HSCs are capable of rescuing more than 50% of
lethally irradiated animals in the syngeneic/autologous transplant setting,
while 100 HSC radioprotect 95% of irradiated hosts. In lethally irradiated mice from genetically different (allogeneic) donors, higher numbers
of puriﬁed HSC are required to radioprotect lethally irradiated recipients. When the donor and recipient combination has any degree of major

Figure 2. Engraftment of puriﬁed hematopoietic stem-cells: Hematopoietic recovery kinetics
of white blood cells (WBC), platelets and red blood cells (hematocrit) in lethally irradiated
C57BL/Ka mice transplanted with syngeneic doses of puriﬁed HSC. 100 HSC (solid circles),
1000 (triangles), 5000 (solid triangles) or 10 000 (squares). The dashed horizontal line
represents recovery of blood levels to 500 WBCs/ul, 20 000 platelets/ul, and 30% hematocrit
(Uchida et al., 1998).
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histocompatibility (MHC) mismatch, this dose requirement increases to
500–3000 donor hematopoietic stem cells.20
Hematopoietic progenitor cells
Hematopoiesis takes place through the step-wise differentiation of multipotent HSC to generate a hierarchy of progenitor populations with progressively restricted developmental potential, none of which can dedifferentiate
or show self-renewal capacity. This leads to the production of multiple lineages of mature effector cells (see Fig. 3). The same methodology used
for the prospective isolation of mouse HSC (testing the downstream production of various puriﬁed marrow derived populations) has been utilized
to identify and isolate HSC-derived lineage restricted progenitors. Downstream of the multipotent progenitor (MPP), a lineage potential decision is
made, and differentiation occurs via either the common myeloid progenitor
(CMP) or the common lymphocyte progenitor (CLP), each of which has
been isolated to homogeneity, and each expresses a distinct gene expression
proﬁle21 and is a clonal precursor of a limited subset of progeny.
When differentiation occurs along the lymphoid lineage, murine CLPs,
which express cell surface IL-7 receptor, differentiate into T-cells, B-cells
and CD8α+ and CD8α− dendritic cells, as well as natural killer (NK) cells.22
HSCs also differentiate via the myeloid lineage, giving rise ﬁrst to the common myeloid progenitor (CMP) and then to megakaryocyte-erythroid progenitors (MEP), granulocyte-macrophage progenitors (GMP) and CD8α+
and CD8α− dendritic cells.23,24 GMPs are the only source of monocytes,
macrophages and neutrophils, while a restricted megakaryoctye progenitor
population (MkP) contributes to megakaryocyte production.25

Deﬁning and Isolating the Human HSC
In vitro models
With much of the mouse hematopoietic progenitor system described, several groups focused on examining and deﬁning similar human hematopoietic stem cell and progenitor populations. Given the obvious difﬁculties
of examining the differentiation of HSC and committed progenitors in
humans, in vitro and in vivo animal models were developed to identify and characterize human HSC and progenitors. In vitro, long-term
culture-initiating cell (LTC-IC) assays can be used to test candidate human
hematopoietic stem cells, which are cultured for 5–10 weeks on adherent,
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Figure 3. Model of hematopoietic stem cell differentiation: Long-term hematopoietic stem cells
(LT-HSCs, c-kit+ Thy1.1lo Linneg Sca-1+ ) are highly self-renewing cells that give rise to all mature
blood cells. The process of HSC differentiation involves the loss of self-renewal with functionally irreversible maturation steps. Multipotent progenitors differentiate via either the Common
Lymphocyte (CLP) or Common Myeloid Progenitor (CMP).

bone marrow-derived stromal cells in order to simulate a microenvironment similar to bone marrow.26 Cells are then transferred to a semisolid,
cytokine containing media, and cells from the primary culture which maintain their proliferative capacity and generate erythroid, myeloid and B cell
colonies will deﬁne candidate human cells with self-renewal capacity or
multilineage differentiation potential.27
In vivo models
In vivo models for human hematopoiesis have focused on the transplantation of candidate HSC into immunodeﬁcient hosts which do not have the
ability to eliminate or immunologically challenge xenografts through an
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immune response, yet retain a microenvironment which allows for engraftment and multilineage differentiation of human-derived donor cells. Initial studies were done in severe combined immunodeﬁcient (SCID) mice28
(which have a T- and B cell defect), and beige/nude/xid (bnx) mice.29 Residual host macrophage and NK cells activity in these mice can, however,
mediate rejection of the human xenograft. NOD-SCID mice which have
deﬁcient NK, and macrophage functions improved the microenvironment
for human cells readout with 10–20-fold better engraftment than in SCID
mice. Engrafting cells are termed SCID repopulating cells (SRC).30,31
The SCID-hu model, in which SCID mice were surgically transplanted
with human fetal bone, thymus, liver or lymph nodes,32 has played a key role
in enabling the further study and identiﬁcation of human candidate stem
cells. The human derived thymus, grown under the kidney capsule through
engraftment of human fetal liver and thymus fragments, has enabled the
in vivo study of human T-cell development33 as well as the study of infectious agents such as HIV and their effect upon the human thymocytes.34,35
SCID and NOD-SCID mice share the disadvantages of limited life-span,
high radiation sensitivity, with very rare T-cell development (bias towards
B-cell development). Newer models include the NOD-SCID ß2 microglobulin knockout mice, and the RAG2/common cytokine receptor gamma
chain double-mutant mice (RAG2/CG DKO).36 Most recently, it was shown
that RAG2/CG DKO pups, sublethally irradiated on their ﬁrst day of life, and
injected intrahepatically with CD34+ cells isolated from human umbilical
cord blood, leads to de novo development of B cells, T cells (with a normal
V-beta repertoire), and dendritic cells; formation of structured primary and
secondary lymphoid organs, as well as production of functional immune
responses to vaccination.37 While engraftment levels with human CD45+
cells remain somewhat low and variable, this model holds promise for the
further study of the human hematopoietic and adaptive immune response
in vivo.
In addition to murine xenotransplantation, intraperitoneal transplant of
low numbers of human hematopoietic stem cells into unconditioned, early
gestational sheep fetuses has demonstrated that selected progenitors can
engraft, with long-term (several years) of human myeloerythroid, T and
B cell engraftment.38,39

Isolation of human hematopoietic stem cells
The CD34 molecule, identiﬁed in 1984,40 is recognized as a major positive marker for human hematopoietic stem and progenitor cells. CD34 is
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expressed on a heterogenous population of cells which make up approximately 0.5–5% of human hematopoietic cells in human fetal liver, cord
blood, and bone marrow.41 The function of CD34 on hematopoietic cells,
however, is not well understood. On non-hematopoietic tissues, CD34 is
expressed on endothelial cells of small vessels and is a ligand for L-selectin
(CD62L).42 In murine models, CD34 plays a role in adhesion to the stromal microenvironment,43 although CD34 mutant mice show no signiﬁcant abnormalities, and consequently it is does not appear to be essential
for hematopoiesis. LT-HSC in the mouse are CD34 low; mice containing
the human CD34 gene from the BAC clone have LT-HSC that are human
CD34+ and murine CD34−/low .44
A small fraction (1–10% of CD34+ cells or 0.05–0.1% of human fetal
bone marrow) contains multipotent hematopoietic precursors which are
lineage negative for cell markers found on mature cells (CD3, CD4,
CD8, CD19, CE20, CD56, CD11b, CD14 and CD15) and contains cells
which, in vitro, will derive lymphoid (B and NK cells), and myeloid
differentiation.45 The population of human precursor cells that expresses
Thy-1 and CD34 but no known lineage markers, is enriched for clonogenic
activity that establishes long-term, multi-lineage (myelomonocytic and B
lymphoid) cultures on mouse marrow stromal lines, and also takes up little of the ﬂuorescent mitochondrial dye rhodamine 123. Thy-1+ , CD34+ ,
Lineage− adult and fetal bone marrow cells were shown to engraft all lineages and differentiate into T-lymphocytes in SCID-hu mice with human
thymic grafts, and were shown to engraft intact human fetal bone marrow
grown in SCID mice, resulting in donor-derived myeloid and B cells.
Ninety to ninety-nine per cent of CD34+ cells co-express the CD38 antigen. It is, however, the CD34+ , CD38− population (not the CD34+ CD38+ )
which contains the SCID-hu and NOD-SCID46,47 repopulating cells.
Lin− CD34− 38− cells do contain low levels of SRC and fetal-sheep repopulating ability (1 in 108 cells as compared with 1 in 106 SRC in cord
blood cells), but their activity could be derived from rare, contaminating
CD34+ 38− cells.
CD133 is a recently described glycoprotein, which may be a marker
of more primitive human hematopoietic precursors, as it is expressed
on all CD34+ CD38− , and on some CD38+ , progenitors, as well as
0.2% of Lin− CD34− CD38− cells.48,49 Only the CD133+ fraction of
Lin− CD34− CD38− cells have SRC potential.50 CD133+ cells can be enriched
from bone marrow and mobilized peripheral blood51 and such strategies for collection are beginning to be used clinically in the positive
selection in patients receiving matched unrelated and mismatched-related
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allogeneic transplants.52 CD133+ marrow-derived cells, likely distinct from
HSC, have been postulated to play a role in angiogenesis, and are also
being investigated for their ability to participate in the repair of injured
muscle. Freshly isolated, circulating AC133+ cells have been induced to
undergo myogenesis when co-cultured with myogenic cells or exposed to
Wnt-producing cells in vitro and when delivered in vivo through the arterial
circulation or directly into the muscles of transgenic scid/mdx mice fuse
into skeletal myoﬁbers and appear to contribute to functional recovery of
injected muscle,53 although it is not clear if this is a pathologic manifestation
or maturation through a skeletal muscle stem or progenitor cell.54 Autologous marrow-derived AC133+ cells have been injected into the infarcted
regions of patient’s myocardium during coronary bypass surgery, with evidence of improved ejection fraction and improved perfusion in injected
areas,55 although careful analysis in a similar mouse models failed to show
any evidence of donor-derived cardiomyoctyes, smooth muscle, or vascular
endothelium.56
Recently, identiﬁcation of HSC on the basis of conserved stem cell function rather than cell surface phenotype has been postulated as a new and
reliable way to isolate various functional stem cell populations.57 High levels
of aldehyde dehydrogenase (ALDH) have been utilized as a means to select
cells by FACS sorting from lineage negative cord blood. ALDHhi Lin− cells
were found to be predominantly CD34+ CD38− CD133+ , with greater than
10-fold repopulating ability compared with ALDH(low) cells when engrafting NOD/SCID mice.

Hematopoietic stem cell migration
HSC, while predominantly residing in the marrow, are in a constant state
of migration between the marrow and the bloodstream. In mice, approximately 100 HSC are in transient ﬂux (with less than 5 minutes of residence
time in the blood) between the marrow and the circulation at any one time,
which equates to approximately 30 000 HSC circulating through the blood
each day. Parabiosis experiments (in which two mice are sutured together
such that their vascular system undergoes anastamosis) have demonstrated
that HSC from one partner mouse will leave the marrow, circulate through
the blood and home to the marrow of the paired mouse.58,59 The presence of HSC in the blood was initially discovered when clinical researchers
described increased hematopoietic activity in the blood of patients treated
with cytotoxic drugs (classically cyclophosphamide).60 Cytotoxic drugs
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alone, or in combination with cytokines such as granulocyte-macrophage
colony-stimulating factor (GM-CSF) and G-CSF subsequently, was shown
to mobilize hematopoietic cells into the bloodstream.61 HSC were demonstrated to be present in high numbers in mobilized peripheral blood (MPB)
as transplantation into lethally irradiated recipients led to rapid and sustained hematopoiesis, initially in murine models, and later as translated
to the marrow transplant ward. Mobilization appears to occur through
HSC proliferation and division (which occurs only within the marrow),
followed by emigration of HSC into the blood spleen and liver.62 HSCs
express a number of integrins and other adhesion molecules, as well as
the CCR4 chemokine receptor, play a role in cell proliferation, detachment from marrow stroma, movement through the bloodstream, margination and migration through vessels at distant sites, as well as localization
to niches within the marrow. The details of this process are under active
investigation.

Human early lineage committed progenitors
As clonal lymphoid and myeloid committed progenitors have been
described in murine hematopoiesis, similar populations have been sought
in the human system (see Table 1). While assays for measuring human
myeloid development from single cells exist, to read out T, NK and B
cells derived from small numbers of candidate human progenitor populations remains difﬁcult. Additional candidate antigens have been investigated as a means to segregate early lymphoid or myeloid progenitors.
A potential human CLP population from fetal and adult marrow has the
Lin− CD34+ CD38+ CD10+ phenotype as these cells generate B, NK and
dendritic cells (and T-cells when transferred to SCID-hu thymus), but not
myeloid progeny.63 In subsequent studies, cord blood CD34+ CD38− CD7+
cells were shown to contain 40% of clonal B, NK, and dendritic cell
precursors.64
Multiple reports of myeloid-colony forming cells collectively show that
CD34+ cells, which are CD45RO− , CD45RA+ , CD64+ IL3Receptor-α+ ,
Flt3+ , or CCR1+, are enriched for CFU-GM-forming cells, while CD34+
cells, which are CD45 RO+ , IL-3Rα− , Flt3− , or CCR1− , are enriched for erythroid colony forming cells.65,66 Three populations have been identiﬁed that
are likely counterparts of the murine CMPs, GMPs and MEPs.67 These cells
are all Lin− CD34+ CD38+ , and are further distinguished by expression of
CD45RA, and IL-3Rα. CMP are CD45RA− IL− 3Rlo , GMPs and CD45RA+

264

Population

Murine

Human

Output

Hematopoietic Stem Cell
(HSC)

Thy1.1lo , c-Kit+ , Sca− 1+ , Lin(Long-term HSC)

CD34+ CD38− CD90+ [Thy1+ ],
Lin-

All mature hematopoietic
populations

Common Lymphocyte
Progenitoir (CLP)

IL-7R+ , c-Kitlo Sca-1lo
CD34+ FcgR− , Lin-

CD34+ , CD38+ , CD10+ ,
CD34+ , CD38− , CD7+ , Lin-

T and B cells, NK cells,
Dendritic cells

Common Myeloid
Progenitor (CMP)

IL− 7R− , c-Kit+ Sca-1−
CD34+ FcgR− , Lin-

CD34+ , CD38+
CD45RA− , IL-3Rα+ lo , Lin-

MEP and GMP

Granulocyte Macrophage
Progenitor (GMP)

c-Kit+ Sca-1− , CD34+
FcGRhi

CD34+ CD38+ ,
CD45RA+ IL-3Rαlo , Lin-

Granulocytes,
Macrophages

Megakaryocyte erythroid
Progenitor (MEP)

c-Kit+ Sca-1− , CD34− FcgRlo

CD34+ , CD38+
CD45RA− , IL-3Rα+ , Lin-

Erythrocytes and
Platelets

D. L. Kraft and I. L. Weissman

Table 1. Mouse and Human Stem and Progenitor Populations
Surface markers utilized to isolate these populations as prospectively identiﬁed by ﬂow cytometry and in vivo read-out.
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IL-3Rαlo , while MEP are CD45RA− and IL-3Rα− . These each have high
cloning efﬁcacies and show no in vitro B or NK cell read out.

Clinical Use of Hematopoietic Stem Cells
The role of hematopoietic stem cells is central to the biological basis of
bone marrow transplantation, subsequently referred to as hematopoietic
cell transplantation. Hematopoietic cell transplantation (HCT) has developed from a treatment of “last resort” to an effective therapy for patients
with a variety of malignant and non-malignant disorders (See Table 2). The
ﬁeld was pioneered by E. Donall Thomas initially in canine model systems
in the 1950s and 1960s, with the ﬁrst patient transplant performed in 1956
(treatment of a patient with total body irradiation followed by an infusion of marrow from an identical twin resulted in complete remission of
leukemia). In 1968, the ﬁrst transplantation from a related, matched donor
for a non-malignancy (SCID) was successfully performed, and in 1973, the
ﬁrst transplant was carried using an unrelated donor. In 2002, over 45 000
transplants were performed worldwide for a wide variety of indications.68
It is important to note that while HCT is often termed “stem cell transplantation,” clinically these are not purely “stem cell” transplants, as the
cells commonly transplanted are not pure HSC but heterogeneous populations of stem, progenitor and mature cell populations contained within
unfractionated donor bone marrow, mobilized peripheral blood or cord
blood.
Autologous transplantation
There are two primary forms of hematopoietic cell transplantation deﬁned
by the donor graft source: autologous and allogeneic. The principle of autologous hematopoietic transplantation allows the use of myeloablative doses
of combination chemotherapy and/or radiation to optimize tumor kill, followed by transplantation with the patient’s own previously collected and
stored bone marrow or mobilized peripheral blood to regenerate or“rescue”
the hematopoietic system.69 This treatment modality rapidly evolved in the
1980s and has became the treatment of choice for patients with relapsed
or refractory lymphoma, being increasingly used for other chemotherapysensitive but infrequently cured cancers, including acute leukemia, multiple
myeloma, and selected solid tumors. Generally, autologous transplants have
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Table 2. Diseases in which Autologous and/or Allogeneic Hematopoietic Cell Transplants
have been used

Malignant

Non-Malignant

Leukemia/preleukemia
Chronic myeloid leukemia (CML)
Chronic lymphocytic leukemia (CLL)
Acute myeloid leukemia (AML)
Acute lymphoblastic leukemia (ALL)

Severe aplastic anemia

Myeloproliferative syndromes
Juvenile chronic myeloid leukemia
Myelodysplastic syndromes
Therapy-related myelodysplasia/leukemia
Kostmann agranulocytosis

Paroxysmal nocturnal hemoglobinuria
Hemoglobinopathies
Thalassemia major
Sickle cell disease
Congenital disorders of hematopoiesis
Fanconl’s anemia
Diamond-Blackfan syndrome
Familial erythrophagocytic histiocytosis
Dyskeratosis congenital
Shwachman-Diamond syndrome

Non-Hodgkin’s and Hodgkin’s lymphoma
Multiple myeloma
Solid tumors
Breast cancer
Neuroblastoma
Ovarian cancer
Renal cancer
Brain tumors
Testicular cancer

SCID and related disorders
Wiskott-Aldrich syndrome
Inbom errors of metabolism
Storage Diseases
Automimmune disorders
Systemic lupus erythematosis
Rheumatoid arthritis

lower transplant-related mortality as compared with allogeneic transplantation as engraftment and immune recovery is more rapid and there is no
graft versus host disease (GVHD) related morbidity or mortality.
Allogeneic transplantation
Allogeneic hematopoietic cell transplantation by deﬁnition involves transplantation of hematopoietic and hematolymphoid cells from a related or
unrelated donor. Related donors who share the full HLA type of the recipient are termed “HLA matched” and are preferred donors due to diminished
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rates of graft rejection and decreased incidence and less severe graft versus
host disease (GVHD) (wherein donor mature T cells respond to host transplantation antigens). Full siblings of a prospective transplant patient have a
25% chance of being a full HLA match, and if so are termed matched related
donor (MRD), although single HLA mismatch donors are utilized at some
transplant centers when no complete match can be identiﬁed. If no MRD
donor can be identiﬁed, unrelated donors are sought, termed matched
unrelated donors (MUDs), and are generally identiﬁed through marrow
donor registries such as the American-based National Marrow Donor
Program (NMDP). The ﬁrst anecdotal reports of successful HCTs using
HLA-matched unrelated donor occurred in the early 1970s; however, the
polymorphism of human HLA made the feasibility of ﬁnding such a donor
for an individual low. With the advent of several national and international
groups such as the NMDP with organized marrow donor registries, there
are now over eight million HLA-typed volunteer donors worldwide.70 More
recently, as immunosuppressive techniques have improved, haploidentical
parents or sibling donors (which share only a 50% HLA match, or one of
the two HLA containing chromosomes) have been utilized as donors when
no MRD or MUD donors can be identiﬁed. Haploidentical and single HLA
mismatched transplants may be most successful if T-cell depleted grafts
containing high numbers of CD34+ cells are administered.71
Indications for HCT
The most common indications for allogeneic and autologous HCT are
malignancy. The diseases treated in 2002 in North America are shown in
Fig. 4. 69% of allogeneic HCTs were for leukemia or preleukemia; 28% for
AML; 17% for ALL; 11% for CML; 9% for myelodysplastic or myeloproliferative syndromes; and 4% for other leukemias. Twenty percent are for other
cancers, including non-Hodgkin’s lymphoma (12%); multiple myeloma
(3%); Hodgkin’s disease (<1%); and other cancers (4%). The remainder
are for aplastic anemia (3%; immune deﬁciencies (2%); and other diverse
non-malignant disorders (6%)). The most common indications for autologous transplantation were multiple myeloma (34%); non-Hodgkin’s lymphoma (33%); Hodgkin’s disease (12%); leukemia (5%); neuroblastoma
(3%); and other cancers.72
Allogeneic HCT most often involves high-dose radiation and chemotherapy with the aim to eliminate any residual malignancy. This therapeutic
effect is often augmented by the graft versus malignancy or “graft versus
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Figure 4. Indications for hematopoietic cell transplantation in North America, 2002. Abbreviations: Non-Hodgkins lymphoma (NHL), acute myelogenous leukemia (AML), acute lymphoblastic leukemia (ALL), myelodysplastic disease (MDS), chronic myelogenous leukemia
(CML), chronic lymphocytic leukemia (CLL). Courtesy of the Statistical Center the IBMTR and
ABMTR.

tumor” effect (GVT) mediated by donor T-cells.73 Standard allogeneic bone
marrow grafts contains ∼107 CD3+ cells per kilogram of recipient weight.
GCSF mobilized peripheral blood contains 10-fold greater numbers of
T cells per kilogram (approximately 108 CD3+ cells/kg). T cells within the
graft can mediate a graft versus tumor effect (targeting, for example, minor
histocompatability antigens expressed on residual donor hematolyphoid
tissues and any residual malignant cells), but often also mediate graft versus
host disease (GVHD).74 GVHD causes signiﬁcant morbidity and mortality through the action of mature, donor derived T cells which recognize
host antigens as foreign and mount an immune attack, primarily manifested clinically on the patient’s skin, gut, and liver.75 The degree of HLA
disparity between donor and host is a primary predictor for the occurrence of acute GVHD (within 100 days of transplant), and chronic GVHD
(greater than 100 days post transplant).76 All allogeneic recipients are therefore placed on immunosuppression during conditioning, and usually for at
least 6 months post transplantation. Common immunosuppressive drugs
include cyclosporine, methotrexate, anti-thymocyte globulin (ATG) and
prednisone. More recently utilized suppressors of donor T-cell activity

干细胞之家www.stemcell8.cn ←点击进入
269

Hematopoietic Stem Cells: Basic Science to Clinical Applications

Figure 5. Relapse rates following allogeneic and syngeneic marrow transplantation. Allogeneic T cells in marrow grafts mediate both GVHD and graft versus leukemia effect. Relapse
rates are least in patients who develop both acute and chronic graft-versus-host disease
(AGVHD + CGVHD); higher in those who develop no clinically evident GVHD; and higher still
if T cells are depleted from the marrow graft or in recipients of identical twin transplants.

include mycophenolate mofetil and tacrolimus. Treatment of GVHD ﬂares
often requires increasing immunosuppression, leading to increased risk of
morbidity and mortality from bacterial and fungal infections.77 Depletion
of T cells from hematopoietic grafts signiﬁcantly reduces GVHD; however, this depletion also results in signiﬁcantly increased incidences of graft
failure,78 as well as loss of the graft-versus-tumor activity. The GVHD and
Graft vs Tumor effect is a “double edged sword,” in that patients with the
lowest relapse rates are those who develop both acute and chronic GVHD,
and disease relapse rates are higher in those who develop no clinically evident GVHD, and higher still if T cells are depleted from the marrow graft
or in recipients of identical twin transplants79 (see Fig. 5).
Nonmyeloablative allogeneic transplantation
The demonstration of the beneﬁcial effects of immune mediated graft
versus tumor effect has led to the concept of using relatively less toxic
preparative regimens for use in allogeneic recipients with relatively indolent
disease or perhaps most importantly in patients with genetic or autoimmune conditions. This approach, variably termed “non-myelablative,”“low
intensity,”“mini-transplantation” or “mixed chimeric” transplantation now
contributes up to 30% of allogeneic transplants performed, and was ﬁrst
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pioneered in experimental canine80 and murine systems and rapidly translated to the clinic in the mid-1990s.81 A non-myeloablative approach
enables most recipients to undergo transplantation from a matched related
or unrelated donor as an outpatient, as recipient marrow and blood count
suppression is generally no greater than with standard dose chemotherapy,
and thus this approach has broadened the indications of allotransplantation to older, and more medically frail patients.82 Following engraftment,
the recipient will have a degree of donor chimerism, in that their hematolymphoid system will be made up from both donor and host elements.
Conversion to complete donor engraftment can be facilitated, most commonly through unrelated donor leukocyte infusions (DLI), which tends
to convert the recipient to 100% donor chimerism via GVH mechanisms
as well as mediate a GVT effect.83 The graft versus tumor effect in nonmyeloablative transplantation can take months to take effect, which generally limits this approach to slower growing malignancies. For patients
with genetic diseases, such as sickle cell or beta thalassemia, where only
partial donor chimerism can effect a cure of the underlying disease, a nonmyeloablative approach may be ideal, in that this approach avoids much of
the signiﬁcant morbidity and associated mortality with a fully myeloablative
conditioning preparative regimen. GVHD, however, remains a signiﬁcant
problem in patients who have undergone non-myelablative preparative regimens, with serious side effects approaching 25% of patients in one large
series.84 T-cell depletion of the donor graft decreases GVHD and is most
appropriate for transplants treating genetic disease which do not require a
graft versus tumor effect to contribute to a cure.

Sources of HSCs
There are three primary sources of hematopoietic stem cells for clinical use:
bone marrow, mobilized peripheral blood, and more recently, umbilical
cord blood.
Bone marrow: Marrow is the traditional source of HSC for both allogeneic and autologous transplantation. Bone marrow is harvested by large
bore needle aspiration from the donor’s posterior ileac crests in the operating room, the donor being under general anesthesia. The harvest process
generally requires 100–200 separate small volume marrow aspirates and
proceeds until 1–2 liters of marrow containing a cell dose of more than
2 × 108 nucleated cells per kilogram of recipient body weight has been
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obtained. The marrow is ﬁltered to remove any bone spicules, and can then
given to the recipient via an intravenous infusion.
Mobilized peripheral blood: HSC normally circulate in the peripheral
blood at low levels. HSC can be “mobilized” from the marrow following the
administration of colony-stimulating factors and/or chemotherapy. Several colony stimulating factors are effective mobilizing agents, including
G-CSF, GM-CSF, IL-3 and thrombopoietin. Most commonly, mobilization
involves twice-daily subcutaneous administration of G-CSF at 10ug/kg/day,
followed by apheresis on the 5th day.85,86 CD34+ cells in the apheresis
product are counted to ensure that the autologous or allogeneic recipient
receives a minimal dose predicted to safely mediate engraftment. Apheresis
sessions are repeated on subsequent days as needed until targeted numbers of CD34+ cells are obtained (typical goal of 5 × 106 CD34+ cells/kg
with the minimum acceptable number generally being 2 × 106 /kg for allogeneic recipients). Mobilized peripheral blood harvests are now used in
the majority (>80%) of autologous transplants and in recent years for
increasing numbers of allogeneic transplants. Newer mobilization agents
are undergoing clinical trials, such as CXCR4 chemokine receptor blockade,
which, by preventing the stimulation of HSC by stromal derived factor-1
(SDF-1) on marrow stromal cells, results in the immediate release of HSC
into the bloodstream.87
As mobilized peripiheral blood (MPB) as a donor source has become
increasingly utilized in allogeneic transplants, the rate of acute and chronic
GVHD has been examined, particularly due to the 10-fold excess of donor
T-cells in an unmanipulated MPB donor graft.88 Retrospective trials indicate increased rates of chronic GVHD from MPB, and prospective clinical
trials are currently underway to better compare outcomes between MPB
and BM as allogeneic donor sources.
Trials comparing GCSF-stimulated bone marrow with GCSF-mobilized
peripheral blood have shown that each source resulted in similar
engraftment times, but patients receiving MPB have developed more
steroid-resistant GVHD.89 Additional preliminary studies in haploidentical
transplants from family members suggested that GCSF stimulated allogeneic bone marrow may confer early engraftment similar to mobilized
peripheral blood but possibly without the increased risk of GVHD.90
Umbilical cord blood: Cord blood, like mobilized peripheral blood contains a high frequency of HSC and hematopoietic progenitor cells91 and
has become an appealing alternative source of HSC for patients undergoing
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transplant for a wide variety of indications.92 The ﬁrst transplant of human
umbilical cord blood (UCB) was successfully carried out in 1988, for a
5-year-old boy with Fanconi’s anemia.93 The success of this procedure led
to the rapid development of UCB banks which collect and cryopreserve cord
blood units for potential future use in HSC transplantation. Several private
enterprises have been developed to offer this banking service for healthy
newborns, as a sort of “insurance policy” for the donor or potentially other
siblings into the future. Limitations of cord blood transplantation primarily relate to cell dose (CD34+ cells/kg) in a UCB unit and available to be
infused into the recipient, a serious factor especially in larger recipients.
Relatively low total cell dosage translates to prolonged periods while awaiting engraftment, with concomitant increases in morbidity and mortality.
Recently, approaches to the problem have included transplantation of two
unrelated UCB units to the same recipient. While the speed of engraftment
is generally slower than bone marrow and peripheral blood transplants, this
is counterbalanced by the rapid availability of UCB if urgent transplant is
required, and the lower incidence of severe chronic graft versus host, even
with one to two HLA mismatches.94

Enrichment and graft engineering technologies
With the further characterization of human HSC, technologies for graft
engineering have been developed.95 CD34 has primarily been used as a
means to enrich for HSC, which can be positively selected by immunomagnetic beads (in some cases followed by high speed FACS sorting of highly
enriched CD34+ , CD90+ HSC), and in so doing reduce any contaminating
tumor cells within autologous grafts.96 In allogeneic grafts, HSC enrichment decreases the numbers of T cells in the transplant product (and subsequently rates of GVHD). Negative selection and purging of malignant
cells contained in autografts has also been pursued in attempts to decrease
the incidence of post-transplant relapse. Figure 6 summarizes current and
proposed approaches to engineering the HSC containing transplant graft.92
This includes for the autologous graft: gene transduction for the treatment
of genetic or infectious disease; purging the graft for the removal of residual malignant cells; and the isolation, expansion and addition of primed
anti-tumor cell populations. For allogeneic HCT grafts, proposed graft
engineering includes expansion of HSC when there is an inadequate cell
dose, gene therapy to introduce particular transgenes, removal of donor
T-cells to ameliorate GVHD, and addition of facilitating cells to enhance
engraftment or induce tolerance.
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Figure 6. Engineering the HSC containing graft: (top) Examples of proposed modiﬁcations to the
allogeneic graft to effect increased graft versus tumor effect, and decreased GVHD (Bottom).
Examples of autologous HSC graft engineering include gene transduction, purging of contaminating malignancy, and expansion or addition of autologous cytotoxic populations within
the graft.

Rationale and clinical experience with puriﬁed HSCs
As previously emphasized, many studies of unpuriﬁed bone marrow and
MPB cells refer to themselves as “Hematopoietic Stem Cell transplants,”
when in fact, the transplant graft itself contains a minority fraction of
HSC, the majority consisting of a large fraction of hematopoietic progenitors and mature cells (i.e. T-cells). Of note in the setting of autografts for malignancies such as breast cancer and lymphomas, a majority
fraction of hematopoietic transplant grafts contain detectable numbers of
malignant cells.
Post-transplant relapse from remaining minimal residual disease remains
a signiﬁcant challenge and is the largest contributor to post-transplant mortality. Relapse following HCT may be secondary to persistence of residual
disease, the infusion of tumor cells within the autograft, or a combination of
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the two. The beneﬁts incurred from the graft versus leukemia effect in allogeneic transplantation is not present in autotransplantation. The increasing
utilization of autologous peripheral blood and bone marrow transplantation for the treatment of malignancies raises the concern that re-infused
tumor cells may be responsible for many post-transplant relapses.
In breast cancer patients receiving autologous grafts, the proportion of
grafts with evidence of breast cancer cells is as high as 86% in some studies as detected by immunomagnetic tumor cell enrichment.97 The clinical
signiﬁcance of tumor contamination in autografts98 has also recently been
shown to play a role in relapse following autologous transplant multiple myeloma.99 The presence of gene-marked, infused tumor cells at sites
of disease relapse has been demonstrated in neuroblastoma, CML and
AML.100,101,102 Such ﬁndings lead to the concept of utilizing highly puriﬁed HSC, free from contaminating tumor cells, to prevent the infusion of
tumor cells, and thereby improve the incidence of disease-free survival post
autotransplantation.
Three pilot clinical trials have been conducted to date utilizing highly
puriﬁed autologous HSC in the setting of malignancy (breast cancer, multiple myeloma, and lymphoma), following the development of high-speed
ﬂow cytometer technology to enable the rapid isolation of transplantable
human HSC from peripheral blood or bone marrow.103 In a phase I/II study
of 22 women with advanced, metastatic, stage-IV breast cancer patients
performed at Stanford,104 autologous mobilized peripheral blood was collected by apheresis and highly puriﬁed CD34+ Thy-1+ HSC were obtained
through high-speed FACS cell sorting. Tumor cell depletion below the limits of detection of a sensitive immunoﬂuorescence-based assay was accomplished in all patients who had detectable tumor cells in their apheresis
products before processing. Compared with historic controls who received
traditional, non-purged peripheral blood transplants, these patients have
done extremely well, with freedom from disease progression (FFP) of 40%
at 32 months post transplant. This compares favorably with contemporary
transplants of analogous stage-IV breast cancer patients with unpuriﬁed
MPB grafts who had only a 6% FFP at 32 months.105
In a related trial, 26 patients with relapsed indolent non-Hodgkins
lymphoma (NHL) received puriﬁed HSC.106 The 3-year event-free survival
was 55%, and overall survival was 78%. Delays in T-cell reconstitution may
have resulted in a higher rate of post-transplant infectious complications.
In each of these studies, the minimum dose of puriﬁed CD34+ Thy+ HSC
to achieve patient engraftment with an absolute neutrophil count >500 was

干细胞之家www.stemcell8.cn ←点击进入
275

Hematopoietic Stem Cells: Basic Science to Clinical Applications

Figure 7. Puriﬁed HSC engraftment: Time to platelet and neutrophil engraftment in patients with
metastatic breast cancer that underwent myeloablative transplantation and rescue with puriﬁed, autologous HSC. Each dot represents for one patient days to neutrophil engraftment
(solid circles), and platelet engraftment (open circles), based on the number of CD34+ Thy1+ cells infused. (Vose et al., 2001.)

2–4 × 105 HSC/kg (10 fold less than the 2–5 × 106 CD34+ MPB cells used
in standard autologous transplants); the dose to achieve a rapid neutrophil
engraftment (10–11 days) and rapid platelet engraftment (>20 000 per ul)
was 8 × 105 HSC per kg (see Fig. 7). These results support the approach,
thanks to the ability to isolate sufﬁcient numbers of CD34+ Thy+ HSC to
enable rapid engraftment while purged of contaminating cancer cells, and
T-cells. It would be reasonable in the future to conduct larger, prospective
trials of autografts with puriﬁed HSC in a two-arm prospectively randomized study to fully address event-free and overall survival.

Expanding Applications for Hematopoietic
Cell Transplantation
As HCT technology and clinical experience and supportive care has
improved, and non-myeloablative approaches have been developed, mortality and morbidity from the transplant procedure itself has decreased,
and has led to the use of HCT for an expanding number of non-malignant
indications.
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Autoimmune disease: Autoimmune diseases are a heterogeneous group
of disorders with genetic and environmental etiologies which occur when
there is a breakdown in the immune systems tolerance to normal tissues.
The most common autoimmune diseases are rheumatoid arthritis, systemic
lupus erythemetosis (SLE) and type I diabetes mellitus. Pathophysiology
generally involves persistent manifestations of chronic tissue damage, as
cells of the immune system recognize self-antigens on target tissues as
foreign. Early experiments demonstrated that bone marrow transplantation could alter the course of autoimmune diseases in animal models.107
BMT was shown to transfer disease from autoimmune prone animals to
unaffected ones, but also to prevent disease if hematopoietic cells were
transplanted from unaffected rodents to susceptible ones.108 Puriﬁed HSC
from diabetes-resistant donors transplanted to just-diabetic NOD mice
have been shown to permanently prevent progression to autoimmune diabetes without GVHD, whereas syngeneic BM or HSC barely delays disease progression.109 Subsequently, it was observed that in patients receiving
HCT for conventional indications, their coexisting autoimmune diseases
also improved or were cured.110 Through international collaborative trials,
over 600 patients refractory to standard therapies patients and at high-risk
for subsequent mortality have been treated with high dose chemotherapy followed by autologous HCT with their autoimmune disease as the
primary transplant indication. The majority of these patients underwent
autologous transplantation for severe/refractory multiple sclerosis (MS),
systemic sclerosis (scleroderma), rheumatoid arthritis or SLE. Phase I/II
trials have demonstrated lasting remissions in some patients with severe
autoimmune disorders and are currently moving to randomized trials. Allogeneic transplants have generally been avoided given the risk morbidity of
GVHD; however less toxic, non-myeloablative approaches, possibly utilizing puriﬁed or HSC or T-cell depleted hematopoietic grafts are now being
evaluated.111
Allogeneic hematopoietic cell transplantation for inherited diseases:
Transplantation for sickle cell disease (SCD) has been primarily performed in pediatric patients with clinical features suggestive of poor outcome (e.g. frequent vaso-occlusive episodes) and signiﬁcant sickle-related
morbidity.112 In multicenter trials of 59 children transplanted with HLAidentical sibling transplantation, the probabilities of survival and diseasefree survival were 93% and 84%.113 Newer approaches to treat SCD with
non-myeloablative preparative regimens leading to donor chimerism (as
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even partial production of normal hemoglobin can signiﬁcantly effect
the clinical course) have been attempted with variable success, complicated by some episodes of graft rejection.114 Animal model experimentation continues,115 as does a multi-center collaborative clinical trial, to
deﬁne an effective non-myeloablative regimen for children with symptomatic SCD. Allogeneic hematopoietic cell transplantation from healthy
sibling or HLA-identical donors for otherwise healthy beta-thalassemia
major patients (without signiﬁcant organ damage) is considered the treatment of choice and is the only therapeutic modality for curing this disease,
preventing the long-term morbid effects of iron-overload in chronically
transfused patients. and has a very high probability of cure with very low
morbidity and mortality.116
HSC transplant and gene therapy of HSCs for immunodeﬁciency:
Severe combined immunodeﬁciency syndrome (SCID) and other congenital immunodeﬁciencies are a heterogeneous group of lethal, congenital
disorders which result in the inability of T and B lymphocytes to mount an
antigen speciﬁc response.117 The ﬁrst successful human allogeneic HCT
was performed in an infant with SCID from an HLA-matched sibling
over 3 decades ago, and the recipient remains alive and well. Bone marrow from HLA-matched siblings remains the treatment of choice, and
GVHD prophylaxis is often not required possibly to the young age of
the donor/recipient pairs and decreased requirement for cytoreductive
conditioning.118 In a small number of cases successful in utero transplants
have been performed using paternal bone marrow or CD34+ selected
cells.119 More recently, gene therapy trials utilizing genetically modiﬁed
autologous lymphocytes or HSC in an effort to correct the defect without the need for cytoreduction or risk of GVHD have been performed,
with ADA deﬁciency being the ﬁrst genetic disease to be treated by gene
therapy.120 In 2000, the ﬁrst successful correction of X-linked SCID with
autologous, gamma-chain transduced CD34+ hematopoietic cells as the
sole therapy was performed on several infants, with resulting normalizing
of CD3+ cells in the peripheral blood. Nine of eleven recipients had successful reconstitution of normal T and B cell function; however, unfortunately
three of the eleven children treated developed a T-cell leukemia when the
transgene inserted into an oncogene on chromosome 11.121 Safer vector
technology portends signiﬁcant beneﬁt for gene therapy of hematopoietic
cells for the treatment of ADA deﬁciency and other immunodeﬁciency
disorders.
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Clinical utility of hematopoietic progenitors
In mouse models, the downstream progenitors of the HSC have been identiﬁed. These include the common myeloid progenitor (CMP),122 granulocyte
macrophage progenitor (GMP), the megakaryocyte erythrocyte progenitor
(MEP), and the common lymphoid progenitor (CLP), and as discussed
above, analogous populations have been identiﬁed in the human system.
Clinical applications of hematopoietic progenitor populations have
reached proof of concept in animal models and may soon translate to
clinical use. Transplantation with puriﬁed syngeneic or allogeneic CLP has
led to protection from otherwise lethal infection with CMV in murine
models.123 Transplantation with puriﬁed syngeneic or fully allogeneic CMP
leads to rapid myeloid engraftment and protection from otherwise lethal
aspergillosis infection124 (a common cause of mortality in allogeneic transplant recipients) as well as resistance to pseudomonal infection.125
Human CMP have been identiﬁed.126 Clinical trials are planned utilizing
allogeneic CMP (expanded in vitro) to rapidly generate an effective neutrophil population in otherwise neutropenic patients following chemotherapy or HCT.

Future Directions for HSC Transplantation
Expansion of HSC: There exists a need, and desire to expand HSC; for
example, allogeneic cord blood transplants are often not possible due to the
limited total CD34+ dose within a particular cord unit, and therefore larger
recipients are not candidates or will engraft very slowly. Higher LT-HSC
doses correlate with faster engraftment and better long-term survival in
both autologous and allogeneic settings.127 Expansion of LT-HSC should
lead to more rapid immune reconstitution, and in the autologous setting,
enables expansion free of malignant cells.128
Attempts to expand human HSC in culture have primarily focused
upon attempts to expand cord blood hematopoietic stem cells, through
genetic modiﬁcations (such as through the addition of genes to enhance
self-renewal (Wnt,129 beta-catenin), and additionally through threedimensional stromal cultures which attempt to recapitulate the marrow
environment, or with various supportive endothelial populations,130 and
cytokines.131,132 Most work to date reveals expansion of downstream myeloerythroid cells, with however, little to no clear expansion of true HSC. Challenges to expansion of HSC include the optimization of culture conditions;
identiﬁcation of the optimal human populations to expand; identiﬁcation
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and expansion of human, long-term repopulating cells and concerns that
expansion may lead to early senescence or deceased functional capacity.133
Recently, preclinical studies have suggested novel approaches that may lead
to signiﬁcant in vivo engraftment. These include the use of the homeobox
gene, Hox-B4, which, when expressed following gene transfer, has led to
increased numbers of HSC and ability to engraft adult irradiated hosts.134
HSC transplantation to mediate tolerance for organ allografts: Use of
puriﬁed HSC in allotransplantation can result in full donor derived reconstitution without GVHD. Furthermore, animals previously reconstituted
with mismatched, allogeneic donor marrow or HSC have been shown to
develop lifelong tolerance to completely mismatched donor heart allografts
(e.g. donor C57Black hearts into Balb/c recipients).135 Co-transplantation
of other tissues or organs from the same HSC donor should be possible,
and permit long-term tolerance induction to replacement cells or organs.
This approach has been advanced in murine and primate studies, demonstrating that it is feasible to induce transplantation tolerance in chimeric
and nonchimeric hosts using sublethal total lymphoid irradiation (TLI)
as a pretransplantation conditioning regimen.136 Application of this concept has recently led to human trials, in which patients receiving living
related kidney donor allografts have subsequently undergone nonmyelablative transplantation with marrow or MPB from the same kidney
donor. Several recipients have stable or transient chimerism, and as evidence
of improved tolerance to the renal allograft, have been able to discontinue
immunosuppression, at least transiently.137
HSCs as vehicles for gene therapy: The HSC is an attractive target for
gene therapy, as many genetic diseases are the result of single gene defects
affecting the mature hematopoietic cell progeny of affected HSC. Examples
include inherited blood disorders such as the various anemias (including
beta-thalassemia, Diamond-Blackfan syndrome, globoid cell leukodystrophy, sickle-cell anemia, severe combined immunodeﬁciency, X-linked lymphoproliferative syndrome, and Wiskott-Aldrich syndrome), inborn errors
of metabolism (examples include Hunter’s syndrome, Hurler’s syndrome,
Lesch Nyhan syndrome, and osteopetrosis); in addition to the transduction of HSC to carry genes to supply missing proteins from other tissues.
As mentioned above, clinical trials involving transduction of autologous
CD34+ progenitors for the treatment of X-linked SCID have demonstrated
successful reconstitution of normal lymphocyte function; however this was
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complicated in some patients by insertional mutagenesis leading to T-cell
leukemia.
Genetic modiﬁcation of hematopoietic stem cells with genes that inhibit
replication of human immunodeﬁciency virus (HIV) could lead to development of T lymphocytes and monocytic cells resistant to HIV infection
after transplantation (thus a form of “intracellular vaccination”). Transducing autologous HSC138 in AIDS patient to carry protective genes such
as anti-sense to HIV-gag, RevM10 and anti HIV-tat,139 has been pursued in
early clinical trials.140
Additional potential therapeutic strategies utilizing HSC gene therapy might be aimed at more effective treatment of malignancy, including targeting HSC and their progeny with genes for regulated drug
chemotherapy and radiotherapy resistance (such as MDR-1 and BCL-2),141
to enable temporal resistance to therapies that destroy tumors at the cost
of lymphohematopoietic failure. An additional example includes HSCderived immunotherapy for malignancy, which may enable the generation
of targeted graft versus tumor effect without GVHD. In this approach, a
fraction of autologous or allogeneic donor HSC or common lymphocyte
progenitors would be transduced with alpha-beta T-cell receptor (TCR)
speciﬁc to known tumor associated antigens (such as Her2Neu in breast
cancer, WT-1 or PR-1 in many leukemias) presented in the context of their
HLA Class I or II, such that large numbers of antigens speciﬁc TCR transgenic T-cells would be developed from TCR transduced HSC or progenitors,
and generate a robust and targeted graft versus tumor effect.
Other HSC mediated regenerative therapies, and the question of
HSC plasticity
A dogma of hematopoietic stem cell biology had been that HSC are
restricted to the hematolymphoid lineage, with multipotent, self-renewing
HSC at the top of the pyramid, committed progenitor cells in the middle,
and lineage-restricted mature blood cells at the bottom. Recent years have
seen a great deal of debate regarding the “plasticity” of adult HSC, and their
ability to differentiate into a variety of non-hematopoietic tissues, with
several investigators claiming that HSC are pluripotent, with the ability to
“transdifferentiate” into a variety of tissues (review142,143 ), including to tissues of the central nervous system,144 cardiomyocyte,145 skeletal muscle,146
hepatic,147 pancreas148 and other organ systems. Transdifferentation refers
to the change of a cell of one tissue lineage into a cell of an entirely distinct
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lineage, with loss of speciﬁc markers and function of the original, and
acquisition of markers and function of the transdifferentiated cell type.
This “plasticity” of the hematopoietic system, usually described following transfer of marrow-derived stem cells into the injured recipient mice,
has led to clinical trials. These trials could be considered premature given
the lack of basic understanding of the mechanisms and validity of animal
experimentation. Recent clinical trials using unselected or HSC- enriched
bone marrow populations have described functional improvement in cardiac function following myocardial infarction and congestive heart failure;
however, the mechanisms of improvement remain unclear, with hypothesized etiologies ranging from transdifferentiation or fusion to a paracrine
effect from multiple factors which may be secreted by autologous marrow derived cells when localized to the infarct or peri-infarct region of the
heart.149
Controversial claims of adult stem cell mediated tissue regeneration have
since been reevaluated in light of subsequent work, demonstrating that
much of what appeared to be transdifferentiation was the results of cellcell fusion.150 For example, in a mouse model of hereditary tyrosinemia,
the ability of BM cells to regenerate functional hepatocytes was demonstrated to be fusion with hepatocytes in the livers of the recipient mice.151
Fusion occurs, however, at low frequency, and this implies that such rare
events are unlikely to signiﬁcantly contribute to normal tissue regeneration. Analysis of parabiotic animals sharing a common blood vasculature
via tissue anastomoses for up to nine months, in which all the cells of
one partner were marked with green ﬂuorescent protein (GFP), while the
other partner was unmarked, has revealed no evidence of homeostatic cell
replacement from circulating cells in nonhematopoietic tissues, either via
cell fusion or transdifferentation, despite signiﬁcant HSC cross engraftment in these animal pairs.152 Potential mechanisms and explanations for
the observations of adult stem cell plasticity are summarized in Fig. 8.
These include transdifferentiation, de-differentiation, heterogenous stem
cell sources, pluripotent stem cells, and cell fusion.
In many reports claiming HSC plasticity, rigorously deﬁned, puriﬁed
true stem cell populations were not administered.153 In most studies to
date, various preparations from hematopoietic tissue have been utilized in
in vivo studies of stem-cell plasticity. This includes unselected cells from
bone marrow and peripheral blood which contain a heterogeneous population of stem cells, which can include HSC, mesenchymal stem cells, multipotent adult progenitior cells (MAPC) and endothelilal precursor cells.
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Figure 8. Adult stem cell plasticity: Potential mechanisms and explanations for observations. Tissue speciﬁc stem cells are represented in yellow or green, pluripotent stem cells in
blue, and differentiated cells from “yellow ” lineage by red ovals, and of the green lineage by
green hexagons. In the ﬁrst model (Panel A), pluripotent stem cells have the ability to directly
differentiate into cell types of different lineages; (Panel B), mature cells dedifferentiate into
cells with stem-cell like characteristics and eventually redifferentiate into terminally differentiated cells of a different tissue. In the third model (Panel C), distinct stem cells differentiate,
each into its own organ-speciﬁc cell; in the fourth (Panel D), pluripotent stem cells differentiate directly, or via multipotent stem cells into different tissue lineages; and ﬁnally (Panel E),
stem or mature cells from distinct lineages undergo cell fusion (adapted from Wagers and
Weissman, 2004).

In order to rigorously prove that HSC transform or differentiate into nonhematopoietic tissues, this should be documented by cell marking, preferably at the prospectively isolated, single-cell level, and the resulting cells
must be shown to have become integral to the acquired tissue and have
acquired the function of the particular organ, both by expressing tissue
speciﬁc proteins and showing organ speciﬁc function. Such work utilizing
c-kit-enriched BM cells, Lin− c-Kit+ BM cells and c-Kit+ Thy1.1lo Lin−
Sca-1+ long-term reconstituting haematopoietic stem cells failed to regenerate myocardium in a murine infarct model.154
Future studies in the preclinical setting, and randomized, double blinded
clinical trials should ideally utilize rigorously deﬁned, homogenous populations of hematopoietic or other adult-derived stem cell populations to
deﬁne mechanisms, the most favorable intervention timing, delivery mechanism and optimal cell populations which may confer a signiﬁcant clinical
beneﬁt.
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Hematopoietic Stem Cells for Leukemias
and other Life Threatening
Hematological Disorders
Patrick Tan

Introduction
In recent years, hematopoietic stem cell transplantation (HSCT) has not
only become a reality, but has become an important weapon in the
treatment of cancers, organ failures and even in diseases caused by
autoimmunity.
HSCT, is a rapidly developing area, drawing on cell biology, molecular
biology, virology, immunology, cell quantitation techniques and biochemical engineering. It has potential in many clinical settings and provides
new hope to patients who are suffering from conditions known to be
unresponsive to conventional treatment with surgery, chemotherapy and
radiotherapy.
Of late, the term “hematopoietic stem cell transplantation” has been
used to replace “bone marrow transplantation.” It is a more precise term
and emphasises the “hematopoietic stem cell” as the key element. The
hematopoietic stem cells (HSCs) are the earliest, most immature group
of cells that possess the greatest potential for self-renewal and long term
marrow repopulating capacity. These cells can be harvested from the bone
marrow, peripheral blood, umbilical cord and even fetal liver.
The sources of these stem cells may be a compatible family member or an
unrelated donor (allogeneic transplantation), an identical twin (syngeneic
transplantation) or the patient’s own cells previously collected and suitably
stored (autologous transplantation).
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The successful transplantation of bone marrow cells in three patients
with congenital immunodeﬁciency disorders in the late 1960s in human
marked the birth of HSCT.1−3

Indications
The number of stem cell transplants done worldwide has progressively
increased since its ﬁrst clinical use. To a large extent, this is related to
liberalization of eligibility criteria, particularly with extension of its use to
the older age group and broadening of its indications.
Below is a table listing the blood disorders where marrow or stem cell
transplants have been done.

Sources of Stem Cells
The sources of the hematopoietic stem cells may be:
1. A compatible family member or an unrelated donor (allogeneic transplantation)
2. An identical twin (syngeneic transplantation)
3. Patient’s own cells previously collected and suitably stored (autologous
transplantation)
These stem cells can be harvested from the bone marrow directly, or collected from the blood by apheresis after being mobilized by granulocyte
colony stimulating factors or be harvested from the placenta at birth.
Table 1. Common Diseases for Stem Cells Transplant

Congenital

Acquired Malignant

Acquired Non-malignant

Immunodeﬁciency
disorder
Fanconi’s anemia

The Acute leukemias

Aplastic anemia

Chronic myeloid leukemia

Ostepetrosis

Chronic lymphatic
leukemia
Myelodysplastic
syndromes
Hodgkin’s and NonHodgkin’s lymphomas
Multiple myeloma

Paroxysmal nocturnal
hemoglobinuria
Pure red cell aplasia

Mucolipidoses
Mucopolysaccharidoses
Lysosomal diseases

Autoimmune disorders
Hypereosinophilic
syndrome
Amyloidosis
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A. The Non-malignant Disorders
Restorative therapy
Restoration of marrow and immunological functions is the basis for allogeneic marrow transplant for severe aplastic anemias,4 immunodeﬁciency
diseases and the other non-malignant disorders. In the classical allogeneic
stem cell transplant, donor cells are introduced to repopulate the recipient’s
failing marrow but only after high dose chemotherapy which by destroying host immune cells provide the needed immunosuppression to prevent
rejection. Sustainable long term engraftment of the donor hemopoietic
stem cell is the key factor in marrow and immune functions restoration.
The inability to accurately characterize and isolate the stem cells has led
to the use of bulk marrow which contains not only the stem cells but also
many other committed cells, including potent immune cells which could
mediate immunological damage to the host (graft versus host disease).
Selection of donors by matching histocompatibility antigens at major loci
may help to reduce the graft-versus-host reaction. Nevertheless, it must
also be appreciated that the donors’ T lymphocytes play an important role
in creating the “immunological space” for sustained engraftment of the
donor’s HSC.

B. Leukemias and Other Hematological Malignancies
(a) Immunotherapy
Hematopoietic stem cells can generate lymphocytes that can react against
targets in the recipient. These lymphocytes generated from normal donor
stem cells can exert an antitumor effect. In the leukemics, it has been shown
that the antileukemic effect by the donor T lymphocytes plays an important
role in preventing relapse. It is well known that the chance of acute leukemia
relapse is high (60%) after a syngeneic (twin) marrow transplant. The
absence of HLA disparity which is essential for T cell recognition and
reaction in the twins is associated with little or no graft versus leukemia
effect. Such transplant is usually uncomplicated but relapse rate is high.
Consistent with this, is the high relapse rate seen when the donor marrow
underwent rigorous T-cell depletion processing in an attempt to remove all
the T cells.5–7
In contrast, much lower relapse rates (10% to 20%) are being reported
with matched (related or unrelated) allogeneic marrow transplant despite
the use of similar high dose myeloablative regimen. Furthermore, the
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relapse rate is shown to be signiﬁcantly lower in patients who had developed
some form of graft-versus-host disease than in those who had developed
none.
Such observations are consistently seen in many large studies and have
led to the conclusion that the graft-versus-leukemia effect of the accompanying T lymphocytes plays a vital role in the prevention of relapse. Nevertheless, the initial donor stem cell engraftment is a prerequisite for the long
term survival of donor T cells and graft-versus-leukemia effect. Donor T
cells will be rapidly rejected by the host without an initial donor stem cell
engraftment.
The classical allogeneic HSC transplant is generally found to be beneﬁcial in young patients (< 50-years old) with the acute leukemias, chronic
myeloid leukemias, multiple myelomas, and in certain cases of lymphomas.
(b) Adoptive immunotherapy
The management of leukemic relapse after an allogeneic bone marrow
transplant is a major therapeutic challenge, as palliative therapy with oral
cytotoxic drugs will merely alleviate symptoms by controlling blood cell
counts and the size of the spleen, but does not have the capacity for cure.
A second transplant may be an option in selected cases, but has a high
morbidity and mortality.
Since the early 1990s, studies have shown that lymphocytes from the
original marrow donor are highly effective in treating patient with chronic
leukemias (CML & CLL) and those with myelomas who had post-transplant
relapse. Cure rates of greater than 90% have been reported for patients with
chronic myeloid leukemias who developed early cytogenetic relapse after
transplant. Similar results have been reported with the chronic lymphatic
leukemias and the myelomas. Donor lymphocyte infusion (DLI) is, however, found to be less effective in the acute leukemias, largely because of the
rapid progression.6–8

Evolvement into Two Forms as an Anti-Tumor Therapy
The classical allogeneic HSC transplant combines the effect of two major
“weapons,” namely, the “high dose chemotherapy” and “allogeneic cells”
when used in treating malignancies.
Over the years, the “high dose chemotherapy arm” has developed in its
fullest form in tandem with autologous HSC transplant (rescue). The use
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of autologous HSC rescue has allowed high doses of chemotherapy to be
used to treat patients with tumors refractory to standard dose but sensitive
to high doses chemotherapy.
The “allogeneic cellular therapy arm,” on the other hand, has evolved
into the non-myeloablative HSC transplant, where the use of high dose
chemotherapy has given way to the use of immunosuppressive agents as
conditioning regimens.
A. Hematopoietic stem cell rescue
Clinical evidence of dose-response effect in the treatment of high grade
lymphoma has led to trials of autologous marrow transplants for the nonHodgkin’s lymphoma in the mid-1980s. The outcomes were promising and
autologous bone marrow transplant after high dose chemotherapy became
widely accepted as a salvage therapy in patients with relapsed lymphoma.
The discovery of the surface molecule CD 34 which is the surrogate marker
for the hematopoietic stem cell in the early 1990s allowed easy and rapid
evaluation of the stem cell dose in a given collected sample. This has led
to rapid increase in the number of autologous stem cell rescue procedures
done for many conditions worldwide. The CD 34 molecule does not mark
the stem cell but rather the population of cells that contain the stem cells.9–11
Hematopoietic stem cell rescue has allowed us to use high doses of
chemoradiotherapy to treat resistant tumors. The use of high dose of
chemotherapy +/− radiotherapy followed by autologous peripheral stem
cell rescue is currently being widely explored in the treatment of some
tumors like lymphoma, myelomas, as well as certain cases of leukemias
when patients could not ﬁnd an HLA identical donors. Beneﬁcial outcomes
have been reported in selected groups of patients.9–11
B. The non-myeloablative approach: cellular therapy
The classical method also called the “myeloablative allogeneic stem cell
transplant”is associated with signiﬁcant toxicities, which are responsible for
considerable transplant-related mortality. In many series, transplant related
mortality in the classical allogeneic stem cell transplant may reach up to
between 20% and 30%. These toxicities are largely due to the use of high
dose chemoradiotherapy prior to transplantation, which was thought to be
the main “engine” that leads to the cure of malignancy, and the transplant
itself was merely a supportive measure designed to allow the patient to
receive myeloablative treatment without experiencing permanent aplasia.
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However, it is now clear that the results seen with allogeneic transplantation are partly attributable to an immune effect mediated by donor lymphocytes, recognized as the graft-versus-tumor effect. The success of donor
lymphocyte infusions in inducing remissions in patients relapsing following allogeneic transplantation, suggests that long term disease control may
be feasible without a high dose conditioning regimen. The emphasis has
now switched to attempting to achieve a reduction in transplant-related
morbidity and mortality with subsequent improvements in the quality
of life.
Cellular therapy is the main element in the non-myeloablative allogeneic
stem cell transplant (NASCT). Hematopoietic stem cells as well as immune
cells like the T lymphocytes are the main elements used to mediate the
“cure.” Immunosuppressive agents with little cytotoxic effects are used as
conditioning regimens to suppress host immune cells in order to prevent
graft rejection, thus allowing donor stem cells and other progenitor cells to
proliferate and occupy the marrow.
Restoration of hematopoiesis in patients with severe aplastic anemias
and correction of immunodeﬁciency states can be achieved by allowing
long-term engraftment of donor stem cells. Non-myeloablative regimens
followed by transfusion of allogeneic progenitor cells have been investigated in a number of centers as a way of harnessing the graft-versus-tumor
effect.
One of the most well studied NASCT protocol is the use of ﬂudarabine, and low dose total body irradiation as a conditioning regimen,
and cyclosporine A and mycophenolate mofetil as the post-transplant
immunosuppressants by Storb et al., Fred Hutchinson Cancer Research
Center in Seattle.12 Many patients with life-threatening malignant and nonmalignant diseases have been entered into this protocol and signiﬁcant
numbers are enjoying disease free survival up to 3 years.12–16
(1) The Trojan horse and the army
Hematopoietic stem cell engraftment is a prerequisite for effective immune
cell therapy. Allogeneic hematopoietic stem cell (Trojan horse) is required:
1) To maintain the “state of tolerance” for sustained survival of allogeneic
immune cells; 2) To ensure continual supply of hematopoietic cells, which
also include the immunocompetent cells.
Potent immunotherapeutic affects, presumably mediated by donor T
lymphocytes and natural killer cells (the “army”) are the key elements in
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the “ﬁght” against malignancies. These donor immune cells could only
work in the presence of the donor’s HSC, which maintains the state of
tolerance, thus allowing the immune cells to survive a much longer period
for sustainable graft-versus-tumor effect.
(2) The non-myeloablative HSCT and the targeted
cell therapy
It is hoped that the incorporation of more effective but less toxic agents in
conditioning regimens using the non-myeloablative approach will reduce
procedure-related morbidity and mortality and ultimately improve longterm outcomes for patients undergoing allogeneic transplantation. The
ideal is achieved when full donor’s HSC engraftment could be achieved
with zero risk. The donor’s HSC is the platform (Trojan horse) for immune
cell therapy. HSC by itself will have no major impact on tumors, but will
allow sustained survival of the immune cells (T and B lymphocytes, natural
killer cells, dendritic cells, etc.), which in due course will have powerful
antitumor effects. The ideal method, then, is to use donors’ immune cells
which have been speciﬁcally cloned against the tumors. These cells will have
no capabilities of causing graft-versus-host disease, but will mediate strong
antitumor effect.

The Future
There are major scientiﬁc, clinical and regulatory hurdles that still need to
be overcome to bring the full potential clinical beneﬁts of HSCT and cell
therapy to patients. Nevertheless, it seems that the “burning” enthusiasm
and enormous effort exhibited by many in the ﬁeld, both scientists and
clinicians, will bring great promise to many future patients.
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Differentiation of Human Embryonic
Stem Cells to Cardiomyocytes
Chris Denning, Robert Passier and Christine Mummery∗

Introduction
Differentiation of human embryonic stem cells (hESC) to cardiomyocytes
is of interest to developmental biologists for the study of human heart
development as well as to electrophysiologists for studying the effects of
pharmacological agents on the electrical phenotype of normal and aberrant
human heart cells. However, the most interest is from cardiac physicians
who view hESC as a potential source of cardiomyocytes for cell replacement
therapies in cardiac disease. For all applications, hESC would ideally differentiate efﬁciently to deﬁned cardiac cell types in culture. Understanding
the molecular control of normal heart development and its relevance to
cardiomyocyte differentiation of mouse embryonic stem cells (mESC) provides a useful basis for inducing a program of cardiogenesis in hESC. These
areas are reviewed in the present chapter. A survey of the current methods used in the differentiation of hESC to cardiomyocytes (hES-CMs), is
followed by a description of their morphological, phenotypic and electrical properties and a discussion of their potential use in drug screening, as
(genetic) disease models and in transplantation to the diseased heart.

Development of the Mammalian Heart
Differentiation and early morphogenesis
Heart formation is initiated in vertebrate embryos soon after gastrulation when the three embryonic germ layers, ectoderm, endoderm and
mesoderm, are established in the primitive streak. The heart is derived from
*Correspondence: Hubrecht Laboratory, Uppsalalaan 8, 3584 CT Utrecht, the Netherlands. Tel.: +31 30
2121800, fax: +31 30 2516464, e-mail: christin@niob.knaw.nl

301

干细胞之家www.stemcell8.cn ←点击进入
302

C. Denning, R. Passier and C. Mummery

the mesoderm and is the ﬁrst deﬁnitive organ to form in development. Its
morphogenesis, growth and integrated function are essential for the survival of the embryo. Heart forming or cardiac progenitor cells are for the
most part localized in the anterior primitive streak. Different populations
of precursor cells are distributed within the streak (in relation to the organizing center, or node) in the same anterior-posterior order that they are
later found in the tubular heart.1 As a result, cells furthest from the node end
up in the atrium, those nearer the node end up in the ventricle, whilst those
nearest the node later form the outﬂow tract. In addition to precursors in
the primitive streak, there are also precursors bilaterally distributed in the
epiblast directly adjacent to the streak. As development proceeds, the precursor population of precardiac mesoderm emigrates from the streak in an
anterolateral direction, giving rise to the heart-forming ﬁelds on either side
of the streak. These heart ﬁelds harbor not only progenitors of the atrial,
ventricular and outﬂow tract lineages but also endocardial progenitor cells.
The axial distribution is maintained as the ﬁelds migrate to fuse and form
the cardiac crescent. Cells of the cardiac crescent then adopt a deﬁnitive
cardiac fate in response to cues from the adjacent anterior endoderm.2 The
anterior endoderm, in particular, appears to have an instructive function
in cardiogenesis in various species [reviewed by Brand (Ref. 3)]. Ablation of the anterior endoderm in amphibians results in loss of myocardial
speciﬁcation,4 whilst explants of the posterior, blood-forming mesoderm
in chick are reprogrammed to express cardiac instead of blood-restricted
marker genes if combined with the anterior endoderm.5 After the cardiac
mesoderm has been speciﬁed, it is then directed towards the midline where
the heart ﬁelds fuse and form a single heart tube. In mutant mouse and
zebraﬁsh in which this fails to take place, two tube-like structures form
(cardiac biﬁda) which both acquire contractile activity.6–9 These mutants
include several that lack endodermal tissue. Thus, the endoderm is not only
important for differentiation of cardiac precursors but is also essential for
cardiac mesoderm migration, although it is clear that tube formation also
involves a cell autonomous function of the cardiac mesoderm itself.
Once this process of primary cardiac induction is complete, cells are
recruited from the lateral plate mesoderm, medial to the primary heart
ﬁeld, to give rise to the secondary, anterior heart ﬁeld (AHF). These cells
contribute to the primitive right ventricle and the outﬂow tract.10 Whilst the
heart tube is initially almost straight, the ventricular segment at this stage
starts to bulge ventrally, ﬂips to the right and begins to form a C-shaped
heart. Left-right asymmetry thus becomes evident and cardiac looping
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morphogenesis has commenced. Through a series of “ballooning” steps and
morphogenetic movements, the four-chambered heart eventually forms.11
The sequential activation of the transcription factors that results in the
formation of nascent- then precardiac mesoderm, and eventually determines cardiac cell fate is likely to be controlled in hESC as in embryos
in vivo. The signals may be known or novel, in either case emanating from
the endoderm, node or acting cell autonomously in the mesoderm. In the
following section, some of the most relevant aspects of this molecular control are considered.
Molecular control of cardiac development
Three families of peptide growth factors have been studied most intensely
for their positive and negative effects on cardiogenesis. These are the bone
morphogenetic proteins (BMPs), members of the transforming growth factor β superfamily, the wnts and the ﬁbroblast growth factors (FGFs). Members of these three families or their inhibitors are expressed in endoderm.
Disrupted expression of ligands, receptors or their downstream target genes
has dramatic and distinct effects on cardiac development that are highly
conserved between species [reviewed by Olson and Schneider (Ref. 2)].
In general, BMP signaling promotes cardiogenesis in vertebrates12–17 and
is also required to generate mesoderm/cardiac muscle cells from mouse
teratocarcinoma stem cells and embryonic stem (ES) cells in culture.18–19
Wingless in Drosophila and related wnt proteins in vertebrates are
involved in cardiac speciﬁcation although their function is complex. Wnts
were initially considered suppressive of heart formation but both induction
and inhibition have since been reported [reviewed by Olson and Schneider
(Ref. 2)]. Results have not yet been reconciled but may relate to distinct
effects of the canonical (acting via β-catenin/GSK3 to repress cardiogenesis) versus non-canonical (acting via PKC/JNK to promote cardiogenesis) signaling pathways, and/or indirect effects in certain model systems
(for example, induction, expansion or augmentation of BMP-producing
endoderm-like cells). Finally, limited studies in chick and zebraﬁsh have
implicated a cardioinductive role for FGFs,20–22 although in Drosophila,
FGFs appear to provide positional cues to cells for speciﬁcation. It is of
interest that BMP2 is able to upregulate FGF8 ectopically and that BMP2
and FGF8 probably synergize to drive mesodermal cells into myocardial
differentiation. These signaling pathways are essential not only for primary
cardiogenesis but are also involved in secondary (AHF) cardiogenesis
[reviewed in (Ref. 3)].
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Once anterior mesoderm cells have received appropriate signals, such as
those described above, they switch on a set of cardiac-restricted transcription factors that interact in combination to control downstream genes in
the cardiac pathway. The homeodomain transcription factor Nkx2.523 and
the T-box protein Tbx524,25 are among the earliest markers of the cardiac
lineage and are activated shortly after cells have formed the heart ﬁelds.
Nkx2.5 is thought to be required in mice speciﬁcally for left ventricular
chamber development,26 whilst loss of Tbx5 results in severe hypoplasia
of both the atrial and left ventricular compartments27 and may thus be
important for the formation of both. Nkx2.5 and Tbx5 associate with
members of the GATA family of zinc ﬁnger transcription factors and
with serum response factor (SRF) to activate cardiac structural genes,
such as actin, myosin light chain (MLC), myosin heavy chain (MHC),
troponins and desmin. Tbx5 can also cooperate with Nkx2.5 to activate
expression of ANF and the junctional protein connexin 40.27,28 Members
of the myocyte enhancer factor 2 (MEF2) family of transcription factors also play key roles in cardiomyocyte differentiation by switching on
cardiac muscle structural genes.29 In addition, association of SRF with a
nuclear protein myocardin, activates cardiac speciﬁc promoters.30 HOP,
a cardiac homeodomain protein, which affects cardiomyocyte proliferation and differentiation,31 also associates with SRF and inhibits myocardin
transcriptional activity.32 Thus, multiple complex interactions take place
between various transcription factors to control initial differentiation, proliferation and maturation of cardiomyocytes. Apart from their functional
role, many of these factors serve as excellent markers of cardiomyocytes
in differentiating cultures of hESC and mESC (see Table 1), and can
be useful in identifying their degree of maturity and the kinetics with
which differentiation is taking place because their normal expression is
under tight temporal control. A recent addition to this list is Isl1, a LIM
homeodomain transcription factor, which identiﬁes a cardiac progenitor population that proliferates prior to differentiation and contributes
the majority of cells to the heart.33 Unlike skeletal muscle cells, where
differentiation and proliferation are mutually exclusive, embryonic cardiomyocytes differentiate and assemble sarcomeres even while they proliferate, although organization is much greater postnatally once proliferation
has stopped. The prospect of using Isl1 as a marker for the undifferentiated cardiac progenitor state is exciting and cell sorting of differentiating hESC on the basis of Isl1 expression could allow their further
characterization.
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Cardiomyocytes Derived from Mouse Embryonic Stem Cells
Pluripotent embryonal carcinoma (EC) cells derived from teratocarcinoimas as well as ES cells derived from embryos retain the capacity to
form derivatives of the three germ layers in culture. In vitro differentiation
usually requires an initial aggregation to form structures termed “embryoid
bodies” (EBs). After a few days of culture under appropriate conditions of
cell density, culture medium and serum supplement, cardiomyocytes form
between an outer epithelial layer of the EB and basal mesenchymal cells and
become readily identiﬁable by spontaneous contraction [review by Boheler
et al. (Ref. 34)]. Differentiation may be enhanced by culture supplements or
co-culture with endoderm-like cells35,36 [reviewed by Rathjen and Rathjen
(Ref. 37)]. Wnt11, which activates the non-canonical wnt pathway, induced
GATA4 and Nkx2.5 expression in P19 EC cells38 and repressed the canonical
pathway although wnt-3a, acting through the canonical pathway, promoted
cardiomyogenesis in a P19 subclone.39 These differences are unresolved.
The effects of wnt signalling on cardiomyogenesis of mESC have not been
described.
Cardiomyocyte differentiation in murine EBs recapitulates the programed expression of cardiac genes observed in the mouse embryo in vivo
both in the kinetics and the sequence in which the genes are upregulated. GATA-4 and Nkx2.5 transcripts appear before mRNAs encoding
ANF, MLC-2v, α-MHC and β-MHC. Sarcomeric proteins are also established in a manner similar to that seen in normal myocardial development. The electrical properties and phenotype of cardiomyocytes derived
from mouse EB cultures have been examined in some detail [reviewed
in Boheler et al. (Ref. 34)]. The rate of contraction decreases with differentiation and maturation in culture, as in normal mouse development,
and their differentiation as such can be divided into three developmental stages: early (pacemaker-like or primary myocardial-like cells); intermediate; and terminal (atrial-, ventricular-, nodal-, His, and Purkinje-like
cells).40 In the early stages, the nascent myoﬁbrils are sparse and irregular but myoﬁbrillar and sarcomeric organization increases with maturation. Functional gap junctions develop between cells and eventually
their phenotype resembles that of neonatal rat myocytes. Likewise, the
electrophysiological properties of mES-CMs develop with differentiation
in a manner reminiscent of their development in the mouse embryo.34
Fully differentiated mES-CMs are responsive to β-adrenergic stimulation whilst early mES-CMs are not.41 They also exhibit many features
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of excitation-contraction coupling found in isolated fetal or neonatal
cardiomyocytes.
Several of the features described above in combination with the
amenability of mESC to genetic manipulation have made it possible to
develop strategies for genetic selection of cardiomyocytes from mixed populations of differentiating cells. Since cell surface antibodies recognizing
cardiomyocytes or their precursors are not available, this has been important for initiating studies to transplant pure cell populations of speciﬁc
cardiac lineages to the adult mouse heart. The ﬁrst study of this type was
carried out using mESC expressing a fusion gene composed of the α-MHC
promoter and a neoR cassette.42 After selection in G418, the percentage of
cardiomyocytes increased from 3–5% to almost 100%. Similar studies have
been carried out using the MLC-2v or α-cardiac actin promoter coupled to
either neoR or GFP for selection.43–45 Unfortunately in the adult heart posttransplantation, survival of mES-CMs is poor (∼5% survival) and many
undergo apoptosis.42 Recently, however, several studies demonstrated that
cardiac function signiﬁcantly improved, after transplantation of mES-CMs
in mouse,46,47 rat,48 and pig49 models of myocardial infarction. No evidence
of graft rejection, sudden cardiac death or tumor formation was observed
up to 12 weeks after transplantation.47 In humans, an estimated 108 –109
cells lost during myocardial infarction would be required per patient for
effective therapy. A useful step towards upscaling has recently been made
when 109 mES-CMs were produced by genetic selection in a bioreactor.50

Cardiomyocytes Derived from Human Embryonic Stem Cells
In vitro differentiation of hESC to cardiomyocytes
Several groups have shown that hESC can differentiate to cardiomyocytes
in culture. The ﬁrst report,51 was published almost 3 years after the ﬁrst
isolation of hESC lines. In this study, hESC from the H9.2 hESC line, were
dispersed into small clumps (3–20 cells) using collagenase IV and grown for
7–10 days in suspension in plastic petri dishes. During this stage, cells are
aggregated to form structures resembling EBs from mESC although without
a distinct outer epithelial cell layer.52 The EBs were then transferred to 0.1%
gelatin-coated culture dishes where they attached. In the EB outgrowths,
beating areas were ﬁrst observed 4 days after plating, i.e. 11–14 days after
the start of the differentiation protocol. A maximum number of beating
areas was observed 20 days after plating (27–30 days of differentiation),
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Figure 1. Differentiation from undifferentiated hESC to beating embryoid bodies (from left to right),
containing α-actinin positive (red; nuclei are blue) cardiomyocytes (right panel).

when 8.1% of 1884 EBs counted was beating. This “spontaneous” differentiation to cardiomyocytes by culturing the hESC as EBs was repeated by
other groups (Fig. 1). For example, Xu et al.53 demonstrated beating EBs
from the H1, H7, H9, H9.1 and H9.2 hESC lines. Here, however, approximately 70% of the EBs displayed beating areas, after differentiation for
20 days. As early as day 8 of their differentiation protocol (growing in suspension followed by plating on culture dishes), 25% of the EBs were beating.
A third group later also demonstrated spontaneous differentiation of cardiomyocytes from hESC lines H1, H7, H9 and H14 with 10–25% of the EBs
beating after 30 days of differentiation.54 Recently, Zeng et al.55 described
the differentiation of two other hESC lines BG01 and BG02. Again, following dissociation of hESC into small clumps using collagenase IV, cells were
grown for 7 days as EBs in suspension and cultured on adherent plates for
another 7 days. Although the objectives of this study were not related to the
cardiac ﬁeld, immunoreactivity was demonstrated for the cardiac marker
cardiac troponin I (cTnI).
An alternative method for the derivation of cardiomyocytes from hESC
was described by Mummery et al.35,56 Beating areas were observed following
co-culture of hESC with a mouse visceral endoderm-like cell-line (END-2).
As described above, endoderm plays an important role in the differentiation
of cardiogenic precursor cells in the adjacent mesoderm in vivo. Earlier, cardiomyocyte differentiation had been observed in co-cultures of END-2 cells
with mouse P19 EC cells57 and mESC.35 For the derivation of cardiomyocytes from hESC, END-2 cells were seeded on a 12-well plate, mitotically
inactivated with mitomycin C and co-cultured with the hESC line, HES-2
(ESI, Singapore). This resulted in beating areas in approximately 35% of
the wells after 12 days in co-culture56 (Fig. 2).
Whilst these various methods appear to be effective, all produce cardiomyocytes at low efﬁciency and in insufﬁcient numbers to treat adult
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Figure 2. Differentiation from undifferentiated hESC towards cardiomyocytes by growing hESC in
suspension as embryoid bodies (EBs) (1.), or as co-cultures with mitomycin C-treated END-2
cells (2.). The number of days from the start of differentiation to maximal number of beating
areas in culture is indicated for each procedure.

humans. In addition, the risk of teratoma formation from any undifferentiated hESC escaping the differentiation protocol has to be rigorously
assessed. As described above, drug selection in combination with a cardiacspeciﬁc promoter in mESC derived EBs results in a cell population of nearly
100% cardiomyocyte. Similar methods have not yet been applied effectively
in hESC, in part because it has proven difﬁcult to obtain stable, genetically
modiﬁed clonal cell lines. The best methods to date have relied on physical selection methods. Following manual dissection and dissociation of
beating areas from hESC, between 2–70% of the cells stained for cardiac
markers, depending on the particular aggregate dissected.54,56 The only
enrichment method described to date used discontinuous Percoll gradient
puriﬁcation (40.5% over 58.5%).53 This resulted in approximately 4-fold
enrichment (70% positively stained for cardiac markers) in a particular
cell fraction compared with the initial differentiated cell suspension. FACSanalysis would be a useful approach to quantiﬁcation; the fact that it has
not been widely used for hES-CMs reﬂects the lack of cardiomyocyte cell
surface antibodies and the fact that most (speciﬁc) antibody markers are
against structural proteins. The striated pattern of the structural proteins
is a necessary conﬁrmation of cardiomyocyte identity.
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Improving cardiomyocyte differentiation from hESC
Despite differences in morphology, growth and the molecular pathways
controlling self-renewal versus differentiation in mESC and hESC, aspects
of the control of cardiomyocyte differentiation of mESC may be conserved
in hESC.34,58 In addition, as described above, P19 EC cell differentiation to
the cardiac lineage has been studied for more than 2 decades,59 and may
also identify potential cardiac inducing or stimulating factors for hESC.
For instance, both BMP-2 and BMP-4, as described earlier, induce cardiac
differentiation in chick explant studies from a tissue that normally does
not give rise to cardiac tissue.14 BMP-2 induces cardiac differentiation in
mESC.60 Retinoic acid and DMSO, enhance or promote cardiac differentiation in mESC or P19 EC cells, respectively.61–63 Oxytocin, a nonapeptide
originally recognized as a female reproductive hormone, was recently found
to increase cardiomyocyte differentiation in P19 EC cells.64 Other factors
such as members of the TGFβ, FGF, and wnt families have been discussed
above [reviewed in Refs. 34 and 58]. Finally, of a range of factors tested
recently, ascorbic acid was striking for its ability to promote cardiomyocyte
differentiation.65
Several of these potential cardiogenic factors have been tested in hESC.
No signiﬁcant improvement in the efﬁciency of cardiomyocyte differentiation was observed by adding DMSO and retinoic acid51,53 or BMP-2.66
It is not clear whether these factors do not play an important role in cardiac differentiation from hESC; whether differentiation protocols were not
optimal; or whether speciﬁc co-factors were absent. Variations in concentration, timing and combinatorial effects of potential cardiogenic factors
in hESC differentiation may have a crucial effect on the outcome of differentiation protocols. The only factor that has been shown to enhance
cardiomyocyte differentiation of hESC signiﬁcantly is the demethylating
agent 5-aza-2 deoxycytidine, which has also been shown to stimulate cardiomyocyte differentiation in human mesenchymal stem cells.67 Treatment
of hESC with 5-aza-2 deoxycytidine resulted in a time- and concentrationdependent effect on cardiomyocyte differentiation, with a maximum 2-fold
upregulation in the expression of cardiac α myosin heavy chain, as determined by real time RT-PCR, under optimal conditions observed.53
Another aspect warranting consideration, is the presence of fetal calf
serum as a culture supplement. All studies on cardiomyocyte differentiation of hESC so far have been done in the presence of serum.
Serum contains stimulatory as well as inhibitory factors for cardiomyocyte
differentiation. Recently, Sachinidis et al.68 observed a 4.5-fold upregulation
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in the percentage of the number of beating EBs from mESC after changing
to a serum-free differentiation medium. This effect of serum has been more
commonly observed in the differentiation of skeletal muscle and neural
precursors, hematopoietic stem cells and endothelial cells, but has received
relatively little attention for the other lineages.

Characteristics of Human Embryonic Stem Cell
Derived Cardiomyocytes
The previous sections have described the current methods to promote spontaneous and induced differentiation of hESC towards the cardiac lineage.
Although functional cardiomyocytes can easily be identiﬁed in vitro by their
beating phenotype, only more detailed investigation can establish the speciﬁc cardiac cell types generated, the degree of maturation they achieve
compared with in vivo cardiac development and whether they possess
fully functional excitation-contraction coupling machinery that responds
appropriately to pharmacological agents. To realize the scientiﬁc and therapeutic potential of hES-CMs comprehensive characterization is therefore
required.
Transcriptional proﬁle of hESC derived cardiomyocytes
Differentiation of hESC to the cardiac lineage creates a gene expression
proﬁle (Table 1) reminiscent of both mESC differentiation and the early
stages of normal mouse heart development.69 Analysis of hES-CM RNA
and proteins has demonstrated the presence of cardiac transcription factors, including GATA-4, myocyte enhancer factor (MEF-2) and Nkx2 transcription factor related locus 5 (Nkx2.5).51,53 Correspondingly, structural
components of the myoﬁbers are appropriately expressed. These include
α-, β- and sarcomeric-myosin heavy chain (MHC); atrial and ventricular
forms of myosin light chain (MLC-2a and -2v); tropomyosin; α-actinin;
and desmin. Furthermore, hES-CMs fail to react with antibodies from
non-cardiac lineages (Table 1).
Antibody reactivity to two members of the troponin complex, cardiac
troponin T (cTnT), which binds to tropomyosin, and cTnI, which provides
a calcium sensitive molecular switch for the regulation of striated muscle
contraction, have been demonstrated. cTnI appears to be truly cardiac speciﬁc as antibodies to this protein only react with cells arising from beating
and not non-beating regions. In addition, upregulation of atrial natriuretic
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Table 1. Markers for hES-CM Characterization. Methods of detection are RT-PCR, reverse
transcriptase-polymerase chain reaction; IF, immunoﬂuorescence; W, western blot analysis;
pharmacological agents are given as agent name (ph.)
Marker

Expression
in
hES-CMs

References

hESC line(s)

Method(s)
of
detection

H1, H7, H9, H9.1, H9.2

RT-PCR

+

(51, 53)

GATA4

H1, H7, H9, H9.1, H9.2

+

(51, 53)

Myocyte enhancer
factor 2 (Mef-2)
Structural elements
Cardiac tropinin I
(cTnI)

H1, H7, H9, H9.1, H9.2

RT-PCR,
IF, W
IF

+

(53)

H1, H7, H9, H14, H9.1,
H9.2

IF, W,
RT-PCR

+

(51, 53, 54, 70)

Cardiac tropinin T
(cTnT)

H1, H7, H9, H9.1, H9.2

RTPCR/IF

+

(51, 53)

α-myosin heavy chain
(α-MHC)

H1, H7, H9, H9.1, H9.2

RTPCR/IF

+

(51, 53)

β-myosin heavy chain
(β-MHC)

H1, H7, H9, H9.1, H9.2

IF

+

(53)

Sarcomeric myosin
heavy chain (sMHC)

H1, H7, H9, H9.1, H9.2,
H14

IF

+

(53, 54)

Myosin light chain 2a
(MLC-2a)

H9.2, HES-2

RTPCR/IF

+

(51, 56)

Myosin light chain 2v
(MLC-2v)
α-actinin

H9.2, HES-2

RTPCR/IF
RTPCR/IF

+

(51, 56)

+

(51, 53, 54, 56)

Transcription factors
NK2 transcription
factor related
locus 5 (Nkx2.5)

H1, H7, H9, H9.1,
H9.2, H14, HES-2

Tropomyosin

H1, H7, H9, H9.1, H9.2,
HES-2

IF

+

(53, 56)

Desmin

H1, H7, H9, H9.1, H9.2

IF

+

(51, 53)

Smooth muscle actin
(SMA)

H1, H7, H9, H9.1, H9.2

IF

+

(53)

RTPCR/IF

+

(51, 53, 56)

Receptors & regulatory elements
Atrial natriuretic factor
H1, H7, H9, H9.1, H9.2,
(ANF)
HES-2
Phospholamban (PLN)

HES-2

RT-PCR

+

(56)

Ryanodine receptor
(RyR)

HES-2

IF

+

(56)

Creatine kinase-MB
(CK-MB)

H1, H7, H9, H9.1, H9.2

IF

+

(53)
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Table 1. (Continued)
Marker

hESC line(s)

Myoglobin

H1, H7, H9, H9.1,
H9.2
H1, H7, H9, H9.1,
H9.2, HES-2

β1-adrenoceptors

References

Method(s) of
detection

Expression
in
hES-CMs

IF

+

(53)

IF/phenylephrine
(ph.)

+

(51, 53, 54, 56)

H1, H7, H9, H9.1,
H9.2, HES-2

IF/isoprenaline
(ph.)

+

(51, 53, 56)

β2-adrenoceptors

H1, H7, H9, H9.1,
H9.2

IF/clenbuterol
(ph.)

+

(53)

Muscarinic receptors
Phosphodiesterase

HES-2
H1, H7, H9, H9.1,
H9.2

Carbachol (ph.)
IBMX (ph.)

+
+

(56)
(51, 53)

Adenylate cyclase

H9.2

Forskolin (ph.)

+

(51)

Ki67 (cell division)

H1, H7, H9, H9.1,
H9.2

IF

+

(53, 70)

Gap junction & adhesion proteins
Connexin 43
H9.2, HES-2

IF

+

(72) (56)

Connexin 45

H9.2

IF

+

(72)

Connexin 40

H9.2

IF

+

(72)

N-cadherin

H1, H7, H9, H9.1,
H9.2

IF

+

(53)

Ion channels
L-type Ca2+ channel;
Ica-L (α1c)

H1, H7, H9, H9.1,
H9.2, HES-2

RT-PCR/IF/
diltiazem (ph.)

+

(53, 56)

Transient outward K+
channel ITO (Kv4.3)

HES-2

RT-PCR

+

(56)

Slow delayed rectiﬁer
K+ channel IKs
(KvLQT1)

HES-2

RT-PCR

+

(56)

Slow delayed rectiﬁer
K+ channel IKr
(HERG)

H9, H14

E4031 (ph.)

+

(54)

−

(53)

α1-adrenoceptors

Non-cardiac proteins
Myogenin (skeletal
muscle)

H1, H7, H9, H9.1, H9

IF

Nebulin (skeletal)

H9.2

IF

−

(51)

α-fetal protein (AFP;
endodermal)

H1, H7, H9, H9.1,
H9.2

IF

−

(53)

β-tubulin III
(neuronal)

H1, H7, H9, H9.1,
H9.2

IF

−

(53)
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factor (ANF), a hormone that is actively expressed in both atrial and ventricular cardiomyocytes in the developing heart, has also been observed
during cardiac differentiation of hESC. Moreover, these cells express creatine kinase-MB (CK-MB) and myoglobin.53 CK-MB is found to be involved
in high energy phosphate transfer and facilitates diffusion of high energy
phosphate from the mitochondria to myoﬁbril in myocytes. Myoglobin is a
cytosolic oxygen binding protein responsible for the storage and diffusion
of oxygen in myocytes. Thus many of the transcription factors, structural
proteins and metabolic regulators of cardiac development are found within
hES-CMs.
These cardiomyocytes do, however, react with antibodies to smooth muscle actin, a protein found in embryonic and fetal, but not adult cardiomyocytes, suggesting a limited degree of maturation.53 Adding weight to this
notion, single hES-CM, rather than showing the more deﬁned rod shape of
mature cells, display numerous different morphologies, including spindle,
round, tri- or multi-angular. Sarcomeric immunostaining reveals sarcomeric striations organized in separated bundles, which parallels the pattern
seen in human fetal cardiomyocytes and not the highly organized parallel
bundles seen in human adult cardiomyocytes.56
Ultramicroscopical analysis does, however, demonstrate hES-CM maturation during extended culture. While during the early stages of differentiation (∼10–20 days) cardiomyocytes have a large nucleus to cytoplasm
ratio with disoriented myoﬁbrils lacking sarcoplasmic pattern distributed
throughout the cytoplasm in a random fashion, both numbers and organization of myoﬁbrils increased at later times (∼20–50 days).70 During
this time, cells elongated and Z-line assembly from periodically aligned Zbodies was observed. At the late stages (>50 days), a high degree of sarcomeric organization was observed and discrete A (dark) and I (light) bands
could be seen in some sarcomeres. Furthermore, hES-CMs progressively
withdraw from the cell cycle during culture. However, although this developmental pattern is reminiscent of mESC differentiation to cardiomyocytes,
maturation of hES-CMs proceeds more slowly, is more heterogeneous, and
does not reach the level of maturity, typical of adult cardiomyocytes. This
was manifested, for example, by the lack of developed T tubule system.70
Thus, it has been suggested maturation may be aided by the addition
of prohypertrophic factors such as cardiotrophin. Alternatively, subjecting the hES-CMs to oscillating mechanical load.56,71 or culturing them in
3-dimensional matrices may stimulate maturation. Considering that cardiomyocytes in the infarcted heart regress to an embryonic phenotype, it
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will be interesting to see whether hES-CMs with an embryonic or adult phenotype are more suited to functional and electrical integration following
transplantation.

A functional conduction system: Excitation-contraction
coupling machinery
Cardiomyocytes from hESC have a beat rate of ∼30 to 130 bpm and respond
appropriately to pharmacological agents. Ligand binding to the adrenoceptors (AR) generates a signaling cascade that results in elevated cAMP
levels. This activates cAMP-dependent protein kinase (PKA), which then
phosphorylates and alters the function of a few cardiac proteins that have
key effects on the overall cardiac function. The presence of α1- and β1ARs in hES-CMs has been demonstrated by immunocytochemical analysis.
Pharmacological induction with phenylephrine (α1-AR agonist) resulted in
dose dependent increase in contraction rate in both human fetal and hESCMs. Increases in beat rate and amplitude were observed after isoprenaline
(β1-AR agonist) treatment.51,53,54,56 However, β2-AR agonists, such as clenbuterol only elicited a response during the late stages of in vitro differentiation (day 61 to 72) and not in the early stages (day 22 and 39),54 consistent
with the observation that cardiac contractility to β-adrenergic stimulation
changes during development.73 Negative chronotropic responses to muscarinic agonists, such as carbachol, have also been observed, again consistent
with data from mouse fetal and mES-CMs.73,74 Alternatively, perturbation
of pathways downstream of receptors can also modulate cardiac output.
Inhibition of phosphodiesterase (which converts cAMP into 5 -AMP) by
isobutyl methylxanthine (IBMX) and activation of adenylate cyclase by
forskolin, results in increased or decreased beat rate, respectively.51
Other known and unknown factors inﬂuence beat rate. Human ES-CMs
are exquisitely sensitive to temperature; reduced temperature correlates
with decreased beat rate. In EBs, continuous and episodic beat patterns have
been observed, with the latter being speculatively attributed to conduction
block related to tissue geometry, impaired cell to-cell coupling, reduced
cellular excitability or immature Ca2+ regulatory system. Human ES-CMs
do express adhesion molecules (N-cadherin), and the gap junction proteins
connexins 43 and 45, but Cx45 usually only in the early stages of in vivo
development.56,72 They are also well coupled by functional gap junctions,
as evidenced by visualizing Lucifer Yellow dye spread or Ca2+ movement
between connected cells. However, visualization of Ca2+ ion transients via
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fura-2 ﬂuorescence revealed the rate to peak concentration in each beat was
signiﬁcantly longer in the hES-CMs.72
In heart muscle, the main currents involved in the action potential are
inﬂux of Ca2+ and Na+ during depolarization (phase 0) and efﬂux or maintenance of K+ during repolarization and resting potential (phases 1–4).
Sodium channels are the major current of depolarization in atrial and
ventricular cells, but in pacemaker cells it is Ca2+ via L-type calcium channels (ICa-L ). Molecularly, ICa-L channels are expressed in hES-CMs56 and
functionally they are inhibited, hence their beat rate reduced in a dose
dependent manner by blockers such as diltiazem.53 Verapamil also inhibited action potential in human fetal and hES-CMs. By contrast, mES-CMs
in the early stages of differentiation are nonresponsive despite the presence
of ICa-L channels. Thus, while there are many similarities between human
fetal or hES-CMs and mES-CMS, their Ca2+ channel modulation resembles
that of the adult mouse.56
The sarcoplasmic reticulum is also a major source of Ca2+ release in
myocytes. Expression of ryanodine receptors (RyR; Ca2+ activated Ca2+
release) and phospholamban (PLN; regulation of SERCA2a-mediated Ca2+
uptake) has been demonstrated in hES-CMs.
Repolarization is initiated by numerous K+ channels. Among these are
transient outward current (ITO1 ; encoded by the genes Kv4.2 and Kv4.3),
which causes the early rapid repolarization seen in phase 1 of the action
potential; and slow activating current (IKs ; encoded by KvLQT1 with the
mink subunit), which causes repolarization associated with phase 3 of the
action potential. Mutations in KvLQT1 are the cause of long QT syndrome in
humans; this is the rapid component of delayed rectiﬁcation (IKr ; encoded
by human eag -related gene [HERG]), which is involved in all phases of
repolarization, but is most active during phase 3. Mutations in HERG have
been linked to a congenital form of long QT syndrome. Furthermore, these
channels are the targets of anti-arrhythmic agents such as E4031.
RNA for Kv4.3 and KvLQT1 has been detected by RT-PCR in hES-CMs.56
However, while Kv4.3 could be detected in differentiating cells several
days before the onset of beating, KvLQT1 was expressed in undifferentiated hESC but transcripts disappeared during early differentiation and
reappeared later. Functionally, application of E-4031 leads to increased
duration of phase 3 (terminal repolarization) and triggered early after
depolarizations (EADs) based arrhythmias, providing pharmacological evidence that IKr contributes to repolarization in hES-CMs.54 Delayed after
depolarizations (DADs) typically occur during Ca2+ overload, such as
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produced by injury or digitonin toxicity and were observed to occur spontaneously, possibly a result of microelectrode impalement or spontaneous
Ca2+ release.
Interestingly, forced electrical stimulation at increasing frequencies
resulted in action potential shortening adaptation in ventricular-like cardiomyocytes. This physiological response leads to systolic shortening at
high heart rates, thereby maintaining diastolic time for ventricular ﬁlling,
as shown in the ventricular myocardium of human embryos.54
Based on electrophysiological characteristics of the action potential, such
as resting potential, upstroke velocity, amplitude and duration, it is possible to assign cell type (pacemaker, atrial, ventricular, nodal) to hES-CMs
in culture. Upstroke velocities, a measure of the rate of depolarization,
were particularly low in the ventricular-like cells (average 8 V/s,56 5–30
V/s54 ), which is comparable to cultured fetal ventricular cardiomyocytes,
but very different to the rapid upstroke of adult ventricular cells (∼150–
350 V/s).54 Similarly, the relatively positive resting potential of atrial- and
ventricular-like hES-CMs (approximately −40 to −50 mV) is comparable
to the early stages of fetal development. While some studies describe up to
85% of hES-CMs being ventricular-like,56 others report a lesser predominance of this cell type.54,72 This may relate to the time of analysis since
the cardiomyocyte composition of mES-derived embryoid bodies changes
during culture duration.40 It may also reﬂect differences in the hESC lines
or methods of differentiation used, or that the analysis by Mummery et al.56
used dissociated hES-CMs rather than EBs.
Therefore, it is clear that hESC can be differentiated towards cardiomyocytes that appropriately respond to different stimuli, and this infers
functional expression of many of the components required for excitationcoupling. However, while maturation of hES-CMs does occur during prolonged culture, currently these cells fail to attain the characteristics of adult
cardiomyocytes. It will be important to assess novel methods to stimulate
maturation so in vitro produced cardiomyocytes with embryonic or adult
characteristics are at the disposal of the scientiﬁc and clinical community.

Modeling Cardiac Diseases in Human Embryonic
Stem Cells: Duchenne Muscular Dystrophy
and Channelopathies as Examples
Duchenne muscular dystrophy (DMD) is a fatal X-linked genetic disorder affecting ∼1 in 3000 new-born males. Developing and progressing
in utero, the condition presents in patients by the age of 2–5 years when
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they experience walking difﬁculties. They are wheelchair-bound by the early
teens and death due to cardiac or respiratory failure usually ensues by the
late teens/early twenties.75 Recently, the technique of noninvasive ultrasonic tissue characterization has demonstrated cardiac abnormalities in all
the patients, even in the youngest (4-years old) included in the study.76
The genetic lesion involved has been mapped to the dystrophin gene,
which encodes multiple alternatively-spliced RNA transcripts75 that are
expressed either globally or in a tissue speciﬁc manner (e.g. in muscle,
neural, retinal and gastric tissue). The functional signiﬁcance of improper
dystrophin production was originally thought to perturb only a structural
role of actin cytoskeleton linkage to the cytoplasmic surface of the sarcolemma; with failing membrane integrity, intracellular calcium levels rise,
resulting in cell death. However, it is now clear that dystrophin also has
more complex functions, such as signaling, via a large multi-protein complex, the dystrophin-associated protein complex (DAPC).77 This complex
appears to interact with proteins associated with multiple signaling pathways, including calmodulin, Grb2 and NOS.
Overall, however, the molecular and cellular consequences of the absence
of dystropin are poorly understood. In part, this is due to mouse-human
differences in the genetics of the disorder, with mice requiring ablation of at
least two genes before the disease starts to parallel the human condition.78
Another factor is the inability to biopsy certain material from patients, such
as heart or neural tissue, during the development of the condition.
DMD is one example of a number of diseases, for which there are no adequate mouse models: mice bearing these mutations do not have a phenotype
but cardiac physiology in the mouse differs so signiﬁcantly from humans.
This is not surprising. Another example is a set of diseases known as “channelopathies.” Genetic alterations in several ion channels have been associated with heritable cardiac arrhythmias that can lead to sudden death. The
underlying mechanism is distortion of the stable balance between inward
and outward currents during the generation of action potentials. Many different mutations in relatively few independent ion channels are thought to
be involved in these channelopathies. One underlying dysfunctional mechanism is the Long-QT syndrome. LQTS is a cardiovascular disorder characterized by abnormal cardiac repolarization. Two forms of inherited LQTS
are known: the Romano-Ward syndrome (autosomal dominant) and the
Jervell and Lange Nielsen (leading to deafness, autosomal recessive). Mutations in several ion channels are involved: KCNQ1, HERG, SCN5a, KCNE1,
KCNJ2 and KCNE2.79 Mutations in SCN5a, a Na+ channel,79,80 has been
associated with Brugada syndrome. Several K+ channels are involved, most
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predominantly KCNQ1 (42%) and HERG (45%).79 Together, KCNQ1 and
HERG account for 87% of the hereditary mutations now identiﬁed as
linked with cardiac arrest. Coordinated down-regulation of KCNQ1 and
KCNE1 expression in hypertrophied hearts can affect the normal current
densities.81 Individuals predisposed to ventricular tachyarrythmias caused
by unstable repolarization may have “silent” forms of congenital LQTS,
which are not manifest until drug exposure or environmental cues affect
the repolarization. Detailed functional analyses of these channels, wt and
mutant variants, in combination with screening of pharmacological compounds in a“stable” (i.e. genetically constant/deﬁned) human cellular background may contribute to answering questions on how best to “prevent”
and control arrhythmias. Exploitation of the unique opportunities of hESC
to generate in vitro models in hES-CMs by coupling gene-targeting and
directed differentiation, may lead to a better understanding of cardiac disease and possible treatment strategies.

Concluding Remarks
In this chapter, we have discussed how hESC differentiate to cardiomyocytes, and have reviewed avenues of research currently being followed
to improve the efﬁciency, and upscale production and speciﬁcity, based
on information derived from the study of normal development and protocols effective in mouse embryonic stem cells. Whilst these approaches
will undoubtedly contribute signiﬁcantly to, and probably solve, current
culture problems, a major unanswered question is whether the resulting
cardiomyocytes will improve cardiac function following transplantation to
a diseased human heart. In some cases, this would involve replacement
of lost “contraction power,” but in others, it may involve a source of controlled pacemaker activity to improve cardiac electrical function. In either
case, extensive animal experiments, ﬁrstly in rodents then in animals with
cardiac physiology more reminiscent of humans (such as pigs), will be
necessary before the value and safety of hESC become clear.
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Differentiation of Human Embryonic,
Fetal and Adult Stem Cells to Islet Cells
of the Pancreas
Enrique Roche and Bernat Soria∗

Introduction
Stem cells display the ability of robust self renewal by symmetric cell divisions, but at the same time under certain conditions these cells can differentiate in a committed lineage by asymmetric cell fate. Taken together these
abilities of stem cells represent a new challenge in Regenerative Medicine
and offer unlimited sources of tissues to treat degenerative diseases caused
by defective functioning of a speciﬁc cell type.
In this context, the main objective of Regenerative Medicine is to generate customized tissues in order to restore the lost function in the organism,
ideally in the absence of immune rejection. The possibility of in vitro regeneration of entire organs is still very unlikely, although obtaining speciﬁc cell
types seems to be a more realistic goal. Therefore, those pathologies originated by cellular dysfunction would, in principle, be candidates to beneﬁt
from cell replacement strategies. This includes neurodegenerative diseases,
cardiovascular alterations and osteoarticular pathologies, besides others.
Diabetes, one of the most prevalent diseases in the industrialized world,
can be included into this group of pathologies.1 The disease is caused by
a malfunctioning of pancreatic β-cells, which are the unique cells in the
adult, responsible for insulin production and secretion. This peptidic hormone is instrumental in nutrient homeostasis and the absence of other
compensatory hormones obliges diabetic people to depend for survival on
daily injections of the hormone from exogenous sources. Unfortunately,
insulin injections cannot mimic time- and dose-precise endogenous insulin
∗ Correspondence: Instituto de Bioingenieria, Universidad Miguel Hernandez, 03550-San Juan,
Alicante, Spain. Tel.: 34-96 591 9531, Fax: 34-96-591 9546, e-mail: bernat.soria@umh.es
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release by the β-cell and this is why patients develop diabetic complications,
such as neuropathy, nephropathy, retinopathy and diverse cardiovascular
disorders.1
The ﬁrst successful attempt in Regenerative Medicine in the treatment of
diabetes has been the transplantation of islets of Langerhans isolated from
cadaveric donors.2 The transplantation protocol, initiated 25 years ago, has
recently been improved by the group of Shapiro in Edmonton, Canada, and
it presents several advantages compared to the classical double transplant
of kidney and whole pancreas. First of all, only the structures containing
insulin (islets) are transplanted, thereby reducing the volume of the organ
that has to be manipulated, optimizing the surgical procedure and reducing
immune response. A second advantage of the Edmonton protocol is the
immunosuppressive drug regime that has less deleterious effects on islet
survival.
More than 400 patients in the world have beneﬁted from islet transplantation and some of them have not had the need for daily insulin injection
in the last 4 years. No major adverse effects and diabetic complications
were observed in the follow-up of these patients. However, due to scarcity
of donor material and the low yield of islets obtained during the isolation
procedure (less than 50% of the content), not all diabetic people can have
access to this new surgery protocol.
Stem cells would become a key alternative for cell replacement protocols in diabetes. In addition, the use of emerging technologies, such as
nuclear transfer, oocyte parthenogenesis and cell reprogramming may be
the next revolution in Regenerative Medicine, allowing the production of
customized cells to treat speciﬁc diseases. Once these techniques become
available, the generation of reliable insulin-producing tissues will be a reality. At present, only a few approaches have been used to obtain insulinproducing cells from embryonic, fetal and adult stem cells. This chapter
intends to highlight the key points of published material in this ﬁeld in
order to demonstrate the possibilities that stem cells offer in the context of
Regenerative Medicine for a future cure of diabetes.

Differentiation of Islet Cells from Mouse and
Human Embryonic Stem Cells
Mouse
Differentiation protocols involve removal of replicating embryonic stem
cells (ESCs) from monolayers in the presence of leukemia inhibitory factor
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(LIF) or feeder layers, allowing culture in suspension in the absence of LIF
or feeders. Under these conditions cells spontaneously tend to aggregate and
form spheroid structures known as embryoid bodies (EBs).3 These seem
to be instrumental in initiating cell differentiation programs through operating molecular mechanisms that at present are still unknown. Many cell
types displaying gene markers from ectoderm, mesoderm and endoderm
arise from EBs when they are forced to grow on adherent monolayers.
Many authors, including us, have reported the spontaneous differentiation of mouse embryonic stem cells (mESCs) to insulin-producing cells.
In those studies, insulin gene expression, together with expression of other
pancreatic hormones, was observed in EBs as early as 10–23 days.4–6 However, the fraction of insulin positive cells in the subsequent outgrowth phase
is less than 0.1% of the total cells present in the culture. This observation
suggested improvements in two fronts in order to obtain insulin-producing
cells:
a) Increase the percentage of insulin-positive cells in total culture.
b) Eliminate contaminating cells present in the culture in order to obtain
a pure population of insulin-positive cells.
With these ideas in mind, we were the ﬁrst to develop a protocol that demonstrates that ESC can differentiate in vitro to insulin-containing cells.7 The
elimination of cells that do not express insulin was performed by using a
double-selection gating system, and its efﬁciency was previously reported
when cardiomyocytes were obtained.8 The construct used for transfection
contained a hygromycin resistance gene under the control of the constitutive promoter of the phosphoglycerate kinase gene, thereby allowing the
selection of single clonal ESCs during the expansion stage. The other element was formed by a neomycin selection cassette under the control of the
regulatory regions of the human insulin gene. Therefore, cells resistant to
neomycin are expressing the insulin gene at the same time. This strategy
allowed the selection of insulin-producing lineages from others that are
eliminated when neomycin was added to the culture medium.9
To increase the percentage of insulin-positive cells in the culture, we
combined the selection strategy with a ﬁnal maturation process that was
performed during the outgrowth culture phase. Three determinants, used
also in subsequent protocols by others, were instrumental in this strategy:
a) Incubation was carried out in bacterial Petri dishes, allowing cells to
form aggregates that mimic islet cell-to-cell interactions and favoring
subsequent manipulations for animal transplantation.
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b) Lowering of glucose concentration from 25 mM (typical of Dubecco’s
Modiﬁed Eagle’s Medium: DMEM) to 5 mM in order to normalize
expression levels of glucose-regulated genes, which are linked to correct glucose sensing and hormone secretion.
c) Addition of nicotinamide which acts as a differentiation factor, as it has
been previously described in human fetal pancreatic cells.10
Several insulin-producing clones were obtained. Insulin was produced in
low amounts in the majority of the cells (less than 0.1 ng/µg protein)
and only few clones (around 1%) displayed high amounts of insulin
(0.1–0.2 ng/µg protein). Two clones had signiﬁcant amounts of insulin
suitable for further maturation and transplantation protocols (0.5 and
0.8 ng/µg protein respectively). The possible cause of this variability will
be discussed later on in this chapter. These results suggest redeﬁnition of
new DNA constructs for cell selection and subsequent changes during the
maturation phase in order to increase the yield of insulin production.
Streptozotocin diabetic mice transplanted with the best insulincontaining cells recovered to normoglycemia compared with sham-diabetic
animals. Furthermore, in vivo glucose tolerance tests showed an euglycemic
response in transplanted animals, very similar to controls, that was completely absent in sham-diabetic mice. The circulating levels of the hormone
in transplanted animals were around 50% of the insulin measured in control animals and less than 5% in streptozotocin-diabetic mice. These results
suggest that the isolated bioengineered cells are not exactly differentiated
β-cells, but they have a certain ability to mimic β-cell function which needs
further improvements.
Based on this work, we have recently developed a new protocol using current knowledge of key transcription factors in β-cell development.11 Gating
technology incorporated the use the Nkx6.1 gene promoter controlling the
resistance to neomycin. Nkx6.1 is a transcription factor involved in the
expansion of β-cell precursors.12 An additional change comprised the presence of differentiation factors already in the EB phase, yielding 20% of cells
positive for insulin. The selection with neomycin produced a pure population of cells co-expressing insulin, Pdx1, Nkx6.1, as well as genes coding
for key proteins involved in the glucose-sensing process such as glucokinase, GLUT-2 and Sur-1. The differentiation factors include nicotinamide,
anti-sonic hedgehog or coculture with pancreatic buds. All these factors,
and in particular coculture with pancreatic rudiments, were very effective
during the maturation phase, yielding cells that responded to increasing
concentrations of extracellular glucose. Subsequent transplantation into
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the kidney capsule restored normoglycemia for 3 weeks in streptozotocindiabetic mice and reverted to hyperglycemia once the graft was removed.
Altogether, this new strategy offers reproducible amounts of intracellular
insulin content which can be improved by adding differentiation factors
to the medium or using new maturation protocols. Comparison between
both protocols is shown in Table 1.
Another set of protocols used another directed differentiation strategy
without any further selection (Table 2). These protocols have been subsequently developed based on the idea that nestin-positive cells could be
precursors of neuronal and endocrine pancreatic cells. Although this is a
matter of scientiﬁc debate, nestin-expressing cells have been detected in
Table 1. Directed Differentiation and Selection Strategies to Obtain
Insulin-producing Cells from mESCs

Soria et al.7

León-Quinto et al.11

Cell type

R1
Transfected with:
Ins-neor /pGK-hygror

D3
Transfected with:
Nkx6.1-neor /pGK-hygror

Expansion phase

+LIF
+hygromycin (clonal
selection)
10% FBS

+LIF
+hygromycin (clonal
selection)
15% FBS

EBs 8-10d
10% FBS

EBs 7d
+Differentiation factors∗
3% FBS

Maturation phase

Plating 5-8d
+neomycin
Cluster formation 14d
+10 mM nicotinamide
+5 mM glucose
10% FBS

Plating 7d
+Differentiation factors∗
10% FBS
Selection 20–30d
+neomycin
15% FBS

Insulin content before
transplantation

0.1–0.8 ng/µg protein

0.2 ng/µg protein

Differentiation phase

*Differentiation factors: 10 mM nicotinamide or anti-sonic hedgehog or coculture with pancreatic rudiments.
FBS: fetal bovine serum; hygror : hygromycin resistence gene; Ins: regulatory regions of human insulin gene; neor : neomycin resistance gene; Nkx6.1:
Nkx6.1 gene promoter; pGK: phosphoglycerate kinase promoter.
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Table 2. Directed Differentiation Strategies to Obtain Insulin-producing Cells from mESCs and hESCs

Lumelsky
et al.15

Hori
et al.16

Moritoh
et al.19

Blyszczuk
et al.17

Miyazaki
et al.18

Segev
et al.21

E 14.5
E 14.1
B5

JM1
ROSA

EB3
Ins2-neor

R1
CMV-Pax4

EB3
Pdx1-Tet
off

H9.2

Stage 1

Expansion
2-3d
+LIF

Expansion
2d
+LIF

Expansion
+LIF

Expansion
+LIF

Expansion
2–3d
+LIF

Expansion
on MEF∗

Stage 2

EBs
4d

EBs

EBs
4-5d

EBs
5d

EBs
4-5d

EBs
7d

Stage 3

Nestin+
6-7d
+ITSFn
Serum free

Nestin+
6d
+ITSFn
Serum
free

Outgrow
2d
10% FCS
4-7d
+ITSFn
Serum
free

Nestin+
4d

Outgrow
1 − 2d
Nestin+
3-6d
+ITSFn
Serum
free

Plating
7d
+ITSFn

Stage 4

6d
+N2
+B27
+bFGF

6d
+N2
+B27
+bFGF

6-8d
+N2
+B27
+KGF
+EGF
+bFGF

8d
+N2
+B27
+NIC
20% FBS

6–8d
+MHM
+bFGF
+EGF
+KGF

Expansion
+N2
+B27
+bFGF

Stage 5

6d
+N2
+B27
+NIC

6d
+N2
+B27
+NIC
+10 µM
LY294002

8d
+N2
+B27
+NIC
Serum free

MHM
−bFGF
−EGF
−KGF

+N2
+B27
+NIC
Low
glucose

Insulin
content

0.145 ng/µg
prot

0.39 ng/µg
prot

0.45 ng/µg
prot

0.05 ng/µg
prot

Cell type

bFGF: basic ﬁbroblast growth factor; EGF: epidermal growth factor; FBS: fetal bovine serum; KGF:
keratinocyte growth factor; MEF*: mitotically inactivated mouse embryonic ﬁbroblasts; neor : neomycin
resistance gene; NIC: nicotinamide.
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rat and human pancreatic islets.13 However, cell-lineage tracing strategies
suggest that nestin-positive progenitors contribute to the formation of the
microvasculature of the islet.14 The ﬁrst protocol was developed by the
group of McKay15 and comprised 5 stages:
1) Expansion of ESCs in the presence of LIF.
2) EB formation in the absence of LIF.
3) Selection of nestin-positive cells in the outgrowth phase by plating
the EBs in serum-free ITSFn medium (DMEM/F12 containing insulin,
transferrin, selenium and ﬁbronectin).
4) Expansion of nestin-positive cells in serum-free N2 medium
[DMEM/F12 containing B27 supplement, insulin, transferrin, selenium,
progesterone and putrescine supplemented with bFGF (basic Fibroblast
Growth Factor)] or FGF2.
5) Expression of insulin, performed by incubation of the cells in clusters
with the previously described N2 medium, but in the absence of bFGF
and in the presence of nicotinamide.
Subsequent protocols have added some changes to this general scheme:
— Use of cell growth inhibitors in the last stage, such as the phosphoinositide 3-kinase inhibitor LY294002.16
— Achieving constitutive or regulated expression of key transcription
factors in β-cell function, such as Pdx1 or Pax4.17,18
— Changing the “cocktail” of growth factors added during the expansion
of nestin-positive cells.18
— Combining directed differentiation with gating selection strategies.18,19
All the protocols yielded cells positive for insulin in different amounts that
were able to correct hyperglycemia in transplanted animals in some studies.

Human
Human embryonic stem cells (hESCs) do not respond to human LIF and
even when cultured on feeder layers of mitotically inactivated ﬁbroblasts,
they initiate differentiation processes. Therefore, it is more difﬁcult to
maintain them in a pluripotent state in culture. Despite this problem,
some groups have able to obtain insulin-positive cells from hESCs. The
approaches used are an extension of those developed in the mouse model:
spontaneous differentiation20 and directed differentiation.21
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Spontaneous differentiation performed in one study successfully yielded
insulin-positive cells, but intracellular hormone content or C-peptide presence was not reported.20 A subsequent report introduced a directed differentiation strategy based on the selection of nestin-precursors developed
in mice.21 The method was improved by lowering the glucose concentration in a ﬁnal step of the differentiation protocol (Table 2). In fact, the
combination of low glucose concentration, presence of nicotinamide and
formation of clusters, as previously described in mESCs,7 has been shown to
be critical determinant in improving insulin content and secretion in cells
derived from hESCs. However, the authors of this publication claimed that
the ﬁnal cells were immature islet-like aggregates. Their conclusions were
based on the following observations: low responsiveness to glucose and
co-expression of insulin with other pancreatic endocrine hormones, such
as glucagon and somatostatin.22 Although improvements in this protocol
are necessary, it is important to point out that hESCs can be bioengineered
in vitro to produce insulin-secreting cells and thus future strategies to treat
diabetes can be envisaged.
Altogether, the approaches from mESCs or hESCs need speciﬁc
improvements in order to set up a deﬁnitive protocol. Optimization of
characterization criteria will be necessary in the near future in order to
compare results between different laboratories. For instance, insulin staining and radioimmuno-detection are inadequate, because the hormone can
be taken up from the culture medium into the cells, especially when they
enter into apoptosis.23 Insulin is used in several steps of protocols based on
the selection of nestin-positive cells and the serum added to the medium
is another source of exogenous insulin. This observation therefore suggests
that C-peptide detection must be used as a probe for endogenous insulin
production.
In addition, since some ectoderm-derived tissues have the ability to
express insulin genes, bioengineering protocols may also have to consider
the presence of ectodermal derived cells positive for insulin. Indeed, pancreatic β-cells derive from the endoderm, but they share many phenotypic
characteristics with some neuroectoderm-derived cells. These include:
a) Cell excitatory machinery, such as SUR1, Kir6.2, KATP channels and
voltage dependent L-type Ca2+ channels.24
b) Proteins of the secretory machinery as well as exocytotic
mechanisms.25–27
c) Glucose-sensing machinery, including the glucose transporter GLUT-2
and glucokinase.28,29
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d) Transcription factors such as Neurogenin3, Beta2, Pax4, Pax6, Pdx1,
Nkx2.2 and Nkx6.1.30–34
e) The insulin itself that has been detected transiently during embryogenesis in ectoderm-derived tissues such as neuronal tube and neuronal
crest of transgenic mice.35 In this context, rodents possess two nonallelic related genes identiﬁed as insulin I and insulin II. Insulin I gene
expression is typical of pancreatic β-cells, while insulin II is expressed
in yolk sac, developing brain and also in pancreatic β-cells.36
This last point is extremely important because insulin-positive tissues
derived from the ectoderm and endoderm display some key differences
in the mechanisms involved in insulin gene regulation, the amount of
hormone synthesized, and the mechanisms of processing and secretion. Contrary to rodents, chickens and humans have a single insulin
gene, but it can be also expressed in neuroectoderm-derived tissues.37,38
Ectodermal insulin is synthesized and quickly secreted as unprocessed
proinsulin due to the absence of endopeptidase PC2. In addition, the
amount of ectoderm-derived insulin produced is thousand times much
lower than the insulin produced by the endocrine pancreas. Furthermore, the physiological roles of both peptides are different: ectodermal
insulin acts as a growth factor during embryogenesis while endodermderived insulin is instrumental in nutrient homeostasis in the adult
organism.39–41
All these data indicate that the insulin gene can be expressed in ectodermal derived tissues in vivo and that this possibility may also be considered in bioengineering protocols. Figure 1 summarizes the strategies
followed so far in our laboratory. These are not exclusive of other possibilities not yet published, such as the use of 3-D structures resembling
extracellular matrix, use of conditioned media, cell reprogramming with
cell extracts, etc. Taken altogether, these observations suggest the possibility
of obtaining ESC-lineages committed to endoderm, detection of insulin I
expression at least in mESCs and development of additional tests to assess
the presence of functional groups of proteins, which include the nutrient
sensing machinery, the exocytotic apparatus and the pathway responsible for hormone synthesis, processing and storage. At present, the ﬁnal
cells obtained in the published protocols have partially addressed these
points. Therefore, fulﬁlling these criteria is necessary to mimic β-cell function and to produce human-derived candidate cells for transplantation
trials.
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Figure 1. Summary of strategies used in our laboratory to obtain insulin-producing cells from embryonic stem cells. Abbreviations used: GR: graft removal; Tx: transplant. Pictures on the right
correspond to D3-ESCs and derived cells. ESC: embryonic stem cells; EB: embryoid bodies;
Insulin+ cells after differentiation and selection; Graft: insulin-positive (green) cells in the
removed graft.
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Differentiation of Islet Cells from Human Fetal Stem Cells
Not much work has been performed with human fetal stem cells (hFSCs)
compared with ESCs. In addition, many functional aspects of endocrine
fetal pancreas are still poorly characterized. The main characteristic of fetal
immature β-cells is the unresponsiveness to extracellular glucose concentrations. However, these cells secrete insulin when exposed to amino acids
in vitro.42 As mentioned before, co-expression of insulin with other pancreatic endocrine hormones is another feature of immature islets.22 Furthermore, the amount of islet clusters obtained is lower than in an adult
human pancreas. Altogether, these observations indicate that strategies for
expansion and further differentiation in mature structures are necessary.
In this context several factors have been tried to expand and differentiate
human fetal pancreatic islets, such as ﬁbrin extracellular matrices, threedimensional structures that favor cell-to-cell interactions, nicotinamide,
hepatic growth factor, activin A and betacellulin.10,43–45 In order to design
directed differentiation and proliferation strategies, it is important to identify the nature of the precursor(s) cell(s) present in endocrine fetal pancreatic tissue. It has been reported that nestin-positive cells could be involved,46
but this is still a matter of debate.47,48

Differentiation of Islet Cells from Human Adult Stem Cells
Adult stem cells (ASCs) represent a good alternative for cell replacement
protocols, mainly because these cells may be obtained from the patient,
thus will not produce immune rejection once implanted into a recipient.
However, the low proliferative capacity in vitro and the commitment to
speciﬁc cell lineages could constrain their clinical application. With respect
to the pancreas, we have to consider two types of ASCs: pancreatic and
extra-pancreatic stem cells.
Pancreatic stem cells
Endocrine pancreas, as well as the nervous system and heart, are organs
with a very limited proliferative capacity compared to epidermis of the
skin, intestinal epithelium, muscle, liver (after hepatectomy) and the very
well studied bone marrow tissue (responsible for blood cell generation and
osteoarticular turnover). Nevertheless, an interesting ﬁnding is that the
tissues with no proliferation, such as the nervous system, bear progenitor
stem cells. This is a key ﬁnding, because the replication and differentiation
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of these cells could be stimulated in vivo or in vitro prior to recipient
implantation. Unfortunately, the presence of stem cells in pancreatic tissue
still remains an elusive question.
Several reports indicate that islet neogenesis from pancreatic duct cells
play an important role in the recovery of endocrine mass after partial pancreatectomy. Furthermore, islet-like cell structures or cultivated human
islets buds (CHIBs) have been obtained from the density gradient fraction
rich in duct cells during islets fractionation.49 To achieve this, cells need to
be expanded in serum free ITS medium (insulin + transferrin + selenium)
containing nicotinamide and keratinocyte growth factor. After several days
of culture, conﬂuent cells were overlayed with Matrigel, which favors the
formation of tridimensional structures positive for insulin and glucagon.
However, the amount of insulin produced and the β-cell mass obtained
are still very low for transplantation protocols, suggesting the need to
search for protocols to promote cell expansion and enrich the hormone
content.
These data seem to favor the existence of a progenitor or stem-like cell in
the pancreas, located in ducts that can be bioengineered in vitro to produce
insulin-positive cells. If these cells are implicated in vivo in the endocrine
pancreas, turnover is still a matter of debate. In this context, Melton has
provided evidence that new β-cells arise from replication of pre-existing
differentiated β-cells, questioning the existence of a stem cell population
in pancreatic tissue.50 The experimental design is based on genetic lineage
tracing of insulin gene expression cells. It is difﬁcult to argue against the
rationale and results of these elegant experiments. Even more interesting,
when the same gradient density fraction was devoid from pancreatic β-cells
by exposure to alloxan or streptozotocin (that selectively attack insulinproducing cells) no CHIBs were obtained (unpublished results by several
groups, including ours).
Since regeneration depends on the size of the insult, it may be concluded that β-cell replication does not exclude islet neogenesis in the
rodent after subtotal pancreatectomy (90% removal) or the participation
of pancreatic progenitors from islets, provided that those unipotent progenitors are capable of expressing insulin. In addition, it is still unknown
if the endocrine pancreatic stem cells respond equally to different stimuli,
including mechanical (i.e. pancreatectomy) or chemical (i.e. streptozotocin
administration) insults. Altogether, the data indicate that complementary
approaches should be adopted to address this relevant question for pancreas
regeneration.
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Therefore, the main conclusion from all these studies is that the potential pancreatic stem cell has not been isolated nor identiﬁed so far. Some
laboratories are claiming that nestin-positive cells within the duct could be
this potential cell. But nestin is a protein of intermediary ﬁlaments present
in neurons derived from the ectoderm, while endocrine pancreatic cells
are derived from the endoderm. In addition, recent evidence supports the
participation of nestin-positive cells in vascular intra-islet structures.14
Demonstration and subsequent characterization of the putative pancreatic stem-progenitor cell would be a key ﬁnding in the ﬁeld, opening new
possibilities for autotransplantation. Replacement protocols using pancreas
from cadaveric donors would require the setting up of in vitro expansion
and differentiation protocols. In addition, increasing the insulin production of ductal tissue opens new possibilities on the use of cadaveric pancreatic tissue, autotransplantation and pancreas regeneration. However, more
research is required to exploit this area.
Although very preliminary, the possibility of using de-differentiated
exocrine tissue to obtain islet-like structures has been suggested. Under
certain circumstances exocrine tissue may transdifferentiate into liver tissue, a close derivative of the endoderm. The proposal would be that exocrine
tissue may lose the differentiation stage to a progenitor that may be further
engineered to endocrine tissue.

Extra-pancreatic stem cells
Bone marrow has been considered as a stem cell reservoir in the adult organism, containing cells with multipotentiality beyond blood and bone precursors. Mesenchymal cells from the bone marrow, side population cells and
the recently described MAPCs (multipotent adult progenitor cells)51 display a multipotentiality much higher than expected. MAPCs from humans,
primates and rodents proliferate actively and may be induced to differentiate into cells positive for ectoderm, mesoderm and endoderm markers.
However, the production of insulin-containing cells from these cells has
not been reported.
A subsequent report added insulin-secreting cells to the list of cells that
can transdifferentiate from bone marrow stem cells.52 However, this ﬁnding has not been supported by other laboratories.53,54 There is no clear
explanation for these contradictory ﬁndings, because transdifferentiation
has been in great debate recently due to the unexpected capacity of certain ASCs to fuse with differentiated cell types and acquire the recipient
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phenotype. However, bone marrow stem cells can contribute to neovasculature by becoming endothelial cells.55 In addition, signals derived from
the vasculature play an instrumental role in early pancreas development.56
In this context, new blood vessels should have the ability to induce pancreas regeneration in streptozotocin-diabetic mice.55 The existence of a
pancreatic pluripotent stem cell responding to a variety of extracellular
factors, including those derived from intra-islet endothelium, cannot be
excluded.
Peripheral blood may also contain pluripotential progenitors. Recent
reports have described the presence of monocyte-derived pluripotent stem
cells.57–59 A subset of progenitor cells of monocyte origin (PCMO) differentiates into endodermal-derived tissues, such as hepatocytes and insulincontaining cells.57,58 Albeit very preliminary, these observations open the
possibility of using patient peripheral blood cells to generate insulinproducing cells for replacement protocols.
Gene therapy protocols have shown that insulin can be expressed in
other cell types besides β-cells. However, the expression of the insulin gene
in ectopic tissues is not a sufﬁcient requisite, because the hormone needs to
be correctly processed and properly secreted. Interesting results have been
observed in hepatic tissue which, as well as β-cell, originates from endoderm. The expression of certain transcription factors essential for β-cell
function such as Pdx1 or NeuroD in hepatic cells resulted in the induction of the insulin gene.60,61 Fetal liver stem cells have shown to be easily engineered to express a β-cell phenotype.62 All these studies offer the
potential use of liver biopsies to generate functional islet-like structures
for cell therapy of diabetes and represent an alternative source of ASCs for
autotransplantation.
Although important improvements have been performed in this area,
several issues need to be still resolved with respect to the use of pancreatic
precursors or ASCs from extra-pancreatic tissues. It is clear that adult β-cells
have a limited capacity to expand and differentiate and pancreatic ductal
tissue has inadequate insulin content to restore hyperglycemia in transplantation protocols. Therefore, the search for strategies to increase β-cell
proliferation in vitro or insulin production from ductal tissue will be instrumental in taking more advantage of pancreases from cadaveric donors. On
the other hand, transdifferentiation from extra-pancreatic tissues requires
further study to clarify certain caveats, including genetic reprogramming
mediated by either cell fusion events or extracellular signals generated after
implantation in speciﬁc niches.
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Conclusions
A reasonable number of reports clearly demonstrate that ESCs, FSCs and
ASCs could be, in different degrees, a potential source of cells for the
treatment of diabetes in Regenerative Medicine (Fig. 2). However, optimization of protocols and standardization of characterization criteria are
the main gaps to ﬁll before the establishment of a deﬁnitive strategy.
Laboratory experience from the different groups is important in order
to generate key information for a ﬁnal step-by-step protocol to obtain
insulin-producing cells from ESCs, FSCs or ASCs. The ﬁnal cell product
has to mimic as much as possible the phenotype and function of a mature
β-cell in order to assure appropriate cell replacement and restoration of the
lost function in the organism.
However, this is just the beginning because transplantation of bioengineered cells is likely to pose new challenges that scientists would have to face.
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Figure 2. Scheme representing the different strategies to obtain insulin-producing cells from
ESCs and ASCs. Abbreviations used: MAPC: multipotent adult progenitor cell; SP: side
population.
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Some of them are:
— Immune rejection.
— Survival of the implant, taking in account anti-necrotic and antiapoptotic mechanisms.
— Site of implantation, to assure correct nutrition and oxygen supply.
— Biosafety mechanisms, to eliminate the graft in case of non-function or
tumor formation.
In conclusion, we are beginning to know the potential of stem cells and their
possible applications to cure diabetes.63,64 It is possible that new β-cells will
be created in the near future by using all those emerging technologies. To
achieve this goal we need to improve on the actual protocols and further
investigate the basic biology of stem cells.
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Progress in Islet Transplantation
A.M. James Shapiro∗ and Sulaiman Nanji

Introduction
Phenomenal progress has occurred within the recent ﬁve years in cellular replacement therapy for selected patients with type 1 diabetes. Islet
transplantation replaces cells destroyed by autoimmune destruction with
cells derived from cadaveric donor pancreas organs, but recipients need
to take potent anti-rejection drugs to prevent allograft destruction. Islet
transplantation can provide a new lease of life for patients with unstable type 1 diabetes, and many are rendered completely free of exogenous
insulin injection therapy with excellent glucose control. The treatment has
generated enormous enthusiasm for the approach, particularly within the
patient community. Unfortunately, there are not sufﬁcient organ donors to
supply anywhere close to the potential need. Furthermore, the side effects
and potential risks of the anti-rejection therapies needed to sustain graft
function can only be justiﬁed in those few patients with the severest forms
of brittle diabetes. The process involved with islet extraction from the whole
organ pancreas is complex, unreliable and can only be done in specialized
centers. Not all isolations result in a clinical transplant, and since patients
usually need two successful islet preparations to render them insulin free,
upwards of four to six donor pancreas organs may be processed in order
to provide the two good preparations needed to treat a single patient.
Furthermore, many cells are destroyed during the isolation process, during
islet storage in culture and many islets fail to engraft once transplanted
into the recipient. Therefore, while islet transplantation today has generated huge hope and promise, it is clear that islet replacement therapy in its
current form cannot provide a practical cure for type 1 diabetes. While islet
transplantation provides proof of concept that cellular replacement therapy
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in diabetes is feasible, alternate sources of regulated, insulin-secreting cells
are needed if this therapy is to become more of a mainstay treatment.
Xenotransplantation using pig islets as a donor source is evolving slowly
in preclinical models and early clinical trials in children with diabetes in
Mexico have met with controversy. Methods to proliferate isolated islets
in culture using combination growth factors offers one practical approach
that will likely deliver ﬁrst in the clinic. Ultimately stem cell derived, insulinsecreting tissues will render islet transplantation and a need to isolate islets
from cadavers redundant.

Background
Diabetes mellitus afﬂicts over 200 million people worldwide, representing
the third most common disease and fourth leading cause of death in North
America.1 There are two principal categories of this disease: type 1 refers to
those with autoimmune pancreatic islet destruction and typically manifests
in childhood or early adulthood. There are 30 000 new type 1 patients diagnosed with diabetes annually in North America;2 type 2 diabetes typically
affects obese individuals with peripheral insulin resistance and reduced
insulin secretion. The incidence of type 2 diabetes is increasing rapidly, and
accounts for the major impact of this disease. Type 2 diabetes is lifestylerelated, and recent data has established that intervention through combined
diet and physical activity with modest weight reduction can substantially
reduce the incidence of the disease by up to 40% to 60% over 4 years in
those able to comply with therapy.3 The overall cost burden of diabetes and
its secondary complications to the global society comprises 9% to 15% of
healthcare expenses in developed countries, and the global cost has been
estimated to accrue at over $153 billion (US) on an annual basis. There is no
known cure for type 1 diabetes, and mainstay treatment consists of chronic
insulin injection. While exogenous insulin therapy has dramatically reduced
mortality from diabetes, patients often succumb to the long-term sequelae
of diabetic angiopathy, either in the form of nephropathy, neuropathy or
retinopathy. Maintaining rigorous glycemic control with intensive insulin
therapy has been shown to delay and sometimes prevent the progression of
these complications,4 but patients are at risk of severe and sometimes fatal
hypoglycemic events.5,6 Although insulin pumps and implantable insulinsecreting devices are a promising approach to improved glucose homeostasis, the development of reliable and accurate glucose sensor technology has
been a limiting factor. A more physiologic approach to correct the diabetic
state is the transplantation of insulin-producing tissue.
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Transplantation of insulin secreting tissue through beta cell replacement therapy may be accomplished today either by vascularized whole
pancreas transplantation or by islet transplantation. Over 20 000 whole
pancreas transplants have been performed worldwide, and while this is
an invasive and potentially risky surgical procedure, it can very effectively
restore normal endogenous insulin secretion, maintain long-term glucose
homeostasis, and improve quality of life.7 Accrued evidence has established that some secondary complications of diabetes can be stabilized
and even reversed by successful pancreas transplantation.8 Simultaneous
pancreas and kidney transplantation is presently considered the standard
of care for selected patients with type 1 diabetes with end-stage renal failure, with a success rate of greater than 90% at one year.8 Recent modiﬁcations in surgical technique, with portal venous drainage and enteric
exocrine drainage have led to more physiological glucose control, and
reduced morbidity compared with the previous bladder-drainage technique. Furthermore, avoidance or rapid tapering of steroid therapy early
post transplant has improved wound healing, reduced the risks of surgical
site infection, and improved metabolic control. Nonetheless, the procedure remains invasive and associated with the potential risk of mortality.
The risk-beneﬁt of whole pancreas transplantation has been debated intensively, and Venstrom et al. have claimed that patient survival is compromised after pancreas alone or pancreas after kidney transplants, compared
with patients awaiting this procedure in the USA.9 Others have questioned
the analysis of that data, and the issue remains controversial. Furthermore, in view of the risks associated with surgery and long-term immunosuppressive drug therapy, pancreas transplantation is largely reserved for
patients with diabetes with clinically signiﬁcant complications, where the
severity of their disease justiﬁes accepting the risks of the procedure and
immunosuppression. Therefore, with the exception of rare patients with
severe, labile forms of diabetes, pancreas transplantation is not a practical option for young patients with diabetes who have not yet developed
complications.
A promising alternative is the transplantation of islet cells isolated from
donor pancreases and embolized into the recipient liver via the portal vein (Fig. 1). Compared with pancreas transplantation, islet transplantation is technically far simpler, has a low morbidity, and offers the
opportunity for storage of the islet graft in tissue culture prior to infusion. Moreover, the fact that islets can be kept in culture provides a
unique opportunity to immunologically manipulate the islet graft, as
well as optimize recipient conditioning prior to transplantation, thereby
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Figure 1. Processes involved with islet extraction from the donor cadaveric pancreas.

facilitating tolerance induction. The low morbidity of the procedure and
the potential for tolerance induction make islet transplantation a promising strategy for correcting diabetes in young patients, including children,10
prior to the establishment of secondary complications.
Dr Paul Lacy and colleagues were the ﬁrst to show that chemical diabetes
could be cured in mice and rats through islet transplantation in the late
1960s.11,12 Drs John Najarian and David Sutherland began the ﬁrst series of
islet autografts and allografts at the University of Minnesota in 1977. Initial
clinical attempts with islet allografts were disappointing, but islet autotransplantation was often effective in rendering patients insulin free.13,14
One of these early patients remains insulin independent with excellent glucose control to this day, almost 19 years after her transplant.
Recent progress in the science of islet isolation has increased the efﬁciency
of the process, and has had a major impact in enhancing the consistency
and quality of highly puriﬁed islet preparations for safe transplantation into
patients.15,16 Delivery of collagenase enzymes injected down the pancreatic
duct led to cleavage of islets from their acinar-islet interface more effectively than any method described previously, but it still led to signiﬁcant
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islet destruction through inadvertent islet enzyme penetration.17 However,
the process did permit the successful isolation of islets from the human
pancreas.18 The approach was recently reﬁned further by Lakey et al. to
allow precise control of the temperature and perfusion pressure.19
A major advance came with the introduction of a semi-automated dissociation chamber and process originally developed by Dr Camillo Ricordi
et al. in 1988, modiﬁcations of which have now become the universal standard for successful high yield large animal and human islet isolation.20
The chamber is now universally known as the Ricordi Chamber. The
collagenase-distended pancreas is placed inside a stainless steel chamber
containing glass marbles and a 500 µm mesh screen and mechanically dissociated by gentle agitation, with tissue samples evaluated sequentially to
determine the end-point before liberated islets become fragmented by overdigestion. This novel approach minimizes trauma to the islets in a continuous digestion process with the collection of free islets as they are liberated
from the digestion chamber. Since the introduction of this technique, many
laboratories around the world have utilized this system for the isolation of
human islets.
Large-scale puriﬁcation of human islets of suitable quality for safe transplantation into the human portal vein was enhanced considerably by the
introduction of an automated refrigerated centrifuge system (COBE 2991)
by Lake et al. which permitted rapid large volume Ficoll gradient processing
in a closed system 600 ml bag.21 This system reduced the exposure time of
islets to potentially toxic Ficoll, and typically renders a ﬁnal islet preparation
of 2–4 ml of tissue for safe embolization into the portal vein.
A major limitation to successful pancreatic digestion has been the source,
quality and variability in collagenase activity and contaminants in various
enzyme blends. A class of puriﬁed enzyme blend (LiberaseTM , Roche Pharmaceuticals, Indianapolis, USA) was developed that contained collagenase
I, II, thermolysine, clostripain and clostridial neutral protease and had a
low endotoxin activity. This provided more consistent and enhanced islet
yield compared with crude collagenase, but still remains the weakest link
in the entire process, as the enzymes do not remain stable during storage.22
Despite the key advances in collagenase quality, intraductal enzyme delivery, automated dissociation and puriﬁcation outlined above, inconsistency
remains in the overall success of the islet isolation procedure, which may
reﬂect variability in donor-related factors (donor inotropic need, duration
of cardiac arrest, hyperglycemia, age and obesity in the donor, in addition
to the skills of the local procurement team).23
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Evolution in Outcomes in Clinical Islet Transplantation
Transplantation of isolated pancreatic islets is an appealing approach to the
treatment of insulin-dependent diabetes mellitus. However, the perennial
hope that such an approach would result in long-term freedom from the
need for exogenous insulin, with stabilization of the secondary complications of diabetes, has been slow to materialize in practice (Fig. 2).
A total of over 447 attempts to treat type 1 diabetes with islet allografts
were reported to the Islet Transplant Registry between 1974 and 2000, the
vast majority of which occurred within the most recent decade.24 Mainstay immunosuppression was largely based on the combination of glucocorticoids, cyclosporine and azathioprine, with anti-lymphocyte serum
induction.25 The majority of these grafts were combined islet-kidney transplants, since it was felt inappropriate to initiate new immunosuppression
in islet-alone recipients who would not have otherwise required therapy
to sustain another solid organ kidney or liver graft. Under these protocols, fewer than 10% of patients were able to discontinue insulin therapy
for longer than one year, although 28% had sustained C-peptide secretion at one year post transplant.26 These disappointing results contrasted
with the success of islet autografts, and partial success of islet allografts in

Figure 2. Progress in islet transplantation from bench to the clinic over the past 30 years.
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non-diabetic pancreatectomized recipients where glucocorticoid-free
immunosuppression was combined with unpuriﬁed islet preparations.27
A key question remained unanswered — were the previous poor results
of islet allografts in type 1 diabetic recipients a result of poor control of
alloimmune pathways, or did they reﬂect recurrence of autoimmune diabetes? Insulin independence was only rarely achievable under glucocorticoid and cyclosporine-based immunosuppression. C-peptide secretion
diminished to zero over time in most cases, suggesting islet graft loss from
acute rejection or possible recurrence of autoimmune diabetes. Results of
whole pancreas transplantation indicated that stable graft function was
achievable over time, even with lower dose maintenance immunosuppression, suggesting that prevention of autoimmune destruction might be
more readily achieved than prevention of alloimmune rejection. Autoimmune recurrence after whole pancreas transplantation only appears to
be a challenge when no immunosuppression is given, as occurred in the
unique situation of a living-donor hemi-pancreas transplant between identical twins, where autoimmune recurrence led to graft loss within two
months.28
Results of islet transplantation improved in the mid-1990s under
cyclosporine, glucocorticoid and azathioprine immunosuppression,
together with anti-IL2 receptor induction and antioxidants. Combined data
from the Giessen and Geneva (GRAGIL consortium) groups suggested that
up to 50% of patients had detectable C-peptide secretion (indicating graft
insulin production), but only 20% of these patients remained insulin free
at one year.29,30 Islets were cultured for a mean of two days, and mean islet
implant mass was 9000 IE/kg, derived from single donors in half of the
cases. Two of 10 patients achieved insulin independence after single-donor
islet infusions, but it took 6 to 8 months to achieve independence, and both
were recipients of shipped islets from a central islet isolation site.29
The University of Milan subsequently reported experience in type 1 diabetic islet after kidney recipients using antilymphocyte serum together with
cyclosporine, azathioprine and corticosteroids, and compared outcomes
with an alternative regimen using antithymocyte globulin, cyclosporine,
mycophenolate mofetil and metformin.31 Rates of insulin independence
were enhanced from 33% to 59% with the elimination of prednisone, and
addition of mycophenolate and metformin. Over 50% of patients maintained insulin independence beyond one year, likely as a result of more
effective immunosuppression coupled with anti-inﬂammatory, less diabetogenic and improved insulin action with the newer protocol.
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The Edmonton Protocol
A new protocol was developed in Edmonton, Canada in 1999 that radically
changed the face of clinical islet transplantation. The ﬁrst seven patients
treated under the Edmonton Protocol all achieved and maintained insulin
independence beyond one year, demonstrating for the ﬁrst time that islet
transplantation could achieve insulin independence with rates similar to
whole pancreas transplantation, but without a need for a major interventional surgery.32 The success of this protocol has been attributed to
a number of key modiﬁcations from previous clinical trials (Fig. 3). Of
note, patients were given an adequate number of high-grade islets prepared
from an average of two donor organs. Furthermore, a more potent but
less diabetogenic, steroid-free anti-rejection therapy was developed using
sirolimus, low-dose tacrolimus and an anti-interleukin-2 receptor monoclonal antibody (anti-IL-2R mAb).
Since the release of the early Edmonton results, considerably more experience has been accrued both in Edmonton and at other centers worldwide.
At the University of Alberta, a total of 70 patients have now received isletalone transplants. (Tables 1, 2 and 3) Most patients continue to require two
islet infusions in order to provide adequate engraft mass (approximately
12 000 IE/kg islet mass, based on the recipient body weight), but approximately 10% become insulin-free after just one islet infusion. Of patients
undergoing completed islet transplants, 82% remain insulin-free by the

Figure 3. Key components and concepts behind the Edmonton Protocol.
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Table 1. Product Release Criteria Prior to Clinical Islet Transplantation

Islet count
Islet mass per kg
Tissue packed cell volume
Islet Viability
Gram stain on ﬁnal prep
Endotoxin content

≥ 250 000 IE
≥ 4000 IE/kg (based on recipient weight)
≤ 5.0cc
≥ 70%
Negative
< 5 EU/kg (based on recipient weight)

Table 2. Indications for Clinical Islet Transplantation

1. Islet-alone transplantation
a. Type 1 diabetes (C-peptide negative) for more than 5 years
b. Evidence for compliance with intensive and optimal insulin and monitoring regimen
c. Evidence for failure of optimal insulin therapy, with severe hypoglycemia, hypoglycemic unawareness or glycemic instability, as measured by:
i. Hypo Score > 900
ii. Lability Index > 400
2. Islet-after kidney transplantation
a. Type 1 diabetes and stable kidney allograft function
b. Immunosuppression with “islet-friendly,” steroid free, sirolimus/tacrolimus based
therapy
3. Other
a. Type 1 diabetes and stable other solid organ allograft function (e.g. heart, lung, liver,
etc.)
b. Immunosuppression with “islet-friendly,” steroid free, sirolimus/tacrolimus based
therapy

end of one year. There is some fall off in insulin independence, with 70%
remaining insulin-free at two years and 50% free at three years post transplant. Most patients who return to insulin continue to secrete endogenous
insulin (and C-peptide) in sufﬁcient amounts to continue to stabilize risk
of hypoglycemic reactions or of glycemic lability, and 88% of patients continue to demonstrate islet function as long as ﬁve years post transplant.
Islet transplantation has proven to be remarkably successful in stabilizing
glucose control to a degree that is vastly superior to even intensive insulin
therapy, and patients typically demonstrate normalization of HbA1C.33 As
a result of this high level of success, a number of Provinces in Canada
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Table 3. Current Contraindications to Clinical Islet Transplantation

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

Severe co-existing, uncorrectable cardiac disease
Active alcohol or substance abuse
Psychiatric disorder if it makes the subject non-compliant with therapy
History of non-adherence to prescribed regimens
Active infection, including hepatitis C, hepatitis B, HIV
Any history of or current malignancies except squamous or basal skin cancer
Age less than 18 or greater than 65 years
Creatinine clearance < 65 mL/min/1.73 m2
Serum creatinine > 150 µmol/L(1.7 mg/dL)
Macroalbuminuria (urinary albumin excretion rate > 300 mg/24 h)
Positive pregnancy test, intent for future pregnancy or failure to follow effective
contraceptive measures, or presently breast feeding

now regard islet transplantation as a “non-experimental” alternative standard of care for selected patients with unstable forms of type 1 diabetes.
An international multicentre trial of the Edmonton Protocol was recently
completed by the Immune Tolerance Network in nine sites, and this study
demonstrated that the original Edmonton ﬁndings could be replicated at
times to a very high level of success, depending on the experience of the
site.34 Worldwide, there have now been over 400 patients treated since 1999,
and increasing momentum and focus on the remaining challenges of islet
isolation, alternative insulin-secreting regulated sources, better immunosuppression with less side effects, and the possibility of immunological
tolerance continue to drive the ﬁeld forward.

Recent Advances since the Edmonton Protocol
Over the past ﬁve years since the introduction of the Edmonton Protocol,
extensive progress has continued, and notably there are now more patients
transplanted with islets since the year 2000 than the total number in the
preceding 30 years. This expanded experience has not only conﬁrmed the
initial Edmonton ﬁndings, but has highlighted important limitations that
must be overcome if islet transplantation is to be more broadly applied
as a potential cure for diabetes. The results of islet after kidney transplants
appear to match the success of islet alone transplants under sirolimus-based
immunosuppression. The Milan group has recently shown that long-term
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islet graft function (with persistent C-peptide secretion) can not only prolong the half-life of a kidney transplant, but is associated with a reduced incidence of diabetic vascular complications leading to signiﬁcantly enhanced
patient survival.35
Notable progress includes the introduction of the perﬂuorodecalin (PFC)
“two-layer” method for pancreas protection during transportation and
rescue of marginal donors, successful single-donor islet transplants from
obese, non-heart-beating donors, and the routine use of islet culture rather
than immediate transplantation to further improve the purity, practicality
and safety of the procedure.36 The risk of acute bleeding following percutaneous transhepatic access to the portal vein has been reduced substantially
by physical and mechanical ablation of the catheter tract using combinations of coils and thrombostatic agents. The use of a bag rather than a
syringe for islet delivery has further improved the sterility and safety of the
procedure.37
Dr Bernhard Hering and colleagues at the University of Minnesota have
recently achieved a remarkably high level of success with single donor
islet infusions using reﬁnements in pancreas shipment, islet processing and
recipient immune suppression.38 It is not certain whether these reﬁnements
make the biggest contribution to the high level of single donor success, or
whether it relates more to selection of optimal organ donors, short cold
ischemic shipment times and selection of only optimal, low weight, insulin
sensitive recipients.39
Recent attention has been focused on the loss of viable islets not only
during the isolation and puriﬁcation process,40 but also when embolized
into the portal vein of the recipient liver. Based on metabolic tests
in post-transplant recipients, it is estimated that only 25% to 50% of
the implanted islet mass actually engrafts in the patient.33 Recently,
Dr Olle Korsgren and colleagues in Sweden have shown that human islets
exposed to ABO-compatible blood triggers an “instant blood mediated
inﬂammatory reaction” (IBMIR), characterized by activation of platelets
and the coagulation and complement systems, leading to islet damage by
clot formation and leukocyte inﬁltration.41 Further investigation into the
mechanisms of this phenomenon revealed that tissue factor and thrombin
play critical roles in mediating IBMIR, indicating that strategies to block
binding of these factors may have considerable therapeutic potential in
islet transplantation. Furthermore, in recent years, several experimental
strategies have been developed to enhance islet engraftment. For instance,
anti-inﬂammatory treatment with TNF-alpha-receptor antibody in a
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marginal mass islet model in mice, as well as antioxidant therapy with
nicotinamide, vitamin D3, pentoxiphylline or cholesterol lowering agents
pravastatin or simvastatin, have all demonstrated positive impact in the preclinical setting, and suggest a potential role in future clinical trials designed
to improve islet engraftment.

Immediate Next Steps for Improvement in Islet Transplant
Islet transplantation has clearly come of age, but reﬁnements are needed
to move this therapy to a point where it can be considered an effective
alternative to insulin for the broad population of desperate patients with
type 1 diabetes. Key areas of focus include:
a) Optimization and more biologically relevant monitoring of the manufacture of puriﬁed collagenase enzyme blends to improve the reliability
of islet isolation. Use of HPLC proﬁles to measure peaks of type 1
and type 2 collagenase may be helpful, and is beginning to provide an
opportunity to blend an exact collagenase activity to adjust for different
digestion characteristics of a particular human pancreas.
b) Development of real-time, predictive potency assays for in vitro assessment of islets before proceeding with transplantation. In vitro islet stimulation in high glucose to measure the insulin stimulation provides only
a crude index of function, and reﬁnements under development include
dynamic islet perifusion, oxygen consumption rate analysis, islet ATP
consumption, and calcium ﬂux oscillations.
c) Use of a variety of growth factors (e.g. hepatocyte growth factor, epidermal growth factor, gastrin, Exendin-4, GLP-1, INGAP) to promote
islet proliferation and expansion during culture, or systemically in the
recipient to promote expansion either of transplanted islets or possibly
of endogenous islets within the native pancreas.
d) Further reﬁnements in anti-rejection therapy with the goal of preventing allograft rejection or autoimmune recurrence without nonimmunosuppressant side effects that are frequently encountered in islet
recipients currently.

Recent Progress in Recipient Immunosuppression
While the Edmonton immunosuppressive protocol represents a major
step forward, the medications used in this protocol are associated with
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signiﬁcant side effects that unfavorably alter the risk beneﬁt ratio of islet
transplantation. The therapy is currently unsuitable for the majority of
patients with type 1 diabetes that are adequately stabilized on insulin.
Approximately 10% of patients with type 1 diabetes, however, have severe
forms of glycemic lability or recurrent hypoglycemia, and islet-alone transplantation has therefore been restricted to this target population initially.
If the myriad of nonimmune side effects associated with current immunosuppressive therapy could be avoided, islet transplantation could be more
broadly applied in diabetes. The side effects of current anti-rejection therapies are due in large part to the reagents’ imprecise mechanisms of action,
as most clinically approved immunosuppressive maintenance drugs target
signaling pathways with a near ubiquitous cellular distribution.
Calcineurin inhibitors have numerous unwanted side effects, including nephrotoxicity, diabetes, hypertension, impaired lipid metabolism, and
hirsuitism. Even when drug levels are kept low, signiﬁcant side effects may
develop. This is particularly true in the diabetic patient population where
renal function may already be impaired. The incidence of chronic renal failure in nonrenal transplant recipients is an astonishing 16.5%.42 Similarly,
the Edmonton group has reported that patients with underlying impaired
renal function can experience accelerated nephrotoxicities even when low
doses of tacrolimus are used.33 This underscores the appealing and essential
nature of a calcineurin inhibitor-free immunosuppressive regimen, particularly for islet transplantation.
Nonimmune toxicities are also observed with sirolimus in islet recipients.
These include mouth ulceration, peripheral edema, dyslipidemia, weight
loss, leukopenia, ovarian cysts and anemia. While not directly nephrotoxic itself, sirolimus appears to potentiate calcineurin-inhibitor associated
nephrotoxicity, and this may be particularly troublesome with increased
proteinuria and rise in creatinine when sirolimus is used at high dose
together with tacrolimus when there is underlying diabetic nephropathy.
While alterations in immunosuppressive regimens alone will not solve the
issue of having an adequate supply of islets for transplantation, the negative
impact of tacrolimus and sirolimus on islet engraftment and function after
transplantation should not be underestimated. This point is underscored by
the recent observation that the incidence of new onset immunosuppressiverelated diabetes mellitus approaches 30% in the ﬁrst two years following
renal transplantation, when tacrolimus is used as the primary immunosuppressive agent. Unfortunately, dose reduction seldom reverses this condition. Recent data from the kidney transplant literature suggests that
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sirolimus may also exacerbate the diabetogenicity of tacrolimus. Furthermore, as a powerful non-selective anti-proliferative agent, high-dose
sirolimus may impair early islet revascularization and engraftment, and may
further impede the transdifferentiation of ductal-derived CK19 positive elements within the islet graft that have the potential capacity for islet expansion after transplantation. The antiangiogenic effects of sirolimus were
clearly demonstrated in tumor metastasis in growth model in mice, where
sirolimus was linked to markedly reduced production of vascular endothelial growth factor (VEGF).43 By improving islet engraftment and function, the initial development of tacrolimus and steroid-free with low-dose
sirolimus immunosuppression, and ultimately tacrolimus and sirolimus
free regimens, is predicted to reduce the islet mass required to achieve euglycemic insulin-independence and thus facilitate successful transplantation
using only single donors.
An exciting array of potentially “islet-friendly” alternative antirejection
therapies are now becoming available that will likely further change the
face of islet transplantation in the next few years. If the risk of nonimmune
related side effects could be further reduced, then patients could be treated
earlier in the course of type 1 diabetes, perhaps even at the time of diagnosis
or including children with the disease. New agents include:
a) Non-depletional T-cell therapies, including hOKT3γ1 -Ala-Ala used in
the Hering trial.38
b) Depletional T-cell therapies, including Alemtuzumab (Campath-1H),
an anti-CD52 monoclonal antibody that depletes lymphocytes for
prolonged periods after transplantation. An anti-CD3 diphtheriaconjugated immunotoxin has shown considerable promise in primate
kidney and islet transplant models and is being developed for clinical trials presently. This agent was most effective when combined with
15-deoxyspergualin (DSG).44–46
c) Costimulation blockade therapies. T cells require two signals in order
to trigger an immune response — Signal 1 being engagement of the
T-cell receptor with allograft derived antigens, and Signal 2 being a
number of costimulatory molecules that increase the avidity of binding
between T and B cells, and strongly promote intracellular T-cell signaling events. Blocking costimulation while leaving T-cell receptor-antigen
engagement unaltered effectively renders the alloreactive T-cell population anergic, forcing them to apoptose.47–49 Two critical costimulatory
pathways include CD28:B7 and CD40:CD40L, and the blockade of these
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pathways with CTLA4-Ig or CD40L mAb, respectively, has been shown
to promote long-term allograft survival in a variety of small and large
animal transplantation models. These promising experimental results
led to Phase 1 clinical trials of CD40L blockade using a humanized
antibody called hu5C8. Unfortunately, the use of this agent produced
unexpected thromboembolic complications that resulted in one patient
mortality.50,51 Subsequent reports demonstrated that both platelets and
endothelium express high levels of CD40L,52,53 leading researchers to
consider blocking the CD40 epitope on antigen presenting cells, thereby
avoiding concerns of cross-reactivity associated with CD40L blockade.54
Recently, this approach has demonstrated prolongation of renal allografts without evidence of thromboembolic complications.55
Furthermore, development of LEA29Y, a second generation
CTLA4-Ig with an approximately 10-fold more potency in vitro has
demonstrated signiﬁcant beneﬁt in primate models of islet transplantation when combined with sirolimus and an anti-IL-2R mAb.56 Presently,
a multicenter Phase III clinical trial of LEA29Y is underway in renal
transplant recipients, and preliminary results suggest low rates of acute
rejection, excellent graft function and minimal side effects. A trial of
LEA29Y in clinical islet transplantation is currently underway at the
Edmonton and Emory sites.
d) Agents that alter trafﬁcking and recruitment of lymphocytes.
Chemokines play a critical role in allograft rejection by orchestrating lymphocyte migration and activation. FTY-720, a sphingosine 1phosphate agonist, inhibits lymphocyte trafﬁcking and is effective in
preventing allograft rejection both in preclinical and clinical trials.
Interest in exploring FTY720 in islet transplantation is based on recent
promising data of this compound in experimental and clinical transplantation. It has been shown to prevent allograft rejection in several
rodent models of allotransplantation, and more recently in primate
renal transplantation.57 With particular relevance to islet transplantation, FTY720 has been shown to potently inhibit autoimmune diabetes
and recurrent disease in NOD mice, and this agent may enhance insulin
action without any diabetogenic side effects in mouse and primate
models. Moreover, studies at the University of Minnesota and Miami
in nonhuman primate islet transplantation have demonstrated that
the combination of FTY720 and RAD (Everolimus) is effective in
maintenance of immunosuppression following basiliximab induction
therapy.58 Based on this study, as well as strong preliminary data
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in mouse models of islet allograft rejection, and in autoimmune
diabetes,59,60 clinical trials using FTY720 in islet transplantation are
imminent.
It remains to be seen, as stem cell technologies evolve, whether recipient
immunosuppression will be required. Certainly, if autologous stem cells
with insulin secretional capacity are developed, immunosuppression will
not be necessary unless these cells express target epitopes that are susceptible to autoimmune destruction. If allogeneic stem cells are developed for
clinical use, then either immunosuppressant strategies as outlined above, or
tolerance promoting techniques may be required to sustain graft function.

Tolerance Induction
The possibility of achieving a permanent state of unresponsiveness to an
allograft without the need for chronic immunosuppression remains an
important focus in transplantation research. It has been suggested that islet
transplantation could serve as a primary testing ground for novel tolerance protocols, since a lack of efﬁcacy would result in a patient’s return
to insulin therapy rather than potential death in the case of failure of a
life-sustaining heart or liver transplant. Moreover, the fact that islets can
survive in culture provides the opportunity to not only to immunologically
manipulate the graft during the cultured state but also optimize recipient conditioning prior to transplantation. Although islet transplantation
offers a unique opportunity to test new tolerance strategies for clinical
application, it may prove to be a challenging model because of the need
to overcome both alloimmune and autoimmune barriers, and different
mechanistic approaches may ultimately be required to achieve this.
Tolerance has been achieved experimentally in small animal inbred strain
models using two key approaches — mixed chimerism through myeloablation and donor bone marrow transplantation, or through peripheral mechanisms, including deletion, anergy and regulation of T cells. Attempts to
induce tolerance in the clinic through mixed chimerism have been successful, with rare reports of bone marrow transplant recipients with established
donor chimerism that have been able to accept a renal transplant from
the same donor without further immunosuppression.61 However, serious
concerns regarding toxicities with recipient pre-conditioning and the risk
of graft-versus-host disease have been major barriers to more widespread
clinical applications of this approach thus far. For this approach to become
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more practical and safe, techniques to avoid toxic preconditioning of the
recipient will be needed.
In islet transplantation, strategies to induce mixed chimerism may be
of particular interest since it has the potential of preventing autoimmune
recurrence by restoring self-tolerance through the bone marrow transplant,
in addition to achieving permanent islet allograft acceptance. However,
until less toxic preconditioning strategies are developed, it is not justiﬁable
to impose the current risks associated with bone marrow transplantation
in a patient whose disease is controlled with insulin therapy.

Conclusions
Hope is on the horizon for patients with type 1 diabetes (Fig. 4). The
advent of successful outcomes with cellular replacement therapy in diabetes
has renewed enthusiasm that a limitless source of insulin secreting tissue
will be found, and that cellular transplantation will replace chronic insulin
therapy in due course. Islet transplantation in its current form can provide
superb glucose control and can completely normalize glycated HbA1C in
recipients. Such glycemic control is already far superior to what can be

Figure 4. Future directions in cellular replacement therapy for diabetes.
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achieved with injected insulin or pump therapies. The current drawbacks
of islet transplant therapy are the need for chronic immunosuppression
with its attendant side-effects and risks, and the fact that the cadaveric islet
donor pool is so scarce that it cannot possibly supply sufﬁcient cells to
meet even a small fraction of the real need in type 1 diabetes. A limitless
cell source would also open up the opportunity to test therapies in type
2 diabetes where most of the disease burden arises. It is anticipated that
outcomes of clinical islet transplantation will further improve as current
research opportunities begin to be translated to the clinic. The potential
for islet graft proliferation in culture or in vivo after transplantation, using
combinations of potent growth factors, is an area that is progressing rapidly.
Progress in safer, less toxic immunosuppression is also occurring at a rapid
pace, and as agents such as LEA29Y, FTY720 and CD3 immunotoxin emerge
in early clinical trials, it is anticipated that such approaches will dramatically
enhance the tolerability and durability of islet replacement therapy.
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Differentiating Human Stem Cells
to Neurons
Su-Chun Zhang

Introduction
Stem cells can replenish themselves in the long-term while producing progenies that are different from themselves. Stem cells from many sources
possess such traits. Stem cells isolated from the inner cell mass (ICM) of
a pre-implantation blastocyst,1,2 known as embryonic stem cells (ESCs),
can generate all cell lineages that make up an organism. Stem cells isolated
from an organ or a tissue generally have restricted potential to produce certain cell types that constitute the organ or tissue. However, precursor cells
cultured from many tissues, especially after prolonged expansion, exhibit
broader potential and produce cell types that do not belong to the tissue of
origin. One example is the bone marrow precursor cells that can produce
non-hematopoietic cell types, including neural cells.3 Thus, non-neural
stem cells, as well as neural stem cells, may produce neurons.
Neurons are the building blocks of the nervous system. Like cells in nonneural tissues, neurons are born in a highly ordered process from their
precursors, neuroepithelia or neural stem cells, with the ﬁrst birth of projection neurons followed by interneurons and glial cells. Unlike many other
cell types, a neuron in one region differs from that in another place even
though they may carry the same transmitters. The temporal sequence of
neuronal birth and their topographical locations form the basis of the ﬁrst
order of neuronal connections. Environmental (e.g. glia) and target signals
subsequently promote functional maturation and shape neuronal circuitry.
These stereotypic as well as regulatory rules likely apply to the differentiation of neurons from stem cells in a culture Petri dish and inﬂuence the
∗ Correspondence: Departments of Anatomy and Neurology. The Stem Cell Research Program. The Waisman Center. The WiCell Institute, University of Wisconsin, Madison, WI, USA.
Email: zhang@waisman.wisc.edu.
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application of stem cell-produced neurons in cell therapy. For production
of neurons from human stem cells, it may be necessary to explore alternatives to these fundamental rules learned from animal studies.

The Birth of a Neuron
What is a neuron?
A neuron is a signaling cell in the nervous system with highly specialized processes, axons and dendrites, that receive, integrate, and transduce stereotypic
electrochemical signals from one cell to another. Unlike many other cell types
in the body, every neuron sits in a unique position of the brain and spinal
cord and makes connections (synapses) with neurons or non-neuronal cells
(e.g. muscles) in other areas to establish highly ordered communication
systems. The positional information and the initial targets of a neuron are
endowed during the birth of a neuron in early embryonic development. The
establishment of functional connectivity is inﬂuenced by activity.
Speciﬁcation of a neuron
Birth of a neuron involves several sequential steps orchestrated by signaling events.4 The initial step is the speciﬁcation of neuroepithelia from the
embryonic ectoderm — a process known as neural induction. This step
takes place during the third week of human embryonic development. By
the end of the third week, a sheet of columnar neuroepithelia, referred to
as the neural plate, has formed and has begun to fold and form the neural tube. The mechanism of neuroectoderm speciﬁcation, inferred largely
from studies using xenopus, chick, and other low vertebrates, remains a
topic of scientiﬁc debate. The main division is whether neural induction
occurs simply by removal of inhibitory factors, such as bone morphogenetic
proteins (BMPs), the so-called “default pathway,” or requires active inductive signaling such as by ﬁbroblast growth factors (FGFs).5 It is likely that
both instructive and inhibitory signalings are necessary. FGF may instruct a
“pro” neural state at an early stage, and BMP antagonists may subsequently
stabilize the neural identity.
Patterning of the neural plate and neural tube
The process of neural plate and neural tube formation does not occur
homogenously and simultaneously. Ectodermal cells (or perhaps epiblasts)
in the head region are ﬁrst speciﬁed to the neuroectodermal fate. The rostral
(forebrain) neuroepithelia gradually extend caudally to form the entire
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neural plate. Hence, there is a temporal sequence of neural plate formation
from the rostral to caudal regions. Meanwhile, the neural plate begins to
fold and fuse dorsally at the future neck area at the end of the third week,
which extends both rostrally and caudally to form a complete neural tube
by the end of the fourth week. Thus, neuroepithelial cells are temporally
and spatially different from each other at the time when the neural plate and
neural tube are formed. Precursor cells in each subdivision along the rostrocaudal and dorsoventral axes, by exposure to a unique set of morphogens
such as Wnt, FGF, BMP, retinoic acid (RA), and sonic hedgehog (SHH)4,6,7
at speciﬁc concentrations, are fated to subtypes of neurons and glial cells.
Therefore, neuroepithelial or progenitor cells generated from stem cells
in a Petri dish may differ from each other depending on the morphogens
used. While neuroectoderm speciﬁcation and neural tube formation occurs
within hours or 1–2 days in most experimental animals, this process takes
place over a 2-week period in humans, stretching from the beginning of
the third gestation week to the end of the fourth week. Consequently, the
time window for applying morphogens into human stem cell cultures for
directed neural differentiation becomes a critical issue.
Differentiation and maturation of neurons
Once the neuroepithelial cells are speciﬁed, they differentiate into neurons
and glia largely in a cell autonomous manner.8 In general, neurons are born
ﬁrst, followed by glial cells. Differentiation of glial cells will in turn promote
the maturation of neurons such as synaptogenesis. Glial cells in the adult
nervous system may also be crucial for maintaining neural progenitors and
guiding neuronal differentiation.
If the basic principles of neuronal speciﬁcation learned from animal
studies, as outlined above, hold true for human cells in vitro, the key to
the generation of neuronal subtypes from human stem cells is the speciﬁcation of region-speciﬁc progenitors. This process is largely completed
if the stem/progenitors are taken from neural tissues. For stem cells from
an early embryo or non-neural tissues, neuroectodermal speciﬁcation is a
prerequisite step, during which application of a speciﬁc set of morphogens
at a particular time is crucial for neuronal subtype speciﬁcation.

How to Deﬁne a Neuron in a Petri Dish?
The ﬁrst and most important criterion for deﬁning a cell, especially a neural cell, is its location in the body, which is lost in stem cell-differentiated
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Figure 1. Neural differentiation from hESCs. hESCs (A), after 2 weeks of differentiation in a chemically deﬁned culture condition,59 became columnar neuroepithelia and organized into neural
tube-like rosettes (arrows) in the colony center, with a ring of non-neural ﬂat cells in the surrounding (B). The neuroepithelial cells, after enrichment, differentiated into predominantly
neuronal cells in additional 3 weeks (C) with distinguishable axons and dendrites (D). The
neuroepithelial cells, after treatment with FGF8 and SHH, differentiated into a large proportion
of dopaminergic neurons that were positively stained for tyrosine hydroxylase in additional
3 weeks (E).

cultures. Hence, determination of a cell type requires a combination of
markers at morphological, genetic, and functional levels.9,10 For a cell to be
a neuron, the ﬁrst and foremost feature is its unique process-bearing morphology. Neuronal processes (dendrites and axons) are uniquely different
from processes of any other cell types, including those of their cousins
astrocytes and oligodendrocytes. These processes are not simple protrusions or extensions of the cell body. In a mature neuron, axons and dendrites are easily distinguishable, with a ﬁne, less-branched axon and thicker,
branched dendrites (Figs. 1 C–E). Under serum-free culture conditions,
processes of primate astrocytes may appear similar to neurites. Expression
of neuronal genes and gene products may help deﬁne a neuron, particularly
neuronal subtypes. As discussed above, speciﬁcation and determination of
a neuron depends upon the sequentially regulated expression of a set of
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genes. Therefore, a combination of the presence of one set of genes and the
absence of another set is often required to determine a neuronal type, in
addition to morphological criteria. Cells under unusual culture environments or stress conditions may aberrantly express many genes, including
neural genes. Thus, the mere expression of some neuronal genes without
a characteristic neuronal morphology is not sufﬁcient to deﬁne a neuron.
The absence of non-neural genes is equally important. Care should also be
paid to the subcellular localization of the neuronal markers as aberrantly
induced gene expression often has atypical subcellular localization. Under
most circumstances, the demonstration of a simple stereotypic neuronal
electrochemical property, such as a typical resting potential and sodiumgated action potential, in addition to the aforementioned morphological
and biochemical criteria, is necessary for deﬁning a neuron produced in a
Petri dish, particularly when the presumptive neurons are produced from
non-neural cells.

Differentiation of Human Neural Stem Cells to Neurons
Establishment of neural stem cells
Human neural stem/progenitor cells have been established from fetal brain
and spinal cord tissues, mostly from gestation weeks 8 to 20.11–17 Similar cultures have also been established from biopsied or postmortem adult
brain tissues,18,19 conﬁrming the notion that stem/progenitor cells exist in
adult human brain. These stem/progenitor cells are expanded in the form
of “neurospheres” in the presence of mitogens, including epidermal growth
factor (EGF), ﬁbroblast growth factor 2 (FGF2), and leukemia inhibitory
factor (LIF). The human neural stem/progenitors isolated from the forebrain can be expanded in vitro for up to 40 passages, with a doubling time
of approximately 2 days, particularly in the presence of LIF.12,20 Therefore, neural stem/progenitors, at least based on current technology, can be
maintained in vitro for a reasonably long period.

In vitro differentiation
Neural stem cells can differentiate into neurons, astrocytes, and oligodendrocytes. Based on this simple deﬁnition, the above human neural
stem/progenitor cells have been shown to be able to give rise to the three
general cell types, although no clonal analysis yet conﬁrms the stemness
of these precursor cells. The major differentiated progeny is astrocytes.
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Neuronal population varies considerably, depending on when and where
the neural stem/progenitor cells are derived. Within the neuronal population, the vast majority are interneurons, with few or no large projection
neurons. Oligodendrocytes are usually a minority. Attempts to differentiate
expanded human neural progenitors to a large proportion of oligodendrocytes have not yet borne fruit, in stark contrast to rodent neural progenitors. The lack of projection neuron and oligodendrocyte differentiation
from brain-derived neural stem/progenitor cells conforms to the developmental principle that the large-projection neurons and oligodendrocytes
are generally speciﬁed at the very early stage of neural development.21,22
Neural stem/progenitor cells isolated from human brain tissues and
expanded in culture appear to retain some intrinsic properties of the progenitor cells in vivo. Precursor cells isolated from the forebrain can be
expanded much more extensively than those from the brain stem and spinal
cord at the same developmental stage. The neuronal differentiation potential of forebrain progenitors is also signiﬁcantly higher than those from
the brain stem and the spinal cord. The neuronal types produced by the
progenitors largely correspond to those that are supposed to exist in the
brain regions where the progenitors are isolated. Thus, progenitors isolated from the forebrain and striatum produce predominantly GABA and
glutaminergic neurons but rarely generate dopaminergic neurons.23 These
characteristics of neural progenitors reﬂect the need for more neurons to be
produced over a longer period during forebrain development as compared
with the hindbrain and spinal cord.
The differentiation potential of neural progenitors also changes with
time, again similar to their in vivo properties. Neural progenitors, regardless
of their origin, produce more neurons and fewer astrocytes in early passages than late passages. Differentiation of neuronal subtypes also changes
with time. Primary cultures of fetal midbrain tissues generate dopaminergic neurons, whereas progenitors expanded from the same region hardly
produce such projection neurons.23 Thus, the hierarchy of the birth of
neuronal subtypes is largely cell autonomous, in vivo or in vitro. This
raises a question whether expanded neural progenitors have the capacity to generate projection neuronal subtypes, such as midbrain dopaminergic neurons and spinal cord motor neurons, for cell replacement in
neural degenerative disorders. This question is also relevant to the capacity of endogenous neural progenitors to replace such neuronal types in
adult life.
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Technically, current approaches for maintaining human neural
stem/progenitor cells in vitro are not sufﬁcient to prohibit stem cells from
differentiation. Cells in neurospheres are mostly committed progenitors
with scarce true neural stem cells, contrasting the current methods for
maintaining embryonic stem cells. A recent study using mouse neural stem
cells as a model system indicates that factors secreted by vascular endothelial
cells help to maintain the neural stem cells for a longer period to produce projection neurons.24 Whether a similar strategy may be employed
for maintaining human neural progenitors remains to be seen.
In vitro differentiation of human neural progenitors to neurons is
straightforward. It is achieved by plating the progenitors on a laminin substrate in serum-free media using DMEM/F12 or Neurobasal medium as
base media. Addition of neurotrophic factor cocktails increases or biases
the neuronal differentiation, most likely through enhancing the survival of
differentiated neurons.25 Little evidence suggests that trophic factors specify subtype neuronal fate in the differentiation culture system. Neuronal
identities are deﬁned essentially by their typical morphology and expression of neuronal markers at the immunocytochemical level. Few reports
provide electrophysiological evidence demonstrating whether the neurons
differentiated from in vitro expanded neural progenitors possess the same
or similar functional properties of neurons in the brain and spinal cord.

In vivo differentiation
The in vivo differentiation potential is assessed by implanting the human
neural stem/progenitors into rodent brains. For proof-of principle, neural progenitors are generally transplanted into the embryonic or neonatal
brains,26,27 or the subventricular zone/rostral migratory stream of adult
rodent brains.28 In both environments, neurogenic signals are present.
Under these conditions, grafted human neural progenitors, identiﬁed later
by either genetic labeling or using human speciﬁc markers, differentiate
into neurons that are morphologically, and in some cases neurochemically,
similar to endogenous neurons in the particular brain regions.26,27 This
“site-speciﬁc” differentiation suggests that human neural progenitors can
respond to the environmental signals for differentiation. However, such
“site-speciﬁc” differentiation should be interpreted with caution. It may
simply be the coincidence of neuronal differentiation of the forebrain neural progenitors in the forebrain environment. Different subpopulations of
“forebrain” neural progenitors selectively survive and/or home to certain
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brain regions such as olfactory bulb, hippocampus, striatum, the usual
incorporation sites of the above transplant paradigms, and mature to the
cells that are essentially the same as their origin.
Human neural progenitors grafted into adult non-neurogenic brain
regions usually differentiate in a cell autonomous manner. Forebrain neural progenitors, grafted into the rat striatum, differentiate into neurons
that exhibit properties of striatal neuronal phenotypes, such as expression of GABA and/or DARPP32.29 In the Huntington’s background, these
transplanted human neural progenitors appear to migrate more extensively than in normal animals and differentiate into both neurons and
astrocytes.30 Under the ischemia environment, grafted human neural progenitor cells migrate preferentially toward the lesion site and differentiate
predominantly into neurons, as identiﬁed by an immature neuronal marker
βIII-tubulin.31 Thus, the brain environment may inﬂuence the differentiation and/or survival of human neural progenitors. It is also observed that
the human neurons extend diffusing processes, suggesting that the differentiation of human neurons may be at least partly independent of the mouse
environment since grafted rat neurons usually do not extend excessively
long axons under this condition.27,29 In addition, a signiﬁcant proportion
of cells become astrocytes.28,30
Transplant studies using human neural stem/progenitor cells to date indicate that they are capable of producing neurons and that the majority of
differentiated neurons are late born cells or interneurons.32 These observations conform to the principles of neural lineage development learned from
animal studies and are consistent with in vitro results. One exception is a
recent report on the differentiation of forebrain progenitors into large projection neurons, including spinal cord motor neurons.33 This occurs after
the cortical progenitor cells are primed with laminin and FGF2 and transfected with associated adenoviral vectors (for cell labeling purpose) before
transplantation into normal unlesioned rat brain and spinal cord. Virally
labeled cholinergic neurons have been observed in raphi nuclei bilaterally
in the hindbrain that are millimeters away from the single transplant site
as well as the large motor neurons in the ventral horn of the spinal cord.
These results are extraordinary because forebrain human neural progenitors,isolated after brain formation,usually do not produce spinal cord motor
neurons that are speciﬁed at the earliest stage of neural development and
because the efﬁcient differentiation occurs in the normal uninjured adult
brain environment. This extraordinary outcome may be attributed to the
altered cell behaviors after excessive in vitro expansion (up to 85 passages)
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in the presence of EGF and FGF2, as the same forebrain human neural progenitors used in that report usually become senescent by 40 passages even in
the presence of LIF.20 This could also be due to technical issues in identifying
grafted cells.

Turning Non-Neural Human Stem Cells to Neurons
Stem cells, isolated from non-neural tissues, have been reported to produce
cells that express some neural genes. Most of these studies examine stem
cells isolated from rodent tissues, including hematopoietic, bone marrow, skin, and fat tissues. Controversies abound over whether tissue stem
cells can differentiate across major embryonic germ layer lineages and
whether some of the phenomena are attributed to technical ﬂaws such
as cell fusion and transformation.34–37 Passionate debates are still being
exchanged through publications in “high-proﬁle” journals. In reality, one
should be able to judge easily the scientiﬁc implication and clinical potential of these stem cells simply based on the deﬁnition of a stem cell: a cell
capable of long-term self-renewal and robust multi-lineage differentiation
with functional outcomes.
In vitro neural differentiation
Non-neural human stem cells with neural differentiation potential reported
thus far are mainly cells isolated from bone marrow, umbilical cord blood,
and dermal tissues. The initial report involves the use of somewhat peculiar
culture conditions such as the addition of DMSO.38 More recent approaches
involve the expansion of non-neural (mesenchymal, bone marrow, umbilical cord blood, and dermal) precursors in EGF and/or FGF2 before differentiation in a neural medium.39–44 The rationale appears that EGF and FGF2
selectively promote the proliferation of precursors with neural tendency
although both mitogens are potent stimulators of non-neural precursors.
Process-bearing cells have been induced and these cells have been stained
immunohistochemically for multiple markers that are normally expressed
by neurons. Most of the neural marker-expressing cells do not exhibit a
neuronal morphology. The processes are either spikes or short extensions
of cytoplasm with no resemblance to dendrites or axons. The immunostaining for multiple diverse neuronal proteins exhibits uniform diffuse staining pattern without characteristic patterns and subcellular localizations,
suggestive of aberrant gene expression. Chandran and colleagues employ
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a more sophisticated approach to induce neuronal differentiation from
precursors expanded from dermal tissues by co-culturing with astrocytes.44
Some neural marker-bearing cells do exhibit typical neuronal morphology.
Given the potential presence of neural crest derivatives in the dermal cell
preparation,45 a ﬁrm conclusion of transdifferentiation from skin to neuron cannot be drawn even although such transdifferentiation would occur
within the same embryonic ectoderm.

In vivo neural differentiation
The neural differentiation potential of non-neural stem cells in the brains
of patients is usually determined by colabeling of the donor marker (usually Y-chromosome probes) with neuronal markers, if a female patient had
received cell transplantation from male donors. Although the major proportion of the few donor-derived cells is found to exhibit glial phenotypes,
colabeling of Y-chromosome and neuronal markers such as NeuN is found
in patients who received bone marrow transplant, after the possible cell
fusion-caused false positive stainining has been carefully excluded.46 These
observations suggest that bone marrow cells may differentiate into neurons. Experimentally, transplanted human cells can be readily identiﬁed
by human-speciﬁc markers or pre-labeled with dyes or genetic markers.
Human mesenchymal stem cells, transplanted into normal rodent brains,
can differentiate into neural cells although most donor cells in the brain
appear to be astrocytes.47,48 Puriﬁed bone marrow stem cells, transplanted
into the ischemic area of the mouse brain, have been found to express neuronal markers such as βIII-tubulin, neuroﬁlament proteins, and neuronspeciﬁc enolase.49 However, the neural marker-bearing bone marrow cells
do not exhibit neuronal morphology and do not form connections with
recipient neurons despite some functional recovery. Apparently, the functional recovery does not have anything to do with the putative neural differentiation. Similar observations have been made with umbilical cord blood
stem cells that are transplanted into rodent brains.41,43 Snyder and colleagues have recently found a rather widespread presence of donor-derived
cells in the brain of a pediatric patient who had received umbilical cord
blood transplantation. Many of the donor cells adopt the microglial phenotype with expression of macrophage markers but not a single donor-derived
cell in the brain colabels with neuronal markers (Evan Snyder, personal
communication). This observation appears to argue against the capacity of
umbilical cord blood stem cells to transdifferentiate into neurons, given the
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relatively conducive recipient brain environment and the intimate contact
of grafted cells with the environment.
Cross lineage differentiation is, and will likely continue to be, a major
scientiﬁc endeavor. From the application standpoint, functional demonstration of these neuronally transdifferentiated cells is eagerly awaited. To
date, no evidence has been provided that transdifferentiated human neurons are functional or simply exhibit typical eletrophysiological properties
seen in neurons isolated from brain tissues. Although transplantation of
non-neural stem cells results in behavioral changes in some neurological
animal models, evidence is not yet available to demonstrate that the behavioral change is the outcome of transdifferentiation into neurons.

Development of Human Embryonic Stem Cells to Neurons
Human embryonic stem cells (hESCs)
Like their mouse counterparts, hESCs are derived from the inner cell mass
of a pre-implantation embryo.50 Unlike mouse ESCs that can be maintained in chemically deﬁned culture conditions with the presence of LIF,
hESCs requires unknown factors produced by embryonic mouse ﬁbroblast for self-renewal. hESCs differ from their mouse counterparts in many
aspects, including the growth rate, growth requirement, expression of cell
surface molecules, and differentiation potential such as the capability to
produce trophoblasts.51 Accordingly, neural differentiation from hESCs
requires special considerations.52
In vitro neural differentiation of hESCs
Differentiation of neuroepithelia from hESCs
Stem cells or progenitors isolated from embryonic brain tissues are speciﬁed or committed to certain subtype neural lineages with a speciﬁc positional identity. Consequently, differentiation of these stem/progenitor cells
is largely cell autonomous. ESCs, however, are naïve cells capable of differentiation into cells of all three embryonic germ layers. Therefore, the ﬁrst
step of neural differentiation from hESCs is the speciﬁcation of the neuroectodermal fate. Little is known how embryonic epiblasts are speciﬁed
to the endoderm, mesoderm, and ectoderm fate. The initial step of ESC
differentiation is rather random, i.e. by removal of self-renewing signals
(e.g. mouse embryonic ﬁbroblasts) and by promoting cell-cell interactions
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through aggregation of ESCs in suspension. This random step is then inﬂuenced by using special culture conditions including the use of speciﬁc
morphogens or signaling molecules.52
Two major strategies have been developed for differentiating hESCs
into neuroepithelial cells. One is to co-culture hESCs with stromal cells,
mostly cell lines, which is initially reported for neural differentiation from
mESCs.53 Neural differentiation is achieved through direct contact of hESCs
with stromal cells. Conditioned media from the stroma cells do not appear
effective. The advantage of this approach is technically simple. It is particularly attractive for achieving dopaminergic neuronal differentiation,54 since
many stromal cell lines tested so far preferentially promote dopaminergic
differentiation (see below). The drawback of this approach is the introduction of yet another unknown component and potentially risky factors as
most cell lines are tumorigenic.
The more common strategy is the use of morphogens to promote neural differentiation or to enhance the proliferation of hESC-derived neuroepithelial cells. Spontaneously differentiated neural progenitors in hESC
cultures have been stimulated to divide by addition of FGF2 so that
neurosphere-like clusters of neural progenitors can be obtained.55 This
approach relies on over-growth of hESCs and subsequent random differentiation and therefore is not directed neural differentiation. The most
commonly used mESC differentiation protocol, treatment of ESC aggregates with retinoic acid (RA), yields reasonable neural differentiation from
hESCs.56 However, RA appears to have much less potent effect on hESCs
than mESCs in neural differentiation, even after a 10 times increase in
dosage. One important note is that RA treatment results in the differentiation of neural cells with a caudal (hindbrain and spinal cord) fate. We
have demonstrated that treatment of hESC-derived neuroepithelial cells
with RA (0.1–1 uM) potently induces Hox gene expression with elimination of rostral gene expression.57 Thus, neural progenitors differentiated in
the presence of RA are likely restricted to a caudal fate. Along this note, the
use of B27, a common practice in differentiation of neural stem/progenitor
cells, may very well result in the differentiation of caudal neural fate.52 For
this reason, two forms of B27 supplement are now on the market, one of
which does not contain RA.
The default model of neural induction implies that the embryonic ectoderm will become neuroectoderm if the signaling of TGFβ family such
as BMP is inhibited.5 Addition of noggin, a BMP antagonist, results in
a robust differentiation of neuroepithelia-like cells from hESCs.58 This
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observation seems to suggest that neuroectodermal speciﬁcation from
hESCs also follows a default model. However, these noggin-treated precursor cells are somewhat different from neuroepithelial cells, as they can
be maintained in the same way as ESCs and express some of the differentiated neural markers. We have found that treatment of hESCs with
noggin increases the proportion of neuroepithelial cells but does not affect
the initial step of neural speciﬁcation (Pankratz and Zhang, unpublished
observation).
A rival model of neuroectoderm speciﬁcation is active induction by FGF
family members.5 Based on this theory, we have established a chemically
deﬁned culture system for neuroectodermal differentiation from hESCs.59
This system involves aggregation of hESCs for 4–6 days, followed by adherent colony culture in the presence of FGF2. Under this condition, columnar
neuroepithelial cells are observable after 10 days of differentiation from
hESCs. By 14–16 days of differentiation, these columnar neuroepithelial
cells form neural tube-like structures in every colony (Figs. 1A and 1B).
The striking feature of this culture system is its resemblance to in vivo neuroectoderm development since neural tube-like rosettes form after 2 weeks
of hESC differentiation. The neural tube begins to form after 3 weeks
of human embryo development and hESCs are derived from a 6-day-old
embryo. The columnar epithelial cells express neural markers such as Pax6
and Sox1, conﬁrming the neural identity. More importantly, the hESCderived neuroepithelial cells display a forebrain phenotype by expression
of a forebrain marker Otx2 but not caudal markers such as hox genes.57
Again, it mirrors normal neural development as neural plate cells initially
carry a forebrain identity. This would suggest that the neuroepithelial cells
generated in this way may be plastic for further differentiation into neurons
and glial cells with more caudal positional identities (see below), contrary
to the caudally restricted neural cells using RA. The neural differentiation
is very robust, as 70–90% of the differentiated progenies are neuroepithelial cells, which can be easily enriched through differential adhesion.59 The
neural differentiation with formation of neural tube-like rosettes has been
reproduced by many other groups using other hESC lines.54,60
Neuronal subtype differentiation from hESCs
Neuronal differentiation of hESCs is a common phenomenon. Developmentally, neurons are born ﬁrst, followed by glia. Therefore, hESC-derived
neuroepithelial cells usually give rise to mostly neurons in the ﬁrst few
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weeks of differentiation with few glial cells.59 Key to application of hESCs
in science and clinics is the directed differentiation of neuronal subtypes.61
Considerable effort has been made in directing neuronal subtypes, particularly those with potential clinical applications. Information begins to
emerge that dopaminergic neurons with midbrain characters can be generated from hESCs in a similar way as mESCs. Studer and colleagues have
demonstrated that hESCs differentiate into neuroepithelial cells that form
neural tube-like rosettes when co-cultured with stroma cells and further
differentiate into dopamine neurons in the presence of FGF8 and SHH.
These hESC-produced dopamine neurons possess many of dopaminergic
neuron features, including the ability to secrete dopamine in an activitydependent manner.54 A similar co-culture approach is also applied by other
groups to promote dopaminergic neuron differentiation from other hESC
lines, albeit with lower efﬁciency.62
The above approach offers a simple and relatively efﬁcient way of producing dopaminergic neurons from hESCs. However, co-culture with stroma
cell lines, which are often tumorigenic, introduces unknown and potential
adverse factors into the system, which is not ideal from both the standpoint
of basic understanding of neural development and clinical application of
the hESC products. We have thus established a chemically deﬁned culture
method for directing hESC-derived neuroepithelial cells to dopaminergic
neurons. As discussed above, neuroepithelial cells, generated based on our
method,59 initially carry a forebrain identity. Treatment of these neuroepithelial cells with FGF8 and SHH induces a midbrain progenitor identity prior to their differentiation into dopaminergic neurons (Fig. 1E).63
We have further discovered that patterning the neuroepithelial cells with
FGF8 prior to, but not after, formation of neural tube-like rosettes by
the Sox1 + neuroepithelial cells is essential for an efﬁcient induction of
dopaminergic neurons with a midbrain identity. This contrasts with the
classical approach used for differentiating mESCs into dopaminergic neurons in which ESC-derived neuroepithelial cells are expanded with FGF2
and then induced with FGF8 and SHH.64 This ﬁnding is paralleled by
another observation that treatment of early but not late neuroepithelial
cells with a caudalizing reagent retinoic acid is required for differentiating hESCs into spinal cord motor neurons.57 Neuroepithelial cells in the
neural tube-like rosettes, after expansion in the presence of FGF2, no
longer produce spinal cord motor neurons in the presence of RA and
SHH. This is because the transcriptional codes that are required for motor
neuron speciﬁcation are no longer induced by the late RA treatment.
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Thus, coupling of the intrinsic program of the precursor cells and the
morphogens applied in a culture dish is the key to the production of neuronal subtypes.
Our ﬁnding that speciﬁcation of the early born projection neurons such
as midbrain dopaminergic neurons and spinal motor neurons may appear,
contradict what we have believed that cell lineage differentiation is generally a linear process. In fact, neural progenitors along the rostral-caudal
and dorsal-ventral axes differ from each other at the time when the neural plate and neural tube forms, presumably because they are induced by
different sets of morphogens almost at the same time. In that regard, our
observations provide direct evidence that the identity of the hESC-derived
neuroepithelial cells is the direct consequence of the morphogens the precursor cells encounter during the process of neuroectodermal induction.
Once the progenitors are deﬁned, the subsequent differentiation process is
largely cell autonomous. From an application perspective, our ﬁndings will
likely provide a generalized strategy for producing neuronal subtypes with
speciﬁc positional and transmitter phenotypes.
In vivo neural differentiation of hESCs
In vivo neural differentiation of hESCs is at the stage of proof-of-concept
studies. Almost all the studies to date involve transplantation of hESCs or
their neural derivatives into neurogenic environment, e.g. embryonic or
neonatal brain and spinal cord. Direct injection of hESCs into the early
chick embryos at the stage of neuroectoderm development results in differentiation of the pluripotent hESCs into neuroepithelial cells which organize
into neural tube-like rosettes, and to lesser degree, βIII-tubulin + neurons.
However, hESCs in contact with non-neural tissues, differentiate into nonneural lineages,65 suggesting that the fate choice of hESCs is largely inﬂuenced by the environmental signals. The easy accessibility of chick embryos
offers a unique tool for evaluating the differentiation potential of hESCs.
hESC-derived neural progenitors, following transplantation into the
neonatal mouse brain, migrate into a widespread brain regions and differentiate into neurons and glial cells.55,59 Neuronal differentiation occurs
mainly in the neurongenic brain regions at the time of transplantation.
Neuronal differentiation appears to be region-speciﬁc, at least based on
morphological criteria. Neurons, identiﬁed by human speciﬁc markers in
the cerebral cortex, generally line up with host neurons. hESC-derived
neurons located in the subcortical regions are mostly multipolar. Glial
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differentiation is observed chieﬂy in the white matter areas. No teratoma
formation was observed in either of the studies, possibly due to the relatively pure population of donor cells and the short post-transplant period
(4–12 weeks).
To further characterize the behaviors of in vitro generated human neuroepithelial cells in vivo, we have followed their fate after transplantation
into the brain ventricles of neonatal immune-compromised SCID mice.
Within 3 weeks following transplantation, grafted cells continue to divide,
as identiﬁed by immunostaining with Ki67, and form clusters of nestin +
neuroepithelial cells. By three months, the vast majority of human cells have
migrated into the brain parenchyma and express an early neuronal marker,
βIII-tubulin. More mature neuronal markers such as NeuN and neuroﬁlament proteins have been observed after survival for longer than three
months. Furthermore, differentiated neurons appear to acquire transmitter
phenotypes that correspond to host neurons in the regions. Importantly,
neurons differentiated from the grafted neuroepithelial cells form synapses
with host neurons, as conﬁrmed by immuno-electron microscopy.32 These
observations suggest that differentiation of hESC-derived neuroepithelial
cells is partly dependent upon the intrinsic program and partly on the environmental signals the grafted cells encounter. The proliferation proﬁle of
grafted cells is essentially absent 9 months after transplantation, except in
neurogenic regions such as the olfactory bulb. These ﬁndings strongly suggest that hESCs can provide a robust and potentially safe source of neurons
for replacement therapy.

Stem Cell-Produced Human Neurons — From Benchtop
to Bedside
Both neural and non-neural stem cells can produce neurons, at least under
experimental settings. Whether and how the stem cell-produced neurons
will be exploited for repairing the brain and spinal cord, will likely be
dictated by the ability and capacity of stem cells in generating particular neuronal subtypes, the ability of the stem cell-produced neurons to
integrate into the existing neuronal circuitry in a functional manner, and
issues surrounding clinical practice such as immunological compatibility
and safety measures. Neural stem cells can be isolated and scaled up to a
reasonable amount under clean environment, thus providing a safe source
of neural cells. The main limiting factor is the restricted ability to produce
neuronal subtypes for cell replacement purposes. Given their neural origin,
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neural stem cells and their derivatives, including glial cells, can be modiﬁed
to deliver biomolecules to promote neuronal survival and replacing missing
molecules.
The major advantage of non-neural stem cells is that many of these
stem cells can be isolated from the patient’s own body for autologous
transplant. Despite indication of possible neuronal differentiation under
certain circumstances, which is scientiﬁcally entertaining, the applicability
of non-neural stem cells in neuronal replacement is signiﬁcantly limited
by the poor neural differentiation potential and inability to produce neurons with speciﬁc positional and transmitter identities. If the lack of neural
differentiation potential is not cell autonomous, a strategy needs to be
developed for robust differentiation of neuronal subtypes with functional
outcomes.
The ability and robustness of hESCs to produce functional neuronal subtypes, along with the readily available culture system for expanding them
to a large quantity, is so far unparalleled by any other types of stem cells.
Several issues have hindered immediate application of hESC derivatives.
Because neurons are generated from hESCs entirely in an artiﬁcial culture environment, they often do not retain the phenotypes when placed in
the totally new, brain environment. This phenomenon likely also applies
to neurons produced from non-neural stem cells in a Petri dish. More
sophisticated strategy needs to be devised to adapt the in vitro produced
neurons to the brain environment. Safety is a major concern given the
inherent ability of ESCs for multilineage differentiation. The key to overcome this issue is a robust directed differentiation and means of purifying
target cell populations and/or removing undifferentiated stem cells. Strategies are being devised on both fronts. Neuroepithelial cells can be highly
enriched 56,59,63 and these cells can be robustly differentiated into neuronal
subtypes.54,57 Genetic as well as epigenetic approaches have been developed
for removing undifferentiated mESCs66 and hESCs.67 Finally, immunological incompatibility needs to be dealt with.61 These issues are mostly
solvable. Therefore, application of hESC-derived neural cells in patients is
achievable.
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Introduction
The liver is normally proliferatively quiescent, but hepatocyte loss through
partial hepatectomy, uncomplicated by virus infection or inﬂammation,
invokes a rapid regenerative response from all cell types in the liver to perfectly restore liver mass. Moreover, hepatocyte transplants in animals have
shown that a certain proportion of hepatocytes in fetal and adult liver can
clonally expand, suggesting that hepatoblasts/hepatocytes are themselves
the functional stem cells of the liver. More severe liver injury can activate
a facultative stem cell compartment located within the intrahepatic biliary tree, giving rise to cords of bipotential transit amplifying cells (oval
cells/hepatic progenitor cells), that can ultimately differentiate into hepatocytes and biliary epithelial cells. A third population of stem cells with
hepatic potential resides in the bone marrow; these hematopoietic stem
cells may contribute to the albeit low renewal rate of hepatocytes, but can
make a more signiﬁcant contribution to regeneration under a very strong
positive selection pressure. In some instances, transdifferentiation of bone
marrow cells to hepatocytes does not seem to occur, and instead cell fusion
between myeloid or monocytic lineages and damaged hepatocytes appears
to be the mechanism by which the hematopoietic genome becomes reprogrammed. There is also evidence that there may be cells in the bone marrow
possessing markers of hepatic commitment, being chemoattracted to the
liver as a result of organ damage. Bone marrow may also harbor cells with
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ﬁbrogenic potential, contributing signiﬁcantly to end-stage liver ﬁbrosis.
In common with other tissues, there is persuasive evidence that in the liver,
stem cells are the founder cells of primary malignancies.
So, perhaps borne out of necessity from the plethora of potentially celldamaging xenobiotics that assail the liver, plus a myriad of other cellular

Figure 1. Current understanding of the origin and interrelationships of the cells involved in liver
development and regeneration. Fetal liver contains bipotential hepatoblasts capable of differentiating into hepatocytes and cholangiocytes. These cells are capable of self-renewal after
loss, but when hepatocyte renewal is compromised, bipotential oval cells are activated from
canal of Hering cells (potential stem cell niche) to take over the burden of regenerative
growth. The bone marrow also harbors cells with liver potential, but the factors determining
their durable ingress are poorly understood: in the Fah null mouse, fusion between bone
marrow-derived myelomonocytic cells and enzyme deﬁcient hepatocytes occurs. Evidence
that bone marrow can transdifferentiate into biliary cells is weak.
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insults, e.g. hepatotropic viruses, the mammalian liver can invoke not just
one, but at least three apparently distinct cell lineages to contribute to
regenerative growth after damage (Fig. 1). This chapter summarizes recent
advances in our understanding of these three cell systems.

Hepatoblasts/Hepatocytes
In response to parenchymal cell loss the hepatocytes are the cells that normally restore the liver mass, rapidly re-entering the cell cycle from the
Go phase (Fig. 2). However, even after a two-thirds partial hepatectomy, the
remaining cells have only to cycle on average 1.4 times to restore preoperative cell number. This seemingly modest response leads to the incorrect
assumption that hepatocytes had only limited division potential, and thus
were not true stem cells. A crucial property that deﬁnes a stem cell is its
ability to give rise to a large family of descendants, i.e. be clonogenic,1 and
importantly, at least some hepatocytes can do this. Hepatocyte transplantation models have shown that the transplanted cells are capable of significant clonal expansion within the diseased livers of experimental animals
and probably humans (see below).
Fetal liver
In the diseased human liver there may not be the substantial selective growth
advantage for transplanted cells that is operative in many of the rodent

Figure 2. A. Partial hepatectomy (PH) in a rat involves resection of the left lateral (LL) and median
(M) lobes comprising 2/3 of the liver mass and the preoperative mass is restored within
10 days. B. 24 hours after PH many hepatocytes are in DNA synthesis as indicated by
bromodeoxyuridine labeling, but note the relative absence of labeling around the hepatic
vein (HV) at this time, though within 48 hours after PH almost all hepatocytes will have
traversed the cell cycle at least once.
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models, and it therefore becomes of interest to determine if it is possible to
enrich for true stem cells that would continue to expand in the recipient liver
in the absence of a major growth stimulus. The fetal rat liver is potentially
a rich source of bipotential stem cells for liver transplantation2−4 and has
been the focus of considerable attention. For example, Kubota and Reid5
have described a population of bipotential progenitors from ED13 fetal
rat liver that lacked expression of MHC class I and had modest ICAM-1
expression, features that may allow hepatoblasts to escape from the immune
system when transplanted into an MHC-incompatible host. These cells
were clonogenic in culture with some descendants expressing phenotypic
markers of hepatocytes (α-fetoprotein [AFP] and albumin) and others of
cholangiocytes (cytokeratin [CK]-19).
In a similar vein, Shafritz and colleagues6 have demonstrated that fetal
liver epithelial progenitors (FLEPs) from ED14 rats are more clonogenic
than normal adult hepatocytes; when wild-type FLEPs are injected into
recently hepatectomized syngeneic dipeptidyl peptidase (DPPIV-) deﬁcient F344 rats, they proliferate for at least 6 months and constitute 7%
of the recipient liver at this time compared with colonization of only
0.06% of the liver by wild-type adult hepatocytes. DPPIV is an exopeptidase expressed in the bile canalicular surface of hepatocytes in contrast to
diffuse cytoplasmic expression in bile duct epithelia. Thus, DPPIV-positive
hepatocytes are readily detected in the recipient mutant liver either by
enzyme histochemistry or immunohistochemistry (IHC). Much greater
colonization of the mutant liver was observed when the recipient rats
were given prior administration of the DNA-binding pyrrolizidine alkaloid retrorsine (usually two injections of 30 mg/kg each, two weeks apart);
at 6 months after transplantation, 60–80% of the recipient liver was occupied by DPPIV + hepatocytes.7 Likewise, when these FLEPs were transduced
with lentiviral vectors expressing green ﬂuorescent protein (GFP) under the
control of the albumin promoter, the colonizing cells co-expressed DPPIV
and GFP.8
Bipotential progenitors have been isolated from fetal mouse liver in
a number of studies. Tanimizu et al.9 have selected such cells on the
basis of expression of Dlk, a type1 membrane protein that has 6 EGFlike repeats in its extracellular domain, while others have isolated cells
capable of large-scale repopulation in the setting of subacute liver failure in uPA/SCID or uPA/Rag-2 transgenic mice.10,11 Clonogenic cells have
also been isolated by Suzuki et al.12 from fetal mouse liver (ED13.5)
on the basis of expressing the integrins α6 (CD49f ) and β1 (CD29),
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but not c-kit, CD45 or Ter119 (erythroid precursor antigen). Designated hepatic colony forming units in culture (H-CFU-C), this sorting achieved a 35-fold enrichment of H-CFU-C over total fetal liver
cells. Further selection based on c-Met-positivity enriched for H-CFU-C
and these cells produced both hepatocytes (albumin-positive) and biliary cells (cytokeratin-19-positive) in culture;13 EGFP-marked cells from
these clonally-derived H-CFU-C also produced hepatocytes and biliary
cells when injected into mice, and more surprisingly were found to apparently differentiate into pancreatic ducts and acini and duodenal mucosal
cells when injected directly into these organs. Similar CD49+ , c-Met+ ,
c-Kit− , CD45− hepatic progenitors have been isolated by Hoppo et al.,14
who found that their maturation required direct cell-cell contact with
Thy-1+ cells of probable mesenchymal origin that variously expressed
α-SMA and desmin.

Adult liver
Many studies have examined the transplantation potential of adult hepatocytes in the DPPIV- mutant rat, combining retrorsine treatment with a
mitogenic stimulus, such as partial hepatectomy or triidothyronine (T3),
leading to rapid replacement of DPPIV- cells by DPPIV+ donor cells;15,16
even in the absence of a mitogenic stimulus, near total replacement by
donor cells occurs within 12 months.17
Intriguingly, when retrorsine-treated adult rats are given a two-thirds
partial hepatectomy, regeneration is accomplished by the activation, expansion and differentiation of so-called small hepatocyte-like progenitors
(SHPCs).18 These cells showed phenotypic traits of fetal hepatoblasts,
oval cells and fully differentiated hepatocytes, but they were morphologically and phenotypically distinct from all three. Cytochrome (CYP) P450
enzymes have a pivotal role in hepatocyte biology, but typically these cell
clusters lacked CYP enzymes that are usually readily induced by retrorsine,
and this probably accounted for their resistance to the anti-proliferative
effects of retrorsine. When such cells (H4-positive) were isolated, established in short-term culture and then transplanted into syngeneic rats, they
gave rise to differentiated hepatocytes as shown by expression of albumin
and transferrin, but lack of AFP.19
The clonogenic potential of transplanted adult hepatocytes has been
very impressively shown in the Fah null mouse, a model of hereditary type
1 tyrosinemia, where there exists a profoundly strong positive selection
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pressure on the transplanted wild-type cells, since Fah-deﬁcient mice will
die as neonates unless rescued by 2-(2-nitro-4-triﬂuoro-methylbenzoyl)-1,
3-cyclohexanedione (NTBC), a compound that prevents the accumulation of toxic metabolites in the tyrosine catabolic pathway. When 104 normal hepatocytes from congenic male wild-type mice were intrasplenically
injected into mutant female mice, these cells rapidly colonized the mutant
liver.20 Moreover, serial transplantations from the colonized livers to other
Fah null livers indicated that at least 69 doublings would have been necessary from the original hepatocytes for six rounds of liver repopulation. This
estimate is likely to be a minimal ﬁgure, since it assumes that all injected
hepatocytes migrate to the liver from the spleen and take part equally in the
cycles of regeneration. In fact, probably at best only 15% of intrasplenically
transplanted hepatocytes migrate to the liver, and if all these participated
equally in repopulation, a minimum of 86 doublings would be required for
6 serial transplants. This ﬁgure may be even higher if not all the cells that
migrated to the liver actually took part in repopulation, and the authors
suggested that there might be a sub-population of hepatocyte stem cells
designated as “regenerative transplantable hepatocytes” (RTHs). We could
speculate that perhaps these RTHs are analogous to the SHPCs described by
Gordon et al.?18 The Fah null mouse can also be rescued by pancreatic cells;
though most Fah-deﬁcient mice withdrawn from the NTBC treatment and
transplanted with pancreatic cells will die, a small proportion do survive
with 50–90% replacement of the diseased liver by pancreatic cell-derived
hepatocytes.21 Since animals fed a copper-deﬁcient diet undergo pancreatic
exocrine cell atrophy and refeeding induces the surviving ducts to give rise
to hepatocytes,22 it was surprising that pancreatic cell suspensions enriched
for pancreatic ducts were poorer than unfractionated pancreatic cells at
reconstituting the diseased Fah-deﬁcient liver with functional hepatocytes.
Other cell lines with hepatocyte potential can also be isolated from adult
rat liver;23 these cells were AFP-, albumin- and CK19-negative, but after
co-culture with hepatic stellate cells, they expressed albumin, transferrin
and α-1 antitrypsin. It is well known that the WB-F344 rat liver diploid
epithelial cell line readily differentiates into hepatocytes when transplanted
into syngeneic rats, but biliary differentiation (CK19+, BDS7+, gamma
glutamyl transpeptidase [GGT]+) can be induced by in vitro culture on
Matrigel.24 Tateno and Yoshizato25 have deﬁned the conditions for the longterm expansion of cells isolated from adult Fisher 344 rats. Fujikawa et al.26
have, like Suzuki and colleagues,12,13 identiﬁed a population of CD49f + ,
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CD29+ , c-kit− , CD45− and Ter119− cells, this time in adult mouse liver,
that were bipotential and clonogenic in vitro.

Clinical application
Hepatic stem cells from whatever source, may be therapeutically useful
for treating a variety of diseases that affect the liver. This would include
a number of genetic diseases that produce liver disease such as Wilson’s
disease (copper accumulation), Crigler Najjar syndrome (lacking bilirubin conjugation activity) and tyrosinemia, as well as cases where there is
extrahepatic expression of the disease, e.g. Factor IX deﬁciency. In terms
of therapeutic potential, we have already noted the rescue of the Fah null
mouse and the DPPIV-negative rat by hepatocytes, and there are other
examples. Transplantation of adult rat hepatocytes has been effective in
normalizing bilirubin levels and improving bilirubin conjugation activity in Gunn rats (a model of Crigler-Najjar syndrome).27,28 These cells
were reversibly immortalized and transduced with the bilirubin-uridine
5 -diphosphoglucuronate glucuronsyltransferase gene (ugt1a1) and
engraftment was improved by prior irradiation and partial hepatectomy
of the recipient rats. Likewise, an infusion of isolated hepatocytes through
the portal vein equivalent to 5% of the parenchymal mass to a patient
with Crigler Najjar syndrome, achieved a medium-term reduction in serum
bilirubin and increased bilirubin conjugate levels in the bile.29 Hepatocyte
transplantation has also been successful in the treatment of human glycogen storage disease type 1a,30 but not in the treatment of severe ornithine
transcarbamylase deﬁciency, where rejection of the transplanted cells was
thought to be the reason for only temporary (11 days) relief.31 There has
also been a drive to propagate human hepatocytes in a xenogenic setting to study the likes of drug metabolism and infectious disease. Indeed,
immunodeﬁcient uPA/recombinant activation gene-2 (Rag-2) mice support the growth of human hepatocytes32 and remain permissive for human
hepatitis B virus infection. Similarly, Alb-uPA/SCID mice have been used
to study hepatitis C virus infection in vivo, as human cell transplantation results in the development of large persistent nodules of human
hepatocytes.33
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Biliary Epithelial Cells
Rodent studies
When either massive damage is inﬂicted upon the liver or regeneration after damage is compromised, a potential stem cell compartment
located within the smallest branches of the intrahepatic biliary tree is
activated. This so-called “oval cell” or “ductular reaction” ampliﬁes the
biliary population before these cells differentiate into either hepatocytes
or cholangiocytes.34−38 Careful studies in rats indicate that oval cells are
predominantly derived from the canal of Hering, and thus this is the location of a stem cell niche.39 In rats and mice, the canals of Hering barely
extend beyond the limiting plate, but the resultant oval cell proliferation can
result in arborizing ducts that express AFP (Fig. 3A), which stretch to the
midzonal areas (Fig. 3B) before these cells differentiate into hepatocytes
(Fig. 3C). A wide range of markers has been used to identify ovals cells,
including GGT and glutathione-S-transferase (GST-P) activity along with
a host of monoclonal antibodies raised against cytoskeletal proteins and
unknown surface antigens.40−42 Moreover, antigens traditionally associated
with hematopoietic cells can also be expressed by oval cells, including c-kit,
ﬂt-3, Thy-1 and CD34.43−46 This similarity has given support to the notion
that at least some hepatic oval cells are directly derived from a precursor
of bone marrow origin, particularly when the biliary tree is damaged,47
though other studies indicate that many/most oval cells are derived from
the direct intrahepatic proliferation of cells already located within the biliary tree.35 Regarding the contribution of bone marrow (see below), Hatch
et al.48 have suggested that only when the rat liver is severely damaged
do hepatocytes upregulate the chemokine stromal-derived factor-1 alpha
(SDF-1α), and both oval cells are activated and bone marrow cells recruited
through SDF-1α/CXCR4 interactions.
In 1996, Goodell et al.49 reported on a new method for the isolation
of hematopoietic stem cells (HSCs) based on the ability of the HSCs to
efﬂux a ﬂuorescent dye. Like the activity of the P-glycoprotein (encoded
by the mdr1 gene), this activity was verapamil-sensitive. Cells subjected to
Hoechst 33342 dye staining that actively efﬂux the Hoechst dye appeared as
a distinct population of cells on the side of a ﬂow cytometry proﬁle, hence
the name the “side population” (SP) was given to these cells.50 Numerous
studies now point to the fact that the SP phenotype of HSCs in mice and
humans is largely determined by the expression of a protein known as the
ABCG2 transporter (ATP-binding cassette [ABC] subfamily G member 2,
also known as BCRP1).51 Perhaps not surprisingly, we now have reports
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Figure 3. Oval cell behavior in the rat liver treated by the AAF/PH protocol. (A) AFP expression (IHC
staining) is typically observed in the migrating oval cells; note absence of staining in the
interlobular duct in the portal tract (PT). (B) The oval cell response can be visualized by CK8
immunostaining, with cords of cells emanating from the portal tract (PT). (C) At later times
the cords of oval cells differentiate into small hepatocytes (SH) but with a notable lack of CYP
immunoexpression (brown staining). Note occasional residual oval cell ductules expressing
CK19 (purple staining).

of the upregulation of several ABC transport proteins in damaged human
liver, particularly in regenerating ductules52 and of ABCG2/BCRP1 in rat
oval cells,53 adding support to the belief that ABC transporter proteins are
intimately involved in the biology of stem/progenitor cells in many tissues. However, is the expression of these ABC transporters in liver ductules
a genuine marker of stem cells/progenitors or merely a reﬂection of the
protective role these proteins undoubtedly perform within the biliary tree
against toxic bile constituents?54 The correct answer is probably the latter,
since it is highly unlikely that all the reactive ductular cells are stem cells
or even progenitors, and many are imminently going to differentiate into
hepatocytes and cholangiocytes. Nevertheless, the expression of ABC transporters adds incrementally to the battery of already established markers for
this stem cell response. Wulf et al.55 isolated both CD45+ and CD45− SP
cells from mouse liver, claiming that such cells could differentiate into both
hepatocytes and biliary epithelia in a model of hepatic damage.
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Most models of oval cell activation have employed potential carcinogens to inhibit hepatocyte replication in the face of a regenerative stimulus, though replicative senescence associated with a fatty liver can also
activate oval cells.56 In the rat, protocols have included administering 2acetylaminoﬂuorene (2-AAF) prior to a two-thirds partial hepatectomy
(AAF/PH) or a necrogenic dose of carbon tetrachloride, feeding a choline
deﬁcient diet supplemented with ethionine (CDE), or simply treating animals with the likes of 3 -methyl-diaminobenzidine (3 -Me-DAB), galactosamine or furan. Cells derived by such procedures are clearly not relevant
to human studies, but Sell and co-workers57,58 have demonstrated that it is
possible to derive bipotential liver progenitor cells (LPCs) from rat livers
without using mutagenic chemicals. Allyl alcohol causes periportal necrosis, and the resultant oval cells can be isolated and propagated, producing
a number of clonally-derived cell lines, capable of at least 100 doublings
in the presence of a feeder layer of lethally irradiated ﬁbroblasts. These cell
lines were able to differentiate into hepatocytes after removal of the feeder
cells; supplementation with either a combination of oncostatin M and dexamethasone or bFGF promoted differentiation. Recent observations have
raised the possibility that the feeder cells themselves may be the origin of
these cells!59
We have little idea of the precise cues that promote the activation of oval
cells, but blockade of the sympathetic nervous system enhances oval cell
accumulation.60 In terms of therapeutic potential, one of the most impressive demonstrations of the hepatocytic potential of oval cells has come from
experiments in which oval cells were isolated from Long Evans Cinnamon
(LEC) rats (a model of Wilson’s disease); transduced ex vivo with a reporter
gene, β-galactosidase, and then transplanted into LEC/Nagase analbuminemic double mutant rats, these cells differentiated into albumin-expressing
hepatocytes.61 Oval cells can also act as transplantable hepatocyte progenitors in the Fah knockout mouse; furthermore, the fact that oval cells
generated in bone marrow transplanted wild-type mice can repopulate Fah
knockouts, but lack markers of the original bone marrow donor, strongly
suggests that oval cells do not originate from bone marrow in this particular
model.62

Human studies
Oval cells also occur in human liver, but a recent consensus paper63 recommends that the term “oval cells” be discontinued as the organization
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Figure 4. The canals of Hering (green) extend from the portal areas into the proximate third of the
hepatic lobule in the human liver (see Ref. 64) and major hepatocyte damage activates the
lining cells to divide and some differentiate into hepatocytes.

of the biliary tree in humans is unlike that found in the commonly used
rodent models. In normal human liver, terms such as “cholangiocytes” or
“progenitor cells” are preferred, while in diseased states,“oval cell reactions”
should be replaced by “ductular reactions.” Three-dimensional reconstructions of serial sections of human liver immunostained for cytokeratin-19
have shown that the smallest biliary ducts, the canals of Hering, unlike
those in rodents, normally extend into the proximate third of the lobule,64
envisaging that these canals react to massive liver damage (akin to a tripwire), proliferating and then differentiating into hepatocytes (Fig. 4).
The magnitude of ductular reactions in human liver rise with increasing
severity of liver disease65 and this ductular reaction is widely accepted to be
a stem cell response rather than a ductular metaplasia of “damaged” hepatocytes. Notwithstanding, Falkowski et al.66 still felt compelled to formally
dispel such a notion in human liver, showing that “cholestatic” hepatocytes
were very largely not associated with ductular reactions and moreover, that
in cirrhosis most (94%) intraseptal buds of hepatocytes were associated
with ductular reactions.
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Oval cells may be pluripotential
Two studies have suggested that if oval cells are transplanted to extrahepatic
locations, they may transdifferentiate to a phenotype appropriate for that
site. Deng et al.67 transplanted oval cells from mouse liver into early postnatal brain, observing apparent transdifferentiation into neurons, microglia
and astrocytes, though cell fusion could not be discounted (see below).
On the other hand, if the adult rat stem cell-like liver line (WB F344)
is co-cultured with rodent neonatal cardiac cells, then the WB F344 cells
will adopt a cardiomyocyte phenotype and function, with no cell fusion
occurring.68

Bone Marrow
Some oval cells/hepatocytes were ﬁrst revealed to be derived from circulating bone marrow cells in the rat (Table 1a). Petersen et al.47 followed the fate
of syngeneic male bone marrow cells transplanted into lethally irradiated
female recipient animals whose livers were subsequently injured by a regime
of 2-acetylaminoﬂuorene (which blocks hepatocyte regeneration) and carbon tetrachloride (which causes hepatocyte necrosis) designed to cause
oval cell activation. Y chromosome-positive oval cells were found at 9 days
after liver injury and some Y chromosome-positive hepatocytes were seen
at 13 days when oval cells were differentiating into hepatocytes. Additional
evidence for hepatic engraftment of bone marrow cells was forthcoming
from a rat whole liver transplant model. Lewis rats expressing the MHC
class II antigen L21-6 were recipients of livers from Brown Norway rats
that were negative for L21-6. Subsequently, ductular reactions in the transplants contained both L21-6-negative and L21-6-positive cells, indicating
that some oval cells were of in-situ derivation and some were of recipient
origin, presumably from circulating bone marrow cells.
Using a similar gender mismatch bone marrow transplantation approach
in mice to track the fate of bone marrow cells, Theise et al.71 found that
over a 6 month period, 1–2% of hepatocytes in the murine liver may be
derived from bone marrow in the absence of any obvious liver damage,
suggesting that bone marrow contributes to normal“wear and tear”renewal
(Table 1b). On the other hand, others have found no evidence that bone
marrow contributes to murine hepatocyte renewal, even in the chronically
damaged liver.80
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Table 1a. Hepatocyte Differentiation of Hematopoietic Cells in Rats

Authors

Procedure

Injury

Evidence

Hematopoietic
Contribution to
Hepatocyte
Population (%)

Comments

47

Male BMTx to females
Male wild-type to
DPPIV-null
Strain-mismatch liver
transplantation

2-AAF/CCl4

0.16

Also noted Y+ oval cells

NS

No positive evidence that
cells were hepatocytes

CD45 mismatch
BMTx

Retrorsine and
CCL4

Y+ cells in female
DPPIV+ hepatocytes in
DPPIV- liver
C3 antigen not detected
in cells integrated into
hepatic plates
Donor MHC antigens
(IHC)

None

Hepatocyte hypertrophy
responsible for restoration
of liver mass

69

70

Organ rejection

Abbreviations: 2-AAF/CCl4 , acetylaminoﬂuorene followed by carbon tetrachloride; BMTx, bone marrow transplant; DPPIV, dipeptidyl peptidase IV;
IHC, Immunohistochemistry; NS, not stated.
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Comments

Authors

Procedure

Injury

Evidence

71

Male BMTx to
female mice
Male BMTx to
female Fah null mice

None

Y+/albumin mRNA+

Up to 2.2%

Liver failure

Y+/Fah+ hepatocytes

30–50

Liver failure

Y+/Fah+ hepatocytes

>30

Without liver failure got
same initial engraftment
but no clonal expansion

0.8

Each Jo2 injection
destroyed 50% liver

72

Hematopoietic
Contribution to
Hepatocyte
Population (%)

73

Male BMTx to
female Fah null mice

74

Male Bcl-2 BMTx to 8 × Jo2 antibody
female mice

Y+/Bcl-2+/CK 8, 18, 19+

75

GFP BMTx

GFP+ hepatocytes

None

Major contribution of
GFP+ cells to endothelia
and Kupffer cells

76

Female BMTx to male Liver failure
Fah null mice

Genotype of Fah+ cells.
Fah+/Y+ cells

∼ 50

Fah+ cells had mixture
of donor and recipient
genotype and were Y+:
fusion occurring

77

Male BMTx to female Liver failure
Fah null mice

Genotype of Fah+ cells

NS

2/3 PH

Mixed genotype (as
above) = cell fusion
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Table 1b. Hepatocyte Differentiation of Hematopoietic Cells in Mice
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Table 1b. (Continued)

Cre recombinase+
BMTx to conditional
Cre reporter mice

None

LacZ+ hepatocytes,
albumin+, with
bile canaliculi

< 0.01

Cell
fusion
occurring. Also fusion of BM
with Purkinje cells and
cardiomyocytes

79

GFP+ BMTx

CCl4 -induced
cirrhosis

GFP cells in cords,
mostly Liv2 +

∼ 25

Periportal location of
GFP+ cells. Rise in serum
albumin.

80

Marked (EGFP or
LacZ) BMTx
Male BMTx (SP) to
females

3 models of chronic
liver injury
DDC injury

Y+ or GFP+ or LacZ+

None

Y+/ZK31+

0.2–1.3

GFP+/Y+ BMTx to
females
Cre reporter BMTx
to Cre recombinase
recipients
GMPs and BMMs to
male Fah null mice

DEN injury

Y+/GFP+/AFP+

Infrequent clusters

None

CK+/Y+

0.05

No fusion observed

Liver failure

Fah+/Y+

∼ 1 cluster/105
hepatocytes

All result from fusion
of myelomonocytic cells
with Fah-/- hepatocytes

LysM-Cre BMTx to
Fah-/-/R26R

Liver failure

β-gal/+Fah+

NS

All result from fusion
of myelomonocytic cells
with Fah-/- hepatocytes

55
81
82

83

84

Also contribution to oval
cells

Abbreviations: AFP, alpha fetoprotein; BMMs, bone marrow-derived macrophages; BMTx, bone marrow transplant; CK, cytokeratin; DDC,
3,5-diethoxycarbonyl-1, 4-dihydrocollidine; EGFP, enhanced green ﬂuorescent protein; Fah, fumarylacetoacetate hydrolase; GFP, green ﬂuorescent protein; GMPs, granulocyte/macrophage progenitors; LysM, lysozyme M (expressed by myelomonocytic lineage); NS, not stated; SP, side
population.
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In two contemporaneous papers,Alison et al.85 and Theise et al.86 demonstrated that hepatocytes can also be derived from bone marrow cell populations in humans (see Table 1c). The degree of hepatic engraftment of
HSCs into human liver was highly variable, most likely related to the severity of parenchymal damage, with up to 40% of hepatocytes and cholangiocytes derived from bone marrow in a liver transplant recipient with
recurrent hepatitis.86 Subsequent human investigations with G-CSF mobilized peripheral blood CD34+ stem cells have shown that these cells are
also apparently able to transdifferentiate into hepatocytes, with 4–7% of
the hepatocytes in female livers being Y chromosome-positive after the
cell transplant from male donors.88 However, it is worth noting that some
other studies, examining the contribution of recipient cells to liver allografts
in humans, have failed to register any real engraftment in the allografted
liver89–91 (see Table 1c).

The Fah story
The most convincing “proof of principle” demonstration of the potential
therapeutic utility of bone marrow came from the curing of mice with
a metabolic liver disease.72 Female mice deﬁcient in the enzyme fumarylacetoacetate hydrolase (fah-/-, a model of fatal hereditary tyrosinemia
type 1), a key component of the tyrosine catabolic pathway, can be rescued
biochemically by a million whole bone marrow cells that are wild-type
for Fah. Moreover, only puriﬁed HSCs (c-kithigh Thylow Lin− Sca-1+ ) were
capable of this functional repopulation, with as few as 50 of these cells
being capable of hepatic engraftment when hematopoiesis was supported
by 2 × 105 fah-/- congenic adult female bone marrow cells. The salient
point to arise from this powerful demonstration of the therapeutic potential of bone marrow cells was that though the initial engraftment was low,
approximately one bone marrow cell for every million indigenous hepatocytes, the strong selection pressure exerted thereafter on the engrafted
bone marrow cells resulted in their clonal expansion to eventually occupy
almost half the liver. This positive selection was achieved by cycles of withdrawal of NTBC, the compound that blocks the breakdown of tyrosine to
hepatotoxic fumarylacetoacetate (FAA) and maleylacetoacetate in the Fah
deﬁcient mice, so protecting against liver failure. In the absence of NTBC,
FAA accumulates and destroys the hepatocytes; thus, the ensuing regenerative stimulus promotes the growth of the engrafted cells. Furthermore, in
the absence of NTBC, no clonal expansion was seen.73
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Authors

Procedure

Injury

Evidence

Hematopoietic Contribution
to Hepatocyte Population (%)

Comments

85

Variable

Y+/CK8+ cells

1–2

Some small clusters

Variable

Y+/CAM5.2+ cells

4 − 43∗

∗

87

Male BMTx to female
Female allograft in male
Male BMTx to female
Female allograft in male
Allografted liver

Variable

Genotype
chimerism

NS

Cholangiocyte chimerism
also seen

88

Male PBSC Tx to female

Variable

Y+/CAM5.2+ cells

4–7

Also Y+ cells in skin and
gastrointestinal tract

89

Sex-mismatched liver
transplant
Sex-mismatched liver
transplant

Variable

X and Y, CD45

None

Followed up to 12 years

Variable

Genotype
chimerism

0.62

Most Y+ cells in liver were
macrophages

Female allograft in male

Variable

Y+ hepatocytes

Infrequent or non-existent

Followed for up to 16 years

86

90
91

Abbreviations: BMTx, bone marrow transplant; CK, cytokeratin; PBSC, peripheral blood stem cell.

recurrent HCV
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Table 1c. Hepatocyte Differentiation of Hematopoietic Cells in Man
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Further study of this model has now shown that the new healthy liver
cells in the fah-/- mouse contain chromosomes from both the recipient and donor cells, with the donor hematopoietic cell nuclei being
reprogrammed when they fused with the unhealthy fah-/- hepatocyte
nuclei to become functional hepatocytes.76,77 In one experiment, a million donor bone marrow cells (fah+/+) from Fanconi anemia group C
(fancc-/-) homozygous mutant mice were serially transplanted into lethally
irradiated fah-/- recipients.76 The usual repopulation (∼ 50%) of the
mutant liver by Fah-positive hepatocytes was noted, but Southern blot
analysis of the puriﬁed repopulating cells revealed that they were heterozygous for alleles (fah+/+; fancc-/-) that were unique to the donor
marrow — fusion with host liver cells must have occurred. To conﬁrm this conclusion, in a second experiment fah +/+ bone marrow
from ROSA26 female mice was transplanted into male fah knockout
mice. Cytogenetic analysis of the LacZ-positive, sorted bone marrowderived hepatocytes revealed that most, if not all, had a Y chromosome, thus conﬁrming fusion. Before bone marrow transplant, most
host hepatocytes had a karyotype of either 40,XY or 80,XXYY, but
after transplantation with fah+/+ bone marrow, the commonest karyotype of Fah-positive heptocytes was either 80,XXXY, suggesting fusion
between a diploid female donor cell and a diploid male host cell; or
120,XXXXYY, suggesting fusion between a female donor diploid blood
cell and a tetraploid male host hepatocyte. However, a substantial proportion of bone marrow-derived hepatocytes were aneuploid, suggesting
fusion had created a genetic instability with the hybrid cells randomly shedding chromosomes. The fusogenic partners in the Fah setting have now
been identiﬁed and are not the HSCs themselves, but are bone marrowderived macrophages (BMMs) and granulocyte/macrophage progenitors
(GMPs).83,84 In one study, T and B cells were found not to be involved,
and direct intrasplenic transplantation of either BMMs or GMPs, without
lethal irradiation or hematopoietic reconstitution, leads to robust replacement of the Fah null liver with Fah+ hepatocytes.83 Likewise, Camargo
and colleagues84 came to similar conclusions from a series of experiments,
including a Cre/lox strategy, involving transplanting bone marrow from
mice that expressed Cre recombinase only in the myelomonocytic lineage
to Fah null mice that had a ﬂoxed β-galactosidase reporter gene; nodules that were positive for both β-galactosidase and Fah indicated that
probably Kupffer cells were the fusogenic partners for the Fah-deﬁcient
hepatocytes.
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Other models
Fusion of bone marrow cells has also been found to occur in the normal mouse, not only with hepatocytes, but also with Purkinje cells and
cardiomyocytes.78 These were very elegant studies in vivo and in vitro in
which a reporter gene was activated only when cells fused. However, unlike
the Fah null mouse, no selection pressure (liver damage) was operative, and
even after 10 months only 9–59 fused cells/5.5 × 105 hepatocytes were found:
importantly, they also found evidence that with time either donor genes
had been inactivated or eliminated, again suggestive of genetic instability
in heterokaryons. On the other hand, data from Krause and colleagues82
suggest that under normal physiological circumstances, true transdifferentiation rather than cell fusion prevails. In their study, lethally irradiated
female mice that ubiquitously expressed Cre recombinase were the recipients of male bone marrow that would only express EGFP if fusion occurred;
2–3 months after transplantation, 0.05% of 36,000 hepatocytes were
Y chromosome positive but none expressed EGFP.
Mouse bone marrow-derived hepatocytes can also be expanded selectively
if they are engineered to overexpress Bcl-2, and then the indigenous cells are
targeted for destruction by an anti-Fas antibody.74 One could also add that
if fusion was responsible for all these observations made in the liver, then
clearly these hybrids have a selective growth advantage, turning unhealthy
hepatocytes into metabolically competent hepatocytes and would not negate
the therapeutic potential of bone marrow cells in the liver. Expressing a similar sentiment, Blau92 has suggested that if cell fusion was responsible for
the apparent reprogramming of certain adult cells, then there is something
“exciting” about rescuing damaged cells through fusion, with, for example, bone marrow-derived cells providing a healthy and entire genetic complement, even one that has been manipulated for gene therapy. As in the
human arena, not all murine studies are in anything like complete accord;
e.g. Terai et al.79 report an impressive 25% contribution of bone marrow to
the parenchyma after CCL4 , but Kanazawa and Verma80 failed to ﬁnd any
evidence for bone marrow engraftment in 3 models of chronic liver injury,
including CCL4 (see Table 1b). On the other hand,many studies have testiﬁed
as to the ability of human cord blood cells to transdifferentiate into hepatocytes in the liver of the immunodeﬁcient mouse (Table 1d), albeit at a low
level.
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Authors

Procedure

Injury

Evidence

Hematopoietic Contribution
to Hepatocyte Population (%)

Comments

93

CD34+/-, C1qRp+ h.UCB
to NOD/SCID mice

None

h.albumin (RTPCR) c-Met (IHC)

0.05–0.1

Illustrated cells were commonly binucleate — fusion?

94

CD34+ or CD45+ h.UCB
to NOD/SCID/BMG-mice

None

h.albumin
(RT-PCR)
HepPar1 (IHC)

1–2

FISH with human and murine
centromeric probes found no
fusion

95

h.UCB to NOD/SCID
mice

None

NS

No evidence for fusion

96

CD34+ h.UCB to NOD/
SCID and NOD/SCID/
BMGh.UCB to SCID mice

CCl4

HepPar1 (IHC)
h.DNA sequences
(FISH)
h.Alu sequences
h.albumin mRNA

1–10 are human in liver, but
only 1 in 20 express albumin

rhHGF increased h.albumin
expression

h. X chromosome
(FISH) h.albumin
(IHC)
h.albumin

0.1–1

Claimed albumin+ cells in
clusters (data not shown)

∼ 50 − 175/1.5 × 106

Occasional clusters. Human
cells adjacent to SDF-1+
bile ducts. HGF+SDF induced
lamellipodia on CD34+ cells

97

98

h.UCB (CD34+) to
NOD/SCID

2-AAF/PH

CCl4

Abbreviations: 2-AAF/PH, acetylaminoﬂuorene followed by partial hepatectomy; FISH, ﬂuorescence in situ hybridization; h.UCB, human umbilical
cord blood; IHC, immunohistochemistry; NOD/SCID/BMG-, non-obese/severe combined immunodeﬁcient/β2 microglobulin negative; NS, not
stated; PBSC, peripheral blood stem cell; RT-PCR, reverse transcription-polymerase chain reaction; SP, side population.
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Table 1d. Hepatocyte Differentiation of Human Umbilical Cord Blood (h.UCB) Cells in Immunodeﬁcient Mice
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Bone marrow cell homing
While it seems logical to believe that parenchymal damage is a stimulus
to hepatic engraftment by HSCs, the molecules that mediate this homing
reaction to the liver are not well understood. One obvious mechanism is
that cells in the liver express the stem cell chemoattractant “stromal derived
factor-1” (SDF-1), for which HSCs have the appropriate receptor known
as CXCR4.99 Hatch et al.48 have persuasive evidence that SDF-1 is involved
in oval cell activation, speculating furthermore, that this chemokine may
secondarily recruit bone marrow to the injured liver. More deﬁnitive proof
was provided by Kollet et al.98 who observed increased SDF-1 expression
(particularly in biliary epithelia) after parenchymal damage, and concomitant with such damage was increased HGF production, a cytokine that was
very effective in promoting protrusion formation and CXCR4 upregulation
in human CD34+ hematopoietic progenitors. In a similar vein, Ratajczak
et al.100 provide evidence that already committed liver progenitors (CK19+ ,
αFP+ ) expressing CXCR4 “hide-out” in human and murine bone marrow,
becoming mobilized consequent to liver damage. HSCs apparently primed
to become hepatocytes (c-Met+ , αFP+ ) also exist in rat bone marrow and
can be terminally differentiated by a combination of HGF and EGF.101 The
inﬂuence of hepatocytes on HSCs can be quite dramatic, Jang et al.102 cocultured injured liver cells with highly puriﬁed HSCs (separated by a transwell membrane) and, over a very short time, many HSCs lost expression of
CD45 but gained expression of albumin, liver-enriched transcription factors and markers of hepatocyte terminal differentiation. Remarkably, some
former HSCs became binucleated and even tetraploid, ploidy changes characteristic of hepatocytes.

Stem Cells and Liver Disease
Liver ﬁbrosis and liver cancer are two very major causes of human morbidity
and mortality, and both appear to have their foundations in stem cells. In the
mouse liver, transplanted bone marrow cells can acquire the phenotype of
quiescent stellate cells and after liver injury can become activated into αSMAexpressing cells.103 In human cirrhosis, by examining sex-mismatched allografts, Forbes et al. have shown that up to 40% of myoﬁbroblasts are of bone
marrow origin.104
Stem cell biology and cancer are inextricably linked. In continually renewing tissues such as the intestinal mucosa and epidermis, where a steady
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ﬂux of cells occurs from the stem cell zone to the terminally differentiated cells that are imminently to be lost, it is widely accepted that cancer is a disease of stem cells, since these are the only cells that persist in
the tissue for a sufﬁcient length of time to acquire the requisite number
of genetic changes for neoplastic development. In the liver, the identity of
the founder cells for the two major primary tumors, hepatocellular carcinoma (HCC) and cholangiocarcinoma, is more problematic. The reason
for this is that no such unidirectional ﬂux occurs in the liver; moreover,
the existence of bipotential hepatic progenitor cells (HPCs), often called
oval cells, along with hepatocytes endowed with longevity and long-term
repopulating potential, suggests there may be more than one type of carcinogen target cell. Irrespective of which target cell is involved, what is
clear is that cell proliferation at the time of carcinogen exposure is pivotal for “ﬁxation” of the genotoxic injury into a heritable form. Taking
this view, Sell has opined that in models of experimental hepatocarcinognesis as a whole, there may be at least four distinct cell lineages susceptible to neoplastic transformation.105 This supposition is based on the
fact that there is considerable heterogeneity in the proliferative responses
that ensue after injury in the many different models of hepatocarcinogenesis. Thus, hepatocytes are implicated in some models of HCC; direct
injury to the biliary epithelium implicates unipotent cholangiocytes in some
models of cholangiocarcinoma; while HPC/oval cell activation accompanies very many instances of liver damage irrespective of etiology, making such cells very likely carcinogen targets. A fourth cell type that might
be susceptible to neoplastic transformation is the so-called non-descript
periductular cell that responds to periportal injury; the suggestion that
such a cell may be of bone marrow origin would be experimentally veriﬁable in the context of a sex-mismatch bone marrow transplantation (see
above) and the appropriate carcinogenic regimen. In the mouse, an origin
of HCC from bone marrow has been discounted in a model of chemical
hepatocarcinogenesis.81
The direct involvement of hepatocytes in hepatocarcinogenesis has
been clearly established in rats. Gournay et al.106 found that some preneoplastic foci (expressing gamma glutamyl transpeptidase and the placental form of glutathione-S-transferase) were directly descended from
hepatocytes. This was achieved by stably labeling hepatocytes at one
day after a 2/3 PH with β-galactosidase, using a recombinant retroviral vector containing the β-galactosidase gene; subsequent feeding with
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2-acetylaminoﬂuorene lead to foci, some of which were composed of βgalactosidase-expressing cells. Using the same labeling protocol, Bralet
et al.107 observed that 18% of hepatocytes expressed β-galactosidase at the
completion of regeneration after a 2/3 PH; subsequent chronic treatment
with diethylnitrosamine (DEN) resulted in many HCCs, of which 17.7% of
the tumors expressed β-galactosidase, leading to the conclusion that a random clonal origin of HCC from mature hepatocytes was operative in the
model.
As discussed above, there is now compelling evidence that oval cells/HPCs
are at the very least bipotent, capable of giving rise to both hepatocytes and
cholangiocytes. The fact that oval cell activation (ductular cell reaction)
precedes the development of HCC in almost all models of hepatocarcinogenesis and invariably accompanies chronic liver damage in humans, makes
it almost certain that the mature hepatocyte is not the cell of origin of all
HCCs; indeed, perhaps only a small minority of HCCs are derived from the
mature hepatocyte. The fact that oval cells/HPCs can be infected with HBV
is also consistent with a possible histogenesis of HCC from such cells.108 An
origin of HCC from HPCs is often inferred from the fact that many tumors
contain an admixture of mature cells and cells phenotypically similar to
HPCs. This would include small oval-shaped cells expressing OV-6, CK7
and 19, and chromogranin-A, along with cells with a phenotype intermediate between HPCs and the more mature malignant hepatocytes.109 Cells
with an HPC phenotype have also been noted in a relatively rare subset of
hepatic malignancies, where there are clearly two major components, an
HCC component and a cholangiocarcinoma component, again suggestive
of an origin from a bipotential progenitor.110 Direct evidence of a role for
oval cells in the histogenesis of HCC can be obtained experimentally; Dumble et al.111 isolated oval cells from p53 null mice and when the cells were
transplanted into athymic nude mice they produced HCCs.

Conclusions
This chapter has highlighted recent progress in identifying cells with hepatic
potential in rodents and humans. The chronic shortage of livers for orthotopic liver transplantation has provided a strong impetus for the search for
alternative sources of cellular therapy, in particular hepatocyte or even bone
marrow transplants. The clinical need for healthy functioning hepatocytes is
very clear, not only for the correction of inherited metabolic liver disease, but
also for acute liver failure, hepatocellular carcinoma, cirrhosis, bioartiﬁcial
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liver support, hepatotropic viral studies and drug toxicity testing. Hepatocyte transplants have been moderately successful in humans, but clearly
there is a need to enrich for cells with potent clonogenic potential; studies
in rodents have gone some way to the identiﬁcation of such cells in these
species. Clearly, the key to the success of hepatocyte transplants will be to
selectively enhance the growth of the transplanted cells, but unfortunately
treatments such as retrorsine (used with conspicuous success in rats) are not
clinically acceptable.
Turning to the vexacious subject of bone marrow stem cells as a source
of hepatocytes, then the jury is still very much out. Impressive functional
repopulation has been achieved in the Fah-deﬁcient mouse liver, though
this has been achieved through cell fusion between bone marrow-derived
myelomonocytic cells and deﬁcient hepatocytes. If deﬁcient cells are reprogrammed in this way, then that per se is not necessarily a bad thing, but if
the formed heterokaryons are genetically unstable, then this has signiﬁcant
pathological implication. It also begs the question whether this process is
going on all the time in healthy individuals without experimental manipulation such as irradiation and bone marrow transplantation? Like hepatocyte transplants, the key to success will be the selective ampliﬁcation of
bone marrow-derived hepatocytes; studies in the Fah-deﬁcient mouse indicate that the level of initial engraftment is independent of damage, though
subsequent clonal expansion is very much dependent on the induction of
liver failure. On the other hand, other models of chronic liver injury have
failed to detect bone marrow-derived hepatocytes; such conundrums will
exercise investigators in this exciting ﬁeld over the next few years.
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Introduction
Two prerequisites are essential for good vision. The ﬁrst is a clear optical focusing system. The main components of this (the cornea, lens and
intraocular ﬂuids) are designed to bring visual images to a focus on the
retina, with the cornea contributing most of the refractive power of the eye.
The second is an intact neural system, which detects and transmits images
in a coherent fashion from the retina, through an intricate series of neural
pathways, to the visual cortex, where they are perceived and interpreted.
Ocular stem cell research has concentrated primarily on these two major
components of the ocular system that are essential for maintaining clear
vision: the ocular surface (comprising the cornea, limbus and conjunctiva)
and the retina.

Ocular Surface Stem Cells
The greatest advances in ocular stem cell biology and treatment have been
in the area of ocular surface stem cells. The ocular surface is a complex
biological continuum responsible for maintenance of corneal clarity and
elaboration of a stable tear ﬁlm for clear vision, as well as protection of the
eye against microbial and mechanical insults. The ocular surface epithelium comprises corneal, limbal and conjunctival epithelium (Fig. 1). The
cornea is a highly specialized tissue designed to provide the eye with a
clear optical surface for vision. The corneal epithelium consists of a stratiﬁed squamous non-keratinizing epithelium that is approximately 5 layers
thick. The limbus is a 1.5 to 2 mm wide area that straddles the cornea and
bulbar conjunctiva, extending 8–10 layers in thickness.
∗ Correspondence: Department of Ophthalmology, National University of Singapore, 5 Lower Kent
Ridge Road, Singapore 119074. Email: snecdt@paciﬁc.net.sg
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Figure 1. Schematic diagram showing the ocular surface comprising the cornea, limbus and
conjunctiva. E: epidermis; T: transitional zone between the palpebral conjunctiva and epidermis (mucocutaneous junction); P: palpebral conjunctiva; F: fornix conjunctival; B: bulbar
conjunctiva; L: limbus; AC: anterior chamber.

The conjunctiva extends from the corneal limbus up to the mucocutaneous junction at the lid margin. It is divided anatomically into: 1) bulbar
conjunctiva, which lies adjacent to the limbus; 2) forniceal conjunctiva,
located in the recess created by the lids and the globe; and 3) palpebral
conjunctiva, which lines the inner aspect of the eyelids, and terminates at
the mucocutanous junction of the lid margin. These regions are lined by
2 to 5 layers of nonkeratinized, stratiﬁed columnar epithelium. Clusters of
goblet cells are interspersed among the nongoblet epithelial cells, and are
scattered throughout the conjunctiva.
Adult corneal and conjunctival stem cells represent the earliest progenitor cells responsible for the homeostasis and regeneration of the ocular
surface. The ocular surface is an ideal region to study epithelial stem cell
biology, because of the unique spatial arrangement of stem cells and transient amplifying cells. Many intrinsic and extrinsic factors modulate the rate
of proliferation and differentiation of stem cells to ensure the maintenance
of a steady-state population of ocular surface cells.

Limbal Stem Cells
The corneal epithelium is under constant cell-turnover, where loss of the
terminally differentiated cells located superﬁcially results in replacement
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Figure 2. The limbal basal epithelial cells (shaded) are believed to contain corneal stem cells. These
cells divide to form transient amplifying cells which migrate centrally to occupy the basal layer
of the cornea (indicated by arrows). Subsequent cellular divisions result in post-mitotic cells
which occupy the suprabasal layers. Progressive differentiation of PMCs result in terminally
differentiated cells in the superﬁcial layers.

of the cells by the basal epithelial cells.1–3 Current evidence now supports
the concept that corneal epithelial cells arise from speciﬁc progenitor cells
located in the basal cell layer of the limbus, which are involved in renewal
and regeneration of the corneal epithelium (Fig. 2).1–6 The limbal stem
cells divide to form transient amplifying cells, which migrate superﬁcially
to occupy the suprabasal location of the limbus, and centrally to form
the basal layer of the corneal epithelium. These transient amplifying cells
differentiate to form “post-mitotic cells,” which in turn proceed along the
path of differentiation to end up as “terminally differentiated cells.” These
migrate superﬁcially and take on the ﬁnal phenotypic characteristics of
the tissue. The post-mitotic cells and terminally differentiation cells are
incapable of cell division.
The initial notion that epithelial cells of the limbus are involved in the
regeneration of epithelial cells of the cornea was proposed by Davanger and
Evensen in 1971.7 They observed that in heavily pigmented eyes, pigmented
epithelial lines migrated from the limbal region to the central cornea in
the healing of corneal epithelial defects. The current evidence supporting
the concept of the limbal location of corneal stem cells is summarized
below.
Limbal basal epithelial cells contain the least differentiated cells of
the corneal epithelium. Schermer et al.8 demonstrated the presence of a
64 kDa keratin, termed K3, among differentiated corneal epithelial cells.
This cornea-speciﬁc keratin K3 was expressed in the differentiated cells in
the suprabasal layer of the limbus, and throughout the corneal epithelium.
K3 was essentially absent among limbal basal cells, suggesting that the limbal
basal cells represented a more primitive, non-differentiated subpopulation
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of cells that did not express this cornea-differentiation-related cytokeratin.
Further support was provided by Kurpakus et al.,9 who demonstrated that
the cornea-speciﬁc keratin K12, expressed in the suprabasal cells of the
limbus and throughout the entire corneal epithelium, was absent from the
limbal basal cells.9
To date, no molecular markers that are speciﬁc for stem cells have been
identiﬁed. This has signiﬁcantly limited our capacity to study the characteristics and behavior of these cells. Taking advantage of the slow-cycling
characteristic of stem cells, an indirect method of labeling stem cells was
developed.10 Continuous administration of tritiated thymidine (3 H-TdR)
for a prolonged period labels all dividing cells. Cells engaged in DNA
replication, i.e. in the S-phase of the cell cycle, incorporate the 3 H-TdR
into their DNA. Once labeled, this is followed by a prolonged “chase”
period, where slow–cycling cells retain the isotope for an extended period
of time.10 These are termed “label-retaining” cells, and are believed to represent stem cells. Using this technique, Cotsarelis et al. provided supporting
evidence that the limbus was the site of corneal stem cells.11 They demonstrated that 3 H-TdR was incorporated for long time intervals in the limbal
basal cells.
This small subpopulation of limbal basal epithelial cells that are normally slow-cycling during the resting state, have been shown to have a
signiﬁcantly higher reserve capacity and proliferative response to wounding and stimulation by tumor promoters, as compared with the peripheral cornea or central cornea.4,6,11 Lavker et al.6 and Cotsarelis et al.11
showed that stimulation by phorbol myristate (a tumor promoter), resulted
in a drastic increase in the labeling index in the limbal basal epithelium.
The proliferative response of the limbal cells was maintained over a prolonged period, demonstrating a signiﬁcant proliferative reserve. No such
cells were present in the central corneal epithelium. These kinetic studies provide evidence of a population of label-retaining cells, present in
the limbus, that exhibit growth properties that are consistent with that of
stem cells.
Stem cells have the greatest growth potential in in vitro culture conditions, and regions that are enriched in stem cells demonstrate the highest
proportion of colony forming cells. It has been suggested that stem cells are
able to undergo at least 120–160 generations.12,13 In addition, limbal epithelial cells possess a higher proliferative capacity in vitro than the central and
peripheral corneal cells.14–19
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Structural Features of the Limbus that Contribute to
the Stem Cell Microenvironment
The features of the limbus are well suited for harboring and protecting the
stem cells of the cornea. Stem cells in the body are usually located in the
deeper tissue layers, presumably for protection — limbal epithelium is
approximately 8–10 cell layers thick, as opposed to the corneal epithelium
which usually comprises 5 cell layers. The limbus also tends to be heavily pigmented, especially in pigmented races, and it is believed that this
serves to protect the basal cells from the carcinogenic effects of ultraviolet radiation.11,21 In addition, the palisades of Vogt have an undulating
epithelial-stromal junction, which provides greater adhesion properties,
thereby rendering the epithelium resistant to shearing forces. These folds
also greatly increase the surface area of the basal cells. The stromal component of the limbus is well innervated, and is supplied by a rich vascular
network. This allows the modulation and regulation of limbal stem cell
growth and proliferation through various cytokine-mediated and neuralmediated pathways, thus establishing the potential for a regulated stromal
microenvironment (stem cell niche) which may be very important in the
regulation of stem cell activity.

Corneal Epithelial Healing
Thoft22 ﬁrst proposed the X, Y, Z hypothesis of corneal epithelial maintenance (Fig. 3). He suggested that the maintenance of the corneal epithelium
could be viewed as a result of three separate, independent mechanisms. X
represented the proliferation of basal epithelial cells, Y represented the proliferation and centripetal migration of peripheral cells, and Z referred to
the epithelial cell loss from the surface. Corneal epithelial maintenance,
which involved a balance of these processes, was deﬁned by the equation: X + Y = Z. It is estimated that the corneal epithelium is constantly
renewed every 7 to 10 days. Following corneal injury with resultant epithelial cell loss, the regenerative mechanisms designed to replace the corneal
epithelium are set into motion, with resultant centripetal movement of the
cells from the periphery to the central area. Other investigators have also
demonstrated this migration of epithelial cells from the peripheral cornea
and limbus.15,23,24
Corneal epithelial defects, irrespective of the nature of injury, results in a
fairly consistent pattern of re-epithelization.17,25 Three to six convex leading
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Figure 3. The X, Y and Z hypothesis of corneal epithelial maintenance.
X = proliferation of basal cells
Y = centripetal movement of cells
Z = cell loss from the surface.

fronts of migrating epithelial sheets develop along the circumference of the
defect and progress towards the center, where the advancing fronts of the
epithelium meet. These tongues of tissue eventually merge imperceptibly
to repopulate the entire surface.25 Lavker et al.21 suggested that the driving
force in the centripetal migration of the corneal epithelial cells was not in
the limbal population of cells “forcing” its way towards the central cornea,
but that as the preferential desquamation of central corneal epithelial cells
occurred, the peripheral cells were “drawn inwards” to help repopulate the
defect.

Conjunctival Stem Cells
Conjunctival and corneal epithelial cells belong to two distinct cell lineages, and it is currently believed that corneal and conjunctival epithelia
arise from different stem cell populations.26 Conjunctival epithelium consists of keratinocytes and goblet cells. Wei et al.18 showed that both the
non-goblet epithelial cells and goblet cell populations of the conjunctival
epithelium arose from a common bipotent progenitor cell.18 Single cells
that were ex vivo expanded in culture gave rise to mixed populations of
non-goblet epithelial cells and goblet cells. This could only have happened
if a bipotent progenitor cell was responsible for the production of both cell
lines. Pelligrini et al.16 also showed that goblet cells were found in cultures
of transient amplifying cells, occurring late in the life of a single conjunctival clone. They also found that the differentiation to goblet cells occurred
at fairly speciﬁc time points in the life span of these transient amplifying
cells, suggesting that the decision for the conjunctival keratinocytes to differentiate into goblet cells was dependent upon an intrinsic “cell doubling
clock.”16 As such, conjunctival epithelial stem cells are probably bipotent,
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and these cells undergo intrinsic divergence pathways leading to nongoblet
and goblet cell populations.

Site of Conjunctival Stem Cells
Despite the importance of the conjunctiva in maintaining the homeostasis
of the ocular surface, relatively little is known about the nature and location of conjunctival stem cells. The forniceal conjunctiva has been shown
to be the site that is enriched in conjunctival stem cells in rabbit and mice
models. A well-established feature of stem cells is its slow-cycling nature.
The forniceal epithelium was found to contain a signiﬁcantly higher proportion of slow-cycling label-retaining cells, as compared with the bulbar
and palpebral conjunctiva (Fig. 4).27 Following stimulation with a tumor
promoter or wounding, the forniceal basal cells underwent a signiﬁcantly
greater proliferative response that was sustained over a longer period of
time, as compared with the other regions.

Figure 4. Schematic diagram showing the relative densities of label-retaining cells in the palpebral,
forniceal and bulbar conjunctiva in the mice model. The highest concentration is noted in
the forniceal conjunctiva, which is believed to be the site enriched in conjunctival stem cells.
It also represents the site with the highest density of goblet cells. E: epidermis; T: transitional
zone (muco-cutaneous junction); P: palpebral conjunctiva; F: fornix conjunctiva; B: bulbar
conjunctiva; L: limbus; C: cornea.
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The forniceal region thus possesses a stable, slow-cycling population of
progenitor cells, with a signiﬁcant proliferative reserve that can be recruited
to undergo numerous cell divisions following various perturbations of the
ocular surface. Additional evidence of the fornix as the site enriched in
conjunctival stem cells comes from in vitro culture experiments, which
takes advantage of the higher growth capacity of stem cells.17 Cells from
the forniceal conjunctiva were shown to have a greater growth potential in
culture than the bulbar and palpebral regions.
Although the conjunctival fornix appears to be the site that contains the
greatest proportion of stem cells, it is likely that pockets of conjunctival stem
cells may also exist throughout the conjunctival epithelium. This could
explain the observation by other investigators who analyzed the in vitro
proliferative capacities of the different conjunctival regions, and suggested
that stem cells may instead be uniformly distributed over the bulbar and forniceal conjunctiva.16 Some studies have suggested that the mucocutaneous
junction at the lid margin may also contribute to conjunctival epithelial
regeneration.28
Several features of the fornix make it advantageous for stem cells to be
clustered in this region. The fornix, located well within the upper and lower
recesses created by the closely apposed eyelid and globe, is further away from
the external environment than the other regions, in a well protected region
of the ocular surface. The conjunctival stem cells are therefore protected
from extrinsic insult and injury. The stroma of the fornix is composed of
a network of collagen and elastic ﬁbres, which protects the epithelial cells
from shearing and mechanical forces. The fornix is also the most richly
vascularized and innervated region of the conjunctiva. This allows the stem
cells to respond promptly to various stimuli through cytokine or neural
mediated mechanisms. These features are important in maintaining the
homeostatic environment of the ocular surface.

Epithelial-Stromal Interaction and the Role of the
Microenvironment in Protecting the Stem Cell Niche
Factors responsible for maintaining the “stemness” of stem cells have yet
to be determined. It is believed that both intrinsic factors (inherent to the
cell), and extrinsic factors (environmental factors surrounding the cell) are
involved in the regulation and maintenance of the stem cell niche.29,30
The maintenance of “stemness” by extrinsic factors was suggested by
Schoﬁeld.30 Stem cells were believed to exist in a microenvironment, or
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“niche,” that promotes the maintenance of the stem cells in its undifferentiated state. Several factors that may be involved in the stromal-epithelial
interaction that contributes to the microenvironment are described below.
It has been shown that limbal basal cells express higher levels of epidermal growth factor receptor (EGFR) levels as compared with basal cells of
the central cornea. Cells that were more mature and differentiated were
found to express lower levels of EGFR.31 It is postulated that the presence
of high levels of EGF receptors might allow these cells to be rapidly stimulated by growth factors to undergo cell division during development and
following wounding. Limbal basal cells have also been found to express the
intermediate ﬁlaments, cytokeratin 19 and vimentin.32,33 They also express
α6 β4 -integrin, metallothionein, AE1, and transferrin receptor.33 The unique
phenotype of these cells differs from that of the surrounding basal cells.
Intermediate ﬁlaments are involved in the maintenance of the cytoarchitecture of cells, and may play a role in the anchorage of these cells to the
underlying tissues.
Several other proteins have been found to be present in higher
concentrations in the basal cells of the limbal epithelium than in
the basal cells of the central corneal epithelium. These include proteins that are metabolic enzymes, such as Na-K-ATPase,1 cytochrome
oxidase,34 and carbonic anhydrase.35 The regional differences in the concentration and distribution of these proteins between the corneal and
limbal epithelium, suggest an inherent difference in the physiologic and
metabolic characteristics of these cells. They may also contribute to the
microenvironment that is involved in the maintenance and regulation of
stem cells.
The basement membrane of the limbus has different characteristics from
that of the central cornea. The basement membrane of the central corneal
epithelium possesses a protein identiﬁed by monoclonal antibody AE27,
which is present at low levels in the limbal area.36 Conversely, collagen type
IV is present in abundance in the basement membrane of the limbus, and
is absent in the cornea. The basement membrane of human corneal and
conjunctival epithelium can be divided into at least three domains: the
conjunctival basement membrane (type IV collagen-positive, AE27-weak);
the limbal basement membrane (type IV collagen-positive, AE27-strong);
and corneal basement membrane (type IV collagen-negative,AE27-strong).
The basement membrane heterogeneity may play a functional role in regulating keratin expression and other aspects of differentiation of corneal
epithelium. These properties, together with the anchoring ﬁbrils of the
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limbus, might enhance the adhesion properties of the basal cells to the
underlying stroma.
Ocular surface epithelial cells have been shown to express a myriad of
cytokines.37–39 Stromal-epithelial interactions are believed to be extremely
important in supporting normal corneal function. Intercellular communications must therefore occur in a highly coordinated manner between
the corneal stromal and epithelial cells. This is particularly crucial during early development, homeostasis, and wound healing. It has been shown
that various growth factors, such as transforming growth factor-α (TGF-α),
platelet-derived growth factor B (PDGF-B) and interleukin-1β (IL-1β) are
synthesized by epithelial cells, while their receptors are present among the
stromal ﬁbroblasts.37 The best characterized stromal to epithelial interaction in the cornea is mediated by the paracrine mediators, hepatocyte
growth factor (HGF) and keratinocyte growth factor (KGF).40 It was found
that KGF transcripts and proteins were expressed mostly by limbal ﬁbroblasts, whereas HGF transcripts and proteins were expressed by corneal
ﬁbroblasts.38,39 Because KGF has been known to play an important role in
wound healing, the uniquely high expression of KGF may play an important
role in the regulation of the proliferation, motility, and differentiation of
epithelial stem cell division in wound healing. These ﬁndings support the
hypothesis that limbal stem cells are under the regulation of the microenvironment, and that the epithelial-stromal interaction of growth factors and
cytokines presumably plays a role in stem cell homeostasis and regulation.

Ocular Surface Disease Arising from Stem Cell Deﬁciency
Limbal stem cell deﬁciency can be caused by a variety of hereditary or
acquired disorders.1,3 Possible inherited disorders in which limbal stem
cells may be congenitally absent or dysfunctional are shown in Table 1.
Limbal stem cells may also be deﬁcient or destroyed by various acquired
conditions. Acquired disorders form the majority of cases seen in the clinical
setting.
Limbal stem cell deﬁciency results in abnormal healing and epithelization
of the cornea. It is characterized by persistent or recurrent epithelial defects,
ulceration, corneal vascularization, stromal inﬂammation and scarring, and
conjunctivalization (conjunctival epithelial ingrowth), with resultant loss
of the clear demarcation between corneal and conjunctival epithelium at the
limbal region.1–3 Chronic instability of the corneal epithelium and chronic
ulceration may lead to progressive melting of the cornea with the risk of
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Table 1. Causes of Limbal Stem Cell Deﬁciency

Acquired Conditions
Stevens-Johnson syndrome
Chemical injury
Ocular cicatricial pemphigoid
Contact lens induced keratopathy
Multiple surgeries or cryotherapies to the limbal region
Neurotrophic keratopathy
Peripheral ulcerative keratitis
Inherited Disorders
Aniridia keratitis
Keratitis associated with multiple endocrine deﬁciency

Figure 5. Limbal stem cell deﬁciency in a patient with Stevens-Johnson syndrome. There is loss of
transparency of the cornea, stromal scarring, corneal vascularization and conjunctivalization.

perforation. The pathognomonic feature of limbal stem cell deﬁciency is
the presence of conjunctival epithelial ingrowth of the corneal surface.3
Biomicroscopic examination of the cornea reveals a dull and irregular
reﬂex of the cornea, with vascularization and loss of transparency (Fig. 5).
Impression cytology conﬁrms the presence of conjunctival goblet cells on
the surface.41
Limbal deﬁciency may be localized (partial) or diffuse (complete).5,20,25
In localized limbal stem cell deﬁciency, some sectors of the limbal and
corneal epithelium are normal, and conjunctivalization is restricted to the
regions devoid of healthy epithelium. In small, localized areas of limbal
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deﬁciency, the disease may remain subclinical with no apparent manifestations, as the proliferative reserve of the adjacent healthy limbal tissue may
be sufﬁcient to repopulate the corneal surface.
In ocular surface disorders, the diagnosis of the presence of limbal deﬁciency is crucial as these patients are poor candidates for conventional
corneal transplantation alone. Conventional penetrating keratoplasty does
not replace the corneal stem cells, and hence the corneal graft is subject to
similar complications, with a high risk of graft rejection. In addition, these
eyes are often vascularized, with chronic stromal inﬂammation, and may be
accompanied by lid margin irregularities and keratinization. Conventional
penetrating keratoplasty is therefore prone to failure.

Treatment of Severe Ocular Surface Diseases
and Stem Cell Deﬁciency
Limbal stem cell transplantation
With the widespread acceptance of the limbus as the site of corneal stem
cells, limbal transplantation was introduced as a deﬁnitive means of replacing the diseased eye with corneal stem cells.3,42–46 Limbal autograft transplantation was ﬁrst described in detail by Kenyon and Tseng.42 The success
of limbal transplantation in regenerating the corneal epithelial surface,
as compared with conjunctival transplantation, was demonstrated by Tsai
et al.,44 where limbal transplantations were shown to be more effective in
restoring the corneal epithelial surface than conjunctival grafts.44 Limbal
autograft transplantation is essentially limited to unilateral cases, or bilateral cases with localized limbal deﬁciency, where sufﬁcient residual healthy
limbal tissue is available for harvesting.47
For unilateral limbal stem cell disease, the procedure involves lamellar
removal of two limbal segments (usually superior and inferior) from the
healthy contralateral eye, each segment with a maximal limit of approximately 3 clock hours in size, and transplantation of these segments to the
limbal deﬁcient eye, after a complete superﬁcial keratectomy and conjunctival peritomy to remove unhealthy diseased surface epithelium (Fig. 6).
For patients with bilateral diffuse disease, limbal allografts may be obtained
from living-related donors or cadaveric donors.48 In living-related limbal
allografting, often from a HLA-matched sibling or parent, donor limbal
retrieval is limited to two segments. In cases where cadaveric donor limbus
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Figure 6. Limbal autograft transplantation.

Figure 7. A 360◦ annular limbal allograft transplantation combined with corneal transplantation was
performed in this patient with Stevens-Johnson syndrome.

is used, the entire 360◦ of limbus can be transplanted, either as an intact
annular ring, or in several contiguous segments (Fig. 7).
Eyes with limbal deﬁciency are vascularized and inﬂamed, and may be
associated with lid irregularities and tear ﬁlm disturbance. This presents
a hostile environment for any form of transplantation.49 The presence
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of chronic stromal inﬂammation jeopardizes the success of limbal
transplantation.50 The use of either HLA-matched living related or nonrelated cadaveric allogenic grafts raises the possibility of graft rejection,
and these patients would require aggressive long-term systemic immunosuppression with cyclosporine, FK506 or mycophenolate mofetil.51 Despite
several studies which reported good early success rates with limbal allograft
transplantation, subsequent reviews suggest that medium to long term graft
survival rates are more disappointing, with approximately 50% of these
grafts failing within 3 to 5 years.46,52,53
Limbal transplantation may be combined with penetrating keratoplasty
performed either at the same setting, or as a staged procedure. In many
of these patients, there is an associated pathology of the conjunctiva and
lids. As such, other surgical procedures may be required to reconstruct the
ocular surface. These surgical procedures include: lamellar keratoplasty,
conjunctival engraftment, forniceal reconstruction and reconstruction of
cicatrizing lid disease.
A recent modality for treating ocular surface disorders is the use of
human amniotic membranes. These membranes have been used in limbal stem cell deﬁciency and in the reconstruction of the ocular surface.52,53
Amniotic membranes possess several characteristics that promote wound
healing. It is postulated that the amniotic epithelium produces various
growth factors that encourage healing. The basement membrane facilitates
the migration of epithelial cells, and reinforces the adhesion of these cells,
thereby promoting wound closure.54,55 Apart from promoting epithelial
healing, amniotic membranes have been shown to have anti-inﬂammatory
properties that help reduce the duration and severity of inﬂammation.

Bioengineered Ocular Surface Equivalents
Cultivated limbal stem cell transplantation
Limbal autograft surgery overcomes the problem of immunologic rejection but may only be used for patients with unilateral limbal stem cell
deﬁciency. Because fairly large segments are required, this places the donor
eye at risk and may eventually result in surgically-induced limbal stem cell
deﬁciency in the donor eye. The use of autologous cultivated limbal stem
cell transplantation has been employed to overcome this problem.56–59
The ex vivo expansion of limbal epithelial stem cells in vitro, followed
by transplantation, provides a new modality for the treatment of limbal
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stem cell deﬁciency.56–59 For this procedure, only a small limbal biopsy
is required, which minimizes potential damage to the healthy contralateral donor eye. This is then cultivated on various substrates, such as human
amniotic membranes or ﬁbrin-based substrates, which results in a composite graft tissue that is then transplanted onto the diseased eyes. Although the
long-term results and safety of this procedure have yet to be determined,
reasonable success of up to 1 year of follow-up has been achieved.56–59
Previous investigators have demonstrated that these amniotic membrane
cultures preferentially preserved and expanded limbal epithelial stem cells
that retained their in vivo properties of being slow-cycling, label-retaining,
and undifferentiated.59 This novel technique proves to be a promising therapeutic option for patients with unilateral or bilateral ocular surface disease,
as only small amounts of tissue are required for the expansion of cells,
which minimizes iatrogenic injury to the donor eye. The use of these bioengineered corneal surface tissues with a complement of stem cells may
thus provide a safer and more effective treatment option.

Serum-free derived conjunctival tissue-equivalents
for transplantation
The use of serum-containing media, often combined with a lethally-treated
3T3 feeder layer, remains the most widely used method for cultivating ocular surface stem cells. The use of animal serum and feeder cells for cultivating cells for transplantation poses the risk of transmission of zoonotic
infection and xenograft rejection. The use of a serum-free culture system
is therefore signiﬁcantly advantageous, as it removes the need for animal
material in the culture process. Serum-free medium has been shown to support the in vitro and in vivo proliferation of conjunctival epithelial cells, and
has been used in developing conjunctival tissue-equivalents. These bioengineered conjunctival equivalents may be used in the treatment of various
ocular surface disorders that require conjunctival excision and replacement,
and are particularly useful for extensive or bilateral conjunctival disorders.
The use of bioengineered tissue replacements represents the future for
replacement and regeneration of various tissues and organs. Its use in the
treatment of ocular surface disease has been promising. In addition, the
use of autologous cultivated stem cells allows the patient’s own cells to be
cryopreserved, so that repeat grafts may be constructed from these cells in
the case that the ﬁrst graft fails.
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Stem Cells of the Retina
The retina is the innermost neural layer of eye, consisting of an inner neurosensory layer and an outer pigmented layer, the retinal pigment epithelium (RPE). The pigmented ciliary body and the peripheral margin of the
retina in the adult mammalian eyes are believed to harbor neural progenitors that display stem cell properties and have the capacity to give rise to
retinal neurons.62,63 They have been shown to be multipotential and have
the ability to self-renew.62,63 Interestingly enough, despite our conventional
understanding that neural cells are highly specialized and highly differentiated cells, some degree of plasticity has been demonstrated — investigators
have shown that human neural stem cells possessed the potential to differentiate into retinal cells, if given the appropriate stimulus.63
In comparison with ocular surface stem cell transplantation, the ﬁeld
of retinal stem cell transplantation is in its infancy. Preliminary studies
attempted in animals have shown some promising results. Retinal stem
cells transplanted into the subretinal space of rats were able to survive and
differentiate into cells of photoreceptor lineage.64,65 Others have attempted
transplanting stem cell-derived neural or glial precursors, and showed that
they could undergo differentiation and survive for long periods.

Potential Sources of Ocular Stem Cells
Most of the current work on ocular stem cells has focused primarily on
adult stem cells, and research has progressed to the reasonably advanced
stage of adult stem cell expansion and transplantation. Embryonic stem
(ES) cells represent the most primitive of all progenitor cells. These cells
are pluripotent, and their daughter cells are able to develop into all the
tissues and organs in the body. Harnessing the immense potential of these
cells would have tremendous impact, as this would allow whole organs to
be engineered. The biggest hurdle at present is to direct these primitive
cells along speciﬁc cell lines. Some headway has been made in this area.
Investigators have shown that embryonic stem cell-derived neural progenitors are able to acquire retinal phenotypes. Other sources of multipotent
stem cells that have been studied for use in the eye include bone marrow derived stem cells and mesenchymal stem cells. The challenge is to be
able to induce these to differentiate into speciﬁc cell lineages under strict
conditions in vitro.
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Embryonic Stem Cells and Applications
hESC derivatives are likely to play an important role in the future of regenerative medicine. The RPE plays an important role in maintaining the normal function and survival of the photoreceptors in the neurosensory retina.
Degeneration of the RPE with age is thought to play a critical role in the
pathogenesis of age-related macular degeneration. Previous animal studies have shown that degenerated RPE cells may be replaced successfully by
transplanting donor RPE cells, thereby rescuing the host photoreceptors.66
Pigmented epithelial cells have been derived from ESCs of the Cynomologous monkey and provided similar protection of the photoreceptors when
transplanted into the subretinal space of rats.67
Klimanskaya et al.68 demonstrated the derivation of putative RPE cells
from hESCs, using a xenobiotic-free culture system. Gene expression proﬁling of these cells showed a higher similarity to primary RPE tissue than
existing human RPE cell lines. With the further development of therapeutic
cloning or the creation of banks of homozygous human leucocyte antigen
hESCs using parthenogenesis, cell lines derived from hESCs could overcome the problem of immune rejection and may have important clinical
applications in the future. These novel treatment options may represent the
only hope for sufferers of retinal degenerative disorders, where no treatment
currently exists.

Conclusions
Our knowledge and understanding of ocular surface stem cells has led
to improvements in the management of ocular stem cell deﬁciency. Conjunctivalization, recurrent corneal epithelial defects, vascularization and
inﬂammation are hallmarks of patients with severe limbal stem cell deﬁciency. Conventional penetrating keratoplasty has been shown to have uniformly poor results in view of the hostile milieu of these diseased eyes, and
our understanding of limbal stem cell biology explains the poor outcome of
conventional penetrating keratoplasty in the management of ocular surface
diseases. Limbal stem cell transplantation has revolutionized the treatment
of these difﬁcult cases, by replacing the depleted stem cell population, but
the long-term viability of allograft transplantation remains in question.
Although much of the ocular stem cell research has been focused on
understanding the physiology and homeostasis of these cells, understanding
the “niche” microenvironment where stem cells reside is equally important.
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Much remains to be learnt about the structural and biochemical components of the stem cell niche, and the regulatory mechanisms involved in
the differentiation of stem cells. The development of cellular markers will
also greatly improve our understanding of stem cells and their behavior in
normal and diseased states, and an enhanced understanding of the complex
interactions leading to stem cell survival and maintenance will allow us to
develop new and more successful treatment options for ocular disorders.
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Introduction
Continued advances in medical understanding herald the prospect of
increased longevity for mankind. However, with this increased longevity
comes susceptibility to disease, including those of the skeletal system. Next
to blood, bone remains the second most transplanted tissue in the 21st
century. Current treatment regimes for the reconstruction or enhancement
of function of damaged bone rely on autogenous or allogenic tissue grafts.
Autogenous bone, by providing an osteoconductive matrix, growth factors and osteogenic cells which form the critical elements of bone repair,
remains the graft material of choice despite the associated donor site morbidity inﬂicted on the patient, the potential of infection at the bone harvest
site, painful surgical procedure, and the risk of injuring surrounding structures. Surgeons are increasingly facing patient groups which have a limited
supply of transplantable autologous bone due to multiple operations, poor
bone quality, and patient groups where limitations of large bone grafts
exist, especially children. The continuing clinical need for improvement of
existing treatments for bone disorders, ranging from congenital deformity
to reconstructive surgery for tumors and trauma repair, has resulted in the
search for novel approaches to skeletal reconstruction.
The most common concept underlying tissue engineering is to combine a scaffold-matrix, living cells, and/or biologically active molecules
together to form a “tissue engineered construct (TEC)” to promote the
repair and regeneration of tissues. Bone tissue engineering aims to heal
bone defects with autologous cells and tissue without the donor site morbidity and expense associated with harvesting autogenous bone. One such
∗ Correspondence: National University of Singapore, Engineering Drive 1, Singapore 119260.
Tel.: 65-6874-1036, Fax: 65-6872 3069, E-mail: biedwh@nus.edu.sg
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strategy involves seeding autologous osteogenic cells in vitro throughout a
biodegradable scaffold to create a scaffold-cell hybrid (TEC). This involves
the isolation of a suitable cell population and expansion to a clinically relevant size ex vivo, seeding the expanded population onto an appropriate
three-dimensional (3D) scaffold which may be impregnated with appropriate growth factors and other chemical cues to enhance tissue ingrowth, followed by further culture in a bioreactor and/or place in vivo at the requisite
tissue regeneration site. The scaffold is expected to support cell colonization, migration, growth and differentiation, and to guide the development
of the required tissue or to act as a drug delivery device.
Based on this background, novel approaches to skeletal reconstruction
will result in orthopedic, plastic and reconstructive surgery undergoing a
paradigm transformation by adding bone engineering to their standard
treatment concepts. The ﬁeld of regenerative medicine is driven from a
clinical point of view and brings together tissue engineers with backgrounds in biology, materials science and biomedical engineering.1 The
aim of these interdisciplinary groups is directed towards long-term repair
and replacement of failing human tissues and organs. This chapter aims to
discuss the advances in the use of adult mesenchymal stem cells (MSCs)
in scaffold-based bone tissue engineering. The isolation, characterization
and in vitro differentiation of mesenchymal stem cells and their use along
with a scaffold in the making of a bone tissue engineered construct will be
discussed.

Bone Structure and Osteogenesis
A good understanding of the process of osteogenesis and the structure of
bone is required before an attempt can be made to mimic the complexities
of cellular microenvironment in bone tissue engineering. Bone is a highly
specialized form of dense connective tissue which performs a multitude of
mechanical, chemical and hematological functions. Being a dynamic and
adaptable tissue, bone undergoes subtle continuous remodeling in order
to conform to its functions and other mechanical demands. It is different
from other connective tissues like muscle, with its hardness being attributed
to the deposition of complex mineral substances, calcium hydroxyapatite
composed of calcium, phosphorus, sodium, magnesium, ﬂuoride and other
ions in trace amounts, within a soft organic matrix known as collagen.
Bone also serves as an important reservoir for calcium, which can be drawn
upon when required for special metabolic activities. Apart from protective
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Table 1. Mechanical Properties of Compact and Spongy Bone6

Property
Compressive strength (MPa)
Flexural, tensile strength (MPa)
Strain to failure (%)
Fracture toughness (MPam1/2 )
Young’s modulus (GPa)

Compact Bone

Spongy Bone

100–230
50–150
1–3
2–12
7–30

2–12
10–20
5–7
–
0.5–0.05

functions, the skeleton acts as a supporting framework for the soft tissues
of the body, not only by providing rigidity for the body as a whole, but
also by forming a series of mechanical levers to which are attached muscles
and ligaments, allowing full mobility. Also, bone tissue serves as a nidus for
hemopoietic activities of red marrow and also acts as a storage for energy
as lipids stored in the yellow bone marrow.2
Bone is a composite material, whose components are primarily collagen and hydroxyapatite, but whose complex structure contains a wealth of
mechanically relevant details (Table 1). Collagen possesses a Young’s modulus of 1–2 GPa and an ultimate tensile strength of 50–1000 MPa when compared with hydroxyapatite, which has a Youngs modulus of ∼130 GPa and
an ultimate tensile strength of ∼100 MPa.3 Bone is a composite in several
senses, i.e. a porous material, a polymer-ceramic mixture, a lamellar material and a ﬁbre-matrix material. Its mechanical properties will therefore
depend on each of these aspects of composition and structure.4 Macroscopically, cancellous bone has a loosely organized porous matrix where
collagen ﬁbrils form concentric lamellae, while compact or cortical bone
does not have any spaces or hollows in the bone matrix (Fig. 1).
The major cells forming bone are the osteoblasts, osteoclasts, osteocytes,
and the bone lining cells. Osteoblasts regulate the mineralization of the
bone matrix and its subsequent synthesis of collagen and other bone proteins. The osteocyte is a mature osteoblast and has several thin processes,
which extend from the lacunae into the canaliculi, enabling them to be
key cells in several biologic processes, including the regulation of response
of bone to the mechanical environment. The bone lining cells are inactive and little is known about their function, while the osteoclasts are large
motile, multinucleated cells located on the bone surface participating in
bone resorption. While the osteoclast is assumed to be formed by the fusion
of mononuclear cells derived from hematopoetic stem cells (HSCs) in the
marrow, the bone forming cells, the osteoblast and the osteocyte are derived
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Figure 1. Typical stress strain curves for cortical and cancellous bone, to different scales.5 Micro CT
images of cancellous (A) and cortical bone (B) are shown.

from the mesenchymal stem cells (MSCs) in the bone marrow, otherwise
known as osteoprogenitor cells.7,8
The osteoprogenitor cells are pluripotent MSCs, which, when appropriately stimulated by growth factors, divide into cells that differentiate into
osteoblasts, the process being primarily regulated by the transcription factors Cbfa1 and Osterix. Osteogenesis, or the process of bone formation,
is initiated by the uncommitted adult pluripotent MSCs in a regulated
sequence of events mediated by a variety of growth factors and cytokines
and involves a complex cascade of molecular and morphogenetic processes
leading to precisely organized multicellular structures. The MSCs in the
bone marrow, hence, are vital to the repair and remodeling mechanisms
seen in bone.

Mesenchymal Stem Cells for Bone Tissue Engineering
Stem and progenitor cells from adult tissues represent an important
promise in the therapy of several pathological conditions. Stem cells have
the ability to self-replicate for long periods or, in the case of adult stem
cells, maintain their differentiation potential throughout the life span of
the organism. Progenitor cells are derived from stem cells; they retain the
differentiation potential and high proliferation capability, but they have
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lost the self-replication property. From a classical view, adult stem cells are
restricted to differentiating along the lineage pathways of their own tissue.
Similarly, progenitor cells are considered committed to the cell phenotypes
of their tissues of origin. This concept of lineage restriction has been challenged by experimental evidence over the past few years. Indeed, most stem
and progenitor cell types display an amazing plasticity, which is the property of cells to differentiate into phenotypes not restricted to the tissues
and, in some cases, not to the germ layers from which they are derived.9
The deﬁnition of a “stem cell” being still elusive, caution should be exercised when using the terminology in the context of regenerative medicine.
The current source of cells used in tissue engineering strategies are better
labeled precursor/progenitor cells, although there have been experimental
evidences demonstrating the plasticity of these cells to differentiate into
multiple lineages.
Adult stem/precursor cells were ﬁrst identiﬁed in tissues, characterized
by a high rate of cell turnover, such as the bone marrow, and have been well
characterized in relation to stem cells originating from other tissues. MSCs
reside in close contact with the hematopoetic progenitors in the bone marrow cavity. Recently, MSCs have also been isolated from the periosteum,
trabecular bone, adipose tissue, synovium, and deciduous teeth. Adipose
tissue has also been shown to contain multipotent stem cells, which have the
capacity to differentiate into cells of connective tissue lineages, including
bone, fat, cartilage and muscle, in the presence of lineage speciﬁc growth
factors.10,11 Osteoprogenitor cells have also been isolated from skeletal muscle in mice and humans.12 Being less invasive procedures, muscle biopsy and
liposuction are hence attractive alternatives in cell-based tissue engineering
strategies.
Osteogenic progenitors from bone marrow-derived
mesenchymal stem cells (BMSCs)
The induction of bone formation was ﬁrst described when the bone marrow derived ﬁbroblastoid cell populations were transferred to ectopic sites
delineating the osteogenic properties of BMSCs.13 It has been proposed
that all highly specialized types of hard tissues, including cortical and trabecular bone, tendons, ligaments and different kinds of cartilage as well as
stromal microenvironment supporting and regulating hematopoesis, originate from a common type of early mesenchymal progenitor cell.14–17 The
osteogenic precursor cells are presumed to originate from the stromal stem
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cells possessing self renewing potential; the developmental pathway that the
mesenchymal stem cell pursues to differentiate into and osteoblast is still
under intense investigation.
A sufﬁcient and reproducible supply of autogenous cells is of paramount
importance for bone engineering. Well differentiated cells are limited by the expansion characteristics, and their limited potential for
(trans)differentiation. Their accessibility and ease to manipulate in vitro has
made BMSCs natural candidates for bone tissue engineering as they form
the stem cell source for osteoprogenitors and osteoblasts in the bone environment. However, the unambiguous identiﬁcation of BMSCs is presently
hampered by the lack of speciﬁc cellular markers.

Phenotype and isolation of BMSCs
Bone marrow harbors at least two distinct populations of adult stem cells,
the HSCs and marrow stromal stem cells or BMSCs. The clonogenic stromal progenitor cells which later came to be described as mesenchymal stem
cells were ﬁrst described as rapidly adherent, non-phagocytic clonogenic
cells capable of extended proliferation in vitro.18,19 Assays of colony forming
units (CFU-F) from aspirates of human bone marrow yields colony numbers between 1–20/105 mononuclear cells plated.20,21 The CFU-F in adult
human BM is feeder cell-independent.22 A combination of plastic adherence and in vitro culture was ﬁrst used to establish stromal cell cultures and
the contaminating hematopoetic cells were subsequently removed by negative selection using antibodies to CD45, CD34, and CD11b.23 The stromal
cells obtained were shown to exhibit osteogenic, adipose, and chondrogenic differentiation potential in vitro and expressed Sca-1, CD29, CD44,
and CD106, but not markers of hematopoetic or vascular endothelial cells.
Stromal progenitors in human fetal BM express CD34 but are distinguished
from the majority of hematopoetic progenitors by their lack of CD38 and
HLA-DR.
Subsequent studies demonstrated that stromal progenitors were
restricted to a subpopulation of CD34+ CD38− HLA-DR− that lacked
expression of CD50.24 The STRO-1 antibody, which is non-reactive with
the hematopoetic progenitors, results in a 10- to 20-fold enrichment of
CFU-F in fresh aspirates of human bone among the heterogeneous population of adult human bone marrow mononuclear cells. In accordance with
the previously described properties of the unfractionated STRO-1+ population, STRO-1bright VCAM-1+ cells assayed at the clonal level, exhibited
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differentiation into cells with the characteristics of adipose, cartilage and
bone cells in vitro and formed human bone tissue following transplantation
into immunodeﬁcient SCID mice.24
Collectively, these data strongly suggest that primitive stromal precursors, including putative stromal stem cells with the capacity for differentiation into multiple mesenchymal lineages, are restricted to the STRO-1+
fraction in adult human bone marrow.25,26 MSC enrichment could also
be accomplished using several markers, including Thy-1, CD49a, CD10,
Muc18/CD146, and in accordance with their response to growth factors,
antibodies to receptors for PDGF and EGF.27,28 Additional antibodies that
identify human bone marrow have been described but have not yet been
able to be veriﬁed by other groups.29
Other strategies for stem cell isolation use positive selection, e.g. Thy-1+
and c-Kit+ cells, after lineage-depletion or CD34-enrichment. Although
the utility of CD34 as a stem cell marker for human cells is well established, there is evidence for the existence of a very primitive population
of CD34− stem cells. Data suggest that the frequency of the CD34− HSCs
is highest early in ontogeny, and CD34− HSC can generate CD34+ cells
in vivo and may even have the capacity for non-hematopoetic differentiation. This supports the idea that CD34− cells may represent developmental
precursors of CD34+ HSCs and non-hematopoetic stem cells.26,28 Studies have shown that human bone marrow MSC can be directly selected
by virtue of expression of CD49a, the a1-integrin subunit of the very late
antigen (VLA)-1, which is a receptor for collagen and laminin.30 This population is CD49a+ CD45med/low and differentiates into several mesodermal
directions. All CFU-F found in human bone marrow are included within
the CD49a+ CD45med/low fraction. In contrast to the above MSCs that are
apparently restricted to mesodermal lineages, Jiang et al.31 described the
isolation and characterization of cells copurifying with MSCs, termed mesenchymal adult progenitor cells (MAPCs), that are by far more plastic than
previously ascribed to mesenchymal cells and differentiate in vitro not only
into mesodermal derivatives but also into cells of visceral mesoderm, neuroectoderm, and endoderm.32
A very useful alternative approach to isolating enriched HSCs and progenitor populations is by removal of cells expressing antigens that are
present on more mature differentiated cells (negative selection). Examples of lineage-speciﬁc antigens are CD19 and CD20 for B-cells, CD3 for
T-cells, CD14 for monocytes and CD66b for granulocytes. Depletion of
these and other lineage-positive cells can be achieved by immunomagnetic
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Table 2. Progenitor Cells According to Tissue Type

Tissue

Cellularity

Approximate No. of
Progenitor Cells

Bone Marrow

40 × 106 cells/ml

Adipose and Skeletal Muscle

6 × 106 cells/cm3

2000 cells/ml
(1 in 20 000 cells)
1 in 4000 cells

as well as nonmagnetic cell separation approaches. After harvest of bone
marrow, culture adherent cells are expanded and subcultured to increase
the number of pluripotent cells. MSCs derived from human bone marrow
have been shown to retain their undifferentiated phenotype through an
average of 38 doublings, resulting in over a billion-fold expansion.33 The
use of minimal medium, which is not supplemented by cytokines, facilitates the growth of colony forming units-ﬁbroblasts (CFUF) that proliferate
to form macroscopic ﬁbroblastoid colonies in vitro. These can be further
propagated by serial passage to become cell strains while still retaining the
capacity to differentiate into several mesodermal directions.
There exists substantial variation in the number of progenitor cells and
cellularity among tissues (Table 2).34,35,36 The mean prevalence of alkaline
phosphatase positive CFUs after placement of the bone marrow derived
cells into the tissue culture medium was 36 per 1 million nucleated cells,
with the number of CFUs showing an increase as the aspiration volume
increased.34 Due to contamination with peripheral blood, not more than
2 ml of aspiration volume is recommended from any one particular site.
Signiﬁcant patient to patient difference in the cellularity of the bone marrow
and the prevalence of osteoblast progenitor cells are also observed.
Genetic modiﬁcation of MSCs
Delivery of osteoinductive factors, such as bone morphogenetic proteins
(BMPs), has been successfully applied to stimulate local bone repair and
several formulations are available for selected clinical applications.37,38
However, the widespread clinical efﬁcacy of these treatment modalities
continues to be hampered by inadequate carriers, release kinetics, dosage,
and potency.38,39 Several research groups have hence focused on genetic
engineering to repair or regenerate bone. The trend has been to concentrate on a particular molecular pathway and produce targeted intervention
to create enhancements in functionality and/or architecture of the repaired
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or regenerated bone. However, because almost every known cell-cell and
cell-matrix interaction involves multiple genes acting at speciﬁc tissue locations at speciﬁc times, understanding the entire complex system requires
a detailed knowledge of gene functionalities and cellular behaviors as well
as the spatial and temporal integration at the tissue level. It can be summarized that genetic engineering strategies focusing on osteoinductive factors have emerged as efﬁcient approaches to enhance bone formation and
generally consist of two modalities: (a) direct in vivo delivery of gene constructs; and (b) ex vivo transduction and subsequent transplantation of
cells expressing the osteoinductive factor. The choice of the gene delivery
method depends on several factors, including the particular gene of interest, indication targeted, desired duration of gene expression, and delivery
vector. Gene delivery to musculoskeletal systems has been reviewed in detail
elsewhere.37,40,41,42
Cell-host interactions
The question of the host response to implanted MSCs is critical and has
been receiving attention as these cells are being considered in a variety
of clinical applications. There are several aspects to the implant cell–host
interactions that need to be addressed as we attempt to understand the
mechanisms underlying stem cell therapies. These are: (a) the host immune
response to implanted cells; (b) the homing mechanisms that guide delivered cells to a site of injury; and (c) differentiation of implanted cells under
the inﬂuence of local signals. By virtue of their distinct immunophenotype, associated with the absence of HLA Class II expression, as well as
low expression of co-stimulatory molecules, MSCs may be nonimmunogenic or hypoimmunogenic.43 HLA Class II expression is also absent from
the surface of undifferentiated and differentiated MSCs and these cells do
not elicit an alloreactive lymphocyte proliferative response, suggesting that
MSCs can be transplantable between HLA-incompatible individuals.44

Bone Tissue Engineering
Bone formation within the body, as part of a development, healing and/or
repair process, is a complex event in which cell populations in combination with extracellular matrix self-assemble into functional units. There is
intense academic and commercial interest in ﬁnding methods to stimulate
and control these events and eventually to replicate these events outside the

干细胞之家www.stemcell8.cn ←点击进入
451

Bone Repair and Adult Stem Cells

body as close as possible. This interest has accelerated, resulting in bone
tissue engineering becoming a well recognized research area in the arena of
regenerative medicine.45

In vitro differentiation of MSCs
Cells are generally cultured in basal medium such as Dulbecco’s modiﬁed
Eagle’s medium (high glucose) in the presence of 10% fetal bovine serum
(FBS). The optimal expansion of MSCs from bone marrow requires the preselection of FBS.16,46 MSCs in culture have a ﬁbroblastic morphology and
adhere to the tissue culture substrate. Primary cultures are usually maintained for 12–16 days, during which time the nonadherent hematopoietic
cell fraction is depleted. The addition of growth factor supplements such as
ﬁbroblast growth factor-2 (FGF-2) to primary cultures of human MSCs has
been reported.47 As MSCs are expanded in large-scale culture for human
applications, it will be important to identify deﬁned growth media, without
or with reduced FBS, to ensure more reproducible culture techniques and
enhanced safety.
Stem cells show the tendency to spontaneously differentiate into multiple lineages when transplanted in vivo.48 Hence, only a small subfraction of
the transplanted stem cells may differentiate into the tissue type of interest,
which could in turn reduce the clinical efﬁcacy of transplantation therapy. Established in vitro differentiation protocols aimed at inducing the
MSCs are therefore used to direct the osteogenic differentiation of the
MSCs before in vivo implantation. The MSCs could either be osteogenically induced while in culture or after seeding onto the 3D porous scaffolds.
Differentiation protocols aimed at elucidating the molecular mechanisms
involved in plasticity of MSCs have been established in both instances.
The most used culture environment for stem cell differentiation in vitro
should be chemically deﬁned, and either be serum-free or utilizing synthetic
serum replacements with the possible supplementation of speciﬁc recombinant cytokines and growth factors.49,50 Currently, for osteogenic differentiation, the maintenance media (DMEM) is supplemented with 10% or 20%
FBS, 0.1 mM dexamethasone; 50 mM ascorbate-2-phosphate; and 10 mM
beta-glycerophosphate.51 The cultures are maintained for four weeks. Initial collagen matrix accumulation precedes, and is essential for, sequential expression of differentiation-related proteins, e.g. alkaline phosphatase
(ALP); parathyroid hormone receptor (PTHRP); bone sialoprotein (BSP);
and osteocalcin (OC). BMSCs are highly proliferative and express low levels
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of bone-speciﬁc proteins, while secretory osteoblasts stop dividing and produce large amounts of bone-speciﬁc ECM. Osteogenic maturation is then
evaluated by measuring bone speciﬁc ALP and OC concentrations in the
culture supernatants with quantitative immunoassays. RT-PCR and western blot techniques are used to conﬁrm the presence of osteogenic markers
at the genomic and protein level.
The developmental sequence of bone has been described as consisting of three phases: proliferation with matrix secretion, maturation and
mineralization.52 Osteopontin (OP) and ALP are early osteogenic markers and characterize the matrix maturation phase. ALP is a membranebound enzyme abundant in early bone formation. Shedding releases the
membrane-bound ALP into the serum or supernatant, where it can be measured by ELISA. Histomorphometrical methods has shown that increasing
ALP levels correlate with increasing bone formation; even so, it needs to
be noted that ALP is expressed in different amounts by several cell types.
The expression of OP, an important protein for matrix-cell interaction,
was observed two weeks after induction. For the bone-derived cells, the
ALP levels are increased around day 12 after induction. Although these
results strongly suggest osteogenesis, these proteins are not considered as
speciﬁc markers for osteogenic differentiation. Osteocalcin is a late bone
marker which is speciﬁc and determines terminal osteoblast differentiation. Trabecular- and periosteal-derived cell populations show increasing
OC concentrations three weeks after induction.53
The major components of the osteogenic induction media include dexamethasone, beta glycerophosphate and ascorbic acid. Dexamethasone, a
synthetic steroid, has been shown to promote osteogenic differentiation
of both embryonic and adult stem cells.54,55 Ascorbic acid treatment is
accompanied by a 5-fold increase in binding of Osf2/Cbfa1 to OSE2 in
MC3T3-E1 cells and the osteocalcin and bone sialoprotein promoters
are up-regulated.56 Ascorbic acid also promotes relative collagen synthesis by increasing the procollagen stability and secretion. It is required for
matrix maturation and subsequent mineralization. Other biologic modulators which play a role include insulin, TGF-b, EGF, LIF, FGF-4, PDGF,
calcitropic hormone and 1,25-dihydroxyvitamin D3. Type I collagen, one
of the most commonly occurring extracellular matrix molecules, has been
reported to slow down cellular senescence within in vitro culture,57 and has
therefore been proposed for use in reducing the rate of ageing during the
in vitro expansion of stem cells for tissue engineering applications. Integrinactivated signaling pathways have been implicated in the differentiation of
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bone marrow stromal precursors into functional osteoblasts.58 Laminin,
an integrin ligand, has been shown to direct osteogenic differentiation
in vitro.59 Another major class of extracellular matrix molecules are the glycosaminoglycans (GAGs)-like heparin sulphate, which have been reported
to maintain CD34+ expression in vitro during the proliferation and expansion of CD34+ enriched cord blood cells.60 Heparan sulfate has also been
proposed to have an important role in osteogenic induction of MSCs. A
variety of methods have been developed to incorporate these induction
molecules in either the culture media or the biomimetic scaffold.
Osteogenic differentiation induced by mechanical stimulation has been
widely documented. The differentiation of human osteoblastic periodontal
ligament cells has been reported to be enhanced in response to mechanical
stress,61 while a similar result was observed with bone marrow osteogenic
progenitors.62 In the absence of exogenous growth and differentiation factors, mechanical stimuli alone could induce the differentiation of mesenchymal stem cells into the osteogenic lineage.63 Further investigations
showed that there existed multiple competing signaling pathways for
osteogenic differentiation in response to mechanical stimuli.64
It must, however, be kept in mind that one of the ultimate clinical objectives of stem cell transplantation therapy is to develop well-deﬁned and
efﬁcient in vitro protocols for stem cell expansion and differentiation, utilizing chemically deﬁned culture media completely devoid of animal and
human products, and possibly supplemented with recombinant cytokines.
This will then provide the stringent levels of safety and quality control that
would make the routine clinical applications of stem cell transplantation
therapy realizable.

Tissue engineered constructs
A wide variety of natural and synthetic devices and matrices have been
used as carriers to deliver MSCs, including poly L-lactic acid (PLLA), poly
ε-caprolactone (PCL), etc. A comprehensive report on the work on the
biomaterial properties and design and fabrication of scaffolds for bone
engineering is beyond the scope of this chapter. Comprehensive reviews
on the topic can be found elsewhere.65,66 There is ample evidence that the
nature and properties of the scaffold and cell carrier play an important role
in bone engineering. It is important to emphasize, at the outset, that the
ﬁeld is still young and many different approaches are under experimental
investigation. Thus, it is by no means clear what deﬁnes an ideal scaffold-cell
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or scaffold-neo-tissue construct, even for a speciﬁc tissue type. Indeed, since
some tissues perform multiple functional roles, it is unlikely that a single
scaffold would serve as a universal foundation for the regeneration of even
a single tissue.65

Cell Sheet Engineering
An attractive alternative to current strategies, including TEC, is the use of
cell sheets. Cell sheets have been used successfully for many years in the
regeneration of two-dimensional tissues such as the epidermis67 and ocular
surfaces.68 In recent years, tissue engineers have extended the use of cell
sheets to produce three-dimensional (3D) neo-tissues. Using cell sheets has
the advantage that an entirely natural neo-tissue assembled by the cells, with
mature extracellular matrix (ECM), can be produced, thereby enhancing
the biological potency of the constructs. L’Heureux et al.69 have successfully built a tissue engineered blood vessel by wrapping layers of ﬁbroblasts
and smooth muscle cells around a mandrel. This vessel exhibited a well
deﬁned 3-layered organization and had a burst-strength comparable to
that of native human vessels. Advancement in the culture of cell sheets
came with the development of culture dishes coated with temperatureresponsive polymers, introduced by Okano’s group. These culture surfaces
become hydrophilic at temperatures below a critical point, and hydrophobic
at temperatures above the critical point.70 As a result, cells attach and proliferate on this surface above the critical temperature, and easily detach when
the temperature is reduced.71 It was shown that four layers of cardiomyocytes cultured using this technique formed electrically communicative and
pulsatile myocardial tissue both in vitro and in vivo.72
However, although cell sheets are strong enough to allow careful manipulation in a laboratory to produce stacked or wrapped constructs, they contract extensively upon detachment from culture surfaces. Thus engineering
large-size tissues, of speciﬁc shape and size, with cell sheets alone is a challenge, and external supports such as stainless steel rings and nondegradable
polymeric membranes are therefore used.69,72 However, these supports will
be removed at the point of application, upon which mechanical support
for the constructs will be lost, resulting in the loss of size, shape and even
biological functions which are dependent on mechanical stimuli. The aim
of a group at NUS is to devise a novel technique to withstand the contraction of cell sheets in vitro, maintain the size of the desired graft, and
apply it for tissue engineering of bone. The group hypothesized that those
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Figure 2. Diagrammatic representation of cell-sheet and scaffold components I-III. A. shows cell
sheet at the bottom of the culture plate; B. SEM picture showing PCL-CaP scaffold architecture; C. & D. cell sheet encapsulation of scaffold; E. SEM picture showing cell proliferation and
ECM formation throughout the scaffold architecture (inside view); F. lateral view showing cell
sheet attached around the outer part of the scaffold.

high density cultures of osteogenically differentiated BMSCs, together with
hybrid matrices, will produce mature TECs with the mineralized matrices
integrated within. A diagrammatic representation of cell sheet and scaffold
components is shown in Figs. 2 and 3.

Clinical Bone Engineering
The ﬁrst generation of clinically applied tissue engineering concepts in
the area of skin, cartilage and bone regeneration was based on the isolation, expansion and implantation of cells from the patient’s own tissue.
Although successful in selective treatments, bone tissue engineering needs
to overcome major challenges to allow widespread clinical application with
predictable outcomes. This includes the isolation and expansion of cells
with the highest potential to form bone-like tissue following the harvesting
of cells without extensive donor site morbidity and to direct and maintain
the phenotypic differentiation of the cells while being cultured in a 2D
or 3D environment. Another major challenge is to present the cells in a
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Figure 3. (a) Subcutaneous cell-sheet constructs (after 6 weeks) implantation in nude rats showing good integration and absence of foreign body reaction (arrow); 1st construct already
explanted (arrow head) (see b); (b) nonseeded constructs (left) and scaffold-cell construct+cell sheet (right); (c) cryosection of explanted construct shown in Fig. b (right) showing
scaffold and tissue regeneration (H&E); (d) microCT image of the construct shown in Fig. b
(right), outer part showing the density of cortical bone, whereas tissue inside scaffold shows
density of cancellous bone as well as ﬁbrous tissue.

matrix to the implantation site to allow the cells to survive the contraction
forces of wound healing and speciﬁcally, the remodeling and biomechanical
loading in tissues such as bone. Although many generalities regarding the
behavior of BMSCs are conserved across the phylogenetic tree, great care
must be exercised in extrapolating the details gleaned from animal BMSCs
to the case of their application in human clinical-based tissue engineering
concepts.
Orthopedic surgery
Outstanding progress has been made in the last two decades in the area
of skeletal reconstruction and treatment of osseous defects. However,
nonunion fractures remains critical to numerous orthopedic and trauma
treatment concepts. The lack of techniques and approaches in reconstructive surgery emphasizes the number of clinical applications that would beneﬁt from tissue-engineered bone. Although commonplace in orthopedic
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surgery, the current approaches which include autografting and allografting of cancellous bone, bone transport methods like Ilizarov’s technique,
and applying vascularized grafts of the ﬁbula and iliac crest, have a number
of limitations as described earlier.
Vacanti et al.73 reported the replacement of an avulsed phalanx with
tissue-engineered bone which resulted in a partially functional and biomechanically stable thumb of normal length. Periosteal cells, which have been
shown to shed osteoblastic cells, were obtained from the sections of the
distal radius and were seeded onto a coral scaffold. A stable calcium alginate hydrogel which encapsulated the cells saturated the coral implant. MRI
examination showed evidences of vascular perfusion and biopsy revealed
new bone formation with a lamellar architecture. Bone formation is not
observed when the porous hydroxyl apatite is not in direct contact with
bone, whereas new bone formation is observed when seeded with marrow
cells74 or with cells derived from the periosteum75 and placed in subcutaneous tissue that is not adjacent to native bone.
Cancedda and coworkers have reported the use of cell-based tissue engineering approaches to treat large bone defects.76 The osteoprogenitor cells
were isolated from the bone marrow and expanded in vivo and placed on
macroporous scaffolds. The radiographs on follow-up reported abundant
callus formation along the implants and good integration at the interfaces
with the host bones, and all patients reported recovery earlier than expected
with a traditional bone graft approach. The group had earlier reported the
use of BMSC — ceramic composites — in the treatment of full-thickness
gaps of tibial diaphysis in sheep.77 Autologous cells isolated from the bone
marrow and expanded in vitro were loaded onto highly porous ceramic
cylinders and implanted in critical sized stable segmental defects. Similar
results in animal models were also reported where cultured marrow cells
were implanted with a coral scaffold in large segmental defects in sheep
tibia.78 Bruder and colleagues have also successfully treated an experimentally induced nonunion defect in a adult dog femur with autologous cells
loaded on a hydroxyapatite-beta tricalcium phosphate scaffold.79

Oral and maxillofacial surgery
The paucity of techniques in cranial reconstructive surgery emphasizes the
need for alternative bone formation strategies. The repair of large cranial
defects is often unsuccessful due to the limited amount of autogenous bone
available. Calvarial bone is hard and brittle, which makes the contouring of
the graft extremely difﬁcult. In instances as in where the corticocancellous
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bone from the ilium is used, they have appeared to be more prone to
resorption than the bone of membraneous origin. Calvarial reconstruction
strategies have, hence, recently employed the use of adult MSCs for bone
regeneration. Adipose-derived stem cells were recently used in the repair of
a calvarial defect of a size of 120 sq cm in a 7-year-old girl who sustained
multi-fragment fractures following head injury.80 Autologous ﬁbrin glue
was used to attach the cells on to the milled cancellous bone which was
used as an osteoconductive scaffold.
Studies done by Schantz JT et al.81 to investigate the differentiation
potential of bone marrow-derived progenitor cells and to compare their
potential in bone regeneration against trabecular osteoblasts in a rabbit
calvarial defect model, showed promising results of site speciﬁc differentiation of unconditioned MSCs. The transplanted mesenchymal progenitor
cells mostly committed to the osteogenic phenotype formed island of bone
tissue and the amount of mineralized tissue increased and ﬁlled out the
defect sites almost entirely (Fig. 4). In a clinical pilot study by the same

Figure 4. A. Intraoperative picture of critical size calvarial defects (15 mm) created in mature New
Zealand white rabbits (age > 6 months); B. digital 3D imaging of defects after microCT scanning; C. microCT of the PCL-TCP scaffold (burr plug design) (courtesy of Dr Robert Guldberg,
Georgia Tech Emory Center, Atlanta); D. explanted cell-scaffold construct showing good host
graft integration; E. microCT image of the rabbit skull 8 weeks post-implantation showing signiﬁcant bony ingrowth in experimental side (R, scaffold was seeded with 1 million BMSCs)
as opposed to control (L, empty scaffold) (courtesy of Dr Mark Knackstedt and Dr Anthony
Jones, Nat’l University of Australia).
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group, the burr hole of 14 mm diameter resulting from trephination was
closed using a novel biodegradable scaffold which is able to entrap the
marrow blood clot from the calvarial bone in 10 patients who underwent
evacuation of the subdural hematoma.82 The follow up CT scans showed
the implants well integrated with the surrounding calvarial bone, with new
bone ﬁlling the porous space in the scaffold.
In a case study reported by Terheyden and colleagues,83 computer-aided
design techniques were used. The patient’s CT data was used to create a
titanium mesh cage that was ﬁlled with bone mineral blocks and inﬁltrated
with recombinant human bone morphogenetic protein (BMP). In addition,
the patient’s bone marrow cells aspirated from the iliac crest were added
to provide undifferentiated precursor cells as a target for the recombinant
human BMP-7, which is an osteoinductive factor that initiates the conversion of undifferentiated precursor stem cells into osteoprogenitor cells.84,85
The transplant was implanted into the latissimus dorsi muscle and transplanted 7 weeks later as a free bone-muscle ﬂap to repair the defect. The
group reports that the clinical follow-up leads to the conclusion that this
method could be applied to more patients in the future.
In yet another pilot study by Sittinger and colleagues,86 augmentation of
the posterior maxilla was carried out in two patients using a TEC derived
from mandibular periosteal cells on a polymer ﬂeece. The cell polymer
transplants were cultured for a week before implantation with the addition
of autologous serum, ascorbic acid, dexamethasone and beta glycerophosphate. Bone biopsies from both patients revealed mineralized trabecular
bone with remnants of the biomaterial and the osteocytes were appaent
within the bone lacunae.

Conclusions
Bone formation within the body, as part of a development, healing and/or
repair process, is a complex event in which cell populations in combination
with extracellular matrix self-assemble into functional units and ultimately
into tissues and organs. There is intense academic and commercial interest
in ﬁnding methods to stimulate and control these events and eventually to
replicate these events outside the body as close as possible. This interest has
accelerated and resulted in bone tissue engineering increasingly becoming
a well recognized research area in the arena of regenerative medicine. The
increasing number of papers reporting about formerly unknown function,
structure and plasticity of marrow stromal cells has spawned a major switch
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in the perception of their nature, and the ramiﬁcations of their potential
surgical application in tissue engineering concepts have been not only envisioned but have already implemented. The ability to isolate a subset of bone
marrow stromal cells with the most extensive replication and differentiation potential could naturally be of utmost importance for the regeneration
of mesenchymal tissues via bone engineering strategies.
Although early pre-clinical and clinical data demonstrate the safety and
effectiveness of TEC-based bone engineering, there are still many questions
to be answered as to when, why and how the concept works. Additional
information is required concerning the therapeutic efﬁcacy of transplanted
TECs and the mechanisms of engraftment, homing and in vivo differentiation. There is also a need to carry out appropriately designed toxicology studies to demonstrate the long-term safety of these therapies. The
widespread use of bone engineering will also depend upon the availability of validated methods for large-scale culture, storage and distribution.
As these areas are addressed, new applications will be developed leading
to novel therapeutic opportunities. Much has been learned about bone
engineering therapy in the past few years, and much remains to be learned.
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Stem Cells and Cartilage
JB Richardson, JTK Lim, JHP Hui and EH Lee∗

Introduction
As far back as 1743,William Hunter observed that cartilage,“once destroyed,
is not repaired.”1 This lack of healing leaves bone exposed in the joint and
is a cause of pain. Can stem cell engineering bring a solution?
Osteoarthitis contributes the largest burden to healthcare in the developed world. The extent and involvement of a single cartilage lesion in the
development of arthritis is not known. However, in experimental studies,
incongruity and articular step-off lead to degenerative changes in the cartilage and subchondral bone that mimic the appearance of arthritis.2 In
the clinical setting, the progression of chondral injuries to arthritis is not
validated by large prospective studies but rather by anecdotal evidence and
smaller studies. One such study is the observation of radiographic evidence
of arthritis within 14 years in greater than 50% of patients who sustained a
unipolar, unicompartmental injury as adolescents.3
The goal of treating arthritis is to abolish symptoms and restore
function. One of the most successful surgical treatments known is artiﬁcial
joint replacement. Unfortunately, all joint replacements eventually fail
if the patient lives long enough. Tissue engineering offers the potential of recreating a “biological joint replacement” which may last a
lifetime.
At present, in cartilage repair or regeneration techniques, there are no
long term clinical studies as yet. An alternative is to assess how closely
the histology or mechanics of a repair tissue resembles normal tissue.
The assumption is made that if the normal structure is replicated, then
symptom-free joint function can be expected. In the case of cartilage repair
it is not merely hyaline cartilage that is the goal but articular cartilage.
∗ Correspondence: Division of Graduate Medical Studies, Faculty of Medicine, Block MD 5, Level 3,
12 Medical Drive, Singapore 117598. E-mail: dosleeeh@nus.edu.sg, Tel.: 65 68746576, Fax: 65 6773 1462.
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Deﬁning this end-point has involved a lot of hard work by the scientists of
the International Cartilage Repair Society.4
Articular cartilage is principally composed of type II collagen, proteoglycans, and chondrocytes forming a complex, partially hydrated, compressed
matrix structure. It is anisotropic and typically composed of four layers,
each with different orientations of collagen ﬁbers, varying cell morphology,
and varying matrix composition and function (Fig. 1). Articular cartilage
is a highly adapted structure that provides resistance against compression
and shear, and allows frictionless joint movement, shock absorption and
lubrication. It has no pain ﬁbers or blood vessels. Metabolism is anerobic
and glucose reaches the cells by diffusion both from the joint surface and

Figure 1. H & E stained section of normal adult articular cartilage showing various zones. (Photomicrograph courtesy of S. Roberts, Oswestry, UK.)
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the underlying bone. Even ﬁbrocartilage will stain well for collagen type
II, but on polarized light, has clearly no collagen orientation. It appears
to give good symptomatic relief in patients if all bone is covered. Hyaline
is a term that denotes a glass-like appearance and so is not well deﬁned.
Hyaline-like cartilage is a term that has been introduced in cartilage repair5
to denote cartilage that is better than ﬁbrocartilage but not fully normal
articular cartilage. An important aspect of histology is that in the normal
adult joint, there is variation in the quality of cartilage from one area to
another in the same joint.
Fibrous tissue is principally type I collagen and contains vessels and
nerves. It does not function well as an articular surface. Success in a repair
technique may be usefully measured based on the absence of repair by
ﬁbrous tissue.
The best hope for quantiﬁcation of cartilage repair is in combining absolute measurements of collagen types I and II as well as of proteoglycan with
assessments of collagen orientation, integration to bone and to adjacent
cartilage and overall thickness. The ability to measure collagen quantity has
now been reported on biopsies by Hollander.6
Cartilage does not heal if incised or if a partial thickness of the cartilage
is removed. It will, however, heal once it is worn down to bone7 when stem
cells are released from the underlying bone. A good repair response will then
produce healing by ﬁbrocartilage. This is not true regeneration of hyaline
cartilage but a repair process similar to the formation of scar without blood
vessels. The collagens formed are the type II, but under polarized light,
the bright effect seen in hyaline cartilage due to the orientation of collagen
ﬁbres is not evident.
A useful source of clinical data on this question is to be found in trials of
osteotomy at the knee.8 Generally, a third of patients will need total knee
replacement within 5 years following osteotomy. Efforts to improve the
outcome by adding microfracture or abrasion have found an improvement
in histology with a higher proportion of ﬁbrocartilage forming where there
was bone-on-bone before.9−12 This tissue has formed where there will still
be signiﬁcant amounts of load applied while the surface heals. The ability to form new tissue under load is important as this opens the way for
tissue engineering techniques that depend on tissue growth in the active
patient.
The following section provides a review of experimental studies as well
as currently available methods of tissue repair, including the use of stem
cells.

干细胞之家www.stemcell8.cn ←点击进入
469

Stem Cells and Cartilage

Methods of Repair
Fibrocartilage repair follows exposure of bone. It is not yet clear whether
vessels need to be exposed as, theoretically, stem cells from the underlying
bone could emerge through small cracks in the subchondral bone plate.
Partial thickness injuries that do not reach the underlying bone have not
shown any healing over time. The full thickness of the cartilage needs to
be removed to allow repair by marrow undifferentiated mesenchymal stem
cells as described by Shapiro and co-workers.14 The authors also noted that
the collagen ﬁbrils of the repair tissue were not well integrated with those of
the surrounding cartilage. Additionally, the chondrocyte lacunae adjacent
to the injury remained empty, and degenerative change appeared as early
as 10 weeks and became more advanced by 24 weeks. Although type II
collagen was present initially, there were still signiﬁcant (20%–35%) type I
collagen,13 and between 6 and 12 months the matrix and cells become more
typical of ﬁbrocartilage.14

Marrow stimulation
Exposure of bone has been the common theme in a range of surgical
techniques that have found success in achieving repair. In a randomized
controlled trial, Hubbard15 demonstrated a signiﬁcant clinical beneﬁt of
debridement over lavage alone in the treatment of isolated symptomatic
chondral defects. He undertook meticulous debridement of unstable cartilage in one group, and observation alone in the control group. At 5 years,
65% of the debridement groups were pain-free compared with 20% of the
controls.
Drilling of the subchondral bone was used by Pridie and reported
in 1959.16 More recently, the use of microfracture with a sharp curved
awl allows easier access to the defect and is advocated by Steadman.17−20
Steadman takes particular care to arrange continuous passive movement
postoperatively, which may be part of the reason for obtaining good results
and was also used in a randomized controlled trial from Norway.21 The
repair tissue initially has some hyaline-like cartilage but becomes more
ﬁbrous with time.21−23 Mirroring this, clinical response can be good but
is not always predictable and often deteriorates with time.24−25 Demonstration of the advantages of cortical penetration over simple debridement alone or wash-out has been hampered by a lack of controlled
studies.
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Osteochondral grafts
Cartilaginous defects can be treated by transplants of chondral or osteochondral grafts. Unlike simple bone grafts, survival of a chondral graft
depends on survival of its chondrocytes as it is not possible for new cells
to migrate into the cartilage matrix. One problem with many of the techniques is that impaction of the cartilage surface occurs. This impaction can
overload the cells and cause apoptosis with resulting loss of proteoglycan
turnover and failure of the graft.
The grafts may be autologous or allogenous, each with advantages and
disadvantages. Autologous grafts are free of disease transmission, infection,
immunorejection risks and have better cell viability, but donor sites are
limited and the process of harvesting from the donor site may itself cause
symptoms and disability. Allografts can be larger, may be site-speciﬁc (e.g.
patella graft for patella defect) and are generally from young donors, but
have the disadvantages of infection transmission and provocation of an
immune response. Freezing reduces immunogenicity but also compromises
cell viability.
As a cartilage graft will not inherently bond to a recipient site, current
techniques involve the use of osteochondral grafts to allow bone-on-bone
healing. Although tissue adhesives such as ﬁbrin glue may be available
speciﬁcally for cartilage on cartilage grafts in the future, it is currently not
practical.26
Mohammed et al.27 reported the Toronto experience of fresh allograft
osteochondral graft survival rates of 76% at 5 years in 91 patients. Autogenous osteochondral grafts, of course, cannot be orthotopic and must
be made to ﬁt the site of the defect. They can be large uniblock grafts as
described by Outerbridge et al., who used the lateral facet of the patella
press-ﬁt into femoral condyle defects, or multiple small osteochondral
cylinders taken from the lateral edge of the lateral femoral condyle and
packed into the defect.29−30 Mosaicplasty appears unsuitable for defects
larger than 2 × 2 cm.31
Periosteal graft
Periosteum potentially is an active biomaterial for tissue engineering of
cartilage: i) It contains undifferentiated cells with the potential to form
cartilage or bone; ii) it can serve as a scaffold or matrix by which other cells
or growth factors can adhere; and iii) it produces bioactive factors that are
known to be chondrogenic.32
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Regenerated chondrocytes in the knees of rabbits which had been treated
with periosteal transplantation were shown to originate from the periosteal
graft. Zarnett et al.33 labeled the grafts with radioactive thymidine before
transplantation, and afterwards, were able to see thymidine-labeled cells
throughout the regenerated tissue with autoradiography.33 The same group
went on to transplant periosteal allografts from males into females, and
karyotyping revealed that in one-third of the female rabbits, all the cells of
the neocartilage contained a Y chromosome. The regenerated cells, therefore, originated from the original male periosteal graft. The cells of the other
rabbits contained both male and female chromosomes, whose origins were
likely from the mesenchymal stem cells (MSCs) of the female hosts and the
allografts of the male donor rabbits.34
Periosteum contains a cambium layer, that is thought to contain MSCs,32
and an outer ﬁbrous layer. During chondrogenesis in vitro, cartilage formation ﬁrst appears in the cambium layer; and expression of cartilagespeciﬁc markers occurs almost exclusively in the cambium layer. In vitro
experiments have further revealed that the chondrogenic potential of the
periosteum varies at different sites, and is positively correlated with the total
number of cells and the thickness of the cambium layer.35
Perichondrial graft
In 1990, Homminga et al.36 reported the use of costal perichondral grafts
to treat 30 chondral lesions in 25 patients, with the chondral side facing the
joint, ﬁxed with ﬁbrin glue. Arthroscopy at 3 to 12 months postoperatively
revealed that 27 out of 30 had ﬁlled in completely with tissue resembling
cartilage. Subsequent studies observed bone and calciﬁcation developing
in these grafts and the technique is no longer recommended.
Autologous chondrocyte implantation (ACI)
In 1994, the publication of early results by the Gotenberg team of Petersen,
Lindahl and Brittberg had a catalyzing effect on cell engineering.37 Orthopedics was launched into a new age where it was claimed that “hyaline-like”
cartilage could be regenerated. Controversy raged principally because this
claim challenged the old mantra that cartilage could not heal. Since then
several other reports have duplicated those initial results.38−40
The process involves in vitro clonal expansion of harvested autologous
chondrocytes after enzymatic digestion, followed by implantation of these
cells in suspension into a cartilage defect which has been sutured over using
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Figure 2. Autologous chondrocyte implantation technique.

periosteum. These chondrocytes are later implanted into the defect which
has been converted into a contained pouch by a sutured periosteal membrane. The periosteum is harvested with care and speedily transferred to
the defect. It is sutured with ﬁne absorbable sutures. This sheet of periosteum is sutured with the bone side downward (Fig. 2). This is contrary to
the method of its use by O’Driscoll as discussed above. He is of the opinion that periosteum alone will not be the source of healing of the cartilage
when used in this way, and animal studies conﬁrmed that chondrocytes are
required for the Gothenburg technique to be successful. It may be the case
that without cellular expansion, the numbers of cells from the periosteum
alone are insufﬁcient to form hyaline tissue, producing a ﬁbrous repair
instead.
Three prospective randomized trials have been reported in 2004. In
Norway, a multicentre study comparison of microfracture to ACI was carried
out in 80 patients.21 After a 2-year analysis, Knutsen et al. favored microfracture, but both groups improved. Histology of the repair tissue type found
a range from ﬁbocartilage to hyaline in both groups, with a tendency to
better histology in the ACI group. The ACI technique has good reports at 8
years and so it is possible that the results will favor ACI in the long term.
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A prospective trial by Horas et al.41 examined 40 patients allocated to
either mosaicplasty or ACI and concluded that the results as measured by
a surgeon-completed Lysholm score were better with mosaicplasty. That
study was, however, not strictly randomized, and the patients treated by
ACI had more severe symptoms at the start of the study, and lower initial
Lysholm scores. Re-analysis of the results at Oswestry, UK, found little
real improvement and also that a previous report by Horas et al.42 in the
German literature on the same group of patients was in favor of ACI. It is
not a concern that there were these two reports, but on reconsidering the
results, Horas came to the conclusion that both techniques were probably
of equal beneﬁt.43
A third study in 2003 was again a comparison of mosaicplasty with
ACI. Professor Bentley and his groups31 in London studied 100 patients
in a mean period of 19 months and found the ACI to be slightly better
(p = 0.032), although the Cincinatti knee rating showed no signiﬁcant
difference (p = 0.028).
Limitations of ACI include a failure to improve patients in 10–20% of
all cases (37–39); site speciﬁc variability in success rates43 and limitation to
chondral defects rather than the widespread cartilage loss of ostoarthritis.
It also cannot be used in inﬂammatory arthritis. Harvest sites may heal
with ﬁbrocartilage if taken down to bone but can themselves be a source of
symptoms. Of a group of 10 patients who underwent autologous chondrocyte implantation to the ankle using ipsilateral knee harvests, 3 had Lysholm
scores that returned to preoperative levels at one year but 7 had a decrease
in Lysholm score of the knee by 15% at 1 year.44
Furthermore, the repair tissue in biopsy specimens from ACI does not
have the architecture of mature articular cartilage. The histology with this
treatment does improve with time. The layers of orientation of collagen
seen in the adult knee develop over several years in the adolescent and it
remains to be seen whether completely normal patterns will develop with
time in the ACI treated areas.
Second generation ACI
Alternatives to periosteum
All surgeons will agree that the water-tightness of their repair is less than
ideal. Cells are lost either immediately or on return of loading of the ACI
patch. Over 10% of patches become detached at one site as early as 3 weeks
following suture. Fibrin glue is of help but it is really only a sealant as
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the tensile strength it can provide does not reach that of glue. There have,
therefore, been several developments to attempt improvement of this situation. Chondro-gide, a collagen membrane made by Geistlich Biomaterials,
Wolhusen, Switzerland, was used as a substitute for the periosteum. It is
a combination of collagen I and III and contains a signiﬁcant amount of
elastin. It handles well from a surgical point of view and remains generally smooth one year later. Cells integrate into all layers but only produce
collagen type II in the deeper layers.45
Another use for the chondro-gide type of membrane is as a cell carrier
and is inserted into the base of a defect with a technique called MACI.46−47
Clinical trials comparing ACI with MACI are in progress but the initial
reports fail to show a beneﬁt of MACI over ACI. It does have the potential
for becoming an arthroscopic technique. Another cell carrier that has good
clinical results is HYAFF11. This has good laboratory48 and animal support
as chondrocytes retain or regain differentiation. Another option is the use
of a collagen gel where good physical results are obtained and the use of
minimally expanded chondrocytes may give better results.49 Transplantation of chondrocytes seeded on a hyaluronan derivative (HYAFF11) into
cartilage defects in rabbits have also been reported.50 This is part of clinical
trial currently carried out in Europe.

Are Chondrocytes the Best Cells to Use?
Chondrocytes kept in monolayer culture at low density seem to lose their
phenotype within four passages or approximately one month in culture.
They change from a polygonal or round to a more ﬂattened ameboid shape
and synthesize type I collagen instead of cartilage collagen II.51 The relationship between the shape of the cells and the type of collagen produced
is not clear. In ACI, cartilage is harvested from the non-weightbearing part
of the patient’s own knee and chondrocytes are cultured and expanded
and returned to the same patient for repair of chondral defects. Martin
and Buckwalter52 have shown that the telomeres shorten with age in chondrocytes as they do in other cells. This implies that in an older patient the
autologous chondrocytes that are re-implanted may suffer the fate of earlier
degeneration. Animal experiments in our laboratory comparing chondrocyte to mesenchymal stem cell transfer for repair of cartilage defects have
clearly demonstrated that the joints repaired with chondrocytes showed
degenerative changes in the repaired cartilage within 36 weeks, whereas the
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joints repaired by stem cells were still intact at that time.90 As the longevity
of the repair of cartilage defects is under question, it may be worthwhile
examining the role of stem cells in cartilage repair, as stem cells or progenitor cells may in fact differentiate into chondrocytes which may produce a
long lasting repair.

Stem Cells
By deﬁnition, stem cells must have the capacity to divide and self-replicate,
as well as the ability to differentiate into many tissue types. There are embryonic stem cells (ESCs) which are believed to be pluripotent, having the
ability to give rise to ectodermal, mesodermal and endodermal tissues; and
adult stem cells, such as mesenchymal stem cells (MSCs), which are multipotent, having the ability to differentiate into a smaller number of tissue
types mainly of mesodermal origin. Bone marrow contains stem cells that
can give rise to the hemopoeitic cell lines, as well as the mesenchymal cell
lines. Stem cells can also be derived from fetal tissue and cord blood.

Embryonic Stem Cells (ESCs)
Embryonic stem cells are self-renewing pluripotent cells capable of differentiating into any cell type. Chondrocytes derived from ESCs could have
the advantage of forming a stable phenotype compared with those derived
from primary cultures, which progressively dedifferentiate.53 They therefore have the most potential as a tissue engineering material. There are,
however, ethical issues involved with the use of ESCs and in some countries, research using ESCs are either prohibited or severely restricted.
Kramer et al.54 showed that ESCs could be differentiated via embryoid
bodies into chondrocytes in vitro. Their conclusions were evidenced by
the expression of cartilage associated genes and proteins, demonstrated by
staining with Alcian blue (which stains acidic proteoglycans speciﬁcally
expressed in cartilage). By immunostaining, they showed that cells in the
deeply stained areas of the plates, had cells which produced collagen II
and cartilage oligomeric matrix protein (COMP). Reverse transcriptasepolymerase chain reaction analysis also demonstrated the presence of genes
encoding transcription factors involved in mesenchymal differentiation.
The authors also investigated the effects of addition of TGF-beta-1, BMP-2
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and BMP-4 on the number of collagen II-positive areas before embryoid
body formation. Treatment with BMP 2 and BMP 4 resulted in a signiﬁcantly increase in numbers of collagen II areas but these declined slightly
after treatment with TGF-beta1. The effect of BMP 2 was found to be
dependent on the time of application.
Wakitani et al.55 conducted a study in mice to determine if the knee
intraarticular space would provide a better environment for ESC chondrogenesis. Twenty-ﬁve 5-week-old mice with severe combined immunodeﬁciency (SCID) had ESCs (obtained from 129/Sv/Ev mice), embedded
in type 1 collagen, implanted into the right knee as well as the subcutaneous space on the back of each mouse. Eight knees contained a tumor
and three of these contained cartilage. In the subcutaneous space of the
back, 22 contained tumors of which cartilage was found in six. The tumors
in the knee were signiﬁcantly smaller than those in the back, possibly due
to the conﬁned intraarticular space. The ratio of cartilage to tumor was
signiﬁcantly greater than those in the back, but it was observed that when
the tumor became larger, the size of the cartilage mass within it remained
constant. The higher cartilage to tumor ratio in the knee may therefore
relate to tumor size rather than cartilage size. The authors concluded that
the tumors were teratomas because the tissues identiﬁed originated from
ectoderm, mesoderm and endoderm, and that some cells in the histological
sections had indeed been derived from the ES cells, due to the presence of
a Neo-resistance gene identiﬁed by DNA analysis in the sections that was
not present in the mice. In two of the knee joints, the tumors extruded
from the knee and destroyed the knee structures. Overall, the authors felt
that it was currently not possible to use ES cells to treat articular cartilage
defects unless a way could be found to optimize ES cells differentiation into
cartilage and inhibit tumor growth.

Mesenchymal Stem Cells (MSCs)
An MSC is a multilineage potential progenitor cell that keeps its capacity to
divide and whose progeny differentiates to mesodermal tissue cells, such as
cartilage, bone, muscle, fat, tendon, ligament, etc.56 These multipotent and
self-renewing cells have the ability to mobilize to areas of injury or disease,
colonize the area, regenerate new tissue and thus potentially represent the
most natural, effective and immortal implant. In principle, the goal would
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be to induce and expand a group of multipotent cells down a signaled
pathway into an end-stage phenotype or one that would be capable of
further development after implantation, deliver the cells to the repair site
using a scaffold and bind it to the edges of the defect.
Two alternative approaches are proposed:
a) Implant cells directly as in the current cell-based techniques, or an
appropriate development of this approach such as implantation of a
suitable matrix or scaffold, seeded with chondroprogenitor cells and
appropriate signaling substances.57−59 Then, allow the differentiation
process to occur in vivo (Figs. 3 & 4).
b) Differentiate stem cells in vitro and implant a matured construct. The
cell-scaffold-bioreactor model is an example of this and more mature
tissues can be created in this way (Fig. 5).

Figure 3. Radiographs of rabbits sacriﬁced at 8 weeks after physeal transplant of the left proximal tibia. (a) Varus deformity following iatrogenic growth arrest in the control group;
(b) after bone marrow derived stem cell transplant into physis; (c) after periosteumderived stem cell transplantation; and (d) partial correction with adipose-derived stem cell
transplantation.
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Figure 4. H&E sections of articular cartilage defect in femoral condyle of rabbits transplanted with
MSCs showing: (a) partial ﬁlling at 6 weeks post-transplant; and (b) total resurfacing at
36 weeks post-surgery.

Figure 5. Histological sections of (a) in vitro chondrogenesis of bone marrow-derived stem cells in
pellet form; and (b) in vivo chondrogenic lineage of MSCs transplanted in nude mice.
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Scaffolds for Cartilage Engineering
Most studies assume that a scaffold is required for regeneration of cartilage.
Loads in the joint and ﬂuid movements would simply prevent cells thriving
where they are needed. The ideal scaffold for cartilage tissue engineering
should be: 1) reproducible; 2) three-dimensional; 3) have a highly porous
structure permitting spatially uniform cellular distribution and minimizing diffusional constraints; and 4) biocompatible and biodegradeable.76
The structure determines transport of nutrients, metabolites and passage
of regulatory molecules. Construct composition and mechanical properties are generally better for ﬁbrous meshes77 than for agarose gels,78 but
mechanical stimulation improved construct composition only for agarose
gel cultured chondrocytes.79 The chondrogenic activity of stem cells, their
ability to differentiate and to adhere to scaffolds such as matrices of hyaluronan derivatives80−81 and gelatin-based resorbable sponge matrices82 have
been investigated (Fig. 6).
Chitin is a natural polymer of shellﬁsh origin and has been investigated
as a scaffold in the repair of large growth plate defects in 6-week-old NZW
rabbits.83 Three groups were compared, with the created physeal defects
treated with excision of the bony bar and 1) no interposition, 2) chitin
alone, and 3) chitin with MSCs. The differences in correction of angular

Figure 6. Bone marrow derived cells and polyvinylalcohol scaffold (H&E).
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deformity and length discrepancy of the tibia were greater between groups 3
and 1, than between groups 2 and 1. Patient studies have been slow as
there is no prior history of Chitin being used internally in patients. One
development in Canada is its use as a dressing in joints over microfractured
chondral defects.

Bioreactors
Bioreactors affect the development of tissues by controlling
density/concentration, temperature, pH, osmolarity, oxygen levels and
allow mass transfer of cells and the culture environment. Physical signals in the form of compression, shear, and interstitial blood ﬂow
can also be controlled. Figure 7 illustrates an early bioreactor. The
composition, morphology and mechanical properties of engineered
cartilage grown in mechanically active environments were generally
better than in static environments.84 Hydrodynamic stresses acting on
dynamic laminar ﬂow of rotating bioreactors markedly enhanced in vitro
chondrogenesis.77,85

Figure 7. The “Rock-and-Stroller son of the Rock-and-Roller ” bioreactor at Oswestry, UK.
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Mature or immature construct?
The duration of cultivation appears to affect both the structure and integratability of the neo-cartilage. With increased cultivation time, the tissue more closely approximated articular cartilage both in biomechanical
property and composition (collagen and glycosaminoglycan content).77,85
However, immature constructs appeared to integrate better than more
mature constructs or explants. A high concentration of undifferentiated
cells may be important for integration.76 Integration with progressive cell
and cartilaginous tissue proliferation was seen in immature constructs compared to only secretion of extracellular matrix components in mature
constructs/native tissue.86 Higher compressive stiffness was seen with more
mature constructs. The conditions and duration of culture will therefore
be important considerations and will vary depending on individualized
goals.
Neither of these approaches mimics fetal development where a particular
biological and mechanical environment is often combined with a sequence
of tissues development. It is logical to study the fetal process and apply the
controls that are found there.
Factors affecting repair tissue development
In the embryo, a central cartilaginous core rod can be observed in the
developing limb. This is digested and replaced by vascular and marrow tissues, but the cartilage at each end later differentiates to form joint surfaces
and hyaline cartilage. Bone formation at the collar “periosteal” zone of the
cartilage rods is intimated with the presence of vasculature such that in
the absence of vasculature, the same progenitor cells usually differentiate
into cartilage.60 High molecular weight hyaluronan, has been shown to be
chondroinductive61 as well as anti-angiogenic.62 Mimicking the embryological milieu, Kujawa et al.61 used tissue engineering scaffolds made of porous
hyaluronan with marrow mesenchymal progenitor cells in full-thickness
femoral condyle defects to produce a chondrocyte population. The dissolution of hyaluronan induced the basal layer of cells to form hypertrophic
chondrocytes, which apoptosed. The basal layer was then invaded by vessels
brought in by angiogenic hyaluronan oligomers63 and formed bone, but the
surface remained and functioned in weight-bearing for at least 24 weeks.
The site where MSCs are simply placed into does not trigger the initiating sequences itself, but induction agents are needed which in this case
also formed part of the delivery system. Hyaluronan appears to be a good
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scaffold for chondrocytes and is used clinically as Hyaff-11. It is already in
clinical use with good results in a signiﬁcant proportion of patients.
The cell-scaffold-bioreactor model of chondrogenesis has been studied
both in vitro64 and in vivo.65 Chondrogenic cells are seeded onto scaffolds and cultured in a milieu that promotes formation of the target tissue
construct. In vitro, chondrogenesis is affected by the activity and age of
the cells (embryonic, neonatal, immature or adult); differentiation state
(precursor or phenotypically mature); method of preparation (selection,
expansion, gene transfer); and cell density. A high concentration of biosynthetically active cells present in immature constructs was associated with
rapid integration with native cartilage explants.66 Gene-transfer of human
insulin-like growth factor into bovine articular chondrocytes improved the
synthesis rates and wet weight fractions of constituents and the biomechanical properties of cartilage.67 A high and spatially uniform cell density
was associated with improved chondrogenesis on differentiated chondrocytes and bone marrow-derived progenitor cells. Another novel approach is
the induction of chondrogenic differentiation through genetic modulation.
Epidermal growth factor (EGF), basic ﬁbroblast growth factor (bFGF) and
insulin-like growth factor 1 (IGF-1), have stimulating effects on articular
chondrocyte metabolism in vitro, but have not been shown to have any
effect on cartilage defect healing in vivo.68−69
Bone morphogenic proteins (BMPs) are characterized as members of
the TGF-beta superfamily as they share seven highly conserved carboxylterminal cysteines. Recombinant human bone morphogenic protein-2
(rhBMP-2) appears to be involved with growth and differentiation of mesenchymal cells to chondroblasts and osteoblasts in developing limb buds,
and to enhance the production of articular cartilage matrix in vivo.70
As early as 1986, TGF-beta has been identiﬁed as a factor involved in the
induction of chondrogenesis in primitive rat mesenchymal cells.71 Its use in
human studies has been observed.72 Widespread application of TGF-beta
proteins has been limited by its short half-life, and high cost. The short
half-life implies short term effect but this has not been fully investigated.
rhBMP-2 has been used with collagen type-1 sponges to treat cartilage defects in rabbits. Although the mean residence time of the rhBMP-2
was eight days with an elimination half-life of 5.6 days, there appeared
to be better repair tissue in rhBMP-2 treated defects than in empty controls even at one year. The treated defects were 70% of the thickness of
normal cartilage; had better histological features, including chondrocytecell numbers; and signiﬁcantly less collagen type-1. The authors found
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that in no instance was the repair tissue identical to articular cartilage but
demonstrated the longevity of rhBMP-2-induced improvement in cartilage
repair.73−74
Lee et al.68 tested a cell-mediated TGF-beta1 gene therapeutic approach
for regenerating hyaline cartilage in rabbit knee chondral defects. NIH
3T3 ﬁbroblasts containing a transgene, TGF-beta1 were injected into these
rabbit knees with surgical partial cartilage defect (3 mm × 6 mm × 1–2 mm
deep). At 3 weeks post-injection, most of the defects were ﬁlled with a repair
tissue and at 6 weeks, the defect was completely repaired. The control defects
in contralateral knees injected with NIH 3T3-neo ﬁbroblasts (that had not
been transfected with recombinant TGF-beta1 retroviruses) had no new
hyaline cartilage. Histological examination of the tissue at 6 weeks showed
fully differentiated chondrocytes with morphology and staining patterns
similar to adjacent normal hyaline cartilage. The repair cartilage was hyaline
and well integrated with the surrounding cartilage. The results indicated
that TGF-beta1 produced from the injected cells stimulated the chondrocytes and/or chondrocyte precursers in the surrounding normal cartilage
to proliferate and/or differentiate into normal chondrocytes. The authors
admit that the mechanical properties of the repair tissue had not been
tested but felt that this technique of cell-mediated gene therapy achieved
long term production of cytokines, thereby resolving the problem of its
short half-life. This approach also enabled treatment by injection rather
than by operative placement.

Do Cells Survive in the Knee?
In the goat knee with simulated arthritis, intraarticularly injected stem
cells could be recovered from synovial ﬂuid in viable form and were noted
to colonize soft tissue surfaces. Where total meniscectomy had been performed, a neotissue had formed with hyaline-like appearance and focal
areas of type 2 collagen similar to developing rabbit meniscus.87 It would
appear that regeneration of a meniscus might be one of the easier tissues
to reproduce.

Do Stem Cells Form Cartilage or Bone?
One of Caplan’s classic studies was to demonstrate the ability of stem cells
to form cartilage and bone. Autologous marrow or periosteal MSCs with
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a 0.15% type 1 collagen gel delivery vehicle were implanted into prepared
osteochondral medial femoral condyle defects of adult New Zealand White
rabbits. The animals were sacriﬁced at 1, 2, 3 weeks and 1, 3 and 6 months.
Regeneration of subchondral bone up to the natural bone-cartilage junction and resurfacing of the cartilage defect were observed. Instead of MSCs
at the base forming bone and MSCs at the surface forming cartilage, it
seemed that the embryonic sequence was recreated — the MSCs formed
embryonic cartilage throughout initially, then the chondrocytes at the base
progress to form hypertrophic chondrocytes that were replaced by vasculature, marrow and fresh osteochondral progenitors that formed bone on the
remnants of the calciﬁed hypertrophic cartilage. It was postulated that the
top cartilage remained articular cartilage, probably from exposure to synovial factors. However, a lack of integration of the repair tissue of around
20–100% of its circumference was noted. 0.005 mg/ml trypsin soaked into
a piece of ﬁlter paper that was laid into the defect for 5 min before MSCs
delivered in type 1 collagen gel were implanted, was found to be optimal
for maximal integration of host and repair tissue.88−89

Comparative Studies
Hui et al.90 reported a comparative study where in 20-week-old NZW rabbits, full thickness articular cartilage defects were created and the cases
divided into 4 groups treated with: 1) cultured chondrocytes; 2) cultured
MSCs; 3) periosteal graft; and 4) mosaicplasty. Gross, histologic and biomechanical analysis at 36 weeks postoperatively showed that cultured chondrocytes and MSCs had comparable repair, whereas mosaicplasty did well
initially and periosteal graft did less favorably. Another study comparing
MSCs with committed chondrocytes in rabbits was done by Goldberg and
Caplan.91 Both cell types produced repair of the defects with tissue resembling hyaline cartilage. However, MSC repair tissue more closely resembled
hyaline cartilage.

Can Human MSCs Produce Chondrocytes/Cartilage?
Although stem cells have the ability to regenerate new tissue, the theory that depletion of stem cells may be present in degenerative disease
has had some evidence in osteoarthritis.92 Samples taken from patients
undergoing total joint replacement showed reduced proliferation and lower
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differentiation rates in vitro, compared to samples from healthy donors, but
it is unknown whether this observation is primary or secondary to the disease process.
Mackay et al.93 showed that chondrogenesis could be induced by culturing human MSCs (hMSCs) in micromass pellets in the presence of a
medium that included 100 nM dexamethasone and 10 ng/ml TGF Beta3.
Bone marrow hMSCs from 60 healthy adult volunteers aged 14–55 years
were trypsinized, washed in serum containing medium and suspended in
serum-free chondrogenic medium, centrifuged, incubated and left to sediment and form pellet masses at the bottom of the tube. Cell survival was
determined by ﬂorescence microscopy; DNA content by dyeing and ﬂuorometric assay; and antibodies speciﬁc for ECM proteins, collagen I and II
used for determining chondrogenic differentiation. The hMSCs yielded
positive staining for anionic proteoglycans, as well as type II collagen. No
correlation between donor age or gender and the extent of chondrogenic
differentiation was seen. Increased chondrogenic activity of hMSCs in highglucose medium was observed and seemed to be due to increased viability
of hMSCs. The hMSCs could be further differentiated to the hypertrophic
state by the addition of 50 nM thyroxine, the withdrawal of TGF beta3 and
the reduction of dexamethasone concentration to 1 nM. A part of the study
involved comparison with human articular chondrocytes from a 15-yearold boy’s tibial condyle. The chondrocytes were prepared under conditions
that promoted hMSC chondrogenesis and accumulated mass and produced
type II collagen considerably faster than the hMSC pellets did. Cultured
MSCs do not elaborate a chondrogenic ECM in the absence of dexamethasone and TGF beta and therefore require more time or additional stimuli
than dedifferentiated chondrocytes. The effects of the supplements to the
medium used were discussed in the paper, with high levels of glucose maybe
altering the metabolism of cells in pellet culture so as to lessen their susceptibility to apoptosis. The potential use of hypertrophied chondrocyte
differentiation in the formation of bone in the treatment of full thickness
defects was also raised.
Similarly human iliac crest bone marrow MSCs have been found to differentiate into chondrocytes and produce collagen II and X and proteoglycans
in a chondrogenic medium of Dulbecco’s modiﬁed Eagles medium, with
high glucose, 10 ng/ml TGF beta-I, 1% ITS –Preﬁx medium, 80 µM ascorbic acid and 100 nM dexamethasone.94 Cells from human bone marrow
have been proven to differentiate in vitro into chondrocytes, osteocytes and
fat cells.95
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Effect of Donor Age and Limitations of Number of
Cell Expansions
To determine the effects of donor age and number of cell expansions,
human knee cartilage from donors aged 10 months, 6-, 9- and 25-years
were studied by Huckle et al.96 Constructs produced from cells propagated
to passage 3 contained 20–40% S-GAG but a lower content (15–30%) from
cells harvested between passages 4 and 6. The S-GAG content was highest
from younger donors. Histology of articular cartilage cells showed predominately a hyaline-like cartilage matrix from donors aged 2 months to
25 years when expanded to passage 3, but with younger donors only in cells
expanded to passage 5.

Clinical Studies
Thus far, only one clinical study using MSCs in the treatment of osteoarthritis has been reported from Japan by Wakitani et al.97 In an elegant study, he
and his colleagues implanted autologous bone marrow mesenchymal cells
in 12 of the 24 patients in their study group who underwent high tibial
osteotomy for medial unicompartmental osteoarthritis. The two groups
were randomized and there were no differences in age or disease severity
between the cell-treated and control (cell-free) groups. The defects of the
cell-treated group were abraded and perforated and received the cells in a
gel-cell composite, sutured over with autologous periosteum. The control
group received the collagen gel-sheet cell-free, periosteal cover. Six from
the control group received multiple perforations and the other six received
abrasion with multiple perforation. At mean follow-up of 16 months, the
symptoms of both groups had signiﬁcantly improved using the Hospital
for Special Surgery knee rating scale, from 65 to 81.3 in the cell-group and
66.3 to 79.2 in the cell free-group. First and second look arthroscopies were
undertaken at a mean of 6.7 weeks and 42 weeks post-op, coinciding with
removal of the osteotomies’ Steinmann pins and staples, respectively. In the
cell-treated group, at ﬁrst-look in three patients where the periosteum was
partially detached, the observed defects were ﬁlled with opaque white to
pink tissue, at the same level as normal cartilage but softer. At second-look
arthroscopy, in the nine cell-treated patients who underwent this, cartilage
defects were covered with a white tissue with metachromatasia in almost
all areas and in some parts, hyaline-like cartilage histologically. With the
control group, the repair tissue was more irregular, red-to-yellow in color
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at ﬁrst look, and white at second look, but metachromatasia was weak when
examined histologically. An arthroscopic and histological score out of 20
was used, with the cell-treated group scoring 15.4 and the control group
10.0 (multiple perforation) and 11.3 (abrasion and multiple perforation)
at second look. Although the clinical scores were almost the same between
the two groups, arthroscopic and histological evaluations favored the celltreated group. Further follow-up is needed but the study demonstrated that
MSCs were capable of regenerating repair tissue for large chondral defects.
The advantages of this new procedure were cited as:
1) ease of cell collection,
2) stem cells can be proliferated without losing their capacity to differentiate into cartilage, therefore allowing application to large articular
defects.
Other potential advantages not demonstrated by the study include the ability of MSCs to regenerate not only the cartilage surface but also the underlying subchondral bone.89 Osteochondral defects may be particularly suitable
for such treatment rather than bone grafting plus autologous chondrocyte
implantation.

Can Allogeneic Stem Cells Be Used?
Horwitz et al.98 used allogeneic unmanipulated HLA identical or singleantigen mismatched sibling bone marrow transplants in three patients with
osteogenesis imperfecta to markedly reduce their fracture rate and skeletal
growth. Proof that new osteoblasts were derived from grafted bone marrow
was made by identiﬁcation of Y chromosome in female recipient patient 1
and DNA polymerism in patient 2. This is surprising as the stem cells do
have HLA type 2 antigens, but these are the least antigenic type.
Cultured allogeneic embryonal chondrocytes were implanted into
defects in an avian model and the results were good.99−100 As human embryonal tissue is difﬁcult to obtain and ethical problems are raised, MSCs from
bone marrow represent an alternative source of pluripotential stem cells.
These cells have been cultured in vitro and induced to form cartilage prior to
implantation into the chondral defects in rabbits.89,101 Goat articular cartilage has also been resurfaced by chondrocytes derived from bone marrow.102
In this study, bone marrow was aspirated from the iliac crest of 12 adult
white goats, and chondrogenesis of the MSCs was induced. Four goats were
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transplanted with allogeneic implants, four with autogeneic implants; as all
the implants had been impregnated in a hyaluronic acid preparation, the
four goats which served as controls had their defects treated with hyaluronic
acid only. Macroscopic evaluation indicated that the defects treated with
autogeneic implants all ﬁlled with a hyaline-like tissue, while the defects
from the allogeneic group were only partially ﬁlled, and the control groups
were not ﬁlled at all. This would suggest that allogeneic MSCs can induce
tissue regeneration but not as successfully as autologous MSCs.

Summary and Conclusions
A simple summary of the situation is that there is now a wide range of
treatments for a large proportion of symptomatic chondral defects and
osteoarthritis. The chondrocyte cell treatments are now well established
with several randomized clinical trials reporting satisfactory outcomes at
two years. However, longer term reports will be important. Histology of ACI
in patients shows predominantly ﬁbrocartilage, but areas of cartilage typical
of articular cartilage are frequently observed, especially at the two year
point. Development of the technique to produce higher quality histology
and at an earlier time-point may follow adjustments in the technique, or
may require a new approach.
Adjustments are being made by the use of chondrocytes that have not
been in extended subculture in vivo. Using a different matrix is another
approach and hyaluronan gels or collagen type II carriers may be improvements. More comparative studies are needed.
Currently much of the effort is directed at the healing of chondral defects.
In osteoarthritis, large portions of the joint surface is involved. ACI and similar approaches will not be able to repair or regenerate whole joints. It is
natural to try and predict how best tissue engineering will develop to meet
the needs of tissue regeneration. In practice, it is probable that a variety
of methods will be used. The most progress may be made through evolution and development. One approach will be from further developments of
existing cellular engineering, and the other through joints grown in bioreactors. It is not inconceivable to fabricate and seed scaffolds that will serve
as osteochondral grafts for ﬁlling larger defects and eventually resurface
whole joints.
The results of ACI have shown that we are still a long way from regenerating articular cartilage. Martin and Buckwalter52 have raised concerns
about the use of aging chondrocytes as a graft. Perhaps using stem cells
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may result in a more long-lasting repair. Currently, MSCs have been shown
to be as good if not better in the repair of chondral lesions.89,90 ESCs may
have the potential of giving the best repair in terms of the phenotype as
well as longevity of the regenerated cartilage. However, there are ethical and
scientiﬁc issues involved with the use of ESCs in humans at the moment. If
and when these issues are resolved, the potential for ESCs in cartilage repair
and regeneration may be tremendous.
Much needs to be done in this very exciting area of research. The answers
will eventually come from collaborations amongst scientists, engineers and
clinicians.
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Ligament and Tendon Repair with Adult
Stem Cells
James Cho Hong Goh∗ and Hong Wei Ouyang

Introduction
The composition and ultra-structure of tendon and ligament have been well
documented. Similarly, extensive studies on the biomechanics of tendon
and ligament have been reported. These studies have shown that tendons
and ligaments are subjected to high physiological loads. As such, injuries
due to high impact activities are common. Due to the avascular nature
of these connective tissues, the healing rate is rather slow. Currently the
therapeutic options to treat tendon and ligament injuries are autografts,
allografts and prosthetic devices. However, there are many disadvantages in
using biological grafts, as well as concerns over the long-term performance
of synthetic prostheses.1,2 Therefore, further research for alternative repair
methods are being pursued relentlessly. One of these methods is the use of
tissue engineering strategy in tendon and ligament repair and regeneration.
A key factor in the tissue engineering approach to tissue repair and regeneration is the availability of appropriate cells. The presence of cells is crucial
for tissue formation, especially their proliferation potential, cell-to-cell signaling, bio-molecule production and formation of extracellular matrix.

Cells Responsible for Natural Tendon Repair
There is still controversy over the identity and location of the cells responsible for collagen synthesis during tendon repair. Some believe that tendon
has the necessary cells,3 while others believe that the cells are recruited
from outside of the tendon.4 It is currently thought that both intrinsic
(tenocyte) and extrinsic (neighboring tissue and the systemic circulation)
∗ Correspondence: Department of Orthopaedic Surgery, National University of Singapore, 5 Kent Ridge
Road, Singapore 119074.
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cells contribute to tendon healing.5 One recent study which examined the
speciﬁc ancestry of cells that participate in tendon healing is noteworthy.
Glaser et al.6 used transgenic mice to follow cells of a speciﬁc origin in the
tendon healing by identifying the cell type speciﬁc promoters. The study
suggests that smooth muscle cells from vessels or pericytes are a major
source of responding cells in the ﬁbroproliferative stage of tendon healing, while satellite cells and bone marrow origin cells have no contribution
to the ﬁbroproliferative response. On the other hand, questions remain
as to whether there is a sufﬁcient pool of connective tissue progenitor
cells to be recruited to the wound site. If the cell number is insufﬁcient,
the extent to which the reparative process can occur maybe limited. This
uncertainty warrants the application of sufﬁcient exogenous cells in tendon
and ligament repair.

The Effect of Initial Cell Number on Tendon Regeneration
Many cell-mediated processes related to the generation of skeletal tissue
depend on the number of cells involved, both in the rate and magnitude
of the effect. For example, in the in vitro experimental model linked to
the production of connective tissue, the rate of collagen gel contraction by
ﬁbroblasts embedded in the gel is dependent on the number of cells.7 The
extent of ﬁbroblast orientation in cultures grown on collagen gel has been
demonstrated to relate directly to the initial cell density.8 This cell orientation effect has been correlated with the observation of an “organization
center” in the culture, the number of which has been suggested to be a direct
indicator of morphogenetic capacity at the molecular and cellular level.9 In
addition, cell density-dependent differentiation was demonstrated in the
culture of limb bud cells.10 The cells exhibited osteogenesis and chondrogenesis at higher density cultures. Therefore, the amount of cells initially
present at site, will strongly inﬂuence the nature of cell-mediated processes
involve in tissue formation and the rate at which these developmental and
physiological processes occur. If these observations are applied to the reparative processes of skeletal tissue, it seems that some minimum threshold of
cell number may be required at the repair site before formation of normal neo-tissue can occur. Muschleret et al. 11 estimated that for one cubic
centimeter of new bone formation, one would require 70 million osteoprogenitors. So, it seems to suggest that higher cells density at seeding will
inﬂuence skeletal tissue formation. This concept can be extended to tendon
and ligament regeneration. There must be a minimum threshold quantity
of cells that is required at the repair site for normal neo-tissue formation.12
As such, exogenous cells are essential in facilitating tissue regeneration.
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Fibroblast for Tendon and Ligament Regeneration
There are a number of cell sources that are potential venues for
cell-mediated tissue regeneration. These can be classiﬁed into either
parenchymal cells (e.g. ﬁbroblasts from tendon); or progenitor cells (e.g.
bone marrow stromal cells) according to the cell potential. These cell
types can be either autologous cells (e.g. cell from one’s own body) or
allogeneic cells (e.g. cells from a donor). For parenchymal cell source,
several groups13,14,15,16 have used ﬁbroblast-seeded collagen scaffold for
tendon/ligament regeneration. The viability and proliferation of the ﬁbroblasts were investigated on the scaffolds. Lin et al.17 cultured ﬁbroblasts
on PGA ﬁber scaffolds in vitro and achieved tissue formation after ﬁve
weeks of culture. The in vitro studies exhibited the possibility of engineering tendon or ligament analogs. However, the functional properties of
these tendon/ligament analogs were not evaluated. The in vivo studies by
Bellincampi et al.16 showed that ﬁbroblast-seeded collagen scaffolds were
viable for at least eight weeks after re-implantation in the knee joint or
subcutaneous tissues of the donor rabbits. However, the investigators did
not observe any tendon or ligament-like tissue formation. Cao et al.18 isolated ﬁbroblasts from newborn calves and seeded the cells onto non-woven
meshes of PGA ﬁbers. After one week of culture, the cell/PGA composite
were implanted subcutaneously in nude mice for up to 10 weeks. Histology
at 10 weeks showed linear and parallel organization of collagen bundles
throughout the samples and the tensile strength was two-thirds of the natural tendon. These promising ﬁndings serve as a basis for further efforts
to improve tendon and ligament tissue engineering. Further studies will
be needed to determine whether adult ﬁbroblasts can achieve comparable results. Generally, large numbers of parenchymal cells are unavailable.
This is because the donor source is limited. Furthermore, parenchymal cells
are terminally differentiated and have limited lifespan. These disadvantages
will inhibit the clinical application of parenchymal cells for tendon and
ligament tissue engineering.

Autologous Mesenchymal Stem Cells (MSCs) for Tendon
and Ligament Regeneration
Bone marrow is a source for mesenchymal progenitor cells. These cells are in
abundance and have been shown to possess the potential in cell therapy for
replacing, repairing, or enhancing the biologic function of damaged tissue.
Bone marrow stromal cells are often referred to as mesenchymal stem cells
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(MSCs) or mesenchymal progenitor cells (MPCs), the reason being that
they are derived from separate pluripotent cells in the bone marrow,19 with
the potential to differentiate into various mesenchymal derived cell lines
in vitro and in vivo.20 Most recently, Altman et al.21 reported that in vitro
mechanical stimulation induces the differentiation of mesenchymal progenitor cells from the bone marrow down the tendon/ligament cell lineage.
For in vivo studies,Young et al.22 implanted the bone marrow-derived MSCs
with collagen gel into 1 cm long defects in the lateral gastrocnemius tendons of rabbits for three months. The MSCs were mixed with collagen
solution and incubated for 36–40 hours in the presence of biodegradable
sutures, such that the gel contracted around the suture to form an “integrate implant.” During the culture period, tensile loading was applied to
the sutures in order to align the cells seeded in the incorporated gel. The
bio-implant was then sutured into the gap of rabbit gastrocnemius tendons.
After three months, signiﬁcantly greater load-related structural and material properties were seen in the MSCs-treated tendons than in the suturesalone treated control repairs. The MSCs-treated tissues had a signiﬁcantly
larger cross-sectional area and had better aligned collagen matrix. Awad
et al.23 also studied the use of autologous MSCs for tendon repair. In their
study, MSCs were suspended in type I collagen gel and implanted into a
surgically induced 3.8 mm by 3.8 mm window defect in the rabbit patellar
tendon. Four weeks after surgery, MSCs-treated tendon had better biomechanical properties. In another of their studies,24 they used the MSC-gelsuture composite at three different MSC concentrations (1, 4, and 8 million
cells per ml) for the repair of central patellar tendon defects in rabbit. The
maximum force and stiffness of cell-repaired tendon was 50% greater than
the naturally healed tissues at 12 weeks. However, there is no signiﬁcant
difference among the three cell density conditions. In any case, these results
demonstrated the potential application of MSCs for the improvement of
tendon repair in vivo.

Allogeneic MSCs for Tendon and Ligament Regeneration
In comparison to the use of autogenous cells, using allogeneic cells has
several commercial and regulatory advantages, including the ability of the
latter to (1) provide a ready-to-use implantable biological device; (2) produce large cell bank inventories necessary for quality control and safety testing; and (3) manufacture a reproducible and reliable product. Of course,
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the use of allogeneic cells may raise the problem of immune response.
However, the paradigm regarding allogeneic cell initiated immune rejection is changing. In the living skin construct, such as the commercial
product “Apligraf ” (Streit 2000, Bello 2001), studies have shown that the
seeded allogeneic cells did not elicit an immune response in patients. This
ﬁnding suggests that certain allogeneic cell types can be used to manufacture engineered tissue without the intervention of immunosuppression or immunomodulation, which has positive implications in the use of
multipotent cells from allogenic donors. Devine et al.25 recently reported
the infusion of allogeneic MSCs in primates. They observed that it did
not cause an immunogenic response. Even human MSCs were able to
engraft, and demonstrate site speciﬁc differentiation in fetal sheep with
immunologic competence.26 It has also been shown that human MSCs
express class I human leukocyte antigen but not class II, which may limit
immune recognition.27 All of these results raise the possibility of using allogeneic MSCs for tissue engineering, including tendon and ligament tissue
engineering.
Ouyang et al.28 recently investigated the in vivo fate of allogeneic bone
marrow stromal cells (bMSCs) at different time points after implantation
into patella tendon defects (i.e. at 2, 3, 5, and 8 weeks). The protocol involved
the labeling of bMSCs with green ﬂuorescent protein (GFP) or carboxyﬂuorescein diacetate (CFDA) before implantation. A window defect (5 mm
by 5 mm) was created at the central portion of rabbit patella tendon and
which was subsequently treated with GFP or CFDA marked bMSCs. The
marked bMSCs were loaded into the window defect with ﬁbrin glue. Upon
sacriﬁce of the rabbits at the different time-points, the implant site of the
patellar tendon was immediately retrieved and, the viability of the labeled
cells was assessed under confocal microscopy. The results showed that the
seeded bMSCs remained viable within the tendon wound site for at least
8 weeks after implantation. The cell morphology was changed from a circular shape at two weeks to a spindle shape at ﬁve weeks after implantation
(see Fig. 1). This study demonstrated that the allogenic bMSCs remained
viable for prolonged periods after implantation and therefore has the potential to inﬂuence the formation and remodeling of neo-tendon tissue, thus
enhancing tendon repair.
Further studies29,30 evaluated the morphology and biomechanical function of Achilles tendons regenerated using knitted poly-lactide-co-glycolide
(PLGA) loaded with allogeneic bone marrow stromal cells (bMSCs). The
animal model used was that of an adult female New Zealand White rabbit
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Figure 1. Fate of allogeneic bMSCs at tendon site after local delivery (CFDA labelling). (a, c, e)
confocal micrograph, and (b, d, f) transmission micrograph, of rabbit patellar tendon repairs
that have been treated with CFDA labeled bone marrow stromal cells, for (a, b) 2 weeks,
(c, d) 5 weeks, and (e, f) 8 weeks. (Ouyang et al., Cell Transplantation 2004.)

with a 10-mm gap defect of the Achilles tendon. In group I, 19 hind
legs with the created defects were bridged and treated with allogeneic
bMSCs seeded on knitted PLGA scaffold; in group II, the Achilles tendon defects in 19 hind legs were repaired using the knitted PLGA scaffold
alone; while in group III, 6 hind legs were used as normal control. Postoperatively, at two and four weeks, the histology of group I specimens
exhibited a higher rate of tissue formation and remodeling as compared
with group II, whereas at eight and 12 weeks post-operation, the histology of both group I and group II was similar to that of the native tendon
tissue. The wound sites of group I healed well and there was no apparent lymphocyte inﬁltration (see Fig. 2). Immunohistochemical analysis
showed that the regenerated tendons were composed of collagen types I
and type III ﬁbers. The tensile stiffness and modulus of group I were 87
and 62.6% of normal tendon, respectively, whereas those of group II were
about 56.4 and 52.9% of normal tendon, respectively. These results suggest that the knitted PLGA biodegradable scaffold loaded with allogeneic
bone marrow stromal cells has the potential to regenerate and repair gap
defect of Achilles tendon and to effectively restore structure and function.
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Figure 2. The effects of bMSCs/knitted Scaffold on tendon repair. (a) Macromorphology, and
(b) histology of the bMSCs treated group at 12 weeks. (Ouyang et al., Ann NY Acad Sci
2002.)

MSCs for Tendon-to-Bone Interface Healing
Tendon to bone insertion is one of the important components in the
muscle-tendon-bone unit. The mechanical strength of the tendon insertion is crucial for the muscle-tendon-bone unit to possess normal function. Previous studies have reported that a normal structure of tendon
insertion could not be formed during the natural healing process. Therefore, researchers have turned to the use of growth factors and cells for
tendon-to-bone healing. BMP-231 and TGF-β132 have been shown to have
the ability to accelerate the healing process. The treated site possessed higher
pull-out strength at an early time point. It was observed that BMP-1233 was
capable of promoting the ﬁbrocartilage zone formation at the tendon-bone
interface in the mice model. Ohtera et al. 34 studied the effect of fresh periosteum wrapped around the tendon in a bone tunnel. The pull-out strength
of transplanted tendons was signiﬁcantly greater in fresh periosteal grafts
than in frozen grafts at four weeks postoperatively, and the 4-week specimens with fresh periosteal grafts demonstrated ﬁbrocartilage formation in
the tendon-bone interface. It seems that the mechanical and histological
difference between fresh and frozen periosteum treated groups is due to the
presence of viable cells in the fresh periosteum.
Bone marrow stromal cells have been shown to have the potential to
differentiate into multiple mesenchymal cell lineages.35 So it is logical to
hypothesize that MSCs may help to restore the normal structure of tendon
insertions. The efﬁcacy of using bone marrow stromal cells (bMSCs) to
enhance tendon to bone healing was evaluated in skeletally mature female
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New Zealand White rabbits.36 The hallucis longus tendons of 18 legs were
translated into 2.5 mm diameter calcaneal bone tunnels. Bone marrow stromal cells immobilized in ﬁbrin glue were injected into the bone tunnel of
the right leg and ﬁbrin glue without cells was injected into the left leg. At
four weeks after surgery, the specimens with bone marrow stromal cells
exhibited more perpendicular collagen ﬁbers formation and increased proliferation of cartilage-like cells, which was indicated by positive collagen
type II immuno-staining of the tendon-bone interface (see Fig. 3). In contrast, the specimens without the bone marrow stromal cells demonstrated
progressive maturation and re-organization of ﬁbrous tissue aligned along
the load axis. Furthermore, Lim et al.37 showed that MSCs enhanced the
strength of tendon graft-to-bone healing in an anterior cruciate ligament
reconstruction model. These studies indicated that large number of bone
marrow stromal cells improved the interface of tendon to bone healing in
rabbit model by producing the format of ﬁbrocartilagenous attachment at
early time points.

b

a

a
a

b

B
B
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d

Figure 3. The effects of bMSCs in the biological restoration of tendon (T)-to-bone (B) insertion.
(a) histology, and (c) collagen II staining of experimental group (with bMSCs), (b) histology
and collagen II staining of control group (without cells) at 4 weeks after surgery (100×).
(Ouyang et al. Am J Sport Med 2004.)
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The Tendon and Ligament Speciﬁc Progenitors
and Differentiation Factors
Many of the recent studies have demonstrated that the bMSCs accelerate
and improve tendon repair. However, these studies also veriﬁed that it is
difﬁcult to fully regenerate a tendon. The neo-tendons were similar to the
native tendon but were not identical to the native tendon. This outcome
may be due to two reasons. One is that the regeneration ability of tendon
tissue is limited, unlike bone which can heal by regenerating normal bone
in most instances, as an injured tendon often heal by scar tissue; the other
reason is the lack of knowledge concerning the tendon tissue speciﬁc differentiation factors, say for example in bone regeneration, one of the speciﬁc
differentiation factors is BMP-2. In order to achieve success in tendon and
ligament regeneration, further studies need to be performed to gain more
knowledge on the tendon and ligament biology and healing mechanism, as
well as their progenitors and speciﬁc differentiation factors.
Although many aspects of the biology and biomechanics of tendons and
ligaments have been known for some time, there are still basic aspects of
tendon and ligaments, such as the developmental process of the tissue, that
has not been fully understood.38 It is known that development of the skeleton is a stepwise set of processes, which include the migration of cells to
the site of future skeletogenesis, tissue interaction, cell condensation and
overt differentiation. So it is suggested that tendons and ligaments develop
in similar ways, i.e. from the same initial population of mesodermal cells
as the skeleton. In fact, nothing was known about the embryonic origin of
tendons, until a recent paper by Brent and colleagues in which they track
the origin of tendon progenitors of the body axis and reveal the molecular
events as well as the tissue interactions leading to their commitment. They
demonstrated that the tendons associated with the axial skeleton derive
from an unappreciated, fourth compartment of the somites. Scleraxis (Scx),
a bHLH transcription factor, marks this somitic tendon progenitor population. Two earlier-formed somitic compartments, i.e. the sclerotome and
myotome, interact to establish this fourth Scx-positive compartment.39,40
Numerous studies have tried to deﬁne the role of growth factors in ligament and tendon healing and determine appropriate strategies for the
use of growth factors in tissue engineering for tendon and ligament. Various growth factors have been shown to have the ability to improve tendon and ligament cells proliferation or matrix formation. However, little
is known about the regulatory signals involved in tendon and ligament
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differentiation. Wolfman et al.41 reported that GDF-5, 6 (BMP-12 and 13)
induced ectopic tendon and ligament-like tissue formation in mice, but this
phenomenon will have to be investigated in larger animal models.42,43

Future Research
Treatments of the injuries, especially of ruptured tendons and ligaments, have not had good long-term results.44 Cell-based tissue engineering approaches promise to offer advantageous solutions. However,
there are still speciﬁc questions that need further investigations, such
as, the limited knowledge of tendon and ligament tissue speciﬁc progenitors and differentiation factors when using stem cells. As more and
more studies are designed and executed, ﬁnding an ideal cell population
and speciﬁc differentiation factors for tendon/ligament repair might revolutionize the therapeutic approach to tendon and ligament repair and
regeneration.
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Germ Cell Differentiation from Embryonic
Stem Cells
Mark Richards and Ariff Bongso∗

Introduction
Mammalian embryonic stem (ES) cell lines are derived from the isolation
and serial sub-culture of inner cell masses (ICMs) from mature blastocysts.
In principle, ES cells are capable of differentiating into the three primordial
germ layers and subsequently all cell types in the adult animal. Therefore,
human ES cells (hESCs)1,2 have enormous potential to provide a source of
tissues for replacement in diseases in which native cell types are inactivated
or destroyed. The ability of hESCs to undergo multilineage differentiation
in vitro and in vivo is also very well documented.3−6 However, most cultured embryonic stem cell lines have been generally considered pluripotent
rather than totipotent because of the inability to detect germ line progenitor cells and markers of trophoblast differentiation under in vitro culture
conditions.
Germ cell differentiation and speciﬁcation in vivo
Germ cells and gametes are responsible for perpetuating the transmission
of genetic information and for reproducing totipotency from generation to
generation. Two different developmental programs control the speciﬁcation
of germ cell lineages in organisms. In non-mammalian species and invertebrates such as fruitﬂies, nematodes and frogs, germ cells of both males and
females are speciﬁed via the inheritance of germ plasm (microscopically
distinct oocyte cytoplasm enriched in RNAs and RNA-binding proteins)
which segregates with cells destined to be germ cells.7 Mammals do not
utilize a germ plasm allocation, but instead segregate primordial germ cells
∗ Correspondence: Department of Obstetrics and Gynaecology, National University Hospital, NUS,
Kent Ridge, Singapore 119074.
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(PGCs) apart from somatic lineages early in development. Subsequently,
the oocytes and sperm cells (gametes) are derived from this founder population of primordial germ cells. In vitro derived pluripotent embryonic
germ (EG) stem cell lines are established from PGCs as well.8 Therefore,
germ cell speciﬁcation must be linked to cell fate commitment leading
concurrently to both gametogenesis and the maintenance of pluripotency.
Primordial germ cells arise from the proximal epiblast, a region of the
early mammalian embryo in response to signals from the neighboring
extraembryonic ectoderm. Several fate-mapping studies have revealed that
mammalian germ cell speciﬁcation in vivo involves the proximal epiblast9
and BMP-4 and BMP-8b, TGF-β family signaling from the extraembryonic
ectoderm.10 Other studies have also implicated interferon-induced membrane proteins as important mediators of germ cell development.11,12 Some
RNAs and RNA-binding proteins such as Pumilio, Nanos and Dazl involved
in germ cell development are highly conserved between invertebrates that
specify germ cells via germ plasm inheritance and mammals that form germ
cells independently of germ plasm.13,14,15
In the mouse model, the ﬁrst recognizable population of approximately
45 founder PGCs are identiﬁed following gastrulation, at 7.2 days post
coitum (dpc), as an extraembryonic cluster of cells at the base of the allantois that express tissue non-speciﬁc alkaline phosphatase (TNAP), Oct4
and STELLA.16,17 The proximal epiblast, however, is not predestined to a
germ cell fate because transplantation of the distal epiblast to contact the
extraembryonic ectoderm also results in germ cell formation.9 Instead, the
fate of the proximal epiblast cells is to form both germ cells and extraembryonic mesoderm. Extraembryonic ectoderm very likely provides one of the
earliest signals for germ cell speciﬁcation in the epiblast and later produces
an as yet uncharacterized cue to distinguish extraembryonic mesoderm
from germ cells as well. The embryological period equivalent to mouse
E5.5–E7.2 in human embryo development occurs shortly after implantation. The analysis of human germ cell speciﬁcation in vivo is therefore
unfeasible due to ethical considerations regarding research during this
period.
Deletions of the Y chromosomal gene, the male determining gene, Sry
(Sex determining region on the Y chromosome), causes XY male-to-female
sex reversal, whereas SRY translocations to the X chromosome lead to
XX female-to-male sex reversal.18 The role of Sry as a candidate testisdetermining gene was conﬁrmed by demonstrating testis development after
transgenic expression of Sry in XX mice.19 Gonadal development factors
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described to date are known to act at the transcriptional level, but their functions are incompletely understood. Based on conserved domain homology
to other transcription factors some of these transcription factors are proposed to affect DNA binding,20 modulate chromatin remodeling,21 form
interactive complexes that activate transcription22 or have a role in progenitor cell type speciﬁcation.23 Inhibition of gene expression is another
likely and important mechanism to direct cell fate, but less is known about
potential transcriptional repressors and gene silencing mechanisms.
The testis comprises three main cell types, viz. sertoli cells, leydig cells,
and germ cells. The sertoli cells and germ cells reside in seminiferous tubules
where spermatogenesis occurs; leydig cells populate the interstitial compartment and produce testosterone. Spermatogonia are the male germ stem
cells that continuously produce sperm for the next generation. Spermatogenesis is a complicated process that proceeds through a mitotic phase of
stem cell renewal and differentiation, meiotic phase, and postmeiotic phase
of spermiogenesis. A recent study in the medaka ﬁsh has shown it possible
to fully recapitulate spermatogenesis in vitro.24 After 140 passages during
2 years of culture, the medaka ﬁsh spermatogonial cell line derived by Hong
and co-workers retained a diploid karyotype, appropriate phenotype and
gene expression pattern of spermatogonial stem cells in vivo. Furthermore,
the cell line was shown to undergo meiosis and spermiogenesis in vitro to
generate motile sperm.24
The ovary also comprises three main cell types: granulosa cells, theca
cells, and oocytes. Oocytes that grow and differentiate during reproductive
cycles are surrounded by granulosa and theca cells in the follicles. Oocytes
and sperm (gametes) in most mammals are derived from a founder population of primordial germ cells that are committed early in embryogenesis. A
basic doctrine of reproductive biology is that most mammalian females lose
the capacity for germ-cell renewal during fetal life, such that a ﬁxed reserve
of oocytes enclosed within the follicles is endowed at birth, while spermatogenesis occurs throughout the life of mammalian males. However, a recent
study has shown that juvenile and adult mouse ovaries possess mitotically
active germ cells that, based on rates of oocyte degeneration (atresia) and
clearance, are needed to continuously replenish the follicle pool.25 Consistent with this, treatment of prepubertal female mice with the mitotic
germ-cell toxicant busulphan eliminated the primordial follicle reserve by
early adulthood without inducing atresia. Furthermore, the identiﬁed cells
expressed the meiotic entry marker synaptonemal complex protein 3 in
juvenile and adult mouse ovaries. Wild-type ovaries grafted into transgenic
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female mice with ubiquitous expression of green ﬂuorescent protein (GFP)
became inﬁltrated with GFP-positive germ cells that form follicles. Collectively, these data established the existence of proliferative germ cells that
sustain oocyte and follicle production in the postnatal mammalian ovary.

Induction of Germ Cell Differentiation from mESCs In Vitro
Female germ cell and gamete differentiation in vitro
Four recent studies have demonstrated that germ cells can be derived from
mouse embryonic stem cells (mESCs) and hESCs (Fig. 1). The ﬁrst study
demonstrating the potential of mESCs to form germ cells in vitro came
from the laboratory of Hans Scholer.26 mESCs were found to generate both
early germ-like cells and more mature oocyte-like cells from both male and
female mESC lines.
The proper isolation, identiﬁcation and enrichment of desired cells from
impure populations of differentiated embryonic stem cell derivatives are a
major challenge in differentiation studies: Therefore, to visualize germ cell
formation, Hubner et al.26 used green ﬂoursecent protein (GFP) expression
from a modiﬁed truncated Oct-4 promoter to delineate a germ-line speciﬁc
differentiation signal. mESCs differentiated in two-dimensional monolayers on tissue culture plastic exhibited high GFP expression, with almost
40% of cells expressing the GFP signal at day 8. This large percentage of
GFP expressing cells either strongly suggest a signiﬁcant predisposition to
germ cell fate in mESC cultures that were differentiating in vitro under the
conditions outlined by Hubner et al.,26 or perhaps the lack of speciﬁcity of
this reporter construct in the context of in vitro mESC differentiation into
germ cell lineages. Nevertheless, these early germ-like cells displayed several
markers representative of different stages in germ cell development such as
Vasa and c-kit.
Characterization of follicular structures, oocyte-like and
embryo-like elements derived from mESCs in vitro
Hubner et al.26 identiﬁed well-organized structures that were morphologically similar to early ovarian follicles in their extended culture of mESCs in
two-dimensional monolayers for a period of 12 days or more.
Aggregates of cells formed spontaneously and lifted themselves off tissueculture plates and collected aggregates maintained at high cell densities proceeded to form follicle-like structures that extruded oocytes. Estradiol was
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Oct4::GFP undifferentiated mESCs

Mvh::lacZ or GFP undifferentiated mESCs

Oct4::GFP undifferentiated mESCs

Undifferentiated hESCs

2-D differentiation:plate on TC plastic,
+ heat inactivated FCS, - feeders, - growth
factors

3-D differentiation: EB formation with/
without co-culture with BMP-4 producing
M15 or STO cells

3-D differentiation: EB formation, + RA
treatment

3-D differentiation: EB formation

Day 4-12: GFP expressing cells present,
niche formation

Day 1-5: GFP expressing cells present
indicating germ cell differentiation and niche
formation (sex independent)

Day 12+: Replate floating aggregates of
predominantly Vasa positive cells
Day 14 to 20: Estradiol detected inculture
media, follicle-like structures present
Day 16+: Meiosis markers eg. SCP1, SCP3
detected in differentiating cultures
Day 26+: Presumptive oocyte-like structures
are formed
Day 43+: Blastocyst-like structures &
parthenotes develop from oocytes.

Transplantation ES-derived PGCs under host
testis capsule
Mature sperm development- β-gal and
HSC70t positive cells with characteristic
elongated nuclei. Female gamete
developmentnot investigated.

Day 4-10+: EBs on feeder MEFs, niche
formation, enrichment: SSEA1 FACS
selection
Day 4-10+: Stimulate ES-derived EG selfrenewal with +RA, +LIF, +bFGF, +SCF
culture media
Day 7: ES-derived EG cells show imprint
erasure at IGF2R and H19 loci
Day 11+: Absence of ZP1, ZP2 and ZP3
expression implying absence of female
gamete differentiation
Day 15+: Acrosin and Haprin expression
implying predominantly male gamete
differentiation
Day 20+: FEJ1 and GFP positive selction for
mature gametes, haploid cell enrichment
Intracytoplasmic injection of ES-derived
haploid cells into oocytes
Blastocyst formation and compaction

Figure 1. Summary of various differentiation strategies used to derive germ cells and gametes from ES cells.

Day 3+: Decreasein Oct4, Nanog, GDF3 gene
expression indicative of hESC differentiation,
increase in Vasa gene expression
Day 7+: Increasein Stellar, SCP1, GDF9,
Vasa, PUM2 gene expression indicative of
germcell differentiation
Day 7+: Concurrent increase in NCAM1,
KDR and AFP gene expression indicative of
somatic cell differentiation
Isolation of haploid cells in vitro not achieved
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also detected in these cultures, suggesting some degree of functional activity
of the somatic cells in these follicle-like structures. Prolonged maintenance
of the differentiated mESC cultures led to the formation of oocyte-like cells
enclosed in a coat resembling a primitive zona pellucida that was very fragile. Since meiosis is a major hallmark of germ cell development, molecular
markers of meiosis, for example SCP3 and SYN1, were assayed and detected
by antibody staining in differentiating cultures.
The oocyte-like cells described by Scholer’s group were about 50 to
70 microns in diameter and these ﬁgures are typical of the size range of natural murine oocytes. Cytoplasmic staining and RT-PCR indicated the presence of GDF-9, zona pellucida proteins 2 and 3. Although conﬁrmation of
meiosis by chromosomal imaging was not performed, presumptive oocytes
appeared to undergo activation, leading to the formation of blastocystlike structures after 43 days in culture. Most of these blastocyst-like structures that resembled pre-implantation embryos were probably parthenotes.
Additionally, a blastocyst-like structure that resembled a 16-cell morula
with an intact zona was identiﬁed in differentiating two-dimensional cultures. Nuclear staining with Hoescht, cytoplasm to nucleus ratio, compacted morphology and Oct-4 protein expression and distribution in this
blastocyst-like structure were typical of bona ﬁde mouse morulae.
The derivation of oocytes and blastocyst-like structures could be accomplished with both female and male mESC lines,26 perhaps reﬂecting the
absence of appropriate SRY expression in differentiating cultures that would
function as an obligatory signal for PGCs to enter male germ cell lineage
commitment. Hubner et al. (2003) also suggest that their blastocyst-like
structures derived from differentiating mESC cultures looked better than
most embryos obtained via nuclear transfer of somatic nuclei. Furthermore,
in contrast to cloned embryos, most of these mESC derived blastocyst-like
structures displayed correct Oct-4 expression patterns. It remains to be seen
if sperm can fertilize these mESC-derived oocytes. A major challenge will
also be to arrest these cells in meiosis, thereby preventing their spontaneous
activation and parthenogenetic development.

Male germ cell and gamete differentiation
Shortly after the demonstration of oocyte differentiation from mESCs, two
studies documented the derivation of sperm-like cells from mESCs differentiated in vitro.27,28 The ﬁrst study by Toyooka et al. 27 from the Mitsubishi
Kagaku Institute of Life Sciences showed that primitive germ cells and
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sperm could be derived from three-dimensional mESC aggregates called
embryoid bodies (EBs).
The EB environment is postulated to mimic the environment of the
early differentiating embryo. To visualize germ cell formation, the mouse
Vasa homologue (Mvh) gene was tagged with GFP. Mvh is a germ-cellspeciﬁc ATP-dependent RNA helicase that is not expressed in ESCs.29 This
reporter enabled the tracking of germ cell differentiation in culture. Mvhpositive germ cells were greatly enhanced within EBs when in a co-culture
system with BMP-4 producing transgenic cell lines, an observation that is
consistent with previous studies demonstrating the important role of BMP4
in germ cell development.30,31,32 On the other hand, BMP8b had little effect
on the emergence of PGCs.27
Toyooka et al.27 then FACS-sorted primitive germ cells on the basis of
GFP expression, co-cultured these cells with gonadal cells and transplanted
these cells under a host testis capsule where they showed engraftment in
the lumens of tubule structures. Although mature sperm were reported to
form, demonstration of an mESC origin of these cells by donor-speciﬁc
markers was absent and no functional data concerning the fertilization
capacity of these mESC-derived sperm were provided.
Independently, Geijsen et al.28 demonstrated EG cell and male gamete
formation from mESCs. EB differentiation was also employed to obtain cells
of the germ lineage. Remarkably, both primitive germ cells and gamete-like
haploid cells were found present in differentiating EBs, suggesting that a
supportive niche for spermatogenesis develops within EBs.
After mESCs had undergone differentiation for 4 to 10 days, cells were
sorted on the basis of the surface marker SSEA1, which is expressed by both
germ cells and mESCs. Cultures supplemented with retinoic acid (RA) and
germ cell growth factors such as basic ﬁbroblast growth factor and stem
cell factor were found to further stimulate ES cell differentiation and promote germ cell self-renewal, enabling the isolation of continuously growing
clonal lines of EG cells.28

Characterization of male gametes, germ cell and sperm-like cells
derived from mESCs in vitro
mESC-derived germ cells exhibited imprint erasure and TNAP staining,
both important characteristics of germ cell development. If left in the environment of the EB for longer time periods, more mature, round, sperm-like
cells developed and these were isolated using an antibody against the sperm
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acrosome. Cell populations puriﬁed with the antibody were enriched for
haploid cells.28
Geijsen et al.28 failed to detect expression of zona pellucida proteins 1
and 2 in their RA treated differentiating EB cultures, suggesting that differentiation was occurring predominantly along the male germ cell lineage.
Restriction digestion and southern blotting conclusively showed that EG
clones derived from RA treated EBs displayed imprint erasure for both
IGFR2 and H19 loci.
The biological function of the EB-derived haploid male gametes was
also further investigated for their capacity to fertilize oocytes. Isolated
FE-J1/GFP haploid cells from day 20 EBs were intracytoplasmically injected
into recipient oocytes. Five separate microinjection experiments performed
in two independent laboratories produced comparable results. Signiﬁcantly,
approximately 50% of the injected oocytes supported cleavage to the 2-cell
with up to 20% displaying progression to blastocysts.28
Therefore, the injection of puriﬁed haploid mESC-derived sperm into
oocytes led to successful fertilization and in some cases blastocyst formation
ensued. It will be interesting to know if these blastocysts can develop into
live pups when transferred to a surrogate mother. Further characterization
is required to demonstrate that these mESC-derived germ cells have undergone normal meiotic progression and if they have successfully reestablished
paternal imprints.

Germ Cell Differentiation from hESCs
More recently, Clark et al.33 from the University of San Francisco provided
the ﬁrst evidence that hESCs can differentiate into germ cells. Aggregations of hESCs into three-dimensional EBs were again used to provide the
proper conditions for germ cell formation in vitro. Microarray gene expression proﬁling of EBs suggested the concomitant onset of both immature
primordial germ cells and more mature gonocyte differentiation.
Using real-time quantitative RT-PCR and western blots, they found that
undifferentiated hESCs expressed several pre-meiotic germ cell markers
such as STELLAR, DAZL, cKIT (marker of pre-meiotic migrating germ
cells), NANOS1, PUM1 and PUM2 (markers of pre-meiotic germ cells of
the fetal gonads). In contrast to these genes whose expression is diagnostic
of pre-meiotic germ cells, the authors did not observe expression of genes
known to be restricted in expression to later stages of germ cell differentiation. Thus, the expression of genes like VASA, SCP1, GDF9 and SCP3
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was not detected, and these ﬁndings clearly indicated that undifferentiated
hESCs express early markers of, but not later markers of, germ cell development. In contrast, human ICMs were found to only express NANOS1 and
STELLAR, while human testis samples expressed VASA, SCP1 and other
later markers of germ cell development. The authors also suggest that the
onset of VASA gene expression is a conclusive and early marker of germ cell
differentiation in hESC cultures.
In addition, markers for both female and male germ cells were found in
differentiating EBs regardless of the sex of the hESC line used. Although
genes involved in meiosis were also detected, no formal isolation of haploid cells was accomplished.33 Nevertheless, this pioneering study clearly
implicated germ cell development from differentiating hESC EB cultures.
Further work is needed to accurately identify, characterize and isolate these
germ cell derivatives.

Summary
Two independent reports have employed a three-dimensional EB differentiation strategy for mESCs, concomitant with RA treatment and/or
BMP4 stimulation to effectively support a program for male germ cell
differentiation.27,28 The subsequent isolation of differentiated mESC EB
sub-fractions with a reporter construct under Oct-4 or Vasa promoter control or enrichment of the EB derived SSEA1 positive cell fractions has led to
the isolation of haploid male gametes with the potential to fertilize oocytes.
Alternatively, an extended two-dimensional differentiation strategy for both
male and female mESCs on tissue culture plastic employed by Scholer and
colleagues26 resulted in predominantly female germ cell and oocyte differentiation. Recently, hESC EBs were also shown to express several gene
transcripts and proteins that were indicative of germ cell differentiation.33
Proper sperm development requires supportive sertoli cells, while oocyte
maturation requires the nourishment from both the theca and granulosa
cells. The ﬁnding that oocytes and sperm-like cells can be derived from ES
cells suggests either that a supportive niche develops from ES cells during
differentiation or that in vitro-created germ cells do not need the same
support as they do in vivo. Also, to date no adult stem cell has been shown
to be able to differentiate along a germ cell lineage.
In all the studies of germ cell differentiation from ES cells, it has been
shown that in vitro germ cell differentiation takes place at an accelerated
pace. This is in contrast to tightly regulated in vivo differentiation events.
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A possible reason for this difference may lie in the fact that ES cells in
culture have already acquired the capacity to form PGCs as indicated by
the expression of several PGC founder genes such as STELLA, DAZL and
FRAGILIS that have been detected in undifferentiated mESCs and hESCs
but not in human or mouse ICMs. Another possibility is that some of the
factors that tightly regulate PGC development in vivo are absent in these
in vitro culture systems.
Studies to identify the presence of the germ cell niche or a means of
enhancing its formation from ES cells could contribute towards more
efﬁcient and directed strategies for germ cell development. Furthermore,
proper media conditions, including correct nutritional supplements, could
also help in the derivation of germ cells from ES cells.34,35
The emergence of techniques that allow the in vitro derivation of both
germ cells and mature gametes will allow investigations into processes guiding germ cell formation and into academic and therapeutic uses for these
fascinating cells. ES cell derived gametes could ﬁnd several applications in
animal breeding and assisted reproductive technology. Additionally, ES cellderived gametes and germ cells may provide an important culture system
to examine the roles of key genes and complex signaling processes involved
in genomic imprinting and reductive division events during meiosis.
Perhaps the most provocative applications are applicable to the more
mature gametes that have been reported to develop from ES cells. Synthetic
sperm derived from hESCs could also perhaps be used to treat male infertility. Additionally, if male germ cells derived from ES cells can engraft in host
testes and produce viable sperm, these techniques could provide insights
into spermatogenesis and possibly provide new treatments for male infertility. Indeed, past studies have shown that testis cell transplants can functionally engraft in the testes of infertile recipients36,37,38 and preliminary
work with germ cells derived from mESCs suggests that these cells exhibit
the same potential.29
A limitless supply of human eggs derived from hESC lines could have
a radical impact on medicine. Can hESC-derived oocytes be fertilized
and can they be fertilized with hESC-derived sperm? More studies are
needed to determine whether in vitro-derived mouse gametes can successfully produce healthy pups. The random parthenogenetic activation of
ES cell-derived oocytes needs to be controlled in vitro so that these oocytes
can be used for fertilization and nuclear transfer technology. Nevertheless,
an ability to efﬁciently develop ES cell-derived oocytes for nuclear transfer studies would be a signiﬁcant advance and may provide an unlimited
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source of oocytes. If these oocytes provide all the cues necessary to allow
reprogramming of donor nuclei and to successfully develop to the blastocyst stage, patient-speciﬁc hESC lines resulting from nuclear transfer
could be created, helping circumvent the major obstacle of donor-oocyte
availability in the construction of patient-speciﬁc hESC lines via nuclear
transfer.
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Stem Cell Therapies in Animal Models:
Their Outcome and Possible Beneﬁts in
Humans
F. Fändrich∗ and M. Ruhnke

Introduction
When reading this chapter, please note that the authors objective was to
outline possible perspectives as to how ﬁndings and results gathered from
in vitro and in vivo animal data can possibly be transferred to reliable and
solid clinical application strategies, an ultimate goal in the ﬁeld of translational research and biomedical life sciences. Our view is that to approach
such a challenge to generate a source of programmable cells endowed with
potent differentiation capacity and inherent tissue-speciﬁc biological functions, we need to take into consideration current knowledge about stem
cell plasticity and related developmental biology. In addition, we attempt
to open the reader’s mind by outlining an alternative strategy to answer the
question how to best satisfy the patient’s need to provide cellular and tissueengineered products useful in the ﬁeld of regenerative medicine. It is our
ﬁrm belief that autologous cells, whether single cell expanded cell clones or
multiclonal multlineage cells with programmable capacity can be used as
long as the biological product is safe and bears reliable in vivo function.

General Considerations
Requirements of potential cellular products
intended for clinical use
Successful restoration of damaged tissue, healing of degenerative joints or
organcompartments,andcompensatingformetabolicorgeneticdeﬁciencies
*Correspondence: Department of General Surgery and Thoracic Surgery, University of Kiel, Germany.
Tel: +49 431 597 4306, fax: 49 439 597 5023, e-mail: ffändrich@surgery.uni.kiel.de

523

干细胞之家www.stemcell8.cn ←点击进入
524

F. Fändrich and M. Ruhnke

can be considered an ultimate goal in the ﬁeld of stem cell biology and related
tissue engineering. Heated debates have evolved in the scientiﬁc community
concerning the most appropriate stem cell source or “working material” to
be used in order to solve the obvious dilemma between optimal cellular
function, its related biological integrity and minimal patient risk. In this
context, the potential advantages and disadvantages between stem cells of
embryologic and adult provenance are major issues of academic controversy.
Further profound and intensive discussions dealing with issues such as stem
cellplasticity,clonality,carcinogenicityandrelatedfunctionalcharacteristics
must be taken into consideration. From the clinician’s perspective, various
stem cell entities might meet none, several, or all the biological criteria outlined hereafter. In order to fulﬁl clinical and therapeutic requirements,future
customized cellular products envisaged to treat human diseases should: (i)
not harm the patient; (ii) reliably satisfy the biological needs they are given
for; (iii) avoid host-mediated rejection in order to circumvent immunosuppressive regimens; (iv) be at hand in excess amounts; and (v) be given within
reasonable timing in case of acute organ failures.

Biological Considerations
Stem cell plasticity and programmability
The architectural framework underlying normal development of a human
being consists of more than 200 histological distinct cell types, each of
them possessing an identical set of chromosomal material comprising over
40 000 genes. Current knowledge regarding the complex mechanisms of
genetic networks which control early developmental processes arises from
an orderly selection of genes within the maternal and paternal genome while
the rest are switched off, the latter also referred to as epigenetic inheritance.
The process of epigenetic modiﬁcation involves faithful reprogramming
during embryonic development after formation of the zygote. It involves
heritable but potentially reversible modiﬁcations of maternal and paternal
gene segments such as DNA-methylation, histone modiﬁcations and binding of protein complexes to chromatin structures to ensure normal embryonic development, respectively.1,2 Unimpaired epigenetic imprinting of the
zygote generates embryonic stem cells which, after isolation from the inner
cell mass of a blastocyst, satisfy the characteristic features of pluripotency,
namely the ability to differentiate into almost all cells that arise from the
three germ layers (ectoderm, mesoderm, and endoderm).3−5 This inherent plasticity of certain embryonic tissue components has, at least in part,
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also been ascribed to adult stem cells able to transdifferentiate, a terminus
describing the capability of adult stem cells to cross lineage boundaries as
deﬁned by the embryologic trilayer.

Transdifferentiation: An important biological feature
of adult stem cells
Evidently, the feature of pluripotency and related plasticity of embryonic
and non-embryonic stem cells have generated an enormous interest in
academic sciences. The option to produce cell types comprising all three
germ line layers, has fostered intensive investigations on various sources of
stem cells with a view to their origin, harvest, plasticity proﬁle, their ability
to be expandable in vitro, and related issues of biological programmability both in vitro and in vivo. Originally, our understanding of tissue
development suggested the speciﬁed segregation of cells into deﬁned tissue entities. This view was based on the assumption that maturation of
undifferentiated totipotent embryonic stem cells (giving rise to all embryonic and extra-embryonic cell types, including their capacity to constitute
for germ line competence) into somatic terminally differentiated target
cells can be considered a “one-way road”, as, after differentiation, cell-type
speciﬁcation is maintained irreversibly throughout the life span of a given
cell. Along this line of thinking, normal development suggests that the
progeny of totipotent stem cells undergoes some degree of differentiation
resulting in cells with pluripotent properties, whereas pluripotent descendants produce multipotent stem cells (able to generate only a subset of cell
lineages). Oligopotent stem cells exhibit even more restricted differentiation plasticity. These tissue-resident stem cells procure only those mature
cell types which correspond to their tissue of origin without crossing germ
line boundaries.
This inherent lineage commitment of adult (non-embryonic) stem cells,
e.g. hematopoietic or bone-marrow-derived stem cells, was put into question by a number of recent animal experiments which suggested that
depending on certain circumstances, a process called “transdifferentiation”
will allow programming of adult stem cells into a much wider array of
differentiated progeny than ﬁrst assumed. By deﬁnition, transdifferentiation describes conversion of a cell with deﬁned lineage commitment into
cell types of entirely different lineages. During this procedure, concomitant
tissue-speciﬁc markers and biological properties of the original cell type are
lost and replaced by appropriate phenotypical and functional appearance
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of the newly formed cell type. A large number of in vitro and experimental
in vivo experiments have been conducted to demonstrate the differentiation plasticity of bone marrow cells, including their transdifferentiation
into endothelium,6,7 neurons,8 epithelial cells of the lung,9 gut,9,10 skin,9,11
liver,12−14 and muscle cells.6,15,16

Fusion versus transdifferentiation
Identiﬁcation of the exact mechanisms underlying the process of transdifferentiation is key to the ﬁeld of stem cell biology and should
provide important clues for the use of stem cells in organ repopulation
and regeneration. With respect to the various reports quoted above, the
concept of “transdifferentiation” has lately been challenged for several
reasons. The failure of reproducibility of the initial reports,17−19 the low
frequency of transdifferentiated cells detected in vivo in various animal
models, and the phenomenon of cellular fusion as an underlying mechanism of transdifferentiation20−22 have raised serious doubts about the physiological signiﬁcance of adult stem cell plasticity.
By using mice bearing genetic deﬁciency in the enzyme fumarylacetoacetate hydrolase (FAH−/− ), both Willenbring et al.23 and Camargo et al.24
were able to demonstrate that reconstitution of these mice with wildtype (FAH+/+ ) bone marrow-derived hepatocytes (BMH) or hematopoietic
stem cells (HSC), respectively, can rescue FAH(−/− ) recipients by introducing normal copies of the FAH gene. Detailed analysis of the HSC
progeny cell types in these experiments revealed fusion of donor BMH
or HSC with recipient hepatocytes, respectively. Elimination of lymphocytes from whole bone marrow nonetheless supported liver regeneration,
thus pointing to myeloid cells within the BM to account for the fusiogenic potential of the inoculum. Both studies, using genetically traced
reporter genes and the Cre/lox recombinase, an enzyme that can induce
DNA excision, were able to document that highly differentiated myeloid
cells, namely macrophages, can fuse with hepatocytes and genetically
complement the FAH enzyme defect. In contrast, Jang et al. postulated
that a highly distinctive source of HSCs, deﬁned as CD45+ cells from
CD45.2 male Rosa26 mice, upon transplantation into liver-injured female
recipients transdifferentiated into hepatocytes directly.25 Their in vivo
ﬁndings are substantiated by in vitro experiments showing that exposure of HSCs to damaged liver tissue results in transdifferentiation of
“neo-hepatocytes” expressing both the blood marker CD45, albumin,
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and other hepatocyte markers detected immunohistochemically and via
RT-PCR analysis. They speculate that damaged or dying hepatocytes liberate factors that induce blood stem cells to transdifferentiate into hepatocytes
in vitro.

Dedifferentiation: A complementary mechanism to
supplement for stem cell plasticity
Inherent plasticity of a differentiated state of a cell is a fact and is clearly
evident in cases of therapeutic cloning, denoting the introduction of
a somatic nucleus into an enucleated oocyte.26 As aforementioned, the
process of differentiation in mammals is generally thought to be unidirectional, however, reversal of the underlying epigenetic modiﬁcations has
been reported for oligodentrocyte precursor cells.27 Along this line, it seems
plausible that certain culture conditions or a given microenvironmental cellular milieu can reprogram the nucleus of a terminally differentiated cell
and it can be surmised that stem cells are particularly prone to such a
resetting procedure. Whereas transdifferentiation describes a direct activation of an otherwise dormant differentiation program to alter lineage
speciﬁcity of a given stem cell, lineage conversion via dedifferentiation
of a somatic, terminally differentiated cell type to a more primitive state
of programmability and subsequent redifferentiation along a new lineage
pathway inferably offers a theoretical alternative.28 The phenomenon of
dedifferentiation is a frequently occurring event in amphibian life, inasmuch as lower invertebrates such as earthworms or newts readily regenerate
whole body parts when cut apart.29 Remodeling of a new limb, for instance,
requires factors within the newt cytoplasm, which, in response to extracellular signals, are able to reprogram the somatic nucleus to allow DNA
replication and cell division. The fact that somatic nuclei of mouse cells
underwent dedifferentiation when exposed to factors derived from newt
cytoplasm indicates existing similarities as to the ability of resolving an
arrested nucleic state between newts and mammals. Recently, reprogramming of permeabilized ﬁbroblasts after exposure to human T cell protein
extracts was performed and yielded gene expression pattern to some extent
indicative of hematopoietic function.30 Underlying mechanisms of dedifferentiation in mammals have not yet been clariﬁed in detail. Still a matter
of debate is the question whether dedifferentiation results in true uncommitted pluripotent stem cell quality or, alternatively, whether a state of
programmability is reached which retains memory of the cell’s original
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identity. All operational criteria deﬁned for true pluripotent stem
cells, such as: (i) clonogenic unlimited self-renewal by symmetric
replication; (ii) asymmetrical division, giving rise to one identical
daughter and multiple differentiated cell types; and (iii) originating
from a deﬁned source of embryonic or adult stem cells itself, might not
necessarily be met by dedifferentiated somatic cells if used for further programming to substitute as cellular products with restorative and regenerative capacities in various tissues of the human body.

Non-fusiogenic programmable cells of monocyte origin:
A supplementary source in tissue engineering
Embryonic stem (ES) cells are known for their ability to differentiate into
various cell types in vivo and in vitro.9,31−33 Although ES cells have been
isolated from humans, their use in research as well as in clinical applications
is encumbered by the relatively small number of existing ES cell lines34 and
by general ethical considerations.28 Likewise, the use of pluripotent adult
stem cells, including tissue-speciﬁc stem cells of mesenchymal origin,35 is
hampered by their scarcity whereas their propagation in vitro, if possible
at all, may require long time periods until sufﬁcient quantities of cells
are obtained. Upon application in vivo their proliferative capacity may be
difﬁcult to control thus raising the question of their safety in regard to
potential tumorigenicity.36
In order to circumvent the ethical concerns and to solve the lack
of “starting material” inherently linked to embryonic and adult stem cells,
we sought after a cell that is easily accessible, that can be isolated, expanded
and reprogrammed in vitro and, subsequently, can be differentiated into
the desired cell type. Therefore we addressed an alternative approach which
investigated the potential of peripheral blood monocytes for dedifferentiation, e.g. the ability to be reprogrammed for further differentiation into cells
of all three germ layers. By now, we have strong evidence that CD14+ cells
can undergo a dedifferentiation process which renders them susceptible to
overcome embryonically deﬁned lineage boundaries when stimulated with
speciﬁc growth media (macrophage-colony stimulating factor, M-CSF) for
a 6-day period, becoming programmable cells of monocyte origin (PCMO).
Much is known about the actions of M-CSF in promoting the proliferation
and differentiation of monocytes,37,38 and also about the effects of IL-3 on
the differentiation of monocytes and the self-renewal of pluripotent stem
cells.39,40

干细胞之家www.stemcell8.cn ←点击进入
529

Stem Cell Therapies in Animal Models

Programming of Neohepatocytes and Neoislets
In view of the urgent need for autologous cell replacement strategies in
the treatment of diabetes or liver diseases and for drug testing/screening
purposes, we focussed on the generation and functional evaluation of
pancreatic islet and hepatocytes-like cells. We go on to show that these
monocyte-derived “neo-islets” and “neo-hepatocytes” acquire highly specialized functions in vitro, otherwise only displayed by primary hepatocytes
and islet cells, respectively. Moreover, we demonstrate that “neoheps” are
able to repopulate critically resected liver organs and restore liver function
in animals otherwise succumbing to acute liver failure.

Neohepatocytes derived from PCMO
Human PCMO-derived “neohepatocytes,” brieﬂy “neoheps,” bear the property to exhibit a typical hexagonal shape and form conﬂuent layers with
cell-cell contacts closely resembling those in primary human hepatocytes
after conditioning with a hepatocyte conditioning medium (HCM) for
10 to 14 days (Fig. 1A). RT-PCR analysis reveals that these “neohepatocytes,” in contrast to PCMOs, express hepatocyte markers, e.g.
α-fetoprotein, carbamyl phosphate synthetase I and coagulation factor II
(Fig. 1B). “Neoheps” possess unique hepatocyte-like functional activities in vitro (Figs. 1C and 1D). Besides their morphological appearance
and the expression of highly speciﬁc hepatocyte markers, “neoheps”
also acquire specialized functional characteristics. An in-depth functional
analysis of “neoheps” reveals sustained albumin synthesis and a detoxifying capacity similar in quantity and duration to that in genuine human
hepatocytes. Furthermore, “neoheps” show measurable 7-ethoxycoumarin
O-de-ethylase activity that is catalyzed by a broad range of P450 isoenzymes
such as CYP1A2, CYP2A6, CYP2B6, CYP2C8-9, CYP2E1, and CYP3A3-5.
This can be demonstrated by metabolization of ethoxy coumarin into 7OHcoumarin after stimulation with 3-methylcholanthren. In addition, phase II
metabolization through UDP-glucuronidation of 4-methyl-umbelliferone
(4-MU) appears to be identical in primary human hepatocytes and
“neohepatocytes” (data not shown). Phase II enzymes are located in
the cytoplasm and microsomes and are associated with the excretion of
resultant metabolites or the inactivation of toxic substances. In order to
assess the capability of immature PCMO-derived “neoheps” to regenerate critically resected liver organs (>80% liver resection), LEW rats were
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Figure 1. (A) Morphology of “neohepatocytes” (Neo-HC, derived from a 10-day incubation of PCMO
in HCM) in comparison to primary human hepatocytes (P-HC) cultured for 3 days. The tight
junctions between the hexagonally shaped cells are indicated by arrows. (B) RT-PCR analysis
of hepatocyte-speciﬁc markers α-fetoprotein (AFP), carbamyl phosphate synthetase I (CPS I)
and coagulation factor II (CF II). The human hepatoma cell line HepG2 was used as control.
(C, D) Functional analysis of “neohepatocytes” in vitro. Day-10 “neohepatocytes” cultured for
an additional time (as indicated) in hepatocyte-conditioning medium (HCM) were analyzed
for (a) albumin secretion and (b) urea metabolism. Data are the mean ± S.D. from 5 to 10
“neohepatocyte” preparations.

treated with the alkaloid retrorsine, a chemical component which blocks
hepatocyte proliferation within the liver. After 2 courses or 30 mg/kg ×
b.w. retrorsine, i.p., over a 4-week period, 80% of the rat liver organs
were resected. Experimental groups received 106 immature “neoheps”
(PCMO stimulated for 2 days with HCM) intraportally into the remaining
liver, or alternatively, unprocessed bone marrow cells or naïve monocytes.
Untreated animals received no intraportal injection (see Fig. 2A). As evident
from Fig. 2B,“neoheps” and crude bone marrow cells rescued 80% and 60%
of experimental animals, respectively, whereas “naïve” non-manipulated
monocytes or untreated animals succumbed to acute liver failure.
In brief, PCMO-derived “neoheps” are possible candidate cells for an
autologous in vivo application to restore liver function in patients suffering
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Figure 2. (A) Experimental set up to test for in vivo capacity of PCMO-derived “neoheps” to restore
liver function in critically resected retrorsine pre-conditioned LEW rats. (B) Neohep-treatment
rescued >80% of critically resected animals (8/10), crude bone marrow cell grafts sustained
liver function in 6 of 10 animals, whereas naı̈ve monocytes and untreated animals succumb
to acute liver failure within 8 days.
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from extended liver resection or for patients with known liver cirrhosis
undergoing liver surgery.

Islet transplantation models
In animal models, the most widely established protocol is injection of stem
cells, pancreatic islet cells, or other programmable cells under the capsule
of one of the recipient’s kidneys. Injection of islet transplants beneath the
kidney capsule represents a common way to test their biological function.
After correction of the hyperglycemic state, explantation of the treated
kidney organ allows one to distinguish between the functioning transplant
and restoration of the recipients’ own islets. In addition, islet release from
non-viable islets can be ruled out by immunohistochemistry and morphologic examination of the explanted islet/kidney graft. In addition, islets of
autologous, allogeneic, and xenogeneic origin can be used in this model
as hyperacute rejection is signiﬁcantly delayed (8 to 10 days after graft
injection).
In contrast, the Edmonton protocol for human islet cell transplantation
describes intraportal injection of the cellular islet grafts. This application
site, however, is minor to other transplantation sites because41 glucagon synthesis is impaired intrahepatically. Mattson et al.42 showed that previously
transplanted islets, given intraportally into the liver, exhibited minor biological in vitro function when compared to primarily isolated islets. These
results support the notion that inside the liver, β-cells do not encounter
an in vivo environment supportive for β-cell function and islet survival.
Theoretically, intraperitoneal or intraomental administration should constitute optimal environmental conditions for cellular transplants due to
good vascularization and nutritional supply of the peritoneal cavity. The
disadvantage of intraperitoneal cell injection is linked with its lack of
graft localization and the implicated difﬁculty of graft removal to demonstrate graft function. Alternatively, cells can be encapsulated in alginate
capsules43 as performed in xenogenic islet transplantation models. For
clinical application, however, models without graft encapsulation should
be preferred as ﬁbrotic and sclerotic alterations of the capsule may hamper
long-term graft function.
Hori et al.44 reported the normalization of blood glucose levels in
NOD mice after injection of embryonic stem cell derived β-cells. They
treated mouse embryonic stem cells with inhibitors of phosphoinositide
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3-kinase in vitro and generated cellular aggregates that exhibited glucosedependent insulin release in vitro. Transplantation of these cellular aggregates increased circulating insulin levels, reduced weight loss, improved
glycemic control, and completely rescued survival in mice with diabetes
mellitus. Graft removal resulted in rapid relapse and death. Graft analysis
revealed that transplanted insulin-producing cells remained differentiated,
enlarged, and did not form detectable tumors. Just recently, Zorina et al.45
transplanted allogeneic bone marrow (BM) into NOD mice which either
suffered from diabetes at a preclinical stage or which exhibited overt clinical
disease. This experimental design used lethal and non-lethal doses of radiation for recipient conditioning and was able to show that as low as 1% of
initial allogeneic chimerism successfully reversed diabetogenic mechanisms
in pre-diabetic NOD mice. In addition, this strategy restored endogenous
β-cell function and normalized blood glucose levels if applied after clinical
onset of diabetes.

“Neoislets” derived from PCMO
“Neoislets” are monocyte derived insulin, glucagons, somatostatin and
pancreatic-peptide containing endocrine units which, morphologically,
share distinct three-dimensional features of cellular cluster aggregates.
Programming of “neoislets” requires PCMO as a starting material and
addition of an islet-speciﬁc conditioning medium containing nictotinamide, epidermal growth factor and glucose. Their principal use is envisioned as intraperitoneal application into the omentum of the abdominal
cavity in order to circumvent exogenous insulin treatment for patients
suffering from insulin-dependent diabetes mellitus.
In vitro and in vivo experiments have been conducted to assess the
reliability, physiological features and safety of PCMO-derived “neoislets.”
“Neoislets” express Glut-2 receptor molecules allowing insulin binding.
Moreover, “neoislets” are able to store insulin within intracellular vesicles, a
zinc-dependent mechanism, demonstrable by dithizon staining. Transcription and protein expression of carboxypeptidase E and associated prohormone convertase in PCMO-derived “neoislets” safeguards insulin release
which is glucose concentration dependent, as tested in vitro. Moreover,
“neoislets” bear the capacity to normalize blood glucose levels within a
physiological range between 80 and 140 mg/dl in vivo as demonstrated
in a diabetic mouse model. Concomitantly, “neoislets” release human
C-peptide which allows monitoring islet-function upon transplantation
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into C-peptide-negative animals or patients. These experiments led to the
assumption that “neoislets” will warrant physiological blood glucose levels
when used in clinical trials.
Human in vitro studies
Treatment of PCMOs with islet-conditioning medium (ICM) containing
EGF, HGF and nicotinamide (IM) for 4–10 days resulted in the appearance of characteristic cell aggregates resembling pancreatic islets (Fig. 3A).
Immuno-histochemical analysis of these three-dimensional cellular cluster
formations reveals exhibition of all four endocrine cell entities deﬁning normal human islets. As depicted in Fig. 3B, glucagon, insulin, somatostatin and
pancreatide-peptide staining cell types can be distinguished within these
“neoislets.” In addition Pdx-1, a known homeobox gene which directs stem
cells to differentiate into islet forming cell clusters is positive in PCMO as
soon as two days after addition of ICM (data not shown). We next tested
the in vitro function of “neoislets.” After a 4-day treatment with ICM, the

Figure 3A. The typical three-dimensional cellular aggregates containing β-cells is generated after
a 4- to 6-day period of adding insulin-speciﬁc conditioning medium (ICM) to PCMO. These
clusters comprise various endocrine cell types and are morphologically similar to human
islets of Langerhans.
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Figure 3B. Immunohistochemical analysis reveals four phenotypically different staining patterns
within “neoislet” specimens derived from human PCMO. Insulin (upper left), glucagon (upper
right), somatostatin (lower left) and pancreatic-peptide (lower right) panels. In addition,
RT-PCR analysis revealed that these cells contain insulin and glucagon-speciﬁc mRNA (data
not shown).

insulin and C-peptide content of the supernatant was 0.87 ± 0.10 (n = 5)
and 0.89 ± 0.07 (n = 4) pg/µg protein, respectively. The subsequent incubation in Kreb’s buffer with 3 mM and 22 mM glucose each for 1 hour
stimulated the secretion of insulin and C-peptide from undetectable levels
to 179.4 ± 23 pg/µg protein/60 min (n = 5) and to 83.7 ± 27.5 pg/µg
protein/60 min (n = 4), respectively (Fig. 3C), indicating that under
these culture conditions the cells showed a glucose-dependent insulin and
C-peptide secretion.
The ability to release insulin upon glucose stimulation can be monitored
in vitro over a minimum period of 14 days as shown (Fig. 3D).
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Figure 3C. Human insulin and C-peptide levels were measured after stimulation of “neoislets” with
3.0 mM, 11.0 mM and 22 mM glucose-containing medium for 60 min. As evident, “neoislets”
respond to glucose stimulation in a linear dose-dependent fashion.
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Figure 3D. In vitro insulin release over time.

Rodent in vivo studies
The potential of PCMO-derived insulin-secreting cells to restore normal
glucose values in streptozocin (STZ)-diabetic mice was demonstrated by
transplanting 5 × 106 human “neoislets,” cultured in ICM for 4 days,
under the kidney capsule of fully immunecompetent Balb/c mice. The cell
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Figure 3E. In vivo administration of 5 million “neoislets” beneath the kidney capsule of streptozocininduced diabetic mice (n = 5) normalizes blood glucose levels within two days and warrants
physiologic glucose concentrations for up to 9 days. After that period, human “neoislets”
underwent acute rejection due to xenogeneic immune responses elicited by host mice.

implantation led to correction of hyperglycemia within 2 days (n = 7) and
the transplanted animals retained normal blood glucose levels up to day 9
post-transplantation (n = 5) (Fig. 3E).

Discussion
An essential introductory remark alluded to the unidirectional pathway
thought to determine human cell fate once nuclear programming of a given
cell has undergone a still unknown number of molecular events determining cell differentiation. To the best of our knowledge, we here give ﬁrst
hand evidence, that cell fate of blood or spleen derived monocytes can be
altered and coaxed to gain plasticity of pluripotent quality. As outlined
before, it takes a two-step procedure to turn around a monocyte’s destiny.
Known physical stressors such as adherence conditions and properties of the
plastic surface oxygen and carbon supply, and physical cell-to-cell interactions within the speciﬁc cellular microenvironment containing monocytes,
lymphocytes, and granulocytes had a strong impact on PCMO’s susceptibility to respond to M-CSF and IL-3, in vitro. It is noteworthy that nonadherent monocytes cultured in plastic bags in the presence of M-CSF and
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IL-3 were unable to develop programmability, in the same way as mere
adherence on petri dishes without addition of M-CSF and IL-3 produced
negative results (data not shown). The adhesion-enriched monocyte preparations used in this study were 66 ± 1.5% pure and thus contained a small
fraction of non-monocytic cells. It was therefore conceivable that differentiated PCMOs originated from “contaminating” hematopoietic cells or
lymphocytes rather than CD14+ cells despite positivity of neohepatocytes
for CD14. To exclude lymphocytes and granulocytes as the source of albumin producing neohepatocytes, we determined the methylation status of
the colony-stimulating factor-receptor (CSF-R) gene. The second intron
of CSF-R has been shown to be hypomethylated in monocytes whereas
in lymphocytes and granulocytes from peripheral blood this region is
hypermethylated.46 The epigenetic methylation pattern can thus be used
to trace the monocytic origin of a given cell population.47 We employed a
newly developed method based on a previously published protocol48 that
enabled us to quantitatively determine CSF-R methylation. To this end,
we found that CSF-R was hypomethylated in monocytes but not in nonmonocytic cells, e.g. lymphocytes and granulocytes (not shown). Notably,
CD14+ preparations puriﬁed before and after various times of HCM treatment showed a stable CSF-R hypomethylation up to the time when “neohepatocytes” expressed hepatocyte-speciﬁc markers. The hypomethylation
of CSF-R correlated with a strong M-CSF-dependent expression of its protein product, CD115, on PCMOs. Proper CSF-R function, on the other
hand, was required for the ability of the cells to resume DNA synthesis
as cells infected with a retrovirus encoding a CSF-R point mutant (CSFRY809F ) failed to proliferate in response to M-CSF.38 Together, these data
strongly support the assumption that CD14 and albumin positive “neohepatocytes” originated from peripheral blood monocytes. Finally, if the
low number of hematopoietic stem cells in the peripheral blood would
have expanded to give rise to “neohepatocytes,” this should become evident by the presence of telomerase activity in these cells. However, we
could not detect telomerase activity at any time during in vitro culture time
and the subsequent differentiation in hepatocyte conditioning medium
(HCM) (data not shown). Substantial stimuli associated with the property
of monocytes to gain stem cell plasticity included both physical attachment
and biochemical signaling. Successful resolution of nuclear cell arrest was
linked with gene transcription and expression of stem cell markers. Since
the cellular integrity of culture-dish attached monocytes was not impaired
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in vitro, extracellular signaling via cell-adhesion mechanisms plus fms
receptor activation and IL-3 ligation synergized to trigger downstream transcription factors to initiate monocyte dedifferentiation. To further conﬁrm
that PCMOs do not represent a totally dedifferentiated entity, the expression of transcription factors that govern commitment to the monocytic
lineage (PU.1, PRDI-BF1/BLIMP-1, ICSBP/IRF8)48−52 was assayed by semiquantitative RT-PCR. During the derivation of PCMO from monocytes,
the transcript levels of both the β-isoform of PRDI-BF1, and its upstream
activator ICSBP53 declined over the 6-d culture period. Strikingly, the most
pronounced decrease was observed between d 3 and 4, coinciding with the
onset of cell division. Monocytes cultured for 6d without M-CSF and IL-3
did not lose expression of PRDI-BF1 and ICSBP (data not shown).
In line with the dedifferentiation mechanisms in newt, nuclear reprogramming of terminally differentiated monocytes was also linked with their
capacity to divide again. However, programmability was transient and limited to approximately 10 days.
Apparently, reprogrammed monocytes expressing stem cell markers like
CD90 or CD117 still coexpressed the inherent lineage marker CD14. By
deﬁnition, PCMOs thus do not meet the biologic criteria of true stem cells
which require a lineage negative phenotype. In this context, it is important
to note that after programming of PCMO to yield albumin- or insulinpositive cells with hepatocyte or β-cell morphology, respectively, PCMO
progeny still coexpressed CD14 within the ﬁrst 21 days after the initial
reprogramming step. The fact that 12- to 16-day old PCMO lose programmability and differentiate back to give rise to normal macrophages and
immature dendritic cell types, if not conditioned otherwise, underlines the
transient nature of reprogramming, which by itself protects PCMO from
unrestrained proliferation and tumor growth, an important clinical aspect
when considered for patient use.
These ﬁndings clearly distinguish PCMO from naturally occurring stem
cells, from bone-marrow derived multipotent adult progenitor cells31,54 and
from recently described blood-borne macrophages resembling ﬁbroblasts,
termed f-macrophages,55 which all exhibit totally different self-renewal and
replication patterns.
It could be argued that the results presented here do not exclude the
possibility that different types of monocyte subpopulations existed which
were able to respond to the various conditioned media used to generate
various cell types, thus lacking true clonality and subsequent pluripotency.
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The argument here, again, is to emphasize that it does not necessarily need a
single cell with the self-renewal capacity of stem cells to yield large amounts
of specialized cells with deﬁned biological function. Indeed, given a leukapherese product consisting of 1010 CD14+ cells, we were able to procure an
average of 109 to 5 × 109 albumin-producing cells with hepatocyte morphology within 10 to 12 days.
In conclusion, whatever cell source is chosen to gain a speciﬁed cellular product envisaged for tissue repair and treatment of human diseases,
it should comply with important clinical requirements, including patient
safety, source, availability, and lack of immunogenicity being autologous in
nature.
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Introduction
To treat disease with cells is not a new concept. In the 17th century, before
the nature of cell structure and function was known, blood transfusion
experiments were performed between animals using feather quill needles
by Christopher Wren and his friends. For blood transfusions to be of value,
rather than a“Russian roulette”for sudden death, a means of preventing clot
formation and an understanding of red blood cell groups were necessary.
Then blood transfusions became life-saving and opened the door to modern
major surgery.
In the 1950s, advances in immunology spearheaded by Peter Medawar
and his colleagues revealed an immune system vital to life that could be
manipulated by cell injection of animals in utero and allow acceptance
of skin grafts from the cell donors — called “acquired immunological
tolerance.”1
An important advance in the treatment of hematological diseases followed from the demonstration that animals given “lethal” doses of total
body x-irradiation could be rescued by intravenous bone marrow infusions.
The grafted bone marrow cells homed to the empty bone marrow spaces
where the native marrow had been destroyed by the X-rays.2 The donated
marrow cells conferred on the recipients the immune characteristics of
the donor. The closer the matching of the major histomatibility complex
(MHC) between donor and recipient, the greater the likelihood of success.
More recently it has been possible to condition leukemia patients to
accept bone marrow grafts from well-matched donors without the need
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for complete destruction of the recipient bone marrow. This non-ablative
treatment can result in mixed macro-chimaerism, with blood cells of both
donor and recipient co-existing in the bone marrow and blood, so that it is
possible to have the advantage of graft-versus-leukemia immune reactivity,
without excessively harsh treatment of the patient.3 Moreover, this mixed
chimaerism even if only temporary, can result in kidney graft acceptance
from the bone marrow donor.4
There is therefore a large literature and a long follow-up of clinical experience with therapeutic cell transplantation.
In the past 50 years, since the description of the double helical structure
of DNA and an understanding of the mechanisms of protein synthesis, an
accelerating advance in our knowledge of the molecular nature of many
diseases has occurred. Many of the genes responsible have been identiﬁed
and suggestions made as to how they might be used as engineering tools
for therapeutic purposes.
The proliferation in culture of embryonic stem cells and the cloning of
intact animals from adult somatic cells is now a challenge to provide cell
therapy for many conditions that currently have inadequate treatment.5
In this short chapter, I will consider the difﬁculties and potential goals
for cell treatment, using two diseases as examples, namely hemophilia and
diabetes. One is a rare but often severely disabling condition, the other, one
of the commonest chronic diseases, a cause of immense human suffering
and representing an ever-increasing drain on the healthcare budget of all
nations.

The Clinical Problems
Hemophilia A
Hemophilia A is an X-linked hemorrhagic disease due to a mutation of
the gene encoding for factor VIII. The incidence is 1 in 5000 males and
60% of patients with the mutant gene are severely affected with less than
1% of normal factor VIII activity. Those with 1–5% have moderate disease
and over 5% the disorder is mild. Intravenous exogenous factor VIII is the
accepted treatment that does not always prevent bleeding episodes and is
expensive. Bleeding into joints leads to arthropathy which can be severely
disabling and bleeding can occur at any site causing a multiplicity of symptoms. Plasma and blood transfusions have caused severe viral infections,
notably HIV and hepatitis B and C.
Hemophilia A is a suitable disease for consideration of gene therapy
since an activity of over 5% of normal factor VIII is beneﬁcial. The broad
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therapeutic index of factor VIII means that overdose is unlikely, and even
low levels can be of therapeutic value. Production of factor VIII is not
regulated by bleeding episodes.
Thus, in hemophilia A the condition should be managed by gene therapy producing 5–50% of normal blood levels of factor VIII. The mutant
gene lacks normal expression; insertion of an engineered gene is a possible
approach.6 Roth et al.7 described an ingenious solution of this objective
using a non-viral gene delivery to ex vivo cultured ﬁbroblasts of the patient.
The gene engineered ﬁbroblasts were selected and re-injected as autografts
via a laparoscope into the omentum.
The clinical trial followed successful experiments in mice. Six patients
were treated and there were no observed side-effects. In four patients, the
plasma levels of factor VIII rose, coinciding with reduced bleeding episodes
and the need for exogenous factor VIII. In one patient, activity persisted
for 10 months.
This trial showed the feasibility of this approach using autografts and
therefore avoiding the need for immunosuppression. The main disadvantages were the short duration of effect in most patients and the need for
laparoscopic cell delivery; also, such a bespoke manipulation would be
expensive. Nevertheless, this study clearly deﬁnes an obvious goal, namely
the safe administration of a functioning gene in a patient with disease due
to the inability to express that gene.

Diabetes
There are two forms of diabetes, type I and type II that differ in their pathogenesis. Type I is an autoimmune disease associated with certain genetic
HLA conﬁgurations most commonly present between infancy and teenage
years, but can also present in adults. Often, but not necessarily, the onset
follows a viral infection and can be insidious. The β cells in pancreatic islets
of Langerhans are singled out for immune destruction by primed T-cells,
whose molecular target has not yet been deﬁned. Recovery of the β cell mass
cannot occur due to continuing autoimmune activity and insufﬁcient progenitor cells. Before the introduction of insulin in the 1920s, patients died,
usually in a distressing, emaciated state, around puberty, before they could
have children. Reﬁnements in insulin therapy and a strict diet can restore
patients to a relatively normal life, but even with excellent compliance to
the regimen of frequent blood sugar estimations and insulin injections, the
secondary complications of diabetes can develop in a relentless progressive manner causing blindness, renal failure, gangrene, coronary arterial
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disease and neuropathy. Inappropriate management of the therapeutic regimen can lead to dangerous and sometimes fatal hypoglycemia, often with
no warning for the patient. Insufﬁcient insulin results in hyperglycemic
ketosis and diabetic coma.
The diagnosis of type I diabetes in a child is a sentence to a lifelong strict
regimen of diet and medication and is a major and continuing trauma to
the whole family.
Type II diabetes is a common condition with many patients only mildly
affected. The disease usually presents in adults but can present in children.
It is especially common in obese people and has reached almost an epidemic
scale in India and Southeast Asia. Change from a frugal traditional diet to
a liberal western-style of food has been blamed for the sudden increase
in incidence of type II diabetes in the Eastern countries. Initially, many
patients can be managed by diet and oral hypoglycemic agents. Insulin
resistance in the tissues is a feature of type II diabetes and the β cell mass may
increase, producing excessive insulin apparently in an attempt to overcome
the resistance. Eventually, there is β cell failure and in approximately half of
the cases exogenous insulin injections are necessary and the same secondary
complications occur as in type I diabetes.
Taken together, type I and type II diabetes result in serious morbidity
and mortality in all communities. Diabetes is a major cause of blindness
and renal failure. In addition to the cost in human suffering, the ﬁnancial
burden of diabetes on healthcare resources is enormous and accelerating
yearly as the incidence of both type I and type II diabetes increases.

The Role of Insulin
The history of insulin is fascinating and has been told especially well by
Michael Bliss in The Discovery of Insulin.8
In 1889, Minkawski and Von Mering, in Strasbourg found that dogs subjected to pancreatectomy became diabetic. One account of the ﬁnding was
that the technician raised the suspicion of sugar in the urine to Minkawski,
by observing ﬂies settling in large numbers on the puddles of urine passed
by the diabetic dogs, in contrast to their relative lack of interest in the urine
of normal dogs.
In 1869 Paul Langerhans, a medical student writing his thesis, observed
microscopic islands of different structure to the main mass of digestive
enzyme secreting pancreas. This seminal observation, perhaps the most
perspicacious of any medical student, led to intense study of the islets. They
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are miniature organs embedded within the pancreas in most creatures, but
constituting separate independent organs in some ﬁsh. Each islet consists of
approximately 1000 cells of four distinct types each with its own secretion
task:
α cells producing glucogon
β cells producing insulin. They constitute 60–80% of the cells in the
islets, i.e. 6–800 cells/islet
δ cells producing somatostatin
pp cells producing pancreatic polypeptide.
There is a delicate and profuse capillary network and nerve connections in
the islet, somewhat resembling the renal glomerulus. The capillaries of the
islets anastomose with the main pancreatic vasculature which may facilitate
signaling between endocrine and exocrine pancreatic cells. The interaction
of cytokines between the individual cell types may be important attributes
that would be lost to separated islets or surrogate β cells. The pancreas
contains one million islets and therefore 6–8 × 108 β cells. The endocrine
secretions of the islets enter the portal blood and the ﬁrst organ they reach is
the liver. Insulin is partially metabolized by the liver, which converts glucose
to glycogen.
In the 1920s, the connection between removal of the pancreas and diabetes was established, but various oral preparations of pancreas did not
ameliorate diabetes. The young orthopedic surgeon, Frederick Banting,
working in Toronto, was convinced that an extract of pancreas injected
would provide the vital substance missing in diabetes. With the technical
assistance and a major intellectual contribution from a medical student,
Charles Best, the two rather low proﬁle researchers produced an extract of
pancreas that lowered the blood sugar of diabetic dogs and eventually in
1922, they persuaded clinical colleagues to try a similar extract in diabetic
patients. Some but not all of the early clinical cases responded, but ﬁrst the
help of a protein chemist, James Collip was needed. There was much opposition from conservative clinicians, but eventually the concept was accepted
that a substance from the pancreatic islets called “insulin” could be used as
a treatment for diabetic patients. It soon became apparent that a large commercial pharma company, with deep pockets and prepared to accept a risky
project, would be required to produce enough of the substance in relative
purity to provide lifelong treatment. The Eli Lilly Company stepped in, rose
to this challenge, and the lives of diabetics were transformed, albeit with
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the reservations of the diabetic way of life and the risk of complications to
which I have referred.
The molecular structure of the complicated protein insulin was determined in Cambridge in the 1950s at the Laboratory of Molecular Biology
by Frederick Sanger in the course of his ﬁrst Nobel Prize work. The physiology of insulin and the control of glucose metabolism is complex. Before
active insulin is available, a non-active molecule called C-peptide must be
cleaved from the parent molecular proinsulin. There is an important basal
secretion of insulin, but on the intake of food, insulin granules, stored in the
β cells, are released in a pulsatile manner simultaneously from a number of
β cells, in amounts relating to the ambient blood glucose concentration in
the islets. The timing is critical. If released too early or too late, high insulin
blood levels will cause inappropriate, possibly dangerous, hypoglycemia.
If not enough insulin is available at the appropriate time, normal glucose
metabolism cannot take place and the blood sugar level will rise. There is
a considerable reserve of β cell function, so after even a large meal not all
the β cells exhaust their supply of secreted insulin from within their cell
membranes. There is a slow turnover of β cells, perhaps around 5% per
annum in man, from progenitor cells present in the islets and/or in the
ducts of the exocrine pancreas. In rodents the turnover is much greater.9
The chemistry of insulin secretion varies in different species. In man an
inactive pro-insulin is the ﬁrst main synthetic step and this becomes cleaved
into the inactive C-peptide, a marker of insulin synthesis and insulin. In
mice there are two active insulins, I and II. In diabetic patients, the level
of glycosolated hemoglobin rises. The interactions between insulin, glucogon and other endocrine secretions are complicated and in some patients,
microangiopathy develops in the retinae, glomeruli, and small blood vessels
throughout the body associated with serious complications.
First passage of insulin through the liver is physiological, but release of
insulin directly into the caval venous system appears to be well tolerated
following vascularized pancreatic transplants.

The Problem
It will be clear from the preceding short summary that in contrast to a
consideration of cell treatment for hemophilia A, cell treatment for diabetes is likely to be orders of magnitude more difﬁcult, but in view of the
morbidity, costs and inadequacy of current therapies and advances made
in cell biology, it is surely worth attempting.
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Vascularized Pancreas Transplantations
Surgical transplantation of a vascularized whole pancreas or even half a
pancreas can give excellent long-term results,8 with cure of diabetes in
many cases. Most patients have suffered from diabetic renal failure and
often it has been possible to transplant a kidney and a pancreas from the
same donor. Powerful lifelong immunosuppression is necessary, but this
would be standard treatment for the kidney graft. The operation is a major
surgical procedure with the special danger of leakage of pancreatic digestive
enzymes, but results are improving steadily. Unfortunately, the incidence
of diabetes is far in excess of the availability of donor pancreata.

Islet Cell Transplantation
Since islets, when separated, are small enough to survive temporarily in
a suitable environment, by simple diffusion of nutrients and oxygen into
them and CO2 and waste products out, whilst a new blood supply is established, the idea of transplanting islets based on the same concepts as split
skin grafts is an old one. Islets, however, do not part company with their
surroundings in the pancreas easily. In rodents, they can be hand-picked
under a dissecting microscope, but in large animals, including man, enzymatic digestion and mechanical chopping of the pancreas are necessary.
The islets are vulnerable to damage from ischemia and the effects of collagenase and the more reﬁned enzyme “liberase.” Dicing the pancreas into
small pieces also damages the islets. An elaborate, highly skilful and prolonged process is necessary. Five people working for ﬁve hours, with a
cooled pancreas removed immediately from a brain-dead cadaver may, in
the best circumstances, produce about 3–400,000 or 1/3 of the total number
of islets in a tolerably well-preserved state suitable for transplantation. Yet,
twice that number are required to release a patient from the need for insulin
injections. The islet isolation procedure has some fanciful resemblance to
digging for potatoes on a dark night with a sharp spade.
The next questions are:
• Should the islets be cultured before transplantation?
• Can they be safely frozen and thawed?
• Most importantly, where to transplant them.
In mice, under the kidney capsule is a good site to inject islets despite the
caval drainage of insulin. In man, the portal blood stream has been most
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favored, the islets hopefully lodging as microemboli in the liver sinusoids,
where they take up residence and after a few days acquire a new blood supply, mainly from recipient capillaries growing into the transplanted islets.
Islets ﬂoating in the blood are in an abnormal environment and may activate complement, causing local platelet aggregation and clot formation
precluding rapid neovascularization and endangering liver parenchyma to
ischemia.11,12 An optimal site for islet transplantation has yet to be found;
in the meantime, the report of clinical islet transplantation by Shapiro
et al. in Edmonton has marked a halt to the extensive scepticism that
prevailed in the transplant community for clinical islet grating.13
Using usually two cadaveric pancreas donors per recipient and immunosuppression designed to try and avoid diabetogenic toxicity, the Edmonton
workers obtained 80% one-year independence from exogenous insulin and
70% at two years in type I diabetic patients with brittle disease, usually
involving hypoglycemic unawareness but without other serious diabetic
complications. Repeating their results has only been possible in a few of the
specialised centres that have made the attempt.
The shortage of suitable human cadaveric pancreata and the huge numbers of diabetics would make it reasonable to view the Edmonton experience
as an extremely important “proof of principle” that the procedure is possible but at great cost of healthcare resource and skilled technical ability, with
the lucky patients no longer requiring insulin but nevertheless having to
take full doses of immunosuppressive drugs indeﬁnitely. No doubt better
yields of islet extraction will be achieved and safer immunosuppressions
developed, but the disadvantages outlined above remain.

Xeno-islet Grafting
Pig insulin differs from human insulin only in one amino acid. Porcine
insulin has been used successfully therapeutically in patients for many years.
Porcine glucose homeostasis is similar to man’s and pig islets are potentially
available in large numbers and can be extracted in a similar manner to that
used for human islets. The pig, however, is a different species, separated
from man in evolution for many millions of years and of the hundreds or
even thousands of proteins produced by pig cells, each is different to the
human equivalent and most are capable of eliciting immune destructive
reactions following transplantation.
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To date results of xeno-islet transplantation to primate species have
been disappointing, but Bernard Hering has recently obtained encouraging results of pig to monkey islet grafts using powerful immunosuppression
with agents that could be used in patients.14 The question again arises: Does
the immunosuppression justify the procedure? There are hopes that genetic
engineering of pigs by “knock out” and “knock-in” genes to make pigs more
like humans or at least make their tissues more acceptable as grafts to man
may one day be successful but how soon that will be cannot be predicted.
Many transplant researchers have sympathy with Norman Shumway’s comment that “xenografting is the future of organ transplantation and always
will be!”

Other Approaches
1. Large-scale proliferative culture of β cell progenitor cells in
pancreatic ducts or from islet β cells
This is attractive in that these are the cells that normally produce β cells, but
to date there has been a severe shortfall in numbers of β cells that can be
produced in culture and, so far, the numbers are far below the threshold of
therapeutic use.15 Also the site of origins of the precursor cells is disputed.16
2. Transdifferentation of liver cells to islet cells
Both liver and pancreas develop from the same embryological rudiment so,
by the use of certain growth factors and cultural procedures, workers have
succeeded in taking this step in experimental settings.
3. In vivo “cultural” growth of embryonic pancreas rudiments
Hammerman in St. Louis17 and Reissner in Israel18 have achieved considerable progress in this endeavor, but any clinical application would seem to
require an excessively costly“bespoke”individual approach for each patient.
The use of fetal tissue would raise worrying ethical dilemmas.19 The justiﬁcation of using a fetus to treat a patient with diabetes might be difﬁcult to
sustain.
4. Guide or Engineer
Guide or engineer undifferentiated or differentiated cells to act as surrogate
β cells.
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i. Embryonic stem cells (ESCs)
Since ESCs can and do turn into every cell type in the body, their use for
producing β cells has received much publicity and Soria has been successful
in introducing the human insulin gene into mouse ESCs (MESCs) and
selecting the cells producing insulin to treat diabetic mice successfully.20
This was an important achievement, but may be difﬁcult to translate in
the context of HESCs, which grow more slowly and are more vulnerable to
culture than MESCs. Monkey ESCs have been differentiated into pancreatic
cell phenotypes.21
If an in vitro process using HESCs was successful, it would be of vital
importance to eliminate every undifferentiated cell from the innoculum to
be given to patients because of the risk that such cells might differentiate
into teratomata.22
ii. Adult “Stem Cells”
Multipotent cells have been identiﬁed in a number of adult tissues and in
umbilical cord blood. They are the source of successful bone marrow grafts
and may have the potential to differentiate into other cell lineages, though
such claims are disputed.
Blood monocytes have been shown to de-differentiate under certain cultural conditions, into cells which can be persuaded with growth factors and
certain cultural conditions to proliferate some 5- to 6-fold and then differentiate into liver-like cells producing albumen; islet-like cells producing
insulin and glucogen and fat cells; or return back to monocytes.23−25
iii. Transfecting adult cells with the human insulin gene with
or without a glucose sensing promoter
This approach can use non-viral electroporition to introduce the insulin
gene plasmid into cells in vitro or in vivo.26 Alternatively, viral vectors can
be used which are more efﬁcient, but some viruses have the danger of
unmasking oncogenes.27

Discussion
An attractive theoretical concept is to introduce the glucose sensing human
insulin gene into stable autologous cells of the patient, so avoiding the need
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for immunosuppression, provided the immune target in the case of type I
diabetes does not reside in these cells. The goal is similar to that outlined
for the treatment of hemophilia A. Unanswered is the question, whether
enough insulin could be produced at the right time for long enough to be
of therapeutic use. These matters are likely to be more problematic in the
case of diabetes, because of the greater demands and increased complexity.
Nevertheless, the stage is sufﬁciently set for an attempt to be made to recruit
the actors, learn the lines and put on an acceptable play, that might bring a
successful new treatment to many thousands of patients.
How can a cell be persuaded to adopt a new specialized role and act the
part energetically for a long time? Every nucleated cell with the exception
of gametes has a “full house” of genes in their nuclear DNA, yet until the
end of the 20th century, most biologists believed that cells evolved with
special functions had “crossed the Rubicon” of plasticity and were settled in
their designated role. Deviation would lead to metaplasia or tumors, both
pathological states.
With the cloning of “Dolly” subsequently followed by many other examples of mammalian cloning in a variety of species from adult cells, it was
shown that in extreme conditions of the laboratory it was possible to reawaken the nucleus of an adult cell to behave with the totipotency of a
zygote.
It is not yet clear which adult cell nuclei will behave in this way; the
plasticity could be limited to certain cell types; nor has cloning yet been
possible in all species that have been investigated. Moreover, a successful
cloning outcome is a chancy business, current success of 1 in 200 attempts
would be an average score.
No matter how one considers the data, it is difﬁcult to escape the conclusion that adult mammals harbor cells that can be persuaded by extreme
means to fully de-differentiate into embryonic stem cell behavior. From
this hypothesis, the task of ﬁnding cells in adult animals that could be
programmed to change their behavior to concentrate their efforts to synthese a single protein, e.g. factor VIII or insulin, would not seem to be an
impossible dream. To achieve this goal would be the ﬁrst step towards cellbased therapy. To produce enough of the speciﬁc protein in response to
appropriate stimuli for a long period of time would be the next hurdle to
overcome.
For an assault on the ﬁrst goal, there are a variety of possibilities each
with its own attractive features and disadvantages.
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1. Cultural Persuasion
Grow cells in culture in the presence of differentiation factors that are
known to be present in the embryonic development of the tissue in question. The sources of such cells could vary, for example:
i. Embryonic Stem Cells (ESCs)
A popular choice with the media attracted by the idea that ES cells can
change into any cell type. To take an ESC all the way to a β cell may involve
numerous changing differentiation environments in normal development,
probably inﬂuenced by what is going on in adjacent tissues. Currently, we
have only fragmentary knowledge of these processes so a deliberate, dedicated approach to reproduce them in vitro is not possible. Some advocates
would hopefully believe in lucky shortcuts, but there is little to support
such optimism. Recent publications using MESCs have so far produced
only modest progress. The selected programmed cells may produce only
1/50 of insulin that a normal β cell will synthesize. Human embryonic stem
cells grow slowly and are delicate. They have a tendency to differentiate
spontaneously in an uncontrolled manner. If a culture could be produced
that resembled β cells, it would be essential but difﬁcult to ensure that every
undifferentiated cell was eliminated before using the cell culture therapeutically, since in theory, one undifferentiated ESC could produce a malignant
teratoma in vivo.
No doubt there would be voracious opposition by a minority to
the therapeutic use of HESCs, but if the result was a major step
in helping sick patients it is likely that there would eventually be
acceptance of the procedure, just as occurred historically with blood
transfusions.
HESCs would be expected to elicit an immune response in HLA mismatched recipients, but the immunogenicity of HESCs as allografts is not
known and it was encouraging that rat ES-like inner cell mass cells, spontaneously produced allograft tolerance (as well as teratomata in some recipient animals).28
We do not know if immunosuppressive therapy would be needed in
recipients of HESCs. In theory, nuclear transfer from the recipient
into the ES cells might overcome the danger of allograft rejection, but
such a “bespoke” process would be excessively expensive using current
techniques.

干细胞之家www.stemcell8.cn ←点击进入
556

Sir Roy Calne∗

ii. Cultured cell lines
Cultured cell lines would overcome the quantity difﬁculties to be expected
with most other approaches, but most cell lines are derived from neoplastic
sources and would be unsuitable for therapeutic use.
iii. Adult and neonatal “stem” cells
Clinical experience with bone marrow transplantation relies on the multipotency of “stem” cells in the marrow and umbilical cord blood. Stem
cells can be mobilized into the peripheral blood of normal adults treated
with growth factors. It has been suggested that the normal differentiation of these marrow stem cells into cells of red and white cell lineage
might be deviated by cultural techniques similar to those discussed for
ESCs. The strict hierarchy of the three primary stem cell lines, mesoderm,
endoderm and ectoderm seems to be more malleable than was believed.
Ruhnke et al.25 have reported apparent de-differentiation of normal peripheral blood buffy coat monocytes, which can proliferate up to six divisions
and then be programmed to differentiate into liver-like cells producing
albumin, and fat cells and islet-like cells producing insulin and glucogen that temporarily reversed the diabetic state when grafted into streptocytocin treated mice. “Stem”-like cells have been found in many tissues
besides blood, including brain, fat and skeletal muscle. Attempts have been
made to use adult stem cells to repair damaged cardiac muscle and to treat
streptocytosin-treated diabetic animals. In some experiments, the claims of
the authors have been disputed because cell fusion rather than true stem
cell replacement has been demonstrated, but this objection has not always
been sustained and the attraction of approaches using adult stem cells is
that in theory, they could be autologous, the cells persuaded to adopt a new
role and then returned to the patient, avoiding the danger of allograft rejection and the need for immunosuppressive drug treatment.
iv. Transdifferentiation of adult cells
There are reports of transdifferentiation of adult pancreas cells to liver cells
and vice versa. In these experiments already differentiated tissues, derived
from the same embryonic primordia, have been made to switch roles by
culture and/or genetic engineering.29−32
In all of the above examples, the changing role of cells to adopt an
unnatural synthetic task depends on cultural techniques and/or genetic
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engineering. In both approaches, signiﬁcant proliferation to provide large
numbers of redirected cells will be necessary to be of use in treatment of
hemophilia and diabetes. Moreover for the treatment of diabetes the cells
should produce insulin in sufﬁcient quantities in response to appropriate
stimuli and the effect would need to be long-lasting.
It is attractive to view cultural persuasions to express the wanted gene
as the most physiological approach, but as discussed above, we do not yet
have the knowledge or the reagents to do this even in a semi-physiological
manner.
2. Genetic Engineering
In the diseases under consideration, hemophilia A and diabetes, the relevant
human genes have been identiﬁed, characterized and cloned, but introducing the plasmid to be active in the chosen target cell is still problematic.
i. Electroporition — the use of an electric current to make the cell membrane porous will allow insertion of plasmids into some cells, but the
process is not very efﬁcient in cells in vitro or in tissues.
ii. Viral Vectors. One of the main attributes of virus behavior is to gain entry
into target cells and either reside there or kill the cells, having made use
of their nuclear material. To act as a vector, the virus must be big enough
for the construct in question. Most studies have been with two classes of
virus — the adeno and adeno-like viruses and the lente-modiﬁed HIV
viruses. Early clinical trials of both classes have sometimes led to modest
clinical improvement, but three disasters have been reported. In one case
in Philadelphia, the adeno virus proliferated with fatal consequences.33,34
In the other two cases in Paris, it would appear that the lente virus used
had unmasked nuclear oncogenes leading to leukemia. These tragedies
have alerted researchers to the dangers and have also led to sharp and
often aggressive criticism of the workers. Despite this background, I
believe that in the foreseeable future cultural techniques alone will not
be sufﬁcient and vector help will be needed.
Currently, we are working with a modiﬁed herpes I virus as a vector for the
human insulin gene. A variant of this virus has been used as local treatment
for glioblastoma and injected into the brain. There has been no evidence of
systemic disease in the six patients treated with a follow-up of ﬁve years.35
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The theoretical advantages of the herpes virus are:
a) the large capacity to accommodate a construct.
b) the availability of the virus to infect primary and second cell lines in vitro.
c) although the virus enters the nucleus it does not integrate with the host
DNA and is therefore not likely to unmask oncogenes.
d) most patients have already had contacts with the herpes I virus, which
normally resides in a quiescent state in neurological tissue.
e) immune reaction against the virus is relatively mild.
f) established anti-viral treatment against the herpes virus is available.
We are engaged in experiments to determine which cell line or tissue might
be appropriate for engineered viral infection and whether it is preferable
to work in vitro with autologous cells to be returned to the recipient or
should the virus be injected directly into recipient tissue. We need to study
the longevity of gene activity in the virus and what factors may limit its
continued protein synthesis.
A method of determination of insulin secretion of the viral vector compared with normal β cells is needed. Measurements are required for protein
synthesis and secretion of the kinetics of insulin release and activation in
response to ambient glucose levels must be deﬁned.
Our modest approach is one of many that are being studied worldwide
in an accelerating interest in responding to the challenge of providing safe
and useful treatment of disease by cell-based therapy.
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