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Preface

This book is the definitive reference on one of the most exciting areas of life
science research — stem cells and their use in repair and regeneration of
different organs and tissues. The volume is rounded off by a set of chapters
on basic stem cell biology and clinical applications and clinical experiences
of stem cell therapy, considering cardiovascular disease, neurological dis-
eases, liver disease and diabetes. These offer a sound and well-balanced
view of successes to date and indications for future therapeutic routes. It
presents the current state of knowledge in both basic science and clinical
practice, and is an essential reference for scientists, students, and clinicians.

The editors would like to thank the authors for their contributions, which
have made possible the publication of this volume.

xvii
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1

Defining Progenitors Based on Their
Expression of Aldehyde Dehydrogenase

Robert W. Storms

Umbilical Cord Blood Transplantation (UCBT)

Bone marrow transplantation (BMT) provides a profound and rich history
for newly emerging cellular therapies. Over the past 30 years one of the
most significant advances in BMT has been the use of allogeneic umbilical
cord blood (UCB) as an alternative hematopoietic graft.1–3 Historically,
UCB was considered as a discarded by-product from childbirth but now
it is routinely banked for transplantation.4,5 UCB offers multiple practical
advantages, which include the following:

(1) an ease of procurement;
(2) no risk to the graft donor;
(3) no donor attrition; and
(4) a reduced likelihood of transmitting infections.

Furthermore, UCBT apparently offers a reduced risk of severe (Grade
III/IV) Graft-versus-Host disease; therefore, the criteria for HLA matching

1
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are less stringent.6–8 This in itself greatly increases the probability of donor–
recipient matches. UCBT provides a particularly appealing alternative for
recipients who do not have a matched, related or unrelated hematopoietic
stem cell (HSC) donor.

In spite of all its advantages, the principal problem with UCBT is that
engraftment of all the hematopoietic cell lineages is delayed. This raises
central questions surrounding the graft itself. The speed of hematopoietic
engraftment correlates most strongly with the total dose of mononuclear
UCB cells delivered to the patient. Unfortunately, UCB is collected in a
single harvest and there is no opportunity to add to the graft at a later time.
More recent studies correlate patient survival with the graft’s total content
of CD34+ progenitor cells.8 Thus, increasing the total dose of hemato-
poietic progenitors in a graft might provide a means to improve clinical
outcome. It is well established that HSC can provide long-term hematopoi-
etic recovery;9,10 however, other progenitors replenish the blood in the
period immediately after a transplant.11,12 Strategies to enhance cord blood
grafts would be greatly strengthened by a more complete understanding of
the total progenitor content of UCB. Toward that end, over the past several
years we have developed alternative strategies to explore the fundamental
physiology of the HSC and progenitor compartment. One promising strat-
egy has been to define progenitors based on their expression of aldehyde
dehydrogenase (ALDH).

Early hematopoietic development
Based on over 20 years of experimental modeling, normal hematopoietic
development has been carefully dissected to define various progenitor com-
partments (Fig. 1).9,10 Murine progenitors, in particular, have been rig-
orously defined based not only on their cell surface antigen expression,
but more importantly, also by their function.9–11 In the broadest terms,
hematopoietic progenitors can be classified based on their capacity for self-
renewal and their capacity for myeloid and/or lymphoid development. As a
therapeutic endpoint, hematopoietic progenitors are also frequently strati-
fied based on their transplantability. HSC are the most primitive hematopoi-
etic cell subset. These are transplantable cells that can repopulate all the
blood cell lineages for the lifespan of the recipient and are therefore fre-
quently referred to as long-term HSC (LT-HSC). Their permanence infers
that the cells must divide while maintaining their full developmental poten-
tial. In experimental animal models, this can be confirmed by performing
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Fig. 1. Hematopoietic development. Stable and permanent hematopoiesis is established
from long-term hematopoietic stem cells (LT-HSC). These give rise to short-term (ST)-HSC.
Both the LT- and ST-HSC have the capacity to differentiate into all of the hematopoietic
cell lineages. The fundamental distinction between the LT- and ST-HSC is that the LT-
HSC self-renew while maintaining their entire hematopoietic potential. As their capacity
for lineage development becomes more restricted, the ST-HSC give rise to progenitors that
specify either myeloid or lymphoid cell lineages.

secondary bone marrow transplants. This inherent capacity for self-renewal
distinguishes LT-HSC from all other progenitors. Other transplantable cells
establish themselves only transiently.12,13 Specifically, as LT-HSC differ-
entiate they give rise to short-term HSC (ST-HSC). Similar to LT-HSC,
the ST-HSC are transplantable progenitors that engraft to develop into all
of the hematopoietic cell lineages; however, unlike LT-HSC, they persist
in the transplant recipient for only a limited time. As ST-HSC differenti-
ate they give rise to progenitors that can specify either the entire lymphoid
compartment or the entire myeloid compartment.14,15 These are referred to
as the common lymphoid progenitor (CLP) or the common myeloid pro-
genitor (CMP), respectively. The CLP and CMP give rise to progenitors that
are increasingly lineage-restricted. This is particularly evident within the
myeloid compartment since those progenitor cells form distinctive colonies
based on their lineage potential. These clonogenic cells demonstrate that
they are active progenitors and not mature cells. Thus, in total, hematopoi-
etic differentiation can be viewed as a process where the stem cells first lose
their capacity for self-renewal and then become progressively restricted in
their capacity for lineage development.
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Early human hematopoietic development has been most extensively
defined within the CD34+ cell subset, a cell fraction that is both heteroge-
neous and diverse.16–25 Human CD34+ cells clearly contain transplantable
cells with a capacity for multilineage development,16–20 yet also comprise
cells with more limited potentials.21–25 To discriminate cells with distinct
functions, CD34+ cells have been fractionated based on their expression
of other antigens. As an example, CD34+ CD38neg cells contain the high-
est frequency of NOD/SCID repopulating cells (SRC) (1 SRC/600 cells), a
population of primitive myelo-lymphoid progenitors.16 As CD34+ cells dif-
ferentiate they begin to express CD38,21 however, the expression of CD38 is
common to many hematopoietic progenitors and by itself it cannot be used
to distinguish between myeloid- and lymphoid-specific progenitors. There-
fore, other antigens must be used to separate these two compartments. For
example, human CD34+ lymphoid-specific progenitors may express either
CD7 or CD10.22–25

Physiological Parameters that Define
Hematopoietic Progenitors

While CD antigens have been considered as extremely useful tools to
fractionate cells, these antigens are frequently not linked with any spe-
cific physiological context or consequence. Several years ago we initi-
ated a series of strategies to define hematopoietic progenitors based on
their physiology.26–29 These studies have focused primarily on mecha-
nisms for drug resistance and were based largely on the clinical experi-
ence that autologous HSC sometimes survive chemotherapies. Resistance
to chemotherapies may be mediated by a variety of mechanisms. In some
cases, membrane-associated pumps actively rid cells of toxic agents.26,30,31

Efflux pumps are not specific for a single drug, but rather recognize classes
of drugs that share structure. Their activity can be measured by monitor-
ing the loss of fluorescent dyes. This strategy has gained popularity most
recently through a Hoechst 33342 dye efflux assay originally described
by Goodell et al.30 However, a wide variety of similar assays have been
described previously.31 Moreover, although these assays rely primarily on
efflux, each of these assays may also depend on secondary physiological
properties, such as the cell’s degree of mitochondrial activation.31 Thus,
characterizing progenitors based on the capacity to efflux dyes is a strategy
that should perhaps be explored more deeply.
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As part of our studies we have developed and characterized an alternative
strategy for identifying hematopoietic progenitors based on their expression
of ALDH,32–34 an intracellular enzyme that specifically confers resistance
to the nitrogen mustard cyclophosphamide. In general, this cell isolation
strategy relies on the use of non-polar fluorescent aldehyde substrates that
can traverse the cell membrane (Fig. 2).27,35 In the presence of ALDH the
aldehydes are oxidized, become polar and are retained by the cell mem-
brane. Thus, fluorescence increases in the cells that express ALDH. The
first formal tests for this strategy were performed at the Johns Hopkins
University using murine BMT assays.36 In those studies, hematopoietic
progenitors were initially fractionated by counter-current elutriation, a
process that enriches small, primitive progenitors (Fr25 cells). Cells that
expressed high levels of ALDH were then purified by their conversion of
the fluorescent substrate dansyl aminoacetaldehyde. The Fr25ALDHbr cells
contained progenitors that were capable of transplanting themselves into
secondary hosts, even when as few as ten cells were assayed per transplant.
To achieve re-transplantation, the purified cells must have been expanded
in the primary transplant recipient while maintaining a capacity to repop-
ulate hematopoiesis. Therefore, these studies provided strong evidence

Fig. 2. Fluorescent substrates for ALDH. Fluorescent ALDH substrates (such as BODIPY
aminoacetaldehyde) are non-polar and traverse the membrane. Upon exposure to ALDH
these dyes acquire charge and become cell impermeant, and thus cell fluorescence increases
(modified from Storms et al.27).
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that LT-HSC expressed ALDH. In addition, the Fr25ALDHbr cell popu-
lation was equally notable for the absence of specific progenitors. The Fr25
ALDHbr cells did not form foci in the spleen, a measurement for short-term
progenitors with a capacity for both myeloid and lymphoid development.
Thus, the expression of ALDH discriminated LT-HSC from transplantable
short-term progenitors.

The work in murine transplantation model was provocative and exciting;
however, the cell purification itself required exposure to a potentially harm-
ful ultraviolet laser. To eliminate exposure to ultraviolet light and as a first
step toward transferring this work to a clinical setting, a second-generation
aldehyde substrate was synthesized using BODIPY-FL fluorochrome.27

Using BODIPY aminoacetaldehyde (BAAA; Aldefluor�), cells that com-
prised slightly less than 1% of the total UCB could be readily identified
based on their low orthogonal light scatter and their high ALDH expres-
sion (SSClo ALDHbr cells, see Fig. 3).27,29 These cells did not express

Fig. 3. Defining ALDHbr progenitors. For our studies, cells were stained with 1 µM
BODIPY aminoacetaldehyde. SSClo ALDHbr and SSClo ALDHneg cells were defined
(B) based on the background fluorescence established using enzyme-inhibited controls (A).
On average, approximately 50% of SSClo ALDHbr cells expressed CD34+ (D) and these
cells were highly enriched with CD34+ CD38neg cells (modified from Storms et al.29).



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch01

Defining Progenitors Based on Their Expression of Aldehyde Dehydrogenase 7

lineage-specific antigens and, more importantly, they were capable of elim-
inating the fluorescent dye by a mechanism that apparently involved a
verapamil-sensitive efflux pump.27 From a clinical perspective, this was
significant because the dye would not linger inside progenitor cells and
any potential cytotoxic effects from foreign agents would decrease. From a
biological perspective, this was significant because a single linneg cell pop-
ulation appeared to simultaneously express two physiological mechanisms
for drug resistance. This phenotype — linneg efflux+ ALDHbr — strongly
suggested a cell with progenitor function. Indeed, when placed into devel-
opmental assays, the SSClo ALDHbr cell fraction contained clonogenic
myeloid progenitors (CFU) as well as more primitive cells with a capac-
ity to initiate long-term cultures (LTC). Subsequent studies indicated that
SSClo ALDHbr UCB cells were also highly enriched with transplantable
cells that engraft NOD/SCID mice (SRC).29,33,37 Therefore, by both phe-
notype and function, the SSClo ALDHbr cell fraction rapidly enriched
progenitors.

In the studies on human UCB, this simple isolation strategy enriched
a mixture of progenitors that included clonogenic cells committed to the
myeloid lineage as well as transplantable cells with a potential for both
myeloid and lymphoid development. This was unlike the ALDHbr cells that
had been isolated from murine bone marrow, which appeared to represent
a nearly pure population of long-term repopulating stem cells. The primary
distinction between the two studies resides with the use of counter-current
elutriation to carefully fractionate the murine bone marrow based on cell
size. Indeed, this fractionation had been used previously to enrich trans-
plantable cells.34 However, we note that the progenitors that were enriched
from SSClo ALDHbr UCB were entirely consistent with bone-marrow-
derived progenitors that display resistance to cyclophosphamide.38–40

Defining CD34+ Progenitors Based on Their
Expression of ALDH

Preliminary studies from multiple different groups had all noted that
the SSClo ALDHbr cells were enriched with CD34+ cells, and that the
ALDHbr CD34+ cells included a high frequency of CD34+ CD38neg cells
(Fig. 3).27,28,37 However, while approximately 60% of the SSClo CD34+
linneg express ALDH, at least some CD34+ cells did not. This provided
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an opportunity to evaluate the association of ALDH within the context of
well-described CD34+ progenitors.

Primitive CD34+ cells express ALDH
The NOD/SCID xenograft model is commonly used to monitor trans-
plantable human progenitors.16 In those studies, human hematopoietic
engraftment to the bone marrow can be readily assayed by the presence of
human CD45+ cells. In addition, a progenitor’s capacity for multilineage
development is typically confirmed by the presence of human B lymphoid
cells as well as shorter-lived myeloid cells in the marrow. Finally, in some
mice, human CD34+ progenitors persist in the marrow even 18–20 weeks
post-transplant.29 This suggests that human hematopoiesis is still actively
evolving, even at relatively late time points.

When CD34+ progenitors were fractionated as ALDHbr and ALDHneg,
the two populations were strikingly dissimilar in their capacity to engraft
NOD/SCID marrow.29 In both short- and long-term transplantation assays,
1000 to 3000 ALDHbr CD34+ cells were sufficient to reliably engraft
the marrow of NOD/SCID mice. Limiting dilution analyses estimated that
approximately 1 in 4700 ALDHbr CD34+ cells were SRC (95% confidence
interval [CI]: 1/3700 to 1/6900). In contrast, SRC were too rare within the
ALDHneg CD34+ cell fraction for their frequency to be reliably estimated.A
similar observation was described recently when linneg ALDHbr UCB cells
were fractionated based on their expression of CD133.32 In those studies the
highest frequency of SRC was found within cells that co-expressed CD133
and ALDH. Although a subset of these cells was CD34neg, it was notewor-
thy that a majority of CD133+ ALDHbr cells also expressed CD34. While
it remains to be formally tested, collectively these data suggest that the cells
that co-express the constellation of CD34, CD133 and ALDH might be the
cells that most efficiently achieve engraftment, at least as monitored in the
NOD/SCID transplantation model. At least part of the transplantability of
these cells may lie in an inherent capacity for the cells to rapidly establish
themselves within the marrow.32

Primitive progenitors can also be monitored by their growth in LTC
assays. After five weeks in culture, LTC maintain clonogenic myeloid pro-
genitors, committed lymphoid progenitors as well as cells that can re-
initiate secondary LTC cultures.29 Therefore, cells that initiate LTC are
myelo-lymphoid progenitors; however, the culture assays themselves do
not carry the more stringent requirement for cell homing that is present in
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transplantation assays. LTC have been established with ALDHbr CD34+
and ALDHneg CD34+ UCB cells as an independent measurement for prim-
itive progenitors. As had been observed with SRC, the two cell popu-
lations were quite dissimilar in their relative content of cells that could
initiate secondary LTC.29 After ten weeks in culture, the ALDHbr CD34+
cells yielded approximately 100-fold greater CFU when compared with
ALDHneg CD34+ cells. However, the more critical comparison came from
limiting dilution analyses which estimated that 1 in 43ALDHbr CD34+ cells
would initiate secondary LTC whereas only 1 in 1130 ALDHneg CD34+
cells initiated secondary LTC. Therefore, based on their performance in
LTC, primitive progenitors were 25-fold more frequent within the ALDHbr

CD34+ cell fraction.

ALDHbr and ALDHneg CD34+ cells display different
responses in short-term culture
Progenitor cells with more limited developmental potentials also contribute
to hematopoiesis. Unlike what had been observed in studies on primitive
progenitors, the ALDHbr and ALDHneg CD34+ cell fractions displayed
more subtle differences in their contents of short-term progenitors.29

Short-term myeloid progenitors are most commonly discriminated by
their capacity to form colonies in hematopoietic progenitor colony assays
(HPCA). Both ALDHbr CD34+ and ALDHneg CD34+ UCB cell frac-
tions contained clonogenic progenitors; however, myeloid CFU were 2.5-
fold more frequent within the ALDHbr CD34+ subset (Fig. 4). This was
consistent with previous observations that the SSClo ALDHbr cell frac-
tion was enriched with myeloid progenitors. In complementary studies,
the growth and differentiation of ALDHbr and ALDHneg CD34+ progen-
itors were monitored in short-term cultures that contained recombinant
human IL-3, IL-7 and IL-15 (Fig. 4). These conditions specifically encour-
age the rapid and robust development of NK cells. However, even though
the ALDHbr CD34+ cells expanded extensively under these conditions,
they predominantly gave rise to CD13+ myeloid cells. In paired cultures,
the ALDHneg CD34+ cells also gave rise to myeloid progeny although to
a significantly lesser degree. The total myeloid output was approximately
seven-fold greater in cultures initiated with ALDHbr CD34+ cells. This
was presumably measuring a response to IL-3, and was consistent with
their clonogenic potential as monitored in HPCA. In total, these data indi-
cated that short-term myeloid progenitors were more frequent among the
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Fig. 4. Defining short-term progenitors. (A) ALDHbr CD34+ and ALDHneg CD34+ cells
were monitored for clonogeneic myeloid progenitors and the total number of myeloid
colonies were normalized per 100 cells that initiated each culture (n = 7). ∗∗Statistical
comparisons were drawn betweenALDHbr andALDHneg cells using paired non-parametric
analysis (Wilcoxon signed rank test; ∗∗P = 0.06). (B–E) Short-term progenitors were
cultured on STO fibroblast feeder stroma in the presence of IL-3, IL-7 and IL-15 under
the conditions that were designed to support NK development (n = 10). The progeny of
ALDHbr CD34+ and ALDHneg CD34+ cells were compared their relative expression of
the lymphoid antigen CD56 (B and C) or the myeloid antigen CD13 (D and E). Average
percentages (± SD) and the total output of (modified from Storms et al.29).

ALDHbr CD34+ cells. These data might also suggest that both cell fractions
contain cells that are irreversibly committed to myeloid differentiation.

As mentioned above, NK development is rapid and robust in response to
IL-3, IL-7 and IL-15. This was most clearly evident in cultures initiated with
ALDHneg CD34+ cells, which consistently gave rise to high percentages
of CD56+ lymphoid cells (Fig. 4). In contrast, even with vigorous growth,
the ALDHbr CD34+ cells exhibited only a limited capacity toward NK
development. In total, the ALDHneg CD34+ cells produced fewer total
cells yet gave rise to three-fold more NK progeny than did the ALDHbr

CD34+ cells. These differences are consistent with their expression of the
early lymphoid antigenic determinants CD7 and CD10 (Fig. 5). These data
suggest that the expression of CD7 was distributed across the ALDHneg

and a ALDHdim CD34+ cell subset; however, CD34+ CD10+ cells were
nearly exclusively ALDHneg.
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To briefly summarize these data, the ALDHbr CD34+ phenotype was
associated with primitive hematopoietic progenitors and with short-term
myeloid progenitors. In contrast, theALDHneg CD34+ cells may be a reser-
voir of committed lymphoid progenitors. Based on data with regard to cell
phenotypes, it is tempting to stratify the CD34+ cell compartment based on
their expression of ALDH and CD38. On going studies are attempting to
define whether distinct CD34+ developmental compartments can be defined
based on three primary phenotypes (Fig. 5):

(1) ALDHbr CD34+ CD38neg cells should be enriched with primitive cells,
such as SRC;

(2) ALDHdim/brCD34+CD38dim/br cells should be enriched with myeloid
progenitors; and

(3) ALDHneg CD34+ CD38br cells should be enriched with lymphoid
progenitors.

Fig. 5. Defining human hematopoietic progenitors. SSClo CD34+ cells were defined in
UCB (A) to examine the expression of CD38, CD10 and CD7 relative to the expression of
ALDH (B,C,D). The CD34+ cells with the brightest ALDH expression exhibited the lowest
CD38 expression (B). In contrast, the expression of CD10 and CD7 were predominantly
found within CD34+ cells that do not express ALDH (C and D). Some CD7+ cells were
evident within anALDHdim cell fraction (indicated by an arrow). Based on the data regarding
their developmental potentials, it is tempting to speculate that the relative expression of
ALDH, CD34, and CD38 might be used to discriminate functional subsets of CD34+ cells
(E) A model for lineage-specific development by CD34+ cells is presented (F).
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Clinical Endpoints

This cell isolation strategy was intended not only to increase our under-
standing of basic progenitor physiology, but hopefully to also translate that
knowledge into the clinic. To date, this simple assay has been used within
the context of clinical monitoring. In two studies the expression of ALDH
has been used to evaluate the quality of human hematopoietic transplant
grafts.28,41 Both studies suggest that the content of SSClo ALDHbr cells
within the graft is a positive clinical indicator for successful engraftment.
One study suggests a correlation between these cells and the graft’s total
content of clonogenic progenitors. CFU content is routinely monitored in
clinical transplantation studies as an indicator of the progenitor content
of the graft. These data are consistent with our understanding of the total
progenitor content on the ALDHbr cell fraction.

ALDH in Other Tissues

The expression of ALDH has been most extensively characterized within
the context of early hematopoiesis. In addition, although most studies have
focused primarily on normal hematopoiesis, recent studies suggest that
ALDH may be a part of the phenotypic signature for at least some human
leukemic stem cells.42 One question that remains is whether ALDH par-
ticipates within the early ontogeny of other cell types. ALDH is highly
expressed in neural progenitors identified from the fetal rat brain.43 Further-
more, when treated with a specific inhibitor of ALDH, zebrafish embryos
suffer a total loss of hindbrain development,44 a phenotype that mimics a
known mutant in a retinoic acid receptor. This strong phenotype suggests
that ALDH may play a pivotal role during early neurogenesis. Other tis-
sues have not been explored in detail. We have noted subpopulations of
adipose-derived mesodermal progenitors that express ALDH;45 however,
a careful examination of the developmental potential of those cells has yet
to be performed.
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Fetal Mesenchymal Stem Cells are
More Primitive than Adult Mesenchymal

Stem Cells

Cecilia Götherström, Pascale V. Guillot and Nicholas M. Fisk

Stem cells are present at various stages of development, from the inner
cell mass through fetal and finally, adult sources. Despite a corresponding
decline in differentiation potency, and despite having access to pluripotent
embryonic stem cells, many laboratories still choose to study adult stem
cells. This is not only on ethical grounds, because embryonic stem cells
necessitate destruction of a human embryo, but also out of expediency. The
main, practical reason is that adult stem cells are relatively easily obtained,
at least compared to their competitor sources, and indeed can be purchased
commercially. Adult multipotent stem cells, like the mesenchymal stem
cell (MSC), not only differentiate into several mesodermal cell types but
also produce important cytokines and growth factors, which is the basis for
their extensive potential for tissue repair. Considerable debate has focussed
on the contrasting merits of embryonic versus adult stem cells. Early fetal
tissues also contain a population of human MSC that appear more primitive
and with greater multipotentiality than their adult counterparts. Fetal MSC
may thus represent an intermediate cell type between embryonic and adult
stem cells, and therefore prove advantageous as a source for cellular therapy.

17
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Biological Role of MSC

Multipotent MSC can be isolated from a number of different tissues, but
readily accessible postnatal bone marrow is the most common source.
Human MSC have also been isolated from several fetal tissues, such as
first trimester blood, bone marrow, liver and placenta1–3 and from second
trimester blood, bone marrow, liver, lung, spleen, pancreas, kidney, brain
and amniotic fluid.4–9

MSC make up only a minor fraction of bone marrow and other tissues.
The exact proportion is difficult to establish since the different methods
used to collect the bone marrow affect the harvest, but it is estimated that
MSC comprise 0.001% to 0.01% of the total adult bone marrow, and are
hence about ten-fold less abundant than haematopoietic stem cells (HSC).10

Furthermore, the prevalence of MSC declines with advancing age: in the
marrow of a newborn, one MSC is found among 10,000 nucleated marrow
cells, compared to one MSC per 250,000 nucleated cells in adult bone
marrow and one per 2×106 in that of an 80-year-old.10 In contrast, the
fetus is relatively rich in MSC, first trimester fetal blood containing one
MSC among every 3000 nucleated cells (which then decline rapidly with
advancing gestation1 and second trimester fetal bone marrow one MSC
among every 400 cells.5

Adult MSC represent a fundamental component of the stromal microen-
vironment that plays an important role in the regulation of haematopoiesis
and the homing and engraftment of haematopoietic cells. Adult MSC pro-
duce vital haematopoietic cytokines and extracellular matrix (ECM) com-
ponents, and provide critical cell-cell interactions, which may attract HSC
to the marrow.11–14 MSC have been shown to maintain haematopoiesis
in long-term cultures11,15 and to support expansion of umbilical cord
blood (UCB)-derived HSC.16,17 Furthermore, adult human MSC enhance
the engraftment of UCB-derived CD34 positive haematopoietic cells in
NOD/SCID mice18 and fetal sheep.19,20 The MSC support is not lineage
restricted since it involves cells of lymphoid, myeloid and megakaryocytic
lineages.21–23

The decrease of circulating MSC in fetal blood during the first trimester
and the higher frequency of MSC in the second trimester bone marrow
are likely to be related to their migration from one haematopoietic site
to another in the developing fetus. This additional role is supported by the
detection of maximal numbers of fibroblast colony-forming units in murine
fetal liver, spleen and bone marrow at the time haematopoiesis begins at
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each site, suggesting the existence of a migration of a stromal stem cell
population on which HSC are seeded.24 Fetal MSC have recently been
demonstrated to localise within haematopoietic sites throughout ontogeny,
consistent with parallel and coordinate development of both haematopoi-
etic and mesenchymal systems.25 The transfer of haematopoiesis from the
fetal liver to the bone marrow may also be result from a decrease in the
capacity of the fetal liver to support haematopoiesis. Adhesion of murine
fetal liver HSC to bone marrow stromal layers was significantly greater
than to fetal liver stromal cells.12 The affinity of HSC derived from fetal
liver for bone marrow stromal layers is consistent with the preferential
migration of haematopoietic cells from the fetal liver to the bone marrow.
Furthermore, first trimester fetal MSC have a similar pattern of expression
of adhesion molecules as first trimester HSC.26 In accordance with this,
it has been determined that fetal MSC maintain haematopoiesis in long-
term cultures and support expansion of umbilical cord blood-derived HSC
in vitro1,27 and in vivo animal studies show that MSC support and enhance
HSC engraftment.27,28 Human fetal bone marrow-derived stromal cells also
support commitment and differentiation of human HSC to CD19 positive
B-lineage cells.29 These data indicates that the fetal MSC are implicated in
the establishment of haematopoiesis.

MSC are defined as multipotent cells that are capable of differentiat-
ing into several lineages of mesenchymal origin including bone, cartilage,
tendon, marrow stroma and adipose tissue.30–32 Given their ability for self-
renewal and multi-lineage differentiation, they could be used in repair-
ing and regenerating damaged tissues of mesenchymal origin. A number
of studies show the feasibility of MSC-transplantation for various pur-
poses. MSC have been demonstrated to have the ability to repair bone
defects in canine femurs,33 sheep long bones34 and the murine craniofacial
skeleton.35 Delivery of MSC to large tendon defects in rabbits significantly
improved the biomechanics and structure of the tendon,36 as well as pro-
moting regeneration of cartilage in a rabbit37 and human study.38 Osteo-
genesis Imperfecta (OI) is a rare genetic disorder of type 1 collagen, the
major structural protein of the ECM of bone and other connective tissues,
which results in generalised osteopenia, bony deformities, and excessive
fragility with fracturing and short stature.After infusion of MSC in a mouse
model of OI, a small number of donor MSC engrafted and normal colla-
gen was detected in the bone.39 Furthermore, studies in humans suggest a
possible therapeutic effect of MSC in OI. Five affected children were trans-
planted with allogeneic bone marrow-derived HSC and all had an increase
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in total body mineral content, compared to predicted values for healthy
children.40,41 These improvements were associated with increased growth
velocity and fewer bone fractures. In a later study, gene-marked allogeneic
MSC expanded from the original HSC-donor were infused to the same
OI patients.42 Engraftment of MSC and an acceleration of growth velocity
during the six months post transplantation could be demonstrated. Other
studies show the ability of MSC to differentiate into cardiomyocytes43,44

and their capacity to repair infarcted regions in the heart of experimental
animals,45,46 rats47,48 and possibly humans.49 Transplanted cells engrafted
in infarcted myocardium and formed cardiomyocytes. Sanchez-Ramos50

evaluated the ability of MSC to differentiate into neural lineages in vitro
and after transplantation in rodents to conclude that they may eventually
have a role in the treatment of stroke, traumatic injury and Parkinson’s dis-
ease. Furthermore, it has been demonstrated that adult bone marrow cells
can enter the human brain and generate neurons after transplantation.51

MSC have a poorly understood ability to migrate to sites of tissue injury
participate in the healing of tissues. Studies have shown enhanced engraft-
ment of MSC at sites of tissue injury, as in lung tissue following exposure
to bleomycin that induces lung injury and inflammation52 and in areas of
induced muscle degeneration, where MSC undergo myogenic differentia-
tion and participate in the regeneration of damaged fibres.53

Phenotype

Despite considerable effort in identifying specific surface markers on MSC
for definition and identification of the cells in vivo and in vitro, no unique
immunophenotype or set of biological markers has yet been established that
define MSC. Notwithstanding this, human fetal and adult MSC expanded
in vitro are known not to express the haematopoietic or endothelial surface
markers CD11b, CD14, CD31, CD34 or CD45 but stain positive for CD29,
CD44, CD73, CD90, CD105 and CD166.1,2,27,32,54,55 MSC also express a
variety of cell adhesion molecules as integrins α1, α2, α3, α4, α5, α6, αv, β1,
β3, β4 and β5.55,56 Further characterisation reveals expression of ligands
for surface proteins present on cells of the haematopoietic lineage, including
ICAM-1, ICAM-2, VCAM-1, LFA3 and CD72,32,55–57 molecules impor-
tant in cell binding and homing interactions. Several ECM molecules, such
as collagen, fibronectin, laminin and proteoglycans are also secreted by
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MSC, suggesting that they may play a central role in the organisation of the
ECM.1,32,58 In addition, MSC constitutively express mRNA for cytokines
including interleukin-6, -7, -8, -11, -12, -14, -15, leukaemia inhibitory fac-
tor (LIF), macrophage colony-stimulating factor (M-CSF), stem cell factor
(SCF) and fms-like tyrosine kinase-3 (Flt-3) ligand, which are important
for HSC differentiation and support.11,31

Stem Cell Properties

MSC are thus defined as multipotent cells, capable of differentiating into
mesodermally-derived tissues such as bone, cartilage, tendon, marrow
stroma and adipose tissue (Fig. 1).30,32 Single-cell clones of fetal and
adult MSC retain their multilineage potential1,32,59 and further verifica-
tion of their stem cell nature comes from the fact that single-cell colonies
of MSC co-express genes characteristic for the osteoblastic, chondro-
cytic, adipocytic, myoblast, haematopoiesis-supporting stroma, endothe-
lial, epithelial and neuronal lineages,60,61 indicating that they can give rise
to a broad range of cells. Furthermore, animal studies have shown that
when infused intravenously, MSC widely engraft in multiple tissues and
demonstrate site-specific differentiation.62,63

Fetal and adult MSC are both readily transduced with integrating vectors
without affecting their stem cell properties of self renewal and multi-lineage
differentiation.64,65 During standard expansion cultures, MSC preserve
their karyotype and show no sign of differentiation, but following long-
term in vitro culture (four to five months), spontaneous transformations
appear.66

Differences Between Fetal and Adult MSC

Fetal and adult MSC share several characteristics, including their morphol-
ogy and the expression of common surface molecules, but in other aspects
they differ. These dissimilarities are now being more deeply explored and
understood.

Greater expansion potential
MSC can be extensively expanded in vitro to quantities sufficient for ther-
apeutic application. First trimester fetal MSC have considerably higher
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Fig. 1. Human first trimester fetal MSC can differentiate into a variety of cell lineages
in vitro. Fetal MSC grown in culture are adherent and have a spindle-shaped morphology (A).
Fetal MSC induced in culture towards the osteocytic lineage deposit extracellular calcium
that stains red with Alizarin Red S (B) and phosphates that stains black with Von Kossa (C).
Adipogenic differentiation is indicated by the accumulation of neutral lipid vacuoles that
stains with Oil Red O (D). Chondrogenic differentiation is evident by morphological changes
and positive red staining for glucosaminoglycans with Safranin O (E) and brown staining
for Collagen type I (F). MSC grown in myogenic induction media containing galectin1 fuse
to form multinucleated myofibres, which stains positive for Desmin. Magnification ×20.
(Courtesy of Dr. J. Chan.)

expansion potential than adult MSC, which typically undergo about 15–40
cell doublings in vitro before senescing (Table 1).67,68 In contrast, fetal
MSC can be expanded for up to 70 population doubling without signs of
senescence or apoptosis.69,70 Fetal MSC also cycle faster than adult MSC,
with a doubling time of 27.1 ± 5.3 hours compared to 124 ± 20 hours
for adult MSC under the same conditions over 10 population doublings
in early passages.70 Consistent with the above, first trimester human fetal
liver-derived MSC have increased expression of transcripts implicated in
cell cycle promotion, chromatin regulation and DNA repair compared to
adult bone marrow MSC analysed with microarrays.57

In view of the greater expansion capacity of fetal MSC, we recently
analysed telomere length and telomerase activity of fetal and adult MSC,
as putative indicators of cellular ageing and senescence. Fetal MSC-derived
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Table 1. Overview of the differences between human fetal and adult
MSC.

Fetal MSC Adult MSC

Prevalence in vivo + + + +
Doubling time + + + +
Expansion potential + + + +
Telomere length + + + +
Telomerase activity + + + −
Primitive markers + + + −
Pluripotency markers + + + −
Differentiation potential + + + ++
Immunological inertness + + + ++
Immunosuppression + + + +

− Negative, + faint positive, ++ positive, + + + distinctly positive.

from blood, bone marrow and liver had significantly longer telomeres than
adult bone marrow MSC. In addition, all sources of fetal MSC exhibited
significantly greater telomerase activity and expression of the hTERT gene
compared to adult MSC.71 These data demonstrate that fetal but not adult
MSC have a high capacity for self-replication; billions of fetal MSC can
be generated from a small amount of starting material. This is of relevance
not only to allogeneic expansion for cell banking but also potentially to
autologous applications in ex vivo gene therapy, where rapid expansion
will be required after collection prior to reinfusion.

Primitiveness
Gene array data indicate that fetal MSC are less lineage committed that
adult MSC, since they express more primitive transcripts.57 These involve
genes regulating germplasm and limb patterning, brain and early muscle
development (Table 1). Furthermore, fetal MSC showed lower expression
compared to adult MSC of transcripts, which characterise more mature
cell types. Additionally, we have also shown that fetal but not adult MSC
express the pluripotency stem cell markers Oct-4, nanog, Rex-1, SSEA-3,
SSEA-4, Tra-1-60 and Tra-1-81 (Table 1)71 suggesting that fetal MSC are
more primitive than adult MSC and can maintain this stage for longer.

The differentiative capacity of fetal and adult MSC also seems to differ
(Fig. 1, Table 1). D’Ippolito et al.72 examined the osteogenic differentiation
of postnatal MSC of different age and found that younger individuals exhib-
ited increased osteogenic potential than older individuals. Furthermore, it



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch02

24 C. Götherström et al.

has been shown that first trimester fetal MSC have a higher osteogenic
potential than adult MSC, demonstrated by default osteogenesis and basal
osteogenic gene expression during in vitro and in vivo differentiation.73

Lee et al.74 showed that term UCB-derived MSC can differentiate in addi-
tion to the standard bone, cartilage and fat lineages into neuroglial- and
hepatocyte-like cells, hence suggesting an ability to differentiate into cell
types of all three germ layers. Other studies suggest less lineage restric-
tion in first trimester fetal MSC, which differentiate readily into muscle,
oligodendrocytes and haematopoietic cells.70,75,76

Immunological differences
The potential to use MSC for cellular therapeutics has driven the investiga-
tion of how MSC affect the immune response. Several adhesion molecules
expressed by MSC are essential for the interaction with T-cells, like
VCAM-1, ICAM-2 and LFA-3, but MSC do not express FAS ligand or
the co-stimulatory molecules CD40, CD40L, CD80 or CD86.56,57,77 First
trimester fetal and adult MSC differ in their expression of alloantigens
(Table 1).56,78,79 Both cell types express the major transplantation antigen
human leucocyte antigen (HLA) class I on the surface, but fetal MSC have
lower expression than adult MSC. However, adult MSC contain intracel-
lular deposits of HLA class II, whose cell surface expression can easily be
induced by treating of the cells with INFγ for one day.78 Fetal MSC on the
other hand, have no HLA class II intracellularly and require two days INFγ

exposure for de novo synthesis and intracellular expression, and seven days
for full cell surface expression.79

Both fetal and adult MSC seem to escape the immune system in vitro,
since they are not detected by allogeneic lymphocytes in co-culture
experiments2,77,80,81 and MSC stimulated with interferon γ (IFNγ) still
escape recognition of alloreactive T-cells.78,79 Surprisingly, this immuno-
privilege applies equally to MSC after differentiation into adipocytes or
osteoblasts. Neither are MSC lysed by natural killer cells mis-matched
on the killer immunoglobulin-like receptors and it has been shown that
adult MSC escape recognition by cytotoxic T-cells.82 Animal studies have
shown that allogeneic MSC persist when transplanted without immunosup-
pression into a new host.62,63 In contrast to these data, MHC mis-matched
adult murine MSC were rejected and implants had increased proportion
of host-derived lymphoid cells,83 and in another study host macrophage
invasion was observed with the majority of MSC being eliminated within
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two weeks.84 These data demonstrates that MSC may not be intrinsically
immunoprivileged cells in vivo, which warrants further investigation.

Fetal and adult MSC both inhibit the proliferation of non-specific
mitogen-activated HLA mis-matched peripheral blood lymphocytes in co-
culture2,18,80,85 while adult MSC have been shown to inhibit formation of
cytotoxic T-cells82 and suppress monocyte differentiation into dendritic
cells.86 Surprisingly, fetal MSC do not inhibit proliferating allogeneic
lymphocytes, unlike adult MSC which do in a dose-dependent manner
(Table 1).77,79,80,85,87 Nevertheless, stimulating fetal MSC with IFNγ for
seven days for full surface expression of HLA class II, results in suppres-
sion of lymphocyte proliferation at a magnitude similar to that seen with
adult MSC.79 Thus, despite the up-regulation of HLA class II, other con-
current events induced by IFNγ appear to enhance the anti-proliferative
effect that fetal MSC exert on lymphocyte proliferation. This characteristic
of fetal MSC could be related to the relative immaturity of fetal compared
to adult MSC. Few data are available on the immunosuppressive effect of
MSC in vivo, but in immunocompetent baboons transplantation of allo-
geneic MSC prolongs third party skin graft survival88 and murine MSC
reduce inflammation in lung tissue of mice challenged with bleomycin,52

as well ameliorate experimental autoimmune encephalomyelitis in mice.89

These data are further supported by the infusion of haploidentical adult
MSC to treat grade IV acute treatment-resistant graft versus host disease in
a patient suffering from acute leukaemia, which reversed with no induction
of tolerance.90

The fact that MSC are not inherently immunogenic and have the ability
to suppress proliferating lymphocytes may make them useful for cell and
immune therapy. The exact mechanism for the non-restricted immunomod-
ulatory effect described above is unknown, but numerous mechanisms have
been proposed77,85,91–97 and are most likely to be complex and involve a
soluble molecule(s).

To summarise, donor MSC which are incompatible with the recipient at
the HLA antigen level, escape the immune system, a property which makes
them potentially useful for various transplantation purposes.

Therapeutic applications of fetal MSC
MSC offer many advantages for developing cellular therapies; ease of
isolation, expansion potential, stable phenotype, the capacity to differen-
tiate into several mesenchymal tissues and that they escape the immune
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system. Prenatal diagnosis and intrauterine transplantation (IUT) presents
one opportunity for early treatment of disease. There are several advantages
to the IUT approach:

(i) the developing immune system of the fetus may not yet have the
capacity to mount graft rejection of foreign tissue,

(ii) the increased cell dosage achievable relative to the size and weight of
the fetus,

(iii) the rapid growth of the fetus provides greater opportunity for engraft-
ment and expansion of the donor cells,

(iv) the normal ontological migration of stem cells to different anatomical
compartments,

(v) the lack of need for myeloablation,
(vi) early treatment of the disease before irreversible and organ damage

and finally,
(vii) the better psychological situation for the parents resulting from the

birth of a child who has already been treated.

In humans, successful outcomes after IUT have until recently only been
achieved in cases of immunodeficiency,98–104 while IUT in fetuses suf-
fering from other disorders such as inborn errors of metabolism and
haemoglobinopathies have failed,105 presumably due to immune rejection.
It has been proposed that diseases with a defective immunological response
might facilitate engraftment of allogeneic donor cells which would then
have a selective competitive advantages over host cells.106,107 Thus, suc-
cess in engrafting severe combined immune deficiency (SCID) fetuses is
not unexpected, since SCID patients have also been transplanted postna-
tally with minimal or no cytoablation.108 Successful IUT in non-immune
deficient disorders would represent a major step forward in the manage-
ment of patients with congenital metabolic and haematological disorders.
Theoretically, this may be possible because MSC seem largely to escape the
immune system and also have immunomodulatory effects. After intrauter-
ine transplantation into pre-immune fetal sheep, human adult MSC engraft
albeit at low level in the absence of selective advantage or tissue injury,
and demonstrate site-specific differentiation into chondrocytes, adipocytes,
myocytes, cardiomyocytes, bone marrow stroma and thymic stroma.62 It
is noteworthy that long-term engraftment occurred with MSC transplanted
after the expected development of immunocompetence.
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A number of studies now show advantages of fetal over adult human
cells in transplantation models. Taylor et al.109 showed a ten-fold competi-
tive engraftment advantage of murine fetal liver cells relative to adult bone
marrow cells in an IUT model in SCID mice and fetal liver cells had a repar-
ative advantage over adult bone marrow cells in a neonatal muscle injury
model.110 Furthermore, fetal MSC derived from kidney gave rise to human
blood and liver-like cells with broad engraftment within other organs in a
xenogeneic fetal sheep model.4 We also noticed circulating human CD45
negative cells in the progeny after IUT of human fetal MSC into mid-
gestation fetal sheep,76 which was not found after comparable transfusion
of adult MSC. On the other hand, Chou et al.111 found that adult MSC
transplanted into fetal mice similarly resulted in circulating human CD45
positive cells. In terms of injury models, we have found that fetal MSC
transplanted in utero into immunodeficient damaged murine muscle par-
ticipate in regeneration of muscle by forming muscle fibres, although at
low levels.70 Pre-exposing the fetal MSC with galectin-1, a muscle induc-
ing stimulus, four-fold more human muscle fibres were formed by fetal
MSC in vivo than non-stimulated MSC. Potential in vivo engraftment in
bone with positive effects has also been shown after infusion of adult MSC
in children with osteogenesis imperfecta.42 Recently, a human fetus with
severe osteogenesis imperfecta type III was transplanted in utero at 32
weeks with allogeneic first trimester fetal liver-derived MSC, resulting in
donor cell engraftment of 0.5%–7.4% in bone at one year with better than
expected development, although clinical benefit was difficult to attribute
due to confounding affect of biphosphonate treatment.112 Nevertheless,
the data showed that allogeneic HLA-mismatched fetal MSC engraft and
differentiate into bone in an immunocompetent fetus.

Conclusion

We conclude that increasing differences are emerging between fetal and
adult MSC. These dissimilarities suggest that human first trimester fetal
MSC are more primitive and have an increased proliferative and differen-
tiative ability compared to adult bone marrow-derived MSC, characteristics
advantageous for use in cell therapy. Whether these findings translate into
superior persistence of cells after transplantation and a greater regenerative
capacity of fetal MSC in tissue engineering awaits future in vivo studies.
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The Immunoregulatory Role of
Mesenchymal Stem Cells

Francesco Dazzi and Jennifer Timoshanko

Recently, several provocative links have been made between stem cells and
the induction of specific tolerance. Embryonic, hematopoietic and mes-
enchymal stem cells (MSC) all display immunoregulatory properties, and
have successfully induced tolerance in a variety of rodent and large ani-
mal studies. MSCs have been reported to evade the immune system and
suppress immune responses to nominal and transplantation antigens.

Evidence for these conclusions has evolved from in vitro experiments
utilising MLRs that report a hypoimmunogenic nature of MSC, and a
remarkable ability of MSC to suppress immune responses. MSC are able
to inhibit the proliferative response of CD8+ and CD4+ T cells, B cells,
natural killer cells and dendritic cells in a dose dependent manner. Several
mechanisms responsible for the inhibitory effect of MSCs have been sug-
gested and include induction of apoptosis, generation of T regulatory cells,
and division arrest anergy.

Regardless of which is the most important mechanism, a cross-talk
between the MSC and its target cell is critical, and includes direct and
indirect pathways. Thus, a greater therapeutic potential for MSCs beyond
their traditional accessory function in haematopoiesis has been suggested.

35
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This is strengthened by the facts that MSCs are relatively easy to expand
in vitro and their use does not involve ethical issues. This chapter discusses
the biology of MSCs and examines in depth their various effects on immune
cells, including, their potential for therapy of autoimmune diseases.

Definition of “Multipotent Mesenchymal Stem Cell
Stromal Cell”

Mesenchymal stem cells (MSCs) are multipotential non-hematopoietic pro-
genitor cells that are capable of differentiating into various lineages of the
mesenchyme. MSCs have been isolated and characterised in vitro1–3 based
on their property to adhere to plastic.4,5 Sources of MSCs include trabecu-
lar bone, peripheral blood, adipose tissue, synovium, skeletal muscle, lung,
deciduous teeth, amniotic fluid, cord blood and various foetal tissues.6–10

However, most studies typically use bone marrow derived MSC.11,12 Within
the marrow, MSCs comprise a very small proportion (0.001% to 0.1%) of
the total cell population of nucleated cells.13,14 Cultures of MSC have
demonstrated an important property, which is, their ability to proliferate
and form colonies (colony forming unit-fibroblast assay).1,5,15 The general
approach to culturing MSCs involves the isolation of bone marrow mononu-
clear cells and seeding these cells on tissue culture plates at a low density
in a minimal essential medium base containing foetal bovine serum. After
72 hrs non-adherent cells are removed and adherent cells are cultured to
confluency.16

Whilst no specific marker exists for MSC identification, considerable
progress has been made on the characterisation of MSCs surface phenotype.
A pattern of expression and lack of expression for a number of different
markers has been generated by Deans and Moseley.17 Generally MSCs
are devoid of haematopoietic (CD45) and endothelial markers (CD31),14

whilst positive for CD44, CD49e, CD62, MHC I and Sca-1.11,16,18 The
expression of CD90, CD117, SH2, SH3, SH4 and STRO-1 on MSCs is
considered selective but it varies, perhaps due to differing tissue and species
of origin of MSCs studied.19,20

Currently the technique utilised to identify MSC is, by their ability to
differentiate in vitro into several cell types.11 The typical default pathway for
MSCs is osteogenesis.Although a majority of clonally expanded MSCs can
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be induced to form proteoglycan-rich bone nodules,21 other clones under
correct culture conditions produce lipid droplets and differentiate along the
adipogeneic pathway,22 and fewer clones can produce glycosaminoglycan
proteins and differentiate into chondrocytes.5,23 Human MSCs in vitro and
in vivo can differentiate along the osteogenic, chondrogenic, myogenic,
endothelial and adipogenic pathways.11,24 In vivo studies using retro-viral
gene marking appear to confirm MSC plasticity.24,25

To summarise, the definition of MSC centres on the following criteria:
plastic adherence, fibroblast-like morphology, CFU-F content, phenotypic
pattern of surface markers and tri-differentiation capacity under appropriate
conditions.26 However, there is no unequivocal evidence indicating that
MSCs can be directly isolated ex vivo, because no specific marker exists.
Furthermore, a major difficulty when comparing MSC data arises from the
array of MSC populations being studied among laboratories with isolation
methods, the way to expand MSC in vitro, the best culture conditions, and
passage number all debated.

Immunogenicity of MSC

Both rodent and human MSC exhibit cell surface expression of MHC I,
while MHC II expression remains controversial. Although some reports
have described a low expression of MHC II by MSC, the general consensus
is that MSC are MHC II negative27 and this may be a component con-
tributing to their reduced immunogenicity.28 When used as stimulators in
mixed lymphocyte reactions (MLR), MSCs independent of the species of
origin — human,29 rat, or mouse30 have been found unable to provoke a
proliferative T cell response.31–33 Studies in animal models of allogeneic
transfer have also demonstrated that MSCs are not rejected by the immune
system and retain their potential to differentiate.34 Saito et al.35 have admin-
istered xenogeneic MSCs and traced their fate in recipient animals which
had undergone coronary artery ligation. Results showed that LacZ labelled
mice MSC engrafted bone marrow of immunocompetent recipient rats for
at least 13 weeks after transplantation. Furthermore, numerous mice cells
were identified in the infarcted myocardium that were absent before coro-
nary ligation. Finally, MSC infused into patients with Hurlers’ syndrome
did not result in the generation of alloreactive T cells nor graft versus host
disease.36
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MSC mediated suppression of T cell responses

Several in vitro studies have demonstrated the ability of MSCs to
modulate T-cell-mediated immune responses in an MHC independent
manner.29,33,37–42 Reports concur that despite the use of either autologous,
allogeneic, murine or human origin, MSC suppress T cell proliferation
stimulated by non-specific mitogens, alloantigens, or CD3/CD28 in a dose
dependent manner.32–34,39,42,43

Following HSC transplantation MSC engraft the thymus and partici-
pate in the positive selection of thymocytes, indicating a role in central
tolerance.44,45 Their potent immunosuppressive activity also suggests that
they may be involved in particular circumstances in peripheral tolerance.31

The potential of MSCs to act as a tolerogenic cell is based on the obser-
vation of MHC I and II expression (particularly in inflamed conditions) in
the absence of co-stimulatory molecules. To date, no one has recorded the
expression of B7-1, B7-2, CD-40 and CD40-L on MSC.17 Such a dichotomy
usually results in T cell anergy, highlighting a possible mechanism of tol-
erance. However, in a recent study Klyushnenkova et al.29 assessed the
involvement of co-stimulatory molecules by transducing MSC with B7.1
and B7.2. This did not enhance the ability of MSC to stimulate alloreactive
T cells, indicating that the lack of co-stimulation is not the major mechanism
responsible for T cell unresponsiveness.

In this study, they stimulated T cells with irradiated allogenic PBMC and
MSCs. The re-stimulation with PBMCs resulted in a greater T cell response,
indicating that T cells had been primed by MSCs. MSCs express adhe-
sion molecules such as ICAM-1/LFA-111,46 that possess co-stimulatory
properties47 and therefore may participate in T cell priming. This capacity
for MSC was recorded by Majumdar et al.46 who demonstrated that, MSCs
have the ability to deliver signals in an Ag dependent manner to CD4+ T
lymphocytes, resulting in, proliferation and cytokines secretion. A state of
“split tolerance” has been suggested by Glennie et al. who demonstrated
the inability of memory T cells once cultured with MSC to respond to their
cognate Ag upon re-stimulation.33

Although the immunogenicity of MSC may still be a matter of dis-
cussion, their ability to mediate immunosuppression is very consistent.
Krampera et al.33 and Beyth et al.31 have highlighted the dependence of
cell-to-cell contact for hMSC and mMSC-mediated inhibition. Withdrawal
of contact by either replacing MSCs with conditioned media, or when T cells
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and MSCs are on opposite sides of a transwell membrane diminishes the
MSC suppressive effect. Furthermore, Augello et al.48 demonstrated that
direct contact between MSC and T-cells via the inhibitory molecule pro-
grammed death 1 (PD-1) to its ligands PD-L1 and PD-L2, results in the
inhibition of T cell proliferation.

Other immunosuppressive mechanisms such as induction of T cell apop-
tosis and the generation of regulatory T cells have also been addressed, with
differing conclusions. Plumas et al.40 found that MSC inhibit T-cell pro-
liferation by inducing apoptosis of activated T cells, but have no effect on
resting T cells. This finding would be supported by the notion that MSC
express indoleamine 2,3-dioxygenase (IDO), which by converting trypto-
phan into kynurenine induces apoptosis in T cells. The evidence for an
involvement of regulatory T cells in MSC induced immunosuppression is
very limited. Maccario et al.49 studied the interaction of human MSC with
cells involved in alloantigen-specific immune response in mixed lympho-
cyte culture (MLC) and observed a remarkable increase in the percentage
of CD4+CTLA4+ cells and CD4+CD25+CTLA4+ cells in the presence
of MSC.

However, the elimination of CD25+ cells at the beginning of the cul-
ture does not interfere with the immunosuppressive activity of MSC, thus
excluding any significant role.50

MSC mediated inhibition of B lymphocytes

MSCs have similar immunosuppressive effects on B cells. Glennie et al.37

first and Augello et al.48 later reported that murine B lymphocyte activation
induced by anti-CD40/IL-4 or pokeweed mitogen (PWM), was blocked by
the addition of MSC. However, in the human system, Krampera et al.50

reported no suppressive effect of MSC on B cell proliferation stimulated by
DSP30F CpG-containing ODN. Recently Corcione et al.51 demonstrated
that, at high ratios, MSC do in fact abrogate B cell proliferation upon
stimulation with CpG 2006, rCD40L, anti-Ig Abs, Il-2 and IL-4. Following
culture with MSC, B cell proliferation and differentiation to IgM, IgG and
IgA plasma cells was abrogated and associated with arrest of the cell cycle
in G0-G1 phase. As in the case of T cells, the inhibition of B cells by MSC
requires soluble factors. Interestingly, the expression on B cells of several
chemokine receptors (CXCR4, CXCR5 and CCR7) and consequently B
cell chemotaxis is down regulated by MSC.51
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The effect of MSC on natural killer cytotoxic T cells

Most studies have focused on the impact MSC have in the suppression of
CD4+ T cell responses, but there is some evidence indicating that MSC
may also suppress CD8+T cell responses and natural killer (NK) cells.
Rasmusson et al.41 reported that MSC are not recognised by NK or CD8+
T cells. More importantly, it has been shown that MSCs inhibit the pro-
liferation of CD8+ T and NK cells in a dose dependent manner.37,49,50,52

MSCs also partially inhibit the ability of NK and CD8+ T cells to lyse their
targets50 but this is not confirmed and it is probably only a minor effect.41

MSC affect antigen presenting cell maturation
and function

The induction of an immune response relies on the interaction between anti-
gen presenting cells (APC) and T cells. Dendritic cells (DCs) are the most
potent APC in mediating cellular and humoral immune responses against
self and non-self Ags.53 Their maturation represents an important check-
point in mounting an immune response as immature DCs promote T cell
tolerance. Thus MSCs may modulate the generation and antigen-presenting
capacity of DCs and in turn influence the stimulation of T cells. In fact, a few
studies have observed that MSC interfere with reported DC differentiation
(CD83, CD40 and CD86 expression), maturation (endocytosis and IL-2
expression), and activation (stimulation of allogeneic T cells).31,38,54,55

Noteworthy, monocytes exposed to maturing stimuli in the presence of
MSC, acquire a tolerogenic phenotype.31 The DC obtained in these con-
ditions show a significant reduction in IL-12 and TNF production, thus
accounting for their ability to inhibit T cell responses.56

The role of soluble factors in MSC mediated
immunosuppression

Although the role of soluble factors for MSC mediated suppression is
negligible in murine models, there is substantial evidence that they are
important in human MSC. IFN-γ , PGE2, HGF, IDO and IL-10 have all
been implicated. The initial study from Di Nicola et al.32 has shown that
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neutralisation of TGF-β and HGF abrogates MSC inhibition. Similarly,
MSC has been reported to secrete TGF-β upon activation through mono-
cytes’ interaction and play a major role in their immunosuppressive activ-
ity. Although MSC produced detectable levels of TGF-β in cultures, their
role in MSC induced immunosuppression is unclear. In fact, others have
failed to restore T cell responses by the addition in cultures of anti TGF-β
antibodies.33,42

Inhibition of immune responses can also be mediated through the with-
drawal of nutrients in the tissue microenvironment. Such a mechanism
is well documented in pregnancy associated tolerance, whereby the cre-
ation of “tryptophan desert” at the site of materno-foetal interface induces
maternal T cell tolerance to the foetus. The major mediator of this effect is
IDO which catalyses the conversion from tryptophan to kynurenine. Fur-
ther in vitro studies showed that monocyte-derived macrophages exposed
to macrophage colony-stimulating factor (M-CSF) acquire the capacity to
suppress T cell proliferation by arresting T cells in the mid-G1 phase of
the cell cycle via up regulation of IDO. The same mechanism of immuno-
suppression has been suggested to be employed by MSC. Meisel et al.57

showed that, under inflammatory conditions MSC express high level of IDO
and addition of tryptophan has the ability to revert MSC immunosuppres-
sive activity. Furthermore, tryptophan degradation products, kynurenine
and kynurenic acid are pro-apoptotic molecules, and in some studies MSC
induce apoptotic changes in activated T cells.

Although others have not confirmed Meisel’s initial observation, the
concept that an inflammatory environment could confer on MSC, the ability
to become immunosuppressive, has been pursued in other studies. The
inhibition of anti IFN-γ receptor completely abolishes the suppressive effect
and MSCs cannot inhibit the proliferation of CD4+CRTH2+T cells, which
represent a pure population of Th2 cells incapable of producing IFN-γ . Groh
et al.58 recently demonstrated the ability of CD14+ monocytes from blood
to activate MSCs. Thus the suppressive activity of MSCs is dependent on
crosstalk between MSCs and the target cell.50

PGE2 has been proposed as an intriguing candidate for MSC induced
immunosuppression. Prostaglandins are small lipid molecules that physio-
logically act as regulator of kidney function, platelet aggregation and play
a major role in inflammation. PGE2 exhibit diverse effects on functions
of T cells, B cells and APC. Recently, two studies have demonstrated the
potential role of PGE2 as a possible mediator of MSC immunosuppres-
sive activity. Aggarwal and Pittenger54 have shown that T cell inhibition
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induced by MSC could be partially reversible when PGE2 inhibitors were
added to cultures. Tse et al.42 observed that despite the reduction of PGE2
by addition of indomethacin the suppressive effect of MSC on PBMC pro-
liferation was unaltered. Perhaps an explanation of these varied results is
derived from a study by Rasmusson et al.41 who saw a suppressive role for
PGE2 in the mitogen activation of T cells, but not after alloantigen stimu-
lation. Thus, further studies need to assess the involvement of PGE2 as an
inhibitory factor. Noteworthy are Aggarwal and Pittenger54 results which
indicate that MSC skew immune responses towards an anti-inflammatory
phenotype whereby MSC determines a Th2 cytokine profile. This observa-
tion is similar to the T cell phenotype induced by PGE2. Therefore, although
the complete restoration of T cell proliferation is not attainable using PGE2
inhibitors, the pattern of immune responses strongly suggest that PGE2 at
least in part participate in the MSC induced immunosuppression.

Krampera et al.50 assessed the effect two different competitive inhibitors
of the IDO pathway, 1-Methyl Tryptophan and Norharmane would have
on the inhibitory activity of MSC T cell-proliferation. Results indicated
a partial yet substantial attenuation of MSC inhibition. Accompanied by
the observation that PGE2 inhibitors do not completely abolish the MSC
immunosuppressive activity, Krampera et al.50 concluded that both path-
ways are involved, and are mediated via IFN-γ . As inhibition of IFN-γ ,
lead to a complete abrogation of MSCs suppressive activity.

The effect of MSC in vivo

The clinical efficacy of MSC for tissue repair has been documented.
The various properties outlined in the previous sections make MSC an
extremely attractive therapeutic tool also with a view to reducing unwanted
immune responses such as graft-versus-host disease (GVHD), graft rejec-
tion, autoimmune diseases and other inflammatory conditions.

In the context of transplantation, Bartholomew et al.43 showed in an
animal model that the administration of MSC can significantly prolong
allogeneic skin graft survival. The use of MSC in clinical bone marrow
transplantation has yielded even more encouraging results, because MSCs
have been successfully utilised in a patient with severe acute GVHD of the
gut with rapid improvement of the symptoms.59

The efficacy of bone marrow transplantation for the treatment of autoim-
mune diseases is now well known both in experimental systems and in
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the clinical setting. A possible critical role for MSC in the therapeutic
effect of bone marrow transplant (BMT) has been suggested by Kushida
et al.60 who reported that the removal of adherent cells from the bone mar-
row preparations abolished the beneficial effect of BMT in MRL/lpr mice.
More convincing evidence for the great potential of MSC in the treatment
of autoimmune disease derives from the EAE model. The administration
of MSC at the onset of EAE produced dramatic improvement of the dis-
ease, with a decreased mean maximum score, milder neurological impair-
ment, reduced demyelination and cellular infiltrate into the CNS in mice
given MSC. However, the efficacy was much reduced when MSC were
administered during the chronic phase of the disease.61 In contrast, with
these data are those obtained in the rheumatoid arthritis model,62 whereby
MSC administration to mice with collagen induced arthritis, increased Th1
responses and worsened disease. The discrepancies might be related to a
different inflammatory environment which can be deleterious to the ability
of MSC to acquire their immunosuppressive properties.

The immunomodulatory activity of MSC appears to affect also the
inflammatory process because, at least in some circumstances, the MSC
mediated tissue repair is associated with a significant reduction of
the inflammatory component. The administration of MSC immediately
after bleomycin (BLM) induced lung damage reduced the extent of
inflammation.63 Recently, Togel et al.64 and Lange et al.65 observed that
MSC improve renal function following ischemia-reperfusion-induced acute
renal failure. They saw significantly improved renal function, higher prolif-
erative and lower apoptotic indexes when MSC where administered either
immediately or 24 hrs after ischemia. Similarly, others have reported an
attenuation of carbon tetrachloride and dimethylnitrosamine-induced liver
fibrosis following MSC administration.66,67

Conclusions

MSC have been extensively proven to possess a powerful immunosuppres-
sive effect on virtually all the cellular components of the immune system.
Although the mechanisms of this inhibition remain to be fully elucidated,
there is consensus that MSC selectively impairs the proliferative ability
rather than the effector functions of immune cells. These properties have a
great impact on the development of new cellular therapy strategies for the
treatment of pathological or unwanted immune responses.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch03

44 F. Dazzi and J. Timoshanko

References

1. Gronthos S, Zannettino AC, Hay SJ, Shi S, Graves SE, Kortesidis A, Simmons PJ.
Molecular and cellular characterisation of highly purified stromal stem cells derived
from human bone marrow. J Cell Sci 2003;116:1827–1835.

2. Lin JR, Guo KY, Li JQ, Yan DA. In vitro culture of human bone marrow mesenchymal
stem cell clonies and induced differentiation into neuron-like cells. Di Yi Jun Yi Da Xue
Xue Bao 2003;23:251–253, 264.

3. Meirelles Lda S, Nardi NB. Murine marrow-derived mesenchymal stem cell: isolation,
in vitro expansion, and characterization. Br J Haematol 2003;123:702–711.

4. Colter DC, Class R, DiGirolamo CM, Prockop DJ. Rapid expansion of recycling stem
cells in cultures of plastic-adherent cells from human bone marrow. Proc Natl Acad Sci
USA 2000;97:3213–3218.

5. Digirolamo CM, Stokes D, Colter D, Phinney DG, Class R, Prockop DJ. Propagation
and senescence of human marrow stromal cells in culture: a simple colony-forming
assay identifies samples with the greatest potential to propagate and differentiate. Br J
Haematol 1999;107:275–281.

6. Campagnoli C, Roberts IA, Kumar S, Bennett PR, Bellantuono I, Fisk NM. Identifica-
tion of mesenchymal stem/progenitor cells in human first-trimester fetal blood, liver,
and bone marrow. Blood 2001;98:2396–2402.

7. Gronthos S, Franklin DM, Leddy HA, Robey PG, Storms RW, Gimble JM. Surface
protein characterization of human adipose tissue-derived stromal cells. J Cell Physiol
2001;189:54–63.

8. In’t Anker PS, Scherjon SA, Kleijburg-van der Keur C, Noort WA, Claas FH,
Willemze R, Fibbe WE, Kanhai HH. Amniotic fluid as a novel source of mesenchymal
stem cells for therapeutic transplantation. Blood 2003;102:1548–1549.

9. Kuznetsov SA, Mankani MH, Gronthos S, Satomura K, Bianco P, Robey PG. Circulating
skeletal stem cells. J Cell Biol 2001;153:1133–1140.

10. Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H, Alfonso ZC, Fraser
JK, Benhaim P, Hedrick MH. Human adipose tissue is a source of multipotent stem
cells. Mol Biol Cell 2002;13:4279–4295.

11. Kemp KC, Hows J, Donaldson C. Bone marrow-derived mesenchymal stem cells. Leuk
Lymphoma 2005;46:1531–1544.

12. Majumdar MK, Thiede MA, Mosca JD, Moorman M, Gerson SL. Phenotypic and
functional comparison of cultures of marrow-derived mesenchymal stem cells (MSCs)
and stromal cells. J Cell Physiol 1998;176:57–66.

13. Jones EA, Kinsey SE, EnglishA, Jones RA, Straszynski L, Meredith DM, MarkhamAF,
Jack A, Emery P, McGonagle D. Isolation and characterization of bone marrow multi-
potential mesenchymal progenitor cells. Arthritis Rheum 2002;46:3349–3360.

14. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, Moorman
MA, Simonetti DW, Craig S, Marshak DR. Multilineage potential of adult human
mesenchymal stem cells. Science 1999;284:143–147.

15. Phinney DG, Kopen G, Isaacson RL, Prockop DJ. Plastic adherent stromal cells from
the bone marrow of commonly used strains of inbred mice: variations in yield, growth,
and differentiation. J Cell Biochem 1999;72:570–585.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch03

The Immunoregulatory Role of Mesenchymal Stem Cells 45

16. Baksh D, Song L, Tuan RS. Adult mesenchymal stem cells: characterization, differen-
tiation, and application in cell and gene therapy. J Cell Mol Med 2004;8:301–316.

17. Deans RJ, Moseley AB. Mesenchymal stem cells: biology and potential clinical uses.
Exp Hematol 2000;28:875–884.

18. Zimmermann S,Voss M, Kaiser S, Kapp U, Waller CF, Martens UM. Lack of telomerase
activity in human mesenchymal stem cells. Leukemia 2003;17:1146–1149.

19. Dennis JE, Carbillet JP, Caplan AI, Charbord P. The STRO-1+ marrow cell population
is multipotential. Cells Tissues Organs 2002;170:73–82.

20. Haynesworth SE, Baber MA, Caplan AI. Cell surface antigens on human marrow-
derived mesenchymal cells are detected by monoclonal antibodies. Bone 1992;13:
69–80.

21. Javazon EH, Colter DC, Schwarz EJ, Prockop DJ. Rat marrow stromal cells are more
sensitive to plating density and expand more rapidly from single-cell-derived colonies
than human marrow stromal cells. Stem Cells 2001;19:219–225.

22. Beresford JN, Bennett JH, Devlin C, Leboy PS, Owen ME. Evidence for an inverse
relationship between the differentiation of adipocytic and osteogenic cells in rat marrow
stromal cell cultures. J Cell Sci 1992;102 (Pt 2):341–351.

23. Sekiya I, Colter DC, Prockop DJ. BMP-6 enhances chondrogenesis in a subpopulation
of human marrow stromal cells. Biochem Biophys Res Commun 2001;284:411–418.

24. Carlo-Stella C, Gianni MA. Biology and clinical applications of marrow mesenchymal
stem cells. Pathol Biol (Paris) 2005;53:162–164.

25. Stenderup K, Rosada C, Justesen J, Al-Soubky T, Dagnaes-Hansen F, Kassem M. Aged
human bone marrow stromal cells maintaining bone forming capacity in vivo evaluated
using an improved method of visualization. Biogerontology 2004;5:107–118.

26. Horwitz EM, Le Blanc K, Dominici M, Mueller I, Slaper-Cortenbach I, Marini FC,
Deans RJ, Krause DS, Keating A. Clarification of the nomenclature for MSC: the
International Society for Cellular Therapy position statement. Cytotherapy 2005;7:
393–395.

27. Gotherstrom C, Ringden O, Tammik C, Zetterberg E, Westgren M, Le Blanc K.
Immunologic properties of human fetal mesenchymal stem cells. Am J Obstet Gynecol
2004;190:239–245.

28. Barry FP, Murphy JM, English K, Mahon BP. Immunogenicity of adult mesenchymal
stem cells: lessons from the fetal allograft. Stem Cells Dev 2005;14:252–265.

29. Klyushnenkova E, Mosca JD, Zernetkina V, Majumdar MK, Beggs KJ, Simonetti DW,
Deans RJ, McIntosh KR. T cell responses to allogeneic human mesenchymal stem cells:
immunogenicity, tolerance, and suppression. J Biomed Sci 2005;12:47–57.

30. Deng W, Han Q, Liao L, Li C, Ge W, Zhao Z,You S, Deng H, Zhao RC. Allogeneic bone
marrow-derived flk-1+Sca-1- mesenchymal stem cells leads to stable mixed chimerism
and donor-specific tolerance. Exp Hematol 2004;32:861–867.

31. Beyth S, Borovsky Z, Mevorach D, Liebergall M, Gazit Z, Aslan H, Galun E,
Rachmilewitz J. Human mesenchymal stem cells alter antigen-presenting cell matu-
ration and induce T-cell unresponsiveness. Blood 2005;105:2214–2219.

32. Di Nicola M, Carlo-Stella C, Magni M, Milanesi M, Longoni PD, Matteucci P,
Grisanti S, Gianni AM. Human bone marrow stromal cells suppress T-lymphocyte
proliferation induced by cellular or nonspecific mitogenic stimuli. Blood 2002;99:
3838–3843.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch03

46 F. Dazzi and J. Timoshanko

33. Krampera M, Glennie S, Dyson J, Scott D, Laylor R, Simpson E, Dazzi F. Bone marrow
mesenchymal stem cells inhibit the response of naive and memory antigen-specific
T cells to their cognate peptide. Blood 2003;101:3722–3729.

34. Djouad F, Plence P, Bony C, Tropel P, Apparailly F, Sany J, Noel D, Jorgensen C.
Immunosuppressive effect of mesenchymal stem cells favors tumor growth in allogeneic
animals. Blood 2003;102:3837–3844.

35. Saito T, Kuang JQ, Bittira B, Al-Khaldi A, Chiu RC. Xenotransplant cardiac chimera:
immune tolerance of adult stem cells. Ann Thorac Surg 2002;74:19–24; discussion 24.

36. Koc ON, Day J, Nieder M, Gerson SL, Lazarus HM, Krivit W.Allogeneic mesenchymal
stem cell infusion for treatment of metachromatic leukodystrophy (MLD) and Hurler
syndrome (MPS-IH). Bone Marrow Transplant 2002;30:215–222.

37. Glennie S, Soeiro I, Dyson PJ, Lam EW, Dazzi F. Bone marrow mesenchymal stem
cells induce division arrest anergy of activated T cells. Blood 2005;105:2821–2827.

38. Jiang XX, Zhang Y, Liu B, Zhang SX, Wu Y, Yu XD, Mao N. Human mesenchymal
stem cells inhibit differentiation and function of monocyte-derived dendritic cells. Blood
2005;105:4120–4126.

39. Le Blanc K, Tammik L, Sundberg B, Haynesworth SE, Ringden O. Mesenchymal
stem cells inhibit and stimulate mixed lymphocyte cultures and mitogenic responses
independently of the major histocompatibility complex. Scand J Immunol 2003;57:
11–20.

40. Plumas J, Chaperot L, Richard MJ, Molens JP, Bensa JC, Favrot MC. Mesenchymal
stem cells induce apoptosis of activated T cells. Leukemia 2005;19:1597–1604.

41. Rasmusson I, Ringden O, Sundberg B, Le Blanc K. Mesenchymal stem cells inhibit
the formation of cytotoxic T lymphocytes, but not activated cytotoxic T lymphocytes
or natural killer cells. Transplantation 2003;76:1208–1213.

42. Tse WT, Pendleton JD, Beyer WM, Egalka MC, Guinan EC. Suppression of allogeneic
T-cell proliferation by human marrow stromal cells: implications in transplantation.
Transplantation 2003;75:389–397.

43. Bartholomew A, Sturgeon C, Siatskas M, Ferrer K, McIntosh K, Patil S, Hardy W,
Devine S, Ucker D, Deans R, MoseleyA, Hoffman R. Mesenchymal stem cells suppress
lymphocyte proliferation in vitro and prolong skin graft survival in vivo. Exp Hematol
2002;30:42–48.

44. Anderson G, Jenkinson EJ. Lymphostromal interactions in thymic development and
function. Nat Rev Immunol 2001;1:31–40.

45. Suniara RK, Jenkinson EJ, Owen JJ. An essential role for thymic mesenchyme in early
T cell development. J Exp Med 2000;191:1051–1056.

46. Majumdar MK, Keane-Moore M, Buyaner D, Hardy WB, Moorman MA, McIntosh KR,
Mosca JD. Characterization and functionality of cell surface molecules on human mes-
enchymal stem cells. J Biomed Sci 2003;10:228–241.

47. Lebedeva T, Dustin ML, Sykulev Y. ICAM-1 co-stimulates target cells to facilitate
antigen presentation. Curr Opin Immunol 2005;17:251–258.

48. Augello A, Tasso R, Negrini SM, Amateis A, Indiveri F, Cancedda R, Pennesi G. Bone
marrow mesenchymal progenitor cells inhibit lymphocyte proliferation by activation
of the programmed death 1 pathway. Eur J Immunol 2005;35:1482–1490.

49. Maccario R, Podesta M, Moretta A, Cometa A, Comoli P, Montagna D, Daudt L,
IbaticiA, Piaggio G, Pozzi S, Frassoni F, Locatelli F. Interaction of human mesenchymal



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch03

The Immunoregulatory Role of Mesenchymal Stem Cells 47

stem cells with cells involved in alloantigen-specific immune response favors the dif-
ferentiation of CD4+ T-cell subsets expressing a regulatory/suppressive phenotype.
Haematologica 2005;90:516–525.

50. Krampera M, Cosmi L, Angeli R, Pasini A, Liotta F, Andreini A, Santarlasci V,
Mazzinghi B, Pizzolo G, Vinante F, Romagnani P, Maggi E, Romagnani S, Annun-
ziato F. Role for IFN-γ in the immunomodulatory activity of human bone marrow
mesenchymal stem cells. Stem Cells 2006;24:386–398.

51. Corcione A, Benvenuto F, Ferretti E, Giunti D, Cappiello V, Cazzanti F, Risso M,
Gualandi F, Mancardi GL, Pistoia V, Uccelli A. Human mesenchymal stem cells
modulate B cell functions. Blood 2006;107:367–372.

52. Ryan JM, Barry FP, Murphy JM, Mahon BP. Mesenchymal stem cells avoid allogeneic
rejection. J Inflamm (Lond) 2005;2:8.

53. Trombetta ES, Mellman I. Cell biology of antigen processing in vitro and in vivo. Annu
Rev Immunol 2005;23:975–1028.

54. Aggarwal S, Pittenger MF. Human mesenchymal stem cells modulate allogeneic
immune cell responses. Blood 2005;105:1815–1822.

55. Zhang W, Ge W, Li C,You S, Liao L, Han Q, Deng W, Zhao RC. Effects of mesenchymal
stem cells on differentiation, maturation, and function of human monocyte-derived
dendritic cells. Stem Cells Dev 2004;13:263–271.

56. Van Parijs L, Perez VL, Biuckians A, Maki RG, London CA, Abbas AK. Role of
interleukin 12 and costimulators in T cell anergy in vivo. J Exp Med 1997;186:
1119–1128.

57. Meisel R, Zibert A, Laryea M, Gobel U, Daubener W, Dilloo D. Human bone mar-
row stromal cells inhibit allogeneic T-cell responses by indoleamine 2,3-dioxygenase-
mediated tryptophan degradation. Blood 2004;103:4619–4621.

58. Groh ME, Maitra B, Szekely E, Koc ON. Human mesenchymal stem cells
require monocyte-mediated activation to suppress alloreactive T cells. Exp Hematol
2005;33:928–934.

59. Le Blanc K, Rasmusson I, Sundberg B, Gotherstrom C, Hassan M, Uzunel M,
Ringden O. Treatment of severe acute graft-versus-host disease with third party hap-
loidentical mesenchymal stem cells. Lancet 2004;363:1439–1441.

60. Kushida T, Inaba M, Hisha H, Ichioka N, Esumi T, Ogawa R, Iida H, Ikehara S. Crucial
role of donor-derived stromal cells in successful treatment for intractable autoimmune
diseases in mrl/lpr mice by bmt via portal vein. Stem Cells 2001;19:226–235.

61. Zappia E, Casazza S, Pedemonte E, Benvenuto F, Bonanni I, Gerdoni E, Giunti D,
Ceravolo A, Cazzanti F, Frassoni F, Mancardi G, Uccelli A. Mesenchymal stem cells
ameliorate experimental autoimmune encephalomyelitis inducing T cell anergy. Blood
2005;106:1755–1761.

62. Djouad F, Fritz V, Apparailly F, Louis-Plence P, Bony C, Sany J, Jorgensen C, Noel D.
Reversal of the immunosuppressive properties of mesenchymal stem cells by tumor
necrosis factor alpha in collagen-induced arthritis. Arthritis Rheum 2005;52:1595–1603.

63. Ortiz LA, Gambelli F, McBride C, Gaupp D, Baddoo M, Kaminski N, Phinney DG.
Mesenchymal stem cell engraftment in lung is enhanced in response to bleomycin
exposure and ameliorates its fibrotic effects. Proc Natl Acad Sci USA 2003;100:
8407–8411.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch03

48 F. Dazzi and J. Timoshanko

64. Togel F, Hu Z, Weiss K, Isaac J, Lange C, Westenfelder C, Stasko T, Brown MD, Carucci
JA, Euvrard S, Johnson TM, Sengelmann RD, Stockfleth E, Tope WD, Asselbergs FW,
Diercks GF, Hillege HL, van Boven AJ, Janssen WM, Voors AA, de Zeeuw D, de Jong
PE, van Veldhuisen DJ, van Gilst WH. Amelioration of acute renal failure by stem cell
therapy — paracrine secretion versus transdifferentiation into resident cells: admin-
istered mesenchymal stem cells protect against ischemic acute renal failure through
differentiation-independent mechanisms. Am J Physiol Renal Physiol 2005;289:
F31–F42. J Am Soc Nephrol 2005;16:1153–1163.

65. Lange C, Togel F, Ittrich H, Clayton F, Nolte-Ernsting C, Zander AR, Westenfelder C.
Administered mesenchymal stem cells enhance recovery from ischemia/reperfusion-
induced acute renal failure in rats. Kidney Int 2005;68:1613–1617.

66. Fang B, Shi M, Liao L, Yang S, Liu Y, Zhao RC. Systemic infusion of FLK1(+)
mesenchymal stem cells ameliorate carbon tetrachloride-induced liver fibrosis in mice.
Transplantation 2004;78:83–88.

67. Zhao DC, Lei JX, Chen R, Yu WH, Zhang XM, Li SN, Xiang P. Bone marrow-derived
mesenchymal stem cells protect against experimental liver fibrosis in rats. World J
Gastroenterol 2005;11:3431–3440.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch04

4

Understanding Cell Migration Through
the Paradigm of T-Lymphocyte Homing

Vincenzo Mirenda and Federica M. Marelli-Berg

Introduction

Cell trafficking and localisation at functional sites and microenvironments
are the key events in most physiological and pathological processes, includ-
ing inflammation and immunity, tissue repair and regeneration. Thus, the
understanding of the molecular mechanisms and cell–cell interactions
underlying these processes is essential for therapeutic strategies involv-
ing cell transfer and differentiation, including stem-cell therapy. Based on
the multi-step paradigm of leukocyte migration, we present an overview
of the current knowledge of the molecular interactions and mechanisms
regulating cell trafficking.

Multi-step Paradigm of Leukocyte Migration

It has been widely accepted that leukocyte trafficking is controlled by a
sequence of at least four molecular distinct adhesion and signalling events

49
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(Fig. 1A). These adhesion cascades are initiated by a tethering step that
allows leukocytes to bind loosely to endothelial cells (Step 1a). Selectin
molecule interactions with their ligands are key molecular events in this
step, but integrin molecules, such as α4β7 and α4β1, can also mediate this
step. The marginated cells are then pushed forward by the blood stream,
resulting in slow rolling along the vessels (Step 1b). Subsequently, rolling
cells encounter chemotactic stimuli on the endothelium (chemokines) that
engage specific receptors on leukocytes (Step 2). Chemoattractant binding
induces intracellular signals triggering leukocyte polarisation (i.e. a change
in shape and redistribution of surface adhesion receptors that are dependent
on cytoskeletal rearrangements), which renders them suitable to spread
on the endothelial surface and allows their directional motility (Fig. 1B).
Activation-dependent firm adhesion to the endothelium (Step 3) is mediated
by the integrin family of adhesion receptors. Finally, a cohort of molecules
including integrins, CD31, junctional adhesion molecules and CD99 guide
leukocyte diapedesis (Step 4) through the vessel wall.

Tethering/Rolling and Selectins

Tethering and rolling of leukocytes are mediated by the interaction of
selectin molecules with specific carbohydrate moieties bound to a protein
backbone.1

The selectins are a family of three C-type lectins expressed exclusively
by bone-marrow-derived cells and endothelial cells. Selectins are identi-
fied by uppercase letters, L for leukocyte (L-selectin), E for endothelial
cell (E-selectin) and P for platelet and endothelial cell selectin (P-selectin).
Their modular structure is represented by an N-terminal lectin domain, one
EGF-like domain, several consensus repeats with homology to complement
regulatory proteins, a single membrane-spanning domain and a C-terminal
cytoplasmic domain.2–4 The main physiological function of all selectins
is in mediating leukocyte adhesion under flow, but both selectins and
their ligands also have signalling functions.5 L-selectin is expressed by all
myeloid cells, naive T cells and some activated and memory T cells, whereas
P-selectin is found in secretory granules of platelets and is expressed on the
platelet surface after activation. E-selectin is expressed by acutely inflamed
endothelial cells in most organs and in non-inflamed skin microvessels.
P-selectin is also constitutively expressed on the endothelium of lung and
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Fig. 1. The regulation of leukocyte migration. (A) Rolling and tethering of leukocytes are
induced by the interaction between selectins, expressed at the lymphocyte cell surface, with
their cognate sialyl-glycoproteins expressed by the vascular endothelium. Firm adhesion
(arrest) follows the activation of LFA1 and α4-integrins, expressed on rolling lymphocytes,
by chemokines associated with the apical surface of the endothelium. After activation, the
avidity of these integrins for their ligands, such as ICAMs, MADCAM1 and VCAM1,
is increased. Attached lymphocytes migrate along and through the endothelium, usually at
intercellular junction. At this level, junctional adhesion molecules, such as CD31, CD99 and
JAM1, mediate diapedesis. (B) Schematic representation of a migrating lymphocyte. After
adhesion, lymphocytes are polarised and develop an actin-polymer-forming lamellipodia
at the leading edge, which is at the front of the cell, and a uropod at the rear end. During
migration, cells attach with the leading edge to the endothelial surface and detach with the
uropod. The microtubule network extends to the front of the cell from the microtubule-
organising centre (MTOC).
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choroid plexus microvessels,6 and can be induced in inflamed endothelial
cells in many diseases including atherosclerosis.2–4

Selectin ligands are carbohydrate-containing molecules and several gly-
cosyltransferases that have a role in the biosynthesis of selectin ligands
have already been identified. The main ligand for L-selectin is glyCAM-1:
L-selectin also binds to endothelial ligands, most of which are characterized
by their reaction to the MECA-79 monoclonal antibody and are collectively
known as peripheral node addressins (PNADs). MECA-79 is a monoclonal
antibody that detects sulphated N-acetylglucosamine (GlcNAc-6-SO4).
PNADs were expressed by high endothelial venules that are found in lym-
phoid tissues.

P-selectin glycoprotein ligand 1 (PSGL1) participates in P-selectin bind-
ing. PSGL1 is a 240 kDa homodimer that, if properly glycosylated, can bind
all three selectins.7 Although E-selectin can bind to PSGL1, it is not the main
E-selectin ligand, and the other E-selectin ligand(s) remain poorly defined.
The monoclonal antibody, HECA-452, recognises the T-cell antigen cuta-
neous lymphocyte antigen (CLA), so called as HECA-452 reactivity is pref-
erentially found in T cells that infiltrate the skin.8 HECA-452 recognises
sLex and/or a closely related carbohydrate epitope, whereas HECA-452
reactivity correlates with the ability of T cells to bind to E-selectin, which
is constitutively expressed in skin microvessels.9

Chemokines: Activation of Adhesion and Cell
Polarisation

Chemokines (chemotactic cytokines) are a large family of molecules,
including more than 40 members initially recognised for their effects on
cell activation, differentiation and trafficking.10 Chemokines play an impor-
tant role in many biological processes, including angiogenesis, angiostasis,
haematopoiesis, organogenesis, cell proliferation, lymphocyte polarisation,
apoptosis, tumour metastasis and host defence.

The superfamily of chemokines can be divided into four subgroups
based on the number and spacing of the first two conserved cysteine residues
at the N-terminus: CXC family, CC family and CX3C family (where “X”
represents an amino acid.11

Functionally, chemokines can be divided into inducible or “inflam-
matory” chemokines and constitutively expressed or “homeostatic”
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chemokines.12 Inflammatory chemokines are critical for attracting a diverse
set of effector leukocytes to inflammatory sites including lymphocytes, neu-
trophils, monocytes/macrophages, dendritic cells and natural killer (NK)
cells. Inflammatory chemokines typically bind to more than one chemokine
receptor, which suggests that there is considerable redundancy in the inflam-
matory chemokine network.

Homeostatic chemokines are important for the migration of lympho-
cytes into the lymph node, where immune surveillance and antigen-induced
activation occur, as well as for effector T cells to access and infiltrate target
tissue.13 In contrast to inflammatory chemokines, homeostatic chemokines
display a more restricted receptor usage.

Chemokines mediate their biological effects by binding to G-
protein-coupled seven-transmembrane receptors, which can activate an
array of signalling pathways including phosphatidylinositol 3-kinase,
phospholipase C, RAS- and RHO-family small GTPase and mitogen-
activated protein kinase signalling cascades.

Chemokines are secreted from the stromal, epithelial and endothelial
components of tissues in a site-specific manner, which are later taken up
and displayed by the local vasculature. The stimulation of lymphocytes
with chemokines generates cell polarity, including the development of a
leading edge through actin polymerisation, thereby, inducing the formation
of a uropod at the rear end of the cell by actin–myosin-based contraction
(Fig. 1B). This leads to an attachment at the front end of the cell and a
detachment at the back in an integrin-dependent manner.14 Induction of T
cell polarity is necessary for their directional movement and migration. In
parallel, leukocyte exposure to chemokines bound to the endothelial cell
surface leads to increased affinity and avidity of the molecular interactions,
leading to firm adhesion on the endothelial surface, which are mediated by
the integrin molecule superfamily. This process is defined as “inside-out
signalling” (see below).

The Integrin Family of Adhesion Molecules

Integrins are cell surface receptors that mediate adhesion to cells, to
extracellular matrix (ECM) and binding to the components of plasma. Each
integrin consists of an α-subunit and a β-subunit. So far, 18 α-subunits
and 8 β-subunits, which give rise to 24 αβ pairs, have been identified in
mammals.15 Integrin-mediated adhesion has been implicated in a variety
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of biological processes, including embryogenesis, angiogenesis, thrombo-
sis, wound healing and cancer spreading. Integrins have essential roles
in various processes of the immune system, including leukocyte attach-
ment to endothelial cells and antigen-presenting cells (APCs), cytotoxic
killing and extravasation of cells into tissues. In particular, integrins that
are expressed by leukocytes, such as the β2 integrin LFA1 (lymphocyte
function-associated antigen 1; αLβ2-integrin) and the α4-integrins VLA4
(very late antigen 4; α4β1-integrin) and α4β7-integrin, are important for
immune-cell function, through binding ICAM1 (intracellular adhesion
molecule 1) and ICAM2 (for LFA1); and VCAM1 (vascular cell-adhesion
molecule 1) and MAdCAM1 (mucosal vascular addressin cell-adhesion 1)
(for α4-integrins).16

Unstimulated lymphocytes are non-adherent, and in response to encoun-
tering chemokines or antigens they become adherent to other cells and ECM
components after a period of less than one second to several minutes. This
process is possible owing to the ability of integrins to alter their avidity
through an intracellular signalling process, which is known as inside-out
signalling.17 This pathway modulates the affinity of integrins for their lig-
ands, and the extent to which integrins diffuse and cluster on the cell sur-
face. The triggering of inside-out signalling by chemokines increases the
avidity — the total adhesive strength of integrins — which results in firm
attachment to their ligands. This strong adhesion is followed by leukocyte
migration through the endothelium into lymphoid or inflamed tissues.16

The avidity of integrins can be altered by affinity regulation and valency
regulation. The structural basis of the affinity regulation of integrin avidity
has been revealed by studies on integrin structure.18 The α- and β-subunits
form a globular, ligand-binding head-piece; this is connected to the plasma
membrane by two “stalks”, formed by each subunit, and each subunit also
has a short cytoplasmic tail (Fig. 1). Changes in affinity are associated
with distinct conformational changes in the extracellular domains of inte-
grins. In the low-affinity conformation, the stalk region is acutely bent at
the genu (knee), with the ligand-binding head-piece in close proximity
to the membrane–proximal stalk region. A switch-blade-like extension of
the stalk region then shifts the molecule to higher affinity conformations,
as represented in Fig. 2. For LFA1, the ligand-binding domain is the I
domain.

The process, known as valency regulation of integrin avidity, involves
integrin diffusion and clustering in the plasma membrane. This mediates
multivalent interactions with ligands. Integrin clustering is observed using
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Fig. 2. Structural representation of LFA1. The ligand-binding I domain (inserted domain)
of LFA1 binds ICAM1 in a manner that depends on the presence of a magnesium ion in the
metal-ion-dependent adhesion site (MIDAS). The seventh α-propeller and the seventh α-
helix interacts with the I-like domain of the β2-chain, and when triggered, the linker “pulls”
the seventh α-helix, which induces a change in the conformation of the MIDAS that results
in the high-affinity conformation of LFA1.

a microscope; integrin first clusters into microclusters, and then may be
redistributed to form large, unipolar patch-like clusters.19

Lymphocyte Homing and the Structural Organisation
of the Immune System

In an organised immune system cell migration needs to be directed. Tis-
sue and microenvironment-selective lymphocyte homing is the basis for
this organisation. The regulated expression of adhesion molecules and
their ligands and of chemokines and their receptors underlie the struc-
tural and systemic organisations of the immune system, being essential
for leukocyte development, lymphocyte recirculation, immune surveil-
lance, and effector lymphocyte differentiation and targeting. In other words,
tissue-specific homing is achieved by a sequence of overlapping steps with
combinatorial diversity allowing for an “address” or “code” for leukocyte
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• •

Regulation of tissue-specific homing

A

Homing to lymph nodes

B

Homing to the skin

C

Homing to the gut

Rolling: α4β7/MAdCAM-1

D

Fig. 3. Tissue-specific T cell homing. Post-capillary venules in different tissues and
microenvironments express unique combinations of adhesion molecules and chemokines
involved in the recruitment of lymphocytes that express the appropriate counter receptor (A).
(B–D) A schematic representation of the molecular interactions mediating T cell migration
to lymph nodes, skin and gut, respectively, is provided.

migration (Fig. 3). In this section, we refer to the T cell homing patterns
as a reproducible scenario for the regulation of tissue localisation of other
migrating cells.

T cells originate from bone marrow precursors that mature into naive
T cells in the thymus. Naive T cells traffic to secondary lymphatic organs,
including peripheral lymph nodes, Peyer’s patches, mesenteric lymph nodes
and the spleen, where they might encounter antigen and become polarised
into T helper 1 (TH1), TH2 and other effector T cells, which are collected in
efferent lymphatics and then enter the circulation via the thoracic duct.Acti-
vated T cells traffic to extralymphoid organs, including the non-inflamed
lungs, skin, central nervous system and gastrointestinal organs. Many acti-
vated T cells ultimately migrate to the liver to undergo apoptosis. Activated
T cells can home to almost all inflamed organs and tissues.
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Post-capillary venules in different tissues and microenvironments
express unique combinations of adhesion molecules and chemokines
involved in the recruitment of lymphocytes that express the appropriate
counter receptor.20

For example, expression of L-selectin by naive T lymphocytes is
required for migration through high endothelial venules (expressing its
counter-receptor GlyCAM-1) and access to the lymph node parenchyma.
Interaction of E-selectin (expressed by inflamed skin endothelium) with
its ligand CLA directs T lymphocytes to migrate into the skin. Similarly,
LFA1–ICAM interactions mediate lymphocyte trafficking to peripheral
lymph nodes and attachment to APCs, whereas the α4β7–integrin–
MADCAM1 and VLA-4–VCAM1 interactions have central roles in lym-
phocyte migration to mucosal lymphoid organs and inflamed tissues,
respectively.20

Chemokines and their receptors are leading molecules in the regula-
tion of lymphocyte homing. Once displayed on the endothelial surface
chemokines can trigger integrin activation leading to leukocyte arrest on
the endothelial wall.21

Chemokines and their receptors play a key role in programming migra-
tions during lymphocyte development. The response of pro-thymocytes in
murine foetal blood to CXCL12 and CCL25 (TECK, thymus expressed
chemokine) suggests that they are involved, with their receptors CXCR4
and CCR9, in the colonisation of the thymus.22 Once CD4 and CD8 single-
positive populations of thymocytes have developed, they acquire the expres-
sion of the chemokine receptor CCR7 before exiting the thymus.23 This
receptor is important for the exit from the thymus, and also for T cell
localisation to secondary lymphoid tissues. Its receptor CCL19 (ELC) is
expressed by venular endothelial cells in the thymic medulla, suggesting
that it favours T cell emigration.24

After the development of lymphocyte in the thymus, lymphocyte migra-
tion and activation in secondary lymphoid tissues are regulated by the
CCR7 ligands, CCL19 and CCL21 (SLC). Lymphocytes are targeted
in the T cell areas of the lymph node by specific chemokines such as
CCL21 and CXCL12, whereas migration to B cell follicles depends on
CXCL13.25

Once naive T cells are activated by antigen encounter, they undergo
reprogramming of their homing properties during proliferation, which
enables them to retain a “memory” of the site of activation and their tar-
get tissue. The induction of differential homing properties is probably
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determined by the tissue-derived factors that reach the tissue-draining
lymph nodes.26,27 For example, T cells responding to an antigen in
the intestine-associated lymphoid tissue up-regulate the intestine homing
receptor α4β7 and respond to the intestinal chemokine CCL2527 (Fig. 3).
Similarly, the population of skin-homing lymphocytes expressing CLA as
homing receptor responds to the CCL17 (TARC) chemokine, which is pro-
duced by the parenchymal components in the skin.28

T Cell Homing as a Paradigm for Understanding
(and Directing) Cell Migration

From the concepts discussed here, it emerges that the tissue microenvi-
ronment actively defines the specificity of lymphocyte trafficking and the
nature of local immune specialisation. This observation has obvious ther-
apeutic implications and needs to be borne in mind during the adoptive
transfer of immune competent cells in a clinical setting. Moreover, we
believe that it is possible to extrapolate the knowledge of the mechanisms
regulating T cell homing for a better understanding of the general mecha-
nisms controlling cell migration, differentiation and localisation in specific
tissues.

For instance, all leukocyte lineages are derived from pluripotent
haematopoietic stem cells (HSCs) that predominantly localise to the
foetal liver and adult bone marrow. These rare cells can be mobilised to
the peripheral blood by cytokine treatment, and constitutive physiolog-
ical recirculation of HSC has been previously demonstrated in mice.29

It has now been elucidated that the chemokine CXCL12 (SDF-1α)

and its receptor CXCR4 play a central role in HSC trafficking to the
bone marrow. CXCL12 is constitutively expressed by the stromal cell
in the bone marrow and is found on the endothelium of bone marrow
microvessels.30

It has been shown that antibodies to CXCR4 block engraftment of human
HSC in irradiated non-obese/severe combined immunodeficiency disease
(SCID) mice.31

In summary, applying the rules that regulate T cell homing for targeting
other migrating cells to specific organs is the next challenge to achieving
a more efficient clinical use of cell-based therapies for tissue repair and
regeneration.
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Background

The studies presented here derive from the National Blood Service Stem
Cell Research and Service Laboratories in Oxford, which are under the
umbrella of the Stem Cells and Immunotherapies (SCI) Function of
the NHS Blood and Transplant Authority (NHSBT) and a member of
the Nuffield Department of Clinical Laboratory Sciences at the Univer-
sity of Oxford. This is one of a network of nine SCI laboratories sited in
Oxford, Cambridge, Birmingham, Bristol, Leeds, Sheffield, Southampton,
Manchester and Edgware (Fig. 1). The latter is the site of the NHS Cord
Blood Bank.1

The SCI routine stem cell processing and cryostorage laboratories are
located near to patients undergoing relevant treatments. To different extents
these undertake the following three key activities:

• Donor recruitment and selection.
• Haemopoietic stem and immune cell collection, processing, manipula-

tion and cryopreservation from bone marrow, mobilised peripheral blood

61



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch05

62 S. M. Watt et al.

Fig. 1. The network of SCI accredited laboratories in England. The SCI laboratories exist
in nine sites throughout England as shown. These are all cGMP grade and MHRA accredited,
five have been inspected recently for JACIE accreditation and the NHS Cord Blood Bank is
also FACT-Netcord accredited. The laboratory staff collect, process, manipulate and bank
haemopoietic stem cells and related products from bone marrow, mobilised peripheral blood
and cord blood to support almost 40% of transplants in England or in the order of three to
five per day for NHS patients. Cellular therapy support for clinical trials is also provided.

and cord blood in MHRA, JACIE and/or FACT-Netcord accredited GMP
processing facilities (Fig. 2).

• Routine service development, together with basic and translational
research, with the aim of introducing new treatments into the clinic
through participation in clinical trials and improved service provision
to critically ill patients in the NHS.

These laboratories process, manipulate and bank haemopoietic stem and
other blood and bone marrow cells required for almost 40% of haemopoietic
stem cell transplants in England. This represents three to five transplants
per day, mostly carried out in regions outside London. SCI has also fos-
tered a close partnership with NHS Trust hospitals and academic university
departments and institutes to establish a credible scientific base that will
enable the translation of its basic research into clinical practice. The labo-
ratories contribute to and are members of the cancer (NTRAC) and cellular
therapies networks in England. An example of this latter successful partner-
ship has been between the CRUK Institute for Cancer Studies and the SCI
laboratory in Birmingham with the development of novel immunotherapy
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GMP-grade MHRA/JACIE accredited laboratory in SCI Oxford

Fig. 2. cGMP grade facilities and expertise within SCI. A Health Professions Council-
registered biomedical scientist processing haemopoietic stem cells for transplantation in a
cGMP grade clean room within the Oxford NBS SCI laboratory.

protocols using tetramer selected T cells from haemopoietic stem cell trans-
plant donors to combat CMV infections (Fig. 3).2

One key theme of the research carried out in the Stem Cell Research
laboratory in Oxford, which is complementary to the transplant and trans-
lational research programme, are our studies on the hypoxia code. This
research has been brought to fruition through the wealth of collaborations
with key groups in and around Oxford. These include those established
with Professors Adrian Harris, Enzo Cerundolo and Lars Fugger, CRUK
and Molecular Immunology Units at the Weatherall Institute of Molecu-
lar Medicine; Professors Kevin Gatter, Alistair Buchan and Fengang Cui,
University of Oxford; Mr Mike Tyler, Stoke-Mandeville Burns Hospital;
Professor Kay Davies, MRC Centre for Gene Function; and Professor
Kieran Clarke, Cardiac Research Centre. Some of these studies are
described below, as part of a general review of this subject.

The Importance of the Hypoxic Microenvironment

An important determinant of successful stem cell transplantation is the abil-
ity of transplanted stem cells to proliferate, migrate and efficiently repopu-
late and repair damaged tissues with functional cells.As the number of adult
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Fig. 3. Novel immunotherapy research feeding into improved patient treatments and out-
comes.An example of the development of a novel and successful immunotherapy for treating
patients undergoing haemopoietic stem cell transplantation and who have developed a CMV
infection. This has been made possible through a partnership between Dr Mark Cobbold, Pro-
fessor Paul Moss and colleagues at the CRUK Institute of Cancer Studies and Dr Dorothy
McDonald’s group in the NBS SCI department in Birmingham. CMV-tetramer-positive
T cells (99% purity by flow cytometric analysis) purified on the CliniMACS (Fig. 2) were
infused into patients who has received an allogeneic transplant and subsequently began to
develop a CMV infection. The viral titre fell as the CMV-specific T cells expand, combating
the viral infection. Details are provided in Ref. 2.

haemopoietic stem cells for transplantation is usually limited, particularly
from umbilical cord blood (UCB), it would be extremely valuable to pro-
mote the proliferation and engraftment potential of these cells ex vivo prior
to transplantation or at the time of transplantation within the hypoxic bone
marrow. Hence, understanding the mechanisms by which these cells are
able to perpetuate themselves and generate larger number of new functional
end cells that engraft efficiently is crucial. A similar scenario is required
for other types of stem cells and their progeny entering damaged tissues
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(e.g. blood vessel precursors in burns injuries3 or ischaemic cardiovascu-
lar disease,4–6 mesenchymal stem cells for bone and cartilage repair, and
for preventing graft versus host disease in patients undergoing allogeneic
haemopoietic stem cell transplants,1,3,7,8), and is generally applicable in
other situations requiring tissue repair and regeneration. In contrast, infil-
tration of the bone marrow, particularly in cases of acute leukaemia and
myeloma, or of other tissues with malignant cells is very often associated
with an increased blood supply to the tumour, with the improved vascular-
isation promoting survival and growth of the malignant clones.9,10 Here,
understanding the mechanisms by which endothelial stem/progenitor cells
perpetuate themselves and contribute to this neovascularisation of tumours
would allow the development of improved therapeutics to limit this vascu-
larisation and, hence, the supply of nutrients to the malignant cells. Finally,
cancer stem cells can adapt themselves to survive and proliferate under
hypoxia.10,11

A common theme of these physiological and pathological conditions
is that the microenvironments, into which the stem cells or their progeny
seed, survive and proliferate, are hypoxic.12–16 For example

• the bone marrow is naturally hypoxic,
• regions within tumours can be hypoxic,
• ischaemic cardiovascular tissue and areas of burns injuries are hypoxic,
• cardiomyocytes do not survive in hypoxia,
• blood vessels increase in hypoxia,
• the differentiation or proliferation potentials of primitive haemopoietic

stem/precursor cells (SRA), chondrocytes, osteoblasts, adipocytes, and
neural crest and CNS stem cells are altered in hypoxia.

Thus, for tissue maintenance and repair, it is essential that tissues maintain
oxygen homeostasis, the diffusion limit for oxygen being 100–200 µm.
They do so in times of hypoxic stress through the induction of glycolytic
metabolism in cells, through increased transport of oxygen to tissues by
inducing an increase in vascular density and in erythropoiesis from com-
mitted precursors or stem cells, and by modulating the cellular programmes
that allow stem/progenitor cells to survive, home, engraft and proliferate
in low oxygen atmospheres. Our overall hypothesis is therefore that key
genes involved in controlling haemopoietic, mesenchymal and endothe-
lial stem/progenitor cell survival, proliferation, migration and engraftment
are regulated not only by cytokines, chemokines and other biochemical
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mediators in the microenvironment, but also by hypoxia. We also hypothe-
sise that stem/progenitor cells and their regulator microenvironmental cells
(stromal, endothelial cells, etc.) respond to hypoxia in two ways: (i) by
expressing a shared hypoxia gene code that reflects their common survival
mechanisms, and (ii) an hypoxic code that is unique or specific and com-
plementary for each cell type. It is particularly notable in this respect that
recent studies15 have identified a role for the Notch signalling pathway in
promoting the maintenance of the neural stem cell in the undifferentiated
state under reduced oxygen conditions. Our approach to studying these
codes is the subject of this review.

Oxygen Sensing: The Mechanism

The hypoxia-inducible transcription factors (HIFs) include HIF-1, -2 and
-3.17 HIFs are heterodimeric proteins composed of different α subunits and
a common β subunit. The β subunit is constitutively expressed, whilst the
activity of the α subunits are regulated by hypoxia. HIF-1α has been stud-
ied extensively and plays a critical role in cellular responses to hypoxia,
representing one of the most well-known oxygen-sensing molecules in
metazoans. Only responses involving HIF-1α are described here. Under
normal conditions (normoxia), the HIF-1α subunit is proline hydroxylated
by the oxygen sensors, propyl hydroxylases, which permits binding to the
von Hippel-Lindau (E3 ubiquitin ligase pVHL) protein resulting in rapid
ubiquitination and eventual proteosomal degradation. A further degree of
HIF-1α regulation occurs in normoxia by asparagine hydroxylation, this
modification allows the binding of factor inhibiting HIF-1α (FIH) block-
ing the interaction of HIF-1α with p300/CBP transcriptional co-activators.
In hypoxia, the ubiquitination of HIF-1α is inhibited and consequently
HIF-1α is stabilised against degradation. The α subunit then translocates
to the nucleus where it binds to the β subunit. The HIF complex then
binds to hypoxia-responsive element (HRE) sequences (core sequence:
ACGTG) present in oxygen-sensing genes, activating their transcrip-
tion via recruitment of the appropriate co-activators p300 and CBP.18,19

The mechanism of HIF-1 regulation of gene expression is illustrated
in Fig. 4.

HIF-1α regulates a broad spectrum of genes, the main outcome of which
is to increase cell survival under conditions where the oxygen homeostasis
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Fig. 4. Regulation of the universal oxygen-sensing HIF-1α molecule. In normoxia, the
oxygen sensors or proline hydoxylases hydroxylate proline residues 402 and 564 on HIF-1α.
These bind toVHL resulting in HIF-1α ubiquitination and proteosome degradation. Hydrox-
ylation of asparagine residue 803 by FIH reduces interactions of HIF-1α with p300/CBP.
Hypoxia inactivates proline hydroxylases in turn stabilising HIF-1α, which translocates to
the nucleus and binds to HIF-1β, p300/CBP. This complex binds to HRE elements in the
promoter regions of hypoxia-responsive genes such as VEGFA.

in the cells is disrupted. For instance, HIF-1α induces the transcription
of genes involved in glucose transport and metabolism, iron metabolism,
inflammation, cell proliferation, apoptosis, vasculogenesis, angiogenesis,
erythropoiesis and the maintenance of stem cells in an undifferentiated
state.18–29 The majority of HIF-target genes have been identified using a
variety of criteria, such as loss of HIF expression in HIF-1α-null cells, over-
expression of stable HIF-1α mutants, gain of expression of VHL-null cells
and identification of HREs. Many HIF-target genes are induced in a cell-
specific manner, which is dependent on the inherent molecular programme
of the cell itself.

What are the Effects on Vascular Development of
Upregulating Known Hypoxia-Responsive Genes?

The ability to provide an adequate local microcirculation is pivotal not only
to wound healing and tissue regeneration processes, but also for tumour
growth and dissemination.3 There is a growing body of evidence support-
ing the view that (i) circulating endothelial progenitor cells (EPCs) play
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an important role in postnatal neovascularisation by the process of vascu-
logenesis or the de novo formation of blood vessels from stem/progenitor
cells, (ii) these cells are mobilised into the peripheral blood and seed to sites
of active neovascularisation, and (iii) this occurs in response to mediators
or mobilising factors released following vascular trauma and the resultant
hypoxic or low oxygen conditions that ensue.3,29–33 Specific features of
the response to hypoxia of endothelial cells are as follows: (i) the universal
and master regulator of hypoxia, HIF-1α; (ii) cells switch from oxidative
phosphorylation to glycolytic metabolism; (iii) the upregulation of vascu-
lar endothelial growth factor A (VEGFA), one of the most potent factors
for stimulating blood vessel proliferation, formation or function, occurs;
and (iv) increased production of VEGFA and CXCL12 from the region
of the compromised vasculature or associated cells in the microenviron-
ment attracts endothelial and potentially other stem/progenitor cells to the
existing vasculature where they proliferate.

VEGF as a paradigm for the hypoxic response in
haematological malignancies
The precise mechanisms regulating EPC recruitment and blood vessel pat-
terning during tumour development remain incompletely understood, but
known hypoxia-inducible factors, such as VEGFA and its tyrosine kinase
receptors VEGFR-1 and VEGFR-2, as well as stromal-derived factor 1
(CXCL12) and its receptor CXCR4, are considered major players both in
mediating the recruitment of endothelial precursor cells to sites of tumour
formation and in promoting tumour growth.

The VEGF family, which has been reviewed recently9 includes VEGFA
to VEGFE and placental growth factor (PIGF). There are four main dif-
ferentially spliced isoforms of VEGFA: VEGF121, VEGF165, VEGF189 and
VEGF206.All isoforms, except VEGF121, bind to heparan sulphate, a mech-
anism that we have previously demonstrated stabilises and concentrates
such growth factors as GM-CSF in the immediate microenvironment.34

The most abundant isoforms are VEGF121, VEGF165 and VEGF189, with
the former two being mitogenic for endothelial cells. Most endothelial
cells express both VEGFR-1 and VEGF-2, the exception being vascular
endothelial cells in the brain. VEGFR-1, like VEGFA but not VEGFR-2,
is upregulated by hypoxia directly via the HIF-1α transcription factor.35

VEGFA induces the formation of homodimers of each receptor type, as well
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as VEGFR-1/VEGFR-2 heterodimers. EPCs express VEGFR-2, whereas
haemopoietic progenitor cells functionally express the VEGFR-1 required
for the survival and repopulation of these cells via a VEGFA–VEGFR-1
autocrine loop.36,37

Upregulation of angiogenesis or vasculogenesis has been demonstrated
in a variety of haematological malignancies by many groups including our
own.9,10,38,39 We have studied the expression and cellular localisation of
VEGFA in leukaemias and non-neoplastic myeloproliferation syndromes
and have also evaluated the microvessel density (MVD) using archival sam-
ples of bone marrow.10 Our studies showed a significant difference between
the expression ofVEGFA in the bone marrow sections from acute leukaemic
(AML, ALL) patients when compared to reactive controls (p < 0.0001 for
both; Figs. 5A–5C). Stronger expression of VEGFA was also observed in
leukaemic blasts in acute myeloid and lymphoid leukaemias (Figs. 5A–
5C), when compared with the leukaemic blasts and early myeloid precur-
sors in chronic myeloid leukaemia and non-neoplastic myeloproliferative
disorders. In the latter conditions, these precursors were located parallel to
the bony trabeculae, the preferred niche for a proportion of haemopoi-
etic stem cells in normal marrow. Endothelial cells were also positive
for VEGFA expression in acute and chronic myeloid leukaemias. VEGFA
expression correlated statistically with increased MVDs in both AML and
ALL (Figs. 5D and 5E; tied p-value < 0.0001). It was particularly striking
that, in contrast to other haematological conditions, the majority of AML
andALL sections had higher MVDs (12.9 ± 1.2 and 9.0 ± 0.9 microvessels
per cm2, respectively) than the median value (5.66). As illustrated in Fig. 6,
in many of these diseases, VEGFA is secreted by the neoplastic cells and
these cells also express VEGF receptors giving rise to an autocrine loop
of growth control. In addition, VEGFA and its receptors act in a paracrine
manner on endothelial cells or their precursors, resulting in tumour angio-
genesis or vasculogenesis (Fig. 6). It is well known that the autocrine
VEGF/VEGFR system is not unique to malignant cells, but as indicated
above has been noted to be key to the survival and growth of stem cells.
The presence of functionalVEGFA receptors on leukaemic cells, possessing
signalling cascades related to those seen in endothelial cells, renders anti-
VEGF and anti-VEGF receptor small molecule inhibitor therapy a poten-
tial effective anti-angiogenic, anti-vasculogenic and anti-mitogenic agent in
the treatment of these diseases. This subject has been extensively reviewed
recently.9
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Fig. 5. VEGFA upregulation correlates with increased blood vessel density in haematolog-
ical malignancies. Paraffin-embedded sections from an AML (A) and ALL (B) bone marrow
showing staining of leukaemic blast cells with an anti-VEGFA antibody. (C) The mean ±
SEM for the percentage of cells in the bone marrow sections of each diagnostic group of
diseases (AML, ALL, CML) expressing the VEGFA compared to control bone marrows are
shown. VEGFA level was significantly more highly expressed in AML, ALL and CML bone
marrows than in controls (p < 0.0001 for all). Immunoperoxidase staining of representative
sections for microvessels inAML (D) compared with control (E) bone marrow sections using
anti-vWF. (F) For each bone marrow specimen tested from patients with haematological
disorders,10 MVDs per cm2 were plotted against the per cent cells expressing VEGFA per
section. Significance of the regression analysis was calculated by Spearman test. There was
a significant correlation (p < 0.0001; Spearman coefficient r = 0.6261) between these two
variables, indicating higher number of microvessels with higher number of cells expressing
VEGFA.

VEGF as a paradigm for the hypoxic response
in burns injuries
Thermal injury is one of the most physiologically challenging insults to the
human body.3 Ischaemia, as well as vascular injury, are involved in a burn,
with resulting hypoxia at the burnt site. In both instances, hypoxia-inducible
mobilising factors such as VEGFA and CXCL12 are released and subse-
quently promote the mobilisation of EPCs into the peripheral circulation.30

Thus, burns injury represents an acute and novel pathophysiological process
in which to study the effects of hypoxia-inducible genes.
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Fig. 6. Schematic representation of the effects of VEGFA upregulation in haematological
malignancies. VEGFA expression can be regulated through various pathways, including
exposure to hypoxia, cytokines (e.g. IL6, IGF-1, TPO, VEGF) produced from stromal cells,
endothelial cells and the malignant clone, adhesion molecule signalling, and oncogenes such
as bcr-abl in CML. The production ofVEGFA by the leukaemic blasts or endothelial/stromal
cells promotes blood vessel growth and survival and proliferation of the malignant clone
via autocrine/paracrine pathways.

As there is a dearth of knowledge on this subject, our initial objectives
were to analyse VEGFA and CXCL12 levels in the plasma of adult patients
who had sustained an acute burn of greater than 5% total body surface area.
We have compared these to the levels in the circulation of normal adult blood
donors and in cord blood taken at birth, which is used for transplantation.
Our results have shown an elevation in plasma VEGFA and CXCL12 in
patients with burns.30 The highest levels of these mobilising factors were
seen within the first 24 hours of the burns injury, with patients having mean
VEGFA levels six-fold higher than the control population. Similar results
were obtained for CXCL12. There was a strong correlation between the
size of the burn in terms of surface area and the levels of both mobilising
factors (r = −0.89, p < 0.001; r = Spearman rank correlation).

Following on from these studies, we examined whether the levels of
these mobilising factors in plasma correlated with the levels of circulat-
ing endothelial cells (CECs) or EPCs in blood. To properly identify CEC
and EPC, we have developed an improved multi-parameter flow cytometric
assay for their enumeration, based on previous research.3,40–49 This assay
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uses antibodies recognising both CD133 and CD34 and more specific mark-
ers to separate EPCs from the more mature CECs. The markers used were as
follows: CD45, a pan-leucocyte marker; CD34, a marker for haemopoietic
and endothelial precursors and for mature endothelial cells; and CD133,
a marker for stem/progenitor cells of the mesenchymal, haemopoietic
and endothelial lineages. The more specific markers were CD144 (VE-
Cadherin) andVEGFR-2, which are both markers of endothelial cell lineage
that may also be present on subsets of other cell types but in combination are
thought to be specific for endothelial cells. The CD45–ECD, CD34–RPE,
CD144–FITC and VEGFR-2–biotin combination marked the CEC pheno-
type and the same antibodies with CD133 substituted for CD34 marked the
EPC type.

We have used this assay to determine the range of CECs and EPCs in
normal blood donors and also in UCB. Peripheral blood was collected into
EDTA from 50 normal blood donors with an age range of 26 to 65 years
(mean 42 years), equally split into male and female donors. Cord blood was
collected from mothers after informed consent. Plasma was collected from
the peripheral blood for VEGF and CXCL12 assays. After red cell lysis,
the remaining cells were treated with FcR blocking reagent then incubated
with labelled specific antibodies or controls as shown in Table 1. Positive
events were first identified as mononuclear cells that were CD45 dim/−.
Mature CEC or immature EPCs were gated from the CD45 dim/− popu-
lation as CD34+ or CD133+ cells, respectively, and then further analysed
for co-expression of the more specific endothelial cell markers, CD144 and
VEGFR-2. Isotype controls in place of the last two markers were used to
exclude non-specific antibody binding and numbers were adjusted accord-
ingly. In normal peripheral blood, the mean CEC numbers per ml were 51
± 101 (n = 47) and mean EPC numbers per ml were 51 ± 65 (n = 50).

Table 1. Antibody markers for flow cytometric analysis of endothe-
lial precursor cells.

Test number Cell type Antibody specificity and fluorochrome

ECD RPE FITC PC5

1 Control 1 CD45 CD34 IgG IgG
2 CEC CD45 CD34 CD144 VEGFR-2
3 Control 2 CD45 CD133 IgG IgG
4 EPC CD45 CD133 CD144 VEGFR-2
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There was no statistical difference in CEC or EPC levels between male
and female subjects. No significant intra-subject variability in EPCs was
observed over a three-week time span, suggesting that levels remain con-
stant at least in the short term. Interestingly, some “normal” subjects have
consistently higher levels of EPCs than others, but the reason for this was
not determined. Relationships between EPC levels and many pathophysio-
logical processes, including burns, diabetes and peripheral vascular disease,
may shed some light into the significance of this finding. Higher numbers of
both CEC (18-fold) and EPC (six-fold) were found in cord blood (n = 11)
compared with peripheral blood. In cord blood there were 719 ± 338 CEC
per ml and 299 ± 245 EPC per ml. Since cord blood is known to contain a
relatively high number of haemopoietic progenitor cells then a higher num-
ber of EPCs compared with adult blood is not unexpected. In fact, there were
2.4 times the number of CEC to EPC in cord blood, which was in contrast to
almost equal numbers observed on average in adult peripheral blood. These
data may also reflect the sloughing of CEC from the high concentration of
blood vessels present in both the umbilical cord and placenta.

By following EPC levels in the peripheral blood of burns patients over
time, an acute but transient mobilisation of EPCs to the peripheral circu-
lation following burns injury was observed in our studies (manuscript in
preparation). This was maximal in the first 24 hours following a burn, with
levels returning to those of control subjects by day 3 post-injury. There was
a 9-fold increase in the mean levels of EPCs when compared to the control
population. Such a significant response in the setting of an acute ischaemic
and vascular insult is a novel finding. This mobilisation related both to
the surface area as well as depth of injury. In superficial burns (Fig. 7),
the severity of burn in terms of total body surface area correlated strongly
with the degree of mobilisation. The larger the area burnt, the greater the
degree of EPC mobilisation observed. Full thickness burns also resulted
in a significant increase in mobilisation of EPCs, although the relationship
between size of the area burnt and EPC number was less clear. The data
obtained from this study showed no significant difference in the mean lev-
els of EPCs between patients suffering superficial or full thickness injuries.
This may suggest that the chemical signals released following superficial
or full thickness injuries are similar.

Interestingly, a high positive correlation was found between EPC lev-
els and both VEGFA levels (r = 0.96, p < 0.001) and CXCL12 levels
(r = 0.90, p < 0.001, r = Spearman’s rank correlation). However, we did
not find a similar correlation between CEC numbers and either of the two
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Fig. 7. Patients with burns injuries. Schematic cross-section of skin showing (A) a super-
ficial burn affecting the epidermis and part of the upper dermis and (B) a full thickness burn
affecting the entire skin thickness. Patients with (C) both a full thickness and superficial
burn. (D) Scarring after burns injuries.

mobilising factors. These results suggest that the levels of EPC in whole
blood may be determined by these mobilising factors. The lack of correla-
tion between mobilising factor levels and CEC numbers suggests that these
cells are perhaps not mobilised into the circulation in response to the factors,
but sloughed from existing vessels as a normal part of vessel function.

Correlation between EPC number and VEGFA/CXCL12 suggests that
an acute injury associated with a hypoxic response such as a burn, results
in the release of cytokines/chemokines into the circulation which in turn
facilitates the release of EPCs into the circulation and their homing to the
hypoxic region. This novel finding may be of clinical usefulness in several
ways. For example at present, it is difficult to infer the state of the vascular
endothelium in a non-invasive manner. Levels of EPCs may act as surrogate
markers for vascular injury and can be used in a variety of settings to
detect the effectiveness of a therapeutic intervention or disease progression.
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If cytokines/chemokines such as VEGFA and CXCL12 correlate strongly
with EPC levels then these can in turn be used to monitor the state of the
endothelium in pathophysiological processes.

Identifying EPCs and mobilising factors that play an important role in
the wound healing process may also provide a future therapeutic target for
patients with major burns (>30% surface area). For example, such cells
could be extracted from the blood or bone marrow of a patient who has
sustained a burn, and expanded in vitro. They could then be returned to the
patient, at a time when their own bone marrow or blood cannot meet this
demand, to facilitate wound healing. The factors responsible for mobili-
sation of EPCs and even the cells themselves could also be impregnated
in dressings and applied to the injured tissue, thus helping to recruit the
relevant cell populations to the area of injury where they are most needed.

The Hypoxia Code: Cellular and Molecular
Responses to Hypoxia

Although molecules such as VEGFA and CXCL12 and their receptors play
significant roles in blood vessel generation in hypoxia-mediated tissue dam-
age, the complete molecular response to hypoxic conditions for stem cells
and their progeny and for the stromal/endothelial cells with which they
interact in their immediate microenvironment is not understood. Global
and more specific gene expression profiling approaches have been used to
study differential gene expression under low oxygen tensions, especially in
macrophages, endothelial cells and tumour cells. Interestingly, the major
conclusion that can be drawn from these studies is that the response to
hypoxia is cell type-specific.

The development of research tools for global gene expression anal-
yses has allowed the characterisation of the transcriptomes of different
stem/progenitor cell populations. In pursuit of a “stemness” code, the
first studies comparing transcriptional profiles of embryonic, neural and
haematopoietic stem cells were published in 2002.50,51 Surprisingly, the
two transcription profiles from different stem cells uncovered a minimal
overlap between them. These studies have been followed by a stream of
reports that yield the same conclusions.52,53 The minimal overlap found
between studies cannot be accounted for by differences in experimental
approaches, but rather the absence of a single common genetic programme
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controlling the unique character of a stem cell. Instead, a commonly
observed feature is that most genes enriched in the stem cell popula-
tions tested are not exclusive to these cells. Mikkers and Frisen54 describe
“stemness” as an open mind state where stem/progenitor cells express
many genes that are also abundant in cells committed to a certain lin-
eage. Consistent with this observation are the bioinformatics results we
have obtained by comparing genes enriched in stem/progenitor cell subsets
that occur in the bone marrow and can circulate in the peripheral blood,
such as human bone marrow-derived mesenchymal stem cells (MSC)55

and in CD34+ haemopoietic and endothelial stem/progenitor cells.56 Fig-
ure 8 shows that 12,746 transcripts are enriched in human MSC, whilst
approximately 14,246 are in human CD34+ cells.56,57 Interestingly, more
than 72% (10,297) of genes enriched in the individual stem/progenitor cell
populations are shared between them.

In order to specifically identify genes (in the human stem/progenitor
cells that circulate in the blood and seed, the bone marrow and other
tissues, and in their associated stromal cells (BMSC) and endothelial

Fig. 8. Common genes enriched in BMSC and CD34+ cells. The gene expression profile
of human BMSC55 and CD34+ cells isolated from bone marrow59 have been reported
previously. Serial analysis of gene expression (SAGE) has been carried out for both
stem/progenitor cell populations yielding a total of 34,649 SAGE tags from BMSC and
42,399 unique tags from CD34+ cells. A non-redundant set of gene-oriented clusters have
been compiled using UniGene Cluster software. Only 12,746 tags of the 34,649 SAGE tags
from BMSC have UniGene Cluster numbers. From the CD34+ SAGE dataset, only 20,725
tags were available in UniGene Cluster number. Removal of repetitive genes yielded a list
of 14,246 tags with UniGene Cluster number from CD34+ cells. When combined, these
two sets of data show a total of 10,249 of genes (>72%) being enriched in both BMSC and
CD34+ cells.
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niche cells) which are regulated following exposure to hypoxic microen-
vironments, we have subjected human BMSC, endothelial cells and UCB
CD133+ stem/progenitor cells to two experimental conditions, normoxia
(21% oxygen) and hypoxia (1.5% oxygen) and have carried out cDNA

Fig. 9. Gene array analyses. Gene microarrays showing changes in gene expression after
BMSCs are exposed to hypoxia (1.5% O2) for 4, 24 and 48 hours.

Fig. 10. HIF-1α stabilisation in BMSC and CD133+ UCB cells. Western blots of HIF-
1α in BMSCs and CD133+ cells under normoxic (21% O2) or after 24-hour exposure to
hypoxia (1.5% O2). Tubulin served as the positive loading control.
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Fig. 11. The HIF-1α response of BMSC and CD133+ cord blood cells after short exposure
to hypoxia. BMSC and CD133+ cells isolated from cord blood were subjected to two
different conditions. Cells were exposed to normoxia (21% O2 ) or hypoxia (1.5% O2)

for 24 hours. Total mRNA was extracted from these cells, labelled and hybridised to high
density oligoarrays that contained 22,283 probes. Statistical analysis was carried out using
ANOVA to identify those probes for which a significant difference (p < 0.05) in mean
hybridisation intensity was found between the two conditions at a given incubation time. A
threshold change of 1.5-fold was selected on the basis that this cut-off captured many of the
genes known to be regulated by hypoxia.A total of 133 genes and 72 genes were regulated by
hypoxia in BMSC and CD133+ cells, respectively. We compared these gene lists and found
that only 12 of these genes were shared between the two cell populations. Genes in these
lists were classified according to Gene Ontology (GO) with roles in biological processes
and/or molecular function. Pie chart shows the function of these 12 genes.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch05

Blueprint for the Response of Blood and Bone Marrow 79

microarray hybridisation (Fig. 9) and proteomics analyses on these cell
types to compare their molecular and cellular response to hypoxia. All cell
subsets were found to respond to hypoxia by stabilising HIF-1α. An exam-
ple of this after 24-hour exposure to hypoxia is shown in Fig. 10 for BMSC
and CD133+ cells.

In our array studies (Fig. 11), we have found that a total of 133 mRNAs in
BMSC and 72 mRNAs in UCB CD133+ cells were regulated after 24-hour
exposure to hypoxia. Interestingly, over 20% of these genes have unknown
functions (Table 2). Only 12 common genes were found to be regulated by
hypoxia in both cell types. Six of these 12 genes encode proteins that are
involved in metabolism, representing enzymes that catalyse the glycolytic

Table 2. Classification of genes regulated by hypoxia at 24 hours.

Biological process (GO) Percentage of genes

(A) BMSC
Unknown 21.6
Cell proliferation/survival 16.4
Signal transduction 11.9
Cell adhesion/motility 11.9
Metabolism 11.2
Protein metabolism 9.7
Regulation of transcription 9.5
Transport 6
Nucleic acid metabolism 3.7
Structural proteins 1.5
Immune response 1.5
Blood coagulation 0.74
Sex determination 0.74

(B) CD133+ cells
Unknown 22.9
Cell proliferation/survival 14.3
Metabolism 14.3
Transport 12.9
Protein metabolism 10
Signal transduction 10
Regulation of transcription 5.7
Cell adhesion/motility 5.7
Nucleic acid metabolism 2.9
Immune response 1.4

Classification of genes regulated by hypoxia at 24 hours according
to biological processes using Gene Ontology (GO) software.
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pathways. Four of the common genes encode pro-apoptotic factors. One is
an HIF-regulator and the last of these 12 genes encodes VEGF. It would
therefore be extremely tempting to speculate that these 12 genes may con-
stitute a “hypoxia code” shared between these cell types. Of further interest
was the finding that the transcriptional code of the response to hypoxia of
BMSC and UCB CD133+ cells seems to be characterised by (i) the need to
generate energy through glycolysis; (ii) the balance between cell survival
and cell death, which is reflected by the expression of growth factors and
pro-apoptotic factors; and (iii) the negative feedback regulation of HIF1-α.

Conclusions

Hypoxia plays a major role in both physiological and pathological
conditions. The healthy bone marrow, which supports haemopoiesis
throughout adult life, is one of the most hypoxic organs in the body. Fur-
thermore, the trafficking of circulating stem/progenitor cells to areas of
tissue injury, ischaemia or tumour formation is regulated by hypoxic gradi-
ents via the induction of HIF1-α and the production of mobilising factors
such as VEGF and CXCL12, initially in microenvironmental niche or stro-
mal/endothelial cells. Once within the hypoxic area, these stem/progenitor
cells may themselves demonstrate a hypoxic response. As we have found,
both the stem/progenitor cells and the niche cells share some common
responses to hypoxia, particularly when these regulate their survival. They
also show specific responses to hypoxia which allows them to interact with
each other and regulate their own and each other’s quiescence, proliferation,
homing or differentiation via specific receptor–ligand interactions.58–60

The implications of this work are that these pathways may be part of a
global hypoxia code shared with other stem/progenitor cell types and their
regulating microenvironmental niche cells, whether during normal stem
cell function, or during pathophysiological processes such as inflamma-
tion, ischaemic cardiovascular disease, burns injuries and malignancies.
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The Potential of Stem Cells in
Tissue Engineering

Nicholas D. Evans and Julia M. Polak

Introduction

A hundred years ago, the controversial French surgeonAlexis Carrel devised
a technique for seamlessly stitching arteries together after learning his
needlework skills from a Lyonaisse embroiderer. In doing so, he pioneered
organ transplantation, later winning the Nobel Prize for Medicine for his
efforts. The concept of the body as a machine and the surgeon as its engi-
neer had begun to be realised. Today, transplant surgery is a routine, if
oversubscribed, service in 21st century medicine. We regard the scientists
and surgeons who made it possible as heroes. In another hundred years,
how will people regard the pioneers of tissue engineering as a discipline —
and will they even remember them?

Of course, the shortfall of organs and tissues for transplant surgery
was the catalyst for the birth of tissue engineering as a discipline, as is
exemplified in its oft-quoted definition — “an interdisciplinary field that

85



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch06

86 N. D. Evans and J. M. Polak

applies the principles of engineering and life sciences toward the devel-
opment of biological substitutes for the repair or regeneration of tissue or
organ functions”.1 Tissue engineers are faced with the daunting task of
constructing organs or parts of organs from scratch, using cells, scaffolds
and matrices as building materials. The challenges are great; but depending
on the application, tissue engineering for some tissues is a lot simpler than
for others. Take the tissue engineering of skin — a rudimentary form of
this tissue has been engineered successfully in the laboratory. One such
commercial product, Apligraf (Organogenesis Inc.), which consists of a
bilayer of foreskin-derived skin cells combined with sheets of bovine col-
lagen, has received FDA approval in the United States for dressing ulcers.2

However, for other tissues and organs this kind of tissue approach faces
bigger challenges.

Tissues for allografts — the transplantation of a tissue from one individ-
ual of a species to another of the same species — may be in short supply or
simply unavailable. The tissue may provoke a morbid immune response,3

which is not the case for Apligraf™ (fibroblasts and keratinocytes, which
lack MHC II antigens, appear to be immunoprivileged4). Autografting —
the transplantation of a tissue from one site of an individual to another
site — has been used successfully for applications such as bone grafting and
currently 408,000 of these procedures are performed annually in Europe.5

But these procedures cause damage and pain at the site of removal, the
amount of tissue that can be harvested safely is very limited and the quality
of the autograft tends to decline with the age of the patient.5 For other tissue
types, the cells required for a potential autograft may be in short supply or
may be simply unavailable.And for tissues with complex three-dimensional
structures the challenge is vastly greater: size may become a problem,
where the nutrient transport becomes a limiting factor; the replacement
tissue may need to satisfy certain mechanical needs, such as in bone; and it
may be simply very difficult to create the sheer intricacies of the tissue in
question.

But tissue engineers are beginning to address these challenges. Better
techniques in the growth and differentiation of stem cells, new “smart”
biomaterials, organ printing, bioreactor design and an increased under-
standing of the development of tissues in vivo all provide encouragement
that tissue engineering will be a successful practical solution to many of
the burgeoning degenerative diseases that trouble our ageing 21st century
societies.
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The Need for Tissue Engineering

Therapeutic applications of tissue engineering include any disease in which
tissue is lost or damaged. For example, in type I diabetes the pancreatic
islets of Langerhans are selectively attacked and destroyed by the body’s
own immune system. Recently, Shapiro and co-workers6 have shown that
islet transplantation can, over a short period of time, correct this disease
and free its sufferers from reliance on insulin injections and regular glucose
checks. A method for generating this structurally simple yet elusive tissue
en masse in culture would be of massive benefit, both socially and eco-
nomically — in 1997 it was estimated that over 120 million people have
diabetes worldwide, of which 5% to 10% suffer from type 1 diabetes.7

Other autoimmune diseases, such as rheumatoid arthritis, where the joints
are the target of the immune attack, may also find a therapy in tissue
engineering.

Changes in lifestyles and the rapidly increasing age of populations in
the 21st century are the risk factors leading to a large increase in the number
of diseases. Cardiovascular disease, where the tissues of the heart die or
are damaged, is a leading cause of death in the developed world. Forty
per cent of all deaths in the US each year are due to this disease8 and, in
Europe, the estimated direct annual cost is 473 billion.9 A wide range of
treatment options is available to people who suffer from this disease, with
heart transplant being the most extreme, but strategies that aim to repair
or replace damaged heart tissue using cellular therapies could have great
potential in decreasing the need for transplantation.

Similarly, neurodegenerative diseases impart an increasing burden on
health services, with age being the main risk factor. Parkinson’s dis-
ease alone, with its 100,000 sufferers, has been estimated to cost almost

1 billion in the United Kingdom per year.10 This disease is caused by the
degeneration of the nigrostriatal dopaminergic neurons in the brain, lead-
ing to tremors and difficulty in movement.11 Currently, it can be treated
with drugs that are metabolised to dopamine, but these become gradu-
ally less potent with continued use, and have unpleasant side effects when
administered at too high a dose. The transplantation of cells from aborted
foetuses has been shown to have beneficial effects but, besides the ethical
concerns it raises, this tissue is too limited and its effect too varied for it to
be considered as an option for many.11 Other neurodegenerative diseases
that could be addressed by tissue engineering include stroke, amyotrophic
lateral sclerosis and Alzheimer’s disease, all of which are due to the loss
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of cells in the brain and all of which are on the increase as the popula-
tion ages.

Bone and cartilage disease, more common in the elderly, is another
looming problem in medicine today. Prosthetic joint replacements have
been one of the great success stories in medicine in the 20th century with
475,000 hip and knee replacements performed each year in the US at a
cost of over 10 billion.12 These are generally performed to alleviate pain
and immobility in the joints, which occur as cartilage and bone degenerates
and becomes worn. Unfortunately, although such implants can provide sus-
tained relief, they tend to fail after a period of around 15 years;13 therefore,
more biocompatible implants are urgently needed.

The solution to all of these problems requires a source of replacement
cells, but where might a tissue engineer look to find such a source?

Cell Sources

In the best-case scenario, cells could be extracted from the individual, grown
in vitro to form the desired tissue and re-implanted back into the host. For
some tissue types, such as skin and urothelium,14 this is already possible.
But in practice the cell types required are either not available or cannot
be expanded in culture very easily. To solve this kind of problem tissue
engineers have looked to progenitor cells or stem cells. Stem cells are
defined by their ability to self-renew and to differentiate into multiple cell
types, and are normally divided into somatic and embryonic stem (ES) cells.

Haematopoietic Stem Cells
Haematologists can probably lay claim as being the pioneers of stem cell
science, as Jansen et al.15 note in an excellent review; the concept of a
stem cell was first propounded in 1909 by the Russian biologist Alexander
Maximow. But it was not until the middle of the 20th century that this
concept was found to be true. Firstly, Ford et al.16 found that it was a
cellular entity that had the potential to reconstitute the immune system in
mice after radiation-induced destruction of the bone marrow. Then Mathé
et al.17 found that haematopoietic stem cells (HSCs), as they became known,
could replace the blood system and cure leukaemia in humans. These highly
proliferative cells, found in the blood and bone marrow, can differentiate
into all lineages of the blood system. Even more intriguingly there has
been a degree of excitement recently and, inevitably, controversy with the
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discovery that these cells or similar but as yet unidentified cells resident
in the bone marrow are able to generate cells not only of the blood but
also other somatic cells, such as the epithelium.18,19 Presently, however,
the origin of these cells is not precisely known and they cannot be grown in
culture, so their relevance to tissue engineering is not yet widely established.

Mesenchymal Stem Cells
Another adult stem cell type, the mesenchymal stem cell (MSC), which was
originally identified in the bone marrow, has a more established promise for
tissue engineering applications. The presence of these cells, often referred
to as marrow stem cells or stromal stem cells, was first hinted at by Frieden-
stein et al.20 who noticed that some rare cells in aspirates of bone marrow
grew to form adherent colonies that could then proliferate in vitro. They
were initially called CFU-Fs (colony-forming units — fibroblasts) and are
now thought to constitute around 0.001% of nucleated cells in bone mar-
row aspirates,21 depending on the species.22 In subsequent studies it was
found that colony-forming cells isolated in this way could be cultured with
a fibroblast-like morphology for multiple passages — typically between
20 and 40 — before senescence, depending on the age of the donor. In
addition, the multipotentiality of these cells has been clearly demonstrated:
under the right culture conditions MSCs can be selectively differentiated
into cells of the mesoderm lineage — commonly osteoblasts, adipocytes
and chondrocytes,23 and sometimes myocytes.24 The identity of the MSC
has been something of a mystery, however. It was initially suspected that
cultures of MSCs derived from bone marrow may comprise many types
of progenitor cells, each with different capacities to differentiate into a
specific tissue. But Pittenger et al.25 recently provided evidence against
this. They found, by FACS analysis of cell-surface markers, that the pop-
ulation was homogeneous and, more importantly, they demonstrated that
subcultures derived from single cells could themselves be differentiated
into adipocytes, chondrocytes and osteoblasts. Despite this clarification of
the identity of the MSC as a tissue culture cell strain, it is likely that many
other different progenitor cells with varying degrees of multipotentiality
exist within the bone marrow. For instance, Verfaillie and co-workers26,27

recently unearthed another type of stem cell, named the multipotent adult
progenitor cell (MAPC). These cells can differentiate in vitro not only into
mesoderm cells but also into ectoderm and endoderm. They also found
that they could maintain MAPCs in an undifferentiated state for more than
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120 population doublings and, most importantly, that single MAPCs, when
injected into the blastocyst of a mouse, could contribute to blood, spleen,
liver, and lung epithelium. MAPCs are, therefore, an encouraging prospect
for tissue engineering applications. Further research is needed in other lab-
oratories before their true potential can be realised, however.

Other sources of adult stem cells
Stem cells are also known to be distributed throughout the body in various
other niches. In the 1990s, Reynolds and Weiss28 and Bartlett and co-
workers29 showed that single cells from the adult forebrain could be grown
into an undifferentiated state in vitro as neurospheres. Given the correct
signals, cells from these neurospheres — neural stem cells — could then
be induced to differentiate into neurons, oligodendrocytes and astrocytes.
Subsequently, other researchers have shown that these cells have more than
just a restricted neuronal repertoire of progeny; they could also be induced
to differentiate into pancreatic beta-cell-like cells30 and blood cells31 and,
when injected into mouse blastocysts they were found to contribute to heart,
kidney, muscle, lung,and liver.

Recently, it has been shown that other tissues also have stem cell popula-
tions. Most tissues have a population of progenitor cells, which can divide
and form nascent tissue. A good example is progenitor cells in the skin,
which are situated at the basal layer of the epidermis and divide to form
keratinocytes, replacing those lost due to normal wear and tear. But some
of these cells are thought be more versatile. For instance, skeletal stem cells
can differentiate to form cardiomyocytes,32 oval cells of the liver to bile duct
cells,33 and skin stem cells have even been shown to differentiate into bone,
nerves, and skeletal muscle.34 While these discoveries challenge our idea of
the lineage commitment and potentiality of various cell types in the body,
methods for the large-scale culture and manipulation of such tissue-specific
stem cells will be needed before we can design therapies based on their use.

Embryonic stem cells
Embryonic stem (ES) cells have attracted a massive amount of public and
scientific interest in recent years. This is largely because of their touted
potential use for combating a number of diseases but also because of their
controversial method of derivation, which currently involves the destruc-
tion of human blastocysts. They are usually derived several days post-
fertilisation, before the 14th day (after which experimentation is outlawed
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in the UK). At this time the future embryo consists of an outer layer of
cells (the trophectoderm, which goes on to form the placenta), a fluid-filled
interior and a small ball of cells attached to the inner trophectoderm wall
called the inner cell mass. These latter cells go on to form the embryo and
are the cells that are isolated to create the ES cell line. Following expansion
in culture ES cells can go on to form teratomas — tumours composed of
tissues of all three germ layers — when implanted into immunodeficient
(SCID) mice, defining them as being pluripotent. They are also thought
to be immortal and can divide indefinitely in this state in culture, under a
specific set of culture conditions.

ES cell research has its roots in the study of teratomas and teratocarci-
nomas — morbidly fascinating germ line cancers found rarely in people,
sometimes resulting in the formation of whole tissue, such as teeth and
hair, in the gonads of adults. Cells from these tumours, which retain the
capacity to self-renew and to form further teratomas in immunocompro-
mised animals, were subsequently grown in vitro by Martin and Evans35

and were studied as a model system to investigate early mammalian devel-
opment, something that is extremely difficult in vivo. This pioneering work
led in 1981 to two reports on the isolation of pluripotent cells from early
mouse blastocysts — ES cells.36,37 In later years, manipulating the genome
of these cells allowed the creation of transgenic animals, one of the great
tools of developmental biology, used extensively to find out the function
of particular genes. In 1998 Thomson et al.,38 after earlier successes with
other primates, reported the first derivation of a human ES cell line, creating
headline news around the world.

Because of several drawbacks, ES cells have been considered to be a
better bet than adult stem cells for cell replacement and tissue engineering
strategies. For example, although HSCs have been shown to engraft in other
organs in vivo, they cannot be expanded in vitro, and so they are not currently
useable for large-scale tissue engineering applications. MSCs, on the other
hand, grow as adherent, homogenous cells in vitro. They can be induced to
form bone, cartilage and fat with high efficiency in vitro and are currently
the focus of a great deal of research for bone and cartilage applications.21,38

But these cells are restricted to applications for these tissues, their ability
to replicate declines with age38,39 — a particular problem because elderly
patients are the main source of demand for replacement bone and carti-
lage — and there is evidence to suggest that they may accumulate genetic
abnormalities.40 On the other hand, ES cells can be grown in potentially
unlimited numbers in vitro and they are thought to be able to differentiate
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into any cell type. In addition, a recent work has demonstrated the possibil-
ity of producing patient-specific ES cells by somatic-cell nuclear transfer,41

with the attractive result of avoiding any problems of host immune rejec-
tion. So the biomedical community is encouraged that, if we are able to
control the cell types into which they develop, ES cells could provide an
ideal source of tissue for transplantation.

The main challenge faced by researchers is how to differentiate ES cells
reproducibly and efficiently so that they become sufficiently like the in vivo
cells that need to be replaced.

The development of a whole organism of differentiated cells from a
single, undifferentiated precursor is perhaps best understood in the nema-
tode worm, Caenorhabditis elegans. John Sulston and co-workers42,43 have
described the complete cell lineage of this creature and have found that
development proceeds from a single cell to a functional organism con-
taining 959 specialised cells. Here, a self-organising and vast array of
cascading chemical and physical cues determine the function and spatial
arrangement of the mature cells in the organism. It is possible that this
process is much more complex in the mammal (a human being is esti-
mated to have 100 trillion mature cells) and it is very unlikely that we will
ever be able to design a system so complex as to recapitulate all the sig-
nals and events that occur to make mature tissue in the course of human
development.

To overcome this problem many strategies have sought to make an artifi-
cial analogue of the developing mammalian embryo in vitro. This approach
is based on the early work by Gail Martin’s group44 on murine embry-
onic carcinoma cells, where, after transfer to suspension medium, the cells
aggregate and form structures called embryoid bodies (EBs). Despite the
absence of a body axis, this technique appears to be sufficient to cause the
differentiation of both murine and human ES cells into a range of tissues,
including those derived from all three germ layers — endoderm, mesoderm
and ectoderm — as well as from extra-embryonic tissues.

To induce differentiation in a more precise manner, however, researchers
have used several strategies: the addition of soluble growth factors,
cytokines and non-proteinaceous compounds to the growth medium; the
growth of cells on specific extracellular matrices; co-culture with other cell
types or growth in media conditioned by other cell types; genetic manipula-
tion of ES cells; adjusting physical parameters; or a combination of two or
more of these strategies. The literature is now huge, with over 1500 papers
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on ES cell differentiation published since 1998, and far too many to review
in a single article.

In a famous example of an experiment designed to direct ES cell dif-
ferentiation, Lumelsky et al.45 used a complicated five-step process to pro-
mote the differentiation of murine ES cells into pancreatic islet tissue. This
involved, firstly, the expansion of ES cells in an undifferentiated state, fol-
lowed by four days of EB formation in suspension culture. Then these EBs
were allowed to adhere to tissue culture plastic and grown in the absence of
serum — a strategy designed to select for cells expressing nestin, a putative
marker of pancreatic precursors. Next, the remaining cells were expanded
for a period of time using the mitogen fibroblast growth factor (FGF). Its
removal several days later caused the induction of differentiation.

Growth factors, such as those of the BMP family, can also influence
stem cell differentiation. Xu et al.46 and Pera et al.47 showed that, in
the absence of EB formation, ES cells differentiate into trophoblast-like
cells or extra-embryonic endoderm-like cells when exposed to BMP4 or
BMP2, respectively. Blockade of BMP2 signalling in the latter study, using
a BMP inhibitor called Noggin, induced differentiation of neural precursor
cells. But a transient addition of Noggin prior to EB formation in another
study48 led to an increase in the formation of cardiomyocytes, or the addi-
tion of BMP2 during EB formation caused an increase in the formation
of adipocytes.49 These results illustrate the complexity of ES cell differ-
entiation in vitro and that a single growth factor may have many effects,
depending on the timing of its addition.

Non-proteinaceous factors or cell-specific media have also been
shown to affect differentiation in vitro. Adding ascorbic acid and
β-glycerophosphate to cultures of dissociated EBs50–52 causes an increase
in the degree of ES cell differentiation into osteoblasts while others have
shown that growth of ES cells in small airway growth medium promotes
the differentiation of ES cells into type II pneumocytes.53−55 Growth of
ES cells in the presence of the soluble products of Bioglass — an inor-
ganic glass ceramic used in bone tissue engineering — could also increase
the differentiation of ES cells into osteoblasts.56 Retinoic acid has a spec-
trum of effects, inducing differentiation of cells into mesoderm57 but more
commonly to ectoderm derivatives.58

Co-culture is another method which is often used to induce differentia-
tion. Kawasaki et al.59 grew ES cells on PA6, a stromal cell line, and showed
that this induced neural differentiation; Mummery et al.60 co-cultured ES
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cells with a visceral endoderm cell line, END2, and showed cardiac dif-
ferentiation; while the following works by Rathjen et al.61 and Hwang
et al.62 showed that conditioned medium from a similar cell line, HepG2,
can induce mesoderm formation. Others have co-cultured primary tissue
with ES cells63,64 or added cellular extracts65 to direct differentiation to a
tissue type of interest.

The effect of cell matrix on ES cell differentiation has been less well
investigated; however, in an interesting experiment Coraux et al.66 reported
that growth of ES cells on a matrix derived from human fibroblasts could
induce the formation of a heterogeneous, layered structure resembling skin,
while Gerami-Naini et al.67 showed that EBs embedded in Matrigel, a
matrix derived from a sarcoma (mesoderm cancer) cell line, have charac-
teristics of the trophoblast.

Genetic manipulation can be used to induce differentiation. Kim and
co-workers68 showed that ES cell overexpression of nurr1, a gene involved
in the differentiation of neural precursors into dopamine neurons, and sub-
sequent implantation of these cells into a rat model of Parkinson’s disease,
could cause an improvement in the condition. Also Tai et al.69,70 have
shown that over-expression of Osterix, a bone-specific transcription factor,
can induce bone formation by ES cells.

Ironically the very malleability of ES cells, which makes them so
attractive for generating many of the tissues that are required for tissue
engineering, is also a curse. ES cells have a potentially dangerous tendency
to differentiate into cell types other than those required. So it is ultimately
likely that cell selection will be necessary to harvest homogenous popula-
tions of the correct cell type. Many groups have used fluorescent antibodies,
specific to cell-surface markers of interest, and FACS analysis to select cer-
tain cell populations. For instance,Yamashita et al.71 selected Flk-1 positive
cells, which were then introduced into mouse blastocysts and contributed
to the endothelial lineage, demonstrating their potential in vascular tis-
sue engineering. Similarly, the same group used a combination of several
antibodies to isolate the various lineages that contribute to the blood–cell
system.72 Where surface markers are not present or are unknown, other
groups have made ES cell lines with fluorescent proteins under the con-
trol of tissue-specific promoters73,74 that light up when differentiation is
achieved, enabling FACS selection of the fluorescent cells. Alternatively
inappropriate cells can be eliminated after differentiation. For example,
Klug et al.75 introduced the gene for aminoglycoside phosphotransferase
under the control of the cardiomyocyte-specific promoter of the gene for
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the alpha-cardiac myosin heavy chain. After EB differentiation, G418 was
used to kill all cells in which this gene was not active, producing a fairly
pure population of cardiomyoctes.

Because the differentiation of ES cells is so complex — being affected
by a multitude of different factors — and because conventional cell culture
experimentation cannot interrogate such an array of variables without a
large amount of time and expense, some groups have begun to investigate
high-throughput methods of probing differentiation. In 2003, Ding et al.76

presented work in which an embryonic carcinoma cell line was screened for
neuronal differentiation with over 100,000 small molecules. In this case,
the cells were transfected with a luciferase gene under the control of the
neural-specific gene, Tα1 tubulin, and were grown in 384-well plates in
the presence of different small molecules. The group was able to identify
the small molecules that had a positive effect using a luminescence assay,
and could then study them in more detail. One of the molecules, TWS119,
was found to have an affinity for GSK-3β, a kinase involved in embryonic
development with pleiotropic effects but with specific implication in a Wnt-
dependent neuronal signalling pathway.

There is interest in scaling down even further. The “genomic age”
has seen the birth of high-throughput, data-farming technologies such as
DNA and RNA microarrays and also, more recently, the protein array.77

These new methods are based on microfabrication. In the first report of a
microarray designed for studying stem cell differentiation, Robert Langer’s
group78 made a matrix-spotted microarray slide. Twenty-five different syn-
thetic matrix compounds were spotted onto the slide in 576 combinations
and the effect of the resultant composite biomaterials on the differentiation
of human ES cells into epithelial cells was tested. Cells were seeded onto
the array, allowed to adhere, cultured for several days and then immunos-
tained for the epithelial-specific marker cytokeratin 7. In doing so, they
could identify those composite polymers that supported ES cell growth and
which directed cellular differentiation to a desired lineage. Since 20 1728-
spot polymer arrays can be synthesised in one day and very little culture
medium or growth and analysis reagents are needed, this represents great
savings in time and money.

Following this, Flaim et al.79 once again adapted DNA spotting tech-
nology such that natural matrix proteins — collagen I, III, IV, laminin and
fibronectin — could be spotted onto the slide. In this case, 32 combinations
of these proteins were evaluated for their ability to direct murine ES cells to
a hepatocyte fate. An important advantage of this technology is the ability
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to identify synergy between two or more growth factors, where alone they
may have no effect, or even a negative effect.

Factorial analysis methods can be applied in these situations. These sta-
tistical tricks can be used to garner the maximum amount of data from a
minimum number of experiments. Surprisingly, using this technique, Flaim
et al.79 found such information as that while collagen I, III and laminin
had negative effects when administered alone, combinations of them gave
positive effects. In a similar manner, Chang and Zandstra80 have found syn-
ergistic interactions between glucose, retinoic acid, FGF, EGF, and insulin
on the differentiation of murine ES cells into endoderm cells, as measured
by immunostaining for CK8 and HNF3β. Finally, Chin et al.77 microfab-
ricated a miniature platform for studying stem cell fates, often at the single
cell level. High-throughput strategies such as these will undoubtedly find
further use in elucidating the role of the many protagonists in stem cell
differentiation.

Scaffolds

The transplantation of cells alone may be sufficient to improve the symp-
toms of many degenerative diseases. But for other applications in tis-
sue engineering structured implants may be needed, where cells, such as
those described above, are grown on scaffolds. Scaffolds provide a three-
dimensional environment on which cells can grow, interact with each other
and form a microenvironment in which tissue, with its associated extra-
cellular matrix, is formed. Many materials have been used for tissue engi-
neering purposes. Some are synthetic but biodegradable, such as poly(lactic
acid) (PLA)81,82 or poly(glycolic acid) (PGA).82 Others are bioactive, such
as Bioglass,83 which increases osteoblast proliferation and bone formation
in vitro.84,85 Others may be derived naturally, such as alginate,86 chitosan,87

or collagen.88

In bone and cartilage engineering, MSCs have been used extensively on
a multitude of different scaffolds. For example, Uematsu et al.89 recently
showed the MSCs cultured on a porous poly-lactic–glycolic acid (PLGA)
scaffold could form mature cartilage tissue in an animal defect model. Kim
et al.,90 on the other hand, ingeniously designed a PLGA scaffold that
slowly exuded ascorbate and β-glycerophosphate, increasing bone differ-
entiation of MSCs. Other scaffolds have been designed for other tissues,
such as arteries,91 liver92 and even retina.93
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In contrast, there have been very few publications on the use of ES
cells on scaffolds, possibly because the efficient differentiation of ES cells
into a specific cell type has not yet been achieved. In some rare examples,
Levenberg et al.94 cultured human ES cells and EBs on PLGA porous scaf-
folds, demonstrating their differentiation into a variety of tissues; Chaudhry
et al.95 seeded EB-derived cells on three-dimensional PLA-derived scaf-
folds and demonstrated bone nodule formation; Gerecht-Nir et al.96 showed
that EBs cultured in porous alginate scaffolds have a higher degree of vas-
cularisation than those grown in suspension; and Liu and Roy97 showed
increased haematopoietic precursor cell differentiation when they grew
EBs in a proprietary porous scaffold. More recently, Levenberg et al.98

once again demonstrated the differentiation of human ES cells into three-
dimensional neural rosette structures when grown on PLA and PLGA scaf-
folds in the presence of growth factors.

It remains a major problem, though, that the use of ES cells for tissue
engineering strategies in vivo might suffer from the problems of differenti-
ation to inappropriate types or, even worse, teratoma formation. Levenberg
et al.99 suggest that genetically modified ES cells that undergo apoptosis
in response to inappropriate differentiation could be used to prevent these
problems from happening.

Future Perspectives

Stem cells, particularly ES cells, have huge potential as a source of autolo-
gous cells for cell replacement therapy and tissue engineering. But before
they can be used for these applications, a number of challenges need to be
tackled.

As we have seen, reproducible methods are needed for the efficient
differentiation of stem cells into a desired lineage. It appears that some cells
are easier to generate than others. For example, we are closer to generating
populations of neural cells for the treatment of diseases such as Parkinson’s
and stroke than we are for generating populations of functional pancreatic
beta cells for diabetes.Assuming this is possible, we need culture systems in
which large quantities of our desired cell types can be grown, preferably in
an automated fashion where the skill of a research scientist is not needed.
Bioreactors have been used in many other applications to mass produce
cells or the products that they secrete,100 and some groups are at the early
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stages of applying them to stem cell culture.101 And if stem cells are ever to
be used in a clinical setting, their production will have to obey strict quality-
control guidelines — the application of stem cells to clinical settings can
surely take lessons from clinically approved tissue engineered constructs,
such as Apligraf.

Creating structured three-dimensional tissue leads us to a wealth of other
challenges. For instance, large grafts are needed for bone tissue engineer-
ing. Tissue culture has traditionally been a two-dimensional world, where
cells can grow happily in close contact with nutrients and dissolved gases
needed for cell survival. But the culture of large chunks of tissue in vitro in
the absence of a blood supply is limited by the diffusion distances of these
nutrients — the centre of these potential grafts quickly become necrotic.
Again, advances in bioreactor technology, as well as new technologies such
as microfluidics and microfabrication, offer potential solutions to these
problems, where multilayered cell/matrix structures infiltrated with growth
medium-perfused channels could ensure the viability of deeply embedded
cells. Work on these types of scaffolds is already in progress.102–104 Bio-
compatibility of potential tissue engineered constructs is also a problem
and new biomaterials, which incorporate specific cell-binding peptides, are
beginning to address this need.105

Summary

“The worst thing about medicine is that one kind makes another necessary”,
said Elbert Hubbard, the American philosopher. And so it is with tissue
engineering. The great successes of medicine during the 20th century mean
that people are living longer and their worn-out parts need replacing more
often. These problems are unlikely to go away overnight, and so it is likely
that moving some of the technologies discussed in this chapter from the
bench to the bedside will be critical in 21st century medical care.

Acknowledgements

We thank our funders: the Rosetrees Trust, the Medical Research Coun-
cil (Co-operative Group G9900355 and Component Grant G0300106),
the Wellcome Trust and the Defense Advanced Research Projects Agency



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch06

The Potential of Stem Cells in Tissue Engineering 99

(DARPA).We also thank Mark Placzek, Eileen Gentleman andAnne Bishop
for helpful advice.

References

1. Langer R, Vacanti JP. Tissue engineering. Science 1993;260:920–926.
2. Wilkins LM, Watson SR, Prosky SJ, Meunier SF, Parenteau NL. Development

of a bilayered living skin construct for clinical-applications. Biotechnol Bioeng
1994;43:747–756.

3. Wong W, Wood KJ. Transplantation tolerance by donor MHC gene transfer. Curr Gene
Ther 2004;4:329–336.

4. Briscoe DM, Dharnidharka VR, Isaacs C, Downing G, Prosky S, Shaw P, et al. The
allogeneic response to cultured human skin equivalent in the hu-PBL-SCID mouse
model of skin rejection. Transplantation 1999;67:1590–1599.

5. Hing KA. Bone repair in the twenty-first century: biology, chemistry or engineering?
Philos Trans A Math Phys Eng Sci 2004;362:2821–2850.

6. Ryan EA, Paty BW, Senior PA, Bigam D, Alfadhli E, Kneteman NM, et al. Five-year
follow-up after clinical islet transplantation. Diabetes 2005;54:2060–2069.

7. Amos AF, McCarty DJ, Zimmet P. The rising global burden of diabetes and
its complications: estimates and projections to the year 2010. Diabet Med 1997;
14(Suppl. 5):S1–85.

8. American Heart Association. Cardiovascular Disease Statistics, 2005. Internet
communication.

9. Mathur A, Martin JF. Stem cells and repair of the heart. Lancet 2004;364:183–192.
10. Findley L, Aujla M, Bain PG, Baker M, Beech C, Bowman C, et al. Direct economic

impact of Parkinson’s disease: a research survey in the United Kingdom. Mov Disord
2003;18:1139–1145.

11. Lindvall O, Kokaia Z, Martinez-Serrano A. Stem cell therapy for human neurodegen-
erative disorders — how to make it work. Nat Med 2004;10(Suppl.):S42–50.

12. Agency for Healthcare Research and Quality. Healthcare Cost, 2005. Internet
communication.

13. Vats A, Bielby RC, Tolley NS, Nerem R, Polak JM. Stem cells. Lancet 2005;366:
592–602.

14. Atala A. Tissue engineering and regenerative medicine: concepts for clinical applica-
tion. Rejuvenation Res 2004;7:15–31.

15. Jansen J, Hanks S, Thompson JM, Dugan MJ, Akard LP. Transplantation of hemato-
poietic stem cells from the peripheral blood. J Cell Mol Med 2005;9:37–50.

16. Ford CE, Hamerton JL, Barnes DW, Loutit JF. Cytological identification of radiation-
chimaeras. Nature 1956;177:452–454.

17. Mathé G, Amiel JL, Schwarzenberg L, Cattan A, Schneider M. Haematopoietic
chimera in man after allogenic (homologous) bone-marrow transplantation. (con-
trol of the secondary syndrome specific tolerance due to the chimerism). Br Med
J 1963;5373:1633–1635.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch06

100 N. D. Evans and J. M. Polak

18. Horwitz EM. Stem cell plasticity: the growing potential of cellular therapy. Arch Med
Res 2003;34:600–606.

19. Albera C, Polak JM, Janes S, Griffiths MJ, Alison MR, Wright NA et al. Repopulation
of human pulmonary epithelium by bone marrow cells: a potential means to promote
repair. Tissue Eng 2005;11:1115–1121.

20. Friedenstein AJ, Chailakhyan RK, Lalykina KS. Development of fibroblast colonies
in monolayer cultures of guinea-pig bone marrow and spleen cells. Cell Tissue Kinet
1970;3:393–403.

21. Caplan AI. Mesenchymal stem cells: cell-based reconstructive therapy in orthopedics.
Tissue Eng 2005;11:1198–1211.

22. Short B, Brouard N, Occhiodoro-ScottT, RamakrishnanA, Simmons PJ. Mesenchymal
stem cells. Arch Med Res 2003;34:565–571.

23. Kassem M. Mesenchymal stem cells: biological characteristics and potential clinical
applications. Cloning Stem Cells 2004;6:369–374.

24. Wakitani S, Saito T, Caplan AI. Myogenic cells derived from rat bone marrow mes-
enchymal stem cells exposed to 5-azacytidine. Muscle Nerve 1995;18:1417–1426.

25. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al.
Multilineage potential of adult human mesenchymal stem cells. Science 1999;284:
143–147.

26. Reyes M, Lund T, Lenvik T, Aguiar D, Koodie L, Verfaillie CM. Purification and
ex vivo expansion of postnatal human marrow mesodermal progenitor cells. Blood
2001;98:2615–2625.

27. Reyes M, Verfaillie CM. Characterization of multipotent adult progenitor cells, a
subpopulation of mesenchymal stem cells. Ann N Y Acad Sci 2001;938:231–233.

28. Reynolds BA, Weiss S. Generation of neurons and astrocytes from isolated cells of
the adult mammalian central nervous system. Science 1992;255:1707–1710.

29. Richards LJ, Kilpatrick TJ, Bartlett PF. De novo generation of neuronal cells from the
adult mouse brain. Proc Natl Acad Sci USA 1992;89:8591–8595.

30. Burns CJ, Minger SL, Hall S, Milne H, Ramracheya RD, Evans ND, et al. The in vitro
differentiation of rat neural stem cells into an insulin-expressing phenotype. Biochem
Biophys Res Commun 2005;326:570–577.

31. Bjornson CR, Rietze RL, Reynolds BA, Magli MC, Vescovi AL. Turning brain into
blood: a hematopoietic fate adopted by adult neural stem cells in vivo. Science
1999;283:534–537.

32. Menasche P, Hagege AA, Scorsin M, Pouzet B, Desnos M, Duboc D, et al. Myoblast
transplantation for heart failure. Lancet 2001;357:279–280.

33. Petersen BE, Zajac VF, Michalopoulos GK. Hepatic oval cell activation in response
to injury following chemically induced periportal or pericentral damage in rats.
Hepatology 1998;27:1030–1038.

34. Toma JG, Akhavan M, Fernandes KJ, Barnabe-Heider F, Sadikot A, Kaplan DR, et al.
Isolation of multipotent adult stem cells from the dermis of mammalian skin. Nat Cell
Biol 2001;3:778–784.

35. Martin GR, Evans MJ. The morphology and growth of a pluripotent teratocarcinoma
cell line and its derivatives in tissue culture. Cell 1974;2:163–172.

36. Evans MJ, Kaufman MH. Establishment in culture of pluripotential cells from mouse
embryos. Nature 1981;292:154–156.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch06

The Potential of Stem Cells in Tissue Engineering 101

37. Martin GR. Isolation of a pluripotent cell line from early mouse embryos cultured
in medium conditioned by teratocarcinoma stem cells. Proc Natl Acad Sci USA
1981;78:7634–7638.

38. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall
VS, et al. Embryonic stem cell lines derived from human blastocysts. Science
1998;282:1145–1147.

39. D’Ippolito G, Schiller PC, Ricordi C, Roos BA, Howard GA. Age-related osteogenic
potential of mesenchymal stromal stem cells from human vertebral bone marrow.
J Bone Miner Res 1999;14:1115–1122.

40. Heng BC, Cao T, Stanton LW, Robson P, Olsen B. Strategies for directing the dif-
ferentiation of stem cells into the osteogenic lineage in vitro. J Bone Miner Res
2004;19:1379–1394.

41. Hwang WS, Roh SI, Lee BC, Kang SK, Kwon DK, Kim S, et al. Patient-specific
embryonic stem cells derived from human SCNT blastocysts. Science 2005;308:
1777–1783.

42. Sulston JE, Horvitz HR. Post-embryonic cell lineages of the nematode, Caenorhabditis
elegans. Dev Biol 1977;56:110–156.

43. Sulston JE, Schierenberg E, White JG, Thomson JN. The embryonic cell lineage of
the nematode Caenorhabditis elegans. Dev Biol 1983;100:64–119.

44. Martin GR, Evans MJ. Differentiation of clonal lines of teratocarcinoma cells: forma-
tion of embryoid bodies in vitro. Proc Natl Acad Sci USA 1975;72:1441–1445.

45. Lumelsky N, Blondel O, Laeng P, Velasco I, Ravin R, McKay R. Differentiation of
embryonic stem cells to insulin-secreting structures similar to pancreatic islets. Science
2001;292:1389–1394.

46. Xu RH, Chen X, Li DS, Li R, Addicks GC, Glennon C, et al. BMP4 initiates
human embryonic stem cell differentiation to trophoblast. Nat Biotechnol 2002;20:
1261–1264.

47. Pera MF, Andrade J, Houssami S, Reubinoff B, Trounson A, Stanley EG, et al. Reg-
ulation of human embryonic stem cell differentiation by BMP-2 and its antagonist
noggin. J Cell Sci 2004;117:1269–1280.

48. Yuasa S, Itabashi Y, Koshimizu U, Tanaka T, Sugimura K, Kinoshita M, et al. Tran-
sient inhibition of BMP signaling by Noggin induces cardiomyocyte differentiation
of mouse embryonic stem cells. Nat Biotechnol 2005;23:607–611.

49. Zur Nieden NI, Kempka G, Rancourt DE, Ahr HJ. Induction of chondro-, osteo- and
adipogenesis in embryonic stem cells by bone morphogenetic protein-2: effect of
cofactors on differentiating lineages. BMC Dev Biol 2005;5:1.

50. Buttery LD, Bourne S, Xynos JD,Wood H, Hughes FJ, Hughes SP, et al. Differentiation
of osteoblasts and in vitro bone formation from murine embryonic stem cells. Tissue
Eng 2001;7:89–99.

51. Bielby RC, Boccaccini AR, Polak JM, Buttery LD. In vitro differentiation and in vivo
mineralization of osteogenic cells derived from human embryonic stem cells. Tissue
Eng 2004;10:1518–1525.

52. Bourne S, Polak JM, Hughes SP, Buttery LD. Osteogenic differentiation of mouse
embryonic stem cells: differential gene expression analysis by cDNA microarray and
purification of osteoblasts by cadherin-11 magnetically activated cell sorting. Tissue
Eng 2004;10:796–806.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch06

102 N. D. Evans and J. M. Polak

53. Ali NN, Edgar AJ, Samadikuchaksaraei A, Timson CM, Romanska HM, Polak JM,
et al. Derivation of type II alveolar epithelial cells from murine embryonic stem cells.
Tissue Eng 2002;8:541–550.

54. Rippon HJ,Ali NN, Polak JM, BishopAE. Initial observations on the effect of medium
composition on the differentiation of murine embryonic stem cells to alveolar type II
cells. Cloning Stem Cells 2004;6:49–56.

55. SamadikuchaksaraeiA, Cohen S, Polak JM, Bielby RC, BishopAE. Derivation of type
II pneumocytes from human embryonic stem cells. Tissue Eng 2006; 12(4):867–875.

56. Bielby RC, Pryce RS, Hench LL, Polak JM. Enhanced derivation of osteogenic cells
from murine embryonic stem cells after treatment with ionic dissolution products of
58S bioactive sol-gel glass. Tissue Eng 2005;11:479–488.

57. Kawaguchi J, Mee PJ, Smith AG. Osteogenic and chondrogenic differentiation
of embryonic stem cells in response to specific growth factors. Bone 2005;36:
758–769.

58. Bain G, Kitchens D, Yao M, Huettner JE, Gottlieb DI. Embryonic stem cells express
neuronal properties in vitro. Dev Biol 1995;168:342–357.

59. Kawasaki H, Mizuseki K, Nishikawa S, Kaneko S, Kuwana Y, Nakanishi S, et al.
Induction of midbrain dopaminergic neurons from ES cells by stromal cell-derived
inducing activity. Neuron 2000;28:31–40.

60. Mummery C, Ward-van OD, Doevendans P, Spijker R, van den BS, Hassink R, et al.
Differentiation of human embryonic stem cells to cardiomyocytes: role of coculture
with visceral endoderm-like cells. Circulation 2003;107:2733–2740.

61. Rathjen J, Lake JA, Bettess MD, Washington JM, Chapman G, Rathjen PD. Formation
of a primitive ectoderm like cell population, EPL cells, from ES cells in response to
biologically derived factors. J Cell Sci 1999;112:601–612.

62. HwangYS, Randle WR, Bielby RC, Polak JM, Mantalaris A. Controlling and enhanc-
ing mesodermal differentiation of murine embryonic stem cells for skeletal tissue engi-
neering applications: enhanced osteogenic lineage differentiation. Tissue Eng 2006;
12(6):1381–1392.

63. Van Vranken BE, Romanska HM, Polak JM, Rippon HJ, Shannon JM, Bishop AE.
Coculture of embryonic stem cells with pulmonary mesenchyme: a microenviron-
ment that promotes differentiation of pulmonary epithelium. Tissue Eng 2005;11:
1177–1187.

64. Vats A, Bielby RC, Tolley NS, Dickinson SC, Boccaccini AR, Hollander AP, et al.
Chondrogenic differentiation of human embryonic stem cells: the effect of the micro-
environment. Tissue Eng 2006; 12(6):1687–1697.

65. Qin M, Tai G, Collas P, Polak JM, Bishop AE. Cell extract-derived differentiation of
embryonic stem cells. Stem Cells 2005;23:712–718.

66. Coraux C, Hilmi C, Rouleau M, Spadafora A, Hinnrasky J, Ortonne JP, et al. Recon-
stituted skin from murine embryonic stem cells. Curr Biol 2003;13:849–853.

67. Gerami-Naini B, Dovzhenko OV, Durning M, Wegner FH, Thomson JA, Golos TG.
Trophoblast differentiation in embryoid bodies derived from human embryonic stem
cells. Endocrinology 2004;145:1517–1524.

68. Kim JH, Auerbach JM, Rodriguez-Gomez JA, Velasco I, Gavin D, Lumelsky N, et al.
Dopamine neurons derived from embryonic stem cells function in an animal model of
Parkinson’s disease. Nature 2002;418:50–56.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch06

The Potential of Stem Cells in Tissue Engineering 103

69. Tai G, Polak JM, Bishop AE, Christodoulou I, Buttery LD. Differentiation of
osteoblasts from murine embryonic stem cells by overexpression of the transcriptional
factor osterix. Tissue Eng 2004;10:1456–1466.

70. Tai G, Christodoulou I, Bishop AE, Polak JM. Use of green fluorescent fusion protein
to track activation of the transcription factor osterix during early osteoblast differen-
tiation. Biochem Biophys Res Commun 2005;333:1116–1122.

71. Yamashita J, Itoh H, Hirashima M, Ogawa M, Nishikawa S, Yurugi T, et al. Flk1-
positive cells derived from embryonic stem cells serve as vascular progenitors. Nature
2000;408:92–96.

72. Yurugi-Kobayashi T, Itoh H, Yamashita J, Yamahara K, Hirai H, Kobayashi T, et al.
Effective contribution of transplanted vascular progenitor cells derived from embry-
onic stem cells to adult neovascularization in proper differentiation stage. Blood
2003;101:2675–2678.

73. Micallef SJ, Janes ME, Knezevic K, Davis RP, Elefanty AG, Stanley EG. Retinoic
acid induces Pdx1-positive endoderm in differentiating mouse embryonic stem cells.
Diabetes 2005;54:301–305.

74. Wichterle H, Lieberam I, Porter JA, Jessell TM. Directed differentiation of embryonic
stem cells into motor neurons. Cell 2002;110:385–397.

75. Klug MG, Soonpaa MH, Koh GY, Field LJ. Genetically selected cardiomyocytes
from differentiating embryonic stem cells form stable intracardiac grafts. J Clin Invest
1996;98:216–224.

76. Ding S,Wu TY, BrinkerA, Peters EC, HurW, Gray NS, et al. Synthetic small molecules
that control stem cell fate. Proc Natl Acad Sci USA 2003;100:7632–7637.

77. Chin VI, Taupin P, Sanga S, Scheel J, Gage FH, Bhatia SN. Microfabricated platform
for studying stem cell fates. Biotechnol Bioeng 2004;88:399–415.

78. Anderson DG, Levenberg S, Langer R. Nanoliter-scale synthesis of arrayed biomateri-
als and application to human embryonic stem cells. Nat Biotechnol 2004;22:863–866.

79. Flaim CJ, Chien S, Bhatia SN. An extracellular matrix microarray for probing cellular
differentiation. Nat Methods 2005;2:119–125.

80. Chang KH, Zandstra PW. Quantitative screening of embryonic stem cell differentia-
tion: endoderm formation as a model. Biotechnol Bioeng 2004;88:287–298.

81. LinYM, BoccacciniAR, Polak JM, MaquetV, BishopAE. Biocompatability of PDLLA
for lung tissue engineering. J Biomater Appl 2006;21(2):109–118.

82. Mooney DJ, Baldwin DF, Suh NP, Vacanti JP, Langer R. Novel approach to fabricate
porous sponges of poly(d,l-lactic-co-glycolic acid) without the use of organic solvents.
Biomaterials 1996;17:1417–1422.

83. Day RM, Maquet V, Boccaccini AR, Jerome R, Forbes A. In vitro and in vivo analy-
sis of macroporous biodegradable poly(d,l-lactide-co-glycolide) scaffolds containing
bioactive glass. J Biomed Mater Res A 2005;75:778–787.

84. Xynos ID, Edgar AJ, Buttery LD, Hench LL, Polak JM. Ionic products of bioactive
glass dissolution increase proliferation of human osteoblasts and induce insulin-like
growth factor II mRNA expression and protein synthesis. Biochem Biophys Res Com-
mun 2000;276:461–465.

85. Xynos ID, Hukkanen MV, Batten JJ, Buttery LD, Hench LL, Polak JM. Bioglass 45S5
stimulates osteoblast turnover and enhances bone formation in vitro: implications and
applications for bone tissue engineering. Calcif Tissue Int 2000;67:321–329.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch06

104 N. D. Evans and J. M. Polak

86. Rowley JA, Madlambayan G, Mooney DJ. Alginate hydrogels as synthetic extracel-
lular matrix materials. Biomaterials 1999;20:45–53.

87. Li Z, Zhang M. Chitosan-alginate as scaffolding material for cartilage tissue engineer-
ing. J Biomed Mater Res A 2005;75:485–493.

88. Chevallay B, Herbage D. Collagen-based biomaterials as 3D scaffold for cell cul-
tures: applications for tissue engineering and gene therapy. Med Biol Eng Comput
2000;38:211–218.

89. Uematsu K, Hattori K, Ishimoto Y, Yamauchi J, Habata T, Takakura Y, et al. Carti-
lage regeneration using mesenchymal stem cells and a three-dimensional poly-lactic-
glycolic acid (PLGA) scaffold. Biomaterials 2005;26:4273–4279.

90. Kim H, Suh H, Jo SA, Kim HW, Lee JM, Kim EH, et al. In vivo bone formation by
human marrow stromal cells in biodegradable scaffolds that release dexamethasone
and ascorbate-2-phosphate. Biochem Biophys Res Commun 2005;332:1053–1060.

91. Niklason LE, Gao J, Abbott WM, Hirschi KK, Houser S, Marini R, et al. Functional
arteries grown in vitro. Science 1999;284:489–493.

92. Hasirci V, Berthiaume F, Bondre SP, Gresser JD, Trantolo DJ, Toner M, et al. Expres-
sion of liver-specific functions by rat hepatocytes seeded in treated poly(lactic-co-
glycolic) acid biodegradable foams. Tissue Eng 2001;7:385–394.

93. Lu L, Yaszemski MJ, Mikos AG. Retinal pigment epithelium engineering using syn-
thetic biodegradable polymers. Biomaterials 2001;22:3345–3355.

94. Levenberg S, Huang NF, Lavik E, Rogers AB, Itskovitz-Eldor J, Langer R. Differen-
tiation of human embryonic stem cells on three-dimensional polymer scaffolds. Proc
Natl Acad Sci USA 2003;100:12741–12746.

95. Chaudhry GR, Yao D, Smith A, Hussain A. Osteogenic cells derived from embryonic
stem cells produced bone nodules in three-dimensional scaffolds. J Biomed Biotechnol
2004;2004:203–210.

96. Gerecht-Nir S, Cohen S, Ziskind A, Itskovitz-Eldor J. Three-dimensional porous algi-
nate scaffolds provide a conducive environment for generation of well-vascularized
embryoid bodies from human embryonic stem cells. Biotechnol Bioeng 2004;88:
313–320.

97. Liu H, Roy K. Biomimetic three-dimensional cultures significantly increase
hematopoietic differentiation efficacy of embryonic stem cells. Tissue Eng
2005;11:319–330.

98. Levenberg S, Burdick JA, Kraehenbuehl T, Langer R. Neurotrophin-induced differ-
entiation of human embryonic stem cells on three-dimensional polymeric scaffolds.
Tissue Eng 2005;11:506–512.

99. Levenberg S, Khademhosseini A, Langer R. Embryonic stem cells in tissue engineer-
ing. In: Lanza R, Thomson J, West M, Gearhart JP, Pedersen R, Moore M, Verfaillie C,
Thomson ED, Gearhart J, Blau H, Moore MAS, Melton D, Hogan B (eds.), Handbook
of Embryonic Stem Cells (Elsevier/Academic Press, San Diego, USA, 2004).

100. MartinY, Vermette P. Bioreactors for tissue mass culture: design, characterization, and
recent advances. Biomaterials 2005;26:7481–7503.

101. Magyar JP, Nemir M, Ehler E, Suter N, Perriard JC, Eppenberger HM. Mass production
of embryoid bodies in microbeads. Ann N Y Acad Sci 2001;944:135–143.

102. Leclerc E, David B, Griscom L, Lepioufle B, Fujii T, Layrolle P, et al. Study of
osteoblastic cells in a microfluidic environment. Biomaterials 2006;27:586–595.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch06

The Potential of Stem Cells in Tissue Engineering 105

103. Norman JJ, Desai TA. Control of cellular organization in three dimensions using
a microfabricated polydimethylsiloxane—collagen composite tissue scaffold. Tissue
Eng 2005;11:378–386.

104. Shin M, Matsuda K, Ishii O, Terai H, Kaazempur-Mofrad M, Borenstein J, et al.
Endothelialized networks with a vascular geometry in microfabricated poly(dimethyl
siloxane). Biomed Microdevices 2004;6:269–278.

105. Silva GA, Czeisler C, Niece KL, Beniash E, Harrington DA, Kessler JA, et al. Selective
differentiation of neural progenitor cells by high-epitope density nanofibers. Science
2004;303:1352–1355.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch07

This page intentionally left blankThis page intentionally left blank



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch07

7

Joint Tissue Engineering

Cosimo De Bari, Costantino Pitzalis and Francesco Dell’Accio

Introduction

Tissue engineering and regenerative medicine are indicated in conditions
where tissue loss causes a persistent loss of function and spontaneous regen-
eration and compensatory mechanisms are either absent or insufficient. For
instance, bone has a remarkable repair capacity that guarantees efficient
fracture repair. However, fracture repair fails in lesions that exceed a cer-
tain size, which can vary depending on the site, age of the patient, and other
patient-related circumstances including co-morbidity. Cell-based regener-
ative strategies aim at restoring tissue/organ integrity and function utilising
cells and bioactive molecules to trigger, enhance, support and complement
the residual capacity for repair.

Many branches of medicine can benefit from these technologies, and
intensive research currently underway, resulting in some cases, in clinical
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applications. Notable examples of cell-based repair are in skin,1 bone,2,3

articular cartilage,4 cardiac muscle,5–8 and Parkinson’s disease.9,10

Cells are typically manipulated ex vivo and administered to patients as
living and dynamic biological agents. In this chapter we will focus on the
issues that these new therapeutic agents raise and are difficult to address
within the paradigms of the traditional pharmacology. They include deter-
mination of the mechanism of action, dose, evaluation of potency, safety
and toxicity, upscale, delivery, and identification of proper indications. We
will use the case of autologous chondrocyte implantation (ACI), a proce-
dure used to repair localised joint surface defects (JSDs), as a prototypic
example of advanced tissue engineering technology entering routine clin-
ical application to discuss the important issues and challenges posed by
these novel treatments in medicine.

The Indications

In cases of end-stage failure of tissue/organ systems, prosthetic replace-
ment provides immediate, though partial functional restoration in a large
number of clinical conditions including large bone defects and advanced
osteoarthritis (OA). When there is a severe functional impairment, a rapid,
even if partial, recovery is a satisfactory result. When anatomical damage
and functional loss are more limited, such as in the case of a localised joint
tissue defect, the therapeutic goal is to achieve an optimal functional as
well as anatomical restoration and to restore homeostasis, thereby prevent-
ing the possible evolution towards end stage OA, ideally with a minimally
invasive surgery. This is especially true for particularly demanding patient
populations such as young individuals and professional athletes. In these
cases repair is sought using biologically active devices, e.g. cells and/or
resorbable biomaterials that restore tissue integrity through a process of
remodeling.11 In addition, it is thought, but not proven with clinical trials
yet, that these treatments would prevent the evolution of limited joint sur-
face lesions towards OA. Recently, Buckwalter et al.12 reported that post-
traumatic OA accounts for 13% of knee OA and 73% of ankle OA and, in
a prospective study, Gelber et al.13 observed that traumatic joint lesions in
young adults increase the risk of developing knee OA. These studies there-
fore point to a need to develop/optimise protocols for the biological repair
of the joint surface to prevent the establishment of secondary pathological
conditions such as OA and evolution towards tissue/organ end-stage failure.
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Autologous chondrocyte implantation
The biological repair of the joint surface using cultured autologous cells
has been incepted and first explored in the eighties.14,15 This technology
was further developed into a clinical application by Brittberg et al.4 This
breakthrough opened the doors of clinical applicability to the field of tissue
engineering, until then essentially confined to proof of principle studies
in small animal models. Localised joint surface defects were treated by
the implantation of autologous, in vitro-expanded chondrocytes injected in
suspension under a periosteal flap. The chondrocytes were obtained with a
cartilage biopsy from an uninvolved area of the same joint. The first, pilot
study4 stirred excitement in the clinical and scientific world showing symp-
tomatic (good to excellent) relief in 14 out of 16 patients with lesions of the
femoral condyle at two years follow-up. Subsequently, the same group peri-
odically reported follow-ups up to 11 years16,17 demonstrating long-term
efficacy of this procedure in up to 92% of the patients when lesions were
localised to the femoral condyle and lower in other sites. Despite its proven
long-term symptomatic efficacy, whether ACI prevents the evolution of
these localised lesions towards OA remains to be investigated. In addition,
it is not yet clear which lesions may evolve towards OA.12,13 Likewise, the
large variability in terms of quality of the repair tissue and clinical outcome
reported in several studies18,19 raises issues of further standardisation of
the procedure as well as definition of proper clinical indications.

Patient-related factors
The outcome of ACI, as well as that of all tissue engineering approaches
utilising autologous cell preparations, is influenced by patient selection, not
only because the patient is the recipient of the treatment, but also because
he/she is the source of the cells used for his/her own therapy.

The patient as the recipient of the cell preparation
As with all treatments, the identification of a proper indication and the selec-
tion of patients are crucial for the evaluation of the efficacy. So far, there
is a general consensus that the patients eligible for ACI are young-adult
individuals with a joint surface lesion of the knee that is full thickness,
limited, and persistently symptomatic. Patient-related factors, such as age,
body weight, joint congruity and stability, general health status, general and
local (articular) co-morbidity, size, depth and site of the lesion are known
to influence the outcome. ACI is usually carried out for small lesions when
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other techniques have failed20 and still has a high success rate. Nevertheless,
when compared to other biological joint resurfacing techniques in prospec-
tive randomised clinical trials, ACI was not superior to microfracture18 and
proved only marginally better than mosaicplasty.19 One possible interpre-
tation is that we might be missing stringent indication criteria allowing
identification at an early stage of those patients who would not respond to
other therapies and would indeed benefit from ACI. Tissue damage results
from disparate mechanisms of injury combined with the incapacity of the
body to compensate with repair. As the reasons for this can be different
in individual patients, it is conceivable that there is no “perfect approach”
to joint surface tissue repair, but that, as our understanding of damage and
repair mechanisms advance, we might be able to tailor appropriate treat-
ment strategies for much better focused indications.

The patient as the donor of the cell preparation
It is a peculiarity of autologous cell-based approaches that the patient is not
only the recipient, but also the source of the therapeutic preparation. Conse-
quently, patient-related factors may influence quality and properties of the
therapeutic preparation. For instance, the age of the patient can influence the
yield of chondrocytes from a cartilage biopsy, their expandability, and their
phenotype.21 Other factors include the size and site of the cartilage biopsy,
co-morbidity, and the condition of the cartilage at the time of biopsy. The
influence of these factors on the efficacy of cell preparations forACI has not
been investigated thoroughly. Since the cell preparations are derived from
individual patients, cell preparations from every single patient have to be
considered as “individual batches” and be quality controlled accordingly,
even if the entire procedure of cell isolation, expansion and preparation is
perfectly standardised.22 This appears to be a limitation of autologous cell
therapies, and the amount and complexity of quality controls make these
procedures costly, thereby limiting their routine applicability. Nonetheless,
autologous cell therapies offer the advantages of minimal risk of disease
transmission and of immunological rejection; hence nowadays in clinical
settings they are preferred to allogeneic cells.

The cells
The cells represent the living “active component” of cell-based therapies.
Besides the patient-related factors discussed above, any cellular product
will be affected also by the preparation technology.
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ACI offers the advantage of using cells that are stably committed to the
appropriate phenotype and can form in vivo stable cartilage tissue, resis-
tant to vascular invasion, mineralisation and ossification23 and therefore
the maintenance of this property is essential. However, chondrocyte expan-
sion in monolayer cultures is known to induce a progressive derangement
of the cell phenotype in vitro often referred to as dedifferentiation. This
results in the loss of the capacity of the expanded chondrocyte popula-
tions to form cartilage in vivo, a possible source of outcome variability in
clinical settings.23 Indeed, the repair tissue after ACI appears as a hyper-
cellular cartilage sometimes displaying hyaline-like features.11 In some
patients, however, the repair tissue is constituted of poorly differentiated
and disorganised fibrocartilage,11 which could at least partly be due to
the partial loss of the phenotypic stability of the expanded chondrocytes
throughout in vitro culture.24 It is critical, therefore, to ensure that the
phenotypic stability and the capacity of articular chondrocytes to form sta-
ble hyaline cartilage in vivo are retained throughout cell expansion. The
development of a potency assay to measure the in vivo phenotypic sta-
bility of expanded articular chondrocytes represents an important scien-
tific and regulatory issue. To address this issue, we have standardised an
in vivo assay in nude mice to measure the potential of adult human artic-
ular chondrocytes to generate stable hyaline cartilage resistant to vascu-
lar invasion, dystrophic calcification and replacement by bone.23 We have
shown that early-passage in vitro-expanded human articular chondrocytes,
when injected in suspension into the muscle of nude mice, form within
two weeks ectopic stable cartilage, which persists over at least 12 weeks.
Importantly, this capacity is progressively lost upon serial passaging. We
have then identified molecular markers that predict stable cartilage forma-
tion in this assay by in vitro culture expanded articular chondrocytes.23 Cell
populations expressing this molecular signature of stable cartilage-forming
cells are currently being tested in a prospective, multicentric, randomised
clinical trial.25

As discussed above, this quality control needs to be applied to
each individual cell preparation, thereby adding significantly to the
costs of ACI. In addition, the autologous nature of the cell popula-
tions does not facilitate an “industrial” upscaling. With this regard, the
generation of large batches of certified, quality controlled off-the-shelf
expanded cell populations for allogeneic cell transplantation would be more
convenient.
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Stem cells
Stem cells are clonogenic cells, with high self-renewal capacity, and phe-
notypically responsive to environmental cues. These properties represent
the appeal of stem cells for tissue engineering purposes. The preserva-
tion of their differentiation potentials during long-term culture expansion
would allow upscaling and generation of large, quality-controlled homo-
geneous batches, thus circumventing the limitations and patient-to-patient
variability of autologous implantations of mature cells such as articular
chondrocytes. The use of these cells has been advocated for joint surface
repair also because the cartilage biopsy, necessary to obtain chondrocytes
forACI, results in additional damage to the joint surface and, ideally, should
be avoided. The rationale for the use of stem cells for cartilage repair is that
the damaged environment would be promoting the differentiation towards
the osteochondrogenic lineage as required for the repair of the local dam-
age. This concept is supported by the finding that bone marrow-derived cells
contribute largely to the repair of joint surface defects in rabbits through a
process reminiscent of embryonic skeletogenesis encompassing mesenchy-
mal aggregation and endochondral bone formation.26

Mesenchymal stem cells (MSCs) have been isolated from several tis-
sues including bone marrow,27 synovial membrane,28,29 periosteum,30 and
articular cartilage.5,21,31,32 These cells can be extensively expanded in cul-
ture and effectively cryopreserved, while maintaining their phenotype and
multilineage differentiation potential. The use of MSCs for joint surface
repair is therefore intensively sought33,34 and has been recently explored in
humans.35 These studies have shown promising results, with cartilage for-
mation at early time points and a process of endochondral bone formation
progressively restoring the bone front. The main concern, with these cells, is
the potential risk of heterotopic tissue formation36 and excessive advance-
ment of the bone front at the expense of the articular cartilage layer.37

This phenomenon has not been reported in patients treated with ACI. One
possible explanation is that, as discussed above, articular chondrocyte pop-
ulations retain, at least for a limited number of population duplications, phe-
notypic stability allowing them to generate hyaline-like cartilage in vivo.23

It is likely that this phenotypic “memory” may contribute to limiting the
advancement of the bone front thereby preserving the thickness of the repair
cartilage tissue. This is also supported by data showing that the implanted
phenotypically stable cells, in a goat model ofACI, persisted long term in the
site of implantation retaining a cartilage phenotype as assessed by produc-
tion of type II collagen.38 Also, it is possible that MSCs from bone marrow,
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which appear to have osteogenesis as a default differentiation pathway and
a high frequency of chondrocyte hypertrophy,39 may not be the ideal chon-
droprogenitors for the repair of articular cartilage. Indeed a recent report
has shown the superiority of MSCs from the synovial membrane (SM-
MSCs) for cartilage formation in vitro when compared with MSCs from
other sources including bone marrow and periosteum.40 However, it is not
known whether this difference is inherent to the cells or due to heterogeneity
of the MSC populations with possible contamination by mature or com-
mitted cell types (e.g. osteoblasts in bone marrow preparations or chondro-
cytes in synovial membrane cell preparations). This greater chondrogenic
potential could be explained by the different embryonic derivations of these
tissues. Indeed, an elegant lineage-tracking study using cre/LoxP technol-
ogy in mouse41 has convincingly demonstrated a common embryological
origin of the articular cartilage and of the synovial membrane from the
gdf5-positive cells populating the joint interzone, a stripe of mesenchymal
tissue segmentating the cartilage anlagen in the developing skeleton at the
site where the prospective joint will subsequently form.42,43 It remains to
be investigated whether this superiority in cartilage formation of the syn-
ovial membrane-derived cells is also observed in vivo in appropriate animal
models of joint surface repair.

Stem cells are undifferentiated multipotent cells and therefore pre-
commitment in vitro towards the chondrogenic lineage has been proposed
as a method to reduce the risk of undesired/heterotopic tissue formation
by restricting alternate differentiation pathways.44 Nevertheless, although
a stable chondrocyte-like phenotype, as determined by the expression of the
molecular signature of stable chondrocytes23 mentioned above, could be
induced by TGF-β1 treatment in micromass cultures of SM-MSCs in vitro,
this acquired phenotype was not stable in vivo in a mouse model of ectopic
cartilage formation.45 Importantly, the molecular markers identified so far
as being predictive of the in vivo stable-cartilage-forming capacity appear
to be specific to articular cartilage derived cell populations23 and, under
these experimental conditions, not directly applicable to other chondro-
genic cell populations. Clearly, the culture conditions used, were able to
force the cells to acquire a chondrocyte-like phenotype, but not sufficient
to reprogram their phenotypic “memory”. It is intriguing to argue that, dur-
ing embryonic development, cells acquire a defined differentiation profile,
possibly through epigenetic factors. This emphasises the basic question
related to the identification of the signaling pathways that are necessary
and sufficient to obtain and maintain the stable-chondrocyte phenotype.46
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The joint environment itself may be a source of signaling sufficient to
prime chondrogenesis in MSCs. This is supported by studies in both ani-
mal models and humans33,35 in which joint surface repair was obtained
by implanting undifferentiated MSCs. The outcome in terms of matura-
tion of the repair tissue was variable, ranging from hyaline-like cartilage to
fibrous tissue formation. This has prompted attempts to support tissue mat-
uration by using cartilage promoting growth factors,47,48 which has led not
only to an amelioration of tissue maturation, but also to a better patterning
and architecture of the repair tissue. As an example, Mason et al.48 have
explored the use of periosteum-derived MSCs engineered to stably express
human bone morphogenetic protein-7 (BMP-7). The implantation of these
cells seeded into polyglycolic acid scaffolds into joint defects in rabbits
resulted in repair tissue that was superior to that obtained implanting the
scaffold alone (no cells), or the scaffold loaded with cells transduced with
empty vector. Importantly, the improvement was not only limited to the
repair tissue maturation, but BMP-7 transduced cells also induced a better
regeneration of subchondral bone, underlying a layer of hyaline, patterned
articular cartilage resembling the original osteochondral structure.48

Although these sophisticated and complex systems are promising, the
combination of at least four variables (the surgery, the biomaterials,
the cells, the morphogens, and when applicable the cell transfection/
transduction) make the assessment of efficacy, dose response, toxicity and
of the occurrence of undesired events complex and the path from the animal
experiments to the application in clinical settings particularly challenging.
It is feared that the implanted living cells, especially if manipulated ex vivo
and genetically modified, may undergo neoplastic transformation or cause
ectopic tissue formation. This possibility is difficult to assess because the
consequent adverse events may arise many years after implantation, and in
anatomical locations different from the implantation site.

In addition, difficult upscaling and high costs limit the clinical appli-
cability of protocols involving autologous cell preparations. The use of
large batches of allogeneic stem cells would allow the fabrication of off-
the-shelf pre-seeded, validated and quality controlled implants ready for
implantation. This approach would be encouraged by the evidence that
MSCs appear to be poorly immunogenic and even to induce tolerance under
specific conditions.49–52 Nonetheless, the low immunogenicity and the
possible immunomodulatory properties of culture expanded MSCs remain
controversial and require further investigations. With this regard, human
SM-MSC were readily rejected when implanted into immunocompetent
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mice, whereas grafting was successful in immunodeficient nude mice or in
pharmacologically immunosuppressed immunocompetent mice.29 Addi-
tionally, an immune response with repair failure has been reported when
joint surface tissue repair was attempted using allogeneic bone marrow
cells but not when using autologous cells.34 These discrepancies may
depend on specific experimental conditions, tissue/organ systems, animal
species/strains, or the specific biological readout. Another important con-
sideration is that the acquired differentiated phenotype of the implanted
undifferentiated stem cells may result in the loss of the immunological
“privilege”, and consequent rejection of the cells.53

Another concern for the use of in vitro expanded somatic cells is the risk
of tumour formation. As opposed to ES cells, which are known to have an
intrinsic capacity to form teratoma in vivo, somatic primary cells includ-
ing chondrocytes and MSCs are commonly regarded as non-tumourigenic.
However, sporadic neoplastic transformation of primary cells during pro-
longed in vitro culture expansion has been reported with human adipose
tissue-derived MSCs54 and therefore represents an at least theoretical con-
cern. In over 15 years of clinical use of expanded chondrocytes for ACI
there has been no report of tumour formation. In addition, several recent
clinical trials have reported the safety of adult stem cells.5–8 However,
specific studies are needed to evaluate this particular safety issue.

Embryonic stem (ES) cells are also advocated for tissue engineering
applications. The ES cells are pluripotent cells obtained from the inner cell
mass of embryos, which can be expanded extensively in vitro while main-
taining their original undifferentiated phenotype and pluripotent differenti-
ation potential. Due to their pluripotency, they can theoretically be used to
repair any tissue of the body. However, undifferentiated ES cells implanted
as such tend to form tumours, unless they are pre-differentiated before
implantation. Nonetheless, because of the risk of tumour formation, the use
of ES cells is currently pursued mainly for severe diseases, in which there
is little therapeutic alternative such as advanced Parkinson’s disease10,55 or
poorly controlled diabetes mellitus.56 Another limitation to the use of ES
cells for therapeutic applications is the risk of rejection. Two approaches
have been proposed to circumvent this problem. The first solution fore-
sees the implementation of cell banks for collections of a great number of
clinically graded ES cell lines obtained from “genotyped” embryos. This
would ensure, on the long term, the availability of a large array of HLA
types to match a wide number of potential recipients. The advantage of this
approach over traditional organ transplantation is that, because of the great
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expandability of ES cells, every single line would be maintained in the bank
and be used for a theoretically unlimited number of recipients, whereas, in
traditional organ transplantation, one donor could only help one matched
recipient. Another important advantage is that while with organ transplan-
tation the logistics are complex and donor and recipient need to be ready
almost simultaneously, cells can be stored and thawed for immediate use in
HLA matched recipients. This approach, however, finds limitations in ethi-
cal issues for derivation of new ES cell lines. Indeed, at present, human ES
cells are derived from human blastocysts and the debate as to whether it is
ethical to destroy human blastocysts to obtain ES cells is felt very strongly
by the general public as well as by the governments.

The second approach is “therapeutic cloning” in which “autologous” ES
cells are obtained implanting the nucleus of a somatic cell of the prospective
recipient into an enucleated oocyte.55,57 This approach is still far from the
routine clinical application because of its low efficiency, potential problems
related to incomplete nuclear reprogramming, and ethical concerns.55,57

Biomaterials

Until a few years ago, biomaterials were used essentially to retain the cells
in the site of implantation and to confer specific biomechanical proper-
ties to the repair tissue. Preparations of naturally occurring biomaterials,
including demineralised bone matrix,58 hyaluronan,44,59 collagen gels, and
collagen membranes60 have been extensively popular over the years in a
variety of applications. Several more or less resorbable synthetic or semi-
synthetic materials have been proposed, with the advantage, over natural
products, of a progressively more defined product identity characterisa-
tion and batch to batch consistency.22,60 These biomaterials include porous
ceramics, bioactive glass, polyglycolic and polylactic acid, in many vari-
ants and composites.60 Although limited defects cells can be implanted in
suspension, in large lesions, scaffolds are necessary to give support to the
implanted cells and to keep them in the site desired. This is the case of end
stage OA with eburnated condyles, where there is very little cartilage left
and the tissue engineer needs therefore to reproduce ex vivo the specific
architecture of a functional articular cartilage tissue to cover the eburnated
condyle. Using acid-soluble collagen as scaffolding material seeded with
culture-expanded bone marrow cells, Wakitani et al.35 have successfully
repaired eburnated condyles of patients with advanced OA. Not only do
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scaffolding materials provide a valid substrate for cell adhesion, prolifera-
tion and biomechanical support, but they can, in some cases, influence or
even instruct cell differentiation, tissue patterning and maturation.44,60,61

Already in the sixties Marshall Urist described the potent bone-inducing
capacities of demineralised bone matrix (DBM) and postulated the pres-
ence in its preparations of soluble factors,62 which afterwards were cloned
and characterised as a large family of morphogens known as bone mor-
phogenetic proteins (BMPs).63–66 The use of these and analogous secreted
factors have been proposed for tissue engineering purposes of bone and
cartilage.22,43,66 Modern biomaterials, therefore, are engineered also as a
controlled delivery system of bioactive molecules to achieve a coordinated
process of cell differentiation and tissue repair.67

One of the major limitations of the first generation bioactive bioma-
terials such as DBM is that the amount and the kinetics of release of
the bioactive molecules are dependent on many variables including the
source and the batch preparation. The recent development of “smart” self-
assembling polymers that can guarantee a controlled release of bioactive
molecules enhance the consistency of the outcome, and most importantly
allows upscaling and tailored applications in which specific bioactive sub-
stances can be released or presented locally. Self-assembling synthetic pep-
tides can be used to generate 3D scaffolds that polymerise spontaneously
in situ. One major advantage of this approach is that, by modifying the
sequence of the monomeric components, it is possible to include bioac-
tive molecules and achieve high density presentation of such molecules to
cells incapsulated within the scaffold microenvironment.68 As an example,
Silva et al.68 have generated a self-assembling peptide carrying the neurite-
promoting laminin epitope that, when mixed with a suspension of neural
progenitor cells, rapidly assembled itself into nanofibres encapsulating the
cells presenting them the bioactive peptide at high density. This resulted
in rapid neuronal differentiation of the progenitor cells while preventing
development of astrocytes. Similar technologies can be used to achieve a
controlled delivery of soluble molecules. As an example, Lutolf et al.69

have manufactured a hydrogel containing pendant oligopeptide ligands to
promote cell adhesion and ingrowth, and matrix metalloproteinase cleavage
sites as linkers between the individual chains. Such hydrogel, engineered
to deliver BMP-2 at the site of critical size cranial defects in rats, was
rapidly infiltrated by cells and replaced with bone tissue. These technolo-
gies could be used in many contexts to generate microenvironments that
promote differentiation of stem cells and preserve the phenotypic stability
of the repair tissue.
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Mechanisms of Action

It is tempting to assume that the implanted cells, being multipotent, simply
replace the missing components of the damaged tissue. However, there is
increasing evidence that this may not be the only or even the primary mech-
anism. In some experimental conditions, paracrine effects and immune reg-
ulation of the implanted cell populations play a role in functional restoration
that appears to be much greater than their structural contribution to the repair
tissue.70–73 For instance, the transplantation of c-kit positive bone marrow
cells in a mouse model of diabetes mellitus reduced hyperglycemia mainly
by triggering regeneration of the recipient’s own pancreatic cells rather than
by a direct contribution of the donor’s cells to the regenerated tissue.70 In
another study, the administration of human cord blood-derived CD34 posi-
tive cells to immunocompromised mice subjected to experimental stroke 48
hours earlier induced neovascularisation in the ischaemic zone, thereby pro-
viding an environment conducive for neuronal regeneration.72 Therefore,
the mechanisms by which transplanted cells restore anatomy and homeosta-
sis are more complex than previously believed. Hence, the understanding
of these mechanisms is necessary to develop potency assays, which should
address mode of action relevant to specific aspects of the repair process.
Unveiling the molecular basis of the paracrine and modulatory effects of
cell-based therapies for tissue repair would also open the opportunity to
develop “cell-free” approaches in which specific molecules are delivered
in a more controlled manner to facilitate endogenous repair.

Indeed, the joint environment is rich of mesenchymal progenitor cells
potentially incoming from bone marrow, periosteum, synovial membrane,
and articular cartilage itself.22,24,28,29,31,32,74–77 Therefore, to circumvent
the problems related to ex vivo manipulation of cell populations, an alterna-
tive or complementary approach for joint tissue repair would be to recruit
resident MSCs at the site of damage and trigger the subsequent steps of the
repair process, such as proliferation, patterning, differentiation and matura-
tion in vivo by controlled release of specific morphogens using, for instance,
bioactive scaffolds ideally implanted arthroscopically, without the need of
an open knee surgery.A crucial step to achieve this is the identification of the
appropriate molecular signal(s). Understanding the cellular and molecular
mechanisms of tissue repair will be instrumental to building the necessary
knowledge to ensure that the appropriate bioactive factor is delivered to the
appropriate site at the right time and in the optimal dose to support the local
residual mechanisms of repair.
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Conclusion

The potential benefits of treating diseases by using cell-based approaches
and biomaterial sciences are enormous. In a few years they have moved
the boundaries of regenerative medicine going from bench to bedside.
Nonetheless, a number of issues need to be solved as these technologies
are being translated into routine clinical application. Good clinical practice
requires the clinician to question product identity characterisation, defini-
tion of appropriate quality controls, potency measurements, reproducibility
and consistency, immunogenicity, validation and appropriate regulation of
these new treatments.
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Adult Stem Cells as a Treatment
for Liver Diseases

Nataša Levičar

Chronic Liver Disease

Liver diseases impose a heavy burden and affect approximately 17% of
the population. Cirrhosis, the end result of long-term liver damage, has
long been an important cause of death in the UK and showed a large
increase in death rates over the past 20 years.1 Cirrhosis is a progressive
liver disease and is marked by the gradual destruction of liver tissue over
a period of time. Several liver diseases fall under this category, includ-
ing fibrosis of the liver, and hepatitis B and C viral infections. At the cir-
rhotic stage, liver disease is considered irreversible and the only alternative
is orthotopic liver transplantation. While orthotopic liver transplantation
cures chronic liver disease and a variety of metabolic and genetic defi-
ciency disorders, the increasing shortage of donor organs restricts liver
transplantation. The number of patients waiting for orthotopic liver trans-
plantation is far greater than the organ supply, and there is obviously a
demand for new strategies to supplement orthotopic liver transplantation.

125
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In many diseases that require liver transplantation, correction of hepatocyte
functional deficiency is the prime goal of the procedure. There is growing
evidence in support of the role of stem cells as a unique source for cell
transplantation and as an attractive alternative for the treatment of liver
diseases.

The current concept of liver regeneration can be modelled as at least a
three-tier system of cell replacement.2 First, mature hepatocytes and cholan-
giocytes contribute to normal cell turnover and responses to certain types
of mild injuries. Second, there is an intra-organ stem cell compartment,
located mostly in the smallest, most proximal branches of the biliary tree,
i.e. the canals of Hering and the intralobular bile ducts.3 Reconstructive
studies on human livers in massive hepatic necrosis demonstrated that the
proliferating cells of the ductular reaction differentiate into hepatocytes.
The same is true in the case of cirrhosis where activation of an intrabiliary
stem cell compartment gives rise to newly formed hepatocytes. The third
tier of liver cell replacement consists of stem cells entering from the cir-
culation. This cell compartment, in part of bone marrow origin, enters the
liver in a seemingly random distribution, as isolated mature cells, or in a
portal and periportal distribution when there is marked injury.4 In this latter
mode, responding to severe injury, they first enter as an intermediate cell
population, which then mature into hepatocytes. In search of generating a
clinically viable and sustainable source of functional hepatocytes, various
strategies are currently being explored. Possibilities include the expansion
of existing hepatocytes, differentiation of progenitor/stem cells in the liver,
differentiation of embryonic stem cells and extrahepatic adult stem cells,
particularly those from the bone marrow.

Cellular Therapeutics

Cell therapy has emerged as a novel approach for the treatment of many
human diseases. The aim of cell therapy is to replace, repair or enhance the
biological function of damaged tissues or organs, which can be achieved
by transplanting cells to a target organ in sufficient numbers so that they
can survive long enough to restore the normal function of organs and tis-
sues. It is believed that the organs and tissues treated by this approach can
perform their normal function more efficiently than those treated by con-
ventional therapies such as transplantation. Several strategies are currently
being employed and evaluated to find the appropriate cell for each specific
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disease. Possible candidates include autologous primary cells, cell lines,
various stem cells including bone marrow stem cells, cord blood stem cells
and embryonic stem cells.5 In recent years, the use of stem cells for regen-
erative medicine has been proposed and several studies have shown a great
promise that stem cells hold for cell therapy.6 The ethical and legal issues
associated with embryonic stem cells have shifted the focus to adult stem
cells and their regenerative potential has been under intense investigation.
Adult stem cells usually form only 1% to 2% of the cell population, their
main role being the replenishment of the tissue’s cells in appropriate pro-
portions and numbers in response to “wear and tear” loss or direct organ
damage.7 Adult stem and progenitor cells possess the capability of self-
renewal and differentiation into at least one or more mature cell types. Most
adult tissues contain multipotential stem cells, i.e. cells that are capable of
lifelong renewal and produce a limited range of differentiated cell lineages
appropriate to their location.8 Such properties make it possible to use adult
stem cells to regenerate damaged or senescent cells throughout life.

Adult Haematopoietic Stem Cells for Hepatocyte
Generation

Stem cells are undifferentiated and highly clonogenic, with self-renewal
capacity and multilineage differentiation potential, and are responsive to
environmental cues.9 These properties make them ideal candidates for
stem cell-based therapies and tissue engineering. The most studied adult
stem cells are haematopoietic stem cells (HSCs), which sustain the for-
mation of blood and immune system throughout life. The bone marrow
compartment is largely made up of committed progenitor cells and non-
circulating stromal cells [called mesenchymal stem cells (MSC)] that
have the ability to develop into mesenchymal lineages and HSCs.10–12

It was previously taught that adult stem cells were lineage restricted, but
recent studies demonstrated that bone marrow-derived progenitors in addi-
tion to haematopoiesis also participate in the regeneration of ischaemic
myocardium,13 damaged skeletal muscle14 and neurogenesis.15

Focusing attention on the liver, several independent reports have demon-
strated that adult bone marrow cells can give rise to different hepatic epithe-
lial cell types, including oval cells, hepatocytes and duct epithelium.4,16–20

These observations have resulted in the hypothesis that bone marrow



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch08

128 N. Levičar

resident stem cells, specifically HSC, could be an important source for
liver epithelial cell replacement,21 particularly during chronic injury. Sev-
eral cytokines and growth factors have been shown to promote hepatic
differentiation in vitro and in majority of the studies most commonly used
are hepatocyte growth factor (HGF), transforming growth factor (TGF) and
epidermal growth factor (EGF).22–24

In vitro studies showed that rat bone marrow contains a subpopulation
of hepatocyte-oriented cells expressing α-fetoprotein (αFP), c-met, CD34
and c-kit.25,26 Similarly, Okumuto et al.27 observed that those cells cul-
tured in the presence of HGF expressed liver-enriched transcription factor
HNF1α and cytokeratin CK8.A subpopulation of murine mononuclear bone
marrow cells isolated by chemotaxis to the α-chemokine stromal-derived
factor-1 (SDF-1) expressed mRNA for αFP and population enriched for
Sca-1 expressed mRNA for αFP, c-met and CK19.28 Purified murine HSC
differentiated into liver cells expressing (αFP, GATA4, HNF4, HNF3β,
HNF1α) and mature hepatocyte markers (CK18, albumin, transferrin) when
co-cultured with injured liver tissue.29

MSC can be isolated as a growing adherent population and can differ-
entiate into osteoblasts, adipocytes and chondrocytes.10 It has been shown
that subpopulation of human MSC, known as multipotent adult progen-
itor cells (MAPC), can differentiate into hepatocyte-like cells in vitro in
the presence of HGF and fibroblast growth factor-4 (FGF-4),30 and shows
pluripotency in SCID-recipient mice.30 However, there is a substantial delay
between the time MAPC are isolated and the time they can be shown to
differentiate into hepatocyte-like cells, and their use in the clinical appli-
cations has been questioned. Lee et al.31 showed hepatic differentiation
of MSC in vitro, in the presence of HGF and oncostatin M. After a long
differentiation period of 4 weeks, cells expressed marker genes specific for
liver cells and demonstrated in vitro functions characteristic of liver cells,
including albumin production, glycogen storage, urea secretion, uptake
of low-density lipoprotein and phenobarbital-inducible cytochrome P450
activity.

Studies on human bone marrow cells showed that they are also able to
differentiate into cells with liver-cell-like characteristics. These cells cul-
tured on a collagen matrix and in the presence of HGF they expressed liver-
specific genes, such as albumin and cytokeratin CK19.32 When selected
by SDF-1 chemotaxis they appear to be multipotent and express αFP.28

Recently, Kucia et al.28 proposed a circulating pool of tissue-committed
stem cells, which are stored in the bone marrow and can be mobilised to
different tissues when they are needed.
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Stem Cell Trafficking in Liver Injury

The exact mechanism of stem cell trafficking in liver injury is still unknown.
Tissue repair and regeneration after injury is thought to involve the
selective recruitment of circulating or resident stem cell populations.33

Mobilisation/trafficking/homing of HSC is a multistep process.34 First,
HSCs have to egress from their tissue/organ niche and enter into peripheral
blood or lymph. At a certain point of time they sense a chemo-attracting
gradient that directs their homing. They attach to the endothelium and sub-
sequently penetrate the vessel wall. At the new site, cells may engraft and
find an environmental niche that protects them from apoptosis and allow
them to expand and regenerate damaged tissues. Increasing body of evi-
dence suggests that liver injury induces the expression and secretion of
various factors, such as SDF-1, interleukin-8 (IL-8), matrix metallopro-
teases (MMPs), stem cell factor (SCF) and HGF, which facilitate homing
and engraftment of HSC to the liver.35,36 SDF-1 and its receptor CXCR-4
are involved in recruiting inflammatory cells into injured liver37,38 and are
playing a key role in the migration of human progenitor cells to the liver.33

SDF-1/CXCR-4 axis activates several signalling pathways, which affect
cell trafficking and interaction with the intercellular environment. Inhi-
bition of CXCR-4 receptor abolishes homing and engraftment of human
CD34+ HSC to the liver of irradiated NOD/SCID mice, whereas local injec-
tion of human SDF-1 increases their homing.33 HGF, which is increased
following liver injury,39 increases the motility of CD34+ cells to SDF-1
signalling by inducing CXCR-4 up-regulation and synergising with SCF.
Other factors such as proteolytic enzyme MMP-9, involved in the degrada-
tion of extracellular matrix, and IL-8 are thought to be implicated in HSC
migration into the liver. IL-8 has the potential to induce the release of HSC
into the peripheral blood via the activation of circulating neutrophils and
MMP-9.40 MMP-9 enhances the release of HSC by degrading SDF-141 in
bone marrow and by facilitating migration of stem cells through basement
membrane and therefore help recruiting HSC to the liver.

Adult Haematopoietic Stem Cells for Liver Regeneration

Animal studies
Petersen et al.4 first showed hepatic transdifferentiation in rats, which
underwent cross-sex bone marrow transplantation after the hepatic injury
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was induced by CCl4. Examination of the liver revealed that hepatic cells
were from donor origin, as detected by FISH and showed the presence
of Y-chromosome in female animals. The other demonstration of hepato-
cyte regeneration from bone marrow cells is the extensive repopulation of
damaged livers of FAH mice, an inducible animal model of tyrosinaemia
type I,42 in a lethal hereditary liver disease.43 Bone marrow cells were
transplanted into FAH−/− mice and after the engraftment, liver failure was
induced. In this system, the kinetics of liver repopulation by HSC is slow,
although significant. The first hepatocyte generated from HSC appeared
7 weeks after the transplantation. Twenty-two weeks after the transplanta-
tion, reconstitution from transplanted HSC constituted approximately 30%
of the entire liver. The animals have restored liver biochemical functions
and normal weights as well. This led to the conclusion that bone marrow
stem cells have the capacity to generate hepatocytes albeit in the pres-
ence of injury in which the replicative potential of host hepatocytes was
impaired. However, some studies have shown that bone marrow stem cells
can repopulate liver even in the absence of any liver injury.

Thiese et al.18 transplanted unfractionated male bone marrow or
CD34+lin− cells into irradiated female mice. The liver analysis demon-
strated significant levels of donor-derived hepatocytes. Krause et al.44

injected single male HSC into irradiated mice and obtained engraftment
in several organs. In addition to hepatic engraftment, they have found male
cells in the gastrointestinal tract, bronchus and skin of recipient animals. In
support, Wang et al.45 found albumin-expressing hepatocyte-like cells in
the livers of mice transplanted with highly purified HSC. Moreover, trans-
plantation of bone marrow stem cells reduced CCl4-induced liver fibrosis.46

However, Wagers et al.47 failed to observe HSC contribution to liver when
GFP-labelled HSCs were transplanted into irradiated mice in the absence
of liver damage. Kanazawa and Verma48 used various liver injury models
to assess hepatic regeneration and concluded that there was little or no con-
tribution of bone marrow cells to the replacement of hepatocytes. Similarly
Dahlke et al.49 observed the same by using retrorsine/CCl4 model of acute
liver injury.

Nevertheless, several studies have shown that HSC engraft, repopulate
and have survival advantage when transplanted into the injured liver. Mallet
et al.50 used JO2 antibody, the murine anti-Fas agonist to induce hepatic
apoptosis. Unfractionated bone marrow cells expressing Bcl-2 under the
control of a liver-specific promoter were transplanted into normal mice.
Some mice received repeated weekly injections of JO2 antibody to induce
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liver injury. Bone marrow-derived hepatocytes expressing Bcl-2 were only
seen in the liver of the mice, which received JO2 antibody injections. In
contrast, no Bcl-2 expression could be detected without the selective pres-
sure of JO2, implying that differentiation is inefficient under physiologic
conditions. In a model for liver fibrosis, 26% of the recipient liver was repop-
ulated with GFP-expressing hepatocytes derived from the bone marrow of
GFP transgenic mice.51 Jang et al.29 reported that murine HSCs were con-
verted into viable hepatocytes with increasing liver injury. They have noted
that liver function restored 2–7 days after the transplantation of murine
Fr25lin− cells into irradiated and CCl4-injured murine liver. Although the
contribution of HSC to hepatocyte lineages in vivo still remains divisive,
the differences between the studies may in part reflect the types of cells
used, different injury models used and the method used to detect engrafted
stem cells.

Transdifferentiation or Fusion

The mechanism by which extrahepatic stem cells regenerate the liver is
not yet resolved. Transdifferentiation of stem cells into hepatocytes and
fusion of haematopoietic cells with existing hepatocytes have been sug-
gested as explanations. Terada et al.38 showed that bone marrow cells can
fuse with embryonic stem cells and adopt a phenotype of recipient cells in
cell culture, suggesting that the plasticity of bone marrow cells is a conse-
quence of the fusion of bone marrow-derived cells with endogenous hepa-
tocytes. This conclusion was confirmed by Wang et al.52 and Vassilopoulos
et al.53 Whereas Wang et al.52 transplanted female bone marrow cells into
male mice with Fah−/− deficiency and found that the repopulating hepa-
tocytes in the liver were heterozygous for alleles unique to the donor mar-
row. Cytogenetic analysis demonstrated cells with XXXY and XXXXYY
karyotypes in male transplanted mice with female bone marrow, indicat-
ing the fusion between donor and recipient cells. Similarly, Vassilopoulos
et al.53 showed that the regenerating liver nodules in Fah−/− transplant
recipients were derived from donor haematopoietic cells that fused with
host hepatocytes. However, other studies suggested that HSC form hepato-
cytes by transdifferentiation.29,54 Jang et al.29 co-cultured HSCs, injured
liver tissue and showed albumin-producing cells as early as 8 hours, sug-
gesting that the hepatic phenotype was the result of transdifferentiation
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due to micro-environmental cues instead of cell fusion. Similarly, Harris
et al.54 concluded that bone marrow-derived hepatocytes were not the result
of cell fusion. Whatever the underlying mechanism by which bone marrow
stem cells participate in tissue regeneration, it is clear that they are actively
involved in the reparative process in liver injury.

Human studies
Several groups have also demonstrated the presence of cells of bone mar-
row origin in the human liver. Alison et al.16 investigated whether adult
human HSC contributed to the regeneration of hepatocytes in damaged
human liver tissue. They tested livers of female patients who had received
a bone marrow transplant from a male donor and detected the presence of
Y-chromosome-positive hepatocytes, indicating that they originated from
the male donor bone marrow. Similar results were found by Thiese et al.17,
who investigated livers from recipients of sex-mismatched therapeutic bone
marrow transplantation and orthotopic liver transplantations. They have
reported 4% to 43% hepatocytes and 4% to 38% cholangiocytes of bone
marrow origin. However, less significant number of donor-derived hepato-
cytes (4% to 7%) were detected in liver biopsies of female patients, who had
undergone peripheral blood transplantation from male donors55 and after
orthotopic liver transplantation (1.6%).56 Two other studies of liver trans-
plant patients did not detect bone marrow-derived hepatocytes.57,58 Hove
et al.59 examined livers of 16 transplanted patients and reported chimerism
of endothelial cells in 14 patients, bile duct epithelial cell chimerism in 5
patients and hepatocyte chimerism in only 1 patient.

The difference and non-consistent results of the published studies could
be due to the use of different techniques to identify recipient-derived hep-
atocytes in transplanted patients. Also, various markers can be used for
hepatocyte identification and the accuracy of the methods used for identi-
fication is variable.

First published clinical study on stem cell therapy in liver disease was
performed by the German group.60 Three patients were infused by autolo-
gous CD133+ cells subsequent to portal vein embolisation of right liver seg-
ments. Computerised tomography scan volumetry showed 2.5-fold increase
in proliferation rate of left lateral segments compared with the control group
of three patients treated without the infusion of stem cells, suggesting that
cell therapy could enhance and accelerate the hepatic regeneration. The
second clinical study using adult HSCs in the treatment of liver diseases
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was carried out by our group.61 We have performed phase I clinical trial and
five patients with liver insufficiency were given G-CSF to mobilise their
stem cells for collection by leukapheresis. Between 1 × 106 and 2 × 108

CD34+ cells were injected into either portal vein or hepatic artery. Clini-
cally, the procedure was well tolerated with no observed procedure-related
complications. Three out of five patients showed improvement in serum
bilirubin and four out of five in serum albumin, even though the trial was
designed to be a safety and efficacy study. The results clearly suggested
that stem cells contribute to liver regeneration.

Conclusions

Cell-based treatments are an attractive clinical application for a range of
medical needs and have already been used therapeutically for many years
in malignant haematological diseases and skin grafting. However, for liver
diseases, stem cell therapy treatment approach is still in its infancy. Despite
recent progress in the laboratory and in the clinical trials, there are still many
gaps in our understanding of basic stem cell biology that must be addressed
before stem cell therapy can be applied to its fullest potential in the clinic.
However, a number of clinical trials using different populations of stem cells
to treat a growing number of diseases have already started. Clinical trials in
which bone marrow stem cells are injected in the cardiac muscle of patients
with myocardial infarction are the most numerous and have been performed
with some success.62 For therapeutic stem cell transplantation to occur,
many problems remain to be resolved. It must be defined which patient
groups are suitable for this therapy and which stem cell types are the most
effective given the underlying pathology. The optimum timing and method
of delivery need to be determined as they may have a significant influence on
the outcome of cell transplantation. Long-term side effects of the treatment
are unknown as most of the clinical studies are very recent. In addition,
there is a growing evidence that transplanted cells, being multipotent, not
only simply replace missing tissue but also trigger local mechanism to
initiate a repair response. Paracrine effects and immune regulation of the
transplanted cells play a role in functional restoration of the tissue.63,64

In order to achieve the goal of cell therapy, a number of criteria must be
considered. These include (1) source of cells; (2) generation of sufficient
numbers of cells; (3) maintenance of the differentiated phenotype; and
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(4) engraftment and homing of transplanted in damaged tissue. Ideally,
cells for liver therapies should expand extensively in vitro, differentiate
into mature liver cells, have minimal immunogenicity and should be able
to reconstitute liver tissue when transplanted in vivo. It is an exciting time
for scientists and clinicians in this field and hopefully we will see stem cell
therapy in more clinical applications soon.
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The Generation of Pancreatic Beta Cells
from Stem Cells: Intra- and

Extrapancreatic Sources

Mairi Brittan, Naomi J. Guppy,
Tariq G. Fellous and Malcolm R. Alison

Diabetes mellitus is an incurable metabolic disease characterised by
hyperglycaemia, which results largely from either the autoimmune
destruction of the pancreatic beta cells (Type I diabetes, T1D), or from
insufficient production of insulin to meet the increased resistance of
peripheral tissues to the action of insulin (Type II diabetes, T2D), both of
which may have severe clinical consequences.

Currently, allogeneic islet cell transplantation is hampered by a short-
age of donor tissue and the need for lifelong immunosuppressive therapy,
and thus, the generation of functional beta cells from stem cells may prove
the most effective treatment for diabetes. Current research into the various
sources of stem cells providing the most efficient and viable source of beta
cells, and the optimal means of inducing these stem cells to differentiate
and form functionally competent beta cells, is discussed in detail in this
review.

There is evidence both for and against the presence of an indigenous
stem cell population within the adult pancreas, and it is possible that adult
somatic stem cells, in particular those originating in the bone marrow,

139
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and/or pluripotent embryonic stem cells may be capable of differentiating
to form beta cells.

There have been several reports of beta cells derived in vitro from both
extrapancreatic adult stem cells and embryonic stem cells, and long-term
reversal of hyperglycaemia in diabetic mice by implantation of beta cells
derived from both embryonic stem cells and bone marrow cells has been
shown. However, these results have proved difficult to reproduce, and it
is argued that insulin-secreting cells derived from extrapancreatic adult
and embryonic stem cells may not be functionally competent.

Although the regeneration of the damaged pancreas using stem cell-
derived beta cells looks promising, much progress must be made before
this stem cell therapy can be applied clinically.

Introduction

The pancreas
The pancreas is composed of two distinct compartments, the endocrine
pancreas and the exocrine pancreas. The exocrine pancreas comprises the
bulk of the tissue and is made up of acinar cells that specialise in the
secretion of digestive enzymes via the epithelial pancreatic ducts. Located
throughout the exocrine pancreas are clusters of endocrine cells known as
the islets of Langerhans, highly vascular, innervated structures composed
of 4 distinct lineages; the glucagon-producing α cells, the insulin-producing
β cells, the somatostatin-producing δ cells, and the pancreatic polypeptide-
producing γ cells, each of which delivers its hormones to the bloodstream.
The global prevalence of diabetes was approximately 2.8% in 2000, and it
is expected to double by 2030, largely due to an ageing population and a
rapid rise in the incidence of obesity.1

Diabetes mellitus
Type 1 diabetes
Type 1 diabetes (T1D) accounts for up to 10% of all diabetes, and is usually
diagnosed in children and adolescents, although demographics are chang-
ing, predominantly due to the emergence of Type 2 diabetes (T2D) in ado-
lescents, most likely as a consequence of the recent epidemic of obesity in
this generation.2 T1D is characterised by abnormally high blood glucose
levels following autoimmune β cell destruction, and can lead to serious
long-term complications including blindness, kidney failure, stroke, heart
and vascular diseases.3 T1D is currently incurable, and is most commonly
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treated by lifelong daily insulin injections, although if inappropriately man-
aged, this carries an increased risk of hypoglycaemia, and the restoration of
normoglycaemia does not always alleviate the aforementioned secondary
complications, and patients often have a reduced life expectancy.4

Type 2 diabetes
T2D is the most common form of diabetes, characterised by insulin resis-
tance and impaired glucose tolerance, often with an associated increase in
β cell mass due to over-production of insulin in an attempt to overcome
this resistance. T2D is initially managed by diet and oral hypoglycaemic
agents, although in approximately 50% of cases, the β cells fail, creating
a requirement for insulin injection and often resulting in T1D-associated
secondary side-effects. T2D usually occurs in genetically-predisposed peo-
ple over the age of 40, although it is increasingly reported among younger
people.

Islet Replacement Therapy

β cell replacement can restore glycaemic control and provide prolonged
independence from exogenous insulin.5 Over recent years, advances have
been made in islet transplantation methods based upon the initial success
of the Edmonton Protocol, developed to treat patients with T1D. In the ini-
tial Edmonton Protocol in 2000, 100% insulin-independence was observed
in 7 patients each of whom received islets isolated from 2 immunologi-
cally compatible donor pancreata in conjunction with a glucocorticoid-free
immunosuppressive regimen, wherein the transplanted islets were infused
via the portal vein.6

This method resulted in insignificant side-effects, and is favourable to
the transplantation of a whole pancreas as it avoids major surgery. There
has been a subsequent exponential increase in clinical islet transplantation,
although follow-up investigations have revealed a progressive attrition of
the grafted islets, with only 50% of patients remaining insulin-free after
5 years, possibly due to a mixture of slow rejection, recurrence of the
autoimmune disease or exhaustion of the β cells.7

Moreover, the Edmonton Protocol is hindered by a lack of donor tissue,
as freshly isolated islets from at least 2 donors are required to achieve sus-
tained insulin independence.8 It remains to be seen whether the Edmonton
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Protocol can be justified against the shortage of donor pancreata and the
risks of life-long immunosuppression.9

Islet Cell Generation from Stem Cells

In pursuit of generating a clinically viable and sustainable source of
functional β cells, various strategies are currently being explored, and pos-
sibilities include the expansion of existing β cells, differentiation of pro-
genitor/stem cells in the pancreas, and the differentiation of embryonic
stem cells and extrapancreatic adult stem cells, particularly those from
the bone marrow and liver, to form β cells. However, as outlined in this
review, although much excitement has been generated from initial progress
in this emergent field, it is vital to tread with caution as results are cur-
rently open to huge misinterpretation and are frequently contradictory or
non-reproducible.

Intrapancreatic stem cells
Evidence for self-replication by existing adult β cells
It has not been possible to isolate and characterise a definitive stem cell
population within the adult pancreas to date, possibly due to the lack of
definitive markers within this postulated primitive cell population. The β

cells are the most abundant lineage in the islets, and are generally believed
to undergo slow, continual turnover in the adult pancreas. The β cell mass
increases during pre- and neonatal life in rodents and humans, but the rate of
proliferation declines dramatically with age.10 Adult rodent β cells prolif-
erate at a rate of 2% to 3% of cells per day,11–13 which was then correlated
with data showing a continual increase in β cell mass throughout adult-
hood in rats,14 by implicating β cell proliferation in slow self-replication
and expansion of β cell numbers in adulthood. Zajicek et al.,15 proposed that
cell migration and differentiation in the pancreas and other organs occurs
via the “streaming hypothesis”. This study utilised DNA incorporation of
tritiated thymidine by cycling cells in the male rat pancreas to investigate
the route and distance travelled by label-retaining cells at various timepoints
cells gradually streamed away from the ducts; the intensity of labelled aci-
nar cells decreased with time, whereas the islet cells showed a labelling peak
on day 42, which then declined. It was proposed that acinar cells are “islet
cell precursors” which emerge from the ducts and continuously stream to
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the islets at a low rate, where they replicate and differentiate to form islet
cells.15 Extraordinary observations have not been confirmed to date.

A more recent study in mice has used a continuous bromodeoxyuridine
(BrdU) labelling protocol, which is preferable to the single BrdU injec-
tion 6 hours prior to sacrifice used previously,14 as it allows calculation of
β cell proliferation in terms of the entire cell population. In this study, three
outcomes of BrdU labelling were predicted.

Firstly, if β cells have a rapid turnover, as formerly suggested,13 and
the period of BrdU administration exceeded β cell lifespan, then all cells
would become labelled;

Secondly, if β cells have a slow proliferation rate, then only a limited
number of cells would incorporate the BrdU label;

Thirdly, heterogeneity within the islets might result in nonlinear BrdU
labelling, wherein a limited population of rapidly dividing but short-lived
β cells could coexist with slowly proliferating long-lived β cells.

Results showed that adult β cells have a minimal replication rate, and
acquire BrdU label very slowly, with only 1 in 1400 adult β cells prolifer-
ating per day.16 The discrepancy between these results and previous results
obtained in rats,11–13 is unlikely to be due to a species difference, but is
more probably a result of the failure of previous studies to specifically detect
insulin-positive cells within the islets, whereas double immunostaining for
BrdU and insulin was performed in this more recent study.16

Studies of β cell proliferation in the human pancreas are often restricted
to pancreata from only a few donors, and in vitro preparations of human
islets are often contaminated by other endocrine lineages, though it is gen-
erally accepted that human β cells can undergo proliferation, albeit at a
significantly reduced rate in comparison to rodents.17,18 Human β cell
proliferation can be stimulated, albeit modestly, when islets are grafted
into insulin-resistant nude mice, but this ability is seen to decrease with
increasing donor age.19

The subject of islet stem cells was directly addressed by Dor et al.,20

who bred RIP-CreER mice, in which the insulin promoter drove the expres-
sion of a tamoxifen-dependent Cre-recombinase enzyme in the β cells, with
the Z/AP reporter strain, which constitutively expresses the β-galactosidase
(lacZ) gene flanked by two loxP sites, followed downstream by the human
alkaline phosphatase protein (HPAP) reporter gene, to form bigenic RIP-
CreER;Z/AP mice. Following a “pulse” of tamoxifen to RIP-CreER;Z/AP
mice, CreER translocates to the nucleus and allows Cre-mediated removal
of the loxP-flanked lacZ STOP sequence, resulting in the permanent,



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch09

144 M. Brittan et al.

heritable expression of HPAP, which is detected immunohistochemically
in β cells.

Following a defined “chase” period, during which cellular turnover had
occurred, all islets contained HPAP-labelled cells, and importantly, the
percentage of HPAP- and insulin-positive β cells remained stable for up
to 12 months post-tamoxifen, indicating that pre-existing β cells were a
self-duplicating population, and did not arise from undifferentiated (stem)
cells. The authors then further investigated the possibility that a stem cell
population(s) may be employed only during periods of increased cellu-
lar turnover in the pancreas, by giving mice a 70% pancreatectomy (Px),
14 days after the tamoxifen pulse, and administering BrdU to label cells
in S-phase. Therefore, β cells that were generated after Px would express
BrdU and insulin, and would be HPAP-positive or -negative, depending
on their respective origin from a pre-existing β cell, or an undifferentiated
(insulin-negative) stem cell. 61.5% of BrdU-expressing β cells were HPAP-
positive, and 61% of the total cells counted were HPAP-positive, indicating
that all newly-generated cells were derived from pre-existing β cells.20 It is,
however, important to state that this study does not rule-out the presence of
a pancreatic stem cell population, as the stem cells themselves may express
insulin, and it has been argued that the number of islets analysed in this
study was inadequate.21 Furthermore, when a strong promoter is expressed
for a prolonged period, recombinase-dependent excision can occur in the
absence of tamoxifen.22

Islet neogenesis from the ductal epithelium
Pancreatic regeneration has also been proposed to occur by neogenesis, i.e.
the production of new islet cells by a population of duct-located potential
pancreatic stem cells, based partly on the observation that islets can be seen
budding from pancreatic ducts during regeneration, with hormone-positive
cells being seen to form within the ductal epithelium.21,23,24

β cells may be formed by epithelial-mesenchymal-epithelial
transition (EMET)
A mechanism of β cell differentiation was suggested from observations
in vitro that adult pancreatic cells undergo an epithelial-mesenchymal tran-
sition (EMT), wherein they initially dedifferentiate to a fibroblast-like state
and then redifferentiate to form islet cell clusters, in response to regenerative
stimuli. This apparent dedifferentiation of adult pancreatic cells in culture
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has been shown in the ductal epithelium of the rat,21 and in cells of isolated
human islets,25 which has led to the proposal that EMET may account for
reports of the apparent generation of pancreatic β cells from other pre-
existing pancreatic lineages.20 However, it is vital to note that insulin pro-
duction by cells in culture in the aforementioned studies was vastly reduced
when compared to normal adult β cells, and therefore it cannot be assumed
that this in vitro mechanism is a true reflection of how β cells are produced
in situ. Moreover, distinguishing which cell lineages are actually producing
β cells in human pancreatic culture systems is hampered by contamination
of ductal, acinar, stromal and endothelial cells lineages in the starting cul-
ture, as it is difficult to obtain an 100% pure cell population.

This was recently tackled by Gao et al.,26 who created endocrine cell-
depleted cultures by magnetic cell separation. Cells within non-endocrine
cultures, although capable of proliferation, did not form β cells. This indi-
cates that the ductal epithelial cells may not comprise a pancreatic progen-
itor/stem cell lineage, as presumed previously, and further studies of this
nature are essential before any conclusion can be drawn.

Possible markers of intrapancreatic stem cells
Nestin does not represent a pancreatic stem cell marker
The neural stem cell marker, nestin, was proposed as a potential marker of
β cell progenitor cells, following isolation of nestin-expressing cells from
the ductal epithelia of the rat and human pancreas. Nestin-expressing cells
proliferate in vitro and differentiate to form multiple pancreatic lineages.27

The specificity of nestin as a pancreatic β cell progenitor cell marker was
further investigated using primary cultures of nestin-positive cells from
fractionated mouse islets (5% of total cells) and ducts (1% of total cells).

Colony-forming cells were present in a low frequency in both nestin-
positive and nestin-negative fractions, and nestin was expressed in most
cells in colonies derived from both nestin-positive and nestin-negative frac-
tions, and it therefore appears that nestin is not the most primitive marker
for pancreatic stem cells.28 These data are in concordance with previous
suggestions that nestin is not a marker of pancreatic progenitor cells,29–31

and moreover, the utility of nestin as a stem cell marker is controversial
since nestin is also expressed by vimentin-positive mesenchymal cells and
cells of the pancreatic vasculature.32,33

In the study by Seaberg et al.,28 single colony-forming cells, termed
pancreas-derived multipotent precursors (PMPs), differentiated to form
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multiple pancreatic lineages in vitro. However, the true nature of PMP-
derived β cells is questionable because although akin to endogenous pan-
creatic β cells, PMP-derived cells expressed insulin I, glucokinase, GLUT2,
Pax6, Beta2/NeuroD, Hlxb9, Isl-1, Nkx2.2, Nkx6.1 and PDX-1, they lacked
expression of insulin II, had reduced insulin I content and insulin secretion,
and displayed a limited renewing capacity when compared to true β cells.
The value of transplantation of PMP-derived cells for the treatment of dia-
betes is unknown and must be investigated before these cells are considered
to be functional β cells.

c-Met is a possible marker of intrapancreatic stem cells
Suzuki et al.34 isolated cells from neonatal and adult mouse pancreata that
expressed the hepatocyte growth factor (HGF) receptor, c-Met, which is
involved in pancreatic development35,36 and has been shown to enhance
budding of islet-like structures from ductal epithelial cells in vitro.37

Colonies formed from c-Met-positive pancreatic cells were highly prolif-
erative and underwent multilineage differentiation, forming clonal popula-
tions of pancreatic endocrine, acinar and ductal lineages. Therefore, c-Met
was proposed as a pancreatic stem cell marker, supported by the presence
of c-Met-immunoreactive cells within the pancreatic ducts.

However, cells derived in vitro from these c-Met-positive lineages were
not fully functionally competent, and moreover, following transplantation
of c-Met-positive cells, only very low levels of donor-derived pancreatic
endocrine cells were observed and these studies do not rule out the pos-
sibility that these cells are a product of fusion between a donor cell and
a pre-existing endocrine cell. The results of this study have never been
reproduced, and further studies must investigate the validity of c-Met as
a pancreatic stem cell marker, including the role of these cells in pan-
creatic regeneration via differentiation to form functional pancreatic lin-
eages, before c-Met can unequivocally be described as a pancreatic stem
cell marker.

ABC transporters
Recently, ABC transporters such as ABCG2 and MDR-1 have been pro-
posed as potential stem cell markers for a broad range of adult tissues.38

Responsible for the so-called side population phenotype, ABC trans-
porters (notably ABCG2) have been shown by northern blotting and
immunohistochemistry to be expressed in both normal and malignant
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pancreatic tissue.39–41 Lineage-negative side population (SP) cells isolated
from human foetal islets have been shown to have high clonogenic and pro-
liferative potential compared to non-SP cells, and can be induced to form
lineages which produce glucagon or insulin, Glut2 and PDX-1 in vitro.

However, insulin release in response to glucose is reduced compared to
primary β cells.42 ABC transporters are cytoprotective in a broad range of
differentiated cell types, and correlation with other markers must be shown
before they may be used successfully to delineate potential pancreatic
precursor cells.

Extrapancreatic sources of stem cells for β cell generation
Bone marrow stem cells
Adult stem cells are classically defined by their ability for limitless self-
renewal, and their capacity for multipotential differentiation, resulting in the
formation of the entire specialised cell repertoire within their native tissue.
Adult stem cells maintain homeostasis by proliferating and differentiating
to form the cells required to regenerate damaged or diseased tissue.38

Emerging data regarding the surprisingly flexible potential of stem cells
in their differentiation capacities has recently challenged the classical belief
that tissue-specific stem cells are restricted to the production of lineages
within their tissue of residence. Some stem cells, notably those in the adult
bone marrow, can seemingly abandon their intrinsic pattern of cellular dif-
ferentiation, and can engraft within foreign tissues and contribute to func-
tional adult lineages within these tissues, although the migratory signals
and molecular mechanisms that influence the stem cells to differentiate via
specific pathways are currently not known.43

It appears that selection pressure induced by target organ damage can
improve the efficacy of this process, which has been shown in various tissues
in both mice and humans.44–50 It is possible that stem cells respond to
specific signals from damaged or diseased tissues whereupon they migrate
to, and engraft within this tissue, and aid regeneration and remodelling by
contributing to differentiated adult cells. Consequent to this discovery, adult
stem cells now represent an entire new field of regenerative medicine, and
may hold the key to the treatment of a number of diseases such as cancer,
cardiovascular disease, neurodegenerative disease and diabetes.43

The potential for bone marrow cells to generate immunogenic tolerance
and reduce graft rejection episodes has been demonstrated in both51,52

and clinical53,54 diabetes, following transplantation of bone marrow cells
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in combination with donor bone marrow major histocompatibility complex
(MHC) class I-matched islets. However, the apparent capacity of bone mar-
row cells to differentiate to form cells with a β cell phenotype is a more
recent observation.

Evidence for bone marrow-derived β cells
Ianus et al.55 utilised a Cre-loxP system, wherein transgenic mice express-
ing Cre-recombinase under the control of the rat insulin II promoter (INS2-
CRE) were crossed with transgenic mice expressing GFP downstream of
the ROSA26 locus, floxed by three STOP codons (ROSA-EGFP). In the
INS2*EGFP offspring, Cre-recombinase is activated in insulin-producing
cells, and recognises the LoxP sequence of the STOP codons and therefore
removes the ROSA26 locus, and cells permanently express GFP. Bone mar-
row from INS2*EGFP male mice was transplanted into wild type female
mice, and therefore only bone marrow-derived β cells in the recipient
pancreata would be EGFP-positive.

In a second experiment, bone marrow from INS2-CRE male mice was
transplanted into female ROSA-EGFP mice, and therefore, if true bone
marrow cell transdifferentiation had occurred, β cells would be of male
origin but not express EGFP, and EGFP expression in cells expressing CRE
would indicate fusion of a donor bone marrow cell with a pre-existing β cell.
The results showed that 4–6 weeks following transplant, bone marrow cells
engrafted within the adult pancreas and contributed to approximately 1.7%
to 3% of insulin-immunoreactive cells; these cells also expressed β cell-
specific transcription factors in vivo and mRNA for several β cell-specific
genes in vitro, as well as releasing insulin in a glucose-dependent manner.55

The second experiment revealed no evidence of cell fusion in vivo,
thereby indicating that adult bone marrow cells can be directed to differ-
entiate to produce functional β cells in pancreatic islets,55 although the
incidence of these cells was low and it would be interesting to investigate
means of enhancing the bone marrow cell contribution to the β cell mass,
possibly via models of damage or disease.

In a mouse model of streptozotocin (STZ)-induced hyperglycaemia,
blood glucose and serum insulin levels were restored to almost normal
levels within 7 days following transplantation of bone marrow from GFP
transgenic mice.56 Approximately 2.5% of cells in the pancreata of STZ
mice co-expressed GFP and insulin, compared to almost no cells in the
non-diabetic control mice. However, RT-PCR showed an absence of the
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transcription factor PDX-1 in GFP-positive cells, and it is possible that
although the cells adopt a β cell phenotype, they are not fully differentiated
β cells.

Indeed, the authors state that bone marrow-derived cells do not con-
tribute to insulin production and the restoration of normoglycaemia, as
GFP-positive, insulin-positive cells are not present during the initial stages
of blood glucose reduction, although the bone marrow cells are believed to
induce endogenous islet cells to undergo proliferation and insulin produc-
tion via an unknown mechanism.56

Many of the donor-derived cells in the pancreata of STZ-treated mice
expressed PECAM-1 and were therefore believed to be endothelial in
nature; likewise other investigators have noted a bone marrow contribu-
tion to islet vasculature but little or none to the β-cell mass.57–59 This
indicates a potential role for bone marrow cells in pancreatic regeneration,
although this is not believed to be via neogenesis of pancreatic islets, but
rather, bone marrow-derived endothelial cells are proposed to be a vital
accessory to stimulate regeneration by indigenous islet cells.56

This observation is consistent with previous studies showing a
requirement of inductive paracrine endothelial stimulation for pancreatic
development,60 and it is well documented that a population of cells in the
adult bone marrow, known as endothelial progenitor cells (EPCs), play a
role in vascular repair and remodelling in a number of specific physiologic
and pathologic conditions.45,61–65

Bone marrow-derived cells may form extrapancreatic
insulin-expressing cells
A recent study produced the surprising result that insulin gene expression is
upregulated in multiple extrapancreatic tissues in conditions of hypergly-
caemia, and bone marrow appears to be the major source of these proinsulin-
expressing cells, thus highlighting the potential of extra-pancreatic cell
sources in the treatment of diabetes. Following bone marrow transplan-
tation and STZ-induced hyperglycaemia in mice, proinsulin and insulin-
positive cells were present in the liver, adipose tissue, spleen, bone marrow
and thymus, and many of these cells produced glucagon, somatostatin and
C-peptide.66

Up to 23% of bone marrow cells in hyperglycaemic mice were
immunoreactive for proinsulin, and up to 90% of proinsulin-immunoreact-
ive cells in the liver were of bone marrow origin. This implies that
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hyperglycaemia induces proinsulin production in a population of bone mar-
row cells, which then migrate and home to the liver, although it is also
possible that bone marrow cells migrate to the liver in hyperglycaemic con-
ditions, and subsequently acquire the capacity for proinsulin production.

Interestingly, bone marrow-derived, proinsulin-positive cells were
observed, albeit rarely, in the acini of the hyperglycaemic pancreas, but
were not found in the islets.66 It is possible that these cells may be the so-
called non-haematopoietic tissue committed stem cells (TCSC), identified
within the murine bone marrow by Kucia et al.,67 which are released into
the peripheral blood following tissue injury and contribute to regeneration
in multiple tissues.

The spleen as a potential source of β cells
Transplantation of fresh, unprocessed wild type adult splenocytes into dia-
betic NOD mice imposes normoglycaemia and induces long-term disease
elimination. Donor-derived islet and pancreatic duct cells were observed,
and interestingly, no islets composed entirely of cells of host origin were
seen, and pancreatic ducts that were purely of host origin were never seen
adjacent to islets containing donor cells. The donor-derived cells contained
a normal chromosomal complement and were morphologically normal,
suggesting that these cells are formed by splenocyte differentiation and not
by fusion of a transplanted cell with an indigenous pancreatic cell.68

Stem cells in liver with pancreatic potential
The enormous self-renewing capacity of the liver is well documented, for
example, following a two-third partial hepatectomy in the rat, the liver mass
returns to a normal size within two weeks,69 and it is generally accepted
that the liver contains a highly efficient stem cell(s) population.70 Transcon-
version between the cells of the liver and pancreas has been demonstrated
in vitro,71–73 possibly related to the common origin of both tissues from the
upper primitive foregut endoderm, suggesting a population of pluripotent
cells that retain the capacity to differentiate to form both adult liver and
pancreatic lineages.74

Candidate stem cells were isolated from foetal mouse livers and, fol-
lowing a defined period of growth in culture, these cells were shown to
express insulin, glucagon and somatostatin. Following transplantation into
the mouse pancreas, these liver-derived stem cells formed pancreatic duct
and acinar cells in vivo.34 Other stem cells isolated from the biliary ducts of
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the rat liver, namely oval cells, developed islet-like clusters following long-
term culture in a high glucose medium, and expressed genes of pancreatic
differentiation including insulin, Pdx-1, Pax-4, Pax-6, glucose transporter
2 (GLUT2), glucagon and somatostatin.75 These cells were immunoreac-
tive for insulin and glucagon, and secreted insulin in response to glucose.
Preliminary data indicated that these cells can reverse hyperglycaemia in
diabetic mice,75 although further studies of the production of pancreatic
β cells from oval cells in vivo are essential.

Over-expression of PDX-1 induces pancreatic differentiation
by liver cells
Human foetal hepatic stem cells, genetically modified to over-express Pdx-
1, can be activated to express multiple β cell genes in vitro, and can synthe-
sise, store and secrete insulin in a regulated manner in response to glucose.76

Moreover, these cells normalised hyperglycaemia for prolonged periods fol-
lowing transplantation into diabetic immunodeficient mice. Therefore, it is
proposed that the human foetal liver contains progenitor cells that, when
transduced with Pdx-1, may be therapeutic in the treatment of diabetes by
replacement of β cells.76

Sapir and colleagues investigated the potential of adult human liver
(AHL) cells to form insulin-producing β cells in response to PDX-1. AHL
cells were isolated and transfected with an adenovirus encoding PDX-1
under the control of the heterologous CMV promoter, and GFP under the
control of RIP (the rat insulin-1 promoter). Therefore, cells that activate
the ectopic insulin promoter in response to PDX-1 are identified by green
fluorescence. 10% to 25% of AHL cells were GFP-positive, and therefore
PDX-1 can induce pancreatic endocrine cell differentiation, even in adult
liver cells.

However, the high expression of Ngn3 in these cells implied that they
are retained at a relatively immature state of differentiation. 10% to 25% of
these cells produced proinsulin, which is stored within granules and released
in response to glucose, although the granules do not contain a dense core
as in intact pancreatic islets, but instead resemble those present in other
β cell lines that contain reduced levels of insulin.77 When transplanted
into diabetic mice, glucose levels decreased but did not reach normal lev-
els, although it is suggested that selection and enrichment of AHL cells
demonstrating insulin promoter activation may enhance the therapeutic
response,78 and although these preliminary studies are promising, further
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clarification that AHL-derived cells form true functional adult β cells is
necessary.

Pdx-1 can also induce β cell differentiation in mouse liver cells;79 deliv-
ery of an adenovirus expressing rat Pdx-1 to mice resulted in the expression
of rat Pdx-1 and insulin genes by cells in the liver of these animals, although
rat Pdx-1 expression was not observed in the pancreas, kidney or spleen.
In 25 of 34 mice, the insulin-2 gene was expressed in the liver, although
the insulin-1 gene was only present in the liver of 10 of 34 mice, and liver
extracts from these mice contained insulin protein levels that were less
than 1% of that in the pancreas. Pdx-1-induced hepatic insulin appeared to
normalise blood glucose levels in diabetic mice, although due to a lack of
evidence of cell transdifferentiation in this study, it has been suggested that
this in vivo observation may simply be due to a low ectopic activation of
the insulin gene, as Pdx-1 also acts as a specific transcription factor for the
insulin gene itself.80

Xenopus tadpole embryos that over-expressed an activated form of Pdx1
in their liver undergo conversion of liver cells to pancreas cells, often with
complete organ transformation of the liver to form a whole ectopic pancreas.
The newly-formed pancreatic cells are thought to arise via transdifferen-
tiation of liver cells, and can produce insulin, glucagon and amylase with
a parallel loss of liver gene expression, indicating that the directed over-
expression of Pdx-1 induces differentiation of both endocrine and exocrine
pancreas, although it is important to note that hepatic differentiation was
not observed in control experiments using unmodified Pdx1.80

The same authors have subsequently shown pancreatic differentiation in
a human hepatoma cell line (HepG2) following transduction of the Xenopus
Pdx-1 transgene driven by a liver-specific promoter. Cells expressed insulin,
glucagon, somatostatin and amylase, although did not express pancreatic
polypeptide. Hepatic protein expression was lost, indicating that hepatic
cells undergo transdifferentiation to form both endocrine and exocrine pan-
creatic lineages.Although the incidence of transdifferentiated cells was low,
newly-formed β cells were shown to be functional and could secrete insulin
in response to glucose stimulation.81

These results showing the conversion of liver to pancreas via over-
expression of the pancreas-specific promoter, PDX-1, are promising. Future
investigations should deduce the specific lineage in the mouse and human
liver that responds to Pdx-1 and undergoes pancreatic differentiation, and
means of enhancing the numbers of transdifferentiating cells, e.g. by com-
bining over-expression of Pdx-1 with specific growth factors and/or other
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transcription factors, are important. Present studies in mouse and human do
not prove direct transdifferentiation of liver cells to pancreatic lineages, and
often cells are not fully mature or functionally competent. The prospect of
tissue conversion by specific promoters and transcription factors represents
an exciting new area of therapy.

Evidence for embryonic stem cell-derived β cells
Embryonic stem (ES) cells represent undifferentiated, pluripotent cells
derived from the inner cell mass (ICM) of blastocysts, capable of both
unlimited self-renewal and, when subjected to appropriate stimulatory fac-
tors, differentiate to form adult cells derived from all three embryonic germ
layers both in vivo and in vitro.82 ES cells can readily be genetically manip-
ulated to overcome the problem of immune rejection, thus circumventing
the need for life-long immunosuppressive drug therapy currently associated
with islet cell transplantation.83 However, the vast proliferative capacity of
ES cells can cause teratoma or teratocarcinoma formation following trans-
plant into syngeneic animals,84,85 and this possibility needs eliminating
before ES-derived β cells can be used in humans.

In the absence of differentiation factors in vitro, ES cells rarely spon-
taneously differentiate to express β cell markers,86,87 and it appears that
modulation of these cells in vitro is essential for the production of cells that
show functional characteristics of pancreatic β cells, i.e. glucose-dependent
insulin release, specific ion channel activity, capacity for normal levels of
insulin production and secretion, and normalisation of glycaemia in animal
models of diabetes.88

Transfection of a mouse ES cell line with a selection vector i.e., a
drug resistance gene under control of the human insulin promoter, allowed
the induction of insulin production and secretion in vitro, similar to that
of normal mouse islet cells, although the insulin content of these cells
was far lower than in indigenous β cells. These genetically-manipulated
cells formed islet-like cell clusters in vitro, one of which was capable of
normalising glycaemia when implanted into the spleen of an STZ-induced
diabetic mice, although this normalisation was subsequently reversed
12 weeks post-implant in 40% of mice.89

Pancreatic β cells are derived from the foregut endoderm during embry-
onic development, although insulin-producing cells can also be detected
within ectodermal-derived tissues, e.g. the developing neuroepithelial.90 It
has therefore been suggested that ES-derived cells that are encouraged to
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differentiate along an endodermal pathway may form pancreatic β cells
that are more similar to indigenous β cells90 than those observed in past
studies wherein ES cells have been selected based upon their expression
of ectodermal markers.89 Chickens and humans have a single insulin gene,
although rodents have two genes, insulin I and II.91 Insulin I is of endoder-
mal origin and is mainly expressed in β cells at high levels, whereas insulin
II is expressed in cells of an ectodermal origin during development and is
synthesised in far lower amounts and is secreted rapidly in an inactive form.

Future studies aim to manipulate ES-derived cells to differentiate to
express markers of endodermal commitment such as alpha foetoprotein
(AFP), FoxA2, FoxA3, GATA4, or GATA5, or alternatively, to manip-
ulate ectodermal-derived insulin-expressing cells, which are more easily
obtainable in vitro than endodermal-derived cells, to enrich their insulin
production.90

Following culture in serum-free medium, non-manipulated mouse
ES-derived cells selected for enriched nestin expression, were induced to
differentiate to form cellular aggregates that expressed a number of pan-
creatic endocrine cell markers, including insulin and glucagon.92 However,
with the induction of insulin expression in these cells was a concomitant
inhibition of cell proliferation, and moreover, these cells produced 50-fold
less insulin than normal islet cells, although they were capable of appro-
priate insulin secretion in response to specific physiological stimuli. The
ES-derived cell clusters were grafted subcutaneously into diabetic mice,
where they formed islet-like structures, although they did not normalise
glycaemia, possibly due to their low levels of insulin production.

Human ES cells have also been shown to form proliferative insulin-
secreting cells that co-express insulin and C-peptide, or insulin and somato-
statin or glucagon, similar to cells in the developing pancreas,93,94 thus
raising doubts that ES-derived cells do not represent mature β cells of the
adult pancreas.

As a word of caution, it is worth noting that studies that rely on insulin
immunohistochemistry for evidence of insulin production by ES-derived
cells can mistakenly ascribe insulin production with what is actually insulin
uptake from the culture medium.95–97 It is therefore essential that other lines
of evidence are sought, including appropriate granule ultra structure and
the ability of such cells to rescue diabetic animals for a reasonable period
of time (e.g. 1 month).

The transcription factors Pdx-1, and Pax-4 are essential for normal pan-
creatic development during embryogenesis.98 Mice that do not express
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Pdx-1 do not develop any pancreatic islets,99 and mice lacking Pax-4
fail to develop any β cells and become diabetic.100 Pdx-1 is expressed
in the pancreatic endoderm and is essential for early development, and
also regulates β cell insulin gene expression in the adult pancreas.101

Mouse ES cells, genetically manipulated to over-express Pax-4 showed
a significantly enhanced expression of the genes involved in pancreatic
development in vitro, and positive selection for nestin expression, had
up to 5-fold enhanced levels of insulin production.102 Pax-4-positive ES-
derived cells contained insulin-positive secretory granules and could nor-
malise and maintain normal blood glucose levels in STZ-induced diabetic
mice, although the transplanted mice often developed tumours in their kid-
neys and spleens. RT-PCR showed that the ES-derived, Pax-4-positive cells
expressed insulin, islet amyloid polypeptide (IAPP) and Glut-2 mRNA, and
often co-expressed insulin and C-peptide mRNA, indicating that these were
functional cells.

The validity of nestin as a marker of pancreatic β cell progenitors has
recently been questioned, as nestin is not expressed in pancreatic progen-
itor cells, but is expressed in the mesenchymal cells of the pancreas and
progenitor cells of other tissues including the nervous system.88 Therefore,
positive selection for nestin expression in ES cells may result in the selection
of cells that are committed to differentiate to form non-pancreatic lineages
including neural cells, and it is now claimed that nestin-negative ES cells
can form functional β cells.88 That nestin-negative, ES-derived cells may
prove to be more potent β cell progenitors than nestin-positive ES-derived
cells, fits nicely with the aforementioned theory of Roche et al.,90 that
ES-derived cells that differentiate to form insulin-expressing endodermal
lineages are more likely progenitors of pancreatic β cells than insulin-
expressing ectodermal-derived lineages, which differentiate in vivo to form
neuroepithelial lineages, but do not form pancreatic β cells.

Conclusion

The recent discovery of the capability of stem cells to differentiate from
the normal lineage boundaries has presented us with an entire new field
of regenerative biology, providing much hope for alternative cell therapies
for currently incurable disorders, such as diabetes. Unfortunately at present
many observations are contradictory or irreproducible, so until a consensus
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is reached, the relative merits of adult stem cells versus ES cells for the
treatment of diabetes must remain sub judice; it would surely be injudicious
to ignore the obvious potential of both ES cells and adult stem cells for the
treatment of diabetes.

With respect to the generation of functional cells for the treatment of
diabetes, it is apparent that a potential for differentiation to pancreatic
endocrine lineages lies within an as yet undefined indigenous pancreatic
cell population, although whether this is a primitive stem cell in the ductal
epithelium, or whether the pre-existing adult β cells replicate themselves
sufficiently to maintain homeostasis is a matter of some debate, although
evidence indicates that both processes may occur.

There is some evidence that adult stem cells, particularly within the bone
marrow, have the potential to differentiate and contribute to cells of the pan-
creatic islets. However, it will be essential to establish a reproducible pro-
tocol whereby bone marrow-derived cells that are functional in pancreatic
regeneration are produced. It will also be vital to address some important
issues that have arisen from preliminary studies of the bone marrow con-
tribution to pancreatic regeneration in order to maximise their therapeutic
contribution, namely,

(1) What are the mechanisms by which bone marrow cells form pan-
creatic lineages i.e., de novo formation of pancreatic cells or do the bone
marrow stem cells merely fuse with an indigenous β cell to form a het-
erokaryon and assume a differentiated phenotype?

(2) Do bone marrow cells differentiate to form true β cells, or do bone
marrow-derived cells contribute to vasculogenesis by forming vascular lin-
eages, thereby acting as accessory cells, stimulating β cell regeneration via
paracrine secretion?

(3) Is it possible to enhance bone marrow cell engraftment and differen-
tiation to contribute to pancreatic regeneration by, for example, the intro-
duction of genes such as Pdx1, which regulates insulin gene expression in
pancreatic β cells in vivo?

Much progress is being made on the capacity of ES cells to differentiate
and express markers of β cell differentiation, although again some results
have not been confirmed and it is also argued that ES-derived cells are not
wholly functional adult β cells, with reduced levels of gene expression and
essential hormone production.

However, recent studies have raised a lot of issues that, when addressed,
may provide further progress in the engineering of functional β cells
from ES cells. For example, the previous use of nestin as a marker for
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insulin-producing ES-derived cells may provide an explanation for the low
levels of insulin production by ES-derived cells observed to date, as nestin
is expressed by cells committed to neural differentiation.

It has been suggested that nestin-negative ES-derived cells are more
likely candidates to produce insulin-producing ES-derived cells that are
functionally more similar to pancreatic β cells. Ending on a cautionary
note, we should also be mindful of potential pitfalls that have trapped the
unwary, such as the uptake of exogenous insulin by ES cells being mistaken
for insulin production.
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Cytokines and Stem Cell Differentiation
into Cardiomyocyte Lineage Cells

Ioannis Dimarakis

Introduction

A novel therapeutic approach to confront ischaemic heart disease currently
under investigation is stem cell transplantation. A variety of stem cell types
as well as delivery approaches are under scrutiny in both experimental
animal and clinical human transplantation protocols, as we have recently
summarised.1 Two stem cell populations appear to attract preponderance
of interest owing to their varying degrees of perceived plasticity. These two
populations are none other than the totipotent/pluripotent embryonic stem
cells and the multipotent adult stem cells.

Milieu-dependent differentiation and cell-to-cell fusion are the two
principal theoretical mechanisms to which plasticity of transplanted cells,
as demonstrated in in vivo studies, has been mainly attributed. Although
this may provide researchers with optimism, all underlying mechanisms
continue to remain within the realm of medical hypothesis. Develop-
ment of in vitro protocols to direct stem cell differentiation towards the
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cardiomyocyte lineage bears a double role; not only to assist with decipher-
ing molecular signalling pathways of differentiation, but also to augment
the creation of safer and more efficient stem cell transplantation models.

A plethora of molecular pathways have been implicated in the transition
of stem cells into functional myocardial cells once transplanted in vivo.
Soluble chemokines, cellular surface receptors, extracellular matrix sub-
strata as well as intercellular gap junctions, are all potential co-factors. As
cell fusion has also been shown to take place2 pathways regulating this
process also remain to be clarified. Obtaining the molecular differentiation
blueprints would translate in being able to initiate and direct the differentia-
tion process in a stepwise fashion; researchers would be able to differentiate
cells to certain predefined points prior to clinical transplantation, tailored
each time to the respective in vivo model.

Post-transplantation survival of stem cell populations may be severely
affected by factors including inability of homing and cell death secondary
to local inflammation. By definition, stem cells demonstrate the inclination
to undergo site-specific differentiation into multiple cell types once trans-
planted in vivo.3 This may easily lead to suboptimal absolute cell counts
effectively regenerating the cell type of interest. Delivery of pre-committed
stem cell populations may provide a way to overcome many of these issues.
Bittira et al.4 has actually shown that converting scar into myogenic tissue
may be augmented by cell pre-programming before implantation.

Amongst the arguments opposing the use of undifferentiated embry-
onic stem cells in in vivo models is their potential to form teratomas once
transplanted.5 Although adult stem cells have not been associated with
the development of tumour-like growths, Wang et al.6 demonstrated that
bone marrow stromal cells can traffic through the coronary system to the
injured heart and form cardiomyocytes or fibroblasts, depending on the spe-
cific microenvironment.This may sequentially lead to propagation of the
myocardial fibrous scar, an opposite effect from the one desired. In both
cases previous in vitro instigation of directional differentiation towards the
cardiomyocyte lineage would prevent such complications.

Predefined Cell Culture Conditions

In a preclinical setting all human- and/or animal-derived products should
ideally be excluded and synthetic recombinant alternatives used instead.
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Multiple reasons make such an approach favourable.As serum is chemically
ill-defined, a reduction of variability in qualitative and quantitative cell cul-
ture medium composition secondary to interbatch differences is expected.
This alone will eventually lead to a more robust level of quality control.
The risk of prion, viral or zoonose contamination will also be decreased in
parallel with the demand on animals for product supply in accordance with
the 3Rs principle of Reduction. Serum contains a variety of proteins that
may attach to cells in culture and act as antigenic substrates for immuno-
logical reactions once transplanted. This has been shown by Selvaggi et al.7

when patients infused with lymphocytes cultured in medium supplemented
with fetal calf serum developed arthus-like reactions. The detection of
newly formed antibodies to fetal calf serum is an indication that immune
complex formation followed cell infusions. In a more relevant clinical
study, it has been hypothesised that the contact of skeletal myoblasts with
fetal calf serum in culture was the cause of unexplained arrhythmias that
lead to significant malignant ventricular arrhythmias and sudden deaths in
patients.8

Despite the very early recognition and adaptation of this concept in
clinical work9 it has proven extremely difficult to rid culture protocols
of feeding layers and/or serum supplements.10–13 Mesenchymal stem cell
research has not been unscathed by this principal; rat mesenchymal stem
cells have been shown to retain their proliferation and differentiation poten-
tial even when cultured in serum-free medium.14 Another aspect of the
nature of serum is the possible presence of unrecognised inhibitory factors.
Cardiomyocyte differentiation of human embryonic stem cells in a cocul-
ture protocol was shown to be enhanced 24-fold in the absence of fetal calf
serum when compared with the presence of 20% fetal calf serum.15 The
authors justly raise the point of serum-free conditions providing the ideal
environment for assessing potential cardiogenic factors without interfer-
ence from serum-derived modulatory factors. Until a chemically defined
serum-free medium is widely available, autologous serum supplementa-
tion should not be overlooked. This modality is particularly useful in the
adult bone marrow-derived clinical setting on a single patient basis and
aids overcoming the above and many ethical considerations. Autologous
serum has been shown not only to be indistinguishable from fetal calf
serum with regard to both isolation and expansion of human mesenchymal
stem cells, but also has proved to be superior with respect to osteogenic
differentiation.16 In another study autologous human serum provided suf-
ficient ex vivo expansion of human bone marrow-derived mesenchymal
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stem cells while maintaining higher cell motility compared to fetal calf
serum.17 In addition switching to autologous human serum terminated
the side-effects associated with immune reactions in the aforementioned
studies.7,8

Cytokines and Growth Factors

Cardiogenesis in embryonic life constitutes cellular proliferation, differen-
tiation and three-dimensional structural organisation. Within the core of this
process is the activation of certain transcription factors (examples include
FOG-2, members of the GATA family, Nkx2.5, etc.) via morphogenetic pro-
teins (e.g. members of the bone morphogenetic protein family). The range
of molecules and pathways involved in cardiogenesis is actively widening
to incorporate more transcriptional activators such serum response factor18

and morphogenesis-controlling pathways such as the wnt pathway.19,20 A
plethora of growth factors has been shown to initiate this process via a
variety of pathways (Table 1). A valid approach in the attempt to generate
optimal conditions for directional differentiation of stem cells is the in vitro
manipulation of these already identified signalling pathways. This is mainly
achieved via supplementation of the culture medium with soluble regulator
molecules trying to promote phenotypic commitment via known as well as
unknown (awaiting discovery) signalling cascades.

Table 1. Principal growth factor–mediated signalling pathways

Growth factor Main signalling pathway

Transforming growth factor-β superfamily
(BMP, TGF β, activin)49–52

Smad/p38/ TAK1/ERK
/JNK/MAPK

Insulin-like growth factor-I53 ERK/JAK-STAT/PI3K
Fibroblast growth factor54 PLCγ/Ras/MAPK
Leukaemia inhibitory factor/

Cardiotrophin-155
JAK-STAT/ MAPK

Platelet-derived growth factor56,57 JAK/PI3K/ MAPK
Erythropoietin58 JAK-STAT/Akt

Akt, Protein Kinase B; ERK, Extracellular Signal-Regulated Kinase; JAK, Janus
Kinase; JNK, c-Jun N-Terminal Kinase; MAPK, Mitogen Activated Protein
Kinase; PI3K, PhosphatidylInositol 3-Kinase; PLCγ , PhosphoLipase C-γ; STAT,
Signal Transducer and Activator of Transcription; TAK1, Tyrosine Kinase 1.
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Bone morphogenetic proteins
Zhang and Bradley21 demonstrated the central role of bone morphogenetic
protein-2 (BMP2) in mammalian cardiogenesis. In a murine embryonic
model the generation of a homozygous null mutation for BMP2 led to
abnormalities in cardiac development. Full cardiac differentiation of non-
cardiogenic tissue by administration of soluble BMP2 or BMP4 to explant
cultures was shown by Schultheiss et al.22 Data has been produced for
the discreet roles of BMP2 and BMP4 in the developing mouse heart. It
appears that the formation of the atrioventricular junction and valves is
linked to BMP2, with BMP4 involved in the development of the outflow
tract myocardium and of the endocardial cushion.23 Furthermore the expo-
sure of precardiac mesoderm to Noggin, a known BMP antagonist, resulted
in inhibition of cardiac differentiation.22 Even though BMPs play a cru-
cial role in both processes of mesodermal induction24 and cardiomyocyte
differentiation,21 there seems to be a transient but essential inhibitory phase
of BMP signalling between them.25

Transforming growth factors
The transforming growth factor-β (TGFβ) superfamily consists of a large
and divergent group of polypeptide morphogens including besides the
TGFβs themselves, members such as the activins and the aforementioned
BMPs.26 Mice deficient for TGFβ2 demonstrate high perinatal mortality
along with a wide range of congenital cardiovascular anomalies compara-
ble to malformations seen in humans.27 Even though all three recognised
TGFβ isoforms (β1, β2, β3) are expressed within the developing murine
heart,28 each isoform appears to exert specific functions the other two can-
not compensate for.29 When undifferentiated murine embryonic stem cells
were exposed to the combined effect in vitro of TGFβ and BMP2, up-
regulation of both mesodermal and cardiac specific transcription factors
were noted; likewise, in vivo transplantation lead to cardiac differenti-
ation only in animals with an intact TGFβ/BMP2 signalling pathway.30

The individual effects of each one of the three isoforms on cardiomyocyte
differentiation from embryonic stem cells were compared by Kumar and
Sun.31 A significant increase in embryoid body proliferation as well as
spontaneous beating was noticed only in the TGFβ2 subgroup. Finally, in
a murine myocardial infarction model, transplantation of TGFβ pretreated
bone marrow-derived CD117+ cells revealed superior functional improve-
ment compared to untreated cell transplantation.32 Most importantly, newly
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formed myocardial tissue was seen on histology only in the TGF pretreated
group.

Activins
The activins are another member of the TGFβ superfamily that has been
studied less extensively. Similarly to TGFβ, activin has been shown to pro-
mote cardiac myogenesis in avian embryonic cells not of cardiac fate.33

Authors submit evidence of activin/TGFβ signalling lying upstream of
BMP signalling in the cardiac myogenesis pathway; the hypothesis is raised
for TGFβ acting via up-regulation of activin expression. Human amni-
otic mesenchymal cells stimulated with activin A were shown to express
a variety of cardiomyocyte-specific genes including Nkx2.5, ANP, and α-
MHC.34 Samples without stimulation on the contrary did not express any
of the marker genes mentioned above.

Insulin and insulin-like growth factors
The gene expression of insulin receptors and insulin-like growth factors
(IGFs) with their respective receptors has been documented from the early
phases of murine embryonic life.35 IGF1 is essential for normal embryonic
growth and development in mice,36 with severe deficiency affecting the
functional maturation of the cardiovascular system.37 Antin et al.38 have
suggested that insulin and IGFs may promote avian cardiac development
in vivo by both autocrine and paracrine mechanisms. Pre-transplantation
treatment of a murine embryonic stem cell suspension with recombinant
IGF1 was associated with increased in vivo expression of cardiomyocyte
phenotype and functional improvement.39 So besides their well described
role involving linear growth, glucose metabolism and organ homeosta-
sis, these pleiotropic hormones appear to be involved in early phases of
cardiogenesis.

Fibroblast growth factors
When examined if BMP2 alone is capable of inducing cardiac differen-
tiation in chicken embryo precardiac and non-precardiac mesoderm, the
results were discouraging.40 Based on their previous work involving the
effects of the fibroblast growth factor (FGF) family on cardiogenesis,41,42

inclusion of FGF4 in the predefined medium by Lough et al.43 produced
dramatic results. Cardiac differentiation was documented by the formation
of contractile multicellular vesicles that stained positive for the sarcomeric
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marker α-actin, indicating a synergistic function between these two growth
factors in order to induce cardiogenesis. The same group has moved on
to produce exciting data in regards to which members of the BMP and
FGF families are crucial in this process, the exact concentrations required
for in vitro studies along with a precise timetable of growth factor sup-
plementation for maximal results. The importance of optimised growth
factor concentrations in relation to time in growth medium supplemen-
tation has been further demonstrated in murine embryonic stem cells.44

Cardiogenic differentiation was achieved only when FGF2 and/or BMP2
were added at precise concentrations for the first three days of cell culture.
The FGF family consists of a large and diverse group of small polypep-
tide growth factors. Differentiation of a murine cardiac resident precursor
cell population in vitro and in vivo also seems to be controlled by FGF2.45

Even though FGF2 and FGF4 appear to be the most promising members
in the process of cardiogenesis, other members have been shown to be
implicated.46,47 A vastly diverse set of receptors mediates the effects of
the fibroblast family of growth factors; the importance of these receptors
has been recognised for in vitro cardiomyocyte development from murine
embryonic stem cells.48

Leukaemia inhibitory factor and Cardiotrophin-1
Apart from a well described growth factor for haematopoiesis, bone and
lipid metabolism and neuronal tissue development, leukaemia inhibitory
factor (LIF) has also been shown to exercise differentiation factor
properties.59 This pleiotropic cytokine, essential for the survival of the nor-
mal pool of stem cells,60 is known to inhibit differentiation of embryonic
stem cells in vitro.61 LIF has been demonstrated to induce cardiac hyper-
trophy by stimulating the JAK-STAT pathway in cardiomyocytes.62 Two
forms of this cytokine have been recognised, one diffusible and one bound
to the extracellular matrix.63 Commitment to a cardiomyocyte phenotype of
differentiating embryonic bodies requires interestingly complete absence
of all forms of this cytokine.64 Minimal concentrations of diffusible LIF are
necessary for induction of differentiation, but following the inductive event,
LIF attenuates cardiomyocyte differentiation in a dose-dependent fashion.
Once differentiation is complete though, LIF promotes proliferation and
longevity. Intramuscular injection of LIF not only caused local regenera-
tion but also enhanced mobilisation of bone marrow cells to the heart and
their differentiation into cardiomyocytes in a murine myocardial infarction
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model.65 Cardiotrophin-1 (CT-1)66 is another cytokine with the ability to
stimulate cardiac hypertrophy in vivo,66–68 while exerting various cardio-
protective functions.69–73 Stimulation of cardiomyogenesis with increased
nuclear expression of the proliferation marker Ki-67 in pluripotent murine
embryonic stem cells has also been attributed to CT-1.74

Both of the aforementioned cytokines belong to the interleukin-6
cytokine superfamily with their respective functional receptor complexes
sharing the low-affinity LIF receptor (LIF-R) and the gp130 signal transduc-
ing component;75,76 a possible reason for any functional overlap observed
in the above studies. Knockout models of both components of the LIFR-
gp130 heterodimer proved incompatible with life, with additional evidence
of hypoplastic ventricular myocardium 16.5 days postcoitum and later in
embryos homozygous for the gp130 mutation.77,78 These results highlight
the necessity of investigating genetic manipulation/targeting of the LIF-
R/gp 130 receptor complex in order to promote stem cell differentiation
down a cardiomyocyte lineage.

Platelet-derived growth factor
Platelet-derived growth factor (PDGF) consists of two structurally alike
A and B polypeptide chains which in turn combine forming homodimers
(AA,BB) as well as heterodimers (AB). This connective tissue cell mito-
gen that shares topological similarities with TGFβ79 has been associated
with the myogenic differentiation process in human myoblast clones more
than a decade ago.80 Treatment of rodent bone marrow derived stem cells
with PDGF-AB enhanced cardiomyocyte phenotype generation in vitro and
when co-delivered with bone marrow cells in a post-infarction myocardial
ligation model promoted the formation of independent cardiac myocyte
islands.81 An increase in the expression of cardiac specific myosin heavy
chain alpha and beta in embryoid bodies when stimulated with PDGF with
a parallel increase in the number of observed beating embryoid bodies has
also been reported.82

Erythropoietin
Besides being the main regulatory cytokine of erythropoiesis, erythro-
poietin (EPO) has shown evidence of cardioprotective properties.83 On
binding with the specific erythropoietin receptor (EPO-R) an array of sig-
nalling pathways may be initiated (as seen in Table 1), leading to the
activation of various genetic transcripts responsible for cardiomyocyte
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proliferation/differentiation. Both EPO-/- and EPOR-/- knockout mice are
embryonic lethal and die in uteri;84 ventricular hypoplasia and intraven-
tricular septum defects were some of the defects observed. Endothelial
progenitor cells from congestive heart failure patients treated with EPO
demonstrated enhanced proliferation rates along with a trend to adhere
to cultured endothelial cells.85 From the same work, cultivated human
endothelial progenitor cells in vitro with EPO exerted a dose-dependent
increase in proliferation and adhesion to fibronectin, cultured endothelial
cells, and cardiomyocytes. EPO obviously influences cardiogenesis and
may prove useful in “preconditioning” stem cells prior to delivery within
the injured myocardium to increase engraftment and post-transplantation
survival.

Other cytokines
Many other cytokines have also been suggested to underlie the route of
the cardiogenesis process. More specifically, treatment of murine P19
embryonic stem cells with oxytocin promoted the formation of rhythmi-
cally beating cells resembling primary cardiomyocytes; an effect not seen
in the presence of an oxytocin inhibitor.86 Finally, the vascular cytokine
endothelin-1 was reported to shift differentiation of embryonic stem cell-
derived cardiomyocytes toward pacemaker cells in an endothelin receptor-
dependent manner without affecting electrophysiological properties.87

Such findings are extremely important as they shed light on specialised
cardiomyocyte-targeted differentiation.

Conclusion

Phenotypic differentiation is the end result of an array of interactions mainly
between cells, cytokines/growth factors, extracellular matrix and physical
stimuli. All cytokines examined are naturally occurring substances with
identified receptors and subsequent signalling pathways. In addition, the
majority of stimuli reviewed herein appear to act in a time- and dose-
dependent manner; the application of a culture process similar to combina-
torial chemistry may prove extremely useful in identifying these very fine
relations. As pre-transplantation targeted differentiation may move cardiac
regenerative medicine forwards, further basic research prior to commencing
clinical trials is advocated.
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Regulatory Networks Controlling Neural
Stem Cell Self-renewal and Differentiation

Yanhong Shi

Stem cells have two fundamental properties: self-renewal and multipotency.
Stem cell self-renewal and differentiation are defined by the dynamic inter-
play between transcription factors, epigenetic control, post-transcriptional
regulators such as miRNAs, and the microenvironment — or “niche” — in
which stem cells reside.

Unraveling the mechanisms by which neural stem cells renew them-
selves and have the ability to generate distinct neuronal and glial cell types
remains a challenge in central nervous system biology. The intrinsic state
of stem cells depends on their spatial and temporal history and affects their
responsiveness to extrinsic signals from the microenvironment.

Recent progress in defining specific roles for intrinsic and extrinsic fac-
tors regulating the maintenance of self-renewal and the capacity for differ-
entiation provides the first glimpse of the multilayered networks involved.
It promises to be a productive and active area of future research. This review
summarizes our current state of knowledge and attempts to integrate the
various levels of regulation in an overall context.
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Neural Stem Cells

Depending on their origin, stem cells have the ability to differentiate into
multiple but restricted cell types or any cell type in the body. Progression
from stem cell to differentiated cell is characterized by striking morpholog-
ical and functional changes at each stage of the lineage and by sequential
expression of transcription factors and other signaling molecules.1 Neural
stem cells are defined as a subset of undifferentiated precursors that retain
the ability to proliferate and self-renew, and have the capacity to give rise
to both neuronal and glial lineages.2–5 Since the early 1900s, it has been
accepted that the regenerative capacity of the central nervous system (CNS)
of adult mammals is very limited.6 However, almost four decades ago, pio-
neering work by Altman and Das7 suggested that neurogenesis continues
throughout adulthood in mammalian brains.

Neurogenic stem cells in the adult mammalian brain are concentrated in
the subventricular zone (SVZ) of the lateral ventricle wall and the dentate
gyrus subgranular zone (SGZ) of the hippocampus.8 Throughout adulthood,
cells born in the SVZ traverse a long distance anteriorly through the rostral
migratory stream into the olfactory bulb (OB), where they differentiate into
interneurons. Neurons in the dentate gyrus are born locally in the underly-
ing SGZ and migrate a short distance to integrate in the dentate gyrus.9 A
complete understanding of neural stem cells and neurogenesis requires the
identification of molecules that determine the self-renewal and multipotent
character of these cells. These molecules likely include one or more tran-
scription factors acting to maintain the stem cell state by controlling the
activity of a network of downstream target genes.

Transcriptional Regulation

Batteries of transcription factors have been proposed to control stem cell
self-renewal and lineage progression (Fig. 1) by eliciting cascades of gene
expression.10 Orphan nuclear receptor TLX is an essential transcriptional
regulator of neural stem cell maintenance and self-renewal in the adult
brain.11 TLX maintains adult neural stem cells in an undifferentiated,
proliferative state. The TLX-expressing cells isolated from adult TLX-
heterozygote brains can proliferate, self-renew and differentiate into all
neural cell types in vitro. By contrast, TLX-null cells isolated from the
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Fig. 1. Transcriptional regulators of neural stem cell self-renewal and differentiation. Tran-
scription factors that are expressed in neural stem cells can potentiate cell proliferation and
repress cell differentiation to maintain the undifferentiated and self-renewable state of neu-
ral stem cells. On the other hand, transcription factors are also responsible for induction
of neuronal and glial differentiation. Due to space limitations, not all related transcription
factors are listed here.

brains of adult TLX-mutant mice fail to proliferate. Reintroducing TLX into
TLX-null cells rescues their ability to proliferate and to self-renew.11 TLX
could be key regulator acting by controlling the expression of a network
of target genes to establish the undifferentiated and self-renewable state
of neural stem cells. Indeed, TLX has been shown to silence glia-specific
expression of an astrocyte marker, GFAP, in neural stem cells, suggesting
that transcriptional repression may be crucial in maintaining the undifferen-
tiated state of these cells.11 The TLX gene has also been shown to regulate
the timing of neurogenesis in the cortex12 and control patterning of lateral
telencephalic progenitor domains.13

Recently, other nuclear receptors such as estrogen receptors (ER),
thyroid hormone receptors (TR), and peroxisome proliferator-activated
receptor (PPAR) γ , have also been shown to regulate neural stem cell pro-
liferation and differentiation.14–19 Nuclear receptor related-1 (Nurr1), an
orphan nuclear receptor, is essential for activation of tyrosine hydroxylase
and induction of dopaminergic neuronal differentiation in CNS neural pro-
genitor cells.20–22 Deficiency in N-CoR, a nuclear receptor co-repressor,
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also leads to reduced neural stem cell self-renewal and premature differen-
tiation into astrocytes.23

Bmi1 is a polycomb family transcriptional repressor that has been shown
to be required for postnatal maintenance of neural stem cells, in both cen-
tral nervous system (CNS) and peripheral nervous system (PNS). Bmi1-
null mice exhibit a postnatal self-renewal defect that leads to the depletion
of stem cells by early adulthood.24 One way in which Bmi1 promotes
the maintenance of adult stem cells is by repressing p16Ink4a and p19Arf

pathway.25,26

The Sox family of high-mobility-group (HMG) DNA binding proteins
also plays a role in maintaining the undifferentiated state of stem cells,
but this appears to be in a context-dependent manner. Sox2 is necessary
for the maintenance of both embryonic neural stem cells and neural stem
cells in adult neurogenic areas.27–31 Sox10 maintains the multipotency of
neural crest stem cells by promoting the expression of genes that confer
competency for neuronal and glial differentiation but inhibiting their overt
differentiation.32

In the CNS, Sox10 is required for terminal differentiation of oligo-
dendrocyte progenitors,33 whereas Sox8 and Sox9, two other members of
the SoxE group, are involved in altering the potential of neural stem cells
from neurogenic to gliogenic.34 Sox21 and Sox14, the SoxB2 group, are
closely related to SoxB1 proteins (Sox1-3), but have a repression domain
instead of an activation domain at the carboxyl-terminus.As a consequence,
they promote progression of neurogenesis through interfering with SoxB1-
mediated activation.35 Sox1 has also been shown to regulate neurogenesis
by promoting differentiation.36

In addition, multiple basic helix-loop-helix (bHLH) genes play a critical
role in regulation of neural stem cell maintenance and differentiation.37–39

Hes genes, homologs of Drosophila hairy and enhancer of split, are
repressor-type bHLH genes. Activated by Notch signaling, Hes main-
tains neural stem cell state but also promotes gliogenesis. On the other
hand, the activator-type bHLH genes, such as Mash1, Math, and Neuro-
genin (Ngn), promote neurogenesis.39 Recently, Stem cell leukaemia (Scl),
another bHLH transcription factor, has been shown to regulate neuronal and
glial cell fate acquisition in a region-restricted manner.40

Runt/Runx is a family of transcription factors important for cell pro-
liferation and differentiation.41,42 Recent studies demonstrated that mouse
Runx1 is expressed in restricted types of postmitotic motor and sensory neu-
rons and is critical for the differentiation of these neuronal cells.43 Also,
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Runx1 is expressed in particular populations of neural progenitors and plays
an important role in coordinating their transition from proliferation to dif-
ferentiation through transcriptional repression mechanisms.44

Together, these data suggest that intrinsic transcription factors have a
specific role in neural stem cell regulation. These transcription factors may
work together to coordinate neural stem cell maintenance, self-renewal and
fate determination.

Epigenetic Control

The transition of stem cells from self-renewal to differentiated state is
accompanied by global changes in gene expression. Genes active in prolif-
erative stem/progenitor cells are silenced, whereas cell type-specific genes
are turned on. This progression is the result of selective expression of tran-
scription factors in concert with chromatin remodeling and epigenetic mod-
ifications, including covalent histone modification and DNA methylation
of CpG dinucleotides.

Transcription in eukaryotic cells is influenced by epigenetic modifi-
cation, particularly the covalent modifications of histones.45 The amino-
terminal tails of the histones are subject to post-translational modifications
by acetylation (lysine), methylation (lysine and arginine), phosphorylation
(serine) and ubiquitination (lysine).46–49 Acetylation is one of the most well-
characterized histone modifications, mediated by histone acetyltransferases
(HATs). Acetylation of the conserved amino-terminal histone tail results in
relaxation of the nucleosomes, which facilitates access to transcriptional
activators and allows gene activation. Histone deacetylases (HDACs) cat-
alyze the reverse reaction. In the deacetylated state, histones package DNA
into condensed chromatin, which in turn prevents access to transcriptional
activators to their target sites, to result in transcriptional repression.

We have shown that TLX interacts with a set of histone deacety-
lases (HDACs) in neural stem cells and association of HDACs with TLX
leads to transcriptional repression of TLX downstream target gene (Fig. 2;
Shi et al., unpublished results). Inhibiting HDAC activity with HDAC
inhibitors Trichostatin A (TSA) and valproic acid (VPA) led to reduced
proliferation of neural stem cells and induction of cyclin-dependent kinase
inhibitor p21CIP1/WAF1 expression. siRNA-mediated knockdown of HDAC
expression in neural stem cells also led to reduced cell proliferation,
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Fig. 2. An example of epigenetic control of neural stem cell self-renewal and differentia-
tion. Transcriptional silencing mediated by epigenetic regulators such as histone deacetylase
(HDACs) leads to the undifferentiated and self-renewable state of neural stem cells. The
repression can be relieved by treatment of HDAC inhibitors (HDACi), release of HDACs
and their associated co-repressors, and/or recruitment of histone acetyltransferase (HAT)
co-activator complexes, which in turn activates growth arrest and neural differentiation. Dou-
ble stranded small RNAs could also regulate neuronal differentiation by targeting neuron-
specific repressor REST and its associated HDAC complexes.

reinforcing a role of HDACs in neural stem cell self-renewal. In addition to
cell proliferation, HDACs also regulate cell differentiation. Blocking global
HDAC activity inhibits the differentiation of embryonic stem cells.50 Treat-
ment of adult neural stem cells with HDAC inhibitors induced neuronal
differentiation,51 which could be due in part to upregulating REST (RE1
silencing transcription factor, or NRSF)-regulated neuronal-specific genes
(Fig. 2). REST is a key transcriptional regulator of many neuronal genes
through binding to a conserved 21 bp RE1 binding site.52,53 In non-neuronal
cells, REST interacts with its co-factors, including Co-REST, N-CoR, and
mSin3A, which then recruit HDAC complexes to repress neuronal gene
expression through epigenetic regulation.52,54,55

Recent evidence indicates that transcriptional and epigenetic dysreg-
ulation may contribute to molecular pathogenesis of neurodegenerative
diseases such as Huntington’s disease. HDAC inhibitors have proven to
be neuroprotective in Huntington’s mouse models, presumably by increas-
ing histone acetylation and transcriptional activation.56,57 Therapies using
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HDAC inhibitors may, therefore, be clinically beneficial to neurodegen-
erative patients. HDAC inhibitors have also been shown to induce growth
arrest, differentiation, and/or apoptosis in cancer cells and to have antitumor
activity in clinical trials.58

More recently, histone methylation has gained attention as an epigenetic
marker.47,59 Unlike histone acetylation, which only occurs on lysine (K)
residues and is generally related with active transcription, methylation was
detected on both lysine and arginine (R) residues and is linked to both tran-
scriptional activation and repression.47 For instance, histone H3 K9 methy-
lation is associated with transcriptional silencing. In contrast, methylation
of histone H3 K4 and arginine residues of H3 and H4 leads to transcriptional
activation.60 While histone acetylation is dynamically regulated by HATs
and HDACs, histone methylation has been considered a “permanent” modi-
fication by histone methyltransferases until recent identification of LSD1 as
a histone demethylase.61 This finding indicates that similar to histone acety-
lation, histone methylation is also a dynamic process subject to regulation
by both methylases and demethylases. The degree of lysine methylation
(mono-, di-, or trimethyl histones), as well as the residues modified, is
tightly associated with neural and muscle cell differentiation.62 For exam-
ple, histones H3 trimethyl K9 and H4 monomethyl K20 were detected in
proliferating neural cells, whereas histone H4 trimethyl K20 was enriched
in differentiating neurons.

The epigenetic state can also be regulated at the DNA level. The gene
silencing effect of DNA methylation is mediated by a family of methyl-
cytosine-binding proteins including MeCP2, which is abundantly expressed
in the central nervous system.63,64 Mutations in the Mecp2 gene have
been linked to a neurodevelopmental disorder, Rett syndrome,65 suggest-
ing that MeCP2 may play a role in regulating neuronal function. MeCP2
can interact not only with HDACs but also with the histone H3 lysine
(K) 9 methyltransferase, SUV39H1, to trigger dimethylation of histone
H3 on K9 and provide a histone code indicative of inactive chromatin
structure.54,66−68 DNA methylation and its related chromatin remodeling
play critical roles in regulating gene transcription in response to neuronal
activity.69

Methylation of the signal transducer and activator of transcription 3
(STAT3) binding site in GFAP promoter renders neural stem cells refrac-
tory to GFAP activation and astrocyte differentiation during early brain
development. Demethylation of this STAT3 binding element leads to acti-
vation of GFAP promoter and gliogenesis at later developmental stages.70



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch11

188 Y. Shi

A similar alteration in methylation pattern also occurs in the promoter of
S100β, a calcium binding protein expressed in astrocytes.71

Multiple layers of epigenetic modifications, therefore, regulate key tran-
sitions in the temporal development of stem cells and their differentiation.
This results in expression of unique repertoires of transcription factors at
each stage of development and in different lineages.

Small RNA Regulators

While transcription factors are essential players in stem cell self-renewal
and differentiation,11,24,38,72 post-transcriptional gene regulation is emerg-
ing as another essential regulator of development. Many different classes of
small non-coding RNAs are present in the brain, with diverse roles includ-
ing RNA modification and chromatin remodeling.73 Small double-stranded
modulatory RNAs have been proposed to regulate the generation of neu-
rons from adult neural stem cells by binding to REST.74 The sequence
of this small noncoding RNA matched the DNA binding site for REST,
NRSE. The NRSE dsRNA interactes with REST and converts it from a
transcriptional repressor to an activator, which in turn lead to activation of
neuronal-specific genes and neuronal differentiation (Fig. 2).

MicroRNA (miRNA) is another recently identified large family of
small non-coding RNAs, which are likely key post-transcriptional play-
ers in stem cell self-renewal and differentiation (Fig. 3). miRNAs are short
20–22 nucleotide RNA molecules that are expressed in a tissue-specific and
developmentally-regulated manner and function as negative regulators of
gene expression in a variety of eukaryotic organisms. miRNAs are involved
in numerous cellular processes including development, proliferation, dif-
ferentiation, apoptosis, and the stress response.75,76

miRNA genes belong to class II genes, which are transcribed by RNA
polymerase II. A majority of miRNA loci are found in intronic regions of
protein-coding or non-coding transcription units; others are found in exonic
regions of non-coding transcription units.77 These primary transcripts are
processed in the nucleus by RNase III endonuclease Drosha, into 60 to 75 nt
hairpin-like precursors (pre-miRNAs), which are subsequently exported to
the cytoplasm by exportin-5, a member of the Ran-dependent nuclear trans-
port receptor family. The hairpin precursors are then cleaved into mature
miRNAs by Dicer, the cytoplasmic RNase III-type protein. Mature miRNAs
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Fig. 3. A model for miRNA action in neural stem cells. Molecules that are expressed in
neural stem cells to maintain their self-renewable state are collectively referred to as stem
cell maintenance factors. At the onset of differentiation, miRNAs complementary to these
factors can direct the cleavage of their mRNAs or inhibit their translation by pairing to their
mRNA targets, thus preventing the expression of these stem cell maintenance factors and
enabling rapid neural differentiation.

bind to effector complex RISCs that direct the miRNAs to their target
transcripts.78 By base pairing with the target mRNA, miRNA functions as
a guide molecule in post-transcriptional gene silencing, leading to mRNA
cleavage or translational repression (Fig. 3).

miRNAs are especially attractive candidates for regulating stem cell
self-renewal and cell fate decisions because their ability to simultaneously
regulate many targets provides a means for coordinated control of concerted
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gene action. Although direct evidence for a functional role of miRNAs in
stem cell biology is just now emerging, tantalizing hints regarding their
involvement based on expression patterns, predicted targets, and over-
expression studies, suggest that they will be key regulators. Loss of Dicer1
causes embryonic lethality and loss of stem cell populations.79,80 Argonaute
family members, key components of RISC complexes, are required for
maintaining germline stem cells in various species.81 As stem cells differen-
tiate, they downregulate stem cell maintenance genes and activate lineage-
specific genes. These transitions require a rapid switch in gene expression
profiles. Although the transcription factor pool is replaced, remaining tran-
scripts that were highly expressed in the previous stage need to be silenced.
miRNAs are uniquely poised to rapidly effect such changes through simul-
taneous repression of many targets of any remaining transcripts.

miRNAs likely play important roles in maintaining mature cell func-
tion, as has been described in fat and insulin metabolism.82,83 miRNAs
are especially abundant in the adult brain, suggesting a key role for them
in neuronal function and plasticity.84 Expression profiling of mammalian
microRNAs uncovered a set of brain-specific microRNAs with possible
roles in neuronal differentiation.85–88 Study of a set of highly expressed
neural miRNA during mouse brain development revealed significant differ-
ences in the onset and magnitude of induction for individual miRNAs and
marked lineage specificity of the miRNAs.89 For example, miR-124 and
miR-128 were preferentially expressed in neurons, whereas miR-23 was
restricted to astrocytes. miR-26 and miR-29 were more strongly expressed
in astrocytes than neurons, whereas miR-9 and miR-125 were fairly evenly
distributed.A key role for miRNAs in brain formation has been shown by the
rescue of brain morphogenesis in maternal-zygotic dicer zebrafish mutants
by injection of miR-430.90 This demonstrates that an individual miRNA can
trigger large-scale changes in development, likely through global changes
in the transcriptome.91

According to bioinformatics target predictions, a single miRNA can tar-
get hundreds of mRNAs and about a third of the human genome is targeted
by miRNAs.92 If miRNAs target broad regulatory networks, then a com-
plete list of miRNA targets should not only describe specific targets, but
also how the entire collection of targets regulates certain cellular function.
The global effect of a miRNA on a set of targets may be to help estab-
lish a transcriptional profile characteristic of the cell in which the miRNA
is normally expressed. For example, expression of the neuronal-specific
miRNA, miR-124, in a heterologous cell shifted the entire transcriptional
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profile toward that of a neuron.91 Identification of comprehensive miRNA
targets in the neural system remains an important and non-trivial task that
will help us to better understand the regulation of neural stem cell self-
renewal and differentiation.

Niche

Stem cell self-renewal and differentiation is regulated by the specialized
microenvironment — or “niche” — in which these cells reside.9,93–95

Direct physical interactions between stem cells and their neighbors are
critical in keeping stem cells in their specialized niche and in maintaining
stem cell character. Such niches are composed of soluble factors as well as
membrane bound molecules and extracellular matrix. Remarkably, classical
developmental signals and morphogens such as Wnt, Notch, Shh, BMPs,
and Noggin seem to play important roles in maintaining adult neurogenic
niches.9

Wnts are globally involved in cell fate specification during embryoge-
nesis, and have recently been implicated in governing both proliferation
and cell fate specification of somatic stem cells in adults.93 Genetic stud-
ies have implicated the Wnt/β-catenin pathway in neural stem cell self-
renewal. In mice that express a stabilized β-catenin, the CNS is greatly
enlarged. Progenitors exit the cell cycle less frequently and continue to pro-
liferate in the nervous system.96 In contrast, ablation of β-catenin results
in a marked decrease of the overall size of the nervous system.97 Mice
with null alleles of LRP6, a required co-receptor for Wnt signaling, also
showed reduced dentate granule cell production and failed expansion of a
defined dentate granule precursor cell pool.98 These studies indicate that
the Wnt/β-catenin signaling plays an important role in the proliferation and
self-renewal of neural precursors. On the other hand, Wnt proteins have
been shown to promote neuronal differentiation in neural stem cell culture
and in adult hippocampus,99–101 suggesting that signaling by the canoni-
cal Wnt pathway has multiple functions in stem cells. How specific stem
cells will respond to Wnts is likely to depend not only upon their specialized
microenvironment and who delivers the signal, but also on the cell-intrinsic
properties.93 Thus, Wnt pathways are poised at a critical crossroads in bal-
ancing neural stem cell self-renewal versus differentiation.

The Notch family of receptors participates in many developmental
cell fate decisions and in certain contexts promotes an undifferentiated,
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precursor cell state. Notch1 and its cognate ligand, Jagged, are expressed
in both the SVZ and SGZ.102 Notch may participate in suppressing neu-
ronal differentiation and maintaining precursor cell properties. Accumula-
tion of neuroblasts expressing Notch ligands activates Notch signaling in
stem cells, thereby suppressing neurogenesis. This could be a niche mech-
anism for feedback regulation of neuronal differentiation of stem cells or
homeostasis. However, Notch signaling is context-dependent: Notch can
promote either terminal glial differentiation103 or a precursor state in adult
germinal regions.

Sonic hedgehog (Shh) is an important morphogen in development
and has been shown to regulate both SVZ and SGZ neural stem cells.
Over-expression of Shh near the dentate gyrus increases proliferation and
neurogenesis of SGZ cells. In vitro, Shh maintains proliferation of adult
hippocampal neuronal progenitors104 and increases SVZ cell proliferation
and the number of cells with stem cell properties.105 Although the notion
of Shh as a stem cell “maintenance” factor is intriguing, another expla-
nation is that Shh may promote proliferation or support survival of the
transit-amplifying cells in the SVZ.

Another group of early neural morphogens, the bone morphogenetic pro-
teins (BMPs), also play an important role in adult brain germinal niches.
Interestingly, in the adult SVZ, both BMP and Shh signaling are intermixed
within the same region. Adult SVZ cells themselves produce BMPs and
their receptors. Noggin, a secreted BMP antagonist, is strongly expressed
in ependymal cells. This locally-derived BMP antagonist is thought to con-
tribute to the neurogenic niche for SVZ stem cells because it promotes
neurogenesis both in vitro and in ectopic locations in vivo.106

Thus, major developmental signaling pathways including Wnt, Notch,
Shh and BMPs are retained in adult germinal niches, where they appear to
regulate important aspects of proliferation and differentiation. In the early
neural tube, neuroepithelial cells are the only cell type and, therefore, serve
as stem cells as well as “niche cells” to provide signals critical for stem cell
function. Ongoing cell production in the adult mammalian brain depends on
astrocytes that reside in special niches within the SVZ and the SGZ of the
hippocampus.95,107 Signaling molecules secreted by endothelial cells could
push neural stem cells toward self-renewal while simultaneously priming
them for the production of neurons.108 Moreover, neural stem cells in the
adult brains are likely to be influenced by a convergence of signals from
many neighboring cell types, including astrocytes, neuroblasts, ependymal
cells, endothelial cells, and a factor-rich basal lamina. Understanding more
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about the niches may help reveal how these remarkably small, simple units
influence tissue development, growth, repair and aging.109

Conclusion

A new integrated global regulatory network controlling stem cell self-
renewal and differentiation is now emerging and is defined by the interplay
of transcription factors, chromatin remodeling components, small RNA
regulators, and extracellular signals from stem cell niches. These mecha-
nisms synergize to choreograph stem cell self-renewal and differentiation
into various cell lineages. The coordinated regulation of genes specific
for stem cells and their differentiated progenies likely relies on transcrip-
tional regulation and epigenetic controls for initial expression in response
to developmental cues and extracellular signals from the niche, and are
fine-tuned by miRNAs. Understanding how individual signaling cascades
integrate into global regulatory networks will be essential to fully appre-
ciate stem cell biology. Armed with this knowledge, researchers will be
able to develop new, targeted therapies for a host of neurological disorders,
including brain injuries, brain tumors, and neurodegenerative diseases such
as Huntington’s, Alzheimer’s and Parkinson diseases.
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Demyelination as a Therapeutic Target
in Spinal Cord Injury

Jill R. Faulkner and Hans S. Keirstead

Stem Cells for Cellular Replacement

Stem cells have proven to be a highly successful research tool and excite-
ment for their use in treatment strategies has grown over the past decade.
Stem cells are self-renewing, pluripotent or multipotent cells. Their human
therapeutic advantage lies in their high proliferative ability. Some stem cell
types offer a seemingly infinite cell supply that can be manipulated in vitro
to provide a myriad of differentiated cell types that have potential for use in
cellular replacement strategies for a number of human diseases. The most
suitable cell type is dictated by the characteristics of each disease state.

Embryonic stem cells (ESCs) are a particularly appealing stem cell
population due to their ability to provide essentially unlimited stem cell
numbers in vitro, their amenability to genetic engineering, and their
broad developmental capacity. ESCs derive from the inner cell mass of
pre-implantation embryos and can proliferate in vitro almost indefinitely.
These cells are particularly amenable to human cellular replacement
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because they can be amplified in fully-defined rodent free media and can be
stably stored, and maintain a normal karyotype and differentiation potential
for years.1,2 Pre-implantation or blastocyst-stage embryos can be obtained
from supernumerary embryos during in vitro fertilization procedures, by
somatic cell nuclear transfer or parthenogenetic activation of the egg.3,4

Currently, ESCs are the most vigorously studied of all stem cell types.
Techniques for directing their differentiation are well advanced. A number
of studies have demonstrated that rodent ESCs can be differentiated into
neuronal5−8 or glial fates.9−12 Human ESCs have been differentiated into
multipotent neural precursors,13,14 low purity motor neurons15 and recently
into high purity oligodendrocyte progenitors.16,17

Remyelination by Endogenous Cells

Remyelination is a component of human and rodent demyelinating diseases
and insults, and is recognized by its thin and short myelin sheaths. Newly
generated myelin is likely formed in a process similar to myelination during
development, as evidenced by the re-expression of developmentally regu-
lated genes during the process.18,19 Remyelination by endogenous cells has
been observed in the brains of MS patients within shadow plaques, which
are partially remyelinated lesions.20

The cell type responsible for remyelination in the adult central nervous
system (CNS) is currently under investigation. Several studies indicate that
cell division is a necessary pre-requisite for remyelination,21 which suggests
a role for progenitors. MOG-positive oligodendrocytes have been suggested
to play a role in the process, as they are present within demyelinated MS
plaques and may have the capacity to form new myelin sheaths.22 How-
ever, little evidence exists to suggest that differentiated oligodendrocytes
are able to revert to a proliferating state. The bulk of evidence in the liter-
ature suggests that remyelination is accomplished by NG2 positive and/or
platelet-derived growth factor expressing adult progenitor cells.21,23−26

Endogenous27 or transplanted mature oligodendrocytes28 are not capable
of remyelination in experimental models of demyelination.

Unfortunately, remyelination failure is more prevalent than its success.
Remyelination failure is best illustrated by lesions in the later stages of
MS, which are characterized by demyelination and oligodendrocyte loss,
with remyelination limited to the borders of inactive plaques.29 Remyeli-
nation has been shown to be less successful in older animals.30 Animal
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studies suggest that endogenous progenitor cells are depleted by recurring
demyelinating episodes. However, oligodendrocyte progenitor cells (OPCs)
are present even in chronic MS lesions.20,31 However, adult OPCs, which
have poor migratory ability,32 and require extended growth factor exposure
to rapidly proliferate,33 may not have the regenerative capacity necessary
for extensive remyelination in the adult CNS. Remyelination failure may
also be a result of astrogliosis, which may ensheath demyelinated axons
and thereby prevent OPC access to demyelinated axons,16 or by expres-
sion of molecules that inhibit OPC maturation or oligodendrocyte myelina-
tion. For example, astrocytes within demyelinated lesions express Jagged1,
the ligand for oligodendroglial Notch1 receptors, which inhibits oligoden-
drocyte differentiation and process outgrowth when bound; notably, these
studies found that Jagged1 expression was negligible within remyelinated
lesions.34 Current research suggests that the failure of remyelination is
likely a combination of environmental factors at the site of the lesion and
the relatively dormant nature of endogenous adult OPCs.

Demyelination as a Cellular Replacement Target

Loss of myelin is prevalent in a number of CNS disorders such as spinal cord
injury, brain injury and stroke, and affects a large number of patients.35–37

Recently, demyelination has been associated with functional deteriora-
tion related to Alzheimer’s disease,38 normal aging,39,40 and psychiatric
disorders such as schizophrenia.41,42 Overlapping pathology associated
with most CNS insults make it difficult to assess the functional deficits
attributable to demyelination. However, remyelination has been shown
improve locomotion in animal models43,44 and to restore saltatory con-
duction in axons.45–47 Remyelination of demyelinated axons may also
decrease axonal degeneration and transection.48–50 The success of remyeli-
nation during acute stages of human demyelinating insults, and in experi-
mental demyelination, which usually models acute injury, suggests that the
therapeutic window of opportunity is narrow. This period of time represents
an opportunity for transplantation approaches to repair.

In a recent report, we documented the extent of demyelination and
remyelination from 1 to 450 days following contusion SCI. Microscopic
analysis 1 week after contusion injury indicated widespread tissue loss
and demyelination within the spinal cord (Fig. 1a). At this time, very little
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Fig. 1. Spinal cord contusion injury resulted in widespread demyelination at early and late time points post-injury. (a) Spinal cord contusion
injury resulted in a loss of tissue structure within the central region of the spinal cord by 1 week post-injury. This image is from a tissue section
at the injury epicenter. (b) Demyelinated axons were consistently found in intimate juxtaposition to other demyelinated axons throughout the
dorsal, lateral, and ventral columns at 14 days post-injury. (c) Demyelinated axons were most often separated from one another and surrounded
by thick fibrous astrocytic processes (AP) at 120 days post-injury. (d) Quantification of demyelinated and remyelinated axons at different
time points post-injury. The number of axons at the six cranial and six caudal levels examined for all animals within a group were averaged
to generate each point on the graph. The number of demyelinated axons was high at 1 day post-injury and decreased substantially by 7 days
post-injury. Thereafter, demyelination was a chronic and progressive phenomenon. Both oligodendrocyte and Schwann cell remyelination
was present at all subsequent time points post-injury. (e–h) Quantification of demyelinated axons throughout the craniocaudal axis of the
spinal cord at 1 (e), 28 (f), 120 (g), and 450 (h) days post-injury. Demyelinated axons were concentrated around the injury site except for 120
days post-injury, when the craniocaudal pattern of demyelination reversed, being lowest around the injury site and relatively higher cranial
and caudal to the injury site. Demyelination increased in a statistically significant manner from 70 to 450 days post-injury, indicating that
demyelination was a chronic and progressive phenomenon. 4× for (a); 33,000× for (b) and (c).
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grey and white matter remained at the lesion epicenter, which was sur-
rounded by inflammatory cells, cavitations and an increased extracellular
space. Demyelinated axons were evident among lymphocytes and debris-
laden macrophages (Fig. 1b). By 70 days post-injury this area was pre-
dominantly scar tissue. Microscopic analysis revealed demyelinated axons
present among very few lymphocytes and surrounded by a dense astrocytic
scar and fibrous matrix (Fig. 1c). Normally myelinated axons were present
at all time points in the area of surviving tissue (data not shown).

Quantification of the extent of demyelination revealed a high number
of demyelinated axons on day 1 at the injury epicenter (Figs. 1d and 1e).
This was probably the result of the initial mechanical insult to the spinal
cord, resulting in myelin loss around many axons that would go on to die.
The total number of demyelinated axons decreased substantially by seven
days post-injury (Fig. 1d), and was maintained (Fig. 1f). The number of
demyelinated axons markedly increased at 120 and 450 days post-injury
(Figs. 1g and 1h). This increase in demyelination at later time points sug-
gests that demyelination is a chronic and progressive event. This evidence
demonstrates that oligodendrocyte death and myelin loss is not a static
phenomenon after an initial insult. Demyelination increases up to at least
450 days post-injury. This study and others support the idea that demyeli-
nation after SCI is a chronic and progressive phenomenon.

Remyelination as a Therapeutic Strategy

Demyelination following spinal cord injury is a therapeutic target for cell
replacement strategies. A remyelinating population of transplanted cells
will be required to perform their function at or very near the site of implan-
tation and they will not be required to extend processes to a distant target.
The myelinogenic potential of rodent9,12,51 and human14,16,17 ESC deriva-
tives has been well documented following transplantation into a variety of
animal models of demyelination and dysmyelination.

Remyelination has been shown to result from the transplantation of
oligodendroglial lineage cells,16,46,52−55 Schwann cells,56−60 olfactory
ensheathing cells61–64 and various types of stem cells.9,10,16,17,65−68

These cells are strongly influenced by the environment of the host. To be
successful, cell replacement strategies will need to address this issue. There-
fore, it is necessary better understand what types of environments support
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transplant-mediated remyelination so as to determine whether transplanta-
tion represents a viable treatment strategy for demyelination.

We investigated the ability of the complex and reactive disease state
of the chronic demyelinating MHV model of MS to support transplant-
mediated remyelination. This model provides an environment of ongoing
demyelinating pathogenesis, and is thus distinct from gliotoxin lesions.
Striatal neural precursors derived from postnatal day 1 mice were commit-
ted to a glial cell lineage and labeled with bromodioxyuridine (BrdU) as
previously described.55,69

After 7 days on an adherent substrate, differentiated stem cells were
identified by their morphology and immunolabelling. Quantification of
the transplant population indicated that 85% ± 10.7% (range = 64–96,
median = 80) of the total cell population was BrdU immunoreactive
following an overnight pulse (Fig. 2c), and that the differentiation pro-
tocol yielded 67.4% ± 4.4% GalC-positive oligodendrocytes (range =
60–72, median = 66) (Fig. 2a), 26% ± 7.4% GFAP-positive astrocytes
(range = 20–40, median = 30) (Figs. 2b and 2c) and 6.6% ± 6.2% other
cell types (range = 1–13, median = 7), which included NeuN + neurons,
CD11b + microglia, and other Hoechst-positive cells not identified by the
immunostains tested.

Twelve days after MHV intracerebral injection, animals received a
single injection of 240,000 stem cell-derived glial precursors. The animals
survived for 3 weeks following transplantation during which behavioral
analysis was performed. Transplanted glial-committed progenitor cells sur-
vived, integrated into the spinal cord tissue and differentiated into mature
oligodendrocytes. Immunohistochemistry of BrdU pre-labeled cells indi-
cated that transplanted cells survived and spread throughout the medio-
lateral extent of the spinal cord, were present in highest concentration at
the sight of implantation and were detected 12 mm cranial to 10 mm caudal.

Transplantation of glial committed progenitors resulted in widespread
remyelination (Figs. 2f and 2g) ranging from 54% to 67% of the axons
extending 12 mm cranial and 10 mm caudal to the implantation site. The
number (Fig. 2f) and percentage (Fig. 2g) of remyelinated axons in non-
transplanted animals was significantly lower (p < 0.01) than in transplanted
animals, and composed less than 10% of the total number of axons counted.
This remyelination was accompanied by a significantly higher total number
of axons in transplanted animals. These data suggest that remyelination
resulting from transplantation of glial-committed precursors protects axons
from degeneration/transection.



January
12,2007

16:33
W

SPC
/B

ook
-SPI-B

448
Stem

C
ellR

epair
and

R
egeneration,V

ol.2
T

rim
Size

for
9in

x
6in

ch12

D
em

yelination
as

a
T

herapeutic
Targetin

SpinalC
ord

Injury
207

Fig. 2. (a) Multipolar GalC-positive (green) oligodendrocytes were abundant after 7 days of growth on adherent substrate in the absence
of growth factors (Hoechst-positive nuclei are blue). (b) GFAP-positive (green) astrocytes were also abundant after 7 days of growth on
adherent substrate in the absence of growth factors (Hoechst positive nuclei are blue). (c) The majority of cells (85% +/− 10.7%) were
BrdU-positive. This field illustrates BrdU-positive (red) GFAP-positive (green) astrocytes. (d) Electron photomicrograph of spinal cord white
matter from an MHV-infected mouse 33 days after induction of disease illustrating a demyelinated axon (arrow) and a normally myelinated
axon (arrowhead). (e) Demyelinated axons were present in transplanted and non-transplanted animals; their numbers were not statistically
different (p > 0.05), reflecting ongoing pathology. (f) Remyelination extended 8 mm cranial and 6 mm caudal to the implantation site (arrow)
in transplanted animals (the extent of tissue examined) and was significantly greater than the degree of remyelination in non-transplanted
animals at every point examined (p < 0.01). (g) Throughout this region, 54% to 67% of the total number of axons in the ventral and lateral
columns of transplanted animals was remyelinated. Remyelination in non-transplanted animals was significantly less at every point examined
(p < 0.01). 100× for (a) and (b); 200× for (c); 39000× for (d).
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In addition, transplantation significantly improved locomotor function.
MHV animals transplanted with glial-committed progenitors demonstrated
weight-supported walking with partial hindlimb weakness, whereas non-
transplanted animals remained paralyzed. This evidence demonstrates that
transplantation of glial-committed progenitors into an area of demyelination
results in remyelination and recovery of function. Although remyelination
was likely carried out by the transplanted cells, we cannot rule out the
possibility that remyelination was carried out by endogenous cells that that
may have been activated as a result of trophic support by the transplant
population.

The survival and migration of our gliogenic cell population in complex
environmental conditions does not indicate that they will respond similarly
in a normal adult CNS. Studies have shown that glial progenitor cells trans-
planted into an intact adult CNS fail to survive or migrate.70,71 However,
when transplanted onto a region of active demyelination, where survival
factors are elevated, glial progenitors survive and enter the lesion.72 These
findings suggest that the survival and migration of cell in our study was par-
tially due in the continuity of pathology throughout the region of migration.

The Need to Control Stem Cell Differentiation

The use of stem cells for the treatment of myelin loss required that sev-
eral technical challenges be overcome. Stem cells are easily influenced
by environmental factors and cellular deficiencies operating at the site of
implantation, which are difficult to control. Pre-differentiation of expanded
stem cell populations prior to transplantation is necessary to harness the
power of stem cells while circumventing the risk of undesired differen-
tiation. This is of particular concern in human neurodegenerative disease
states or injuries, which are much more complex than “physiologically
recipient” experimental models of acute demyelination. Cell-cell contact,
genetic modulation, and diffusible factors such as bone morphogenic pro-
tein, sonic hedgehog, and tissue specific growth factors, all contribute to
the complex regulation of cell differentiation and pattern formation in vivo.
Transplantation of multipotent cell populations into adult CNS injury sites
often results in extensive migration from the site of implantation, and the
generation of large numbers of astrocytes.73,74 Pre-differentiation of stem
cells prior to transplantation is a means to direct their post-implantation
fate.16,75



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch12

Demyelination as a Therapeutic Target in Spinal Cord Injury 209

Tumor formation is another significant risk for transplant strategies
involving stem cells, which increases inversely with the developmental
age of the transplant population. Transplanted ESCs by definition form
teratomas, which consist of endodermal, mesodermal and ectodermal
lineages.14 Pre-differentiation of ESCs prior to transplantation has been
demonstrated to be a beneficial therapeutic regime that does not result in
tumor formation.9,16

Oligodendrocyte Progenitor Derivation from hESCs

To address demyelination in human disease and injury states, we need
human oligodendrocytes in high purity, and in large numbers. ESCs are the
one tissue source that is capable of generating large amounts of tissue. One
of the greatest challenges to the ESC field is the derivation of high purity
cell populations. Our laboratory has recently demonstrated the ability to
derive a high purity population of oligodendrocyte progenitor cells (OPCs)
from human embryonic stem cells (hESCs).17 Benefiting from studies of
rodent and human stem cells over the past 20 years,76 we developed a
protocol for differentiating human oligodendrocytes and their progenitors
using federally approved hESCs. Our protocol resulted in a high yield of
high- purity OPCs.16,17

Briefly, one week after plating the spheres at low density in the absence
of growth factors, greater than 95% of the cells labeled with oligoden-
droglial markers GalC, RIP, and O4 (Figs. 3a–3d). Less than 5% of the
cells labeled for non-oligodendrocyte markers GFAP or TUJ1 (Fig. 3d). The
hESC-derived OPCs also expressed morphology characteristic of oligoden-
droglial cells.16,17

After derivation of high-purity OPCs, we then demonstrated their abil-
ity to integrate and display a functional phenotype in vivo. We utilized
the spinal cords of the shiverer mouse model of dysmyelination in order
to demonstrate that OPCs are capable of generating compact myelin.
Shiverer mice are homozygous for a mutation in the myelin basic pro-
tein (MBP) gene located on chromosome 18 (Mbpshi/Mbpshi), causing
severe myelin deficiency throughout the CNS.77 Such mice do not pro-
duce MBP which is essential for myelin compaction, and contain axons
that are devoid of myelin or are surrounded by one or two uncompacted
wraps of myelin.66,78 Because shiverer mice do not contain compact
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myelin or MBP, detection of multilayered compact myelin and MBP
immunostaining following transplantation into shiverer mice has been
used as the gold standard for demonstrating myelination from transplanted
oligodendrocytes.10,53,66,78–82

Six weeks after transplantation, spinal cord tissue was collected for
immunohistochemical analysis to determine cell survival and function
in the host. BrdU pre-labeling was used to determine cell survival and
migration. Immunohistochemical analysis of BrdU clearly demonstrated
that the transplanted cells survived and integrated into the white matter
(Fig. 3e). BrdU-labeled cells were present in transplanted animals 5mm
rostral to 5 mm caudal to the implantation site (the entire length of tissue
examined). In transplanted animals, BrdU and CC-1 double labeling was
evident throughout the white matter, indicating that the hESC-derived OPCs
differentiated into mature oligodendrocytes in vivo (Figs. 3e–3g). Electron
microscopic analysis demonstrated that non-transplanted shiverer mice did
not have multilayered compact myelin (Fig. 3h) or evidence of MBP pos-
itive staining. In contrast, shiverer mice transplanted with hESC-derived
OPCs contained multilayered compact myelin in patches throughout the
white matter (Fig. 3i) as well as patches of MBP positive staining in the
white matter.

Fig. 3. Terminal differentiation of human embryonic stem cell (hESC)- derived oligoden-
drocytes evidenced by immunocytochemical staining, 1 week after plating at low density in
the absence of growth factors. Greater than 95% of cells labeled with the oligodendroglial
markers GalC (a), RIP (b), and 04 (c). (d) Quantitation of immunolabeling. Error bars
illustrate standard deviation. (e–g) hESC-derived oligodendrocytes integrate, differentiate
and display a functional myelinating phenotype following transplantation into the shiverer
mutant mouse. (e) BrdU immunostaining illustrating the presence of transplanted BrdU pre-
labeled cells within the spinal cord white matter. BrdU pre-labeled cells were found almost
exclusively within spinal cord white matter. (f) CC-1 immunostaining on the same section
as (e) illustrating oligodendrocytes. (g) Composite of BrdU and CC-1 double immunostain-
ing, illustrating that transplanted BrdU+ cells adopted the oligodendroglial marker CC-1.
Arrows point to double labeled cells; arrowheads point to BrdU-CC-1+ cell (endogenous
shiverer oligodendrocytes). These panels indicate that transplanted BrdU pre-labeled cells
survived and integrated within the spinal cord white matter, and became oligodendrocytes.
(h) Electron micrograph illustrating that axons of shiverer mice are devoid of myelin or are
surrounded by one or two uncompacted wraps of myelin. (i) Electron micrograph of the dor-
sal column white matter of a shiverer mouse 6 weeks after transplantation of hESC-derived
oligodendrocyte progenitors, illustrating multilayered compact myelin 200× for (a); 400×
for (b); 100× for (c); 400× for (e–g); 33,000× for (h) and (i).
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These findings demonstrate the ability to derive a high purity population
of OPCs from hESCs and that transplantation of these cells into an envi-
ronment of demyelination results in integration, differentiation into oligo-
dendrocytes and expression of a functional phenotype, thereby confirming
oligodendrogliogenesis.

Transplantation of hESC-Derived OPCs into SCI

To assess the viability of hESCs as a cell replacement therapy for demyeli-
nation and restoration of function, we transplanted hESC-derived OPCs
into a rodent model of SCI. We transplanted these cells into rat spinal cords
7 days (acute) and 10 months (chronic) after contusion injury.

OPCs transplanted 7 days following SCI survived, migrated 11 mm
rostral and 3 mm caudal to the injury site and double labeled for BrdU
and CC116 suggesting that the transplanted OPC differentiated into mature
oligodendrocytes in vivo. Electron microscopic analysis demonstrated
that acute transplantation of hESC-derived OPCs resulted in a signifi-
cant increase in the density of oligodendrocyte myelination compared to
human fibroblast (hFb) transplanted or DMEM controls (Figs. 4a–4c). We
assessed the tissue for the extent of normally myelinated, demyelinated,
oligodendrocyte or Schwann cell remyelinated axons around the injury

Fig. 4. Toluidine blue-stained transverse section (a) and electron micrograph (b) illustrat-
ing robust oligodendrocyte remyelination (labeled R, with characteristically thin myelin
sheaths) amongst few normally-myelinated axons (labeled N). (c) Anti-GFP and anti-
neurofilament double immunostains illustrating highly branched GFP + OPCs (labeled
O) extending processes that ensheath nearby neurofilament + axons (arrows), confirming
that remyelination was carried out by eGFP-labeled transplanted cells. (d) From approxi-
mately 3 weeks post-implantation for the duration of testing, animals that received 250,000
hESC-derived OPCs consistently demonstrated significantly greater locomotor capabilities
(p < 0.01) as compared to controls, as determined using the BBB locomotor rating scale.
(e) Electron micrograph of the transplant environment at 10 months post-injury, illustrat-
ing axons surrounded by enlarged intermediate filament-rich astrocytic processes, which
occupied virtually all of the extracellular space. (f) The degree of locomotor recovery in
animals that received 1.5 million cell-transplants was not significantly (p > 0.1) different
from those that received vehicle-only injections, regardless of the severity of injury. 400×
for (a); 3000× for (b); 600× for (c); 3000× for (e).
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site. Quantification indicated that the density of oligodendrocyte remyeli-
nated axons was significantly (p < 0.01) higher in OPC transplanted animals
as compared to hFb-transplanted or DMEM injected control animals. OPC
transplanted animals also contained significantly (p < 0.01) lower densities
of demyelinated and Schwann cell remyelinated axons when compared
to hFb-transplanted or DMEM injected control animals.16 These findings
indicate that transplanted hESC-derived OPCs effected robust remyeli-
nation, and suggest that the transplanted cells out-competed endogenous
Schwann cells in the remyelination of axons around the injury site.

Behavioral analysis of animals transplanted at 7 days post-injury
demonstrated a significant improvement in locomotor function (Fig. 4d).
Animals transplanted with hESC-derived OPCs at 7 days performed sig-
nificantly better on the BBB locomotor test than those transplanted with
hFb or DMEM. Furthermore, animals that received OPCs at 7 days also
exhibited improved motor scores using a four-parameter kinematic analy-
sis when compared to controls. Taken together these data illustrate that
transplantation of high-purity hESC-derived OPCs into SCI results in
migration from the implantation site, integration into the white matter,
remyelination of spared axons and subsequent recovery of function. This
suggests that acute SCI may be a viable target for hESC-derived OPCs.

When OPC were transplanted at 10 months after SCI the cells again
survived, migrated 11 mm rostral and 1 mm caudal to the injury, and inte-
grated into the host tissue. Immunohistochemical analysis revealed that the
transplant population double labeled for BrdU and CC1, indicating that
they differentiated into oligodendrocytes.

Although hESC-derived OPCs transplanted into a chronic spinal cord
injury survived and integrated into the host tissue, the cells failed to
remyelinate spared axons. Normally myelinated and demyelinated axons
were present; however, they were surrounded by thick astrocytic processes
(Fig. 4e). Histological analysis illustrated that almost all of the extracellular
space was occupied by astrocytic processes (Fig. 4e). Quantitative analy-
sis demonstrated no significant difference in oligodendrocyte remyelinated
axons in OPC-transplanted animals compared with controls. As expected
based on histological evidence, animals transplanted with OPCs at 10
months did not show any locomotor improvement on the BBB compared
to control animals (Fig. 4f). These data indicate that there is a therapeutic
window for the functional benefits of OPC transplantation. OPCs trans-
planted into a chronic SCI did not remyelinate or contribute to locomo-
tor improvement. This is likely due to widespread astrocytic scarring at
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the injury site. The demyelinated axons were completely surrounded by
astrocytic processes and the transplanted OPCs were unable to remyelinate
them. Furthermore, these studies suggest that there is a therapeutic window
of opportunity for remyelination and functional locomotor improvement
following cell transplantation into SCI.16

Challenges for hESCs as a Clinical Cellular
Replacement Strategy

The ability to derive myelinogenic transplant populations from stem cells
and their success in mediating remyelination in experimental models does
not guarantee their success in human demyelinating diseases. The complex
nature of the lesioned human CNS presents several challenges that must
be well understood and overcome before cellular transplant therapy will be
successful.

Firstly, transplanted cells may be exposed to the same innate environ-
mental conditions that led to the progression of the initial pathology. In
immune-mediated demyelinating disorders such as MS, it is conceivable
that the underlying inflammation may compromise the transplant, and the
transplant could trigger autoaggressive inflammation that exacerbates dis-
ease. Long-term studies must be undertaken to understand the survival of
transplanted cells in the chronic disease state. Secondly, the inability of glial
progenitors to migrate through normal tissue71 renders them less than ideal
for remyelinating disparate foci of demyelination as seen in clinical disease.
Although intracerebroventricular administration of myelinogenic transplant
populations results in widespread dissemination and myelination in mul-
tiple animal models,83 biodistribution outside of the targeted disease sites
increases risk in the clinical setting. Thirdly, the glial scarring that is present
in chronic lesions may interfere with the ability of a transplant population
to extensively remyelinate. Fourthly, our inability to control inflammation
within demyelinating lesions is likely to influence remyelination. Although
inflammation may exacerbate rejection of the transplant, it has been shown
to enhance migration and remyelination by transplanted cells.83,84 This is
especially problematic for immune-mediated disorders such as MS, where
patients are treated with immunomodulatory agents. Lastly, preventing
rejection of transplanted cells will likely require life-long immunosuppres-
sion, if methods to induce tolerance in transplant recipients85 or generate
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stable transplant populations with the genetic make-up of the donor86 are
not successful or commercially viable.

Summary

Recent research on human embryonic stem cells has demonstrated their
ability to perform multiple beneficial functions following transplantation
and their exciting therapeutic potential, but this is not without caution.
These cells have enormous capacity for self-renewal, which is advanta-
geous for human cellular replacement strategies, but have the potential to
lead to teratomas. Pre-differentiation of hESCs is necessary to reduce the
likelihood of tumor growth and increase the likelihood that the transplant
population will survive and maintain their desired phenotype in the host.
These cells can be driven to yield a high purity population of a desired
lineage for a specific cell replacement strategy, reducing the influence of
environmental signals on the transplant population. Although hESCs may
be ideally suited for transplant-mediated remyelination, the environment
of human demyelinating pathologies is not. The complex nature of human
demyelinating diseases presents significant challenges that must be over-
come before cellular replacement strategies become a clinical reality.
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Microchimeric Foetal Stem Cells and
Non-Invasive Prenatal Genetic

Diagnosis

Magued Adel Aziz Mikhail

Introduction

Stem cells are a subject of great research interest and may in the near future
provide the basis of new therapies for damaged or lacking cells, tissues or
even organs. Cell-based therapy, often referred to as regenerative medicine,
is a promising field; thus, encouraging the scientists to invest time and effort.
The eventual isolation of stem cells and the studies on their biology have led
to new important insights into biology, development, tissue regeneration,
pathological conditions and cancer. All of these came into existence by
applying “stem cell thinking” to already known processes. More medical
applications of stem cells are expected in the future, especially if all the
aspects of stem cell research are pursued in a safe, harmless and regulated
manner.

Non-invasive prenatal genetic diagnosis could be one of those fields
that could also benefit from the clinical application of stem cells. Foetal
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and prenatal medicine is a rapidly expanding field and the develop-
ment of methods for isolation and detection of foetal cells from mater-
nal blood has evolved into an important research area, which shows
promise for future applications in non-invasive prenatal diagnosis.1 Early
prenatal determination of foetal gender is important and is an advan-
tage to parents who are known to be at risk of X-linked genetic disor-
ders or conditions associated with ambiguous development of external
genitalia.2

The development of a low-cost, low-risk, reproducible, reliable and non-
invasive method based on the retrieval of rare foetal cells from peripheral
venous maternal blood will render testing practical for the general pop-
ulation. If chromosome and single-gene analysis could be accomplished
non-invasively, prenatal diagnosis could then be offered to all pregnant
women. Reliable prenatal genetic diagnosis currently involves the anal-
ysis of foetal cells cultured after recovery by using invasive procedures,
such as chorionic villus sampling (CVS), amniocentesis and umbilical cord
sampling.

These procedures are costly and require special skills and each pro-
cedure is a significant risk to the mother and foetus. Invasive procedures
are generally not offered to all pregnant women but only to those who are
at high risk: 35 years and older, women with abnormal maternal serum
marker detected by screening, ultrasound detection of foetal abnormalities
and increased likelihood of a single-gene disorder.

Amniocentesis

Amniocentesis is the most common procedure at present. It is normally
carried out in the second trimester between the 15th and 18th week of
pregnancy, this timing is determined since there is a need for the test
to be carried out late such that it would result in a consistently suc-
cessful outcome. We need 2–3 weeks for the cells to be grown before
the results are available. Decisions have to be made quickly, especially
if a termination is indicated. The risks associated with this procedure
include a 0.5% to 1% foetal loss rate and a rare chance of either sep-
sis in the mother or needle puncture in the foetus.3 A slight increase in
postural deformities (Talipes) and respiratory difficulties in the neonate
have been reported. Beside its known hazards, amniocentesis should not
be used if there is an active vaginal infection, uterine abnormalities or
fibroids.
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Chorionic Villi Sampling

CVS allows for the karyotyping of the foetus during the first trimester of
pregnancy. The test is performed at 10–13 weeks by taking a small sample
of the chorion using a needle directed by ultrasound. This can be done either
by a trans-cervical or by a trans-abdominal approach. The trans-cervical
route is associated with a greater risk of infection, ruptured membranes and
abortion.4 This test allows for an earlier diagnosis of abnormality than mid-
term amniocentesis but there is a slightly weaker correlation between the
resultsobtainedby thismethodand thoseobtainedbyamniocentesisbecause
of the mosaicism confined to the placenta (the placenta may have cells with
an abnormal complement of chromosomes even though the foetal karyotype
is normal). The foetal loss rate with this technique is about 3% to 4%.4

Also CVS should not be performed if neural tube defects are suspected
or if the placenta is abnormally positioned.

Foetal Blood Sampling, Also Called Cordocentesis

Cordocentesis allows a blood sample to be taken from the umbilical vein,
where it is attached to the placenta, allowing for a number of tests to be
performed including PCR and karyotyping. The major risks of this tech-
nique are foetal exsanguinations, haematoma of the cord, chorioamnionitis
and about 6% above the normal foetal loss rate.3

Maternal Serum Screening

In maternal serum screening, specific proteins produced by the foetus or
placenta are measured and compared with population standards. The ability
to detect abnormal levels of hormones and other proteins in the maternal
blood has long been the goal of clinicians. Probably, the best known test is
the triple screen designed to assess the risk of a mother carrying a foetus
suffering from trisomy 21 (Down’s syndrome), neural tube defects, trisomy
18, trisomy 13 and sex chromosome aneuploidy.

Prenatal Imaging

Ultrasound, normally used to screen pregnancies, can also be used as a diag-
nostic tool for structural abnormalities that are known to be found within
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a family but have no known chromosomal or molecular defects. Many
ultrasonographic markers have been associated with trisomy 21, including
nuchal fold thickening, cardiac defects and shortening of the long bones.5

Targeted foetal ultrasonographic assessment performed in referral centres
identifies 40% to 60% of foetuses with trisomy 21.

Foetal Cells in the Maternal Circulation

Over the past 20 years there has been much interest in the development of
non-invasive techniques. Of these, isolation of foetal cells from the maternal
circulation early in pregnancy could replace existing methods since it should
allow exact genetic diagnosis without risks to the foetus. Despite the variety
of foetal cells recognised in the maternal circulation, including trophoblast
cells, nucleated erythrocytes, leucocytes, platelets and progenitors, non-
invasive prenatal diagnosis has been hampered by technical challenges in
enrichment, identification and diagnosis. In particular, current strategies
for prenatal diagnosis on foetal cells in the maternal circulation are limited
due to the lack of a cell type present only in foetal blood and by the low
frequency of the trafficking foetal cells.6–8

Although more than a century has elapsed since Schmorl9 demon-
strated the presence of trophoblasts in the pulmonary circulation of pregnant
women who had died of complications of eclampsia. Douglas et al.10 identi-
fied circulating trophoblasts in 1959. Foetal cells in maternal blood were not
considered as a material for prenatal genetic diagnosis until Walknowska
and Grumbach11 observed male cells among cultured lymphocytes obtained
from 21 pregnant women, 19 of whom subsequently delivered male infants.
These findings were later validated by other investigators, who reported the
presence of cells with Y-chromatin in the circulation of women pregnant
with male foetuses.11

Herzenberg and co-workers12,13 used fluorescence-activated cell sort-
ing (FACS) to detect and isolate foetal cells in the late 1970s and early
1980s. Convincing evidence with regard to the existence of foetal cells in
maternal blood came in 1990 with the application of molecular methods to
detect unique amplified foetal DNA sequences from cellular components
of the blood of pregnant women.14,15 Bianchi et al.16 found foetal ery-
throblasts identified by Y chromosome sequences in a small series of male
pregnancies using FACS for enrichment of foetal erythroblasts from the
maternal blood.16 This apparent ability to select foetal nucleated red blood
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cells (FNRBC) with FACS led Bianchi and others to couple it with fluo-
rescence in situ hybridisation (FISH) with chromosome-specific probes to
identify foetal aneuploidies.17–21

Methods of Foetal Cell Isolation
Since the examination of millions of nucleated cells present in a small
volume of blood is time- and labour-intensive, attempts at foetal cell iso-
lation and analysis have used some processes intended to separate foetal
from maternal cells, or to enrich the cell sample population for foetal cell
percentage presence. Enrichment by FACS or magnetic-activated cell sort-
ing (MACS) is used to separate one type of cell from another. FACS uses
physical parameters, such as cell size, in addition to antibody recogni-
tion of single cells to mechanically direct targeted cells into a collection
vessel. MACS traps the cell in an iron–antibody complex and attracts
it to a magnetised surface from which it can subsequently be freed and
collected.22

To test the approaches for using foetal cell properties, many researchers
constructed model systems using cord or foetal blood cells, or CVS cells
seeded in adult blood to mimic the behaviour of foetal cells in the mater-
nal circulation.23–26 Usually, there are initial steps to deplete or eliminate
unwanted cells beginning with the mature, enucleate red cells and then pro-
gressing towards unwanted maternal nucleated cells. This may or may not
be followed by some step intended to “select” or deliberately sort out foetal
cells from the remaining background of maternal cells. Initial steps have
included bulk separation, lysis and various forms of selective centrifugation.
Many protocols begin with some form of density gradient centrifugation
intended to concentrate mononuclear cells (including erythroblasts) in a
discrete “band” of cells at a specific density controlled by the composition
of the gradient.

Numerous methods for isolating foetal cells from maternal peripheral
blood have been developed, including density gradient centrifugation,27,28

MACS of FNRBC29–31 or trophoblast,32–34 flow cytometry,16,17,35–37

micromanipulation of individual cells,38–40 selective lysis41 and charge
flow separation.42 These methods required high levels of experience and
when successful, yielded only a few foetal cells.

Trophoblasts are interesting cells because they are specific to pregnancy
and are unique to the embryo; however, their large size and being multinu-
cleated or anucleated,43 and not being consistently detected in the maternal
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circulation and difficult to separate from maternal circulation44 make them
problematic to study.

After Bianchi’s success, most people ignored the trophoblast in favour
of the erythroblast.22

Many researchers have selected nucleated red blood cells (NRBC) as
the target cells for the development of non-invasive prenatal diagnosis in
maternal blood as it is the most common foetal blood cell.22

Foetal NRBC are commonly targeted with anti-CD71 antibody to the
transferrin receptor, but this labels other foetal nucleated cells and adult
cells as well.22 Erythroblasts have several advantages, such as their relative
abundance in the early foetal circulation, the expression of antigens that
allows their enrichment and identification, and their short life span, which
precludes the isolation of foetal cells from previous pregnancies.45–47

The disadvantage of NRBC is that they cannot be expanded in culture,
thereby ruling out metaphase chromosome analysis, an essential component
of prenatal diagnosis. Moreover, a recent report presenting the summary
of first five years of NIFTY study (National Institute of Child Health and
Human Development Foetal Cell Study) revealed that the foetal male NRBC
could be detected in only 48% of the samples in which MACS was employed
as the enrichment.48

Leucocytes are long-lived cells and may potentially cause culture con-
tamination with foetal cells from previous pregnancies.24

Foetal Cell Microchimerism

Foetal cell microchimerism, originally described in mice, is defined as the
presence of a small number of foetal cells in the maternal blood and tissues
without any apparent graft versus host reaction or graft rejection.49 Foetal
cells can persist in the maternal blood or tissues for decades, creating a state
of physiologic microchimerism in the parous woman.

Foetal cells enter the maternal circulation during all pregnancies50 but
are very rare. The number of foetal cells entering into the maternal circula-
tion may be influenced by foeto–maternal histocompatibility.51 Near term,
at 36 weeks of gestation, 100% of pregnant women have foetal cells in their
circulation.50

The amount of foetal cell transfer to the maternal circulation is also
affected by foetal and placental abnormalities.
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There is an increased foeto–maternal cell transfer in cases of foetal
aneuploidy,52 maternal pre-eclampsia, toxaemia of pregnancy53 or follow-
ing terminations of pregnancy.54 The latter was shown by meta-analysis
where a reproductive history that includes an elective termination or an
early foetal loss is associated with a higher incidence of microchimerism in
maternal tissues probably due to increased transfusion at the time of loss or
to the transfer of a cell at an early developmental stage that is more likely
to engraft in the mother.51 After delivery this fraction rapidly decreases. In
as many as 90% of healthy postpartum women, foetal cells were detected
by examining peripheral blood mononuclear cells.55

Although difficult to detect, foetal cell microchimerism is a widespread
phenomenon and it is now accepted that foetal cells are transferred to the
maternal circulation during all human pregnancies and persist for decades
after delivery.51

Foetal cells may play a role both in the mother’s peripheral circulation
and in her tissues during gestation. During pregnancy, foetal cells have been
shown to reflect the biology of pregnancy by being associated with dermato-
logic disorders, such as polymorphic eruption of pregnancy56 and systemic
disorders, such as pre-eclampsia.57 Foetal microchimeric cells were also
present in higher numbers in women with some autoimmune diseases, such
as systemic sclerosis, than in control groups58–62 and non-autoimmune dis-
orders, such as hepatitis C63 and cervical cancer.64 Thus, foetal cells were
associated with the maternal response to injury as opposed to causing dis-
ease. A non-invasive procedure based on the retrieval of microchimeric
foetal cells circulating within the maternal blood for antenatal genetic anal-
ysis would enable foetal testing without risking the pregnancy. Male and
female foetal cells cross the placenta in equal numbers. However, it is
quicker and easier to detect the presence of chimeric male cells due to the
universal nature of the Y chromosome, which is uniquely present in foetal
cells and absent in maternal cells (Fig. 1).

Foetal Cells and Non-invasive Prenatal
Genetic Diagnosis

Foetal cells enter the maternal circulation during all pregnancies50,65

and have long been considered the Holy Grail of non-invasive prenatal
diagnosis.6 Molecular technology has provided definitive evidence of foetal
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Fig. 1. Normal male cell among female cells identified by the FISH technique: the red
spot marks the X chromosome and the green spot the Y chromosome.

nucleated cells in the circulation of pregnant women,14,66 from as early as
4–6 weeks’gestation.67 Using foetal cells isolated from the maternal periph-
eral blood might allow prenatal genetic diagnosis to be performed earlier
than currently possible.

Different types of foetal cells were found to be present in the mater-
nal circulation during pregnancy offering a promising approach for non-
invasive prenatal diagnosis and including haematopoietic progenitors and
stem cells,68,69 nucleated red blood cells (NRBC or erythroblasts),16,70,71

leucocytes72 and trophoblasts.32,40,44

The Challenges of Isolating Foetal Cells from Maternal
Peripheral Blood
Although the presence of foetal cells in the maternal circulation has been
proven beyond any doubt, the clinical application of the techniques devel-
oped so far is not yet feasible.1 Targeting the foetal cells has proved to
be technically challenging because of three main problems impeding the
isolation of foetal cells from maternal blood. The main problem is their
scarcity and low frequency in the maternal blood. The frequency of foetal
cells detected in the blood of pregnant women increases with the gestational
age73 occurring at a frequency of 1 foetal cell/ml of maternal peripheral
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venous blood in the normal second trimester of pregnancy as determined
when the total number of foetal cells was studied by quantitative PCR.74

The absence of suitable foetal cell markers and corresponding mono-
clonal antibodies is another serious challenge24,75,76 impeding the develop-
ment of a method for non-invasive foetal cell sampling for prenatal genetic
diagnosis.

A third problem in foetal cell analysis is the persistence of foetal cells in
the maternal circulation after delivery. The presence of residual foetal cells
from previous pregnancies in the maternal circulation can interfere with the
diagnosis of subsequent pregnancies. The ones most likely to persist are the
less differentiated cells.24,77

Overcoming the Challenges
To be useful in prenatal diagnosis, foetal cells must not only be separated
and distinguished from a vast majority of maternal cells but also must be
enriched to an acceptable level of purity and unequivocally identified as cells
of foetal origin.36 Culture expansion of candidate cells could potentially aid
in overcoming some of the current difficulties by providing a larger number
of cells for molecular and cytogenetic analysis including dividing cells for
the metaphase karyotype analysis. Analysis of almost all the recovered
cells is also needed and this could be achieved by using automated image
cytometry.78

The detection and analysis of foetal cells is currently performed by the
FISH technique using chromosome-specific probes and PCR.

Foetal Stem Cells: The Solution?

A true stem cell can be defined as a primitive undifferentiated cell with high
capacity for self-renewal which can give rise to one or more specialised cell
types with specific functions in the body.79–81

Stem cells have three unique properties: they do not have any tissue-
specific structures that allow them to perform specialised functions (unspe-
cialised); they are capable of dividing and renewing themselves for long
indefinite periods without a change in phenotype; and they can give
rise to specialised cell types under certain physiologic or experimental
conditions.82,83 Some stem cells are characterised by the expression of
the CD34+ cell-surface antigen.84–86 Some studies have demonstrated that



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch13

232 M. A. Aziz Mikhail

the foetal blood presents a higher frequency of haematopoietic progenitors
than adult peripheral blood.85 The foetal microchimeric cell population
must contain stem cells that can proliferate because it is difficult to imagine
how fully differentiated foetal cells that have a short half-life without a self-
renewal capacity could regularly appear in the maternal blood, and tissue
decades after delivery51,87 also showed that the uterus is a dynamic organ
permeable to foetal stem cells capable of trans-differentiation. Taylor88 fur-
ther revealed that the uterus is an end organ in which adult bone marrow
stem cells may find a home and differentiate. Thus, the uterus can now be
thought of as a bi-directional conduit for stem cell transfer.89

The disparate ranges of foetal cell types that traffic into the maternal
bloodstream include haemopoietic stem cells (HSC) and non-haemopoietic
mesenchymal stem cells (MSC). Foetal haemopoietic progenitors have been
found in the maternal circulation from early gestation onwards. Foetal MSC,
which circulate in first trimester foetal blood, have been proposed as an alter-
native target cell for non-invasive prenatal diagnosis because they appear to
have no counterpart in adult blood and can be clonally expanded into a pure
source of foetal cells. However, although foetal MSC are likely to cross the
placenta based both on the theoretical considerations and on findings, foetal
MSC are detectable in a small proportion of maternal blood samples, and
they appear to circulate at very low numbers, making any application in the
field of non-invasive prenatal diagnosis unlikely.90

Nevertheless, following pregnancy, male foetal cells have been demon-
strated in the CD34+ compartment.77,91,92 They have also been found in
various sorted subsets of maternal peripheral mononuclear blood cells,55,93

suggesting that foetal microchimeric cells may be capable of engraftment
and differentiation along the haematopoietic pathway.

The haematopoietic progenitor CD34+ cell is an attractive candidate cell
and, because in all human pregnancies foetal progenitor cells that express
CD34 and foetal haematopoietic stem cells are transferred into the maternal
circulation,77 they have the potential to allow early prenatal diagnosis with-
out having to invade the gravid uterus.

The other advantage over other types of foetal cells is that CD34+
haematopoietic stem cells in maternal blood are clonogenic; hence, they
can be cultured and amplified to proliferate in vitro.36,68,94–96 Under
appropriate conditions these cells proliferate in culture even more rapidly
than those of adult origin.97 Targeting a cell capable of proliferation in cul-
ture partly alleviates the difficulties arising from the scarcity of foetal cells
in maternal blood. Enrichment of CD34+ stem cells from the peripheral
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mononuclear cells can be performed using MACS before FISH analysis is
performed. Target chromosomes can be identified using fluorescent probes.
Therefore, cells bearing theY chromosome identified among maternal cells
can demonstrate foetal cell migration to maternal blood during pregnancy.98

Foetal-specific markers for CD34+ cells have not been identified. Gender-
based detection with FISH or PCR is possible in the case of male foetus.
However, this approach does not provide an adequate solution because
female foetal CD34+ cells cannot be distinguished from maternal CD34+
cells.99 Female foetal cells can be detected using family-specific DNA
polymorphisms or uniquely paternally inherited genes.100

The concern has been raised that foetal CD34+ cells can persist in
the maternal circulation after delivery and potentially interfere with the
interpretation of results derived from circulating foetal cells in consecutive
pregnancies.24 Using either culture or analysis by FISH and PCR, Coata
et al.69 proved that foetal CD34+ stem cells in maternal circulation do
not affect diagnosis in later pregnancies by enriching CD34+ stem cells
from the peripheral blood of pregnant women including eight with male
foetuses, non-pregnant women who have given birth to male offsprings,
and women who have never been pregnant (Fig. 2). The analysis of cultured
CD34+ stem cells from mothers with positive Y PCR did not detect any
male cells in any sample. Coata et al.69 concluded that foetal stem cells
do not persist in the maternal blood and also explained the presence of
chimeric stem cells as long as 27 years postpartum by probably being of a
paternal origin since fallopian tubes are open to the peritoneal cavity and
cellular microchimerism may be induced by the sexual activities. The other
hypothesis is that foetal cells in maternal blood have been demonstrated to

Male foetal cell

Fig. 2. Illustration of foetal cells in peripheral maternal blood.
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have a mean half-life of 16.3 minutes and they are rapidly cleared from the
maternal circulation.101,102

Conclusion

During pregnancy, the foetal cells that enter the maternal circulation are
predominantly of haematopoietic origin, such as NRBC, lymphocytes or
haematopoietic stem cells.6,103 Trophoblasts and MSC also circulate within
maternal blood.104,105

Non-invasive prenatal diagnosis through isolation and diagnosis of rare
foetal cells present in the maternal circulation has been successfully demon-
strated in numerous experimental systems. However, a reliable reproducible
protocol that would enable application in a clinical-diagnostic setting is not
yet available.77

The rarity of foetal cells in the maternal circulation and the lack of
specific foetal cell markers is the reason for the most challenging difficulties
to isolate, identify and examine these cells. Sensitivity and recovery of foetal
cells is jeopardised by the minute number of circulating foetal cells and
their loss during the enrichment procedure. The clonogenic stem cells can
overcome the current challenging difficulties of the rarity of foetal cells and
is giving hope for the possibility of an accurate, non-invasive, reliable and
cheap prenatal diagnostic tool.

Foetal stem cells cross into maternal blood during pregnancy and thus
represent a potential non-invasive source of foetal genetic material for pre-
natal diagnosis.22 Targeting a cell type capable of proliferation in culture
would partly alleviate the difficulties arising from the scarcity of foetal
cells in maternal blood. Along these lines, the possibility of targeting foetal
CD34+ cells, since they proliferate in culture, have been identified in the
maternal circulation77 and is recommended.

Similar to many expanding fields of scientific inquiry, stem cells raise
questions and hopes as rapidly as generating new discoveries. Further
research is needed to explore the phenomenon of bi-directional foeto–
maternal cell trafficking.

The future studies will show whether the foetal stem cells could be
used to diagnose, as well as to increase our understanding of diseases that
occur in the mother during and after pregnancy. A reliable method to detect
the foetal gender and the presence of numerical or structural chromosomal
abnormalities is a possibility that will hopefully be achieved one day by the
non-invasive isolation and the direct examination of the foetal stem cells.
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The Role of Stem Cells in Liver and
Gastrointestinal Cancer

Malcolm R. Alison, Nicholas A. Wright and Simon Leedham

Introduction

Numerous studies point to the fact that many tumours are derived from
single cells (monoclonal), but the important question is, which cell? Stem
cell biology and cancer are inextricably linked. In continually renewing
tissues such as the intestinal mucosa and epidermis, where a steady 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
founder cells for the two major primary tumours, hepatocellular carci-
noma (HCC) and cholangiocarcinoma (CC), is more problematic. The
reason for this is that no such obvious unidirectional flux occurs in the
liver, although it is held that the centrilobular hepatocytes may be more
differentiated (polyploid) and closer to cell senescence than those cells
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closest to the portal areas. Moreover the existence of bipotential hepatic
progenitor cells (HPCs), along with hepatocytes endowed with longevity
and long-term repopulating potential suggests that there may be more
than one type of carcinogen target cell. Irrespective of which target cell is
involved, cell proliferation at the time of carcinogen exposure is pivotal
for the “fixation” of genotoxic injury into a heritable form. Taking this
view, any proliferative cell in the liver can be susceptible to neoplastic
transformation, whereas throughout the gastrointestinal tract the respec-
tive stem cell zones are the likely sites of transformation. An in-depth
discussion on the causes of cancer in the gut and liver are beyond the
scope of this chapter, but infectious agents such as Helicobacter pylori
and hepatotropic viruses, by virtue of causing chronic inflammation, play
a major role. Elevated epithelial proliferation in a milieu rich in inflam-
matory cells, growth factors and DNA-damaging agents (reactive oxygen
species and nitrogen species produced to fight infection) will lead to per-
manent genetic changes in proliferating cells. The up-regulation of the
transcription factor NF-κB in transformed epithelial cells may be critical
for tumour progression given the mitogenic and anti-apoptotic properties
of proteins encoded by many of NF-κB’s target genes.

Liver and Gut Cancer

Two major primary cancers of the liver are HCC and CC. HCC is the
fifth most common cancer worldwide and the third most common cause
of cancer death. HCC is defined by the World Health Organization as a
malignant tumour composed of cells resembling hepatocytes but abnor-
mal in appearance; a plate-like organisation around sinusoids is com-
mon and is nearly always present somewhere in a tumour. Most HCCs
(80%) arise in a cirrhotic liver, i.e. a situation where there has been long-
standing hepatocyte damage and chronic inflammation leading to fibrosis.
There are huge geographical variations in the incidence of HCC, with the
highest incidence in areas such as Eastern Asia and sub-Saharan Africa
where chronic hepatitis B virus (HBV) infection is a major risk factor.1

In Europe and the United States, the incidence of HCC is low but slowly
increasing, probably due to the rise in people infected with hepatitis C
virus. Apart from hepatotropic viruses, the other major risk factors for
HCC are those that led to cirrhosis such as alcohol abuse and metabolic
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liver disease, mutagens such as aflatoxins, and toxic metabolites of the
food mould Aspergillus sp.

CCs are believed to arise from biliary epithelium that is either within
the liver (intrahepatic) or extrahepatic. The tumour is much less common
than HCC, but its incidence and associated mortality has been increas-
ing steadily over the past two to three decades, with most tumours aris-
ing in persons over 50 years, suggesting that carcinogenesis is a pro-
tracted and (possibly) multi-step process.2 Injury to the biliary epithelium
with chronic inflammation, together with impedance of bile flow, are the
common factors in high-risk conditions for CC such as primary scleros-
ing cholangitis, hepatolithiasis (gall stones) and liver fluke infestation by
Opistorchis viverrini and Clonorchis sinensis. Thus, chronic inflamma-
tion features prominently in the histogenesis of both HCC and CC, where
the coordinated actions of the likes of iNOS and cytochrome c oxidase-2
(COX-2) will lead to oxidative DNA damage, cell proliferation and a sup-
pression of apoptosis.3

The cells that line the gastrointestinal tract are amongst the most
rapidly proliferating cells in the body with differentiated cells undergo-
ing continual replacement. They are also exposed to a hostile environment
as they come into close contact with numerous toxins and carcinogens
contained in digested food. Thus it is of little surprise that cancer of
the digestive system is common, with 255,640 new cases in the US
alone in 2004.4 Partly because of its rapid cell turnover and high can-
cer prevalence the gastrointestinal epithelium is an important tissue in
the understanding of cancer biology. Colonic polyposis syndromes were
first recognised 200 years ago, and it has been 100 years since inflam-
matory and adenomatous polyps were characterised.5 The observation of
familial cancer syndromes led to the establishment of polyposis registries,
with one of the largest starting at St Marks Hospital in London in 1925.
Work on the familial colonic cancer syndromes, including familial adeno-
matous polyposis (FAP), has led to a number of advances in the under-
standing of intestinal tumour initiation including the recognition that
many colonic adenocarcinomas arise from adenomas.6 The adenoma–
carcinoma sequence has subsequently been established as a stepwise pat-
tern of mutational activation of oncogenes and inactivation of tumour
suppressor genes that result in cancer.7 Malignant cells share a number
of characteristics with stem cells, such as the ability to self-replicate and
proliferate, and it is widely believed that the gastrointestinal stem cell is
the target for mutational changes.
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Stem Cells of the Liver and Gut

If we believe that tumours have their origins in normal stem cells, or at least
in cells with sufficient longevity to acquire multiple genetic mutations, then
we need to appreciate normal cell turnover in the liver and intestine.

Hepatic stem cells
Foetal liver is a source of bipotential progenitor cells (hepatoblasts) as
seen by their extensive colonisation of the diseased livers of rats after
transplantation.8 In postnatal animals, hepatocytes are highly differenti-
ated cells with multiple synthetic and metabolic functions; they are also the
functional stem cells in the liver under most circumstances. In health, indi-
vidual hepatocytes have a life expectancy of over a year. Therefore in the
normal adult liver, there is little cell proliferation detectable with only 0.01%
of hepatocytes in the cell cycle at any one time. However, in response to
parenchymal cell loss, hepatocytes restore the liver mass by self-replication.
This is a very efficient system and in rodents, when two-thirds of the liver
is resected (partial hepatectomy, PH), the remaining remnant can re-grow
to the original liver size in approximately ten days. This model has been
intensively studied and has provided much data on the mechanisms control-
ling liver regeneration.9,10 In response to this stimulus, normally quiescent
hepatocytes leave G0 to enter the cell cycle under the influence of many
growth factors. Hepatocyte proliferation begins in the periportal region of
the liver and spreads to the centrilobular region. This regeneration requires
each hepatocyte to undergo, on average, less than two rounds of replication
to restore the liver to its original size. This does not however mean that
hepatocytes have a limited replication potential. Hepatocyte transplanta-
tion models in mice have shown that hepatocytes are capable of significant
clonal expansion within the diseased livers of experimental animals. In the
fumarylacetoacetate hydrolase (FAH)-deficient mouse, a model of heredi-
tary type 1 tyrosinemia, there is strong positive selection pressure exerted on
transplanted wild-type hepatocytes as host hepatocytes readily undergo cell
death due to the cytoplasmic accumulation of fumarylacetoacetate (FAA).
Without transplantation, the FAH null genotype is lethal unless the mice are
protected by 2-(2-nitro-4-trifluoro-methylbenzoyl)-1,3-cyclohexanedione
(NTBC), a compound that prevents the accumulation of cytotoxic FAA.
When 104 normal hepatocytes from congenic male wild-type mice are intra-
splenically injected into mutant female mice and the NTBC treatment is
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withdrawn, these cells colonise the mutant liver efficiently.11 Moreover,
serial transplantations from these colonised livers to other mutant livers
indicated that at least 69 hepatocyte doublings can occur, thereby confirm-
ing the clonogenic potential of hepatocytes, meeting one of the main criteria
that defines stem cells.

The clonogenic ability of human hepatocytes in chronic hepatitis can be
indirectly estimated. Using mathematical modelling of viral kinetics it has
been estimated that in chronic HBV infection, between 0.3% and 3% of all
hepatocytes are killed daily and therefore replaced to maintain a stable liver
cell mass (this approximates to 109 of the liver’s 2 × 1011 hepatocytes).12

This is in accordance with the hepatocyte proliferation levels in chronic
hepatitis B and C, where proliferating cell nuclear antigen (PCNA) indices
of 0.1% to 3.6% are found, and Ki-67 labelling indices in hepatitis C of 1%
to 14%.13,14 In chronic hepatitis the parenchymal mass can therefore be
maintained through prolonged hepatocyte self-replication, and such cells
could be the target for DNA-damaging agents and thus initiation events.

The hepatocyte proliferation rate increases in hepatitis C with increas-
ing histological damage until cirrhosis is reached when the proliferation
rate falls.15 This fall in hepatocyte proliferation rate may represent hepato-
cytes coming to the end of their division potential and undergoing replica-
tive senescence,16 although other factors such as distortion of blood flow
through the liver are also likely to play a part. Whatever the reason, the
reduction in hepatocyte proliferation indices in chronic hepatitis occurs con-
currently with the activation of a potential stem cell compartment located
within the smallest branches of the intrahepatic biliary tree. This so-called
ductular reaction in human liver is equivalent to the oval cell reaction seen
in many rodent models of hepatocarcinogenesis. The development of an
oval cell reaction in response to hepatocyte replicative senescence has been
demonstrated in a transgenic mouse model of fatty liver and DNA damage.
In this model, the mice developed fatty livers and a large number of senes-
cent hepatocytes. A striking oval cell response developed in these mice
which related to the number of senescent mature hepatocytes.17

Following extensive liver damage or in situations where hepatocyte
regeneration after damage is compromised, a potential stem cell compart-
ment located within the smallest branches of the intrahepatic biliary tree
is activated. This “oval cell” or “ductular reaction” amplifies a biliary pop-
ulation of transit-amplifying cells that are at least bipotential, capable of
differentiating into either hepatocytes or cholangiocytes. Most rodent mod-
els of oval cell activation have employed potential carcinogens to inhibit
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hepatocyte replication in the face of a regenerative stimulus. For example
in the rat, protocols have included administering 2-acetylaminofluorene (2-
AAF) to inhibit hepatocyte proliferation before creating a demand for hep-
atocyte proliferation by PH or a necrogenic dose of carbon tetrachloride.18

The need to maintain parenchymal cell mass results in the development of
an oval cell response in the liver that spreads from the edge of the portal
tract to deep into the parenchyma (Fig. 1A). Oval cells are small cells with
a large nuclear to cytoplasmic ratio, in which the nucleus has a distinctive
ovoid shape. Because oval cells express some of the antigens traditionally
associated with haematopoietic cells (c-kit, flt-3, Thy-1 and CD34), there
was speculation that hepatic oval cells were directly derived from bone
marrow precursor cells. However, most studies now concur that the loca-
tion of a stem cell niche for oval cells is in the canals of Hering, which is

Fig. 1. (A) An oval cell reaction in the rat liver. Oval cells, highlighted by cytokeratin 19
immunoexpression, branch out from the portal tract (PT). (B) An extensive ductular reaction
in a human liver in response to parenchymal necrosis. Both hepatocytes and ductular cells
express cytokeratin 18, but the strongest expression is in the ductular cells.
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a transitional zone between the periportal hepatocytes and the biliary cells
lining the smallest terminal bile ducts.

The human counterparts to the oval cells described in rodent models are
often referred to as HPCs. These have been observed after severe hepato-
cellular necrosis, chronic viral hepatitis, alcoholic liver disease and non-
alcoholic fatty liver disease. It is thought that activation of the potential
stem cell compartment leads to the formation of reactive ductules, anasto-
mosing cords of immature biliary cells with an oval nucleus and a small
rim of cytoplasm (Fig.1B).

Differentiation towards the hepatocyte lineage occurs via intermediate
hepatocytes, these are polygonal cells with a size and phenotype interme-
diate between progenitor cells and hepatocytes (Fig. 2).19 After submas-
sive liver cell necrosis, reactive ductules, in continuity with intermediate
hepatocytes, are seen at the periphery of the necrotic areas. In patients
studied with sequential liver biopsies, intermediate hepatocytes become
more numerous with time and extend further into the liver lobule. This
sequence of changes suggests the gradual differentiation of human pro-
genitor cells into intermediate hepatocytes, analogous with what is seen in
rat models of chemical injury associated with impaired hepatocyte replica-
tion. Elegant three-dimensional reconstructions of serial sections of human
liver immunostained for cytokeratin-19 have shown that the smallest bil-
iary ducts, the canals of Hering, normally extend into the proximate third
of the lobule (unlike those in rodents), and it is envisaged that these canals
react to massive liver damage (akin to a trip-wire), proliferation and then
differentiation into hepatocytes.20 Oval cell numbers in human liver rise
with increasing severity of liver disease.21

There is also the possibility that some oval cells/hepatocytes could be
derived from circulating bone marrow cells (BMCs), although the results to
date have been highly variable ranging from non-existent in some studies
of long-term liver allografts to over 40% of hepatocytes being derived from
bone marrow. One suspects that this variation is partly due to differences in
the severity of parenchymal damage, but equally well may be a reflection of
the ability (or lack of it) of the intrahepatic stem/progenitor cells to mount
an effective regenerative response to damage.8

The “proof of principle” demonstration that bone marrow could cure
mice with a potentially fatal metabolic liver disease, hereditary tyrosine-
mia type-1, was a landmark publication.22 In the setting of liver failure,
wild-type bone marrow could apparently switch lineage determination and
differentiate into hepatocytes expressing the enzyme “fumarylacetoacetate
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Fig. 2. Ductular reaction in a case of massive hepatic necrosis due to acetaminophen tox-
icity, immunohistochemically stained for CK7. Note many intermediate cells are still with
a biliary-type staining pattern (CK7+), but with a morphology midway between cholan-
giocytes and hepatocytes (courtesy of Professor Tania Roskams with permission from John
Wiley Publishers).

hydrolase” (Fah), the component of the tyrosine catabolic pathway absent
in tyrosinemic (fah−/−) animals. Such lineage switching has been called
transdifferentiation or plasticity. However, it is now clear that the new func-
tioning liver cells in the fah−/− mouse are each the result of cell fusion
between a donor bone marrow-derived macrophage and an fah−/− hep-
atocyte nucleus.23 From an oncology point of view, the interest in such
heterokaryons is that many of these cells appeared to be genomically unsta-
ble, seemingly shedding chromosomes at random to become aneuploid.24

Although the exact significance of bone marrow-derived cells to liver dis-
ease is far from fully elucidated, the fact that damaged hepatocytes can alter
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the lineage commitment of haematopoietic stem cells (HSCs) towards that
of hepatocytes without the occurrence of cell fusion25 and that a number of
studies now report on the ability of human cord blood mononuclear cells to
give rise to hepatocytes in the liver of NOD/SCID mice (reviewed in Alison
et al.8), the possibility that primary liver tumours could be initiated in bone
marrow-derived cells cannot be discounted.

Intestinal stem cells
The immature, relatively undifferentiated nature of gastrointestinal epithe-
lial stem cells means that they are not directly identifiable and researchers
in this field in the past have had to rely on ingenious indirect methods
to identify their position and track their progeny.26 The putative stem cell
compartment position varies according to the location in the digestive tract.
Throughout the small and large intestine the luminal surface is clothed by
a simple columnar epithelial cell layer, with glandular invaginations called
crypts. Several of these crypts contribute epithelium to finger-like projec-
tions called villi in the small bowel. The cells of the intestinal epithelium
are arranged hierarchically, becoming progressively more differentiated as
they age and pass along the crypt-to-villus axis. The stem cell compart-
ment is believed to be at the origin of this axis, the base of the colonic
crypt and at cell positions 4 to 5 in the small bowel (reviewed by Brittan
and Wright27). The number of stem cells within each crypt is debated but
is generally believed to be between 4 and 6.28,29 Stem cells themselves
divide infrequently and it is the first few generations of stem cell daughters,
known as transit-amplifying cells, that proliferate in the lower part of the
crypt.30 Stem cells reside within a stem cell compartment or “niche”. This
is a group of epithelial and mesenchymal cells and extracellular substrates,
which provide an optimal microenvironment for stem cells to give rise to
their differentiated progeny. In the intestinal crypts, this is formed by a fen-
estrated sheath of surrounding mesenchymal cells which regulate stem cell
behaviour through paracrine secretion of growth factors and cytokines.31

Functionally, a niche is characterised by its persistence on the removal of
stem cells and the cessation of stem cell potential when cells are removed
from this niche.32 The rapid turnover of the gastrointestinal epithelium
means that differentiating cells are shed into the lumen and replaced every
few days; thus, they do not have a sufficient lifespan to gather the multi-
ple genetic defects required for malignant transformation. Therefore, the
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perpetual stem cell has long been considered the target of carcinogenic
mutations.30,33,34

Where Do the Cancers Arise?

Liver cancer
The assessment of DNA alterations in tumour cells allows a precise determi-
nation of their clonality. Where HBV is involved, there is no doubt that the
integration of HBV–DNA into the hepatic genome is a significant event in
hepatocarcinogenesis.1,35,36 Moreover inspection of viral integration sites
amongst tumour cells clearly indicates that each tumour is monoclonal, i.e.
derived from a single cell.37–40 Likewise, studies of HCC clonality based
on restriction fragment length polymorphisms of X-linked genes such as
the androgen receptor gene (HUMARA) come to the same conclusion.41

The important question is, which cell is involved in cancer initiation? As
discussed above, in the liver there are many cells endowed with longevity
and long-term repopulating potential, suggesting that 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 herita-
ble form.

Animal models
Many models of liver cancer utilise a brief exposure to an initiating carcino-
gen at a time when the liver is in a proliferative state, either during the period
of postnatal growth or shortly after a PH or necrogenic insult. For example,
Craddock42 clearly demonstrated the carcinogenic effects of dimethylni-
trosamine (DMN) on the rat liver when it was administered one day after a
PH (when some 30% to 40% of hepatocytes would be in S phase), whereas
the same compound, at the same dose, was not carcinogenic to normal
adult rats.

Taking this view, Sell43–45 has opined that in models of experimental
hepatocarcinognesis as a whole, there may be at least four distinct cell lin-
eages susceptible to neoplastic transformation (see Fig. 3). This supposition
is based on the fact that there is considerable heterogeneity in the prolif-
erative responses that ensue after injury in the many different models of
hepatocarcinogenesis. Thus, hepatocytes are implicated in some models of
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Fig. 3. Schematic diagram of various lineages that respond to specific cell damaging insults
and therefore are likely founder cells for the tumours that develop subsequently. (1) The
cells that normally respond to hepatocyte loss are the hepatocytes themselves; (2) potential
stem cells may reside in the canal of Hering and they or their progeny (oval cells/HPCs)
may give rise to most HCCs; (3) the interlobular bile duct epithelia may give rise to CCs
associated with fluke infection; and (4) periductular cells are associated with experimental
hepatocarcinogenesis associated with ethionine and a choline-deficient diet. Largely based
on an idea by Stewart Sell.

HCC, direct injury to the biliary epithelium implicates essentially unipo-
tent cholangiocytes in some models of CC, whereas HPC/oval cell activa-
tion accompanies many instances of liver damage irrespective of aetiology,
making such cells most likely to be 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.

So, for example, after diethylnitrosamine (DEN) exposure, there is little
oval cell proliferation but the emergence of α-fetoprotein (AFP)-positive
hepatocytes, followed by AFP+ foci and eventually AFP+ HCC, suggests
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that HCC develop from hepatocytes in this model.45 On the other hand,
direct injury to the bile ducts induced by furan leads to bile duct hyperpla-
sia and intestinal metaplasia, and prolonged furan exposure results in CCs
with a smaller number of HCCs, observations consistent with a bile duct cell
origin of these tumours. Likewise, fluke infection can lead to marked bile
duct hyperplasia and subsequent exposure to DMN leads to the rapid devel-
opment of CC. Many models of hepatocarcinogenesis are characterised by
a striking proliferation of oval cells, particularly the so-called “Solt-Farber”
model, where a single exposure to DEN is followed by a course of 2-AAF
designed to block the regenerative ability of normal hepatocytes; thus, when
a PH is performed only those cells “initiated” and therefore resistant to the
antiproliferative effects of 2-AAF can respond — hence the “resistant hep-
atocyte” model of carcinogenesis (reviewed in Allison et al.46). Despite the
name of the model, Sell concludes that the sequence of hepatocyte foci,
to nodules of increasing size to HCC is most likely to have its origins in
bipotential oval cells. In animal models of metabolic liver disease such as
Wilson’s disease, hepatocyte destruction and inflammation is accompanied
by a prominent oval cell reaction (Fig. 4), and, perhaps not surprisingly,
a high incidence of both HCC and CC. A fourth type of cell that may
be involved in carcinogenesis is the periductular oval cell47 that prolifer-
ates and expresses AFP in response to carcinogens such as ethionine in a
choline-deficient diet (CDE diet).

The direct involvement of hepatocytes in hepatocarcinogenesis has been
clearly established in rats. Gournay et al.48 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 labelling 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 2-AAF lead to foci, some of
which were composed of β-galactosidase-expressing cells. Using the same
labelling protocol, Bralet et al.49 found that 18% of hepatocytes expressed
β-galactosidase at the completion of regeneration after a 2/3 PH; subsequent
chronic treatment with DEN resulted in many HCCs, 17.7% of which also
expressed β-galactosidase, leading to the conclusion that a random clonal
origin of HCC from mature hepatocytes was operative in the model.

Extensive polyploidy is associated with terminal differentiation and cell
senescence, and in many models of chronic injury precedes overt oval cell
development. Moreover, the carcinogenic process in animals and man is
associated with the presence of more diploid cells — consistent with an
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Fig. 4. An oval cell reaction in a Long Evans Cinnamon (LEC) rat. These animals develop
HCC and CC with a high frequency.

expansion of oval/HPCs during ongoing liver injury, cells that eventually
give rise to so-called small cell dysplasia, a likely precursor lesion for HCC
(see below). If tumours do arise from oval/HPCs, then this would suggest
a block in oval cell differentiation, a process called stem cell maturation
arrest by Sell and Pierce.50 Direct evidence for the involvement of oval
cells in the histogenesis of HCC was provided by Dumble et al.51 who
isolated oval cells from p53 null mice; when these cells were transplanted
into athymic nude mice they produced HCCs.

Human studies
As in rodents, HCC appears to evolve from focal precursor lesions that
reflect the stages of multi-step carcinogenesis. Usually in a setting of chronic
inflammation with liver cell damage and concurrent regeneration, activation
of HPCs invariably follows,15,19,21,52 and the first lesions are thought to be
either foci of small cell dysplasia or low-grade dysplastic nodules.53 Further
rounds of mutation and clonal expansion eventually led to HCC (Fig. 5).
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Fig. 5. A multi-step model for the progression to HCC in human liver. Oval cells (HPCs)
may be involved in the histogenesis of many HCCs and initially give rise to foci of small
cell dysplasia. Further rounds of mutation and clonal expansion may give rise to other pre-
cancerous lesions such as low-grade dysplastic nodules and high-grade dysplastic nodules
before HCC develops.

It seems highly likely that mature polyploid hepatocytes are not the cells
of origin of most HCCs, but rather that most HCCs have their origin in
HPCs.

An origin of HCC from HPCs is often inferred from the fact that many
tumours contain an admixture of mature cells and cells phenotypically sim-
ilar to HPCs. This would include small oval-shaped cells expressing OV-6,
CK7 and CK19, and chromogranin-A, along with cells with a phenotype
intermediate between HPCs and the more mature malignant hepatocytes54

(Fig. 6). Cells resembling HPCs (OV.1+ or OV-6+) have also been noted
in hepatoblastoma;52 this tumour, the most common liver tumour in child-
hood is widely believed to be stem cell-derived given that there can be



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch14

The Role of Stem Cells in Liver and Gastrointestinal Cancer 255

Fig. 6. HPCs (arrowheads) in a hepatic adenoma immunoreactive for CK19 (A), OV-6
(B), and chromogranin-A (C). Intermediate hepatocyte-like cells (arrows) positive for OV-6
and chromogranin-A surround the HPCs (courtesy of Professor Tania Roskams).

both epithelial and mesenchymal tissue components. Cells with an HPC
phenotype have also been noted in a relatively rare subset of hepatic malig-
nancies where there are clearly two major components, an HCC compo-
nent and a CC component, again suggestive of an origin from a bipotential
progenitor.55

Colon cancer
Numerous steps are involved in the progression of normal tissue through
dysplasia to malignancy, and based on the observation that the accumu-
lation of molecular alterations seemed to parallel the clinical progression
of tumours, Vogelstein et al.7 proposed a stepwise model of colorectal
tumourigenesis. The molecular pathogenesis of FAP has shed much light
on the initial mutations required in this step-like progression. FAP results in
the formation of multiple bowel adenomas in the second and third decades
of life. Colonic cancer is inevitable in these patients who therefore require
prophylactic colectomy. The heritable nature of FAP was first recognised
at the end of the 19th century; however, it was not until 1986 that an inter-
stitial deletion of chromosome 5q was observed in an FAP patient.56 This
prompted linkage analysis studies which co-demonstrated tight linkage of
the condition to markers on chromosome 5q21.57 The gene responsible
wasAdenomatous Polyposis Coli (APC),58 which encodes a large (approxi-
mately 2800 amino acids), multi-functional cytoplasmic protein.APC binds
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and down-regulates β-catenin and is vital in control of Wnt signalling.
Mutations in APC are also found in 63% of sporadic adenomas59 and up to
80% of sporadic colorectal cancers.60 Mutations in APC are present in very
early adenomas59 and are sufficient to promote small adenoma growth in the
absence of microsatellite instability, K-ras or β-catenin mutation or allelic
loss of 1p.61 Thus, APC inactivation provides a stem cell with a selective
growth advantage by allowing unregulated activation of Wnt signalling.
Mutations in β-catenin, preventing its breakdown can also promote ade-
noma initiation; however, small adenomas with β-catenin mutations alone
do not progress to larger adenomas or carcinomas as frequently as adenomas
with APC mutations.62 Therefore, although the role ofAPC in the regulation
of Wnt signalling is most important in the prevention of tumour initiation,
its involvement in apoptosis and chromosomal stability also have an effect
on the progression of the adenoma growth (reviewed in Fodde et al.63).

Clonal expansion of mutated cells — niche succession and
crypt fission
There are three possibilities that can result from a stem cell division:

• The production of one stem cell and one daughter cell — asymmetric
division.

• Symmetric division with self-replication, where two stem cells are
produced.

• Symmetric division with stem cell loss, where both daughter cells go on
to differentiate.

The majority of divisions are thought to be asymmetric and there is
some evidence supporting the retention of template DNA strand within the
stem cells located in the niche — the so-called immortal strand hypothesis,
ensuring any DNA replication errors are passed on to the differentiating,
short-lived daughter cells, affording a mechanism of stem cell genome
protection.64 Park et al.65 used ethyl nitrosurea (ENU) to induce muta-
tions in the X-linked gene for glucose-6-phosphate dehydrogenase (G6PD)
to demonstrate the expansion of a mutated clone within the crypt. G6PD
gene mutation resulted in loss of staining in affected cells. After ENU
treatment, they initially observed crypts that were only partially stained
for G6PD, which eventually disappeared with the contemporaneous emer-
gence of fully mutated crypts (monoclonal conversion or crypt purification).
These eventually gave rise to patches of crypts that failed to stain with
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G6PD. More recently, Taylor et al.66 used mitochondrial DNA mutations
in colonic crypt cells to demonstrate the presence of partially mutated crypts
in the human colon. They observed that human colonic crypt cells accumu-
late sufficient mitochondrial DNA (mtDNA) mutations with age to cause
a biochemical defect in the mtDNA-coded subunits of COX. This defect
can also be stained for with immunohistochemistry. Normal colonic tissue
shows numerous completely COX-deficient crypts, but also a few partially
stained crypts. Serial sections of these partial crypts allowed them to recon-
struct three-dimensional images of the crypt revealing a ribbon of COX
negative cells extending from the base of the crypt to the top. The ribbon of
mutated, COX negative cells appear to be the progeny of one of the small
number of stem cells in the niche, and that the partially negative crypts are
likely to be intermediate steps in the expansion of the mutated clone with
eventual formation of a completely clonal COX-deficient crypt.

Yatabe et al.67 used CpG-methylation patterns in three non-expressed
genes to study the dynamics of the stem cells within the niche, and proposed
the niche succession model.They showed that the differences in methylation
tag sequence between cells in adjacent crypts (intercrypt variation) were
more pronounced than the tag variation seen between cells in the same
crypt (intracrypt variation). They proposed that intracrypt variation was a
consequence of multiple, yet related stem cells within each crypt. Stochastic
extinction or amplification of one stem cell line by occasional symmetrical
division results in a “bottleneck” effect, wherein all cells in the crypt are
descended from an original stem cell. Mathematical modelling suggested
that this bottleneck occurs once every 8.2 years in the normal human colon.
In normal appearing crypts from FAP patients; however, there was a greater
intracrypt variation in methylation tags suggesting slower niche succession,
probably as a consequence of enhanced stem cell survival. The longevity
of APC+/− stem cells in FAP patients increases the chances of receiving
or selecting for a second hit in the gene.68 Once APC protein function is
impaired, a growth advantage is bestowed on the cell and clonal expansion
would then occur much more quickly.

Niche succession is a way by which a single stem cell line can “hitch-
hike” its way to clonal dominance of a single crypt,69 but then how does
a stem cell line expand into adjacent tissue? As described above, clonality
experiments in both mice and humans have shown clustering of mutated,
phenotypically similar crypts together in patches.65,66 It is thought that a
process called crypt fission, whereby crypts undergo basal bifurcation fol-
lowed by longitudinal division, with the ultimate formation of two daughter
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Fig. 7. A model for the development of early colorectal cancer (CRC). Mutation occurs
in a stem cell located near the base of the crypt and mutated cell progeny occupy part of the
crypt. Through a stochastic process (called niche succession or monoclonal conversion) the
affected crypt becomes wholly occupied by dysplastic cells — the monocryptal adenoma.
Further expansion can occur by the dysplastic crypt undergoing crypt fission and budding
leading to an oligocryptal adenoma (aberrant crypt focus). Key: normal colonocytes are
brown and mutated colonocytes are blue.

crypts, is responsible for the clustering of apparently related crypts. This
process is central in the massive increase in crypt number (in both the small
and large intestine) in the postnatal period and in the regenerative phase fol-
lowing radiation. The crypt cycle — crypts born by crypt fission gradually
increasing in size until they, themselves, divide by crypt fission — takes
approximately 108 days in the mouse jejunum and 9–18 years in the human
large intestine. It was originally suggested that a crypt would be prompted
to go into fission once it had reached a threshold size; however, attention
has now focused on the stem cell number being the important factor. The
rate of crypt fission is increased in many pathological conditions and is
undoubtedly the mechanism by which dysplastic crypts multiply to form
microadenomas or dysplastic aberrant crypt foci (ACF)70 (see Fig. 7). ACF
are morphologically and genetically distinct lesions that are the precursors
of adenomas and cancers.71

Top-down or bottom-up?
Studies have shown that dysplastic ACF are clonal populations,72 and
expand by crypt fission;73 however, the expansion of a mutated clone from a
single cell to form small adenomas is contentious, with two main theories —
the top-down and bottom-up models (Fig. 8).

The top-down model is based upon the frequent observation of dysplas-
tic cells solely at the luminal surface of the crypts,74 along with apparent
retrograde migration of adenomatous cells from the surface to the base
of the crypt. Shih et al.74 examined the morphology and molecular char-
acteristics of small (1–3 mm), well-orientated specimens from sporadic
adenomas. Using digital single nucleotide polymorphism (SNP) analysis
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Fig. 8. Top-down or bottom-up growth of colorectal adenomas? Bottom-up: the stem cell,
located in the crypt base undergoes APC mutation (A). The mutated cell proliferates (B) and
spreads to the top of a crypt to form a monocryptal adenoma (C). Initial further expansion
is by crypt fission (based on Preston et al.79). Top-down: the initial transformation event
occurs in a cell in the intracryptal zone (A) and then spreads laterally and downwards (B)
eventually filling the whole crypt (C) (adapted from Shih et al.74).

of four SNPs within the APC gene, they assessed for LOH of APC in
cells in the upper portion of the crypts, most of which had truncating APC
mutations on nucleotide sequence analysis. These were not seen in the
histologically normal crypt bases. Only these upper crypt cells showed
prominent proliferative activity and nuclear localisation of β-catenin. These
observations were not easily reconciled with the conventional view of the
stem cell origin of cancer, and the authors proposed two possible expla-
nations to explain their findings. First, they considered a relocation of the
stem cell area to the intracryptal zone, and second they suggested that a
mutated stem cell migrates from the base of the crypt to the luminal sur-
face before expanding laterally and downwards. Lamprecht and Lipkin75

adjusted the latter model slightly to suggest thatAPC mutations occur within
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a transit-amplifying cell, preventing it from terminally differentiating and
altering the migration dynamics of the cell, and allowing it to remain in the
mucosa as an incipient aberrant clone. The bottom-up model involves the
recognition of the earliest lesion in tumour development, the monocryptal
adenoma, where the dysplastic cells occupy an entire single crypt. These
lesions are common in FAP,76 and although rare in non-FAP cases, have
been described previously.77 Clonality studies in the XO/XY FAP patient
have shown that monocryptal adenomas are clonal populations.78 Analysis
of tiny (<3 mm) adenomas in FAP patients showed increased proliferative
activity and nuclear β-catenin translocation in morphologically dysplastic
cells from the crypt base to the luminal surface. Additionally, there was
a sharp cut-off between the dysplastic surface epithelium with nuclear β-
catenin activity, and the normal mucosa in a neighbouring unaffected crypt.
The observation of an increased, asymmetrical crypt fission index in ade-
nomatous tissue led the researchers to propose the bottom-up model — an
abnormal stem cell clone with a growth advantage expands from the stem
cell niche at the crypt base to fill an entire crypt. Thereafter, initial spread is
by crypt fission to form ACF, with top-down spread undoubtedly occurring
in slightly larger lesions.79

Bone Marrow and Liver and Gut Cancer

The possibility that BMCs could be involved in carcinogenesis has been
explored: regarding the liver, female mice were transplanted with male
BMCs from β-galactosidase transgenic mice and HCCs were induced by
DEN; however, none of the tumours was male or X-gal positive.80 However,
more extensive studies would be needed to rule out such a possibility,
and indeed such an association has been claimed for Helicobacter felis-
related murine gastric cancer, where ablation of the indigenous stem cell
compartment because of protracted tissue damage (gastritis), has resulted
in gastric adenocarcinoma being derived from bone marrow,81,82 possibly
mesenchymal stem cells rather than HSCs (Fig. 9).

BMCs may indirectly influence tumour behaviour through a con-
tribution to the desmoplastic response and to the tumour vasculature
(Fig. 10). Endothelial progenitor cells (EPCs) constitute a unique pop-
ulation of peripheral blood mononuclear cells derived from bone mar-
row that are involved in postnatal angiogenesis during wound healing,
limb ischaemia, post-myocardial infarction, atherosclerosis and tumour
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Fig. 9. A new paradigm of epithelial cancer development. Continued tissue damage leads
to loss of the indigenous stem cell compartment and its replacement by bone marrow-
derived cells (BMDCs), whose progeny subsequently repopulate the whole crypt. Mutation
in a BMDC engrafted as a stem cell can then lead to adenoma formation as described in
Fig. 7. Key: Indigenous normal epithelial cells are brown, indigenous stem cells are green,
BMDCs are red and mutated BMDCs are blue.

Fig. 10. In the context of tumours, the myofibroblasts and fibroblasts comprising the
tumour stroma can be derived from the bone marrow as can many of the endothelial cells of
the neovasculature (vasculogenesis). Gastric carcinomas in mice have been found to arise
from BMCs engrafted in the gastric epithelium. Whether many human carcinomas have a
similar origin is unknown, but it will be difficult to ascertain.
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vascularisation. Circulating EPCs are mobilised endogenously in response
to tissue ischaemia or exogenously by cytokine therapy to augment neovas-
cularisation. Davidoff et al.83 convincingly demonstrated the therapeutic
potential of BMCs by transducing them with a retroviral vector encoding a
soluble, truncated form of VEGF-2 (Flk-1; tsFlk-1); when transplanted into
mice bearing neuroblastomas they were found to engraft into the neovas-
culature and very significantly impede tumour growth. In transgenic mice
engineered to develop mammary tumours, Dwenger et al.84 observed that
BMCs preferentially home to the blood vessels of the tumour. In humans
too, BMCs contribute to tumour vasculature: Peters et al.85 observed that up
to 12% of endothelial cells can be from the bone marrow. All these observa-
tions indicate that BMCs can be important delivery agents for anti-tumour
gene therapies as well as for conventional anti-angiogenic drugs.

Myofibroblasts are cells with features of both smooth muscle cells and
fibroblasts. They are widely distributed, having roles in growth and differ-
entiation as well as in the inflammatory response. They are also impor-
tant in injury and contribute to the processes of fibrosis and scarring,
where they produce extracellular matrix proteins such as the interstitial
collagens. BMCs contribute to myofibroblast populations throughout the
body,86 including the liver87 and the gastrointestinal tract.88 More signif-
icantly, BMCs also contribute to tumour stromal myofibroblasts.89,90 The
significance of such observations is that it is becoming increasingly evident
that stromal myofibroblasts are key players in the control of tumour cell
behaviour,91 and will surely be exploited in the development of many new
anti-cancer strategies.

Conclusions

In this chapter we have tried to summarise the role of several cell lineages
that might be involved in neoplastic development in the liver and gut. In the
gut, the founder cells of carcinoma intuitively seem to be the mucosal stem
cells, and examination of the growth patterns of early lesions would support
such a proposal. In the liver, the ability of hepatocytes, the unipotent cholan-
giocytes and the bipotent oval/HPCs to contribute to liver regeneration is
not in doubt, although the identity of the cells within the parenchymal mass
and biliary tree deserving of the appellation of “stem cells” is still unclear:
all such cells could be carcinogen targets. Tumour stromal myofibroblasts
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and vascular cells may be bone marrow-derived, illustrating the pivotal role
of BMCs in supporting tumour development; a direct involvement of BMCs
in carcinoma formation has been found in one case.

References

1. Brechot C. Pathogenesis of hepatitis B virus-related hepatocellular carcinoma: old and
new paradigms. Gastroenterology 2004;127:S56–61.

2. Sirica AE. Cholangiocarcinoma: molecular targeting strategies for chemoprevention
and therapy. Hepatology 2005;41:5–15.

3. Pikarsky E, Porat RM, Stein I, et al. NF-κB functions as a tumour promoter in
inflammation-associated cancer. Nature 2004;431:461–466.

4. American Cancer Society Statistics 2004, www.cancer.org.
5. Franzin G, Zamboni G, Scarpa A. In: Whitehead R (ed.), Gastrointestinal and

Oesophageal Pathology (Churchill Livingstone, 2005), Vol. 1, pp. 892–910.
6. Morson BC. Evolution of cancer of the colon and rectum. Cancer

1974;34(Suppl):845–849.
7. Vogelstein B, Fearon ER, Hamilton SR, et al. Genetic alterations during colorectal-

tumor development. N Engl J Med 1988;319:525–532.
8. Alison MR, Vig P, Russo F, et al. Hepatic stem cells: from inside and outside the liver?

Cell Prolif 2004;37:1–21.
9. Michalopoulos GK, DeFrances MC. Liver regeneration. Science 1997;276:60–66.

10. Fausto N. Liver regeneration and repair: hepatocytes, progenitor cells, and stem cells.
Hepatology 2004;39:1477–1487.

11. Overturf K, Al-Dhalimy M, Ou CN, Finegold M, Grompe M. Serial transplantation
reveals the stem-cell-like regenerative potential of adult mouse hepatocytes. Am J Pathol
1997;151:1273–1280.

12. Nowak MA, Bonhoeffer S, Hill AM, Boehme R, Thomas HC, McDade H. Viral dynam-
ics in hepatitis B virus infection. Proc Natl Acad Sci USA 1996;93:4398–4402.

13. Donato MF, Arosio E, Monti V, et al. Proliferating cell nuclear antigen assessed by a
computer-assisted image analysis system in patients with chronic viral hepatitis and
cirrhosis. Dig Liver Dis 2002;34:197–203.

14. Freeman A, Hamid S, Morris L, et al. Improved detection of hepatocyte proliferation
using antibody to the pre-replication complex: an association with hepatic fibrosis and
viral replication in chronic hepatitis C virus infection. J Viral Hepat 2003;10:345–350.

15. Falkowski O, An HJ, Ianus IA, et al. Regeneration of hepatocyte “buds” in cirrhosis
from intrabiliary stem cells. J Hepatol 2003;39:357–364.

16. Marshall A, Rushbrook S, Davies SE, et al. Relation between hepatocyte G1 arrest,
impaired hepatic regeneration, and fibrosis in chronic hepatitis C virus infection.
Gastroenterology 2005;128:33–42.

17. Yang S, Koteish A, Lin H, et al. Oval cells compensate for damage and replicative
senescence of mature hepatocytes in mice with fatty liver disease. Hepatology 2004;39:
403–411.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch14

264 M. R. Alison, N. A. Wright and S. Leedham

18. Alison MR, Golding M, Sarraf CE, Edwards RJ, Lalani EN. Liver damage in the
rat induces hepatocyte stem cells from biliary epithelial cells. Gastroenterology
1996;110:1182–1190.

19. Roskams TA, Libbrecht L, Desmet VJ. Progenitor cells in diseased human liver. Semin
Liver Dis 2003;23:385–396.

20. Theise ND, Saxena R, Portmann BC, et al. The canals of Hering and hepatic stem cells
in humans. Hepatology 1999;30:1425–1433.

21. Lowes KN, Brennan BA, Yeoh GC, Olynyk JK. Oval cell numbers in human chronic
liver diseases are directly related to disease severity. Am J Pathol 1999;154:537–541.

22. Lagasse E, Connors H, Al-Dhalimy M, et al. Purified hematopoietic stem cells can
differentiate into hepatocytes in vivo. Nat Med 2000;6:1229–1234.

23. Willenbring H, Bailey AS, Foster M, et al. Myelomonocytic cells are sufficient for
therapeutic cell fusion in liver. Nat Med 2004;10:744–748.

24. Wang X, Willenbring H, Akkari Y, et al. Cell fusion is the principal source of bone-
marrow-derived hepatocytes. Nature 2003;422:897–901.

25. Jang YY, Collector MI, Baylin SB, Diehl AM, Sharkis SJ. Hematopoietic stem cells
convert into liver cells within days without fusion. Nat Cell Biol 2004;6:532–539.

26. Preston S, Direkze NC, Brittan M, Wright N. In: Lanza R (ed.), Handbook of Stem Cells
(Elsevier Academic Press, Boston, 2004), Vol. 2, pp. 521–546.

27. Brittan M, Wright NA. Gastrointestinal stem cells. J Pathol 2002;197:492–509.
28. Marshman E, Booth C, Potten CS. The intestinal epithelial stem cell. Bioessays

2002;24:91–98.
29. Bjerknes M, Cheng H. Clonal analysis of mouse intestinal epithelial progenitors. Gas-

troenterology 1999;116:7–14.
30. Bach SP, Renehan AG, Potten CS. Stem cells: the intestinal stem cell as a paradigm.

Carcinogenesis 2000;21:469–476.
31. Powell DW, Mifflin RC, Valentich JD, Crowe SE, Saada JI, West AB. Myofibroblasts.

II. Intestinal subepithelial myofibroblasts. Am J Physiol 1999;277:C183–201.
32. Spradling A, Drummond-Barbosa D, Kai T. Stem cells find their niche. Nature

2001;414:98–104.
33. Wong WM, Wright NA. Cell proliferation in gastrointestinal mucosa. J Clin Pathol

1999;52:321–333.
34. Potten CS, Loeffler M. Stem cells: attributes, cycles, spirals, pitfalls and uncertainties.

Lessons for and from the crypt. Development 1990;110:1001–1020.
35. Shafritz DA, Kew MC. Identification of integrated hepatitis B virus DNA sequences in

human hepatocellular carcinomas. Hepatology 1981;1:1–8.
36. Shafritz DA, Shouval D, Sherman HI, Hadziyannis SJ, Kew MC. Integration of

hepatitis B virus DNA into the genome of liver cells in chronic liver disease and hep-
atocellular carcinoma. Studies in percutaneous liver biopsies and post-mortem tissue
specimens. N Engl J Med 1981;305:1067–1073.

37. Esumi M, Aritaka T, Arii M, et al. Clonal origin of human hepatoma determined by
integration of hepatitis B virus DNA. Cancer Res 1986;46:5767–5771.

38. Govindarajan S, Craig JR, Valinluck B. Clonal origin of hepatitis B virus-associated
hepatocellular carcinoma. Hum Pathol 1988;19:403–405.

39. Yamamoto T, Kajino K, Kudo M, Sasaki Y, Arakawa Y, Hino O. Determination
of the clonal origin of multiple human hepatocellular carcinomas by cloning and



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch14

The Role of Stem Cells in Liver and Gastrointestinal Cancer 265

polymerase chain reaction of the integrated hepatitis B virus DNA. Hepatology 1999;29:
1446–1452.

40. Ng IO, Guan XY, Poon RT, Fan ST, Lee JM. Determination of the molecular rela-
tionship between multiple tumour nodules in hepatocellular carcinoma differentiates
multicentric origin from intrahepatic metastasis. J Pathol 2003;199:345–353.

41. Zhang SH, Cong WM, Wu MC. Focal nodular hyperplasia with concomitant hepato-
cellular carcinoma: a case report and clonal analysis. J Clin Pathol 2004;57:556–559.

42. Craddock VM. Effect of a single treatment with the alkylating carcinogens dimethyni-
trosamine, diethylnitrosamine and methyl methanesulphonate, on liver regenerating
after partial hepatectomy. I. Test for induction of liver carcinomas. Chem Biol Interact
1975;10:313–321.

43. Sell S. Cellular origin of hepatocellular carcinomas. Semin Cell Dev Biol 2002;13:
419–424.

44. Sell S. Mouse models to study the interaction of risk factors for human liver cancer.
Cancer Res 2003;63:7553–7562.

45. Sell S. Stem cell origin of cancer and differentiation therapy. Crit Rev Oncol Hematol
2004;51:1–28.

46. Alison M, Golding M, Lalani el-N, Sarraf C. Wound healing in the liver with particular
reference to stem cells. Philos Trans R Soc Lond B Biol Sci 1998;353:877–894.

47. Novikoff PM,Yam A. Stem cells and rat liver carcinogenesis: contributions of confocal
and electron microscopy. J Histochem Cytochem 1998;46:613–626.

48. Gournay J, Auvigne I, Pichard V, Ligeza C, Bralet MP, Ferry N. In vivo cell lineage
analysis during chemical hepatocarcinogenesis in rats using retroviral-mediated gene
transfer: evidence for dedifferentiation of mature hepatocytes. Lab Invest 2002;82:
781–788.

49. Bralet MP, Pichard V, Ferry N. Demonstration of direct lineage between hepatocytes
and hepatocellular carcinoma in diethylnitrosamine-treated rats. Hepatology 2002;36:
623–630.

50. Sell S, Pierce GB. Maturation arrest of stem cell differentiation is a common pathway for
the cellular origin of teratocarcinomas and epithelial cancers. Lab Invest 1994;70:6–22.

51. Dumble ML, Croager EJ, Yeoh GC, Quail EA. Generation and characterization of
p53 null transformed hepatic progenitor cells: oval cells give rise to hepatocellular
carcinoma. Carcinogenesis 2002;23:435–445.

52. Xiao JC, Ruck P, Adam A, Wang TX, Kaiserling E. Small epithelial cells in human
liver cirrhosis exhibit features of hepatic stem-like cells: immunohistochemical, elec-
tron microscopic and immunoelectron microscopic findings. Histopathology 2003;42:
141–149.

53. Libbrecht L, Desmet V, Roskams T. Preneoplastic lesions in human hepatocarcino-
genesis. Liver Int 2005;25:16–27.

54. Libbrecht L, Roskams T. Hepatic progenitor cells in human liver diseases. Semin Cell
Dev Biol 2002;13:389–396.

55. Theise ND, Yao JL, Harada K, et al. Hepatic “stem cell” malignancies in adults: four
cases. Histopathology 2003;43:263–271.

56. Herrera L, Kakati S, Gibas L, Pietrzak E, Sandberg AA. Gardner syndrome in a man
with an interstitial deletion of 5q. Am J Med Genet 1986;25:473–476.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch14

266 M. R. Alison, N. A. Wright and S. Leedham

57. Bodmer WF, Bailey CJ, Bodmer J, et al. Localization of the gene for familial adeno-
matous polyposis on chromosome 5. Nature 1987;328:614–616.

58. Kinzler KW, Nilbert MC, Su LK, et al. Identification of FAP locus genes from chro-
mosome 5q21. Science 1991;253:661–665.

59. Powell SM, Zilz N, Beazer-BarclayY, et al.APC mutations occur early during colorectal
tumorigenesis. Nature 1992;359:235–237.

60. Miyoshi Y, Nagase H, Ando H, et al. Somatic mutations of the APC gene in colorectal
tumors: mutation cluster region in the APC gene. Hum Mol Genet 1992;1:229–233.

61. Lamlum H, Papadopoulou A, Ilyas M, et al. APC mutations are sufficient for the growth
of early colorectal adenomas. Proc Natl Acad Sci USA 2000;97:2225–2228.

62. Samowitz WS, Powers MD, Spirio LN, Nollet F, van Roy F, Slattery ML. Beta-catenin
mutations are more frequent in small colorectal adenomas than in larger adenomas and
invasive carcinomas. Cancer Res 1999;59:1442–1444.

63. Fodde R, Smits R, Clevers H. APC, signal transduction and genetic instability in colo-
rectal cancer. Nat Rev Cancer 2001;1:55–67.

64. Potten CS, Owen G, Booth D. Intestinal stem cells protect their genome by selective
segregation of template DNA strands. J Cell Sci 2002;115:2381–2388.

65. Park HS, Goodlad RA, Wright NA. Crypt fission in the small intestine and colon.
A mechanism for the emergence of G6PD locus-mutated crypts after treatment with
mutagens. Am J Pathol 1995;147:1416–1427.

66. Taylor RW, Barron MJ, Borthwick GM, et al. Mitochondrial DNA mutations in human
colonic crypt stem cells. J Clin Invest 2003;112:1351–1360.

67. YatabeY, Tavare S, Shibata D. Investigating stem cells in human colon by using methy-
lation patterns. Proc Natl Acad Sci USA 2001;98:10839–10844.

68. Kim KM, Calabrese P, Tavare S, Shibata D. Enhanced stem cell survival in familial
adenomatous polyposis. Am J Pathol 2004;164:1369–1377.

69. Kim KM, Shibata D. Methylation reveals a niche: stem cell succession in human colon
crypts. Oncogene 2002;21:5441–5449.

70. Wasan HS, Park HS, Liu KC, et al. APC in the regulation of intestinal crypt fission.
J Pathol 1998;185:246–255.

71. Takayama T, Katsuki S, TakahashiY, et al. Aberrant crypt foci of the colon as precursors
of adenoma and cancer. N Engl J Med 1998;339:1277–1284.

72. Siu IM, Robinson DR, Schwartz S, et al. The identification of monoclonality in human
aberrant crypt foci. Cancer Res 1999;59:63–66.

73. Fujimitsu Y, Nakanishi H, Inada K, et al. Development of aberrant crypt foci involves
a fission mechanism as revealed by isolation of aberrant crypt. Jpn J Cancer Res
1996;87:1199–1203.

74. Shih IM, Wang TL, Traverso G, et al. Top-down morphogenesis of colorectal tumors.
Proc Natl Acad Sci USA 2001;98:2640–2645.

75. Lamprecht SA, Lipkin M. Migrating colonic crypt epithelial cells: primary targets for
transformation. Carcinogenesis 2002;23:1777–1780.

76. Nakamura S, Kino I. Morphogenesis of minute adenomas in familial polyposis coli.
J Natl Cancer Inst 1984;73:41–49.

77. Woda BA, Forde K, Lane N. A unicryptal colonic adenoma, the smallest colonic neo-
plasm yet observed in a non-polyposis individual. Am J Clin Pathol 1977;68:631–632.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch14

The Role of Stem Cells in Liver and Gastrointestinal Cancer 267

78. Novelli MR, Williamson JA, Tomlinson IP, et al. Polyclonal origin of colonic adenomas
in an XO/XY patient with FAP. Science 1996;272:1187–1190.

79. Preston SL,WongWM, ChanAO, et al. Bottom-up histogenesis of colorectal adenomas:
origin in the monocryptal adenoma and initial expansion by crypt fission. Cancer Res
2003;63:3819–3825.

80. Ishikawa H, Nakao K, Matsumoto K, et al. Bone marrow engraftment in a rodent model
of chemical carcinogenesis but no role in the histogenesis of hepatocellular carcinoma.
Gut 2004;53:884–889.

81. Houghton J, Wang TC. Helicobacter pylori and gastric cancer: a new paradigm for
inflammation-associated epithelial cancers. Gastroenterology 2005;128:1567–1578.

82. Houghton J, Stoicov C, Nomura S, et al. Gastric cancer originating from bone marrow-
derived cells. Science 2004;306:1568–1571.

83. Davidoff AM, Ng CY, Brown P, et al. Bone marrow-derived cells contribute to tumor
neovasculature and, when modified to express an angiogenesis inhibitor, can restrict
tumor growth in mice. Clin Cancer Res 2001;7:2870–2879.

84. Dwenger A, Rosenthal F, Machein M, Waller C, Spyridonidis A. Transplanted bone
marrow cells preferentially home to the vessels of in situ generated murine tumors
rather than of normal organs. Stem Cells 2004;22:86–92.

85. Peters BA, Diaz LA, Polyak K, et al. Contribution of bone marrow-derived endothelial
cells to human tumor vasculature. Nat Med 2005;11:261–262.

86. Direkze NC, Forbes SJ, Brittan M, et al. Multiple organ engraftment by bone-marrow-
derived myofibroblasts and fibroblasts in bone-marrow transplanted mice. Stem Cells
2003;21:514–520.

87. Forbes SJ, Russo FP, Rey V, et al. A significant proportion of myofibroblasts are of bone
marrow origin in human liver fibrosis. Gastroenterology 2004;126:955–963.

88. Brittan M, Hunt T, Jeffery R, et al. Bone marrow derivation of pericryptal myofibroblasts
in the mouse and human small intestine and colon. Gut 2002;50:752–757.

89. Direkze NC, Hodivala-Dilke K, Jeffery R, et al. Bone marrow contribution to tumor-
associated myofibroblasts and fibroblasts. Cancer Res 2004;64:8942–8945.

90. Direkze NC, Jeffery R, Hodivala-Dilke K, et al. Bone marrow-derived stromal cells
express lineage-related messenger RNA species. Cancer Res 2006;66:1–5.

91. Desmouliere A, Guyot C, Gabbiani G. The stroma reaction myofibroblast: a key player
in the control of tumor cell behavior. Int J Dev Biol 2004;48:509–517.



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch15

This page intentionally left blankThis page intentionally left blank



January 12, 2007 16:33 WSPC/Book -SPI-B448 Stem Cell Repair and Regeneration, Vol. 2 Trim Size for 9in x 6in ch15

15

Embryonic Stem Cells: Innovation
in Predictive Toxicology

Gabriela Gebrin Cezar and Jessica Quam

Predictive Toxicology and the Promise of Embryonic
Stem Cells

Predictive toxicology focuses on the evaluation of chemicals that can result
in adverse effects on humans. Hundreds of chemicals, namely enzymes,
hormones, and neurotransmitters are synthesized endogenously in mam-
malian organisms and are critical to cellular physiology and homeostasis.
Predictive toxicology addresses largely synthetic chemicals that are not pro-
duced by target mammalian organisms, or xenobiotics, such as therapeutic
small molecules, and environmental toxicants.

Adverse chemical effects on biological systems range from genome-
wide nuclei acid mutagenesis, or genotoxicity, to tissue-specific alterations,
such as liver failure and cardiac arrhythmia. Importantly, chemical expo-
sure during critical periods of development and/or adulthood may be an
underlying cause of several life-threatening and debilitating diseases such
as Parkinson’s disease,1 autism2 and cancer.3 Strikingly, certain alterations
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from toxic response can be transmitted through the germ line and may affect
as much as three generations from the exposed individual.4,5 The effects of
environmental chemicals on subsequent generations is considerable, since
inheritable changes are not restricted to a few individuals, but may affect
the majority of the offsprings, as suggested by recent findings in epigenetic
changes in sperm.5

This discovery urges the development and implementation of robust
screening systems to prevent both inheritable and non-heritable abnormal-
ities following human exposure to harmful chemicals.

Animal models have been invaluable for risk assessment of chemical
compound safety; however, critical limitations persist for robust predic-
tion of certain toxic outcomes in humans. Toxicity to tissues such as the
hematopoetic and gastrointestinal systems has overall similar outcomes
between animal models and humans.6 In other organs, such as the liver,
where xenobiotic-induced toxicity accounts for approximately 50% of acute
liver failure in humans,7 the value of animal models is very limited.8 A
favorable prognosis to acute liver failure is conferred upon liver transplan-
tation, which is a challenge in the face of persistent organ shortening. The
restriction of animal models to accurately reflect human response is also
true for other areas in toxicology.

Abnormal development of human fetuses following in utero chemical
exposure may arise despite opposite predictions from animal studies, since
the sensitivity of dose exposure can be higher in humans than that detected
in animals.9 Indeed, no animal species has been viewed as ideal for devel-
opmental toxicity,10 where the majority of studies are conducted on rabbits
and rats.

Moreover, decision-making findings from regulatory studies in animals
may take up to two years, as indicated by standard carcinogenicity studies
in rats.11 In the European Member States, approximately 1 million animals
are sacrificed per year for toxicology studies.12 In addition to significant
costs and ethical factors associated with the use of experimental animals,
the implementation of initiatives such as the REACH program (Registra-
tion, Evaluation and Authorization of new and existing Chemicals) by the
European Parliament13 strengthens the urgent need of alternative, cost-
effective and time-saving models to test for the adverse effects of thou-
sands of chemicals in humans. The goal of REACH is to consolidate full
risk assessment of all chemicals marketed at more than one ton within the
next 10 to 15 years, which translates into a pressing need for toxicology
assays that are more efficient. The opportunity for alternative toxicology
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models is favored by REACH guidelines, which strongly support the use of
in vitro testing for the first phase of chemical analysis. Alternative toxicol-
ogy models will not replace experimental animals altogether, since certain
in vivo systemic interactions that are relevant for toxic outcomes cannot be
anticipated in vitro. Nonetheless, alternative in vitro testing may serve as
a better predictor for human response in certain cell types and may conse-
quently contribute to refine and reduce the use of animals in research.

In vitro differentiation of embryonic stem (ES) cells provides a
renewable source of multiple cell types that are important targets of
adverse chemical effects.14,15 The successful isolation and establishment
of human embryonic stem cell (hESC, Fig. 1) lines16 enabled striking
opportunities for predictive toxicology studies in genetically stable, non-
immortalized human cells that can be translated to chemical safety assess-
ments in both embryonic and somatic cell types. Functional neurons17 and
cardiomyocytes,18 which are key targets of toxicology effects, have been
generated following in vitro differentiation of human embryonic stem cells.
hESC-neurons and cardiomyocytes exhibited lineage-specific transcripts

Fig. 1. An undifferentiated colony of H1 human embryonic stem cells grown in the absence
of feeder cells.
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and structural proteins but most importantly, demonstrated functional phe-
notypes with release of neurotransmitters and intercellular conduction of
electric stimuli, respectively. The finding that certain human embryonic
stem cell-derived cell types exhibit functional properties of in vivo coun-
terparts increases the accuracy in which toxic effects can be detected.
Cellular alterations in response to chemical insult can now be identified
and interpreted in multiple levels, from changes in gene expression to cellu-
lar physiology and metabolism.19,20 In summary, generation of functional
differentiated cells from human embryonic stem cells supports systems
toxicology studies which provide sensitive detection of chemical safety
risks.

The liver is the major organ for metabolism and transformation of xeno-
biotics, where hepatocytes, the primary cells of the liver, perform core
functions, including metabolism of diverse dietary molecules and chemi-
cals and detoxification of compounds. Therefore, the availability of large
numbers of human hepatocytes is a constant critical demand in toxicology
and chemical risk assessment.21 Discarded livers which cannot be used for
organ transplantation are the limited source for primary human hepatocytes,
which in turn exhibit very limited in vitro proliferation ability.22 Initial
progress has been achieved to generate hepatocyte-like cells from human
embryonic stem cells following extensive research efforts.23,24 Recent
studies revealed that differentiation of the endoderm, the liver precursor
lineage, evolves from human embryonic stem cells in a more intricate man-
ner than ectoderm and mesoderm lineages.25 For proper differentiation
to ensue, an apparent epithelial-to-mesenchymal transition is required.25

This study has also determined in vitro morphogens and culture conditions
that favor definitive endoderm, which should facilitate further progress to
obtain functional hepatocytes from hESC for toxicity and transplantation
applications.

In summary, development of alternative toxicology systems based upon
embryonic stem cells have promising opportunities in multiple areas, such
as developmental, cardiac and hepatic toxicity. While in vitro assays lack
systemic effects that may be involved in toxic response, a humanized model
offers a valuable opportunity to replace, reduce and refine (3Rs of animal
research) the use of experimental animals. Additionally, the use of human
embryonic stem cells to understand signaling pathways involved in toxic
response with the translation of these findings to epidemiology and preven-
tative medicine may be a shorter term benefit of this technology towards
human health in comparison to longer term clinical applications.
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Embryonic Stem Cell Opportunities in Developmental
Toxicity and Cognitive Disorders

Developmental toxicity comprehends alterations in mammalian develop-
ment and postnatal physiology that result from chemical exposure during
pregnancy. For regulatory and scientific purposes, developmental toxicity
is classified in four categories:

(1) Embryonic lethality,
(2) Dysmorphogenesis or structural abnormalities,
(3) Intra-uterine growth restriction, and
(4) Functional toxicities.

Functional toxicities relate to alterations that are detected after birth, and
may be persistent throughout an individual’s lifetime. Postnatal develop-
ment alterations are exemplified by neurobehavioral abnormalities and
changes in cognitive function, among others. The predictive ability of
animal models for functional toxicity is questioned since neurobehav-
ioral and cognitive function may be significantly affected by cross-species
differences.26 The eye blink conditioning task in one of the few phenotypes
in rats which provide information of human learning patterns.27 Develop-
mental anomalies affect 2% to 3% of all babies born in the United States.28

Birth defects are the main cause for infant mortality as reported in a study
across 36 countries.29 Approximately 65% of birth defects have unknown
causes.30 Therefore, analysis of teratogenic effects of chemicals on estab-
lished pregnancies are of utmost importance towards development of robust
predictive toxicology models. Concern exists that environmental exposures
may be playing a significant role. This concern has been difficult to evalu-
ate without a model for testing developmental toxicity of more than 80,000
chemicals in the market, 2000 are newly introduced annually.31 Fewer than
5% have been tested for reproductive outcomes and even fewer for devel-
opmental toxicity.32

In vitro differentiation of human embryonic stem cells recapitulates
mammalian organogenesis.33−36 This property may render hESC technol-
ogy as an ideal screening system to unravel developmental pathways that
are subject to changes and alterations following chemical exposure. Most
importantly, functional toxicity in postnatal life can be predicted using
hESC technology since differentiated cells with critical in vivo properties
can be generated in vitro.
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We are currently studying the effects of multiple known human ter-
atogens to devise a robust hESC-based assay for regulatory categories (2)
dysmorphogenesis and (4) functional impairment. The value of embryonic
stem cells in developmental toxicity studies has been validated by initiates
such as ECVAM (European Center for Validation of Alternative Methods)
and the EST test (embryonic stem cell test).37 Here, embryoid bodies gen-
erated from mouse embryonic stem cells were subject to a battery of 20
chemicals with known teratogenic effects in a standardized double-blind
multi-center trial. The outcomes were highly promising for inclusion of
embryonic stem cells in alternative, or in vitro, toxicity testing. The EST
test determines teratogenesis by inhibition of differentiation of cardiomy-
ocytes from embryoid bodies following exposure to chemical compounds.
Overall, this assay showed a 78% statistically significant correlation to
in vivo studies and was able to separate strong teratogens from moder-
ate/weak and non-embryotoxic compounds. Strong embryotoxicants were
actually predicted with 100% accuracy.

Since developmental toxicity is a complex process which affects mul-
tiple organs and tissues, it is likely that further assay development should
focus on specialized cell types in addition to embryoid bodies, which con-
tain all three primordial mammalian germ layers. Embryonic stem cells
may also answer critical questions in regards to developmental windows
for chemical insult. Pellizzer et al.38 proposed gene expression analysis
of cardiac and skeletal markers as a means to identify when alterations
occur that could trigger downstream phenotypic abnormalities. Interest-
ingly, this approach was also predictive of results obtained from in vivo
studies. Therefore, multiple studies using endpoints such as differentiation
and gene expression changes serve to reiterate the usefulness of embryonic
stem cells to predict teratogenicity of chemicals.

The nervous system is particularly sensitive to detrimental effects of
chemical exposure and it remains to be elucidated to what degree resulting
neurotoxicity is involved in determination of diseases such as Parkinson’s
disease1 and autism.39 Genetic mutations have been identified across a
subset of genes for both diseases, yet disease mechanisms are complex,
and a potential interplay between genetic and environmental factors as
causal effects are yet to be determined. Autism is a syndrome charac-
terized by alterations in social interaction, language development, repet-
itive movements and patterns of behavior. Its prevalence may affect 1 in
150 US children.40 No single region of the brain or pathophysiological
mechanism has yet been identified as the major determinant for autism.41
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Genetic causes account for approximately 10% of autism cases with multi-
ple candidate target genes identified, such as the serotonin transporter gene,
DBH, GABRB3, UBE3A, RAY1/ST7, WNT2, RELN, SPCH1/FOXP2 and
GRIK2.40−43 Environmental effects are strongly suggested to contribute
to disease etiology. There is substantial evidence from animal models and
human epidemiology studies44 that environmental (mercury/thimerosal, a
preservative used in vaccines and organophoshates) and therapeutic chem-
icals (thalidomide, valproic acid) exert specific teratogenic effects during
neurodevelopment which lead to altered neuronal migration and function
and autistic syndrome.39,45 Damaging neuronal and behavioral patterns
in autistic children may also result from an indirect rather than direct
environmental effect. In mice, repeated exposure to thimerosal leads to
neurobehavioral deteriorations, increased oxidative stress and decreased
intracellular levels of glutathione, a major antioxidative and detoxifying
agent.46 Therefore, autism may result from reduced detoxifying abilities.
Other epidemiological studies failed to correlate mercury and thimerosal
exposure to the risk of autism.47,48

Controversial findings, therefore, populate the field and call for models
with human cells to delineate the direct and indirect effects of chemical
exposure during development on the pathogenesis of autism. Limitations
of animal models to determine mechanistic factors in autism may result
from the fact that this is a disease with pronounced changes in human
behavior and personality traits.

Functional impairment of hindbrain serotonergic (5HT) neurons, sero-
tonine neurotransmission and the serotonine transporter has been observed
in children with autism.49 Therapeutic intervention with selective serotonin
reuptake inhibitors, which specifically target the serotonin transporter, alle-
viates symptoms of autism50 which strengthens the likely role of 5HT neu-
rons in disease mechanism. Serotonergic neurons are generated following
in vitro differentiation of mouse and primate embryonic stem cells.51,52

Early studies confirmed the presence of serotonin positive neurons in
approximately 15% of mouse ES-derived neurons51 as a result of Sonic
hedgehog activity. Therefore, a striking opportunity exists to investigate
critical pathways of environmental toxicants on the etiology of a very com-
plex cognitive disorder using embryonic stem cells. Proof of this concept
was achieved with an elegant model using mouse ES cells to investigate the
role of known teratogens (valproic acid) on the development of autism.2

Here, in vitro treatment of neural precursors with valproic acid disrupted
functional development of serotonergic neurons. Strikingly, ES-cell based
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models also support reversal of disease phenotype studies following toxic
injury. The addition of sonic hedgehog, a known inducer of serotonergic
neurons53 was able to partially prevent valproic acid-induced alterations to
ES-derived serotonergic neurons.2 These findings were correlated to in vivo
parallel studies in rats.

Exposure of pregnant rats to valproic acid, a drug with bipolar disorder
indications, resulted in changes in the allocation and function of serotoner-
gic neurons that were similar to disease phenotype in patients.2 We are cur-
rently undertaking pioneer studies using chemical biology associated with
hESC technology to investigate abnormal neuronal development and func-
tional impairments that result from chemical insult and potentially underlie
autism.

Cardiotoxicity: An Embryonic Stem Cell-Based Assay
for a Serious Side Effect

Cardiotoxicity is the major cause of compound attrition in drug industries,
followed immediately by hepatotoxicity.14,54 Compound attrition is the
progressive loss of chemical targets throughout drug discovery and devel-
opment, and is influenced by two major mechanisms: safety and efficacy.55

Cross-species variability between animals and humans, and an inherent
inaccuracy of current animal models to predict human response is a consid-
erable determinant of compound attrition.6 QT prolongation, a syndrome
that leads to delayed ventricular repolarization and cardiac arrhythmia, is
induced by a vast range of chemical entities for multiple therapeutic areas.
This syndrome accounts for as much as 80% of cardiac side effects of
drugs.54

As a result, fatal episodes following ventricular fibrillation have been
reported in otherwise healthy individuals following administration of
drugs.56 Similarly, QT prolongation has resulted in the removal of marketed
compounds following the average industry timeline of 15 years of research
and development and US$800 million of investments per drug.57 Cardiac
arrhythmias and cardiotoxic episodes arise from interactions of therapeutic
drugs with cardiac ion channels. Specifically, the action potential duration
(APD), which is an in vitro measurement that reflects in vivo cell surface
electrocardiogram outputs, depends upon multiple ion channels, such as
sodium (Nav 1.5), L-type calcium and the delayed inward cardiac rectifier
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potassium channel, known as hERG.58 Although hERG compound inhibi-
tion is the major component of cardiotoxicity screening;59 there have been
many reports of cardiotoxic episodes associated with other channels, such
as the L-type calcium channel.60,61 Strikingly, despite extensive research,
there is no direct mechanistic association between hERG and arrythmoge-
nesis, which is the principal symptom of cardiac toxic events.54,62

Initial studies have shown that cardiomyocytes derived from human
embryonic stem cells exhibit functional properties that are necessary for
their use in predictive toxicology studies.18 Immunostaining of hESC-
derived cardiomyocytes identified connexin 43 (Cx43) and connexin 45
(Cx45), indicating the presence of gap junctions which infer cardiac matu-
ration. In addition, cardiomyocytes developed a functional syncytium with
synchronized action potential propagation.18 The presence of cardiac con-
duction in ES-derived cardiomyocytes enables in vitro models focused on
stimulus propagation in human cardiac tissue and changes that arise in
response to chemical exposure.

We have recently validated an embryonic stem cell-based assay that tar-
gets a cardiac ion channel implicated in chemically induced cardiotoxicity,
the L-type calcium channel.63 This study utilized the calcium transient to
infer a cardiac lineage (Fig. 2). Cardiomyocytes derived from mouse ES
cells exhibited a functional response to chemical modulators of L-type cal-
cium channel activity, accurately reflecting in vivo cardiac reaction. In this
study, treatment of ES-derived cardiomyocytes with agonists and antag-
onists of the L-type calcium channel induced intracellular increases and
decreases in calcium transients respectively, which emulated an in vivo

Fig. 2. Frequency dependence of calcium transients in ES-derived cardiomyocytes. Rep-
resentative trace of an electrically induced calcium transient, following rhythmic pacing at
multiple frequencies by field stimulation.63
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cardiac response. ES-derived cardiomyocytes were comparable to in vivo
cardiac cells in regards to specific gene transcripts and cardiac proteins.

The expression of cardiac specific transcription factors (Nkx 2.5, MLC-
2V) and cardiac-specific functional genes (cardiac ryanodine receptor,
phospholamban, SERCA2a, calsequestrin, connexins 45 and 43, Cav1.2a,
Kv 1.5 and mERG) was confirmed in ES-derived cardiomyocytes in com-
parison to multiple sources of cardiac and non-cardiac myocytes, such as
in vivo cardiomyocytes, the immortalized atrial cardiomyocyte line HL-5
and immortalized skeletal myocytes C2C12. Nonetheless, ES-derived car-
diomyocytes are immature in direct molecular comparison to the adult heart,
with persistent expression of mRNA for early development genes (alpha-
fetoprotein, glypican 3, homeobox X, tenascin-C).

This is consistent with previous studies in mouse ES cells, where ES-
derived cardiomyocytes differed from the adult cells.64 Maltsev et al.64

identified changes in voltage half-inactivation of ItO, expression of IK,
response to hormonal regulation and gene expression when comparing
early stage ES-derived cardiomyocytes to terminally differentiated car-
diomyocytes. Studies in hESC have also shown that excitation-contraction
coupling properties in hESC-derived cardiomyocytes differ from the adult
myocardium, possibly due to immature sarcoplasmic reticulum function.65

Although this aspect may not be detrimental to predictive toxicology, it
highlights the importance of scientific investigation into the definition of
toxic endpoints.

The ES-cell based assay developed in our study63 was enabled by an
innovative approach to isolate ES-derived differentiated cells. The use of
laser capture microdissection and pressure catapulting (LMPC) enabled
enrichment of ES-derived cardiomyocytes from heterogeneous populations
of ES-derived cell types. This technology platform may be applicable to
other cell types derived from embryonic stem cells for in vitro screening
purposes and exploratory clinical applications.

LMPC uses a high precision laser micromanipulation system (cutting
size: less than 1µm) that is able to yield enriched cell populations from live
or fixed tissue.66 This photonics tool is based upon a 337 nm nitrogen laser
that operates in the UV-A range, allowing the surrounding tissue to remain
intact.The laser-excised cells are removed by a phenomenon known as “cold
ablation”, in which the targeted cells are excised, catapulted upward, and
captured in a media filled cap in a contact free manner. ES-derived beating
foci often retained contractility during LMPC, or regained it following 6 to
12 hours of in vitro culture.63
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Fig. 3. Immunohistochemistry of ES-derived cardiomyocytes isolated with laser capture
micro dissection: structural cardiac proteins were detected in cells of beating foci. (a) Control
IgG, (b) anti-cardiac actin, and (c) anti-cardiac myosin.63

As reported above, functional and molecular characterization follow-
ing LMPC demonstrated that cell viability was preserved as well as
cell-cell interactions that sustain the pacemaker-driven contractility of car-
diomyocyte aggregates. Enrichment of ES-derived cardiomyocytes by laser
capture micro dissection was also confirmed by immunohistochemistry
analysis of excised foci with antibodies directed against cardiac proteins
such as cardiac alpha-actin and cardiac myosin (Fig. 3).

Importantly, beating foci were amenable to predictive safety investiga-
tion in 96-well format, which greatly streamline testing in a multiple chemi-
cal compound setting. In summary, the presence of multiple components of
the cardiac phenotype in ES-derived cardiomyocytes, such as transcripts,
proteins, electrophysiology and most importantly, functional pharmacol-
ogy, bear enormous opportunities for alternative testing in cardiotoxicity
studies of therapeutic compounds.

Conclusions

The main goal of our current scientific endeavor in stem cell biology is to
evaluate embryonic stem cells, particularly hESC, as a valuable resource for
predictive toxicology studies. The benefits of hESC to understand mecha-
nisms associated with toxicity-induced adverse reactions and diseases are
numerous.

Robustness is a hallmark of this technology, in comparison to standard
assays which rely on animals or immortalized cells. hESC can be scaled
by indefinite in vitro culture, providing cellular substrates for screening of
thousands of chemicals without the variability or limited number of cells
detected in other screening systems, such as primary cellular explants.22
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Cryopreservation of human embryonic stem cells greatly streamlines
assay development and harmonization across multiple testing sites and
conditions.

Risk assessment studies and international regulatory initiatives such as
REACH, will require interlaboratory standardization and validation and
distribution which are applicable to cryopreserved cells. The development
of in vitro testing systems is in alternative for the experimental use of
animals. The complexity of toxic response, however, cannot be predicted
in its entirety without in vivo systemic interactions. Therefore, alternative
hESC-based predictive toxicology assays serve an important role as we
strive to exercise the 3Rs theme initially proposed by Russel and Burch67

to refine, reduce and replace the use of experimental animals.
The field of developmental toxicology may be particularly awarded with

extraordinary achievements with the advent of hESC technology. Genetic
and epigenetic effects of chemical exposure on human development may
be unraveled for multiple birth defects and consequent pediatric disorders
through in vitro organogenesis modeling. In essence, we strongly believe
that the opportunity to generate human neurons, hepatocytes and cardiomy-
ocytes may significantly impact our understanding of disease mechanisms
and the role of environmental toxicants and xenobiotics on disease etiology.
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