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together denoted as pluripotent stem cells have opened up unprecedented
opportunities for developments in human healthcare over the past 20
years. Although much about the properties and behaviour of these cells
required to underpin their applications has been discovered over this
time, a number of issues remain. This brief review considers the history
of these developments and some of the underlying biology, pointing out
some of the problems still to be resolved, particularly in relation to their
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Co-incident with the first description of human
embryonic stem (ES) cells by James Thomson
and his colleagues in 1998' came the recognition
that they offer unprecedented opportunities
for providing unlimited supplies of almost
any somatic cell that could then be used in
transplantation to replace diseased or damaged
tissues.> * The naiveté associated with some of
the early enthusiasm for what became known as
regenerative medicine was quickly tempered by
the recognition of the many hurdles that had to
be overcome before clinical applications could
become a reality. Not least among these were the
ethical concerns felt by some about the probity of
deriving and working with cell lines that required
the destruction of human embryos, albeit that
these were mostly excess to their use in assisted
conception, for which they had been created,
and would otherwise have been destroyed. The
discovery by Kazutoshi Takahashi and Shinya
Yamanaka* that murine somatic cells could be
easily reprogrammed to an ES cell like state,
cells called induced pluripotent stem (iPS) cells,
and the subsequent demonstration that human
iPS cells could be similarly produced,*¢ removed
some of those concerns, and opened up the

field with a subsequent explosion of research.
Reprogramming also offered the possibility of
matching the genotype of differentiated cells
produced for transplantation with that of a
prospective patient, so minimizing the chance of
immune rejection.

Commonly, ES and iPS cells are grouped together
as pluripotent stem cells (PSC) and despite their
different origins, they present many of the
same issues that need to be addressed by those
seeking to use them in different applications
such as regenerative medicine. Among these
is the definition of pluripotency itself and how
the propensity of PSC lines to differentiate into
a range of cell types should be characterized.
Assessing pluripotency is a question of particular
concern in the production of iPS cells and
establishing the extent to which reprogramming
back to an ES cell-like state has been achieve.
But it can also be a problem with ES cells as
they adapt to long term culture. The term
‘pluripotency’ appears to be deceptively simple,
but it has evolved over time. It is helpful to have
an understanding of that history to appreciate the
connotations attached to the term in different
contexts. Another issue is understanding how the
balance between self-renewal and differentiation
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is controlled and how it may be affected by culture conditions.
It is likely that subtle variations in key parameters can affect
this balance, which, in turn, could affect our ability to produce
required differentiated derivatives in both a reproducible and
cost-effective manner. However, perhaps one of the biggest
problems is not only the inevitability that cell lines acquire
mutations during prolonged passaging in culture, but also
the propensity of PSC to acquire particular genetic changes
recurrently.” A related concern is the potential for malignant
transformation and how this may be associated with genetic or
epigenetic changes. Finding ways to minimize the rate at which
variant cells appear is key. In this review, I will consider some
of the issues that must be considered in working with human
PSC and developing applications for regenerative medicine.

On the History of Pluripotency

The development of PSC can be traced back over the
past 100 years or more to the study of teratomas, peculiar
tumours that typically, though not exclusively, arise in the
gonads and contain a jumbled array of cell types, sometimes
organized into recognizable tissue structures.>’ Though rare,
the testicular version of these tumours is highly malignant
and was a leading cause of death in young men until the
discovery that cis-platinum offers an effective chemotherapy."
Nevertheless, teratomas were largely a medical curiosity until
Leroy Stevens discovered that they occur spontaneously
in the testes of strain 129 mice."" Importantly some of these
tumours are demonstrably malignant since they can be
serially transplanted to successive strain 129 mice, and are
therefore termed teratocarcinomas. Histopathology suggested
that distinct, small, apparently undifferentiated cells, called
embryonal carcinoma (EC) cells, are the stem cells of these
tumours, responsible for malignancy as well as the source of
the differentiated cells comprising the bulk of the tumour. This
notion was confirmed in a landmark study published in 1964
by Lewis Kleinsmith and Barry Pierce.'? They showed that the
transplantation of a single EC cell is sufficient to regenerate
a complete teratocarcinoma, confirming that an EC cell is
capable of generating new EC cells (‘self-renewal’) as well as
differentiating into derivative cell types, both necessary features
of a stem cell. At that time, pluripotency of these murine EC
cells was defined by the histology of the teratocarcinomas and
the presence of cells corresponding to the three germ layers
of the embryo, ectoderm, mesoderm and endoderm, as well
as EC cells. Teratomas, which are not retransplantable, and so
generally not malignant, are distinguished by their absence of
EC cells.”

The apparent recapitulation of early embryonic cell
differentiation in teratocarcinomas attracted the attention of
developmental biologists. Clonal lines of murine EC cells were
established and shown to be capable of both differentiating
in vitro or of forming teratocarcinomas when transplanted to
host mice."*'® These cells exhibited similar characteristics to
the cells in the blastocyst, the inner cell mass, from which all
the somatic cells of the embryo are subsequently derived. Most
remarkably, it was shown that when EC cells were introduced
into a blastocyst that was then re-implanted into a pseudo
pregnant female mouse and allowed to develop to term, they
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would take part in development and contribute to tissues of the
resulting chimeric mouse.'” This evidence of developmental
equivalence of EC cells to the inner cell mass led Martin Evans
and Gail Martin,'® " independently, to show that the opposite
experiment was possible, namely to explant inner cell mass cells
in vitro and that, under specialized conditions, these could be
maintained indefinitely in culture. These cells, which became
known as ES cells, retained the pluripotency characteristic of
EC cells, evidenced both by their ability to form teratomas
when implanted into adult mice, or to form chimeras when
introduced into a blastocyst. Importantly, the chimeras formed
from ES cells were typically much more extensive than those
formed by EC cells, and included functional germ cells derived
from the ES cells. Consequently, the preferred definition of
pluripotency shifted to the ability of a cell to form germ cell
chimeras.

Building on results from the laboratory mouse, experimental
studies human PSC began with EC cell lines isolated from
human testicular teratocarcinomas.”” *! Although many of
these lines had apparently lost the ability to differentiate, and
could be classed as ‘nullipotent’, probably because of extensive
adaptation to tumour growth, several lines, notably NTERA2
and GCT27, did retain the ability to differentiate extensively
both as xenograft tumours in immunodeficient mice, or in
vitro.» 2 Using these lines, a number of markers, mostly cell
surface antigens, typically expressed by human EC cells were
identified and characterized.*® These same markers were
then found to be similarly expressed by human ES cells when
eventually derived." 22 In contrast to the developments in
characterizing pluripotency in murine ES cells, for obvious
reasons, the germ line chimera test cannot be applied to human
PSC, so that the ability to form teratomas in immunodeficient
mice again became the gold standard for human pluripotency.

Evaluation of Pluripotency

Although the formation of xenografted teratomas remains the
most widely accepted tool for confirming the pluripotency of
human PSC, it is a complex and expensive assay, taking several
weeks and requiring the expert histology.”” Further, in many
countries there are strong restrictions on the use of animals,
such as mice, for such research. Consequently, a number of
other approaches have become widely used, and have been
compared in studies by the International Stem Cell Initiative
(ISCI) consortium.?® %

Differentiation in vitro is the most obvious alternative to
the teratoma assay, and various approaches are widely used.
As with mouse PSC, when human PSC are forced to grow
in suspension, they tend to form tight clusters of cells,
known as embryoid bodies, in which extensive spontaneous
differentiation occurs." *° Alternatively, differentiation of
monolayer cultures of attached cells can be easily induced by
altering culture conditions, including the addition of specific
growth factors.?>*! In either case, evidence for the appearance
of particular cells can be sought by their expression of particular
markers. However, a convenient global approach is to assess
the expression of a panel of genes that are indicative of cells
corresponding to each of the three germ layers, and produce a
‘score card’ that compares the extent of differentiation along the
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ectoderm, mesoderm and endoderm pathways.*>* In a recent,

ISCI study of several human PSC lines,” the results of this
score card approach to analyse embryoid body differentiation
were compared to the differentiation occurring in xenograft
tumours of the same PSC lines, assessed both by histology
and a bioinformatic analysis of transcriptome data, called
‘Teratoscore’.** In this ISCI study, the embryoid bodies were
allowed to form under ‘neutral’ conditions, or in growth media
designed to promote, respectively, ectoderm, mesoderm or
endoderm differentiation. The differentiation occurring in the
embryoid bodies growing in neutral conditions was generally
comparable to that detected in the xenograft tumours, whether
assessed by histology or Teratoscore. However, it was notable
that in differentlines there were different biases in the extent of
apparent spontaneous differentiation and we termed this their
‘propensity’ for differentiation. Nevertheless, in each of the
lines studied marked differentiation to ectoderm, mesoderm or
endoderm was detected when the embryoid bodies were grown
in conditions promoting each of those lineages, irrespective
of the extent of particular germ layer differentiation under
neutral conditions. We termed the results of this directed
differentiation their ‘potential’ to differentiate.

Although functional assessment of pluripotency is essential
to provide decisive evidence, even in vitro assays are time
consuming and expensive. Consequently, surrogate assays for
the expression of markers that are characteristically expressed
by PSC are widely used, for example, the cell surface antigen
markers, such as stage specific antigen (SSEA)-3 and -4, and
TRA-1-60, TRA-1-81 and GCTM2.%® Similarly, several
transcription factors, notably octamer-binding transcription
factor 4, NANOG and SRY-box transcription factor 2, as well
as other protein markers such as teratocarcinoma-derived
growth factor and alkaline phosphatase, are characteristically
expressed by human PSC.”® These are often, incorrectly,
referred to as ‘pluripotency markers” they are, in reality, only
markers of the undifferentiated state of human PSC, so their
expression may be ‘consistent’ with a pluripotent state but it is
not definitive. For example, nullipotent EC cells are commonly
found in germ cell tumours, most likely arising from PSC that
have lost the ability to differentiate while adapting to tumour
growth.?” ¥ Such cells typically express all of the common
markers of pluripotent cells.* Further many of these markers
are expressed by other cell types that are unrelated to PSC.
For example, SSEA-3 and SSEA-4 are strongly expressed by
red blood cells and are part of the P-blood group system,*
whereas markers such as TRA-1-60 and TRA-1-81, although
down regulated upon differentiation of human PSC, may also
be expressed by a range of other cell types.*® Thus, their value
as markers of undifferentiated PSC depends upon the context
in which they are used.

An extension of the assessment of the expression of a specific
set of markers is to use bioinformatic’s analysis of the extended
transcriptome of pluripotent stem cells. One algorithm for
this that has been widely used is Pluritest.” ¥ Although
providing a convenient rapid initial screen of presumed PSC,
it can also only be regarded as providing evidence consistent
with a pluripotent state. Functional assays are still required
to confirm pluripotency definitively and to evaluate whether
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the propensity of a PSC line to differentiate is biased towards
particular lineages.

Controlling Pluripotency

For developing applications, such as for regenerative
medicine, pluripotency is a two edge sword. While it provides
the opportunity to produce almost any somatic cell type,
developing methods to produce efficiently just a single cell
type, uncontaminated by other unwanted cells presents major
challenges. One of the first applications to be developed, to
correct age related macular degeneration, took advantage of
the propensity of human PSC to spontaneously differentiate
to produce retinal pigment cells when allowed to grow
to confluence.®® Although these cultures contained many
other cell types, the strongly pigmented nature of the retinal
pigment cells allowed them be readily isolated manually from
the culture. This proved a practical approach because of the
small numbers of cells required for transplantation, and several
clinical trials with PSC-derived retinal pigment cells have been
initiated over the past 10 years.*”*

For most applications, however, spontaneous differentiation
is too inefficient to yield specific cells in sufficient quantities,
and a wide range of protocols have been developed to promote
the differentiation of specific cell types, typically based
upon knowledge from the signalling pathways that control
different lineages during embryogenesis. Using this approach,
applications for treating Parkinson’s disease, diabetes, heart
disease and spinal cord injury are well advanced and some have
begun clinical trials.*’ This has also been greatly facilitated by
discoveries about the core signalling mechanisms that promote
self-renewal of human PCS, which indicate that human
PSC appear to correspond more closely to a primed state of
pluripotency rather than the naive state of murine PSC.**From
this work a number of fully defined culture media have been
developed, for example, E8,* which eliminate the use of feeder
cells and minimize or eliminate the use of poorly characterized
biological additives such as serum or extracellular matrices.

These defined media minimize interference from extraneous
ill-defined factors that may interfere with the specific
signalling pathways designed to promote particular lineages
of differentiation. However, the nature of PSC themselves can
also introduce stochastic confounding factors that also interfere
with differentiation protocols. For example, in establishing a
protocol for the production of neural crest cells from human
PSC, we noted considerable variation from one experiment to
another. Eventually we identified the cause of the problem as
the production of bone morphogenetic protein (BMP) by the
PSC cultures themselves, most likely from minor populations
of spontaneously differentiated cells that arise in a variable
and stochastic manner.* BMP was one of the factors included
in the medium to promote neural crest differentiation, but
the exact level of BMP signalling is critical. Variable levels
of endogenously produced BMP can easily move the total
level of BMP outside the range necessary for neural crest
differentiation in an unpredictable manner. Our solution was
to include a large excess of BMP in the induction medium,
together with a BMP signalling inhibitor, dorsomorphin
homolog 1, which was titered down to achieve an exact level
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of BMP signalling.* This approach, which we termed ‘top-
down inhibition’, proved very effective in greatly reducing the
variability in different runs of the neural crest differentiation
protocol. In principle the same strategy could be used in other
protocols dependent on cytokines that are also produced
by the PSC, or their derivatives, themselves. An opposite
approach, which we term ‘baseline activation’, could also be
used in which the signalling pathway is completely inhibited
by an appropriate antagonist binding to an endogenous ligand
in the medium, and the reactivated by careful titration of an
appropriate with a small molecule that activates the signalling
pathway internally.*

Another relevant aspect of PSC biology is the notion that
during differentiation fate decisions are probabilistic and that
within a population of undifferentiated PSC, the ‘stem cell
compartment’, individual cells can be classified into different
subpopulations, or substates, with different prospective
fates when induced to differentiate.* These substates are
interconvertible, with cells moving randomly between them,
so that averaged over time all the cells have the same set of
potential fates, but at a particular time an individual cell will
exhibit a bias in its fate if induced to differentiate.” Using
cells carrying fluorescent reporters for genes associated with
endoderm or mesoderm differentiation, we were able to
isolate PSC subpopulations that showed a bias towards these
respective lineages when induced to differentiate, but reverted
to other pluripotent substates if maintained in standard PSC
medium that supported undifferentiated cultures.” ** In the
case of the mesoderm-biased substate we were also able to
define culture conditions that trapped the cells in that substate,
permitting their prolonged proliferation.* These trapped cells
would revert to a fully pluripotent state if returned to PSC
culture conditions, but showed enhanced differentiation to
particular mesodermal cell types upon appropriate induction.
Strategies to trap cells in such a fully proliferative but biased
substates of the stem cell compartment might allow for more
efficient production of the fully differentiated cells required for
a particular application.

Pluripotency, Malignancy and Genetic
Variability

Beyond developing strategies for producing particular
differentiated cells, one of the major concerns for PSC-based
regenerative medicine is its long term safety driven by concerns
about potential malignancy and about the appearance genetic
variants in PSC cultures. The close relationship of ES and iPS
cells to EC cells from germ cell tumours, and the knowledge
that they will form teratomas when grown as xenografts has
fueled this concern. However, the discussion is often confused
and appreciation of the problem requires consideration of the
clinical aspects of germ cell tumours.

One point of confusion is that authors often do not distinguish
between the terms teratoma and teratocarcinoma: ‘teratoma’
should be used to denote a tumour that contains a wide range
of differentiated cell types but lacks any undifferentiated
PSC, whereas ‘teratocarcinoma’ should be used to denote
similar tumours that also contain persisting undifferentiated
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PSC."*? Teratocarcinomas are certainly potentially malignant
because of the persisting PSC, but the type of tumour that
these produce is obviously another teratocarcinoma. Since
it is the differentiated derivatives that will be transplanted
for regenerative medicine, the starting point for avoiding
the unwanted appearance of a teratocarcinoma is to develop
strategies to ensure that the transplanted cells are not
contaminated by residual undifferentiated cells.

However, the differentiated cells themselves may also present
a possible hazard. Here the biology of teratomas can give
some insights but the situation is more complicated and less
clear. Generally, teratomas in the laboratory mouse tend
to be composed of mature differentiated cells and are not
malignant but the clinical situation with human teratomas
and the differentiated cells of human teratocarcinomas is
rather different.”” First, many of the differentiated tissues
in these tumours appear to be composed of histologically
immature cells which immediately provokes concerns of
possible malignancy. The tumours may also contain elements
corresponding to extraembryonic tissues, such as the yolk sac.
Although evidence of actual malignancy of any differentiated
derivatives of human ES or iPS cells is lacking, it is instructive
that in clinical cases of germ cell tumours malignant tumours
derived from somatic and extraembryonic elements are
occasionally observed,* albeit that human germ cell tumours
of adults are highly aneuploidy, which might contribute to the
development of malignancy. Consequently, for regenerative
medicine, assessing the possibility that the transplanted
differentiated cells might develop malignant characteristics is
along term problem that needs to be considered.

It is unclear to what extent genetic changes acquired by human
PSC during in vitro culture may contribute to malignant
transformation. When first derived, ES cellsare typically diploid
and, unless the embryo from which they were derived came
from a family known to carry a disease-associated mutation,
they present no immediate concerns about their use for
developing therapies. Similarly, iPS cells are typically diploid,
although they could carry additional somatically-derived
mutations that have arisen in the cells used for reprogramming
during the life of the donor.*® However, on prolonged passage
both ES and iPS cells may acquire genetic changes involving
major structural chromosomal rearrangements, acquisition of
small copy number variations or point mutations.”” *> Some
of these occur recurrently, most likely because they offer a
selective growth advantage to the cells. Certainly some of
these affect genes, notably BCL2L1 on chromosome 20 and
TP53 on chromosome 17 are often associated with cancers in
other situations.®>* It is notable that in a recent ISCI study,
albeit limited, of several human PSC lines, no correlation was
observed between some common karyotypic changes and the
persistence of undifferentiated PSC in xenograft tumours.?”
Nevertheless, the study was too small and not appropriately
designed to comment definitively on the effects of these
changes on somatic cell malignancy. In principle, of course,
cells known to have acquired mutations would not be used in
clinical treatments, but this does mean that cell lines must be
continuously monitored for the appearance of such mutations.
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A further difficulty here is that the means for detecting genetic
changes, particularly karyotpic and copy number variations
changes, are not very sensitive and genetic variants present at
the level of even 10-20% of a population may be easily missed.*®

Although, the appearance of recurrent genetic variants in
human PSC is well documented, the underlying mutation rate
is low, maybe even lower than in somatic cells.*® On the other
hand, it does seem that these cells are particularly susceptible
to DNA damage.”” These two apparently contradictory
observations can be reconciled by the further observation
that, in contrast to somatic cells, PSC tend to respond to DNA
damage by apoptosis rather than DNA repair.*® This might
reflect the requirements of early embryogenesis when cell
proliferation is rapid and the appearance of a mutation that
would be propagated to many cells of the developing embryo
could be catastrophic. Several of the common recurrent genetic
changes seem likely to raise the apoptotic threshold of the
cells, so that cells carry these particular variants are less likely
to die in response to genomic insults and so gain a growth
advantage, particularly under suboptimal culture conditions.”
In this respect it is notable that including additional exogenous
nucleosides in the growth medium of human PSC does seem
to reduce their susceptibility to DNA damage and improve
their growth and survival,”” while culture under low oxygen
conditions has also been reported to reduce the mutation rate.*

Conclusions

It is remarkable that several clinical trials of regenerative
medicine based upon transplanting differentiated derivatives
of human PSC have begun, even though it is only just over 20
years since human ES cells were first derived. Nevertheless, as
highlighted above, much remains to be done to ensure both
cost effective and safe treatments can be made available to large
numbers of patients. It is notable that some of the first trials,
for age related macular regeneration, and Parkinson’s disease,
have been for conditions that require relatively few cells to be
transferred to confined organs and have been directed to older
patients for whom other treatments are lacking. Other possible
applications, such as for diabetes, will require many more cells
and may be for younger patients for whom other treatments
are available. In such cases safety standards will inevitably be
more stringent.

Continued developments in understanding the mechanisms
that control the behaviour of the undifferentiated stem cells and
their differentiation will certainly contribute to strategies for
producing large numbers of specific cells in a reproducible and
cost-effective manner. Strategies for assessing the safety of the
products and their potential for developing cancers, however,
remain very much in flux without any consensus. Certainly it
would be unwise to transplant cells with known karyotypic
changes or that have acquired point mutations such as those
that occur in TP53 and are well known to be associated with
cancer. Nevertheless, the sensitivity of current assays means
that variant cells may remain undetected. Also, although it may
be minimised by new culture strategies, genetic variation in
cultured cells is inevitable. Indeed, many of the genetic variants
that arise in human PSC may in practice have little or no clinical
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significance. To identify those that could cause problems is
one of the remaining problems for PSC based regenerative
medicine. It is unlikely animal models of tumourigencity will
prove useful. More likely, progress will come from a thorough
understanding of the consequences of particular mutations for
cellular behaviour linked to a bioinformatic analysis of cancer
genetics and the role of different mutations for tumourigenesis
in humans.
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