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Abstract

Introduction: Since the initial discoveries of human embryonic and induced pluripotent stem
cells, many strategies have been developed to utilize the potential of these cells for translational
research and disease modeling. The success of these aims and the development of future
applications in this area will depend on the ability to generate high-quality and large numbers of
differentiated cell types that genetically, epigenetically, and functionally mimic the cells found in
the body.

Areas covered: In this review, we highlight the current strategies used to maintain stem cell
pluripotency (a measure of stem cell quality), as well as provide an overview of the various
differentiation strategies being used to generate cells from all three germ lineages. We also discuss
the particular considerations that must be addressed when utilizing these cells for translational
therapy, and provide an example of a cell type currently used in clinical trials.

Expert opinion: The major challenge in regenerative medicine and disease modeling will be in
generating functional cells of sufficient quality that are physiologically and epigenetically similar
to the diverse cells that they are modeled after. By meeting these criteria, these differentiated
products can be successfully used in disease modeling, drug/toxicology screens, and cellular
replacement therapy.
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1. Introduction

Human pluripotent stem cells (hPSCs) can proliferate without limit and differentiate to all
somatic cell types. There are two main types of hPSCs: embryonic stem cells (hESCs) and
induced pluripotent stem cells (hiPSCs). hESCs are derived from the inner cell mass of an
embryo [1], whereas hiPSCs are reprogrammed from somatic cells using defined factors
[2,3]. Despite these differences, hiPSCs and hESCs share similar molecular regulation
machineries, and the strategies for self-renewal and differentiation of these cells are very
similar. In this review, we refer to both of these categories of cells together as hPSCs unless
otherwise specified.

Recent successes in transgene-free iPSC reprogramming have brought attention to the
potential of using patient-specific pluripotent cells for clinical applications [4]. Protocols for
the directed differentiation of hPSCs to numerous cell types are now available, including
methods for the generation of neurons, cardiomyocytes, adipocytes, endothelial cells (ECs),
and hematopoietic cells. However, the particular methods that generate differentiated cell
types suitable for translational research are still being developed. In this review, we will
discuss general cell culture platforms for hPSCs, as well as several strategies for cell lineage
differentiation.

2. General cell culture platforms of hPSCs

The pluripotency maintenance and differentiation potential of hPSCs maintained in the
laboratory are dependent upon the applied culture condition [1,5,6]. hPSCs grow as adherent
cells on solid surfaces with coating and are maintained in media supplemented with specific
growth factors to either sustain cell pluripotency or induce cellular differentiation.
Therefore, suitable conditions for maintenance or differentiation can be achieved by
manipulating two major components: the extracellular matrix (ECM) and growth factors. As
hPSCs are increasingly publicized for their potential in clinical applications, the
combination of conditions is determined by the demands of downstream applications.

Historically, hPSCs have been successfully cultured and maintained on mouse feeder cells
(usually fibroblasts) in serum or serum replacement-containing medium [1,7]. These feeder
cells secrete specific factors, which in combination with the nonspecified factors in serum
are empirically effective in promoting hPSC growth and survival. Additionally, these feeder
cells generate an ECM, onto which hPSCs can attach and expand. However, feeder cell-
based platforms are not suitable for clinical application as the inconsistency of undefined
components hinders production and repeatability. In response, the field has embraced the
development and use of feeder-free culture conditions using xeno-free media [8]. Specific
ECM products that meet the more stringent requirements for clinical applications have also
been produced. Concurrent advances are being developed to address the necessity of high-
quality, large-scale production of hPSCs for clinical therapy. These include large-surface
bioreactor or vessels and suspension cultures for cell maintenance and differentiation.
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3. Pluripotency strategies

3.1 Cell culture media

hPSC culture requires the activation of three major families of growth factors to support cell
pluripotency and expansion: fibroblast growth factor (FGF), TGF-B/nodal/activin and IGF/
insulin [9]. Whereas the FGF and TGF-p/nodal/activin pathways maintain the expression of
pluripotency genes such as NANOG and OCT4 [10,11], the FGF and IGF/insulin pathways
activate cell survival signaling [12-14]. hPSCs are traditionally cultured on mouse feeder
cells in knockout serum replacement (KOSR) medium that is supplemented with FGF. As
stated previously, the feeder cells and KOSR provide essential stimuli that work with the
FGF to maintain cell pluripotency. However, this type of culture is not ideal for translational
applications because feeder cells and KOSR have issues with consistency, animal sourcing
and safety. In the last 15 years, many laboratories have made major efforts to develop more
consistent and defined hPSC culture conditions; an international consortium was formed in
2010 to evaluate popular formulas for consensus use [11,14-17]. In an attempt to keep
culture conditions animal-free, all hPSC-related growth factors are now available as
recombinant proteins. Similarly, albumin (which is also used in some hPSC cultures) is also
now available as recombinant albumin [18] or it can be totally removed from cell culture. To
further improve the consistency of the medium, strategies have been developed to improve
the stability of growth factors such as FGF through point mutation, use of heparin or heparan
sulfate supplement [10,19-21] or slow-release mechanisms [21].

3.2 Extracellular matrix

As adherent cells, hPSCs require attachment to a specific ECM in order to activate the
integrin receptors essential for cell survival. This ECM can be supplied by feeder cells in
culture or by commercial products. Matrigel, which contains collagen and laminin from
mouse sources, is the most commonly used ECM in feeder-free culture. Other recombinant
proteins known to successfully support hPSCs include vitronectin, fibronectin and laminin.
Xeno-free synthetic peptide matrices have also been shown to be successful [10,22-27].
Moving forward, the challenge is to optimize ECMs for defined stem cell culture.

3.3 Handling methods

Cell-to-cell contact is essential for hPSC survival; hPSCs generally do not survive
dissociation by trypsin/EDTA and instead are dissociated with the enzymes collagenase and
dispase, which generate clumps of cells that preserve cell-to-cell contact. However, it is
difficult to regulate the size of these clumps, which results in cell culture variability [5,7].
These animal-sourced enzymes, additionally, are not ideal for translational research.
Animal-free recombinant enzymes TrypLE and Accutase have been generated to more
gently dissociate cells [28], and the addition of ROCK inhibitor has been shown to suppress
cell death, thereby allowing for dissociation methods with more consistent cell survival in
regular expansion and differentiation [29-31]. At the same time, enzyme-free dissociation
methods were developed to dissociate and harvest hPSCs with simple chemicals, such as
EDTA and citric acid [30,32].
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3.4 Large-scale culture

Cellular therapy typically utilizes billions of cells of interest----two or three orders of
magnitude larger than the number used in regular laboratory research settings. To meet this
need, specialized expansion platforms, such as bioreactors and suspension culture, are
required [6,33] Bioreactors and multilayer vessels utilize the classical culture methods of
hPSCs on adherent surfaces and enlarge usable culture surface area in limited space. An
alternative platform is suspension culture, which is already commonly used for cell-based
protein production of other cell types. As hPSCs usually grow as adherent cells, this
platform utilizes ROCK inhibitor and IL-6 receptor treatment in order to limit cell death
cause by suspension culture. Both platforms allow for large-scale expansion of hPSCs with
greatly expanded capacity.

When culturing hPSCs in these conditions, it is important to consider the inherent potential
for variability and mutation that accompanies large-scale culture. Theoretically, hPSCs can
expand without limit while maintaining their pluripotency. It has been reported that normal
karyotypes of hPSCs can be maintained up to 240 passages with cells in culture for up to 3
years, but abnormal karyotypes do arise in routine expansion [34]. In order to avoid potential
abnormal karyotypes in hPSCs and maintain experimental consistency, we recommend the
use of hPSCs within specific passages. hESCs are usually available at passage 30 — 40 upon
reception; it is recommended to use them for an extra 30 passages until passage 50 — 70. At
the same time, hiPSCs can often be obtained around passage 20 and can be used until
passage 50.

4. Differentiation strategies

4.1 General platforms

There are three major platforms for stem cell differentiation: i) co-culture with other cell
types; ii) formation of embryoid bodies (EBs) in suspension, which are subsequently
directed to differentiate; and iii) monolayer differentiation [1,35,36]. The co-culture platform
utilizes particular feeder cell types (chosen based on the differentiation protocol), which
secrete essential factors to drive differentiation to specific lineages, thus initiating and
determining cell fate. Because of the lack of control over feeder cells, it is difficult to
regulate and optimize the differentiation process. The EB platform promotes differentiation
of hPSCs in three-dimensional suspension culture by forming floating clumps of pure
hPSCs. These EBs mimic natural embryogenesis, such that cells from all three germ
lineages can emerge within the EB (though specific culture conditions can bias the cells to a
particular lineage of interest). Under the monolayer system, researchers supplement
differentiation media with specific factors, such as morphogens and growth factors, to drive
adherent hPSCs to specific lineages. This simplified system makes it easier for researchers
to understand regulatory mechanisms and to optimize protocols.

4.2 Strategies to improve purity

A pure population of differentiated cells from hPSCs is typically required for downstream
applications, and as alternative cell types can contaminate these samples, multiple strategies
are used to increase purity. Conventionally, cell sorting, by magnetic columns or flow
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cytometry, is used to enrich for cell types of interest. Gene targeting in combination with
drug selection can also be used to engineer a cell-type-specific promoter to drive a selection
marker. This can then be used to create a purified population. As both of these options are
labor intensive, the ideal strategy is to optimize differentiation protocols such that cells can
be generated with high purity.

4.3 Differentiation considerations

As discussed in the first section, pluripotency is maintained through the FGF, TGF-p/nodal/
activin and IGF/insulin pathways. It has been recently proposed that pluripotency is
achieved by balancing the signaling between the neural lineage and the mesoendodermal
lineage [37]. The /n vitro differentiation of pluripotent stem cells follows the same molecular
regulation of the embryo in epiblast, gastrulation and further lineage determination stages. It
has been long evident that disturbing the pluripotency growth factor pathways can directly
induce the differentiation of cells to specific lineages. In general, activation of the bone
morphogenic protein (BMP)4/ WNT pathway induces mesoendoderm, whereas inhibition of
the BMP4/TGF-B pathway drives neural differentiation. In this review, we highlight several
examples of hPSC differentiation to ectodermal, mesodermal and endodermal fates, and the
key signaling pathways involved in differentiation to these cell types is summarized in Table
1. Although these differentiated cell types may be validated based on morphological and
genetic criteria, it is important to note that not all cell types have been validated using
functional criteria. Proper function of differentiated hPSCs is an important consideration
moving forward and will be examined in further detail later on.

4.4 Ectoderm specification

The ectoderm is the most distal of the three primary germ layers in the developing embryo,
and its position in the early developing embryo is managed by selective affinity for the
mesoderm layer and weak affinity for the endoderm layer. Ectoderm can be classified into
two parts: surface ectoderm and neuroectoderm. Together, they give rise to neural cells, skin
cells and pigment cells. Induction of ectoderm fate in hPSC populations can be considered a
‘default’ pathway due to the ease with which hPSCs can develop into neuroectodermal cells
in basic cell culture conditions, including low serum [38].

4.4.1 General considerations for the generation of neural cells—Many groups
have succeeded in developing protocols for the differentiation of neurons from hPSCs. /n
vitro, BMP/SMAD inhibition (including chordin, noggin and follistatin) promotes the neural
fate [39]. Careful management and manipulation of key signaling pathways induces
generation of neuronal subtypes, including motor neurons or dopaminergic neurons, as well
as develop other neural cell types, including astrocytes and oligodendrocytes. These cell
types may hold relevance for future studies focusing on particular diseases. Other neural
cells are developed from the neural crest fate, including sensory neurons and Schwann cells.

4.4.2 Generation of neural stem cells—The inherent heterogeneity associated with
direct differentiation of neurons from hPSCs has led to the utilization of neural stem cells

(NSCs) as an intermediate multipotent cell type, which can differentiate to mature neurons
and glia. Traditionally, NSCs are generated through a rosette-based method, by which EBs
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are primed to form adherent neural rosettes; this is done using neural induction media
containing FGF2 to promote self-renewal [40,41]. Purified rosettes are then dissociated to
establish NSCs, which can be identified by the expression of specific markers such as
SOX1/2, NESTIN and PAX6.

4.4.3 Generation of neurons—The key signaling pathways involved in neuronal
differentiation involve Notch, sonic hedgehog (SHH), retinoic acid (RA), Wnt, FGF and
TGF-p. Several groups have shown that neurons can be created through a variety of
methods, including co-culture with stromal cells [42], directed differentiation from hPSCs
[43] and differentiation from a stable NSC stage [40]. Generally, neurons can be formed by
the removal of FGF from the cell culture medium. Other factors, such as activin [44], the
Notch inhibitor DAPT [45] and cAMP, have also been shown to induce the differentiation of
neuronal precursors. In order to expedite the differentiation process, neuronal differentiation
medium can be supplemented with growth factors, including brain-derived neurotrophic
factor and glial cell line-derived neurotrophic factor. These factors mimic the support
rendered from surrounding astrocytes /in vivo (Figure 1). As it is difficult to sort these cells,
researchers rely on alternate methods to generate pure populations of neurons. These include
optimizing protocols or adding small molecules to inhibit the growth or proliferation of
other cell types.

4.4.4 Generation of neural subtypes of cells—Culture conditions can be adapted to
generate other neural cells, including subtypes of neuronal cells and glial cells. hPSCs are
differentiated to dopaminergic neurons through the addition of signaling factors FGF8 and
SHH [46,47]. Motor neurons are developed through activation of the RA and SHH pathways
[43]. Glial cells can also be created through the addition of particular growth factors to the
cell culture medium. Astrocytes are generated through the addition of heregulin, or a
combination of BMP and ciliary neurotrophic factor (CNTF) to culture medium [48].
Oligodendrocytes progenitor cells can be derived from hPSCs as well through a carefully
timed introduction of growth factors including FGF2, RA, platelet-derived growth factor,
IGF, neurotrophin-3 and SHH [49].

4.4.5 Generation of non-neural cells from ectoderm—Surface ectoderm cells can
also be derived from hPSCs. Activation of BMP4 results in development of skin, including
keratinocytes [50]. Pigment cells, such as melanocytes, are generated from hiPSCs by
supplementing culture medium with WNT3a [51].

4.5 Mesoderm and endoderm specification

The development of the mesoderm and endoderm lineages is very closely related. The
specific lineage that these cells commit to is also dependent upon modulating the essential
hPSC regulatory pathways [52-54] (FGF, TGF-p/nodal/activin and IGF/insulin). In mouse
embryogenesis, embryonic stem cells give rise to primitive streak cells with Brachyury (T)
expression, which then further develop into endoderm lineage cells with Foxa2-positive
expression and mesoderm lineage with FIk expression. Early mesoderm/endoderm
differentiation in hPSCs is also initiated through modulation of BMP/activin pathway to
induce T. It was recently found that FGF and insulin/IGF pathways play important roles in
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fine-tuning differentiation and that inhibition of IGF pathways promotes differentiation to T
[52]. Insulin/IGF pathway activation subsequently activates AKT and sustains pluripotency,
whereas the inhibition of IGF pathways allows for easier transition to mesoendoderm
lineages with subsequent activation of WNT signaling [55,56]. FGF plays a different role
during BMP4/activin-induced differentiation, and it controls the cell fate between extra
embryonic lineage and mesoderm lineages. Upon BMP4 activation, cells are promoted
toward a mesoderm (T+) fate with FGF2 and toward primitive endoderm (CDX2) in its
absence [56]. In later stages, FGF collaborates with BMP4 to prevent endoderm
differentiation while promoting mesodermal lineages.

4.5.1 General considerations for mesoderm induction—Several methods for
derivation of mesoderm lineage cells from hPSCs have been recorded. Original EB
differentiation methods in media supplemented with fetal bovine serum (FBS) and different
growth factors or chemical combinations in culture are known to generate mesodermal cells
after weeks of induction. Recently, more efficient differentiation strategies have been
developed through the utilization of a monolayer method. It has been established that BMP4
activation plays a central role to drive mesodermal differentiation, along with active FGF
and TGF-B/nodal pathways (Figure 2). In addition, it has also been recently shown that
direct WNT activation is sufficient to generate cardiac and hematopoietic lineages [57].

4.5.2 Generation of cardiac cells—Both EB suspension culture, co-culture and
monolayer platforms are currently used in production of cardiac cells [58-60]. During
generation of cardiac cells, the dynamic crucial stage-specific markers are shown as
following: T — MESP1/KDR/FLK — NKX2-5/ISL1 — TNNT2. Activation through
activin/BMP4/SMAD to activate WNT signaling or direct WNT activation and subsequent
WNT inhibition allows for effective generation of cardiomyocytes using EB [59,61] and
monolayer [62] methods. hPSC-derived cardiomyocytes have been successfully obtained for
in vitro disease models of Timothy syndrome, long QT syndrome and LEOPARD syndrome
[63]. hPSC-derived cardiomyocytes in these disease models displayed manifested irregular
electrical activity and contraction. Electrophysiological recording and calcium imaging
studies can be performed on these cells, thus establishing them as a useful tool for
investigation of molecular and cellular mechanisms of cardiac pathophysiology in these
diseases and for drug screening. The current challenge for cardiac differentiation is in
developing more mature cells and subtypes of cardiac cells.

4.5.3 Generation of mesenchymal stem cells (hPSC-MSCs)—Mesenchymal stem
cell (MSC)-mediated therapy is a fast-growing field that has demonstrated itself to be safe
and effective in cell-based therapies for various degenerative diseases and tissue injuries.
Although MSCs are recognized as easy to access from bone marrow and other adult tissue,
the differentiation potential of such harvested MSCs is gradually reduced when these cells
are expanded in culture, thereby limiting their therapeutic efficacy. Derivation of MSC from
hPSCs would be advantageous for clinical application as one can theoretically obtain
unlimited cell numbers without senescence [64]. Several investigators have successfully
generated MSCs from hPSCs, and those cells have been shown to possess the same in vitro
and /n vivo phenotype and functions as MSCs derived from adult sources [65-67]. These
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include differentiating into osteoblasts, adipocytes and chondrocytes, as well as promoting
vascular and muscle regeneration in the hind limb ischemia mouse model. Future studies
should focus on the efficiency of hPSC-MSCs based on different clinically relevant
protocols, as well as in vivo safety and efficacy studies.

Despite the great potential of MSCs, it is important to functionally validate these cells
beyond common markers and assays. MSCs are multipotent stem cell types that share some
common markers but contain diverse potential. MSCs are often referred to as conceptual
progenitors with mesodermal origins and display great diversity in their lineage potential
and organ sources. /n vitro, the potential of MSCs could be greatly affected by available
differentiation conditions. Therefore, more vigorous functional characterization assays
should be developed before the MSCs can be used in clinical practices.

4.5.4 Generation of endothelial cells (hPSC-ECs)—ECs are located at the luminal
surface of all blood and lymphatic vessels as a monolayer. They control the interaction of the
vessel wall with circulating blood components and regulate vascular responses to
hemodynamic forces. Several methods for derivation of ECs from hPSCs have been
recorded. Original EB differentiation methods supplemented with FBS and a high dose of
VEGF. However, previously developed methods have been difficult to replicate among
independent hPSC lines due to protocol complexity, batch variation in induction reagents
and various other unexplained factors. With improved and reproducible methods, hPSC-
derived ECs display compatible molecular markers and similar gene expression profiles
when compared across several lines [68]. hPSC-ECs possess a repertoire of functional
phenotypic plasticity and are amenable to cell-based assays probing endothelial
contributions to inflammatory and cardiovascular diseases [69]. Additionally, hPSC-ECs
offer a unique model to study developmental specification of vascular heterogeneity in
tissue-specific stem and progenitor cells at steady states and during organ regeneration. The
discovery of phenotypically similar ECs with unique overlapping signatures between adult
mice and hPSC-derived EC cultures demonstrates the developmentally conserved pathways
common to tissue-specific ECs [68]. Transplanted hPSC-ECs have led to increased function
and vascularization in multiple animal disease models, including in hind limb perfusion and
myocardial infarction, in addition to stably carrying blood up to 150 days after
transplantation with no safety issues reported [70].

4.5.5 Generation of hematopoietic stem/progenitor cells (hPSC-HSCs)—
Hematopoietic stem/progenitor cell (HSCs) derivation from hPSCs is initiated by activation
of BMP4/activin to generate mesoderm precursors [71,72]. These mesoderm precursors are
directed to hematopoietic linage cells in media supplemented with various hematopoietic
growth factors. Multiple blood cell types, including myelomonocytic cells, megakaryocytes,
T/B lymphocytes and hPSC-HSCs, can be experimentally derived from hPSCs by using
either EB formation and monolayer culture in the presence of hematopoietic cytokines or
coculture with stromal cells [73-75]. However, the generation of self-renewing multipotent
HSCs from hPSCscontinuesto challenge researchers as this process is extremely inefficient
and to date has been unsuccessful at differentiating hPSCs into iPSC-HSCs in vitro. Several
studies have reported derivation of CD34* HSCs from hPSCs, showing low engraftment
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potential after transplantation to immunocompromised mice. Giovanni Amabile et al. have
reported a novel /n vivo system in which human iPS cells differentiate within teratomas into
NOD. Cg-Prkdcscid 112rgtmIWil/SzJ immunocompromised (NSG) mice to derive functional
myeloid and lymphoid cells [76]. Generation of hPSC-HSCs from teratomas could be useful
for human antibody generation and drug screening applications. However, these cells bear a
concern of safety issues in clinical transplantation.

4.5.6 Endoderm lineage induction—The enrichment of endoderm progenitors or
definitive endoderm (DE) cells is crucial for the development of efficient strategies to
generate functional endoderm lineage cells such as pancreatic cells and hepatocytes.
Activation of activin is the driving force for induction of endoderm progenitors or DE cells
in vitro. However, activin A-induced endoderm differentiation from hPSCs depends on
concentration, culture conditions, time of application, as well as interactions of activin A
with various signaling pathways (WNT3a, noggin and FGF2/4) and differentiation factors
[77,78].

4.5.7 Insulin producing cells (B cells)—Several studies have reported the generation
of DE or foregut endoderm, pancreatic progenitors or insulin producing cells (p cells) from
hPSCs /in vitro[79,80]. These cells were further matured into functional  cells, which
showed insulin secretion in response to various reagents and glucose stimulation in vivo. It
has been demonstrated that several specific signaling molecules including activin, FGF2 and
RA, along with an appropriate extracellular environment, were important for the
differentiation of pancreatic progenitor cells. The induction of activin A-induced DE cells
into pancreatic endocrine progenitor cells is facilitated by various growth and differentiation
factors (such as the pancreas-specific inducers cyclopamine and RA) and by proliferation
inducers (including sodium butyrate, betacellulin, FGFs and hepatocyte growth factor
(HGF)). Such differentiation begins with activin-driven DE specification, followed by RA
activation and SHH inhibition for pancreatic specification, with high expression of PDX1,
and FGF10 and Notch inhibition driving the maturation of pancreatic progenitor [81,82].
However, all those factors do not efficiently allow for terminal differentiation of hPSCs cells
into functional B cells /n vitro. There are additionally aspects of B cell development that are
not yet well understood, thus hampering generation of PSC-derived B cells. In particular, the
signaling pathways that instruct endocrine progenitor cells to differentiate into mature and
functional f cells are poorly understood. Other significant obstacles include the need for safe
and cost-effective differentiation methods for large-scale generation of transplantation
quality B cells, methods to prevent immune rejection of grafted tissues and amelioration of
the risks of tumorigenesis [83].

4.5.8 Hepatocytes—Multiple protocols for hPSC differentiation into cells of hepatic
lineage have been studied [84-86]. Activin is the main driving factor for hepatocyte
derivation. Other growth factors such as FGF2, BMP2/4, HGF, dexamethasone and
oncostatin M have been used to trigger hepatocyte specification, and FGF4, HGF and EGF
are known to promote hepatic maturation [87]. The vascular endothelial system (ECs and
endothelial cell-released growth factors) and mesenchymal stem cells (MSCs) in cell-matrix
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cultivation conditions are required to generate sufficient amounts of functionally engrafted
hepatocytes [86].

5. Translation towards clinical use

The first clinical trial using hPSCs was to be performed by the Geron Corporation and
involved the use of hESCs to treat spinal cord injury. However, the company announced in
late 2011 that it would discontinue its Phase 1 trial. Now, it seems the focus of the first
human trials will be the eye, specifically in patients with inherited disorders associated with
the loss of retinal pigment epithelial cells [88]. These trials are supported by companies such
as Advanced Cell Technology and academic centers including the RIKEN Center for
Developmental Biology and will be conducted in the UK, the US and Japan.

As hPSCs advance towards clinical use, regulatory agencies will be required to implement
additional safeguards and regulations regarding the use of these cell types. Although
guidelines for investigational cellular therapy products are available, these guidelines are
related to the assessment of human clinical grade somatic cells. Major challenges of hPSC-
related cellular therapy include the tumorigenicity of hPSCs, genetic stability and epigenetic
drift. The determination of tumor producing cell dosages is required for each hPSC-derived
differentiated cell type. In order to compare these levels to adequate positive and negative
controls, specific assays tailored towards downstream clinical different applications are
necessary [89]. Unfortunately, these challenges can only be partially addressed in an /n vitro
cellular state. Adequately addressing larger safety considerations such as dosage efficacy
and the effects of the immune system will require large analogue animal models. However,
this also presents a hurdle, as the knowledge of pluripotent stem cell systems in larger
animal species is lacking.

6. Expert opinion

hPSCs have enormous potential to identify and validate new disease mechanisms, to develop
accurate and relevant drug and toxicology screens, and to provide new treatment strategies
through cell therapy approaches. The success, however, of hPSCs in these areas will be
contingent upon the characteristics and quality of the hPSC product. Quality control is
therefore of major importance and a major challenge of the field moving forward.

Stable and widely available control hPSC-derived cell lines are necessary to provide a
relative measurement of basic characteristics of newly generated cell products. Completely
defined, publicly available protocols are required to ensure reproducibility of cellular
characteristics from cell products generated by different entities. However, despite the
importance of conformity, the new area of individualized medicine must deal with the
inherited genetic variance in each individual cellular product. The challenge will be to
distinguish between inherited and experimentally generated variances in the cellular
products.

It is therefore most important to avoid artificially generated abnormal karyotypes and
functional single nucleotide polymorphisms (SNPs). Although karyotyping assays by G-
banding and SKY allow the identification of large-scale genomic changes [90-93], SNPs
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cannot be detected by these approaches. An increasing number of researchers are favoring
exome sequencing and whole-genome sequencing to identify point mutations accumulated
in somatic cells from reprogramming or the expansion process [94—96]. However, these
technologies are expensive and their analysis and interpretation complex. Next-generation
sequencing demonstrates a surprisingly high rate of individual genetic variants, most of them
silent and not disease causing. It becomes increasingly obvious that the generation of genetic
variability in cells is common and may be even seen as part of their biological
characteristics. hPSCs are not an exception, and their short population doubling time
combined with high generation numbers make these cells even more prone to acquire
genetic variability. The challenge will be to better understand the impact of genetic
variability and to identify functional/disease causing from silent SNPs for a safe cell

product. hPSC technology provides a unique opportunity to study individual disease
mechanisms and provide personalized therapy. However, the generation of hPSCs from
parental lines is a complex and long process. It is therefore essential to establish identity
between each patient and his or her corresponding hPSC products.

Even with correct genetic composition, the potential of pluripotent stem cells is also affected
by the presence of epigenetic modifications. Therefore, it is essential to evaluate the quality
of pluripotent stem cells after derivation and expansion. Surface markers and nuclear
markers are usually used as quick tools to identify abnormal cells [1-3]. Epigenetic analyses
were introduced for a more thorough examination that could reflect global gene regulation
more accurately [3,13,97]. Such approaches have effectively helped people understand
important phenomena such as clonal differences and tissue memory [98]. However, these
assays still need validation in EBs, teratoma and monolayer platforms. Multiplex assays
have been developed to analyze the potential of these cells [98,99].

Challenges remain in obtaining functional cells at suitable stages of differentiation that can
be used for cellular therapy. Though researchers are currently able to generate cells that
match the target cell line by criteria such as an expected gene expression profile, such
signatures cannot guarantee that the developed cells are functionally identical to cells
obtained from our bodies. Functional assays are thus required for cells such as
cardiomyocytes, neurons, blood cells and hepatocytes in order to verify cell identity. Despite
the use of existing assays to measure cell function, the maturation of differentiated cells
remains a major challenge and a necessity for using these cells in future drug screening and
cell-based therapy [100]. Functional assays should be developed to verify all differentiated
cells, including subtypes of cells, before they can be safely used in clinical applications.

We believe that hPSC technology will revolutionize medicine and public health with great
impact on our communities. In order to achieve this goal in a reasonable timeframe, we
advocate that private and government-funding agencies work together in order to provide the
required resources that will support and promote translational use of hPSCs.
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Avrticle highlights.
. hPSC quality for small and large culture systems is dependent upon
appropriate culture methods.
. Knowledge of key signaling pathways in development is necessary to
optimize differentiation strategies of hPSC to specific lineages.
. Functional assays on hPSC-derived differentiated cells will be an important

prerequisite for future hPSC-based therapies.
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Figure 1. hPSCs can be differentiated to ectodermal lineages.
To generate neural cells, hPSC first pass through a neural rosette stage of NSCs, which are

supported by the addition of FGF2. Reduction of FGF2 and addition of BDNF and GDNF to
support neuronal survival can generate neurons. Astrocytes can be generated through the
addition of BMP and CNTF or through the addition of heregulin. Oligodendrocytes require
the addition of neurotrophin-3 and SHH. hPSCs can also generate non-neural ectodermal
cells such as keratinocytes with the addition of BMP4, and melanocytes through the addition

of Wnt3a.

BMP: Bone morphogenic protein; BDNF: Brain-derived neurotrophic factor; CNTF: Ciliary
neurotrophic factor; GDNF: Glial cell line-derived neurotrophic factor; hPSCs: Human

pluripotent stem cells; SHH: Sonic hedgehog.
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Figure 2. hPSCs can be differentiated to mesodermal and endodermal lineages.
The induction of the mesoderm and endoderm is first established through the activation of

the BMP/activin pathway and inhibition of IGF pathway. The addition of BMP4, FGF and
TGF-p/nodal creates definitive mesoderm, which can be differentiated to endothelial cells,
MSCs, HPCs and cardiomyocytes. Definitive endoderm is created through the addition of
activin A. B cells can be generated through addition of additional activin, FGF2 and RA.
Hepatocytes can be generated by the addition of FGF2, BMP2/4 and HGF, and can be
further matured by addition of FGF4, HGF and EGF.

BMP: Bone morphogenic protein; EGF: Epidermal growth factor; FGF: Fibroblast growth
factor; HGF: Hepatocyte growth factor; MSCs: Mesenchymal stem cells; RA: retinoic acid,;
SHH: Sonic hedgehog.
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