Directed differentiation

The process by which
pluripotent stem cells are
induced to assume a particular
cell fate, through the
application of specific culture
conditions designed to
produce cell-fate changes
similar to those observed in the
formation of the target cell
type in vivo.

Reprogramming

(Also referred to as transdiffer-
entiation.) The direct
interconversion of one fully
differentiated cell type to
another without a pluripotent
or multipotent intermediate,
often achieved through tran-
scription-factor overexpression.
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Turning straw into gold: directing cell
fate for regenerative medicine

Dena E. Cohen and Douglas Melton

Many human diseases are caused by deficits in the quan-
tity or functionality of particular cells. These diseases
include neurodegenerative disorders, certain forms of
blindness and deafness, diabetes, and some types
of liver and heart disease. If it were possible to create
and deliver replacement cells to patients, such diseases
might be ameliorated or even cured (reviewed in REF. 1).
In addition, renewable sources of cell types that cannot
be readily isolated from humans or animal models
would allow novel biological studies. Such cells also
have promise as tools for drug discovery and toxicology
testing (reviewed in REF. 2). To realize these possibilities,
strategies are needed to convert plentiful cell types into
the cells needed for therapeutic and research purposes.

In this Review, we describe two major strategies to
direct the fate of abundant cell types into desired, but
difficult to obtain, populations (FIC. 1). First, we detail a
strategy referred to as directed differentiation, in which cul-
tured pluripotent stem cells are coaxed through a series
of steps that are usually designed to mimic those that
produce the desired cell type in vivo. Because pluripo-
tent cells can now be derived from any human patient’,
this method has the potential to produce cells that could
be transferred back into the patient without any risk of
immune rejection (see REF. 4 for further discussion). We
discuss the various tools, particularly growth-factor and
small-molecule treatments, that can be used to induce
cell-fate decisions. We also highlight some of the most
successful directed-differentiation protocols that have
been developed so far, including those for generating
neurons, hepatocytes and cardiomyocytes.

Abstract | Regenerative medicine offers the hope that cells for disease research and
therapy might be created from readily available sources. To fulfil this promise, the cells
available need to be converted into the desired cell types. We review two main
approaches to accomplishing this goal: in vitro directed differentiation, which is used to
push pluripotent stem cells, including embryonic stem cells or induced pluripotent stem
cells, through steps similar to those that occur during embryonic development; and
reprogramming (also known as transdifferentiation), in which a differentiated cell is
converted directly into the cell of interest without proceeding through a pluripotent
intermediate. We analyse the status of progress made using these strategies and highlight
challenges that must be overcome to achieve the goal of cell-replacement therapy.

Second, we analyse a strategy termed reprogramming,
which is also referred to as transdifferentiation (FIG. 1). In
this strategy, one fully differentiated cell type is converted
directly into another without a multipotent or pluripo-
tent intermediate, most often by overexpression of key
transcription factors®. Often in such strategies, fibrob-
lasts (or some other readily available patient cell type)
are selected as the starting material, theoretically permit-
ting the generation of large quantities of patient-specific
cells. Notably, recent studies have reported that fibrob-
lasts can be reprogrammed into neurons®, cardiomyo-
cytes” and even blood-cell progenitors®, demonstrating
the wide applicability of this approach.

We also comment on some key challenges that must
be overcome in both directed differentiation and repro-
gramming protocols, such as the relatively low efficiency
of desired cell generation with these processes, the dif-
ficulty in adapting methods developed using mouse cells
for use with human cells, and safety and cost concerns
posed by the reagents used to direct cell fate.

We conclude by considering methods that can be
used to compare various parameters in cells created
in vitro with those of cells produced by normal devel-
opment in vivo. Rigorously demonstrating that
cells produced in vitro are functionally equivalent to those
produced in vivo remains a difficult but essential ele-
ment of any directed-differentiation or reprogramming
procedure.

This Review does not emphasize a third possible
route towards generating a desired cell type, that of
transdetermination (reviewed in REFS 9,10). In this
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Figure 1| The central strategies of regenerative medicine. This figure outlines the
two main strategies for generating patient-specific cells of a desired type. Pluripotent
cells to be used for regenerative medicine can be either patient-derived (induced
pluripotent stem cells (iPSCs)) or non-patient-derived (either embryonic stem cells
(ESCs) or iPSCs). Pluripotent cells can be differentiated in vitro to a desired cell state
(directed differentiation, right). Alternatively, primary cells derived from a patient can
be used to generate a desired cell type directly (reprogramming, left). Cells of a
desired type obtained by either of these methods can then be studied in vitro (bottom)
or used for transplantation into patients (top).

Transdetermination

A switch in commitment from
one lineage to another, closely
related lineage that occurs

in a multipotent stem or
progenitor cell.

Embryonic stem cells
(ESCs). Pluripotent stem
cells derived from the inner cell
mass of a mammalian embryo.

Induced pluripotent stem
cells

(iPSCs). Pluripotent stem cells
derived from somatic cells by
reprogramming.

Ectoderm

One of the three germ layers
formed in early embryonic
development; this layer gives
rise to tissues including the
skin and the nervous system.

Mesoderm

One of the three embryonic
germ layers; the mesoderm
gives rise to connective tissue,
the heart and blood, among
other tissue types.

approach, an adult multipotent stem cell is induced
to switch from its normal lineage to a closely related
lineage and, through differentiation of its progeny, to
give rise to a desired cell type. Unfortunately, adult
multipotent stem cells are relatively scarce and difficult
to isolate. Therefore, we believe that, although transde-
termination may be a useful and relevant mechanism
for tissue repair in situ, it is less likely to be relevant for
generating large quantities of a particular cell type
for in vitro analysis or transplantation in vivo.

Directed differentiation

Pluripotency is the signature characteristic of both
embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs). The ability of these stem cells to differ-
entiate into the many cell types of the adult organism
has led to the idea that their capacity for differentiation
might be controlled in vitro in such a way as to produce
only a single, desired cell type. Nevertheless, the devel-
opment of methods to control differentiation to favour
the generation of one cell type over another has proved
challenging.

The problem of creating a desired cell type from a
pluripotent cell is usually approached using normal bio-
logical development as a guide. On the basis of knowl-
edge of how a developing embryo (which begins as a
collection of pluripotent cells) produces a particular
cell type, many researchers aspire to reproduce the
process in vitro and arrive at the same destination. The
knowledge of how a cell type is produced during normal

development can often be gleaned from the study of
genetic mutants in which the tissue of interest fails to
form correctly in the context of an embryo. Such muta-
tions allow us to identify key transcription factors, signal-
ling molecules or other proteins that are required for the
developing organ to advance from one developmental
stage to the next. Various methods, discussed below, can
then be used to achieve each step in vitro.

Growth factors. A popular method for controlling cell
fate in vitro is the addition to the differentiation media
of recombinant growth factors that have a known role in
the differentiation of the desired cell type in vivo. This
strategy has been extremely successful in mimicking the
earliest steps in embryonic development. In vivo,
the first step in the differentiation of the pluripotent
cells of the inner cell mass occurs during gastrulation,
which results in the formation of the three germ layers:
ectoderm, mesoderm and endoderm. As a result, a first
step of many directed-differentiation protocols is the
conversion of ESCs or iPSCs into cells of the germ layer
that gives rise to the desired cell type.

Perhaps surprisingly, developmental studies have
demonstrated that only a handful of signalling-molecule
families are required to specify these three germ layers
(TABLE 1). Variations in the intensity of signalling by
members of the transforming growth factor-p (TGFp)
superfamily (including activin/Nodal and bone mor-
phogenetic proteins (BMPs), reviewed in REF. 11), the
WNT family'? and the fibroblast growth factors (FGFs)"
have been implicated in the establishment and pattern-
ing of the germ layers in vivo. Although the importance
of these factors during embryonic development has
been known for some time, the concentration of each
factor to which a developing cell might be exposed in an
embryo and the period of exposure have been difficult
to determine. To specify the germ layers in vitro, each
candidate factor has had to be tested at various concen-
trations and applied for various lengths of time. Studies
of this type determined that high concentrations of the
TGFp family member activin A induce endoderm for-
mation in both mouse' and human'® ESCs. To induce
mesoderm, human pluripotent cells are also exposed
to activin A, albeit at much lower concentrations than
those used to induce endoderm'®". Some groups have
also found that BMP4 is required for efficient meso-
derm induction’. For ectoderm induction, protein
antagonists of endogenous BMP and WNT signalling
(Noggin'® and DKK1 (REFS 18,19)) are used in both
mouse and human cells.

Following successful induction of the desired germ
layer, protein growth factors and signalling molecules,
often in combination with small molecules (see next sec-
tion), can push the cells along the desired differentiation
pathway (FIC. 2). Many of the same signalling pathways
that have a role in the specification of the germ layers
have further roles in the specification of more mature
cell types. By careful titration of concentration and dura-
tion of factor application, and combinatorial use of pro-
tein factors, a wide variety of cell fates can be generated
using a relatively narrow panel of proteins. However,
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Endoderm

One of the three embryonic
germ layers; this layer
produces tissues such as the
gut, liver, pancreas and lungs.
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Table 1| Protein signalling molecules used to manipulate cell fate

Family name (number of Family members used in Sample applications Sample
members in mammals) directed differentiation refs
TGFP superfamily (33) Activators Activin A Induction of endoderm 87
Induction of mesoderm 16,17

BMP4 Induction of endoderm 29

TGFB3 Dopaminergic neuron differentiation 53

TGFp1 Retinal pigment epithelium differentiation 84

Inhibitors LeftyA Ectoderm specification 19,28

Cerberus Ectoderm specification 28

Follistatin Mesoderm specification 16

Noggin Anterior neuralinduction 18

FGF family (23) Activators bFGF Retinal determination; otic induction 18,19
FGF2 Hepatocyte differentiation 29,56

FGF8 Dopaminergic neuron differentiation 27

FGF10 Hepatocyte differentiation; otic induction 19,29

WNT family (19) Activators WNT3A Induction of endoderm 20,31
Induction of mesoderm 16

Inhibitors DKK1, Frizzled8  Induction of ectoderm 18,19

Hedgehog family (3) Activators SHH Induction of motor neurons 24
Induction of dopamine neurons 53

bFGF, basic fibroblast growth factor; BMP, bone morphogenetic protein; DKK1, Dickkopf-related protein 1; FGF, fibroblast growth

factor; SHH, sonic hedgehog; TGF, transforming growth factor.

the empirical optimization of growth-factor treatments
is extremely laborious. For example, DAmour et al.*
tested many members of the TGFp family, the WNT
family and the FGF family, as well as other growth fac-
tors, to define ideal conditions for the differentiation
of pancreatic cell types from human ESCs; each pro-
tein was applied at different stages of differentiation,
for various durations, at several concentrations and in
different types of cell culture media. In addition to their
use in directing the differentiation of pluripotent cells,
growth and trophic factors can be used to support the
cells on completion of differentiation.

In spite of their successful application to many stages
of directed-differentiation protocols, the long-term
utility of growth factors in these protocols is, in our opin-
ion, open to question. Recombinant factors are often
produced in engineered bacterial or mammalian cells,
traces of which may contaminate the final preparation.
Furthermore, the extremely high cost of recombinant
growth factors may limit their use in larger-scale differ-
entiation procedures. Therefore, although recombinant
growth factors may be ideal for research purposes, other
methods may, ultimately, be more useful for producing
large quantities of cells suitable for therapy.

Small molecules. Chemical compounds offer, in our
opinion, an attractive alternative to the protein factors
described above. In comparison to protein factors, small
molecules are less expensive, have less lot-to-lot variabil-
ity, are non-immunogenic and are more stable. For these
reasons, cells differentiated using small molecules might

be more readily translated to therapeutic transplanta-
tion than those treated with recombinant proteins**#.
As aresult, there has been intense interest in the idea of
replacing biological factors with chemical ones in dif-
ferentiation protocols. Three main approaches can be
considered to achieve this goal.

First, many recent studies have demonstrated the
feasibility of directly substituting a small molecule for
a protein factor to activate or suppress a given devel-
opmental signalling pathway (TABLE 2). Small-molecule
agonists and antagonists of the Hedgehog pathway have
proved very effective, both for motor neuron differen-
tiation**** and possible cancer treatments®. Similarly,
studies of the TGFp signalling pathway have identified
SB-431542, a small molecule that antagonizes the Nodal
receptors ALK4, ALK5 and ALK7 (REF. 26) and is now
commonly used to block TGFp signalling. SB-431542
can substitute for protein antagonists of TGFp in the
differentiation of neurons and hepatocytes from human
ESCs?-#. Another antagonist of TGFp signalling, SIS3
(specific inhibitor of SMAD3)*, has also been used to
facilitate the production of anterior ectoderm from
mouse iPSCs".

Small molecules can also be used to inhibit signalling
through a pathway for which an endogenous inhibitor is
not known. This approach can be used either to direct
differentiation, or as a tool to verify the importance
of a particular signalling pathway in directing a given
cell-fate decision. For example, no protein antagonist
of the Hedgehog signalling pathway is known; instead,
KAAD-cyclopamine has been used to diminish
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Hedgehog signalling to allow the formation of gut tube
endoderm from human ESCs***!. Similarly, no protein
antagonists of FGF signalling are known'’. Therefore,
the small molecule SU5402 was used as a chemical tool
to verify the importance of FGF signalling in mouse otic
lineage induction®.
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WNT3A
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Figure 2 | Directed differentiation. This figure depicts current strategies by which
pluripotent cells (embryonic stem cells (ESCs) or induced pluripotent stem cells
(iPSCs), top) can be converted into any number of cell fates (bottom) by pushing the
cell through a series of intermediate stages similar to those that occur during in vivo
development!®?%>3, At each stage, growth factors and small molecules (listed next to
each arrow) can be used to push the differentiation of the cells towards the desired
fate. At each stage, a representative marker used to identify cells is noted, although
generally multiple markers are used to analyse the desired cells. Below the final stage,
the approximate percentage of cells that achieve the desired fate, based on the
analysis of different markers, is indicated. AAT, al-antitrypsin; BMP4, bone
morphogenetic protein 4; cAMP, cyclic AMP; COL2A1, collagen type Il al; EGF,
epidermal growth factor; EN1, Engrailed homeobox 1; FGF, fibroblast growth factor;
GDF5, growth differentiation factor 5; GDNF, glial-cell-derived neurotrophic

factor; HGF, hepatocyte growth factor; HNF4, hepatocyte nuclear factor 4;

NT4, neurotrophin 4; OCT4, octamer binding transcription factor 4 (also known as
POU5F1); PAX6, paired box 6; RA, retinoic acid; SB-431542, TGFp signalling inhibitor;
SHH, sonic hedgehog; SOX, SRY (sex determining region Y)-box; TGF(3, transforming
growth factor-p3; TH, tyrosine hydroxylase; TUJ1, neuron specific class lll $-tubulin.

Second, in cases in which the target biological path-
way is not known, or molecules targeting the desired
pathway have not been identified, chemical screening
approaches can be used to identify, in a relatively unbi-
ased manner, molecules that can produce the desired
effect. The availability of high-content imaging systems
has facilitated high-throughput screens based on marker
gene expression (reviewed in REF. 21). However, so far, a
limitation of the chemical screening approach has been
the extreme difficulty in determining the mechanism of
action of the identified compounds. So, although com-
pounds found through chemical screening are extremely
useful tools for controlling differentiation, their abil-
ity to provide new information about the biological
mechanisms that control cell fate has been limited.

Chemical screening has been extensively applied
to the search for molecules that can induce endoderm
from ESCs in the hope of replacing the protein factor
activin A. In one screen, 20,000 compounds were tested
for their ability to enhance endoderm formation in
mouse ESCs*. This screen, which was conducted in the
presence of low levels of activin A, resulted in the iden-
tification of stauprimide, which substantially increased
the number of endoderm cells in the cultures. However,
this effect was completely dependent on the presence
of activin A, and the compound showed no propensity
to direct endoderm formation on its own. Follow-up
experiments demonstrated that stauprimide acted to
sensitize ESCs to a variety of differentiation signals™.
A much smaller-scale study identified a compound
(LY 294,002) that also enhances the production of
endoderm when used in combination with activin A%.
Although these compounds will be of use in directed-
differentiation protocols, they fall short of the goal of
completely replacing activin A.

In a third study'* aimed at identifying small-molecule
inducers of endoderm, the screen was conducted with-
out activin A in the culture medium, ensuring that
only molecules that could induce endoderm fate in
the absence of activin A would be identified. Two hits,
termed IDE-1 and IDE-2 (for ‘inducer of endoderm’),
emerged from this screen. Both could induce endoderm
more robustly than activin A treatment. Interestingly,
these compounds activate the TGFp signalling pathway
through an as yet unknown mechanism'.

Other screening experiments have aimed to identify
molecules that can push cells to a more advanced stage of
differentiation. Surprisingly, in a screen seeking to find
small-molecule inducers of cardiomyocytes from ESCs*,
ascorbic acid (vitamin C) was identified as the most effi-
cacious compound. Its mechanism of action, although
independent of its antioxidant effects, remains unclear.
A study to find molecules that could induce the forma-
tion of pancreatic progenitors identified indolactam V as
a top candidate. Alterations in cell fate produced by this
molecule seemed to result from the activation of protein
kinase C (PKC) signalling, although the most relevant
PKC isoform was not identified™.

Finally, endogenous small molecules that have
roles in embryonic development may also be used
in vitro to control differentiation. Retinoic acid, a
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Spontaneous differentiation
The process by which
pluripotent stem cells take

on a mixture of cell fates

in vitro on transfer from

media containing factors

that maintain pluripotency to
media lacking such factors.

Embryoid bodies
Clusters of pluripotent
stem cells, usually grown in
suspension culture, that are
undergoing spontaneous
differentiation.

Table 2 | Small molecules used to direct differentiation

Molecule name Function
Ascorbic acid Not known
Nicotinamide Not known

Retinoic acid Endogenous small molecule

Taurine Endogenous small molecule
PD173074 FGF inhibitor

SU5402 FGF inhibitor

Hh.Agf.3 Hedgehog agonist

C61414 Hedgehog antagonist
KAAD-cyclopamine Hedgehog antagonist

LY294002 Phosphoinositide 3-kinase inhibitor
Indolactam V Protein kinase C inhibitor

ALK inhibitor TGFB signalling inhibitor (inhibitor
(SB-431542) of activin/Nodal signalling)

SIS3 TGFB signalling inhibitor

(inhibits SMAD3)

Effect/use Refs
Dopamine and motor neuron differentiation 27
Cardiac differentiation 34
Retinal pigment epithelium differentiation 84
Neuronal protocols 24
Retinal protocols 35
Retinal differentiation 35
Blocks endogenous caudalizing signals in 86
motor neuron differentiation

Blocks otic induction 19
Induces motor neurons 24
Blocks motor neuron induction 86
Induces pancreatic cells from endoderm 20,31
Enhances activin A signalling to generate 29,33
endoderm

Induces pancreatic progenitors from endoderm 31
Neuron and hepatocyte differentiation 27-29
Otic induction 19

ALK, activin receptor-like kinase; FGF, fibroblast growth factor; KAAD, 3-keto-N-(aminoethyl-aminocaproyl-dihydrocinnamoyl);

SIS3, specific inhibitor of SMAD3; TGF, transforming growth factor.

form of vitamin A, is an endogenous morphogen that
is important in the patterning of the central nervous
system (reviewed in REF. 19). It has been used success-
fully in a number of in vitro differentiation protocols,
particularly those to generate neuronal or retinal cells
from ESCs***. In these contexts, it seems to work syn-
ergistically with protein signalling molecules such as
sonic hedgehog, FGFs and BMPs to provide patterning
information to the differentiating neuronal precursors
— for example by causing differentiating rostral-like
cells to develop a more caudal character®. Similarly, the
naturally occurring small molecule taurine has been
used to direct the differentiation of retinal cells®.

Spontaneous differentiation. Although the growth-
factor- and small-molecule-based approaches to
directing differentiation are, in our opinion, the most
likely to produce uniform populations of differenti-
ated cells, our current ability to control differentiation
is extremely limited. Thus, in some instances, the only
way to produce cells of a desired type from pluripotent
cells is through the process of spontaneous differentiation.
ESCs and iPSCs of human or mouse origin can give
rise to diverse cell types in vitro through the spontane-
ous differentiation of floating clumps of cells, termed
embryoid bodies. A disadvantage is that differentiation
can vary depending on the starting size of the embryoid
bodies®. Although stringent control of embryoid-body
size¥” or allowing spontaneous differentiation to occur
in an adherent monolayer?® may reduce this variability
to some degree, in all cases the desired cell type will
be in a mixed population of many other cell types. In

spite of these limitations, spontaneous differentiation
in embryoid bodies can be a useful starting point in
a directed-differentiation protocol, especially for neu-
ronal cells*** and cardiomyocytes'”*. In these cases,
growth factors and small molecules can be applied after
a period of spontaneous differentiation to increase the
abundance of the desired cell type in the differentiating
population.

Co-culture systems. Our ability to use recombinant
growth factors to control differentiation is limited by
our knowledge of which factors or combinations thereof
will induce the desired changes in cell state. Co-culture
systems, in which differentiating cells are plated on a
layer of supporting cells, can provide the differentiat-
ing cells with the appropriate environment to guide
their differentiation. This environment may consist
of cell-cell contacts, the secretion of a complex mix-
ture of factors, or both; detailed mechanisms by which
supporting cells direct the differentiation of pluripo-
tent cells remain largely undefined. Nonetheless, co-
culture approaches remain useful for generating cells
for research purposes when such cells cannot yet be
produced using chemically defined conditions.
Supporting cells for co-culture can be derived
from the physical location in the embryo in which the
desired cell type emerges, so recapitulating that niche
in vitro. For instance, to guide neuroectodermal cells
to become hair cells, a co-culture system was used in
which differentiating mouse iPSCs were grown atop
cells isolated from embryonic chicken utricle (a region
of the inner ear)". Similarly, reaggregating human
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ESC-derived retinal precursors with embryonic mouse
retinal cells led to an increase in the number of ESC-
derived cells expressing the photoreceptor marker
rhodopsin®’.

Co-culture using primary cells requires frequent
embryo dissections, rendering scale-up extremely dif-
ficult. Immortalized cell lines are an alternative; such
cell lines can be derived from a region of the embryo
that is known to be important in supporting the dif-
ferentiation of a particular cell type. Heart develop-
ment, for example, depends on interactions between
cardiac progenitors and visceral endoderm*. On the
basis of this knowledge, it was found that the visceral
endoderm-like cell line END-2 (REF. 43) could support
the differentiation of cardiomyocytes from ESCs*.

Supporting cell lines can also be derived from an
entirely different developmental stage or location from
the desired cell type. Therefore, their ability to support a
particular differentiation step must be viewed as a useful
coincidence, rather than an aspect of their normal bio-
logical function. The stromal cell line PA6 (REF. 45), for
instance, is derived from skull bone marrow, yet it is a
potent inducer of differentiation of many neuronal types,
a property known as stromal-cell-derived inducing
activity (SDIA)**.

Although co-culture systems may be convenient
in generating certain cell types for research purposes,
the differentiated cells cannot be transplanted into
humans owing to the risk of contamination with ani-
mal pathogens or potentially tumorigenic co-culture
cells?”. Therefore, for therapeutic applications, it will
ultimately be necessary to replace the support cells.
However, identifying factors with which to replace
them is far from simple. For instance, after 10 years
of study, most work favours the idea that SDIA is the
result of secreted factors, although which factors are
the most important is still a matter of debate (see, for
example, REFS 48-50).

Current limitations and challenges. Each directed-
differentiation protocol is typically developed using
one pluripotent stem cell line (either ESCs or iPSCs
derived from either humans or mice) as a substrate.
Different human ESC and iPSC lines may have sub-
stantially different propensities to differentiate into
different lineages®* Thus, even if a particular proto-
col is quite efficient at directing the differentiation of
the cell line for which it was devised, it might be less
efficient for others®'. Further complications can arise
when a protocol developed in mouse cells is adapted
for use with human cells. Although cases exist in which
discoveries have been translated from mouse cells to
human cells and vice versa'**!, alterations in proto-
col parameters may be required to achieve maximal
differentiation efficiency.

Even in the best-case scenario, when an optimized
protocol is used with a receptive cell line, the efficiency
with which cells of the desired fate are produced is quite
low, often 30% or less. Induction of the desired germ
layer is typically the most efficient step of a directed-
differentiation protocol but, even in this case, at most

80% of cells typically achieve the desired identity (for
example, REFS 16,31,53). The inability to achieve 100%
efficiency even at the first stage of a differentiation pro-
tocol may be due, in part, to the finding that not all
pluripotent stem cells in a population are equivalent
in their propensity to differentiate’***. We hypothesize
that the extremely low efficiency of subsequent steps
in a directed-differentiation protocol might be attrib-
utable to the emergence of distinct sub-populations
of differentiating cells that are endowed with varying
propensities to adopt particular cell fates. However, this
idea has yet to be rigorously tested through the analy-
sis of single cells. It is also possible that the cellular
niche, including the extracellular matrix and three-
dimensional configuration of cells in the culture, are
crucial parameters that must also be optimized to
achieve efficient differentiation.

Another important limitation of current technolo-
gies is that directed-differentiation protocols produce,
almost without exception, immature cells with embry-
onic or early postnatal phenotypes, rather than truly adult
cells!®12029% We suggest that this may be a reflection
of the fact that whereas most directed-differentiation
protocols involve culturing cells for several weeks,
the development of fully mature cells in either mice
or humans takes much longer. Alternatively, we note
the possibility that the relevant cell type may require
signals, support or an appropriate three-dimensional
setting, as provided by an in vivo niche, to become fully
mature. Indeed, it has been found that the implanta-
tion into an adult mouse of immature cells produced
by directed differentiation of human cells can support
their continued maturation over a period of months'.
Studies such as this suggest that perhaps, even if adult
cell fates cannot be achieved in vitro, the products
of directed differentiation may still be valuable for
therapeutic transplantation, provided that concerns
about the tumorigenic potential of such cells can be
adequately addressed. However, for in vitro disease
research and drug screening, it will be necessary to
find ways to push cells towards more mature pheno-
types. Screening and protocol-optimization approaches
similar to those undertaken to identify ideal conditions
for each of the other steps in a directed-differentiation
protocol seem likely to identify the culture conditions
needed to push cells to a mature state.

Reprogramming

The feasibility of directly converting one cell type
into another was first demonstrated in 1987, when
it was shown that overexpression of MyoD was suf-
ficient to convert mouse fibroblasts into myoblasts®.
More recently, the finding that adult somatic cells
can be reprogrammed to a pluripotent state dem-
onstrated that drastic alterations in cell fate could
be achieved with a combination of factors when no
single factor would suffice®. This has opened the door
to searches for factors that can drive the transdiffer-
entiation of readily available cells, such as fibroblasts,
to therapeutically desirable cells, such as neurons® and
cardiomyocytes’.
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Multiplicity of infection
The ratio of viral particles
present in a transduction
experiment divided by the

number of target cells present.
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General reprogramming strategy. On the basis of the
approach taken by Shinya Yamanaka and colleagues to
generate iPSCs™, the first step in any reprogramming
study is the identification of factors to be tested for their
ability to contribute to the desired reprogramming event
(FIC. 3). The concept that transcription factors are the key
mediators of cellular identity has gained widespread
acceptance, so lists of transcription factors (and, more
rarely, chromatin-remodelling factors”) are generally
compiled. Transcription factors that are highly expressed
in the target cell type, as well as those known to play a
part in the development of that cell type, are selected.
Overexpression of particular receptors to sensitize the
starting cells to certain signalling pathways™ or the abla-
tion of factors important for maintaining the identity of
the starting cell®® may also be considered.

Once the list of reprogramming factors has been
assembled, viral expression constructs designed to over-
express each factor must be produced. The factors are
often expressed under the control of a ubiquitous pro-
moter to ensure their robust expression in a variety of
cell types. However, because temporal control of the
expression of the reprogramming factors is highly desir-
able, two strategies have been used to establish inducible
reprogramming-factor action. First, the reprogramming
factors can be placed under the control of a doxycycline-
inducible promoter®”. Second, a fusion protein consisting
of the reprogramming factor and the hormone-binding
domain of the oestrogen receptor (ER) can be generated®'.
In untreated cells, ER traps the reprogramming factor in
the cytosol; after f-oestradiol treatment, the fusion pro-
tein is translocated to the nucleus so that the reprogram-
ming factor can act®. Importantly, inducible systems
enable assessment of the stability of the reprogrammed
cell's identity after reprogramming-factor withdrawal.

Selection of a starting cell population is also a crucial
decision, because it has long been known that not all
cell types are equally amenable to a given reprogram-
ming event®. One important consideration is the

@ ldentify candidate
reprogramming
factors

(2 Prepare viruses
encoding factors

(3 Transduce starting
cells with a pool
of all factors

developmental relationship between the two cell types.
It is often thought that reprogramming may be easier if
the starting cell type shares a common developmental
history with the desired cell type. For instance, many dif-
ferent interconversions of cell types in the haematopoi-
etic lineage, which arises entirely from haematopoietic
stem cells, have been reported in mice®-"%, Likewise,
mouse pancreatic acinar cells can be converted into a
related cell type, insulin-producing B-cells, with the
use of three transcription factors®. However, a growing
number of examples are emerging in which a starting
cell has been successfully converted to a target cell type
that arises from a different germ layer. Examples of this
include the production of cardiomyocytes from postnatal
mouse cardiac or dermal fibroblasts’, and the generation
of blood-cell progenitors from human dermal fibrob-
lasts®. These studies suggest that a shared developmental
history between the starting cell and the desired cell type
is not required in all cases.

After the candidate reprogramming factors and the
starting cell type have been chosen, the viruses encod-
ing the reprogramming factors are typically applied to
the starting cells as a ‘pool’ Expression of GFP from a
reporter transgene®” or immunodetection of the expres-
sion of an endogenous marker gene®**** is then used to
detect reprogramming events. The initial pool can be
refined by omitting individual viruses or by testing
smaller ‘sub-pools’ of viruses. This allows the initial list
to be whittled down to a small core group of reprogram-
ming factors. In rare cases, a single factor may be suffi-
cient for reprogramming™'63656, Reducing the number
of factors in the reprogramming pool often increases the
efficiency of the reprogramming procedure because it
results in a higher multiplicity of infection for each of the
active reprogramming factors’.

Reprogramming: key challenges. Most currently avail-
able reprogramming strategies have been developed
using mouse cells. One important reason for this is the
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Figure 3 | Reprogramming. A schematic for creating a reprogramming protocol. Candidate reprogramming factors are
identified on the basis of their expression patterns (step 1) as determined by analysis of embryos or through the use of
microarrays. Viruses are generated that encode these factors (step 2) and are used to transduce a starting population

of cells (step 3). Transduced cells are evaluated to identify reprogramming events (step 4). On the basis of this evaluation,
a subset of factors may be selected for retesting in the reprogramming assay (arrow leading back) Finally, reprogrammed
cells must be evaluated to determine their functional similarity to primary cells of the same type (step 5).
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availability of transgenic mouse lines in which GFP
is expressed under the control of a lineage-specific
promoter. Such lines facilitate the screening of repro-
gramming factors because reprogrammed cells can be
identified quickly by the expression of GFP. Furthermore,
lists of candidate reprogramming factors are generally
compiled on the basis of studies of gene expression and
development in mice. These factors may therefore be
either inappropriate or insufficient for the reprogram-
ming of human cells. Although the cocktail of factors
discovered for the reprogramming of somatic cells to
iPSCs was successfully translated to human cells®”®, it
remains to be seen whether this will be true for any of the
other reprogramming factors described above.

Even assuming that factors that can reprogramme
human cells into therapeutically relevant cell types
can be identified, cells reprogrammed using viruses
are unlikely to gain acceptance for transplantation
into human patients, because the viruses permanently

Box 1| Evaluation of directed-differentiation and reprogramming products

In vitro analysis

Generally, cells are first screened using simple assays such as immunofluorescent or
reverse transcription PCR detection of marker gene expression to ensure that the
desired genes are expressed and that genes typical of the starting cell type are not.
The morphology of the cells may also be examined to ensure that they resemble the
desired cell type (see the figure, centre). Assuming that these parameters are met,
the cells may be tested in vitro (top left) to determine whether they have other
properties of the desired cell type, such as electrical responses and secretion of
particular factors, or behaviours such as phagocytosis. Genome-wide analysis
(bottom left) may be used to compare the transcriptional profile and histone or
DNA-modification profile of the created cells to primary cells of the same type,
assuming that such cells can be isolated at sufficient quantity and purity.

Ex vivo and in vivo analysis

If these in vitro assays show that the created cells closely resemble the desired primary
cell type, the cells can be tested for their ability to integrate into the appropriate
anatomical niche, either in vivo or ex vivo. For example, motor neurons generated from
induced pluripotent stem cells can be injected into the spinal cord of the chick embryo
and tested for their ability to correctly extend processes to the limbs (top right; see
also REF. 86). In some cases, preclinical models that are defective in a particular cell
type are available, allowing the functionality of cells created in vitro to be tested
directly. Rats lacking functional retinal pigment epithelium (RPE) can be transplanted
with RPE generated from human embryonic stem cells, restoring the ability of the eye

to respond to light®* (bottom right).
@ Starting cell

Ex vivo or
©) S
- %0 in vivo
integration

©%0 0

Invitro functional analysis

Desired cel\
(morphology,

gene expression)

Genome-wide analysis Invivo function

integrate into the host genome. In light of this concern,
several reprogramming technologies that do not rely
on viral integration have been developed for the pro-
duction of iPSCs, and these may be applicable to repro-
gramming more generally; approaches include the use
of non-integrating viruses’’-’2, the treatment of cells with
cell-penetrant reprogramming factor proteins™, trans-
poson-based systems™ and the delivery of reprogram-
ming factors on plasmids”>~"". Although these strategies
eliminate the threat of random viral integration into the
host cell genome, they are generally more technically
demanding and less efficient than viral transduction
and, as a result, have not been widely adopted. Recently,
repeated transfection of modified mRNA encoding the
reprogramming factors has been shown to be efficient
for generating iPSCs’®. This approach may hold prom-
ise for other reprogramming applications. Another
technique that could be investigated further is the use
of small molecules to either increase the efficiency of
reprogramming or to replace individual reprogram-
ming factors, as has been done for the generation of
iPSCs™2. A recent screen identified a small molecule
that induces insulin expression in an immortalized
pancreatic a-cell line, suggesting that the cells had been
at least partly reprogrammed to a -cell fate®. Further
studies will be needed to address the utility of modified
RNAs and small molecules for the reprogramming of
adult primary cells.

Functional analysis of differentiated cells

An important concern for directed-differentiation
protocols and reprogramming-based strategies is the
evaluation of the cells produced. The expression of
marker genes is used as the first-pass analysis to deter-
mine whether a given manipulation might have pro-
duced the desired change in cell fate (BOX 1). Marker
genes are typically selected on the basis of studies of
developmental biology (usually conducted in the mice)
in which a particular gene was shown to be expressed
only in a given cell type in the embryo. Often, combina-
tions of marker genes are used to reduce the risk of false
read-out from any one gene. Manipulated cells may also
be checked to ensure that they do not express markers
of the starting cell type, or markers of cell types related
to but distinct from that desired. Analysis of cellular
morphology can provide further information about the
successful generation of a particular cell type. When
possible, it can also be informative to compare the tran-
scription profile, DNA methylation and histone modifi-
cations of the differentiated cells with that of their in vivo
counterparts (see REF. 7 for an example).

Functional tests must be used to determine whether
the cells exhibit similar physiological behaviours to those
of same type in vivo. For instance, hepatocytes secrete
albumin, take up low-denisty lipoprotein and store gly-
cogen, among other functions, and these properties can
all be assayed to confirm the identity of ESC-derived cells
expressing hepatocyte markers***. Electrophysiological
measurements can be used to query the functionality of
cells such as neurons, cardiomyocytes, retinal cells and
hair cells'®'*#%, Cells can also be tested for their ability
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to integrate into the appropriate anatomical setting either
ex vivo or in vivo (examples include REFS 39,46). The
most stringent functional test for any cell produced
in vitro is determining whether the cell can functionally
replace the same cell type in vivo. In practice, it is rare to
find animal models entirely lacking a particular cell type
that can be used in such testing, although a few instances
have been reported'>***. Thus, establishing sufficiently
stringent tests for cellular identity and function, both
in vitro and in vivo, remains a significant challenge.

Future directions

In this Review, we have described the impressive progress
that has been made in developing strategies to control cell
fate. The future development of these methods has great
potential to generate cells for study and transplantation
therapy. At the moment, it remains unclear whether one
strategy will predominate as a method for controlling
cell fate, or whether a combination of the methods will
be more successful than either a directed-differentiation
or reprogramming strategy alone.

We see several obstacles that must be overcome
before the cells generated can be used widely in the
clinic. First, current protocols have all been developed
on a scale suited to the research laboratory, and so

significant work must be invested in scaling up available
protocols to produce sufficient cells to treat a human
patient. Moreover, many of the current protocols have
been developed in mouse model systems; they need to be
translated to the human system before their full potential
for research and therapy can be realized. In addition,
most current protocols, regardless of species or strategy,
are extremely inefficient at producing the desired cells.
More efficient protocols need to be developed, in concert
with improved methods for separating the desired cells
from other cells in a preparation. As noted above, strat-
egies to force cells with embryonic phenotypes into a
more mature state must also be defined. Finally, manipu-
lations that render the cells unsuitable for use in humans,
such as viral integration and co-culture with animal cells,
must be eliminated.

Although these issues remain unsolved for the
majority of protocols, it is encouraging to note that two
Phase I clinical trials of human ESC derivatives are cur-
rently under way (by Geron (GRNOPC1) and Advanced
Cell Technology). We anticipate that the number of
such trials will grow, and that cells generated from pro-
tocols similar to those described here will ultimately
contribute significantly to the study and treatment of
human disease.
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	Abstract | Regenerative medicine offers the hope that cells for disease research and therapy might be created from readily available sources. To fulfil this promise, the cells available need to be converted into the desired cell types. We review two main approaches to accomplishing this goal: in vitro directed differentiation, which is used to push pluripotent stem cells, including embryonic stem cells or induced pluripotent stem cells, through steps similar to those that occur during embryonic development; and reprogramming (also known as transdifferentiation), in which a differentiated cell is converted directly into the cell of interest without proceeding through a pluripotent intermediate. We analyse the status of progress made using these strategies and highlight challenges that must be overcome to achieve the goal of cell-replacement therapy.
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