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Induced pluripotent stem (iPS) cells are generated by epigenetic reprogramming of somatic cells through the exog-
enous expression of transcription factors. These cells, just like embryonic stem cells, are likely to have a major
impact on regenerative medicine, because they self-renew and retain the potential to be differentiated into all cell
types of the human body. In this Review, we describe the current state of iPS cell technology, including approaches
by which they are generated and what is known about their biology, and discuss the potential applications of these
cells for disease modeling, drug discovery, and, eventually, cell replacement therapy.

Introduction

Human ES cells, which are derived from the inner cell mass of
blastocyst stage embryos, have the unique ability to self-renew
indefinitely while maintaining the potential to give rise to all
cell types in the human body (1). Induced pluripotent stem (iPS)
cells share these salient characteristics of ES cells but are instead
generated via reprogramming of somatic cells through the forced
expression of key transcription factors (2). The seminal achieve-
ment of induced pluripotency holds great promise for regenerative
medicine. Patient-specific iPS cells could provide useful platforms
for drug discovery and offer unprecedented insights into disease
mechanisms and, in the long term, may be used for cell and tissue
replacement therapies.

The successful cloning of animals such as Dolly the sheep in
1997 (3, 4) and the subsequent derivation of human ES cells in
1998 (1) brought forward the concept of therapeutic cloning, in
which pluripotent ES cell lines tailored to the genetic makeup
of specific individuals might provide a plentiful source of thera-
peutic cells (5). Although significant advancements toward this
goal have been made (6, 7), successful somatic cell nuclear transfer
(SCNT) (a technique whereby the DNA of an unfertilized egg is
replaced by the DNA of a somatic cell) with human cells remains
elusive and is fraught with social and logistical concerns. Alter-
native methods for deriving pluripotent cells, such as cell fusion
(8) and culture-induced reprogramming (9), have been developed,
but these approaches still suffer from severe practical and techni-
cal limitations. In contrast, the generation of pluripotent cells by
exogenous expression of transcription factors circumvents many
previous limitations, as this approach is not technically demand-
ing and does not require embryonic material or oocytes. We there-
fore believe that iPS cell technology will have a significant impact
on regenerative medicine, and in this article we review current
methodologies used for generating iPS cells and then discuss their
potential clinical applications.

iPS cells: state of the art

The arrival of iPS cells. In the first report of defined factor repro-
gramming (10), Kazutoshi Takahashi and Shinya Yamanaka
reprogrammed mouse fibroblasts through retroviral transduction
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with 24 transcription factors highly expressed in ES cells. This
cadre of genes was gradually reduced to four that encode the tran-
scription factors octamer 3/4 (Oct4), SRY box-containing gene 2
(Sox2), Kruppel-like factor 4 (KIf4), and c-Myc (10). The resulting
iPS cells were selected based on their ability to express the gene
F-box protein 15 (Fbx1S5), which is specifically expressed in mouse
ES cells and early embryos. Although the selected cells were similar
to ES cells in morphology, growth properties, and ability to form
teratomas (neoplasmic tumors characterized by the presence of
cells corresponding to all three embryonic germ layers) in immu-
nodeficient mice, they differed in terms of global gene expression
profiles and certain DNA methylation patterns. Perhaps the most
important difference was that these cells failed to produce adult
chimeric mice. This might be because although Fbx15 is specifi-
cally expressed in mouse ES cells and embryos, it is dispensable
for maintaining pluripotency and mouse development (11). In
subsequent studies (12-15), when improved end points for the
reprogramming process were selected, such as the expression of
Nanog and Oct4, the resulting iPS cells were even more similar to
ES cells, could contribute to adult chimeras, and were transmitted
through the germ line.

Shortly after these reprogramming successes in the mouse,
Yamanaka used the human orthologs of the four transcription
factor-encoding genes to generate iPS cells from human fibro-
blasts (2). Concurrently, two other groups achieved similar repro-
gramming of human somatic cells using slightly different combi-
nations of genes that also included OCT4 and SOX2 (see Table 1
for details) (16, 17). Within months, it had been proven that it
was possible to derive iPS cells from patients suffering from the
neurodegenerative disease amyotrophic lateral sclerosis (ALS)
(18) as well as patients with other diseases, including juvenile-
onset type 1 diabetes mellitus, Parkinson disease (PD) (19), and
spinal muscular atrophy (SMA) (20).

Mechanism of reprogramming. Given that all cells within an organ-
ism have the same genome, the functional characteristics of differ-
ent cell types are defined by specific patterns of gene expression.
Epigenetic molecular mechanisms control gene transcription by
inducing stable changes in gene expression. These changes favor
the formation of either an accessible or inaccessible chromatin
state without directly affecting the DNA sequence (21).

Developmental programming establishes gene expression pat-
terns that are set and maintained via histone modifications and
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Table 1
Mouse and human iPS cells have been generated in a variety of ways

Cell Reprogramming Method of Timeline Efficiency Genomic Genomic Refs.
type factors delivery (wk) integration integration
removed
Mouse
MEFs 0,5, KM Retroviral vectors 2-3 0.01%-0.050% Yes No 10, 12-15
MEFs 0,SK Retroviral vectors 3-4 0.001%-0.01% Yes No 56, 65, 98
Hepatocytes and 0,5 KMor0,SK Retroviral vectors 2-3 0.5%-3% Yes No 46
stomach cells
Neural stem cells 0,SK,Mor0,S,K Retroviral vectors 1-4 0.1%-5% Yes No 48,99
or 0,K,Mor 0,S,M
Neural stem cells 0,KorO,Mor0 Retroviral vectors 2-4 0.1%-0.2% Yes No 32,100
B lymphocytes 0,S,KM Lentiviral vectors? 2-3 0.01%-0.1% Yes No 34
Hepatocytes 0,S,KM Adenoviral vectors 4-5 0.0001%—0.001% No - 29
MEFs 0,5, KM Plasmid transient transfection 3-4 0.0001%—0.001% No - 30
MEFs 0,S,K.M piggyBac transposonA 2 NR Yes Yes 67
MEFs 0,S,KM Nonviral plasmid transfection 2 2.5% Yes Yes 66
MEFs 0,5,K,;Mor0,S,K + VPA Recombinant proteins 4-5 0.002%—0.008% No - 31
MEFs 0,K + Bix and BayK Retroviral vectors 2-3 0.007%-0.02% Yes No 60
MEFs 0,SKM Plasmid nucleofection 2-3 NR No - 68
MEFs, TTFs 0,S,K;:M Single lentiviral vector? 2-3 0.5% Yes No 63
MEFs, TTFs 0,K,M + RepSox or Retroviral vectors 2 ~1% Yes No 61
0,K + RepSox
Human
Skin fibroblasts 0,5,K,Mor 0,S,KM,T,SV Retroviral vectors 2-5 0.001%—-1% Yes No 2,16,18,19
and bone marrow or 0,S,K,M,N or 0,S,K
mesenchymal cells
Skin fibroblasts 0,5,Kor0,S + VPA Retroviral vectors 4 0.001%-0.01% Yes No 57
Keratinocytes 0,SKMor0,SK Retroviral vectors 1-2 1% Yes No 49
Peripheral blood cells 0,S,K.M Retroviral vectors 2 0.01%-0.02% Yes No 50
Skin fibroblasts 0,S,KMor 0,S,K,M,N Lentiviral vectors? 3-4 0.002% Yes No 101
and keratinocytes
Skin fibroblasts 0,S,N,L or 0,S,N,L,M,K Lentiviral vectors 2-3 0.01%—1% Yes No 17,20, 33
Skin fibroblasts 0,SKMor0,SK Lentiviral vectorsA 3-5 NR Yes Partial® 36
Embryonic fibroblasts 0,SKM piggyBac transposon® 2-4 NR Yes No 67
Embryonic fibroblasts 0,S,K.M piggyBac transposonA 2-4 0.005%-0.01% Yes No 66
Skin fibroblasts 0,S,N,L,M,K,SV Episomal vectors NR 0.003%—0.006% No - 33
Adipose stem cells 0,SKM Lentiviral vectors 2-3 0.2% Yes No 51
Skin fibroblasts 0,S,K.M Recombinant proteinst 8 0.001% No - 32

ADox-inducible systems. BViral LTR is not excised. °Proteins were delivered in the form of whole cell extracts. O, Oct4; S, Sox2; K, Klf4; M, c-Myc;
N, Nanog; L, Lin28; SV, SV40LT; T, hTert; MEF, mouse embryonic fibroblast; TTF, tail tip fibroblast; NR, not reported; —, not relevant.

DNA methylation (22). This is a one-way process (reversed only in
germ cells) that gradually leads to somatic cell types with reduced
pluripotency (for more detailed reviews, see refs. 22, 37) (Figure 1).
Transcription factors are the key regulators of this process (23),
and there can be no better evidence for their imperial role in deter-
mining the functional characteristics of a cell than their ability to
reprogram differentiated adult cells to a pluripotent state (2, 10).
Different combinations of just six transcription factor-encoding
genes, Oct4, Sox2, KIf4, c-Myc, Nanog, and Lin28, have been used to
achieve reprogramming in mouse and human cells (2, 10, 17). Of
these, Oct4 (24), Sox2 (25), and Nanog (26, 27) were known to encode
proteins functionally important in maintaining pluripotency in
embryos and ES cells; the rest encode proteins with functions in a
wider variety of cell types. Determining the exact functional role
of each of the proteins encoded by the six genes in the reprogram-
ming process is an active area of investigation, although a recent
genome-wide analysis of promoter occupancy at various stages
52

The Journal of Clinical Investigation

htep://www.jci.org

of iPS cell generation has shown that they co-occupy regulatory
regions of a number of genes associated with pluripotency (28).

Initial protocols for making iPS cells utilized viral vectors to
exogenously express the four transgenes, which integrated in the
genome of somatic cells. However, it is now possible to induce iPS
cells with non-integrating methods in mouse (29-31) and human
cells (32,33), and although these methods are not yet efficient, they
have clearly demonstrated that random insertional mutagenesis
is not an essential mechanistic requirement for reprogramming.
Furthermore, successful reprogramming of terminally differenti-
ated postmitotic cells such as B lymphocytes (34) has definitively
shown that reprogramming does not require multipotent target
cells that may exist within somatic cell populations.

ES versus iPS cells. A number of studies have clearly demonstrated
that iPS cells are highly similar to ES cells (12-15, 28, 35-37).
Most of the iPS cell lines that have been generated have a normal
karyotype and possess telomeres with characteristics of those in
Volume 120

Number 1 January 2010



H3K9Ac Ac\ H3K4Me Ac H3K4Me
Epigenome A
Cell type A
s 00 | 00 [
L
=4 H3KOMe H3K27Me Ac H3K4Me
E
E ¢ Epigenome B
@ (TF-
g w (m Celltype 8
8 ee 00
s Ac
T
H3K9Me H3K27Me Ac H3K9Me
Epigenome C
Cell type C

H3K27Me

ES cells (38). In terms of the epigenetic state of iPS cell lines, the
promoters of pluripotency genes have no DNA methylation, while
female mouse iPS cells reactivate the inactive X chromosome and
exhibit random inactivation upon differentiation (12). Further-
more, the promoters occupied by the reprogramming proteins in
iPS cells are highly congruous to those occupied by the endog-
enous proteins in ES cells, and this correlates with closely related
global gene expression profiles (28).

However, small differences in gene expression patterns between
iPS and ES cells exist (39). The nature of these differences is not
yet well understood, although genomic integration of transgenes
has been shown to be a contributing factor. Soldner et al. recently
partially addressed the issue of integration by demonstrating that
upon excision of the reprogramming transgenes (but not the viral
long-terminal repeats [LTRs]), the genome-wide expression pro-
file of iPS cells generated from human fibroblasts correlated more
closely with that of ES cells than it did prior to excision: only 48
genes remained substantially different in their expression in con-
trast to 271 before excision (36). Similarly, when Yu et al. generated
human iPS cells without any detectable genomic integration, only
a small set of genes remained differentially expressed when com-
pared with human ES cells (33).

The reason for the remaining differences in the global tran-
scriptome between ES and iPS cells remains unclear, although
the unique genetic makeup of each line may contribute to a cer-
tain degree, as has been shown for human lines (40) and mouse
ES cell lines (41). It is noteworthy that a recent report indicates
that iPS cells (generated by retroviral genomic integration) exhib-
it a unique gene and miRNA expression profile that gradually
becomes more similar to that of ES cells with extended in vitro
culturing (39). Moreover, this iPS cell-specific expression signa-
ture is at least partially conserved among iPS cells generated in
independent reprogramming experiments and even in integra-
tion-free iPS cell lines (39). These issues can be best resolved by
comparing the expression profiles of an ES line and an iPS cell
line of the same genetic background.

While the value of comparing iPS and ES cell lines is unquestion-
able, the functional ramifications of small differences between iPS
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Figure 1

The concepts of developmental programming and
reprogramming. During developmental differentiation or
programming, different cell types acquire distinct epi-
genetic profiles mediated by transcription factors (TF)
and epigenetic modifications. In this figure, the epigen-
etic code is reflected by modifications of histones asso-
ciated with gene activation (Ac, acetylation; H3K9Ac,
acetylation of histone H3 at lysine 9; H3K4Me, methyla-
tion of histone 3 at lysine 4) or repression (H3K9Me and
H3K27Me, methylation of histone H3 at lysine 9 and 27,
respectively) and by methylation of CpG dinucleotides.
Developmental programming results in somatic cells
that exhibit decreased pluripotency. Reprogramming,
achieved by exogenous expression of transcription fac-
tors, allows for a cell to switch from an epigenome of
usually reduced potency to one of pluripotency. Open
circles represent unmethylated CpGs; filled circles rep-
resent methylated CpGs.

Developmental programming
Pluripotency

—
-

and ES cells in terms of global gene expression levels and epigen-
etic state remain unclear. Moreover, it remains unknown whether
the observed differences will result in functional variation that
interferes with the utility of certain iPS cell lines.

The ability of mouse iPS cells to generate an entire mouse, as was
recently shown via tetraploid complementation assays (a technique
in which iPS cells are injected into tetraploid blastocysts) (42-44),
and of human iPS cells to form teratomas in vivo (19) indicates in
the most stringent tests that they are pluripotent cells and sug-
gests that the defined factor reprogramming approach produces
cells with a developmental potential similar to that of ES cells. To
our knowledge, no conspicuous differences in the efficiency of
differentiation between iPS and ES cells toward specific lineages
have been reported. Although these experiments are difficult to
perform due to the heterogeneity of the resulting cell populations,
they will be a key indicator of whether iPS cells can be readily used
for a variety of practical applications, including disease modeling.

What is the best way of making iPS cells? First-generation iPS cells
were generated by retroviral transduction (2, 10). Since then, the
technique has been optimized and reproduced in a number of dif-
ferent ways (Table 1 and references therein). The most important
variables include choice of cell type to reprogram, choice of the
cocktail of reprogramming genes, and method for gene transfer
(Figure 2). Nimet Maherali and Konrad Hochedlinger recently
wrote an excellent review of protocols, highlighting the details of
different methodologies to make iPS cells, and we therefore cover
this area only briefly (45).

Embryonic fibroblasts (MEFs) and tail-tip fibroblasts (TTFs)
in the mouse and dermal fibroblasts in the human have been the
most widely used cell types to reprogram, largely due to their avail-
ability and ease of accessibility. In addition, various other cell types
have also been reprogrammed, including hepatocytes (29), stom-
ach cells (46), B lymphocytes (34), pancreatic f§ cells (47), and neu-
ral stem cells (48) in the mouse; keratinocytes (49), mesenchymal
cells (19), peripheral blood cells (50), and adipose stem cells (51) in
the human; and melanocytes in both species (52). Variable efficien-
cies and kinetics of the process have been described, while the in
vitro age of the cell type (passage number) correlates inversely with
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Figure 2
Generation of iPS cells. The choice of the cell

type from which to derive iPS cells, the choice
of reprogramming factors and methods of deliv-
ery, as well as evaluation of iPS cell progeny, will
depend on the potential application of the result-
ing cell types.
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the efficiency of reprogramming (53). The same inverse correlation
has been effectively demonstrated for the differentiation stage of
target cells, with mouse hematopoietic stem and progenitor cells
being more efficiently reprogrammed than terminally differenti-
ated B and T lymphocytes (54).

A recent study addressed the variability in the teratoma-form-
ing propensity of cells differentiated from iPS cell lines generated
from a number of mouse tissues (55). Miura et al. found that neu-
rospheres (nonadherent spherical clusters of neural stem and pro-
genitor cells) derived from iPS cells generated from MEFs formed
teratomas with efficiency similar to that of neurospheres derived
from ES cells, while neurospheres derived from iPS cells generated
from either TTFs or hepatocytes formed teratomas more readily.
These results were associated with the presence of greater numbers
of residual undifferentiated iPS cells in neurospheres derived from
iPS cells generated from either TTFs or hepatocytes, and they can be
used to indirectly assess the variation in differentiation efficiency
that might arise as a result of the target cell that is reprogrammed.

Of the original four transcription factor-encoding genes,
¢-Myc has been shown to be dispensable for reprogramming in the
mouse and human, while KIf4 and Sox2 have been shown to be
dispensable in reprogramming strategies utilizing cell types that
endogenously express them (see Table 1). Oct4 is the only factor
that cannot be replaced by other family members and the only one
that has been required in every reprogramming strategy in either
mouse or human cells.

Importantly, small molecules, including DNA methyltransfer-
ase inhibitors (35, 56), the histone deacetylase inhibitor valproic
acid (VPA) (56, 57), and the histone methyltransferase inhibitor
BIX-01294 (58), have been shown to substantially improve the
efficiency of reprogramming, even in cases without inclusion of
exogenous Klf4 and c-Myc (for VPA) or exogenous Sox2 and ¢-Myc
(for BIX-01294). In addition, the compound kenpaullone can com-
pensate for the reprogramming factor KIf4 (59), while a combina-
tion of BIX-02194 and BayK8644 can compensate for Sox2 (60),
even in cells that do not endogenously express it, although the
mechanism(s) by which these small molecules function remain
unclear. We have also recently identified a small molecule inhibitor
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of TGF- signaling that replaces Sox2 by inducing Nanog expres-
sion (61). Of note, it remains to be determined whether full repro-
gramming through the exclusive use of chemicals is possible.

iPS cells have been generated using a number of different gene
transfer methods, including retro-, lenti-, and adenoviral vectors
and nonviral plasmids, and recently by direct recombinant pro-
tein delivery. The use of genome-integrating viral vectors such as
retroviruses and lentiviruses results in iPS cells that would be inap-
propriate for therapeutic use, as even a single insertional mutation
(62, 63) and the potential for reactivation of viral transgenes sub-
stantially increase the risk that transplanted cells would become
transformed (14, 64, 65). The major advantage of retroviral vectors
is that they are known to undergo progressive silencing in ES cells,
while lentiviral systems remain active. However, in certain cases,
probably due to the site of genomic integration, retroviral vector
expression is maintained (18, 19). Recent studies have reported
on the generation of iPS cells using genomic integration systems
such as lentiviruses (36), plasmids (66), and transposons (67), all
of which allow for subsequent transgene removal through the Cre-
lox system or transposases.

More importantly, iPS cell generation has now been achieved
without genomic integration. This has been done using adenovi-
ruses (29), repeated plasmid transfection (30, 68), and recombi-
nant proteins (31) in the mouse and via the use of episomal vectors
(33) and recombinant proteins (32) in the human. If the ultimate
use of the iPS cells requires cells free of genomic integrations, then
these methods are likely to be preferred over the classic retroviral
and lentiviral transduction systems.

Much of the focus of recent research has understandably been on
the generation of clinically applicable iPS cells free of viruses and
transgenic integrations. We believe that it is now critically impor-
tant that iPS cells generated by distinct methods are carefully
assessed for their variability, stability, and differentiation potential
as well as the quality and long-term survival of differentiated cells
derived from them. Ultimately, iPS cells generated by each meth-
od will need to be examined in detail at the genomic, epigenomic,
and functional level in order to determine which reprogramming
methods are safe for clinical cell therapy.
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Clinical relevance of iPS cells. iPS cell technology has exciting potential applications in disease modeling and drug discovery. Cell replacement
therapy with healthy iPS cell-derived cells is also a possible future development. Genetic mutations can be targeted by gene therapy approaches

before or after reprogramming.

Although iPS cells generated using one or two factors rather
than four or using recombinant proteins rather than viral expres-
sion systems may be clinically safer, it has yet to be demonstrated
that this is the case. In addition, the logistical, financial, and prac-
tical aspects of each technique will need to be taken into account.
It is likely that how one reprograms cells will be determined by
the intended usage of the reprogrammed cells. As things currently
stand, for example, the fastest and most efficient method to create
human iPS cell lines is through lenti- and retroviral transduction.
If it is shown that transgene integration sites do not substantially
affect the differentiation potential and status of cells types relevant
for disease, then these methods might be the preferred approaches
for generating iPS cells for use in large-scale drug-screening pro-
grams and disease modeling.

An important and controversial issue regarding iPS cell deri-
vation is the standard by which their pluripotent potential is
evaluated (45, 69, 70). We believe that the intended application
of the iPS cells should determine the evaluation method. It may
be that a neurobiologist who wants to generate motor neurons
from patient-specific iPS (PS-iPS) cells should be concerned more
with determining the ability of the iPS cells to generate cells that
are functionally equivalent to motor neurons found in vivo than
whether they are truly pluripotent. The issue of pluripotency
becomes more important for studies of the functional mecha-
nism of reprogramming. However, a reproducible, inexpensive,
and rapid method to determine the quality of newly established
iPS cell lines is urgently required. If it cannot be found, the cost
of fully characterizing every new cell line may substantially slow
progress. Perhaps an epigenetic and gene expression signature that
selectively defines fully reprogrammed iPS and ES cell lines can be
identified. This then might enable high-throughput screening of
newly derived cell lines.

Clinical relevance

Cell replacement therapy. The convergence of stem cell research
with medical application has long been a source of excitement
for the scientific community and the general public alike. Plu-
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ripotent stem cells offer the hope for treatment of individuals
suffering from cellular degeneration caused by either disease or
injury. ES cells have already been successfully differentiated in
vitro into various therapeutically relevant cell types, including
motor and dopaminergic neurons, oligodendrocytes, cardiomyo-
cytes, and hematopoietic precursor cells (71). More importantly,
the therapeutic potential of these ES cell-derived somatic cells
has been effectively demonstrated in animal models. For exam-
ple, ES cell-derived hematopoietic precursors have been used to
treat immunodeficient mice (7); human ES cell-derived retinal
photoreceptors have been used to improve visual functions in
blind mice (72); and human ES cell-derived dopaminergic neu-
rons have been shown to reverse some functional deficits in a rat
model of PD (73, 74). Translation of such therapeutic approaches
to human patients has, however, been relatively slow. Although
the first clinical trial using ES cell-derived cells, specifically ES
cell-derived oligodendrocytes for the treatment of acute spinal
cord injury, was approved by the US FDA in January 2009 (75, 76);
the trial was put on hold in April 2009 and at the time of writing
(November 2009) remained on hold.

The development of cell replacement therapies using ES cell-
differentiated cells is, however, burdened with social and religious
concerns regarding the use of human embryos, as well as issues
involving immune rejection of the transplanted cells. The abil-
ity to generate PS-iPS cells by direct reprogramming of human
fibroblasts overcomes these barriers and has brought the real-
ization of personalized regenerative medicines closer (Figure 3).
PS-iPS cells tailored to specific individuals should provide the
opportunity for cell replacement therapy without the need for
immunosuppressants, as autologous transplantation of geneti-
cally identical cells, and potentially tissues and organs, over-
comes the issue of immune rejection. Importantly, in cases of a
known genetic defect, utilizing gene therapy approaches could,
in principle, restore cellular function.

Shortly after the first report describing iPS cell methodology, a
seminal proof-of-principle study demonstrated the potential of iPS
cell-based cell replacement therapy in a humanized mouse model
Volume 120
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of sickle cell anemia (77). Hanna et al. reprogrammed fibroblasts
from an anemic mouse, corrected the mutant gene by homologous
recombination, successfully differentiated the resulting iPS cells
into hematopoietic progenitors, and subsequently transplanted
these back into the mouse. As a result of the treatment, pathologic
features of the disease were substantially ameliorated.

More recently, a similar approach was taken with human indi-
viduals with Fanconi anemia, a disease characterized by severe
genetic instability (53). In this case, the mutant gene was replaced
using lentiviral vectors prior to epigenetic reprogramming of the
patient fibroblasts and keratinocytes, as the genetic instability of
the mutant fibroblasts made them nonpermissive for iPS cell gen-
eration. Importantly, these iPS cells could be differentiated into
hematopoietic progenitors as efficiently as ES and wild-type iPS
cells, stably maintaining the disease-free phenotype in vitro.

Although these two studies demonstrate the potential of iPS cell
technology for treating genetic diseases, they also highlight the
urgency for developing better methods of gene therapy, as genetic
integration after lentiviral delivery of therapeutic transgenes may be
oncogenic (64), and the efficiency of homologous recombination in
ES and iPS cells remains extremely low (78). Toward this goal, recent
advancements with zinc finger nucleases are rather promising (79).

Studies have also illustrated therapeutic transplantation appli-
cations for healthy iPS cell-derived somatic cells in mouse models
of disease. In particular, iPS cell-derived dopamine neurons func-
tionally integrated into adult brain in a rat model of PD, leading to
an improvement of the phenotype (80), while hemophilia A mice
injected with iPS cell-derived endothelial cells into their livers were
protected in a death-inducing bleeding assay (81).

iPS cell-based therapies may be particularly important for spo-
radic forms of diseases such as ALS or PD. The etiology of such
forms of these diseases is unclear, but it is thought that they arise
from complex interactions between genetic and environmental
factors (82). Environmental factors, including toxic pesticides and
metals, general lifestyle, and dietary habits have been associated
with increased risk of disease (83, 84) and are likely to be mirrored
in epigenetic alterations. During the reprogramming process,
the epigenetic landscape of cells is redrawn, as a terminally dif-
ferentiated cell is transformed into a pluripotent one. The extent
to which the epigenetic profile is altered during reprogramming
and the stability of epigenetic imprints during in vitro cell culture
remain to be determined.

In cases where a sporadic form of a disease is solely due to epi-
genetic alterations, iPS cell-derived somatic cells could be thera-
peutic, as the reprogramming process should reverse the disease-
causing epigenetic modifications. In contrast, if specific genotypes
are the root cause of a disease, reprogramming will not alleviate
the problem, and the resulting iPS cell-derived somatic cells may
succumb to the same degenerative processes that occurred in the
patient. A way to address whether epigenetic causes of disease can
be corrected in iPS cell-derived cells would be to generate iPS cells
from an individual affected by a disease known to be caused by
specific epigenetic defects such as myelodysplastic syndrome (85),
although it may be that the results will vary according to disease-
specific epigenetic alterations.

iPS cell technology offers the unique opportunity to assess the
quality of disease-relevant cell types by directly comparing cells
derived in vitro with their genetically identical in vivo counterparts.
For instance, if the aim is to transplant iPS cell-derived blood cells
back into an individual, there will be an ability to determine how
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similar the cells derived in vitro are to blood cells isolated from
that same individual.

The rapid advancements in the field of iPS cell production dur-
ing the last three years have led to the generation of clinically
relevant cell lines free of genomic integration and oncogenes.
Challenges that remain for clinical reprogramming are now more
limited to technical issues, such as increasing the efficiencies of
iPS cell generation using non-integrating methods, as well as creat-
ing them under good manufacturing practice (GMP) conditions.

However, there remain substantial challenges for clinical imple-
mentation of the actual therapeutic preparations of cells made from
ES and iPS cells. First, it is critical that any ES or iPS cell-derived cell
preparation destined for in vivo transplantation be free of undif-
ferentiated cells, as these may form tumors. Second, challenges also
lie in efficiently differentiating and purifying populations of dis-
ease-relevant cell types. These are in addition to the development
of methods for correct delivery of cells into patients and achieving
sufficient functional engraftment into the corresponding tissue.

In many instances, such as ALS, where motor neuron degenera-
tion takes place, cell therapy may prove to be extremely challeng-
ing, as even if long-term engraftment of ES or iPS cell-derived
motor neurons can be achieved, correct projections of neuronal
axons to the periphery are unlikely to occur. In these cases, the
reprogrammed cells may be best deployed to model the condition
in question and eventually identify a small molecule therapeutic
that can slow or halt degeneration (20, 86).

Disease modeling and drug discovery. Although further work needs
to be done toward generating and extensively characterizing “clini-
cal grade” iPS cells before human cell replacement therapies can be
attempted, disease modeling and drug screening are two immedi-
ate applications for reprogramming technology (Figure 3). While
animal models have been crucial in the investigation of disease
mechanisms, fundamental developmental, biochemical, and phys-
iological differences exist between mice and humans. The impor-
tance of utilizing human cells for these purposes is evidenced by
the large numbers of failed clinical trials, which are at least partly
attributed to these species differences (87).

The concept of utilizing ES and now iPS cells to model a disease
in a culture dish is based on the unique capacity of these cells to
continuously self-renew and their potential to give rise to all cell
types in the human body (71, 88). Thus, pluripotent cells could
provide a limitless reservoir of cell types that in many cases were
not previously possible to obtain, for example, the motor and
dopaminergic neurons affected in ALS and PD. In the past few
years, there have been studies reporting successful in vitro model-
ing of diseases through either the overexpression of known dis-
ease-causing genes, such as superoxide dismutase (SODI) in the
case of ALS (89, 90) and nuclear receptor-related 1 (NURRI) in
the case of PD (91), or the derivation of ES cell lines from preim-
plantation embryos genetically diagnosed as harboring mutations
causing diseases such as fragile X syndrome (92).

While these methods remain attractive, they are limited in their
scope because they can only be employed in cases where the genetic
defect of a disease is documented. The overwhelming advantage of
iPS cell technology is that it allows for the generation of pluripo-
tent cells from any individual in the context of his or her own par-
ticular genetic identity, including individuals with sporadic forms
of disease and those affected by complex multifactorial diseases of
unknown genetic identity, such as autism spectrum disorders (93)
and type 1 diabetes (94).
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In the past two years, a number of studies have reported the suc-
cessful generation of PS-iPS cell lines from individuals with any
one of a number of diseases; however, effective disease modeling
has only been demonstrated on two occasions so far. In the first
study, Ebert et al. reported the differentiation of iPS cell-derived
motor neurons from a patient diagnosed with a genetic form
of SMA, a neurodegenerative disease that leads to loss of lower
motor neurons (20). Importantly, this study was the first to dem-
onstrate a disease-related in vitro phenotype in iPS cell-derived
cells. Although motor neurons derived from the PS-iPS cells were
initially similar in morphology and number to those derived from
wild-type iPS cells, their numbers and size selectively declined
after eight weeks in culture. Furthermore, these cells exhibited a
deficiency in survival of motor neuron (SMN) protein aggregates,
which is a characteristic phenotype associated with SMA. Impor-
tantly, this deficiency in SMN levels could be reversed with drug
treatment, providing a basis for future drug screens.

In the second study, Lee et al. effectively demonstrated the poten-
tial of iPS cell technology to model disease pathogenesis and treat-
ment by creating iPS cell lines from patients with familial dysau-
tonomia (FD), a neuropathy caused by a point mutation in the IkB
kinase complex-associated protein (IKBKAP) gene (86). This muta-
tion leads to a tissue-specific splicing defect that was recapitulated
in iPS cell-derived tissues. The authors went on to show disease-
specific defects in neurogenesis and migration of neural crest pre-
cursors, tissues that were previously unobtainable. These disease-
specific phenotypic changes were then assayed after treatment with
candidate drugs, one of which had a beneficial effect.

Although these data are encouraging, both SMA and FD are
early-onset genetic disorders, and it may be more challenging to
recapitulate other diseases in vitro, such as late-onset sporadic
forms of ALS and PD. The average age of onset for these forms
of ALS and PD (which account for more than 90% of all cases) is
approximately greater than 50 years, and therefore in vitro cell cul-
ture periods of weeks or months may be too short for a pathologic
phenotype to arise. Indeed, Soldner et al. differentiated dopamin-
ergic neurons from iPS cells generated from individuals diagnosed
with sporadic PD equally as efficiently as from those generated
from healthy individuals and did not report any phenotypic differ-
ences (36). Importantly, however, although it takes many years for
the pathological features of these diseases to become evident, the
disease process might be initiated much earlier, and it is possible
that analysis of iPS cell-derived motor and dopaminergic neurons
might identify more subtle early phenotypic changes in ALS and
PD, respectively. Alternatively, certain cell-stressing signals such
as hypoxia or neurotoxins may be utilized to facilitate disease
pathogenesis in vitro and reveal a potential increased sensitivity
in patient-derived cells.

Another challenge to in vitro disease modeling might arise when
non-cell-autonomous effects are implicated in disease manifesta-
tion. In such cases, production of more than one disease-relevant
cell type may be required and coculture assays devised.

We believe that a critical issue regarding iPS cell-based disease
modeling assays and therapeutic screens that remains to be resolved
is the quantity of appropriate control iPS cell lines that should be
included. In order to address this issue, the variability among wild-
type iPS cells derived from different individuals and among mul-
tiple iPS cell lines generated from the same genetic source needs to
be assessed. For example, factors such as the age and sex of the indi-
viduals from which iPS cell lines are generated might affect how
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closely the iPS cell-derived cells model the disease; and the location
of the transgene integration sites and transgene reactivation might
also affect the efficiency with which PS-iPS cells differentiate into
disease-relevant cell types or affect the disease phenotype. Until
these questions are properly assessed, it will remain important that
multiple iPS cell lines are used as controls.

The arrival of iPS cell-derivation methods has opened exciting
avenues for disease modeling and drug discovery. However, we
believe that current tools used for these applications, such as animal
models and transgenic ES cell lines overexpressing disease-associ-
ated genes, remain essential. The application of these tools for effec-
tive disease modeling has been proven (89-91, 95, 96) and should be
used in tandem with PS-iPS cells to confirm findings. In this sense,
reprogramming technologies are another arrow in the scientist’s
quiver that can be used to devise and test novel therapies.

Predictive toxicology and pharmacology. The unique properties of
ES and iPS cells also provide for practical approaches in pharma-
ceutical toxicology and pharmacogenomics. In particular, hepa-
totoxicity and cardiotoxicity are two principal causes of drug fail-
ure during preclinical testing, while the variability in individual
responses to potential therapeutic agents is also a major problem
in effective drug development (87, 97). The advantage of iPS cell
technology is that it allows for the first time the generation of a
library of cell lines that may to a substantial extent represent the
genetic and potentially epigenetic variation of a broad spectrum of
the population. The use of this tool in high-throughput screening
assays could allow better prediction of the toxicology caused by
and therapeutic responses induced by newly developed dugs and
offer insight into the underlying mechanisms. The net result of
this approach would substantially decrease the risk and cost asso-
ciated with early-stage clinical trials and could lead toward a more
personalized approach in drug administration.

Concluding remarks

Since the first description of iPS cell generation three years ago,
there has been remarkable progress toward clinical implementa-
tion of reprogramming technologies. The recent successes in iPS
cell derivation without viral vectors and genomic integration from
human cells has brought the realization of the therapeutic poten-
tial of iPS cell technology closer than ever. Importantly, however,
the suitability of individual iPS cell derivation methods for gener-
ating cell populations for cell replacement therapy, disease model-
ing, and drug discovery remains to be widely demonstrated, and
studies assessing the equivalence of different types of iPS cells are
eagerly anticipated. Moreover, extensive characterization of the
functionality of iPS cell-derived somatic cells and their functional
equivalence with in vivo counterparts needs to be widely demon-
strated. The application of the benefits that iPS cells offer is also
limited by the ability to derive disease-relevant somatic cells, and
major challenges remain in defining pathways that efficiently lead
to pure and functional populations of many disease-relevant cells.
Given the scientific effort and significant achievements of the past
few years, we are hopeful that iPS cell technology will have a posi-
tive impact on therapeutic interventions.
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