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1. INTRODUCTION

Recent advances in reprogramming technologies allow conversion of
adult somatic cells into induced pluripotent stem cells (iPSC), permitting
generation of disease- and patient-specific stem cell lines. Like embryonic
r Inc.
rved.

369
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stem cells, iPSC potentially can be expanded without limits and differ-
entiated into any somatic cell type. This technology potentially allows for
any human cell type to be generated at a scale impossible to obtain from
primary sources. Previously inaccessible human cell types (e.g., neurons)
can now be generated for investigating basic biological and pathological
processes. Differentiated cells derived from patients’ iPSC are being used
to generate disease-specific models that can then be applied in drug
discovery assays, drug development applications, toxicology screening
and biomarker discovery. The iPSC technology provides human pharma-
cological and disease-relevant models to increase the biological and path-
ological context of these translational applications. We review how
introducing increased human biological content and context (i.e.,
patient-derived disease-relevant cells) may improve the probability of
success in identifying and developing novel disease modifying drugs.
2. iPSC TECHNOLOGY

In a breakthrough advance several years ago, Shinya Yamanaka and
colleagues at Kyoto University demonstrated that mouse somatic cells
could be reprogrammed to an embryonic-like, pluripotent state by the
enforced expression of a defined set of factors [1]. They tested ectopic
expression in somatic cells of 24 genes active in embryonic stem cells and
found that four factors, Oct4, Sox2, Klf4 and c-Myc together, converted a
small percentage of cells to a pluripotent state. The result was cell colonies
with morphology and growth characteristics of embryonic stem cells.
These cells were named iPSC to reflect that pluripotency was induced in
what had been differentiated somatic cells. The iPSC that were selected
for the activation of essential pluripotency factors Nanog and Oct4, or
based on morphology alone, were remarkably similar to embryonic
stem cells yielding live chimeric mice, some with germ line contribution
[2,3]. The most compelling evidence for iPSC having full developmental
potential came from tetraploid complementation studies [4–6]. In these
experiments, tetraploid blastocysts, which are incapable of progressing
through embryonic development, are injected with iPSC to complement
or rescue the defective early embryo-like structure. Fertile mice were
generated entirely derived from the injected cells. These data show that
iPSC can generate adult mice; thus, iPSC are functionally indistinguish-
able from embryonic stem cells.

The potential of iPSCwas recognized immediately, and the technology
was rapidly and successfully applied to human cells [7,8]. To date, iPSC
derived from a number of patients with specific clinical conditions have
been differentiated into disease-relevant cell types, creating ‘‘disease in a
dish’’ models to facilitate drug development. The availability of nearly
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limitless amounts of disease-relevant cell types from patients will likely
have huge benefits for drug discovery [9].
3. iPSC DERIVATION AND PRODUCTION

Deriving high-quality, comprehensively characterized iPSC in a scalable
process is crucial for their use in translational applications. A typical
process for iPSC production starts with acquiring a small skin biopsy
from an appropriately selected patient. The skin biopsy is used to gener-
ate a fibroblast cell line, into which reprogramming factors are introduced
(see below). After several weeks in culture, iPSC colonies emerge, are
manually selected, purged from any background cells and a cell line is
derived. The process is followed by a thorough characterization of iPSC
lines, their expansion and storage in a biobank.

To date, human iPSC have been generated from a number of human
tissues, including keratinocytes [10,11], hepatocytes [12], adipose-derived
stem cells [13,14], neural stem cells [15], astrocytes [16], cord blood [17–19]
and amniotic cells [20,21], illustrating the robustness of current repro-
gramming methods. Dermal fibroblasts remain the chief source of human
iPSC and have demonstrated reliability and relatively high efficiency of
reprogramming [8,22–26]. Due to its accessibility, peripheral blood is also
an attractive source of donor cells [27,28]. It is likely that practical issues
(e.g., cell accessibility and limited discomfort of the patient) will deter-
mine the choice of starting somatic cell types.

Due to its reliability and relatively high efficiency, retrovirus-
mediated transduction remains the most widely used method for deliver-
ing reprogramming factors. Genes coding for reprogramming factors
delivered in this way are randomly and stably integrated into the genome
and could affect the process of reprogramming, the differentiation of iPSC
into mature cell types [29] and variability between different iPSC lines
from a single patient. Newer methods have been designed to overcome
these problems, including excisable vectors [30–32], nonintegrating vec-
tors [33,34], transient plasmid transfections [34,35], direct protein trans-
duction [36], RNA-based Sendai viruses [37–39] and mRNA-based
transcription factor delivery [40]. Many considerations such as availabil-
ity, efficiency, reliability, cost, time and convenience will determine
which method will become widely used for a particular application.

The screening of small molecule collections to find compounds that
either enhance reprogramming or replace the transcription factors Oct4,
Sox2, Klf4 and c-Myc has shown some success [41,42]. Some compounds
that have enhanced reprogramming act on chromatin remodeling. Exam-
ples are valproic acid (HDAC inhibitor), 5-azacytidine, N-phthalyltrypto-
phan (DNA methyltransferase inhibitors) and BIX-01294 (G9a histone
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methyl transferase inhibitor) [43–45]. Additional reprogramming enhan-
cers have been found and are believed to inhibit GSK3, TGF-b, Alk5, MEK
or others targets [46–48]. Reprogramming transcription factors have been
replaced with combinations of small molecules [49–51]. Adult human
keratinocytes after transduction with only OCT4 were reprogrammed
by treatment with the small molecules shown in Figure 1 [52].
Importantly, reprogramming of adult somatic cells solely with a cocktail
of small molecules has not been accomplished.
4. DIFFERENTIATION—PROBLEMS AND PROMISE

To use iPSC in drug discovery and human disease modeling, mature
differentiated cell type(s) of interest must be generated reliably and con-
sistently [53,54]. The most successful differentiation approaches have
been based on models that try to mimic normal embryonic development.
A selected set of signaling pathways, including WNT [55], BMP/activin
[56], FGF [57] andNotch [58,59], play amajor role during this process and,
their exact dosage and precise timing allow for the hundreds of individ-
ual cell types to be specified. For example, during the development of the
human liver, BMP and FGF signaling from nascent cardiac mesoderm
directs uncommitted endodermal progenitors into the hepatic lineage
[60], while inhibition of the BMP signaling pathway directs these cells
into the pancreatic lineage [61–63]. To generate populations of differen-
tiated cell types, the natural process is mimicked as closely as possible
under defined conditions. In addition, screening small molecule libraries
led to the discovery of many compounds that influence lineage commit-
ment [64–67]. While these approaches show promising results, the matu-
rity of the cells generated has yet to be addressed. Often, differentiated
cells will only show an adult phenotype when grown for extended peri-
ods of time in vitro [68] or in vivo [62], and their ability to engraft function-
ally into animal models is variable between cell types and based on
desired maturation/integration endpoints [69,70]. For certain applica-
tions, an immature cell type might be sufficient in disease modeling,
especially to investigate a developmental disease, or if the physiological
phenotype manifests in immature cells. Developing methods to produce
and culture differentiated cell types remains an active and productive line
of basic investigation.

In principle, iPSC can give rise to all somatic cell types, but in practice,
in vitro differentiation protocols to date have been developed for only a
subset of specific cell types [23,54,71,72]. In many cases, the differentiation
process is inefficient and produces cultures with mixed cell types. Devel-
oping efficient assays to evaluate such cultures may require either addi-
tional cell type sorting or selection, which is often limited by availability
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Figure 1 Small molecules used to enhance reprogramming of human keratinocytes

transduced with OCT4 [52].
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of selective surface markers or by introduction of reporter systems to
facilitate cell sorting or selection. The extent to which iPSC differentiated
cell cultures can be or should be homogeneous remains unclear and likely
highly situation dependent.
5. LEADS FOR DRUG DISCOVERY AND DEVELOPMENT

The identification of a relevant disease phenotype—a molecular or func-
tional difference in the patient-derived differentiated iPSC compared to
cells from healthy control individuals—remains a challenge for using
iPSC-based models in drug discovery. Identification of a disease-relevant
‘‘phenotype,’’ or in vitro disease-correlate, provides a cellular model of the
pathology in which disease mechanisms can be investigated, and in
which agents with therapeutic potential can be identified and tested.
These disease models can identify and validate targets for drug discovery
and development.

iPSC have been derived from patients with a variety of condi-
tions [22,23,73]. iPSC based disease phenotypes have been identified
mainly for monogenic diseases, including spinal muscular atrophy
(SMA) [25], fragile X syndrome [74], Hutchinson Gilford Progeria [75],
familial dysautonomia (FD) [24], LEOPARD syndrome [26], Rett
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syndrome (RTT) [76,77], Long-QT syndrome [78] and multiple liver dis-
eases (familial hypercholesterolemia, glycogen storage disease type 1a
and alpha1-antitrypsin deficiency) [73]. More recently, disease pheno-
types have been identified in neurons from iPSC from a familial Parkin-
son’s disease patient [79] and in patients with schizophrenia [80],
demonstrating that phenotypes in multifactorial diseases may be possible
to identify as well. These studies show that disease-relevant cells can be
generated from iPSC. Further, these cells can manifest disease phenotypes
and are beginning to demonstrate benchmark compound responsiveness
under limited testing conditions (see below).

Use of iPSC in drug discovery under development

Phenotypic screen
 Identify hits that alter disease phenotype

in human patient affected cells

Target ID and target

validation

RNAi screens to identify targets that alter

disease phenotype in human patient
cells
Lead optimization
 Select between compounds for whole cell
activity and compound tracking with
disease phenotype modulation
Candidate selection
 Select between compounds with various
mechanisms of action across a panel of
patients
Tox screening
 Test in cardiomyocytes, hepatocytes and
neurons for toxic effects
Biomarker discovery
 Identify biomarkers in human patient
affected cells that track with disease
and/or compound efficacy
Mechanism-based safety
 Tests for target activity regulation in
nontarget cells
Trial cohort selection
(‘‘in vitro clinical trial’’)
Tests PDC in a panel of patient cells to
choose potential patient responders
IND enabling studies
 Supplement or replace animal models of
efficacy
Personalized medicine
 Companion diagnostic
An example of the application of iPSC in neurodegeneration studies is
for SMA, a motor neuron degenerative disorder and the most common
cause of infant death by a heritable disease. It is caused by a decrease in
survival of motor neuron 1 (SMN1) protein due to deletions in the SMN1
gene. Although SMN protein is expressed ubiquitously, motor neurons
seem most vulnerable in patients, suggesting a specific or additional role
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of SMN in motor neurons. Lacking patient motor neurons, researchers
have screened for compounds that elevate SMN levels in engineered cell
lines and SMA patient fibroblasts. However, mechanisms that control
SMN protein expression in fibroblasts may be different than in motor
neurons. In the first step in disease model establishment, Ebert and
colleagues created iPSC lines from SMA patients [25]. Target protein-
rich structures called Gems were detected in iPSC from both healthy
and SMA patients, but the number of Gems in SMA iPSC was lower
than in healthy iPSC. Two compounds, valproic acid, an HDAC inhibitor,
and tobramycin, an aminoglycoside antibiotic, that had both been shown
to increase SMN Gems and protein levels in patient fibroblasts [81] were
tested in SMA iPSC to determine if reprogramming changed their respon-
siveness to these compounds. Ebert et al. showed that both valproic acid
and tobramycin increase Gem numbers and SMN levels in iPSC derived
from an SMA patient. They further differentiated iPSC into motor neu-
rons and documented that SMA-iPSC cultures have a decreased number
of Gems and motor neurons, indicating that disease-relevant cellular
phenotypes can be recapitulated in patient-derived motor neurons. It
will be interesting to determine if valproic acid and/or tobramycin also
increase SMN levels in their SMA patient-derived motor neurons or if
altered mechanisms regulate SMN levels in motor neurons. This work
provides additional validation that SMN deficiency is retained after
reprogramming and differentiation, and that a disease-relevant pheno-
type can be identified in neurons from patient-derived iPSC.

Although seeing expected disease phenotypes in differentiated cells
from patient-derived iPSC is encouraging, the next challenge will be
discovering phenotypes in more complex or idiopathic diseases such as
amyotrophic lateral sclerosis (ALS), Alzheimer’s disease, or type 2 diabe-
tes mellitus. Successful demonstration of cellular pathology in vitro, such
as TDP-43 displacement from nucleus to cytoplasm in ALS, an increase in
hyperphosphorylated microtubule-associated Tau protein in Alzheimer’s
disease [82], or an insulin resistance phenotype in type 2 diabetes [83],
will provide novel and potentially revolutionary opportunities for drug
discovery. The use of patient-derived cells is expected to be highly com-
plementary to current drug discovery methodologies, especially where
the introduction of high-throughput human pharmacology is needed [84].
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6. STEM CELL MODULATORS
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Drugs acting on endogenous stem cells already have shown great
success as therapies. For example, the protein erythropoietin (EpogenÒ)
has blockbuster sales and enhances red blood cell production via stimula-
tion of blood stem cell (colony-forming unit-erythroid [CFU-E]) conver-
sion. The use of iPSC technology has several possibilities for aiding
discovery of drugs that act on endogenous stem cell populations. Such
agents have been called stem cell modulators and could have a therapeutic
effect by increasing or decreasing stem cell proliferation or by promoting
differentiation of endogenous stem cells to a particular mature cell type
[85]. Therapeutically targeting endogenous stem cells in vivo is greatly
enabled by having the ability to produce stem cells from patient-derived
iPSC. In principle, endogenous stem cells could be produced from iPSC in
the sameway that fully differentiated cells are produced, thereby enabling
the identification of small molecules for control of stem cell fate. The
discovery of eltrombopag shows that manipulating stem cells in vivo can
be achieved by small molecules. Eltrombopag is an orally bioavailable,
nonpeptide agonist of the thrombopoietin receptor [86]. It increases plate-
let production by stimulating proliferation and differentiation ofmegakar-
yocytes from endogenous blood stem cells leading to a therapeutic effect.
Eltrombopag activity is specific to human and chimpanzee, underscoring
the importance of using human cells in drug discovery.

Another stem cell modulator, 16,16-dimethylprostaglandin E2
(Ft1050), has entered clinical trials for optimizing transplantation of
human hematopoietic stem cells from umbilical cord blood [87]. Adult
or umbilical cord hematopoietic stem cells (HSC) are routinely trans-
planted into patients following myeloablative chemotherapy. The num-
ber of HSC in cord blood is low, and adults require the blood from two
cords for potentially successful reconstitution of the blood system. The
clinical trial underway briefly treats cord blood before transplantation
with 16,16-dimethylprostaglandin E2 to activate the endogenous blood
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stem cells. Since the efficiency of reconstitution is limited, improved
homing, engraftment or proliferation could require less material in
transplantation.
7. PREDICTIVE TOXICOLOGY WITH iPSC

The use of in vitro generated, patient-derived mature cells offers the
opportunity to establish predictive models for cardio-, hepato- and neu-
rotoxicology [88–90]. Using iPSC technology, cardiomyocytes, hepato-
cytes and neurons can be produced at scale from distinct patient
populations and used in standard toxicology assays. Using such a renew-
able source should result in lower variability than preparations derived
from human cadavers [91,92]. The increased use of human cells in discov-
ery and development is expected to predict toxic effects and efficacy early
in the discovery process. For example, human pooled primary liver micro-
somes are used for metabolic stability prediction [93]. Primary cells are
difficult to obtain; however, iPSC-derived hepatic cells are a renewable
source that will accelerate evaluation in human cells. Human cell toxicol-
ogy is more predictive of clinical responses than transformed or primary
animal cells [94]. An unlimited source of cells from various tissues with
known genotypeswill likely accelerate human cell-based assays.Now that
iPSC-derived cardiomyocytes have become commercially available, the
performance of these cells can be compared to current standards. In
addition, the opportunity to obtain cardiomyocytes, hepatocytes, and
neuronal cell types from the same individual offers a new angle on drug
toxicity evaluation. The pharmaceutical industry must fully vet this tech-
nology before it can be reviewed by regulatory agencies as a complement
or alternative to long-used and established in vitro toxicology systems [95].
8. IN VITRO CLINICAL TRIAL

Drug candidates are identified and optimized using nonclinical models,
which generally encompass a small number of human or animal cell lines,
animal efficacy and toxicology studies. This paradigm, for all its success,
poses a significant liability: drug candidates remain isolated from the
diversity and heterogeneity of human systems and populations until
tested in a traditional clinical trial. In other words, potential drugs and
human pharmacology do not collide until a clinical trial. This pipeline
structure, regardless of thoughtful milestones, allows a large number of
drug candidates to fail after many millions of dollars have been spent on
their optimization, development and clinical testing. Most trials that fail
do so for one of two main reasons: (1) lack of efficacy in the selected
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patient cohort or (2) adverse effects and safety concerns. A preclinical,
disease-relevant human pharmacology model that identifies, optimizes,
and selects drug candidates could mitigate these risks. The iPSC technol-
ogy may enable ‘‘in vitro clinical trials.’’

An in vitro clinical trial would allow a development candidate to be
tested across a broad and diverse cohort of patient samples for activity.
Cell-based assays would assess a compound’s ability to modify a disease
phenotype in vitro in patient-derived disease-relevant cells. This in vitro
clinical trial could test a single or small number of candidate compounds
at multiple concentrations, including vehicle only, across a panel of cell
lines designed to represent potential patient cohorts for an eventual
clinical trial. This design reduces the number of samples needed as all
testing is internally controlled and longitudinal, and has potential to
predict clinical efficacy years before costly actual clinical trials are con-
ducted. As importantly, this design would allow for refinement of the
target patient population, and clinical trials could be better focused on
patients with disease subtypes more likely to respond to treatment.

Patient populations differ not only with respect to disease subtype but
also in general genetic background. Estimates from the international
Haplotype Mapping Project suggest that there are about 10 million single
nucleotide polymorphisms in the human population, in addition to copy
number variations, deletions, insertions, inversions and epigenetic differ-
ences. Regulatory agency-approved nonclinical toxicology provides good
prediction of possible clinical toxicity, but iPSC technology may provide
an expanded toxicology evaluation using a human pharmacological
model. In addition to testing a compound’s activity on a broad sampling
of patient-derived disease-relevant cells, cells important for drug metab-
olism could also be generated. For example, a carefully selected cohort of
patients representing the major p450 isotypes could be used to generate
hepatocytes for metabolic and toxicity profiling. As with testing com-
pound activity for disease modification, this iPSC patient focused
approach allows for testing on a broad range of patient cells for toxicolog-
ical problems from drug–drug interactions years before they would nor-
mally be uncovered in a costly clinical trial.
9. PERSONALIZED MEDICINE: PATIENT PROFILING FOR
OPTIMAL DRUG EFFICACY

Widespread industrialization of iPSC could enable this technology in a
personalized medicine context. Specific differentiated cells could be used
to screen for drug toxicity, efficacy and drug–drug interaction on that
patient’s own cells. If performed routinely, especially for drugs that show
fatal adverse reactions, this in vitro prescreening might mitigate these
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risks. Additionally, the most effective or least toxic drug could be selected
from a panel of available treatments prior to trial-and-error testing in
patients. This scenario requires a dramatic reduction in the time it takes
to generate such a screening panel. In addition, the cost of such an
individualized approach might be overwhelming and a panel of iPSC
lines that covers the majority of a given patient population might be a
suitable alternative. Regardless of how this eventually might be
implemented, iPSC technology potentially can allow for the discovery,
development and selection of the right drug for the right patient.
10. CONCLUSION AND THE ROLE OF SMALL
MOLECULE CHEMISTRY

Small molecule medicinal chemistry will likely be impacted and perhaps
be changed by iPSC technology. The search is already underway to find
small molecules to enhance or replace genetic-based factor delivery for
cellular reprogramming. Chemically reprogrammed cells could be used
with fewer concerns of genomic integration. These cells may be safe for
human transplantation and useful for regenerative medicine applications.
Development of small molecule compounds for reprogramming, stabili-
zation of the pluripotent state and differentiation will benefit iPSC tech-
nology. For differentiation of iPSC, the stability, cost and specificity of
small molecules have an advantage. Many cell types have yet to be
produced by in vitro differentiation: small molecules could have a large
impact in expanding access to more cell types. For traditional small
molecule drug discovery, the ability to execute HTS in disease-specific
human cells could be transformative. With sufficient development, iPSC-
derived panels of patient cells should improve selection of efficacious
compounds for clinical trials, as well as selecting those patients who
would benefit from specific drugs. For toxicology screening, human car-
diomyocytes and other cell types involved in safety assessment of new
compounds are available today. In the near future, large panels of many
types of cells from many types of patients could assist in more rapid
toxicology assessment of new chemical entities. The promise of iPSC
technology is to use human cell phenotypic assays to conduct more
efficient and reliable small molecule medicinal chemistry due to increased
biological and disease input.
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