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Despite a significant increase in research
and development budgets, the success
rate for biopharmaceutical drug discov-

ery efforts, as measured by new drug approvals
per dollar spent, has been falling for the past
decade. Paradoxically, this decrease has occurred
during a period of expanding knowledge of the
genomic changes (including genome sequences,
gene expression profiles, etc) associated with dis-
ease. Many reasons have been proffered for this
decline in productivity, including a shift from
designing drug screening assays based on disease
characteristics displayed by cells (phenotypic

screens) to approaches that pursue molecular tar-
gets (target-based screens); an increase in safety
margins demanded by regulators; and an expecta-
tion by third-party payers and regulators that
new drugs offer significant improvements over
existing therapies1,2. While these and other fac-
tors, including non-scientifically-based business
decisions, have surely played a role in pharma’s
diminishing drug approval rates, another key fac-
tor has been the lack of suitable human disease
tissue for use in drug discovery and development
efforts. Advances in human stem cell biology may
finally change that.
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Resetting the course of
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The discovery by Yamanaka and Thomson in 2007 that human somatic cells can
be reprogrammed to a pluripotent state (ie, induced pluripotent stem cells,
iPSCs) has revolutionised cell biology. Leveraging experience with human
embryonic stem cells (hESC), directed differentiation of iPSCs into a number of
terminal cell lineages is not only possible, but when done in a robust and
consistent manner, produces cells that have been shown to be a better
representative of in vivo biology than alternatives such as primary tissues and
immortalised cell lines. A number of proof of principle experiments have
demonstrated that iPSC-derived tissues from donors with pathological diseases
can recapitulate disease properties in vitro. This advancement in iPSC-derived
tissues has led to worldwide interest and investment in creating iPSC banks
from a wide variety of donors to address the fundamental question about
genetic diversity and its role in disease pathogenesis as well as beneficial and
deleterious response to drug treatment.
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For years, drug hunters and those studying
human disease biology have had to make do with
surrogates for authentic human cells. Commonly
used stand-ins such as immortalised cell lines or
primary animal cells often represent a poor substi-
tute for true human biology. In the case of immor-
talised cell lines, the molecular changes (‘transfor-
mation’) that render them immortal usually cause
significant alterations to their biological function-
ality as well. Also, it is easier to transform actively
dividing cells than non-dividing cells. Therefore,
many cell types of interest, such as neurons, are
difficult to convert to useful cell lines. Primary
human tissue and cadaveric tissue, while authentic
human cells, pose even greater challenges, not least
of which is low availability. Primary human tissue,
such as peripheral blood, from live donors can be
a good source of some cell types, but many cell
types cannot be collected for medical and ethical
reasons. In addition, variables such as post-
mortem interval (time between death and tissue
harvest) for cadaveric tissue adversely affects sam-
ple quality and reproducibility. 

In an attempt to surmount these challenges, the
pharmaceutical industry embraced target-based
screening in the early to mid-1990s. In this model,
human genes encoding protein targets of interest

were expressed in easily grown cell lines such as
HEK or CHO, and these recombinant cell lines
were used for high-throughput compound screen-
ing and lead optimisation3. The high efficiency of
this approach also enabled the use of larger com-
pound libraries than before, increasing the chances
of identifying active compounds. The results were
often highly potent and selective compounds
affecting the function of the protein target under
investigation; unfortunately, many of these candi-
dates failed in the clinic, and a recent review of
new drug approvals in the 10-year period from
1999-2008 has shown that phenotypic screens
were more likely to lead to a new medicine than
target-based screens4.

There are several reasons why this might hap-
pen. First, the target may not play as important a
role in human disease as was previously thought.
In spite of the tremendous increase in our under-
standing of disease biology, most complex (ie,
multigenic) disorders are exceedingly complicated
in biological terms and may not respond well to
single points of intervention. In particular, unlike
Mendelian disorders, many of the complex dis-
eases that pharmaceutical companies are interested
in treating appear to be caused by small contribu-
tions from many genes. In this scenario, no single
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A robust differentiation protocol that results in a consistent supply of biologically-relevant human cortical neurons
(iCell® Neurons; Cellular Dynamics International) was developed and is now being used with patient-derived iPSC
lines to produce functional neurons for modelling diseases
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gene may play an important enough role that its
modulation will have a clinically significant
impact. Second, different cell types express over-
lapping but distinct sets of proteins, which interact
in specific, but often unpredictable, ways.
Screening a molecular target that is normally active
in neurons in a non-neuronal cell type removes it
from its native context, and in this non-native envi-
ronment the target may not demonstrate normal
function5. Hits that seem promising in such con-
trived systems may fail to work as expected in
vivo, when the target protein needs to be perturbed
in its native cellular milieu. 

Fortunately, exciting advances in human stem
cell biology are poised to address many of these
problems. The ability to generate fully functional
human cells from stem cells opens up new possibil-
ities for drug discovery and development cam-
paigns and holds the promise of improving the
selection of clinically relevant drug candidates. A
major contributor to that effort will be the collec-
tion of a large number of donor samples (blood or
fibroblasts) that can be used to generate patient-
specific iPSC lines6,7.

iPSC potential energises 
discovery process
Human embryonic stem cells (hESCs) were first
isolated in 1998 by Dr James Thomson8. These
cells display the hallmarks of pluripotent stem cells
as they have unlimited capacity for expansion and
in principle can generate every cell type in the
human body.

Efforts to understand the molecular basis of

pluripotency led to the startling discovery by
Yamanaka and colleagues in 2006 that the intro-
duction of a four-gene cocktail (Oct4, Klf4, Sox2,
c-Myc) into mouse fibroblasts reprogrammed them
into pluripotent stem cells9. The production of
these so-called induced pluripotent stem cells
(iPSCs) set off a frenzy of activity and in 2007 both
Yamanaka (who would win a Nobel Prize in 2012
for his discovery) and Thomson announced the
successful reprogramming of human fibrob-
lasts10,11. Progress came swiftly and today repro-
gramming of numerous human adult cell types to
iPSCs is a well-established technique. 

The reasons iPSC technology has so energised
the scientific community are two-fold. First, the
use of adult skin fibroblasts or peripheral blood
cells as the starting material for reprogramming
makes it less controversial, removing the social and
political objections that accompanied hESC
research. Second, while hESCs and iPSCs both
have the potential to differentiate into any cell in
the body, the latter possess the substantial advan-
tage that they can be derived from adults with any
disease of interest. So-called ‘patient-specific’ iPSC
lines were first reported in 2008 by the laboratories
of George Daley and Kevin Eggan at Harvard.
Daley’s lab generated iPSC lines from donors with
a variety of Mendelian and complex (multigenic)
disorders12. Eggan’s lab not only generated
patient-specific iPSC lines from two elderly sisters
with Amyotrophic Lateral Sclerosis (ALS), they
also differentiated them into spinal motor neurons,
the cells that are affected in ALS13. Since then,
iPSC lines have been generated from individuals

Originally the four
reprogramming genes were

introduced into adult cells by
use of an integrating lentivirus
vector. Although efficient, this
method results in permanent

genomic alterations at the site
of viral insertion. These

insertions can affect the
behaviour of the resulting iPSC
lines and some may even cause

tumour formation in vivo. The
CIRM Human iPSC Initiative
chose to use non-integrating

episomal vectors to
reprogramme adult cells in

order to avoid these
potentially confounding

problems. Note that other
non-integrating methods exist

as well (eg, using mRNAs
encoding the reprogramming

factors or the recombinant
proteins themselves. Sendai

virus is another vector gaining
popularity)



with dozens of diseases6. In fact, the potential of
these cells is so great that numerous worldwide
efforts have been launched to build large banks of
patient-derived iPSC lines (Table 1). Some banks
are also collecting samples based not on disease
status, but rather to address the issue of genetic
diversity in the human population. Both should
prove useful to improving drug development.

Patient-specific iPSC lines have significant
potential in drug discovery. Not only are these cells
human, they are massively expandable.
Additionally, if they express disease characteristics
upon differentiation to the affected cell type, they
can be easily employed for compound screens to
identify potential drugs that normalise function or
to better understand disease progression and/or

pathophysiology. Patient-specific iPSC lines thus
provide a means to run phenotypic screens in an
authentic context of diseased human cells. Further,
a collection of genetically diverse iPSC lines pro-
vides a means to test the safety of compounds in a
more relevant system, representing the genetic
diversity of future patient populations, before com-
mitting to clinical development. Both examples are
discussed below.

iPSC utility in action
A 2011 review lists more than 50 diseases for
which hESC or iPSC lines have been developed,
although not all have been well characterised6.
This is remarkable progress considering the first
patient-specific lines were not isolated until 2008,
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SPONSOR APPROXIMATE  # DONORS2 DISEASES

California Institute for Regenerative Medicine
(CIRM)

3,000 Alzheimer’s Disease; Idiopathic Pulmonary
Fibrosis; Idiopathic Familial Dilated
Cardiomyopathy; Blinding diseases; Infantile
epilepsy; Cerebral Palsy; Viral hepatitis; Non-
alcoholic steatohepatitis; Autism spectrum
disorders (ASD)

UK Human iPSC Initiative (‘HipSci’) 1,000 Unknown; many will be chosen for genetic
diversity

StemBANCC 500 Diabetes and diseases of PNS/CNS; also some
donors with specific drug responses

Michael J Fox Foundation 700 Parkinson’s Disease (PD)

US National Institute of Mental Health 500 Schizophrenia; Bipolar Disorder; ASD

Framingham Heart Study and Harvard Stem
Cell Institute

400 Heart Attack; Stroke; Diabetes

Personal Genome Project 300-400 Unknown

NIH Undiagnosed Disease Program & NY Stem
Cell Foundation

100 Undiagnosed and rare diseases

US National Institute of Neurological Disorders
and Stroke & CIRM

10-20 each Huntington’s Disease; PD; Amyotrophic Lateral
Sclerosis

US NIH 10-20,000 Wide-ranging (this number reflects cumulative
activities funded by NIH)

Guangzhou Institutes of Biomedicine & Health
(China)

10-100,000 Wide-ranging

Table 1. Large-scale banks of patient-specific iPSC lines that are completed, in development, or anticipated1

1 Except for the US NIH row, this table focuses on large collaborative efforts to generate patient-specific iPSC lines, usually focused on one or a few
diseases. It does not include the thousands of lines that are being generated in academic and industry labs around the world.
2 Note that most banks plan on generating multiple iPSC clones per donor. Also, the donor pool usually contains a number of matched control samples. For
example, the CIRM project is generating three clones per donor and is collecting ~2,400 disease samples and ~600 controls. This is typical.



and it highlights the excitement and energy gener-
ated by reprogramming technology. A few exam-
ples should serve to illustrate the utility of patient-
derived lines.

l Individuals with mutations in any of several ion
channels show abnormal electrocardiograms and
are at risk of developing fatal arrhythmias (Long
QT Syndrome [LQTS]). Over a dozen genes have
been implicated in LQTS and several patient-
derived lines have been differentiated into car-
diomyocytes and studied using electrophysiolo-
gy14,15. These mutant cardiomyocytes accurately
recapitulate the aberrant cardiac function seen in
patients and thus are useful models for discovering
drugs that normalise function. 
l Spinal muscular atrophy (SMA) is a disease that
results in premature loss of spinal motor neurons
and is usually fatal by age 10 (some less severe and
adult-onset forms affect mobility but not life
expectancy). The severe forms have no known
treatment and are due to mutations in the Survival
of Motor Neuron gene, SMN1. iPSC lines derived
from SMA patients can be differentiated into
spinal motor neurons which are less healthy and
die faster than wild-type motor neurons16. They
have also been used in a small compound screen to
identify potential drugs that prolong the half-life of
SMN1. 
l Alzheimer’s disease (AD) is a disease with an
increasing prevalence and limited treatment
options. Animal models have not led to the devel-
opment of a new drug since the approval of
memantine (Namenda) in 2002 (Europe; 2003
US). Several groups have used AD-derived iPSC
lines (from both sporadic and familial cases) to
generate neurons. There were no reported electro-
physiological differences between any of the neu-
rons; however, familial AD neurons typically show
increased A� and phospho-tau production17. This
is not surprising given that the familial lines pos-
sess amplified copies of the APP gene that gives rise
to A�. AD neurons also demonstrated endoplasmic
reticulum and oxidative stress that was variably
relieved by docosahexaenoic acid, an omega-3
fatty acid that has been clinically evaluated in AD
patients18.
l Lastly, it should be noted that patient-specific
iPSC lines are not the only ones with value.
Cardiomyocytes derived from iPSCs from a normal
individual have been used to test drug candidates
for cardiotoxicity and proarrhythmogenic activi-
ty19,20 and many pharmaceutical companies are
now including the results from such preclinical
assessments in their regulatory filings. Further, the

FDA is examining ways in which iPSC-derived car-
diomyocytes can be used in a Comprehensive In-
vitro Proarrhythmia Assay (CIPA) to mitigate
and/or obviate the need for the clinical thorough
QT study. Current in vitro and in vivo regulatory
guidelines call for cardiovascular/proarrhythmia
risk to be assessed through blockade of the cardiac
ion channel, hERG and/or a thorough QT study in
humans (ICH documents S7b and E14, respective-
ly). While these assays have been effective in reduc-
ing the risk of drug-induced cardiac arrhythmia,
they are becoming increasingly recognised by some
as overly sensitive and lacking in predictivity, thus
beneficial drugs are being unnecessarily scuttled
before they reach the clinic or market due to false
positive results. Currently the Agency, through
organisations such the Health and Environmental
Safety Institute (HESI) and the Cardiac Safety
Research Consortium (CSRC), is examining ways
in which the native biology of iPSC-derived car-
diomyocytes can be leveraged to increase the pre-
dictivity of the regulatory guidelines21. Thus, the
field is seeing an amazing and concurrent adoption
of iPSC technology by both pharmaceutical and
regulatory agencies.

As more cell types become available (hepato-
cytes, in particular) they are likely to be increas-
ingly used in preclinical assessments of toxicity.
For example, hepatocytes from genetically diverse
individuals (normal or diseased) can be used to
evaluate metabolic differences prior to entering the
clinic. Likewise, clinical drug candidates can be
ranked based on efficacy shown on a panel of
genetically diverse patient-specific cell lines. The
ability to conduct in vitro ‘clinical’ trials may be
the most important benefit of iPSC technology. 

iPSC banking: opportunities 
and challenges
Although banks of patient-specific lines hold great
promise for the future of drug discovery, their use
does not come without significant challenges. First,
whatever iPSC-derived differentiated cells one
chooses to use must be made to stringent specifica-
tions and perform reproducibly from batch to
batch. As with all new technologies, as the com-
mercial opportunities in this space increase, more
and more companies will step in to fill the need. In
time, these cells will become a commodity rather
than an exotic research reagent. However, even rig-
orously manufactured cells are of little use unless
their expected disease characteristics can be well
established. This is where the large-scale banking
initiatives listed in Table 1 will play an important
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role. The sponsors of these banks recognise that
high quality clinical data must accompany each
patient-derived iPSC line. Without such records it
will not be possible to decide which lines to study,
since even the most well-funded labs can examine
only a fraction of the lines that will be generated.
In some cases, additional genetic and genomic
information will also need to be collected. For
example, information regarding the status of
known disease-causing or -modifying genes or
chromosomal abnormalities will in many cases
prove decisive in choosing lines for further study.
Unless this data is collected and made available by
the banks, this effort will fail to realise its poten-
tial. It would also be helpful if informed consent
forms allowed for follow up contact with donors,
including the collection of medical data that has
emerged since the tissue collection occurred.
Knowing which donors with a particular disease
showed accelerated progression or enhanced sur-
vival would be enormously useful.

Large-scale iPSC banks will also make a signifi-
cant contribution by standardising methodology.
Although differentiated cells such as fibroblasts
and blood can be reprogrammed to pluripotency
by the introduction of a small number of genes,
there are numerous methods for accomplishing
that. The earliest reprogramming efforts utilised
lentiviruses as gene vectors but these viruses inte-
grate into the cells chromosomes, potentially alter-
ing cell behaviour. More recently, a number of non-
integrating methods have been developed, and cur-
rent banking efforts are committed to using these
approaches to avoid chromosomal alterations as a
confounding factor in cell behaviour22. Further,
technological improvements now allow iPSCs to be
grown without mouse feeder cells and in simpler
media containing only human proteins23. 

Even assuming that the iPSC banks meet the
challenges outlined above, it should not be assumed
that drug discovery will immediately enter a new
golden age of productivity. Several challenges exist
in fully exploiting this technology. First, not all dis-
eases are cell autonomous; that is, not all mutations
exert their direct effects in the cell types that pres-
ent with the disease characteristic. One well-char-
acterised example of this phenomenon is
Amyotrophic Lateral Sclerosis, or Lou Gehrig’s dis-
ease, a devastating disorder in which spinal motor
neurons begin to atrophy and die, with patient
death usually occurring within a few years of diag-
nosis. In general, neurons generated from ALS-
derived iPSC lines look healthy and function nor-
mally. Only when cultured in the presence of ALS-
derived astrocytes (neuronal support cells) do the
neurons die24. In fact, ALS-derived astrocytes also
kill spinal motor neurons from normal individuals.
In this case the interacting cell types have been iden-
tified, but this interplay between cell types may
prove a challenge for other diseases. In some cases
the interacting cell(s) may be known, but cannot yet
be generated from stem cells due to the absence of
a useful differentiation protocol.

Another reason that some diseases will be more
difficult to model in vitro than others is that many
complex diseases have both a genetic and an envi-
ronmental component, the latter often completely
unknown. An additional component of many dis-
eases is time. Will it be possible to model diseases
of ageing such as sporadic Alzheimer’s Disease
(AD), for example, without culturing cells for
decades? Some early research suggests this will not
be the case17,18, but in this example very few spo-
radic AD lines have been studied. This leads to the
next challenge – how many patient-specific lines
should be studied in order to have a high level of

Large-scale iPSC banks can
transform drug discovery by

providing fully functioning
human cells from numerous

genetic and disease
backgrounds. Donors can be

chosen by various criteria, for
example, HLA haplotype, the

results of genomewide
association studies (GWAS), the

presence or absence of a
particular disease, ethnicity, etc.

The efficacy and safety of
candidate drug molecules can

then be assessed on cells
derived from individuals likely to
be recruited into that particular

clinical trial. The results from
such in vitro ‘clinical trials’ may
allow tailored recruitment of

those individuals most likely to
benefit from the drug, thereby

increasing the likelihood of a
successful trial while also saving

time and money.
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confidence that the disease phenotype is real and
not an artifact of a given line? And how many con-
trol lines should be examined? For comparison, the
examples given above generally utilised fewer than
five disease lines and even fewer controls. The iPSC
banks will ensure that plenty of lines are available
for a particular disease, but resource constraints
will limit most labs to studying only a handful.
How big should that handful be? The answer to
this question is unknown and will certainly vary
for different diseases, but unless the patient-
derived iPSC lines used in screening have been rig-
orously evaluated prior to selection, the results
may be line-specific. 

Lastly, many human diseases involve the interac-
tion of multiple systems which will prove challeng-
ing to model in culture. In addition, diseases that
affect behaviour (eg, schizophrenia, bipolar disor-
der) will require the development of surrogate
readouts since some key features of the disease,
such as negative affect and diminished executive
function in schizophrenia, are complex higher
order brain functions that will not easily yield to a
reductionist approach. The use of surrogate mark-
ers is common in drug screening but it is fraught
with uncertainty regarding the relevance of the sur-
rogate to the disease of interest. Patient-specific
iPSC lines cannot in all cases completely remove
that risk.

A more prosaic challenge to the widespread
adoption of patient-specific iPSC lines by pharma-
ceutical companies may be cost. Compared to
widely used cell-based screening systems like CHO
or HEK cells, iPSC-derived differentiated cells are
at least an order of magnitude more expensive. In
some cases, this difference may be justifiable imme-
diately, simply because no other approach is avail-
able, or they have repeatedly failed. In other cases
costs will have to come down before iPSC-derived
cells are widely embraced, and this will likely occur
as a result of improvements in cell culture media
composition and differentiation protocols. 

Conclusions
In a very short period of time, iPSC technology has
become an important component of drug develop-
ment. In particular, patient-derived lines are poised
to play a key role in enhancing our understanding
of disease etiology, improving the success of com-
pound screens, and reducing attrition in the clinic
by providing more predictive safety screens. The
establishment of large banks of high quality iPSC
lines accompanied by comprehensive medical and
genetic information will reshape the way pharma-
ceutical companies approach drug discovery, and

will, in time, provide tools to attack diseases with
high unmet medical needs. The challenges are not
insubstantial, but the progress of the past six years
suggests the best is yet to come. DDW
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