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In principle, induced pluripotent stem cells (iPSCs) are generated from somatic cells by reprogramming and gaining the capacity
to self-renew indefinitely as well as the ability to differentiate into cells of different lineages. Human iPSCs have absolute advantages
over human embryonic stem cells (ESCs) and animal models in disease modeling, drug screening, and cell replacement therapy.
Since Takahashi and Yamanaka first described in 2007 that iPSCs can be generated from human adult somatic cells by retroviral
transduction of the four transcription factors, Oct3/4, Sox2, Klf4, and c-Myc, disease specific iPSC lines have sprung up worldwide
like bamboo shoots after a spring rain, making iPSC one of the hottest and fastest moving topics in modern science. The craze
for iPSCs has spread throughout main branches of clinical medicine, covering neurology, hematology, cardiology, endocrinology,
hepatology, ophthalmology, and so on. Here in this paper, we will focus on the clinical application of human iPSCs in disease
modeling, drug screening, and cell replacement therapy for neurological diseases.

1. Introduction

In principle, induced pluripotent stem cells (iPSCs) are gener-
ated from human somatic cells by reprogramming and gain-
ing the capacity to self-renew indefinitely as well as the ability
to differentiate into cells of different lineages. Human iPSCs
have absolute advantages over human embryonic stem cells
(ESCs). On the one hand, as an unlimited therapeutic source,
human iPSCs overcome the ethical issues faced by human
ESCs, for human adult somatic tissue ismuchmore accessible
than embryonic tissue both technically and ethically. On the
other hand, as patients derived stem cells, human iPSCs can
better recapitulate disease phenotype and pathological pro-
cess without having the interspecies difference existing in ani-
mal models. Since Takahashi and Yamanaka first described
in 2007 that iPSCs can be generated from adult somatic cells
by retroviral transduction of the four transcription factors
Oct3/4, Sox2, Klf, Klf4, and c-Myc [1, 2], disease specific
human iPSCs lines have sprung up worldwide like bamboo
shoots after a spring rain,making iPSCs one of the hottest and
fastest moving fields in modern science. The craze for iPSCs
has spread throughout main branches of clinical medicine,
covering neurology [3–6], hematology [7, 8], cardiology [9,

10], endocrinology [11, 12], hepatology [13], ophthalmology
[14, 15], and so forth. Here we will focus on the clinical appli-
cations of human iPSCs in neurological diseases’ modeling,
drug screening, and cell replacement therapy (Figure 1).

2. Overall Disease Modeling
Strategies and Challenges

The first strategy would be reprogramming patients somatic
cells directly to iPSCs. As long as there is accessible patient
somatic tissue, a disease specific iPSC line can be gained using
suitable reprogramming methods, whether it is a neuroge-
netic disorder with defined genetic reasons or a sporadic dis-
ease with no defined genetic reasons. Up to date, neurological
disease models using this strategy have included fragile X
syndrome (FXS) [6], Rett syndrome [16], Down syndrome
[17], Parkinson’s disease (PD) [4, 18–22], Alzheimer’s disease
[5, 23–27], and schizophrenia (SCZH) [28, 29]. Significant
progresses have been made by using this iPSC based strategy
although it is at a very early stage. For example, some
general neurological disease phenotypes have been revealed,
such as synaptic deficiency, inadequate neuronal maturation,
abnormal response to oxidative stressors, and mitochondrial
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Figure 1: Applications of human iPSCs and iPSC derived neural cells in neurological diseases. In principle, induced pluripotent stem
cells (iPSCs) are generated from somatic cells by reprogramming and gaining the capacity to self-renew indefinitely as well as the ability
to differentiate into cells of different lineages. Up to date, the main applications of iPSC products in neurological diseases have included
disease modeling, drug screening, and cell replacement therapy, for which the successful reprogramming of somatic cells to iPSCs is the most
fundamental step. By generating human-animal chimeras, 3D culture systems, and cerebral organoids with disease specific iPSCs and iPSC
derived neural cells, researchers can have various systems for disease modeling and drug screening. By inducing disease relevant cell types
into wild type (WT) iPSCs, researchers and clinicians can have normal cells for cell replacement therapy. Recently, the rapid development
of genome editing technology, including TALEN, ZFN, and CRISPR, makes it possible for diseases with defined genetic disorders to switch
phenotype betweenWT andmutant at the single cell level, providing a new strategy to create syngeneicWT cells for cell replacement therapy
[103]. Overall, human iPSCs have a great potential for clinical applications in neurological diseases.

deficits, whichwould provide insight into new therapy targets
or drug screening strategies [19–21, 23, 28, 30–33]. However,
as promising and straightforward as it is, this strategy is also
facing lots of challenges. First, the iPSCmodel is not an equal
substitute for the ESC model. For example, studies of FXS-
ESCs showed that FMR1 is unmethylated and expressed at a
level close to the normal [34]. By contrast, FMR1 in iPSCs
reprogrammed from somatic cells of FXS patients remains
silent [6]. To elucidate this contradiction, further biological
studies focusing on the difference between ESC and iPSC are
needed. It is very likely that some key pathogenicmechanisms
are hiding behind the subtle difference between iPSCs and
ESCs. Another challenge is the variability between different
patients or different clones derived from the same patient.
For some diseases like SCZH, it is hard to determine whether
the observed phenotype is really disease relevant or merely
due to specific genetic background. Therefore, instead of just
comparing one single iPSC line from one patient versus one

control, it is indispensable to generate a panel of disease
relevant iPSC lines and controls from different patients and
normal people to overcome the bias attributed to the individ-
ual iPSC line variation. Last but not least, there are still lots of
technical limitations to model the late-onset disease like PD.
Themanifestation of PDassociated phenotypes requires envi-
ronmental stimuli, such as progerin, to accelerate the patho-
logical process. Thus, it would be of great help to define age-
related markers which could be used to monitor the induced
aging process to mimic the decade long aging process in
several months [35].

The second strategy would be generating humanized ani-
mals with human iPSCs via neonatal mouse brain injection
[36] and human mouse chimera [37, 38], which is a techno-
logically conventional but ethically controversial strategy. It
has been reported that undifferentiated human ESCs directly
injected into the brain ventricles of fetal mice can integrate
into the mice brain and form human neurons and glia [39].
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Similar studies further support that stem cell injection, either
human ESCs or human ESC/iPSC derivatives, has a great
potential in cell replacement therapy [40–42]. For example,
It has been reported that locomotor recovery was associated
with engraftments of human neural progenitor cells (NPC)
in the spinal cord-injured immunodeficient mice [42]. Albeit
the underlying mechanisms for these phenomena remain
mysterious, this modeling strategy is still the basis for studies
involving cell replacement therapy. Of note, much less evi-
dence has shown to generate humanized animals with direct
iPSCs injection[43], which is probably due to the difficulty
controlling in vivo differentiation of iPSCs precisely, sug-
gesting iPSC derived NPC would be a better choice for cell
replacement therapy.

The 3rd strategy would be establishing three-dimensional
(3D) structured in vitro models that can emulate human
homeostasis vividly. At present two-dimensional (2D) culture
systems are the platform most often being used. However,
these 2D systems cannot mimic the delicately structured in
vivo environment. Instead, 3D culture system could emulate
the complex in vivo environment in vitro by mimicking
the highly organized cytoarchitectural features. First, the 3D
culture system can achieve compartmentalization of different
cell types. Different cells will reside in organized chambers
to mimic the architectural features in real tissue niches [44,
45]. In addition, based on compartmentalization of cells,
using special biomaterial that can create concentration gra-
dients, researchers can better control delivery of biochemical
compounds towards specific cells types, which mimics the
delivery of signal cues in vivo. For instance, by utilizing a
3Dmicropatterned culture system, researchers could regulate
synapse distribution via concentration gradients of neu-
rotrophic factors and cell layer positions. It is observed that
synergistic NGF/B27 gradients could increase synaptic den-
sity by stimulating growth of cortical neurons, which would
be disturbed by homogenous B27 distribution,while cell layer
positions could impact the spatial distribution of synapses
[46]. Lastly, it should not be ignored that the combination
of iPSCs and microfabrication technologies also holds great
potential for tissue engineering. Engraftment of human iPSC
derived NPC into nanofibrous tubular scaffolds resulting in
nerve regeneration is a typical example [47]. In a word, not
only can the 3D culture system give us highly organized in
vitro models to study but also it enables us to control the
cellular microenvironment more precisely.

Last but not least would be the newly developed exciting
technology, the mini brain. In 2013, Austrian scientists
Lancaster et al. reported successful generation of cerebral
organoids, known as the mini brains, in a dish by culturing
human iPSC in a fine-tuned 3D culture system. Basically, it
comprisesmultiple discrete, albeit interdependent embryonic
brain like regions. Despite lacking delicate organizations and
structures that develop in vivo, such as the complete cortical
lamination, thismodel represents a great leap towardsmodel-
ing the most complex tissue, human brain. On the one hand,
the cerebral organoids can reach up to 4mm in size and can
grow in vitro as long as 10 months with a simplified protocol
using bioreactor. On the other hand, they are much more
closer to embryonic brains compared to those generated

via conventional protocols [48]. More importantly, they can
recapitulate human cortical development features that mouse
models cannot achieve, which is termed “the characteristic
progenitor zone organizationwith abundant outer radial glial
stem cells.” Researchers further utilize this method to model
a developmental disorder, microcephaly. Interestingly, this
human iPSC derived mini brain can mimic severe pheno-
types which cannot be manifested in mouse models carrying
the same mutation [49]. Overall, it is very promising that
in the near future more and more neurological diseases will
have corresponding mini brain models to study. And mech-
anisms remaining mysterious now, especially those involving
neurodevelopmental diseases, can be unveiled at that time.

3. Drug Screening Strategies and Challenges

Generally, the prevailing pharmaceutical pipeline is ineffi-
cient and expensive, whereas more than 90% of the drugs
tested in clinical trials fail to be approved [50]. Furthermore,
among those hit compounds selected through non-human
iPSC platforms, not every candidate is effective on humans,
and one of the most important reasons is the lack of faithful
disease models. Since patients derived iPSCs can better
emulate the real disease mechanisms, it is reasonable to pos-
tulate that the patients derived iPSCs based high throughput
screens would be a better strategy for drug screening. For
example, in the study using human iPSC derived dopamin-
ergic neurons to evaluate candidate PD therapeutic agents,
of the 44 hit compounds selected by rodent systems, only 16
were demonstrated therapeutic effects in the human PD
model [18], suggesting the superior specificity conferred by
the human iPSCs based platform. To establish highly efficient
drug screen platforms, two issues are essential: the large-
scale production of iPSCs or iPSCs derived neural cells as
well as the definition of in vitro readouts suitable for high
throughput assays [43]. A good example is a recent drug
screening for compounds that can restore FMRP expression
in FXSNPC. To adapt related experiments to be done in large
scale, researchers first induced FXS iPSC to NPC which is
easy manipulating and can rapidly grow in monolayer. Next,
FMRP translation level was defined as the readout and a
sensitive and quantitative TR-FRET-based FMRP assay was
developed, in which FMRP would be detected by a pair of
FMRP antibodies, one labeled with a donor dye and the other
labeled with an acceptor dye. Briefly, NPC was first seeded
into a 1536-well plate, followed by stimulation of chemical
libraries comprising 1280 drugs. After that cells were lysed
and incubated with the pair of FMRP antibodies. Fluores-
cence signals given by positive wells with FMRP restoration
would be detected and analyzed by the plate reader. In this
way, 6 hits were identified and 4 of them were confirmed
by secondary qPCR assays [51]. Similar screening platforms
have also been applied in other neurological diseases, such
as familial dysautonomia [52] and spinal muscular atrophy
(SMA) type I [53]. Taken together, this screening strategy is
more time saving and less expensive as compared to those
traditional ways.

Aside from evaluation of therapeutic effects of a large
number of chemical compounds, human iPSC based
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platforms can also be used to assess cell type specific off-
target effects and toxicities. For instance, inducing human
iPSCs to hepatocytes and cardiac myocytes provides the
opportunity to assess whether compounds of interest have
true hepatotoxicity and cardiotoxicity [50]. Moreover, by
screening compounds on a cell panel comprising iPSC lines
or iPSC derived affected cell types from different patients,
compounds that are only effective on certain patients, either
with specific genetic profiles or with disease subtypes, can be
identified [43]. In this sense, the iPSC drug screening strategy
will help narrow target patient populations, contributing to
the individualized medicine in the future.

4. Cell Replacement Strategies and Challenges

The most exciting potential of human iPSCs would be the
cell replacement therapy. The hematopoietic stem cells have
already been used in clinic to treat disease such as multiple
myeloma and leukemia [54]. Recently, Japanese scientists
applied human iPSCs in curing ophthalmological diseases in
real patients [55]. It has also been well envisioned that in the
near futurewe can have human iPSCderived organs for trans-
plantation surgery [56]. Human iPSCs and iPSC derivatives
have been proven to have therapeutic potentials in neurolog-
ical diseases including spinal cord injury [42, 57], Huntington
disease [58], and PD [59]. However, exciting as these results
were, safety issues such as tumor formation and inappropriate
localization of transplanted cells were also reported. There-
fore, to achieve cell replacement therapy in real clinical set-
tings, strict standards should be set to ensure quality control
of clinic grade human iPSCs. Below we will discuss each of
them briefly.

4.1. Integration-Free Reprogramming Methods. There has
been the concern that virus vector mediated reprogramming
may introduce unwanted insertion of vector fragments into
the iPSC genome, which may affect the biological prop-
erties of the derived iPSCs and even induce malignant
transformation, rendering the iPSC unsafe for clinic use. To
solve this, researchers have been working on integration-free
reprogramming methods to get safer iPSCs. A good example
is the lentiviral vector plus Cre strategy, in this way, the repro-
gramming vectors flanking by loxP sites will be excised by
Cre-recombinase transfected transiently [4]. But this is labor
and time consuming and vector DNA external to the loxP
sites may still remain integrated. Other approaches include
piggyBac transposon [60, 61], episomal vectors [62], adenovi-
ral vectors [63], sendai vectors [64], protein transfection [65,
66], nucleofection [67], and smallmolecules delivery [68, 69].
Although they can achieve the integration-free purpose, they
share the same limitation which is the extremely low repro-
gramming efficiency compared to lentiviral vectors. Progress
has beenmade in the significant enhancement of iPSC gener-
ation efficiency by Chen and Jin group, in which the transac-
tivation domain of the Yes-associated protein is fused to the
defined transcription factors, Oct4, Sox2, Nanog, and Klf4
(OSNK), to establish a new reprogramming systemOySyNyK
which can initiate rapidly within 24 h with up to 100-
fold higher efficiency compared to the conventional OSNK

system [70]. Hopefully progress in such studies can finally
pave the way for producing the real clean and safe iPSCs
efficiently.

4.2. Tumorigenicity. Tumorigenicity refers to the ability of
iPSCs or iPSC derived cells to form tumors after being trans-
planted into hosts, which is often evaluated by the teratoma
formation propensity assay. Up to date it remains mysterious
how teratoma forms in transplantation settings using syn-
geneic iPSCs or iPSC derivatives. The first reason is that the
cell source giving rise to the teratoma is unclear. One possible
hypothesis is that undifferentiated iPSCs continually present
within the iPSC derived progenitor cells or terminally differ-
entiated tissues are the source of teratoma initiation [71, 72].
Another important reason is that the risk factors affecting ter-
atoma formation are versatile.The first risk factor is the retro-
viral transgene integration. Amajor concern is that off-target
integration of transgene elements and dysregulation of stem
cell programsmay cause aberrant tumor related genes expres-
sion [73, 74]. Moreover, reactivation or incomplete suppres-
sion of retroviral transgenes has been thought to be correlated
with increased tumorigenicity. In support, transplantation
of secondary neurospheres obtained from a partially repro-
grammed iPSC line into the brains of immunodeficient
mutant mice results in robust teratoma formation due to the
incomplete suppression of transgenes encoding Oct4, Sox2,
Klf4, and c-Myc [71]. Optimistically, this concern may be
eliminated by using integration-free methods for reprogram-
ming as mentioned above. Another factor that may play a
role is the somatic tissue origin. Miura group reported that
secondary neurospheres from murine iPSCs reprogrammed
from different adult mouse tissues varied substantially in
their teratoma-forming propensity. For example, secondary
neurospheres derived from iPSCs generated from adult tail
tip fibroblasts showed significantly higher tumorigenicity
compared to those generated from mouse embryonic fibrob-
lasts [75]. However, this could also be caused by the fact that
different tissues have differentmutation accumulation, epige-
netic memory, and age. More evidence is needed to support
this view. If somatic tissue origin really contributes to tumori-
genicity, careful selection of original somatic tissue for repro-
gramming should be considered as a major standard in clin-
ical application, because this will affect what the patient will
suffer from at the very beginning, an invasive surgery or just
pulling out a single hair. Overall, all evidence shown above is
from mice. Since tumor formation mechanism is complex
and could be species specific, more evidence from primates
or human patients is needed.

Althoughmechanisms underlying tumorigenicity remain
unknown, clinical trials using autologous patient derived
iPSCs are already underway marked by the Takahashi group
using patient specific iPSC derived retinal pigment epithe-
lium (RPE) cells for the treatment of wet type age relatedmac-
ular degeneration. Notably, in the preclinical study they eval-
uated the tumorigenicity of patient iPSC derived RPE using
immunodeficient rodents. By transplanting iPSC derived
RPE cells into 65 nonobese diabetic mice subcutaneously and
into the subretinal space of 26 nude rats they concluded that
the tumorigenic potential of the patient iPSC derived RPE
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cells is negligible, for no tumors were found in the following
6–15 months of monitoring [76]. However, it is still risky
to state that the iPSC derived RPE cells which are safe for
rodents are also safe for human.Thus, strict preclinical evalu-
ation and posttransplantation monitoring should be manda-
tory to ensure clinical safety. For example, primate models
would be a more reliable system compared to rodent models
for tumorigenicity assessment [77]. Positive selection of
differentiated cells without contamination of undifferentiated
cells before the transplantation surgery may also help reduce
the risk of tumorigenicity [78]. A more fundamental and
ideal solution for the posttransplantation setting would be
the prodrug strategy or suicide genes controlled by inducible
promoters [79]. By integrating a gene coding for enzymes
that can convert prodrug to toxins or a suicide gene into
the cells to be transplanted, researchers and clinicians can
eliminate the transplanted cells easily just by administrating
corresponding drugs when there is tumorigenic event ongo-
ing [80, 81]. However, given all the technical limitations in the
way, applying these strategies in real clinical cases still has a
long way to go.

4.3. Immunogenicity. Another major concern for clinical
transplantation of iPSCs is the immunogenicity. Whether
syngeneic iPSC is immunogenic remains controversial. The
debatewas stimulated by a study in 2011 reporting unexpected
immune rejections to teratomas derived from syngeneic
murine iPSCs. Before that people believed that syngeneic
iPSCs or iPSC derived cells are self-tolerant, which is a perfect
autologous transplantation source.However, in this study, it is
indicated that iPSC derived teratomas have significant higher
immune rejection responses than the ESC derived counter-
parts.The B6mice recipients receiving syngeneic ESCs trans-
plantation showed efficient teratomas formation with negli-
gible rejection, while those receiving syngeneic iPSCs trans-
plantation, whether reprogrammed from mouse embryonic
fibroblasts using retroviral transduction or episomal method,
showed robust immune rejection evidence including failure
of teratomas formation, T cell infiltration, and tissue damage
[73]. In contrast to this study, other two later studies exploring
differentiated cells, more therapeutically relevant, showed the
opposite results. The first study showed negligible immune
rejection of terminally differentiated cells of skin grafts and
bone marrow, which are derived from chimeric iPSC or ESC
derived mice [82]. The other study observed no immune
rejections of terminally differentiated cells from both iPSCs
and ESCs representing three germ layers by assessing
immunogenicity in vitro and after their transplantation into
autologous recipients [83]. Both of the two studies optimisti-
cally came to the same conclusion that syngeneic iPSCs or
iPSC derivatives are the safe source for cell replacement
therapy. Whether such variability between studies is due to
the difference between different ESCs and iPSCs lines is
unknown yet. Interestingly, a recent study indicated that the
differentiation of iPSCs may result in a loss of immunogenic-
ity and the induction of self-tolerant immune response [84],
which helped explain the discrepancy of the studies dis-
cussed above. Moreover, another recent study of Zhao group
reported differential immunogenicity of differentiated cells

from syngeneic iPSCs in a humanized mouse model with a
functional human immune system, where the iPSC derived
smooth muscle cell is highly immunogenic while the iPSC
derived retinal epithelial cell is tolerant, though direct trans-
plantation of iPSCs is still immunogenic as their previous
results [85]. So far it is difficult to form a hypothesis to explain
different phenomena observed by different study groups due
to poor understanding of underlying mechanisms. However,
the consensus is that improvement in reprogramming tech-
nology and insight into the underlyingmechanisms is needed
for generating clinical grade iPSCs. Similar to tumorigenic-
ity, evaluation of immunogenicity prior to transplantation
should also be mandatory.

4.4. Promising Preclinical Trials on Animal Models. The
first in human clinical trials using stem cell products for
neurological diseases is the one launched by Geron in 2009,
aiming at remyelinating denuded axons in patients of thoracic
level spinal injury with human ESC derived oligodendrocytes
which have been preclinically proven to be safe and effective
[86]. However, due to financial concerns, this trial was termi-
nated 2 years later [87].Up to date, no such clinical trials using
iPSC products have been reported; however, types of neu-
rological diseases with preclinical data supporting clinical
trials using iPSC products are increasing, including PD [88],
Huntington’s disease [89], amyotrophic lateral sclerosis [90],
and SMA [91]. Among them, PD is probably themost promis-
ing neurodegenerative disease for cell replacement therapy
trial, because it is mainly caused by the loss of midbrain
dopaminergic neurons. As a proof of principle, transplan-
tation of midbrain dopamine neurons could be an effective
treatment by covering the shortage. Although dopaminergic
reagents have been proven to be an effective treatment
strategy, it is already recognized that the curative effect of the
medications would be compromised due to adverse effects
over time. As the logical next step, cell replacement therapy
is viewed as a better alternative by scientists, with the poten-
tials of overcoming limitations of medications, such as off-
target effect and nonphysiological delivery of dopamine [92].
Clinical trials using fetal brain tissue transplantation and ESC
derived neurons for PD have come into reality, highlighted
by the “TRANSEURO” and “GForce-PD initiative” programs
[92, 93]. However, given the safety issues discussed above,
iPSCs and iPSC derivatives based cell therapy are still at
the preclinical stage. Cell replacement therapy using iPSC
derived neural cells has been trialed on rodent and non-
human primate PD models with encouraging outcomes.
For example, after transplantation rodent PD models all
showed alleviated behavioral phenotypes, such as reduced
amphetamine-induced rotations with no obvious side effects.
Of note, in the non-human primate, a cynomolgus macaque
PD model, autologous iPSC derived neural cells not only
elicited motor improvement but also survived 2 years after
the transplantation without any immunosuppression therapy
[59, 88, 94–97].

As impressive as the preclinical data is, it is still too hasty
to state that clinical trials using iPSC products are ready to go.
A mature transplantation protocol for PD treatment should
not only address the safety issues discussed above but also
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Figure 2: A strategy map towards clinical grade iPSCs. Strict standards should be set to ensure the safety of cell replacement therapy
using iPSC products. These standards for clinical grade iPSCs must cover but are not limited to generation of iPSCs with minimal
mutation, assessment for tumorigenicity and immunogenicity, cell type and dosage selection, length of treatment window, and posttranslation
monitoring, which requires the cooperation of lab researchers, clinicians, and business industry.

refine an optimal differentiation protocol to ensure proper
cell identities and long-term functions [98–100]. Hopefully,
lessons and progress learned from clinical trials using iPSC
products in other diseases can lend some useful experience
[55, 86].

5. Concluding Remarks

To make human iPSCs applicable in drug screening and cell
replacement therapy, aside from issues discussed above, other
factors should also be taken into consideration to establish
a comprehensive and multifaceted clinical standards. In
some cases, therapeutists may require the use of genetically
corrected syngeneic cells for transplantation; therefore, other
than tumorigenicity and immunogenicity assessment related
to the reprogramming process, clonal iPSC lines or iPSC
derived cell lines after genome modifications should be
further assayed carefully to isolate a pure line with minimal
mutation to ensure safety. In addition,more efficientmethods
for reprogramming, colony isolation, and validation should
be exploited to achieve scalable and robust biomanufacturing
of iPSCs, which will not only promote the development of
the drug screening industry but also facilitate collaborations
across nations and laboratories. When iPSCs of consistent
high quality and comparability can be generated by different
institutes at desired scales flexibly, it is the time to establish a
worldwide repository, where every individual could find the
human leukocyte antigen (HLA)matched cells for transplan-
tation [101]. Finally, the importance of cooperation between
clinicians and researchers should not be overlooked. For the
monitor markers, cell dosage for transplantation, specific
surgery site, and treatment windows should be determined
based on both the data from bench and the bedside medical
records (Figure 2). Although lots of hurdles remain to be

addressed, the good news is that researchers are not held
back by these difficulties; their bold ambitions and endeavor
recently yielded a guidance published by US food and drug
administration, entitled “Considerations for the Design of
Early-Phase Clinical Trials of Cellular and Gene Therapy
Products” [102].

As a summary, undoubtedly the ultimate goal for human
iPSCs studies is to provide new insight into diagnosis and
therapeutics in real patients. As more knowledge is being
accumulated, it is believable that commercialization of clini-
cal grade iPSCs will come into reality in the future.
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