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Two decades after the introduction of induced pluripotent stem cell (iPSC)
technology, the field has evolved from a seminal biological discoveryinto a

transformative clinical platform. This maturation reflects a convergence of
nonintegrating cellular reprogramming, efficient differentiation protocols,
high-fidelity tissue engineering and precise genome editing—which
together have established a platform-level framework for recapitulating and
probing human disease biology in human cell-based systems. While these
milestones have enabled the first wave of iPSC-based therapeutic clinical
trialsand recent early approvals, the transition to standardized, widely
deployable therapies remains constrained by inherent biological variability,
manufacturing complexities and the need for long-term safety surveillance.
This Review evaluates the technological and translational trajectories that
have defined the iPSC era and analyzes the operational barriers to therapeutic
development. Looking forward, we discuss how integrating automation

and artificial intelligence could redefine iPSC workflows as scalable systems.
We present aroadmap for the next 20 years, envisioning a paradigm shift
inwhichiPSC-derived interventions transition from bespoke experimental
models toward standardized, engineered biological medicines.

Since the discovery' that four transcription factors can reset somatic
identity and convert mature, specialized cells into pluripotent ones,
induced pluripotent stem cell (iPSC) technology has evolved from a
proof-of-conceptbreakthroughinto anintegrated platform for human
biology”. During the intervening two decades, the field has progressed
beyond the initial challenge of reprogramming toward a multiscale
framework that links patient genetics to cell state, phenotype and thera-
peutic behavior. This evolution addresses the inherent limitations of
nonhuman models, providing a high-fidelity basis for both mechanistic
discovery and therapeutic development.

This maturation reflects the convergence of technologies that
expand the scale and resolution of human cell-based models. The
transition to nongenetically integrating platforms has strengthened

the regulatory foundation for clinical applications. Progression
from two-dimensional (2D) systems to three-dimensional (3D) orga-
noids and microphysiological systems, including organ-on-a-chip
and organoid-on-a-chip models, has enabled the recapitulation of
higher-order tissue context>*. When integrated with CRISPR-based
genome editing, these tools now facilitate rigorous causal inference
through the use of isogenic pairs and allelic series, effectively trans-
forming iPSCs into a programmable genetic system”.

The translational impact of this integrated platform is now evi-
dent across disease modeling, drug development and regenerative
medicine. In disease modeling, progress has extended from validating
monogenic variants to capturing population-scale variation through
‘cell village’ strategies®®. In drug discovery, platforms such as the
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Key technologies for building the iPSC platform
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Key translational impacts of the iPSC platform

Fig.1|Key technologies for building the iPSC platform and their translational
impact. The timeline summarizes representative advances from 2006 to 2026
thatestablished core iPSC platform capabilities and expanded their translational
impact. The upper part of the timeline highlights enabling technologies,
grouped into reprogramming’>**?35220221 genome editing’>*******,and disease
and tissue modeling******* technologies. The lower part maps these advances
onto major translational outputs, including disease modeling*~*+79227228,
drugscreening®**%***#'and therapeutics""*****, highlighting how platform
maturation has enabled progressively broader application domains. Milestones
areillustrative rather than exhaustive and are intended to highlight major
technological and translational step changes across the field. Box shading
denotes the technology category associated with each milestone. The FDA

evaluation (bosutinib)

for PD & heart failure

Modernization Act 2.0 and the subsequent 3.0 update''* are included as policy

inflection points relevant to the adoption of human-relevant platforms. Recent
conditional approvals of iPSC-derived therapies for Parkinson’s disease (PD)

and severe heart failure inJapan are also highlighted as a historic clinical turning
point'®*2, ALS, amyotrophic lateral sclerosis; FD, familial dysautonomia; HD,
Huntington’s disease; ICH, International Council for Harmonisation; iPSC-CM,
iPSC-derived cardiomyocyte; iPSC-DAP, iPSC-derived dopaminergic progenitor;
iPSC-MNP, iPSC-derived motor neuron progenitor; iPSC-RPE, iPSC-derived
retinal pigment epithelium; LQTS, long QT syndrome; MD, muscular dystrophy;
MPS, microphysiological system; NHP, nonhuman primate; SMA, spinal muscular
atrophy; ZFN, zinc finger nuclease.

Comprehensive in vitro Proarrhythmia Assay (CiPA) illustrate how
iPSC-derived systems can contribute human-relevant evidence for
toxicity assessment earlier in the pipeline’ ™. These advances have
also helped enable first-in-human clinical trials for retinal and central
nervous system disorders, reflecting the continuing shift of iPSCs
from experimental substrates toward therapeutic agents”™". This
transition has been further underscored by recent landmark clini-
cal milestones, including the world’s first approvals of iPSC-derived
therapies—Amchepry (raguneprocel) for Parkinson’s disease and car-
diomyocyte patches (RIHEART) for severe heart failure—both granted
conditional approval in Japan in 2026 (refs. 16-18). These milestones
demonstrate substantial progress toward clinical deployment and also
help refine priorities and directions for the field over the next decade,
including durable efficacy, long-term safety, manufacturing consist-
ency and postapproval evidence generation.

At the same time, broader clinical adoption is increasingly con-
strained by operational hurdles that define the next phase of devel-
opment”, In particular, the transition to marketed products remains
limited by variability inmanufacturing robustness, inherent biological
variability and concerns about long-term in vivo safety?’. Address-
ing these barriers requires a coordinated approach that integrates
high-resolution potency assessments and genomic surveillance with
ethical governance regarding donor consent and data protection®-?,

In this Review, we focus primarily on human iPSCs (hereafter
referred to asiPSCs) rather than the broader human pluripotent stem
cell (hPSC) field, which also includes human embryonic stem cell
(hESCs). We use the term hPSCs only when discussing concepts that

apply broadly tobothiPSCs and hESCs. We briefly summarize the tech-
nological milestones and translational applications that have defined
thefirsttwo decades of the iPSC era. Next, we survey the translational
impact of these, including lessons learned from early clinical stud-
ies. We analyze key barriers to clinical adoption and discuss future
directions for the field, including how artificial intelligence (Al) and
automation can transform iPSC workflows into scalable systems and
how iPSC-based interventions could shift frombespoke efforts toward
more standardized product classes with broad deployability.

Building the iPSC platform through technological
advances over two decades
TheiPSC platform emerged through the convergence of multiple tech-
nologicaladvancesthat collectively enabled the systematicinterroga-
tion of human biology across genetic, cellular and functional levels
(Fig.1). Rather than representing isolated innovations, these devel-
opments established a framework in which genotype, cell state and
phenotype canbe linked in areproducible and scalable manner.
Early progress focused onimproving the robustness and reprodu-
cibility of cellular reprogramming. Refinement of factor compo-
sition*”, delivery strategies®® " and starting cell sources* *’ enabled
more standardized derivation of pluripotent cells while preserving
genomic integrity and compatibility with downstream applications.
In parallel, advances in differentiation and tissue modeling have
expanded the platform’s biological scope. Directed differentiation
enabled the generation of defined human cell types*~*, while the emer-
gence of organoids**, assembloids* and microphysiological systems*
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extended hPSC-based models toward multicellular organization, spa-
tial architecture and controlled microenvironments. A key transition
hasbeentheincorporation of intercellular and tissue-level complexi-
ties. These platforms increasingly integrate tissue-specific mesen-
chymal, vascular, neural and immune components, enabling disease
phenotypes to be interpreted within multicellular and microenviron-
mental contexts rather than as purely cell-autonomous processes* .
This shift is particularly important because many disease-relevant
phenotypes arise from coordinatedinteractionsacross celltypes rather
than from single-lineage defects.

Genome editing and cell engineering have further introduced
a programmable dimension to the platform. The ability to generate
isogenic controls and allelic series enables more rigorous causal inter-
pretation of genetic variation®*°, while newer editing approaches"*
improve precision and scalability. In therapeutic contexts, these
capabilities are increasingly coupled with strategies that enhance
control over cell identity, function and safety*’.

Finally, advances in functional phenotyping and molecular pro-
filing have transformed iPSC systems from descriptive models into
quantitative platforms®*. Functional assays combined with single-cell*®
and spatial multi-omics® enable high-resolution characterization of
dynamic cellular states across heterogeneous populations. Collec-
tively, these developments established iPSCs as anintegrated platform
for human biology and translational research (Box 1).

From platform to translational impact
Thetranslationalimpact of iPSC technology hasincreased as the field
has progressed toward generating actionable clinical evidence. This
shiftis reflected in disease models that have moved beyond proof
of concept toward designs that separate genetic signals from donor
and batch variability, incorporate higher-order tissue context, and
capture aging and environmental effects. These capabilities have
also enabled iPSC assays to assume a greater role in drug discovery,
where human-relevant readouts inform safety and efficacy decisions
within quantitative frameworks*”*®, Clinical translation has advanced
along two complementary paths—cell replacement and engineered
immune cell products—although broader deployment remains limited
by operational hurdles. Here, we summarize the key shifts that define
the translational trajectory of iPSC-based systems.

Disease modeling

From monogenic to polygenic diseases. Early iPSC applications
focused on monogenic disorders driven by single pathogenic variants
with large effect sizes***“°. In these settings, genome engineering facili-
tated causal genotype-phenotype testing’>*'-*® and later expanded to
the functional assessment of variants of uncertain significance to sup-
port pathogenicity classification® . This scope has since broadened
to polygenic disorders, where susceptibility reflects the combined
influence of many variants with modest effects’>”>. Recent studies
have demonstrated that iPSC platforms can be used to model pheno-
types of complex traits linked to polygenic risk scores™”. A persistent
challenge is the small effect size of individual variants identified by
genome-wide association studies, which makes the signals difficult
todistinguish frominterindividual heterogeneity in population-scale
iPSC cohorts’ 7%, Accordingly, efforts have shifted toward identify-
ing convergent pathways and contextualizing phenotypes within
population-scale reference panels.

To improve sensitivity, approaches that separate donor variabil-
ity from experimental noise have become essential. Pooling strate-
gies, such as cell village designs, enable mixed-donor differentiation
under shared conditions, reducing batch effects while preserving
donoridentity through genomic deconvolution®®”°, This concept has
been extended to 3D settings through ‘organoid village’ approaches,
in which pooled organoid panels are used to resolve the functional
impact of genetic variation®. Such strategies enable the assessment of

BOX1

Key technological transitions in
iPSC-based platforms

The maturation of iPSC technology reflects a series of coordinated
transitions that collectively enable its use as a scalable platform
for human biology. Several of the differentiation, tissue-modeling
and genome-editing approaches described below are broadly
applicable across the hPSC field, including both iPSCs and hESCs.

Reprogramming strategies

¢ Induced expression of OCT4 (also known as POU5F1), SOX2,
KLF4 and MYC established the reversibility of somatic cell
identity and enabled iPSC generation'.

e Optimization of factor composition improved reprogramming
efficiency and safety”.

e Chemical reprogramming approaches have explored the
nongenetic induction of pluripotency?’.

Delivery systems and genomic integrity
e Transition from integrating viral vectors to nonintegrating
approaches (episomal plasmids, minicircles, Sendai virus and
mRNA)3W,34-36,220

Expansion of starting materials
¢ Shift from dermal fibroblasts to more accessible cell sources,
including cord blood, urine, adipose tissue and keratinocytes,
expanding the accessibility and scalability of iPSC
generation®$-40233

Differentiation and tissue modeling

o Progression from 2D monolayer differentiation*~** to 3D organoids
and assembloids***

¢ Incorporation of intertissue complexity (mesenchyme,
vasculature, neural and immune components)**#9180234.235

e Emergence of microphysiological systems
(organ-on-chip*®?*?%2% organoid-on-chip®*®) enabling
controlled microenvironments

Genome editing and cell engineering

e CRISPR-based systems enabling isogenic controls and allelic
SeriesQ?;Q,ZAO

e Expansion to base editing and prime editing for nucleotide-level
precision51,52,241,242

¢ Engineering strategies for therapeutic applications
(hypoimmune cells, safe-harbor integration, inducible safety
switch es)53,243,244
Functional and molecular phenotyping

¢ Quantitative functional assays (electrophysiology, contractility,
metabolism)>424524¢

¢ Integration with single-cell and spatial multi-omics®>*®

e Transition toward high-dimensional, context-dependent
phenotype mapping®’

interindividual variability at tissue-level scales that better approximate
in vivo physiology®"*2. Although differences in growth or differentia-
tion can skew representation within pooled systems, integration with
CRISPR-based perturbation screens enables the decomposition of
complex polygenic responses into interpretable components and
facilitates the identification of convergent disease programs®.
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From cell-based assays to integrative multiphenotype disease
modeling. Disease modeling has shifted from single-endpoint assays
toward integrative, multiphenotype frameworks that capture hetero-
geneous cell states, spatial organization and interaction-dependent
biology®*. Integrated designs capture coordinated changes across
lineages and functional domains within the same experimental system,
enabling phenotypes to be interpreted as composite programs that
link genetic risk and perturbations to shifts in cell type composition,
state transitions and multicellular organization.

This integrative approach is reinforced by tissue-like platforms
combined with single-cell and spatially resolved measurements, which
deconvolve complex phenotypesinto cell type- and state-specific com-
ponents while retaining contextual information. These designs support
the systematic comparison of how perturbations reshape develop-
mental trajectories and intercellular interactions. Extending beyond
single tissue units, assembloid configurations can model intertissue
interactions and capture higher-order phenotypes that arise from
crosstalk butare difficult to reconstructin reductionist formats**%5¢,
Collectively, these strategies improve the ability of iPSC-based models
to capture patient-relevant, context-dependent phenotypes thatbetter
reflect the multilayered pathology observed in patients.

Modeling late-onset and environmentally influenced diseases.
Although iPSC technology has transformed human disease mode-
ling, two constraints have historically limited its application to late-
onsetand environmentally influenced diseases. First, iPSC-derived cells
often remain developmentally immature. Second, reprogramming-
associated rejuvenation can diminish metabolic and epigenetic hall-
marks of aging®. As a result, iPSC-based systems have been consi-
dered less suitable for modeling diseases in which phenotypes
emerge only after prolonged temporal progression®”. Toaddress these
limitations, emerging strategies have incorporated age-associated
cues into iPSC-based models. Approaches include direct conver-
sion methods that better preserve donor age features®™, use of
extended culture protocols to induce aging-like or more mature
cell states®>**°*, and chemical approaches that elicit aging-like fea-
tures, including cellular senescence and related aging-associated
phenotypes®*,

In parallel with these advances, iPSC-based models have increas-
ingly been used to incorporate defined environmental perturbations
to study how extrinsic factors influence disease phenotypes”. For
example, exposure to environmental toxins, such as pesticides, has
been used in iPSC-derived neuronal models to probe Parkinson’s
disease-relevant phenotypes, including mitochondrial dysfunction
and selective neuronal vulnerability®®°°. Similarly, environmental
and pharmacological perturbations have been applied to iPSC-derived
cardiomyocytes and neurons to investigate how extrinsic stressors
influence cellular function and disease-associated phenotypes'*°%%,
These approaches enable controlled interrogation of environmental
stressors and gene-environment interactions that are difficult to
dissectin vivo.

Drug discovery

Toxicity testing. Toxicity testing became an early translational entry
point for iPSC-based screening because many adverse responses mani-
festasrelatively acute, dose-dependent functional disruptions that can
be detected without fully mature cell states or complex disease-specific
contexts. In parallel, species differences in targets, metabolism and
off-target liabilities reinforced the need for human-relevant in vitro
systems that capture clinically meaningful toxic effects*®. Accord-
ingly, early hPSC-based toxicity workflows prioritized scalable assays
with robust functional readouts and evolved from single-endpoint
measurements to multiparametric and longitudinal designs that cap-
ture sublethal stress responses and cumulative injury during repeated
or prolonged exposures.

Building on these foundations, iPSC-based toxicity assessment has
increasingly incorporated quantitative and decision-oriented frame-
works, in some cases integrated with in silico modeling approaches.
The US Food and Drug Administration (FDA)-led CiPAinitiative repre-
sents awidely cited example, combining mechanistic computational
modeling with evaluation in iPSC-derived cardiomyocytes to assess
proarrhythmic risk®"'*7° This paradigmillustrates how iPSC-based
assays can gain translational value when standardized, benchmarked
across sites and interpreted within a defined decision context.

Although cardiac safety remains the most mature application,
iPSC-based toxicity assessment is expanding to other organ systems
to address broader safety liabilities. In liver biology, iPSC-derived
hepatocyte-like cells and organoids are being developed to model
drug-induced liver injury, including metabolic and mitochondrial
liabilities that are difficult to capture in conventional systems'”’. In
neurotoxicity studies, iPSC-derived neuronal cell and brain organoid
systems enable the assessment of network activity, neuroinflammatory
responses and developmentally sensitive toxicities that are poorly
represented in simpler models'*®'°°, These examples highlight the
expandingscope of iPSC-based new approach methodologies (NAMs),
whichareincreasingly beingincorporated intoregulatory safety assess-
ments, thereby reducing reliance on animal testing. This underscores
the need to establish organ-specific performance independently rather
thaninferring it from cardiac safety*®.

Efficacy assessment and phenotypic screening. While safety
applications provided an early foothold, extending iPSC platforms
toward efficacy assessment and mechanism-of-action studies posed
greater challenges, as therapeutic responses are often subtle and
context-dependent. Advancesin directed differentiation, maturation
strategies, 3D culture formats and high-throughput phenotypic profil-
ing have improved the feasibility of iPSC-based efficacy testing®s 1012,
AlthoughiPSC platforms supportboth target-centric and phenotypic
screening, much of the expansion in efficacy applications has been
driven by phenotypic designs that leverage disease-relevant cellular
contexts™',

Several examplesillustrate how iPSC-based phenotypic screening
can move beyond model development toward therapeutic prioritiza-
tion. In amyotrophic lateral sclerosis, patient-derived motor neuron
models have been used to identify disease-relevant electrophysiologi-
cal phenotypes and nominate candidate therapeutics, contributing to
the clinical evaluation of repurposed compounds such as ropinirole,
retigabine and bosutinib™*', In mitochondrial disease, iPSC-derived
models have recently been used to connect patient-specific cellular
dysfunction to drug response and to nominate sildenafil as a potential
therapeutic candidate®. A further example is Timothy syndrome, in
which iPSC-based organoid models have supported preclinical evalu-
ation of antisense oligonucleotide therapeutics targeting the calcium
channel subunit CACNAIC, which has akeyrolein regulating electrical
activity inthe heart and brain'’, These cases show how iPSC-based dis-
covery can generate human-relevant hypotheses that are sufficiently
robust toinformclinical testing and, insome cases, initiate early-phase
clinical trials.

iPSC-based efficacy platforms also support drug reposition-
ing by enabling the direct evaluation of approved compounds in
disease-specific contexts. This approach can accelerate the prior-
itization of candidates with established safety profiles while reveal-
ing unanticipated therapeutic activity across indications"*"*°, More
broadly, the value of iPSC-based phenotypic screening depends on
whether assay readouts can be connected to clinically meaningful
disease features, benchmarked across patient cohorts and reproduced
across laboratories. As with toxicity applications, the central challenge
is therefore moving from generating disease-relevant phenotypes to
definingwhich phenotypesare robust, predictive and decision-relevant
for drug development.
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Regulatory qualification of iPSC-based NAMs. The growing use
of iPSC-based NAMs in drug discovery highlights a critical transition
from scientific utility to regulatory applicability®, While the ability to
generate human-relevant safety and efficacy signalsis crucial, broader
impact depends on whether these outputs can be interpreted within
regulatory decision frameworks.

Regulatory evaluationincreasingly relies on context-of-use frame-
works, in which the intended application determines the level of evi-
dence required. This distinction is critical, as the same assay may be
suitable for exploratory screening but insufficient for higher-impact
decisions, such as supporting aninvestigational new drug (IND) appli-
cation or drug labeling. Accordingly, the qualification of iPSC-based
NAMs requires not only technical robustness but also aclear alignment
between assay outputs and decision-specific evidentiary standards.

Recent regulatory developments, including the FDA Moderni-
zation Act 2.0 (2022) and the subsequent 3.0 update (ongoing),
reflect growing support for incorporating NAMs—such as in vitro
and insilico approaches—into drug development pipelines when sci-
entifically justified?'?°. The transition from exploratory assays to
regulatory-grade NAMs will require cross-laboratory reproducibility,
assay standardization and benchmarking against clinically relevant
outcomes. Biological complexity must be carefully balanced with
technical reproducibility, including the establishment of assay port-
ability, whereby predictive performance remains consistent across
sites despite differences in infrastructure and execution. This will
require standardized performance metrics and shared reference com-
pound panels, as demonstrated most clearly in multisite cardiac safety
validation efforts™*'%,

In the context of cardiac safety, studies incorporating standard-
ized protocols, shared reference compounds and quantitative analysis
pipelines for drug evaluation have demonstrated how iPSC-derived
assays can achieve reproducible and interpretable outputs across
laboratories™ . Sustained CiPA and related efforts'*”** have also helped
shape consensus frameworks for proarrhythmia risk assessment and
contributed to the incorporation of iPSC-derived cardiomyocyte data
into international guidance, including the International Council for
Harmonisation (ICH) guideline E14/S7B'» 7,

Extending this level of validationto the liver, brain and other organ
systemswillbe essential for supporting broader regulatory acceptance.
These requirements are expected to evolve in a context-dependent
manner rather thanthroughasingle unified framework and will likely
proceedincrementally—with evidentiary standards emergingin parallel
with expanding applications across organ systems and therapeutic
contexts.

Early clinical lessons in iPSC-based therapeutics

Among the therapeutic applications of iPSCs, cell replacement and
regeneration represent a direct and conceptually tractable route to
clinicalimpact; however, they also expose the field to some of its most
demanding biological, manufacturing and regulatory constraints.
While early efforts focused on demonstrating feasibility, recent clinical
approvals reflect an emerging phase of clinical validation. Broader
and longer-term evidence remains necessary but is currently insuf-
ficient. Rather than cataloging all ongoing clinical programs, this sec-
tionfocuses on the lessons emerging frominitial clinical experiences,
including which indications appear most tractable, how therapeutic
effects are realized and which challenges continue to define the path
toward broader clinical deployment (Table 1).

Clinical progress has been most apparent in settings where the
disease anatomy supports localized delivery, direct monitoring and
relatively contained risk. Retinal degenerative diseases, including
age-related macular degeneration, retinitis pigmentosa and Stargardt
disease, areamongthe most extensively studied and clinically advanced
examples because the subretinal space allows targeted delivery with
limited systemic exposure, and the eye’s relative immune privilege

may facilitate graft persistence compared to many other tissues'>****,

The first clinical use of iPSC technology, conducted in Japan in 2014
using an autologous iPSC-derived retinal pigment epithelium sheet
in a patient with advanced age-related macular degeneration, pro-
vided early proof of principle not only for retinal repair but also for the
feasibility of patient-specific iPSC-derived cellular products®. These
observations suggest that anatomical accessibility and containment
canlower the translational threshold, but they do not, by themselves,
guarantee clinical benefit.

Central nervous system applications highlight how hPSC-based
therapy becomes more tractable when the disease presents a well-
defined cellular deficit and a clear path to functional restoration.
Parkinson’s disease has emerged as one of the most advanced indi-
cations, as the loss of midbrain dopaminergic neurons provides a
specifictarget for replacement withinadefined anatomical site. Early
clinical studies of iPSC-derived dopaminergic progenitors trans-
planted into the putamen have demonstrated feasibility, acceptable
short-termsafety, and evidence consistent with graft survival and bio-
logical activity''*. The recent conditional and time-limited approval
of Amchepry (raguneprocel)—an allogeneic iPSC-derived dopamin-
ergic neural cell product—in Japan further supports this trajectory.
These developments suggest that clinical translation may be facili-
tated when the biological deficit, delivery site and functional readouts
are closely aligned. At the same time, the available clinical evidence
remains limited in scale and duration, and the observed effects should
beinterpreted as early signals of feasibility rather than definitive proof
of efficacy. Longer-term outcomes, including sustained functional
benefits, host tissue integration and immune compatibility, remain to
be established through larger and more controlled studies.

Cardiac applicationsillustrate a distinct set of translational con-
straints, where therapeutic benefit is less directly attributable to a
single mechanism. iPSC-derived cardiomyocyte sheets or patches
are being advanced for ischemic cardiomyopathy and severe heart
failure, but these approaches must contend with electromechani-
cal coupling, arrhythmia risk and tissue-scale integration**"*°, The
recent conditional approval in Japan of RIHEART, an iPSC-derived
cardiomyocyte patch for severe heart failure, is supported by phase 1/2
data providinginitial evidence of feasibility"*°. However, the available
clinical data remain limited in scale, and the observed effects should
be interpreted with caution. In this context, therapeutic benefit may
arise from acombination of direct contractile contribution, paracrine
signaling and remodeling of the host environment, although the rela-
tive contributions of these mechanisms have not been fully resolved.
In addition, clinical translation in cardiac settings introduces distinct
challengesrelated to delivery and safety, including the need for invasive
surgical procedures, the risk of arrhythmia due toincomplete electro-
mechanicalintegration and the requirement forimmune management
with allogeneic approaches'. Therefore, defining mechanism-linked
potency and establishing clinically meaningful endpoints may be more
complex thanin settings with clearer cell replacement logic.

The therapeutic scope of iPSC technology is also expanding
beyond classical tissue replacement. Hematological and engineered
immune cell applications illustrate a distinct translational model in
whichiPSCs function as renewable and engineerable starting materials
forstandardized cellular products. Recent reports of bona fide hemat-
opoietic stemcells derived from iPSCs suggest a potential route toward
durable reconstitutionstrategies'*. In parallel, iPSC-derived chimeric
antigenreceptor (CAR)-T celland CAR-naturalkiller (NK) cell platforms
are being developed as allogeneic immune cell therapies, enabled by
multiplexed genetic engineering at the pluripotent stage and by strate-
gies designed to improve safety, tumor targeting, persistence and
alloreactivity profiles'*™*3, These observations suggest that the value
of iPSCs lies not only in patient-specific replacement but also in their
capacity to generate programmable and standardized off-the-shelf
cellular medicines. Whether such standardized engineered products
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manage cellular variability, product quality, in vivo safety and durabil-
ity. In this section, we outline the major translational barriers facing
iPSC-derived therapies and summarize how current regulatory frame-
works assess these risks (Fig. 2).

les

Biological variability

Biological variability is a persistent challenge arising from cell-intrinsic
heterogeneity, which can propagate throughout manufacturing.
Donor-specific genomic and epigenomic differences influence repro-
gramming efficiency and differentiation capacity, evenunder standard-
ized protocols’", Amajor contributor to this variability is epigenetic
memory, inwhich residual DNA methylation patterns from the somatic
source cell persistiniPSCs, potentially biasing differentiation trajecto-
ries or limiting the functional maturity of the resulting progeny™>"*,
Variability can also emerge during reprogramming and expansion,
when growth-advantaged cell populations may be selected over time,
underscoring the value of monitoring critical steps with periodic
genetic characterization®>>"%, As manufacturing moves toward clini-
cal scale, physical and metabolic gradients that are otherwise minimal
in small-scale cultures can amplify these effects. Further variability
may be introduced during technology transfer across manufacturing
settings, as well as during cryopreservation and post-thaw recovery,
each of which can shift cell state composition and performance™*'“°,
Collectively, these factors complicate product characterization and
comparability, particularly because clinically meaningful differences
may only become apparent after scale changes™”'®'. Importantly, such
variability may also affect post-transplant behavior, including engraft-
ment stability, functional persistence and host immune interactions,
whichare notalways fully predicted by prerelease characterization'.
Accordingly, in-process monitoring and structured comparability
assessments are essential to support reproducible manufacturing and
successful clinical translation.

« Unresolved long-term graft durability and functional stability
» Mechanistic heterogeneity and poorly defined potency metrics
« Unresolved long-term structural durability and functional

« Scalable insulin-producing cell replacement
integration

« Localized structural tissue reconstruction

« Allogeneic stromal cell therapy

ing from early clinical studies of iPSC-derived therap
Lessons and remaining challenges

insulin-producing cell

lons emerg
products

Key observations

« Clinical implantation of

- Systemic delivery

« Early safety evaluation

« Local cartilage implantation
« Early safety evaluation

imitat

Potency and mechanism-based clinical interpretation

Potency is a central consideration for hPSC-derived therapeutics
becauseitindicates whether product quality translatesinto functions
supporting the intended mechanism of action'®>. Defining potency
is challenging for cell-based therapies because biological activity
reflects coordinated processes operating across cell and tissue levels.
Functional performance can be sensitive to manufacturing variables,
including differentiation state, lineage composition and maturation
conditions™*'**, These factors can alter biological activity even when
conventionalidentity markers remain unchanged, indicating that sim-
ple phenotypic assays may miss functionally relevant drift. Accord-
ingly, potency assessment typically relies on quantitative assays linked
to the intended mechanism of action and designed to be sensitive to
manufacturing-associated changes'**'®>, As programs mature toward
later-stage trials and eventual commercialization, the need to define
fit-for-purpose potency becomes even more consequential, including
determining whether molecular signatures can serve as sufficiently

Clinical development
status®

Phase 1(1/1)

Phase 1(5/8)

Phase 2 (1/8)

Phase 3 (1/8)

Phase 1/2 (1/8)

Therapeutic strategy
B-Cell replacement
therapy 100% (1/1)
Mesenchymal-like stromal
cell therapy 87.5% (7/8)
Cartilage or chondrocyte
reconstruction 12.5% (1/8)

Indication
Endocrine (1)
Stromal
products (8)

Counts in parentheses denote the number or proportion of iPSC-derived clinical programs and approved products for each indication and therapeutic strategy. CNS, central nervous system; RPE, retinal pigment epithelium; SCI, spinal cord injury. °Clinical

development status is summarized exclusively from iPSC-derived clinical programs and approved products, comprising a total of 76 clinical programs and products (74 clinical programs, 2 products with conditional and time-limited approval) across
indications and therapeutic strategies. Clinical programs were compiled from Kirkeby et al.”® and further curated with additional programs and regulatory updates reported in 2026. The proportion of programs within each therapeutic strategy at the

indicated clinical development stage is shown in parentheses.

Table 1(continued) | Translational lessons and |

Nature Medicine


http://www.nature.com/naturemedicine
https://clinicaltrials.gov/ct2/show/NCT02923375
https://clinicaltrials.gov/ct2/show/NCT05643638
https://clinicaltrials.gov/ct2/show/NCT04537351
https://clinicaltrials.gov/ct2/show/NCT05165628
https://clinicaltrials.gov/ct2/show/NCT06949267

Review article

https://doi.org/10.1038/s41591-026-04584-3

8 MoA-linked Residual PSC QbD
2 potency assays detection manufacturing
= | | | | 1
% Genomic Lineage QC Mechanism-based ~ Functional Genomic Lineage QC Region-specific Global Region-specific Global
c surveillance interpretation biomarkers surveillance strategy coordination strategy coordination
° 1 1 1 1 1 1 1 1 1 1
® Comparability Process Immune risk Comparability Immune risk Postmarket Comparability  Process IP/FTO Postmarket
:g' assessment monitoring anticipation assessment anticipation follow-up assessment monitoring strategy follow-up
= ::l_‘
» Variability Potency & clinical interpretation Safety CMC Regulatory, IP, ethics
k] « Donor heterogeneity « Functional inconsistency « Genomic instability « Process drift « Regulatory divergence
‘5 « Reprogramming variability « Mechanism ambiguity « Residual pluripotency « Site variability « IP fragmentation
o « Scale-up challenges « Endpoint sensitivity « Immune response - Life cycle drift « Ethical governance
° ;m’; Phase 1/2 (26/76) Approved (2/76)
Q2 < Phase 2 (2/76)
2 T
17}
= 8 Phase 3 (2/76) b |
§ Tcu iPSC-derived therapeutic ostappr.ova
8 8 candidates expansion
e =
=2 Phase 1(44/76)

Discovery/preclinical IND/CTA enabling Clinical decision Approval

(clinical PoC) (BLA/MAA)

Translational development stage

Fig.2|Barriers and mitigation strategies across the translational life cycle
of iPSC-derived therapeutics. The figure summarizes how major translational
barriers for iPSC-derived therapeutics emerge and are addressed across the
development continuum. Barriers are organized into five interdependent
domains: variability; potency and clinical interpretation; safety; CMC;

and regulatory, intellectual property (IP) and ethics. For each domain, the
upper boxes show representative mitigation strategies, including genomic
surveillance, lineage quality control (QC), mechanism-linked potency assays,
residual PSC detection, quality-by-design (QbD) manufacturing, comparability
assessment, postmarket follow-up and region-specific regulatory planning.
The lower trajectory maps these barriers onto sequential development stages,
fromdiscovery and preclinical studies to IND/clinical trial application (CTA)-
enabling packages, clinical proof of concept (PoC), biologics license application
(BLA)/marketing authorization application (MAA) approval and postapproval

expansion. Vertical bars indicate stage-specific thresholds for progression,

while colored connectorsillustrate how unresolved risks can propagate across
later development stages. This framework is intended to emphasize that the
development of iPSC therapeutics is constrained not by a single bottleneck but by
the cumulative management of biological variability, product definition, safety
surveillance, manufacturing comparability and regulatory alignment. The counts
were derived from the iPSC-derived clinical programs and approved products
summarized in Table 1, comprising 76 programs and products (74 clinical
programs, 2 products with conditional and time-limited approval), including
clinical and regulatory updates reported as of March 2026. Where a conventional
clinical phase could be reasonably inferred, programs were assigned to their most
advanced disclosed stage. Programs without a clear phase designation, such as
phase 1-equivalent or exploratory entries, were excluded from the counts shown
here.FTO, freedom to operate; MoA, mechanism of action.

predictive surrogates for function or whether more direct functional
readouts are required.

Beyond servingasamanufacturing control tool, mechanism-linked
potency concepts also provide aninterpretive scaffold for early clinical
readouts, as the biological activity of transplanted cells may evolve
after administration’®?. Clinical responses often reflect both graft
activity and host reactions, which may emerge gradually or through
indirect tissue-level changes. Therefore, potency assessment can
benefit from anchoring clinical readouts to the intended biological
mechanism, including tissue-level functional measures that inform
cellsurvival, localization and integration'®>. For example, in retinal cell
replacement, improvements in visual function are most informative
wheninterpretedin the context of the intended mechanism of action—
replacement of lost photoreceptors®. Early iPSC clinical develop-
mentcommonly adopted staged and iterative trial designs, beginning
with safety-focused cohorts and expanding as mechanistic evidence
accumulated™™, Extended follow-up is essential for supporting the
accurate interpretation of clinical responses and for informing the
refinement of dosing and patient selection over time'**,

Safety risk control and surveillance

hPSC-derived therapies can persist long after administration, which
limits reversibility once treatment has been given'**'*, Safety consid-
erations, therefore, extend beyond conventional toxicity to include

risks related to genomic instability, residual pluripotency, off-target dif-
ferentiation, and longer-termimmune or tissue-level effects' 57166167,
During manufacturing, genomic monitoring is used to reduce the risk
ofemerging clonal, growth-advantaged subpopulations™ ", Residual
pluripotent cells are typically assessed using high-sensitivity methods,
along withevidence that any remaining cells may lack the capacity for
sustained proliferation in vivo', Lineage compositionis also evaluated
todetect off-target cell populations that may introduce lineage-specific
functionalliabilities'®. After transplantation, immune responses pre-
sent an additional challenge, asimmune activation varies by cell type
and transplantation setting'*®. While approaches to reduce immuno-
genicity are under investigation, immune reactions may still occur
evenwith autologous or human leukocyte antigen-matched methods,
reflectingincompleteimmune tolerance and context-dependent host
interactions—and their impact on long-term durability, functional
stability and tissue integration remains unclear'®°, Overall, safety
oversight will benefit fromanintegrated, life cycle-spanning approach
that begins with cell bank qualification and continues through
long-term post-treatment monitoring'®*"”’,

CMC

CMC (chemistry, manufacturing and controls) robustness is a key
operational consideration, as product consistency becomes harder
to maintain during clinical-scale production. As scale and process
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complexity increase, quality drift can emerge across unit operations,
sites and production timelines™*7*°, In addition, preclinical culture
formats often require reengineering for clinical manufacturing, which
candelay development if scalable processes are not established early™.
Accordingly, CMC strategies emphasize quality-by-design principles,
automated or closed-system manufacturing, and life cycle comparabil-
ity assessments to manage the variability introduced during scale-up
and cryopreservation®*'°%* High-resolution analytics are increas-
ingly incorporated into batch release testing to assess whether man-
ufacturing changes have altered critical quality attributes linked to
function'®'%>, Ultimately, robust CMC frameworks support consistent
product characterization across manufacturing conditions, enabling
more confident interpretation of clinical outcomes.

Regulatory alignment alongside intellectual property and
ethical governance

The global translation of hPSC-derived therapeutics is shaped by
regional regulatory divergence and afragmented intellectual property
landscape. In Europe, many cell-based products fall under the Advanced
Therapy Medicinal Product framework, compared to their general
regulation within the biologics paradigm in the USA">'>, Although
overarching expectations for quality and safety are broadly aligned,
differencesin product classificationand accepted nonclinical evidence
may necessitate distinct region-specific development strategies™*">.
While foundational iPSC patents are centrally managed through pro-
grams such as iPS Academia Japan, the broader intellectual property
landscape has become increasingly layered as proprietary rights
accumulate across enabling methods and downstream applications,
including differentiation protocols and nonintegrating reprogram-
ming approaches'. In practice, the relevant licensing and compli-
ance requirements may differ depending on whether iPSC-derived
cells are used for internal research, provided externally (including
fee-for-service models), or advanced toward clinical and commercial
development, thereby shaping manufacturing design, partnering strat-
egy and scalability’™. Consequently, these layered requirements can
alsointroduce variability in how cell sharing and core facility supplies
are operationalized across institutions and regions.

Ethical governance is an additional structural component shap-
ing clinical translation, including donor consent, traceability and
data protection'®. Because iPSC lines retain donor-derived genomic
information, consent frameworks must account for downstream uses,
such as genomic analysis, genetic modification and potential commer-
cialization™. In some settings, donors may specify permitted applica-
tions, which can limit the reuse of legacy cell lines without renewed
authorization, creating practical constraints for cross-institutional
distribution™. Therefore, robust traceability and data governance are
important for maintaining controlled linkage between donor material
and clinical products while minimizing reidentification risk'”'”>, For
products expected to durably engraft, particularly in neural or car-
diacapplications, extended follow-up is required to monitor delayed
adverse effects'®*. Early integration of ethical governance into devel-
opment processes can facilitate regulatory review and support the
sustainable translation of iPSC-derived technologies'®.

The future of iPSC-based technology and
therapeutics

Over the next two decades, iPSC technology is expected to advance
toward platform-scale implementation. As iPSC-derived products
mature, therapeutic development will become more standardized and
broadly deployable, while iPSC-based drug discovery willincreasingly
generate evidence that shapes portfolio decisions. In parallel, conver-
gence with Al and automation is poised to transform iPSC workflows
into scalable systems for biological inference. The sections below sum-
marize these inflection points and their implications for the future of
the field.

Scalable precision-oriented platforms for iPSC therapeutics
The clinical landscape of iPSC-derived therapies is expected to shift
from bespoke, patient-specific interventions toward standardized
platforms that support precision medicine at scale. This transition
is driven by two complementary trends: the expansion of patient
populations through designable immune compatibility and standar-
dized product definitions, and the widening of the therapeutic scope
from early 2D cell products to a broader portfolio that includes
engineered immune cell modalities and organoid- or tissue-based
interventions. This shift should not be interpreted as a move toward
one-size-fits-all medicines but rather as a framework in which stand-
ardization enables the scalableimplementation of precision-oriented
therapies (Fig. 3a).

To move from individualized deployment to population-scale
use, immune engineering will be required to treat alloreactivity as
a controllable product attribute, reducing reliance on intensive
matching or immunosuppression to make off-the-shelf distribution
increasingly feasible®>'*>'7¢, Therapeutic cell identity is also defined
by disease-relevant functional requirements rather than by generic
differentiation endpoints. Embedding maturation state””’%, subtype
composition' and potency-linked benchmarks into manufacturing
strategies will further promote indication-level standardization and
reproducible performance across patients.

Extending the therapeutic scope beyond early 2D cell products will
require functional criteria that remain linked to the intended mecha-
nism of action while being applicable across diverse therapeutic for-
mats. As iPSC-derived interventions expand to include engineered
immune cells, organoids and tissue-based constructs, maintaining
reproducible tissue organization together with scalable manufactur-
ing willbecome increasingly important to ensure consistent product
quality and clinical performance®*"***°, In parallel, ensuring compa-
rability across manufacturing processes and production sites will be
essential to preserving these product characteristics during scale-up
and broader clinical deployment.

Finally, regulatory maturation will be pivotal in securing both
population-scale deployment and an expanded product scope. As
shared expectations for potency, durability and long-term safety
become more harmonized, early approvals are expected to acceler-
ate standard-setting and platform-based development, supporting
the evolution of iPSC-derived therapeutics into engineered biological
medicines that are more standardized, scalable and deployable across
diverse clinical settings.

Decision-shaping evidence for iPSC-based drug discovery

In the drug discovery domain, iPSC platforms are evolving from
supportive tools into primary evidence streams that materially
shape preclinical go/no-go decisions. The key inflection lies not
simply in generating more human cell data, butin producing datasets
that can be used within defined decision contexts (Fig. 3b).

First,iPSC assays are increasingly positioned to deliver decision-
relevant phenotypes that align with therapeutic benefits and safety
liabilities, particularly for responses unfolding over time. As differen-
tiation fidelity and long-term culture stability improve, iPSC-derived
systems can enable more accurate longitudinal measurement of
graded phenotypic trajectories under repeated perturbations'"'*,
This expands the scope of responses that can be quantified under
controlled conditions and compared across compounds and
target hypotheses'®>'**,

Second, iPSC-based discovery stands to enhance mechanistic
interpretability by linking human genetic variation to drug response.
By combining donor diversity withisogenic engineering, researchers
can better separate causal genotype-dependent effects from back-
ground variability, identifying responder and nonresponder subgroups
earlier in development'®>'*®, As data on genotype-linked response
patterns accumulate, these platforms will lay a strong foundation for

Nature Medicine


http://www.nature.com/naturemedicine

Review article

https://doi.org/10.1038/s41591-026-04584-3

@ Current

Precision intervention

2D cell-based therapeutics

DN NPC RPE CM PLT MN
@ A O @ A
O A © © A %

Engineered cell therapy

iPSCs P !
@ |
CART CAR-NK
b Current
Complementary assay

Animal model

Future

Scalable precision-oriented platforms

From patient-specific to broadly deployable

Function-defined identity

Individual
patient

Expanded therapeutic

2D cell therapeutics

DN NPC RPE CM PLT MN OPC BC

000000 -
y W w

O O ( o O

Engineered cell therapy

CAR-T CAR-NK CAR-M CAR-T,, iPSC-APC

reg

» ) noom v

{ )

Engineered organoid tissue intervention

iPSC-organoids

o

Engineered tissue patch

Patient
populations

scope

Platform-scale enablers

Future

Decision-shaping evidence

Technical advances

Increasing decision weight

iPSC-based model

C current

Preclinical decision-making

Conventional iPSC workflow

iPSC-based model

l

Fragmented,
case-by-case mapping

o
IS
=S

The go/no-go threshold shifts

Regulatory al

(CoU qualification)

Future

Al- and automation-enabled iPSC workflow

(™
e
SSSSS
s

Patient

l l

e,

Al + automation layer

{

iPSC-based model

Scalable biological inference

Patient

l

Experimental
data

Gene expression
profiles

Drug responses
tro)

Phenotypic
readouts

--O

Patient
information
Genetic
nformation
ease
phenotype (i
Drug
responses

profiles

Drug responses

tro)

Experimental
data

Gene expression

Phenotypic
readouts

Composite phenotype
signatures

Al-in-the-loop
experimental design

Genotype-phenotype
integration

Patient
information
Genetic
nformation
Disease
phenotype
Drug
responses

Context-bound evidence :
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a, iPSC-derived therapeutics are moving from patient-specific interventions
to standardized, broadly deployable medicines, alongside an expansion
intherapeutic scope. b, iPSC-based drug discovery is evolving from
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the systematic translation of pharmacogenomic and polygenic signals
into testable hypotheses.

Third, the generation of decision-shaping evidence hinges on
advancements in scale and resolution. As standardized assay frame-
works begin to enable population-scale deployment and integrated
single-cellreadouts, iPSC platforms assume a central role in decompos-
ing complex biological responsesinto interpretable components’'’.
Expansion across donors and perturbations is expected to pro-
duce quantitative benchmarks with sufficient depth to support
confidence-based interpretation and earlier de-risking's>'%%,

Inparallel, regulatory alignment is expected to influence how and
when iPSC data are accepted as decision-grade evidence, guided by
fit-for-purpose validation and context-of-use qualification that define
theintended claimand the level of evidence required for specific appli-
cations, including support for IND-enabling studies or contributions to
druglabeling®®'**"°, As technical performance and regulatory qualifi-
cation converge, the evidentiary threshold for go/no-go decisions can
shift, allowing iPSC-based evidence to carry greater decision weight
earlierin development™'. Collectively, the future impact of iPSC-based
drugdiscoveryis defined by the quality of evidence linking phenotype,
genotype and outcome in a form that can be operationalized within
preclinical decision frameworks.

Convergence of Al and automation in iPSC platforms
Technological convergence with Al and automation is shifting iPSC
workflows from fragmented, case-by-case mapping to scalable systems
for biological inference (Fig. 3¢c). In this context, biological inference
refers to generating and testing causal, mechanistically interpret-
able links among genotype, perturbation and reproducible pheno-
typic programs. Because iPSC platforms pair donor genotypes with
experimentally measured phenotypes, they enable learning across
individuals and perturbations rather than interpreting experiments
inisolation. This shiftis being enabled by an Al-and-automation layer
thatintegratesinformation across assays, standardizes experimental
execution, and supports robot-enabled, reproducible workflows.
These capabilities build on earlier developmentsin high-throughput
robotic platforms for automated iPSC reprogramming and standard-
ized culture® ™,

Integration is critical because iPSC studies often produce paral-
lel data streams involving fragmented interpretations across end-
points and batches. Al-enabled standardization reduces protocol-and
site-dependent variability, making cross-donor and cross-condition
comparisons more reliable’'”>, Automation then makes these stand-
ardized designs practical at scale by enabling consistent cell han-
dling, differentiation and phenotyping across large experimental
matrices'*"%, Within this integrated workflow, Al can be used to
extract composite phenotype signatures that summarize and organ-
ize high-dimensional measurementsintointerpretable, reproducible
programs'®. IniPSC settings, such signatures can be cross-validated
across donor backgrounds and experimental repeats, helping to
distinguish robust biological signals from batch- or protocol-linked
artifacts?°2%%,

Beyond improving standardization, this integrated Al and auto-
mation framework also enables systematic genotype-phenotype
integration. With population-scale donor diversity data available,
genotype-linked signals can be separated from background variability
and mapped to reproducible response programs'*®, When paired with
isogenic designs and controlled perturbations, these mappings can
permit causal, mechanism-linked interpretation'®*'®, CRISPR-based
screening platforms further strengthen this logic by enabling targeted
perturbation of pathways and regulatory programs as multimodal phe-
notypes arerevealed, accelerating convergence on causal mechanisms
rather than relying on correlation alone's215729320%,

Finally, automation allows post hoc interpretation to move effi-
ciently toward Al-in-the-loop experimental design®*>*°°, As culture

conditions, differentiation protocols and phenotyping become more
standardized and robot-enabled, models can iteratively propose
which donors, perturbations, exposure regimens or time points are
optimal to test next. This shortens the loop between inference and
experimentation, narrows the search space, and prioritizes experi-
ments that most improve causal resolution and reproducibility. This
convergence is expected to position iPSC platforms as continuously
learning systems that generate decision-relevant evidence and main-
tain rigorous validation.

Conclusion

The first two decades of iPSC technology have established a platform
for linking human genotype, cell state and phenotype across disease
modeling, drug discovery and therapeutic development. The next
phase will depend on whether this platform can be made sufficiently
reproducible, scalable and clinically interpretable to support broader
translational use. By integrating engineering principles, automation
and Al-enabled biological inference, iPSC technologies are poised
to evolve from bespoke experimental applications into standard-
ized, precision-oriented platforms for regenerative medicine and
drugdiscovery.
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