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Human induced pluripotent stem cells (hiPSCs) have opened new possibilities 
in regenerative medicine, providing a versatile platform for modeling human 
disorders, testing pharmacological agents, and developing personalized 
regenerative treatments. By reprogramming adult cells into a pluripotent state, 
scientists can generate patient-specific cells capable of differentiating into 
nearly any tissue type. Using the patient’s own cells allows for therapies that 
are both biologically matched and ethically acceptable, while also reducing the 
likelihood that the immune system will reject transplanted cells. Despite this 
promise, translating hiPSCs into routine clinical use has proven challenging, 
with several practical and biological barriers yet to be overcome. Key concerns 
include variability in differentiation outcomes, immune responses to allogeneic 
cells, genetic and epigenetic abnormalities, and the risk of tumor formation. 
Reliable scale-up under GMP conditions remains a major technical hurdle, 
and critical questions around long-term engraftment, tissue integration, and 
immune tolerance are still unresolved. Recent advances, including CRISPR/Cas9 
gene editing and AI-guided differentiation, are enhancing iPSC quality and 
enabling treatments to be tailored to individual patients. Clinical trials are 
ongoing in areas such as retinal disorders, neurodegenerative diseases, cardiac 
conditions, and cancer immunotherapy, with early findings suggesting these 
therapies may be both feasible and safe. However, widespread adoption will 
require rigorous, long-term evaluation. This review examines the latest progress 
in hiPSC technology and evaluates its movement toward clinical translation. 
We highlight the major challenges that continue to limit broader application, 
particularly those related to safety, large-scale manufacturing, and regulatory 
oversight, and discuss emerging advances that may help bring iPSC-based 
therapies closer to routine clinical practice.
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GRAPHICAL ABSTRACT

Somatic cells are reprogrammed into induced pluripotent stem cells (iPSCs), which can be differentiated into various cell types. These cells may be 
genetically modified, expanded, and utilized in disease modeling, drug testing, and transplantation. iPSC-based approaches enable regenerative therapies, 
immune engineering, and personalized medicine, though challenges remain before clinical translation.

 

1 Introduction

The discovery of induced pluripotent stem cells (iPSCs) 
by Takahashi and Yamanaka (2006) marked a transformative 
milestone in regenerative medicine, demonstrating that adult 
somatic cells could be reprogrammed into pluripotent stem cells 
using four transcription factors (Takahashi and Yamanaka, 2006). 
This achievement was extended to human cells later, generating 
patient-specific iPSCs from adult fibroblasts (Takahashi et al., 2007). 
Crucially, this method circumvents ethical controversies linked to 
embryonic stem cells (Denker, 2006).

iPSCs have enabled the creation of disease-specific cellular 
models for conditions such as Parkinson’s disease, Alzheimer’s 
disease, Duchenne muscular dystrophy, and type I diabetes, 
facilitating patient-specific mechanistic studies and therapeutic 
screening (Park et al., 2008a; Soldner et al., 2009; Jang et al., 
2012). More recently, Tanaka et al. (2015) used iPSC-derived 
cardiomyocytes to replicate inherited arrhythmias, confirming their 
utility in functional drug testing (Tanaka et al., 2015).

Over the past year, the field has seen unprecedented clinical 
advances. A Phase I/II trial published in April 2025 reported 
that allogeneic iPSC-derived dopaminergic progenitors survived 
transplantation, produced dopamine, and did not form tumors in 
Parkinson’s patients (jRCT2090220384) (Sawamoto et al., 2025).

Concurrently, an ongoing autologous iPSC-derived dopamine 
neuron trial at Mass General Brigham is pioneering the use 
of a patient’s own blood-derived iPSCs in Parkinson’s disease, 
eliminating the need for immune suppression (HPSC, 2024).

In the retinal field, Eyecyte-RPE, an iPSC-derived RPE product, 
received IND approval in India in 2024 for geographic atrophy 
associated with AMD, an important step toward scalable and cost-
effective cell therapy approaches (Soundararajan et al., 2025).

Yet significant challenges remain. Recent preclinical 
development of clinical-grade iPSC lines from Parkinson’s patients 
revealed ongoing concerns related to genomic stability and cell 
line quality control (Jeon et al., 2025). In non-human primates, 
iPSC-derived cardiomyocyte patches improved cardiac performance 
but induced transient arrhythmias, which indicates the safety and 
scalability challenges in cardiac applications (Shiba et al., 2016).

CRISPR-Cas9 genome editing has become an essential tool 
in iPSC-based disease modeling and therapeutic development. 
In Parkinson’s disease, for example, Soldner et al. (2011) used 
CRISPR to correct the A53T SNCA mutation in patient-derived 
iPSCs, creating isogenic lines for mechanistic studies (Soldner et al., 

2011). In a more recent study, Chang et al. (2021) used CRISPR 
to edit iPSCs from Parkinson’s patients carrying LRRK2 and 
PARK2 mutations. After correction, the neurons exhibited 
improved mitochondrial activity and more intact nuclear envelopes, 
underscoring how gene editing can sharpen the accuracy and 
usefulness of iPSC models in studying disease and exploring 
treatment strategies (Chang et al., 2021). Meanwhile, new AI 
and machine learning methodologies, such as automated colony 
morphology classification and differentiation outcome prediction, 
are being applied to enhance standardization, quality control, and 
reproducibility in iPSC manufacturing (Vedeneeva et al., 2023).

While many previous reviews have focused on specific technical 
aspects, such as reprogramming strategies, disease modeling, 
or immune modulation, few have brought together the latest 
clinical trials, manufacturing practices, safety data, and enabling 
technologies into a single, integrated analysis. In this review, we 
bring together the latest progress in iPSC-based therapies, with a 
focus on clinical applications, regulatory developments, and new 
enabling technologies. Our aim is to offer a useful and forward-
thinking resource for researchers, clinicians, and policymakers 
working to advance the safe translation of iPSC innovations into 
medical practice. 

2 Historical perspective and 
mechanistic foundations of iPSC 
technology

The ability to reprogram adult somatic cells into a pluripotent 
state build on decades of foundational work in developmental 
biology. In 1952, Briggs and King demonstrated that embryonic 
nuclei could support development when transferred into enucleated 
amphibian eggs, laying the groundwork for somatic cell nuclear 
transfer (SCNT) (Briggs and King, 1952). A decade later, Gurdon 
provided direct evidence of cellular plasticity by reprogramming 
differentiated intestinal epithelial cells to an embryonic state 
using SCNT (Gurdon, 1962).

These early discoveries paved the way for the derivation of 
embryonic stem cells (ESCs) from mouse blastocysts in 1981 
(Evans and Kaufman, 1981; Martin, 1981). And eventually led 
to the birth of Dolly the sheep in 1996, the first animal cloned 
from an adult somatic cell (Campbell et al., 1996; Wilmut et al., 
1997). In 1998, human ESCs were derived from blastocyst-
stage embryos (Thomson et al., 1998), but their use raised ethical and 
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immunological concerns that prompted the search for alternative 
pluripotent cell sources.

A major breakthrough came in 2006 when Takahashi and 
Yamanaka identified four transcription factors, OCT4, SOX2, KLF4, 
and c-MYC (OSKM), capable of reprogramming mouse fibroblasts 
into pluripotent cells (Takahashi and Yamanaka, 2006). This method 
was quickly adapted for human cells using retroviral and lentiviral 
systems, giving rise to induced pluripotent stem cells (iPSCs) 
that closely resemble ESCs in gene expression and differentiation 
potential, without the ethical limitations of embryo-derived cells 
(Takahashi et al., 2007; Park et al., 2008b; Scesa et al., 2021). Figure 1 
summarizes these pivotal milestones, tracing the evolution of 
reprogramming from early nuclear transfer experiments to the 
emergence of iPSC-based therapies now entering clinical trials.

Interestingly, early iPSC reprogramming strategies raised safety 
concerns due to the use of integrating viral vectors, which could 
disrupt host genomes and increase tumorigenic risk. This prompted 
the development of safer, non-integrating methods, including 
adenoviral vectors (Stadtfeld et al., 2008), episomal plasmids 
(Yu et al., 2009), synthetic mRNAs (Warren et al., 2010), and 
Sendai virus vectors (Fusaki et al., 2009) (Figure 2). The therapeutic 
potential of iPSCs was first demonstrated in a 2007 study that 
corrected a sickle cell mutation in a mouse model (Hanna et al., 
2007), establishing proof-of-concept for genetic repair using 
reprogrammed cells.

Mechanistically, reprogramming involves extensive 
transcriptional and epigenetic remodeling. It generally occurs in 
two phases: an early phase in which somatic identity is suppressed, 
and a late phase characterized by the stabilization of the pluripotency 
network (Buganim et al., 2013; Apostolou and Hochedlinger, 2013). 
Initially, chromatin is largely inaccessible to OSKM factors but 
gradually becomes more permissive as pluripotency genes are 
activated (Li et al., 2010; Soufi et al., 2012).

Epigenetic resetting is central to this process. Activating histone 
marks like H3K4me3 are enriched at pluripotency loci, while 
repressive marks such as H3K27me3 are reduced (Soufi et al., 
2012). SOX2 facilitates chromatin opening and demethylation (Zaret 
and Carroll, 2011), while TET enzymes, enhanced by vitamin C, 
promote DNA demethylation at key regulatory genes like OCT4
(Blaschke et al., 2013; Habibi et al., 2013). Chromatin remodelers, 
including the SWI/SNF complex, reposition nucleosomes to enable 
transcription factor binding (Zaret and Carroll, 2011; Ho et al., 
2009). Noncoding RNAs also contribute: long noncoding RNAs 
recruit chromatin modifiers (Loewer et al., 2010), and microRNAs 
like miR-302 and miR-145 regulate gene networks that govern 
pluripotency and differentiation (Kuppusamy et al., 2015). In 
parallel, signaling pathways such as BMP, Wnt, and TGF-β modulate 
transitions like the mesenchymal-to-epithelial transition (MET), 
which is essential for reprogramming success (Pasque et al., 2014).

Supplementary Table S1 provides a comparative summary of 
the major reprogramming approaches used to generate iPSCs. It 
outlines their integration profiles, efficiencies, timelines for colony 
emergence, key advantages, and limitations, helping contextualize 
each method in terms of safety and translational potential.

To address clinical safety concerns, non-integrating and 
chemically defined reprogramming systems have gained traction. 
Small molecules such as CHIR99021 (a GSK3β inhibitor) and 
valproic acid (a histone deacetylase inhibitor) have been shown to 

improve reprogramming efficiency by influencing metabolic activity 
and chromatin structure (Huangfu et al., 2008; Li et al., 2009). 
Researchers have used high-throughput screening and single-cell 
RNA sequencing to identify blocks in reprogramming and adjust 
experimental conditions CRISPR/Cas9 has been used to modify 
epigenetic regulators and increase consistency in reprogrammed cell 
populations (Kearns et al., 2015; Liu et al., 2016; Meng et al., 2020).

In parallel, bioengineering advances, including 3D organoids 
and biomimetic scaffolds, are creating more physiologically 
relevant environments for reprogramming and differentiation 
(Han et al., 2013; Caiazzo et al., 2016). Automation and robotics 
are also improving scalability and reproducibility in iPSC 
workflows (Paull et al., 2015; Tristan et al., 2020). Induced 
multipotent stem cells (iMSCs) have recently been developed 
as an alternative to traditional MSCs. They show broader 
differentiation capacity and a lower risk of tumor formation 
(Buitrago et al., 2024; Wu Z. et al., 2024).

As a result, iPSC-based strategies are now entering early clinical 
applications in several fields. Refinements in protocols and clearer 
regulatory guidance are making both autologous and allogeneic 
iPSC therapies more practical to deliver in clinical settings. 

3 Current iPSC-based therapies

With the continuous progress in clinical translation, iPSC-based 
therapies are now being actively explored across a range of diseases. 
The following sections highlight key therapeutic areas where iPSCs 
have shown the most clinically promising studies to date. 

3.1 Clinical applications of iPSC in AMD and 
retinal therapies

Ophthalmic applications of iPSCs have progressed significantly, 
with particular emphasis on retinal disorders such as age-related 
macular degeneration (AMD) (Tsai et al., 2015; Fields et al., 
2016). iPSCs can be differentiated into retinal pigment epithelium 
(RPE) cells and photoreceptors, 2 cell types that are critical 
for normal visual function (Garcia et al., 2015; Hazim et al., 
2017; Dehghan et al., 2022). In AMD, loss of RPE cells disrupts 
photoreceptor function and leads to vision loss (De et al., 2007; 
Zhang et al., 2021). Preclinical studies indicate that subretinal 
delivery of iPSC-derived RPE cells can protect or restore 
retinal function (Tokuyama et al., 2021).

Clinical translation has already begun. In Japan, autologous 
iPSC-derived RPE cells were transplanted into a patient with 
exudative AMD, and the graft remained stable without major 
complications (Mandai et al., 2017). More recently, Soma et al. 
(2024) showed that iPSC-derived corneal epithelium could also be 
engrafted safely in humans (Soma et al., 2024).

Donor-derived iPSCs are being investigated as an allogeneic, 
“off-the-shelf ” source of RPE cells, while photoreceptor replacement 
is under investigation for advanced retinal disease (Maeda and 
Takahashi, 2023).

For instance, transplanted human iPSC-derived photoreceptors, 
when placed into cone-dominant ground squirrels, survived for 
4 months but exhibited poor integration and no functional recovery 
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FIGURE 1
Key milestones in the development of induced pluripotent stem cells (iPSCs) technology and the different reprogramming methods. This figure 
outlines the key milestones in the development of induced pluripotent stem cell (iPSC) technology, starting with the early foundational nuclear 
reprogramming experiments, the groundbreaking discovery of reprogramming factors, and the current ongoing research that aims at improving the 
safety and clinical application of iPSCs. The timeline begins in 1952, when Briggs and King first demonstrated somatic cell nuclear transfer (SCNT) in 
amphibians, proving that embryonic nuclei retain the ability to direct development. This was further validated by John Gurdon, 1962, who successfully 
reprogrammed differentiated cells into an embryonic state, establishing the reversibility of cellular identity. The isolation of mouse embryonic stem 
cells (mESCs) in 1981 confirmed the existence of in vitro pluripotent cells, while the cloning of Dolly the sheep in 1996 demonstrated that somatic cells 
 (Continued)
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FIGURE 1 (Continued)
could be reprogrammed despite epigenetic modifications. The discovery of human embryonic stem cells (hESCs) in 1998 paved the way for 
regenerative medicine but raised ethical concerns, driving efforts to develop alternative sources of patient-specific pluripotent cells. In 2006, 
Takahashi and Yamanaka identified four transcription factors (OSKM) capable of reprogramming mouse fibroblasts into iPSCs, a breakthrough 
extended to human cells in 2007. That same year, Jaenisch and Hanna developed the first iPSC-based preclinical disease model, demonstrating 
gene correction in sickle cell anemia. Subsequent research focused on improving iPSC safety and efficiency by replacing viral vectors with 
non-integrating methods, including adenoviral vectors (2008), plasmid-based transfection, direct protein/mRNA delivery, and chemical 
reprogramming. More recently, CRISPR-Cas9 technology has further enhanced precise genetic correction, while advances in bioengineered tissues 
and organoids have demonstrated the potential of iPSCs for generating functional tissues for transplantation. Figure generated using BioRender.
com.

FIGURE 2
Generation of human induced pluripotent stem cells (iPSCs) from neonatal human dermal fibroblasts using Sendai reprogramming vectors. (A) iPSC 
colonies emerging within the fibroblast culture at day 16 post-reprogramming from human neonatal dermal fibroblasts (HDFn), displaying distinct 
morphology with tightly packed cells and defined borders. (B) Isolated iPSC colony at passage 2, exhibiting characteristic pluripotent stem cell 
morphology and colony structure. IPSCs were generated in the laboratory of Prof. Abdulrahim Sajini at Khalifa University of Science and Technology. 
These images were generated in-house by the authors and have not been previously published. Images were captured using an EVOS microscope with 
a ×4 objective lens. Scale bar = 100 µm.

(Yu et al., 2024). In Pde6b knockout rats, grafts survived longer, 
maintained visual responses, and showed no abnormal growth 
(Yang et al., 2021). Zhao et al. (2024) used chemically induced 
pluripotent stem cells (CiPSCs) in mice and achieved retinal 
integration and some functional rescue (Zhao et al., 2024).

Ensuring long-term safety is still a central challenge. GMP-grade 
iPSC-derived RPE cells did not form tumors in immunodeficient 
rodents, but abnormal proliferation is still possible (Zhang et al., 
2021). CRISPR-modified MHC-II-deficient RPE cells survived in 
non-human primates without signs of inflammation (Ishida et al., 
2024). Other editing strategies are being developed to remove 
oncogenic sequences and improve safety (Martin et al., 2020).

Clinical trials are now testing whether iPSC-derived RPE and 
photoreceptor grafts can provide lasting functional recovery in 
AMD and other retinal diseases (Liu et al., 2024). 

3.2 Clinical applications of iPSC in 
neurodegenerative diseases treatment

Beyond ophthalmology, patient-derived iPSCs are increasingly 
applied to model neurodegenerative diseases such as Parkinson’s 
disease and ALS (Soldner et al., 2009; Fujimori et al., 2018). 
These models enable the study of disease mechanisms in a patient-
specific setting and provide platforms for testing therapeutic 

strategies. Neurons generated from patient iPSCs have been used 
to reproduce disease phenotypes in vitro and to evaluate candidate 
interventions (Antoniou et al., 2022).

Parkinson’s disease has received particular attention. This 
disorder is defined by the progressive loss of dopaminergic neurons 
in the substantia nigra, which results in motor decline. Patient-
derived iPSCs can be differentiated into dopaminergic neurons. 
These cells allow researchers to investigate disease mechanisms 
and explore cell replacement therapies (Doi et al., 2020). In 
preclinical models, transplantation of these neurons has restored 
dopamine levels and improved motor symptoms (Song et al., 2020; 
Morizane, 2023). Building on these findings, clinical studies are 
ongoing to examine the safety and potential efficacy of iPSC-
based therapies in patients (Sugai et al., 2021). One notable 
case report described clinical improvement within 18–24 months 
following autologous transplantation of iPSC-derived dopaminergic 
progenitors (Schweitzer et al., 2020). 

3.3 iPSC-derived immune cells for cancer 
therapy

iPSC technology has enabled large-scale production of immune 
cells, opening new avenues for cancer immunotherapy (Zhou et al., 
2022). NK cells derived from iPSCs are particularly valuable because 
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they can eliminate malignant cells without prior sensitization. When 
engineered with chimeric antigen receptors (CARs), these NK cells 
acquire enhanced specificity and cytotoxicity toward tumor cells 
(Li et al., 2018). A prominent example is FT596, an allogeneic 
CAR-NK product generated from iPSCs, which has advanced into 
clinical trials in the United States. This therapy incorporates an 
anti-CD19 CAR to improve the persistence and activity of NK cells 
in vivo (Ghobadi et al., 2025).

iPSC-derived T cells are also under investigation for adoptive 
immunotherapy. These cells can be engineered to carry tumor-
specific receptors, enabling selective targeting of cancer cells 
(Themeli et al., 2013). Studies have demonstrated that iPSC-derived 
T cells display strong anti-tumor activity and sustained survival 
in vivo (Kawamoto et al., 2021; Cichocki et al., 2023). More 
recently, a feeder-free approach that inhibits G9a/GLP histone 
methyltransferases has been developed, yielding populations that 
closely resemble mature αβ T cells (Jing et al., 2024).

In addition, dendritic cells (DCs) generated from iPSCs are 
being explored for cancer vaccination. By loading these DCs 
with tumor antigens, they can be used to prime the immune 
system against specific malignancies (Mellman and Steinman, 
2001; Calmeiro et al., 2020; Oba et al., 2021). Preclinical studies 
have shown that iPSC-derived DCs can trigger robust tumor-
specific immune responses, demonstrating their potential as 
personalized immunotherapy strategy (Ackermann et al., 2020; 
Calmeiro et al., 2020; Oba et al., 2021).

Despite these advances, translation of iPSC-derived immune 
cells into the clinic continues to face challenges, including genomic 
instability, the potential for tumor formation, and variability in 
differentiation outcomes (Madrid et al., 2024). Addressing these 
concerns requires refinement of reprogramming and differentiation 
methods alongside the introduction of strict quality control 
standards to ensure clinical safety (Utikal et al., 2009; He et al., 2023). 
Ongoing efforts aim to resolve these limitations and advance their 
clinical use (Fang et al., 2025). 

3.4 IPSC-derived cardiomyocyte sheets for 
treatment of heart failure

iPSC-derived cardiomyocytes are being investigated for 
cardiac repair (Kawamura et al., 2023). Shiba et al. (2016) 
were among the first to show that transplanting iPSC-derived 
cardiomyocyte patches into primates could support myocardial 
regeneration, although transient arrhythmias were noted in 
some animals (Shiba et al., 2016).

Miyagawa et al. (2022) later used clinical-grade, HLA-
homozygous hiPSC-derived cardiomyocytes in a porcine model 
and observed improved cardiac function and angiogenesis, with no 
evidence of tumors, genetic abnormalities, or arrhythmias. A study 
by Jebran et al. (2025) involved transplanting engineered heart 
muscle composed of iPSC-derived cardiomyocytes and stromal 
cells into rhesus macaques with chronic heart failure. The grafts 
improved contractility and remained stable for several months, 
without evidence of arrhythmias or tumor formation. These findings 
supported a first-in-human implantation, which demonstrated graft 
survival and structural remuscularization in a patient with advanced 
heart failure (Jebran et al., 2025).

Early clinical trials have now begun evaluating cardiomyocyte 
sheets in patients (Kawamura et al., 2023). In one case, a patient with 
ischemic cardiomyopathy received an iPSC-derived cardiomyocyte 
patch and showed improved cardiac function 6 months after 
surgery, with no major complications (Miyagawa et al., 2022). 
Still, several challenges remain, particularly achieving long-term 
cell survival, stable electrical integration, and scalable, consistent 
production. Current efforts aim to improve cell maturation, reduce 
arrhythmogenic risk, and refine GMP-compliant manufacturing 
protocols (Silver et al., 2021; Jiang et al., 2024; Raniga et al., 2024).

An overview of clinical trials involving iPSC-based therapies 
across multiple indications is provided in Table 1.

4 Regulatory considerations for the 
clinical translation of iPSC-based 
therapies

As iPSC therapies near clinical use, differences in regulatory 
systems across regions present key challenges. This section 
highlights major pathways, including IND and IMPD processes, 
GMP standards, approved case examples, and steps toward 
international alignment. 

4.1 Regional regulatory frameworks: FDA, 
EMA, and PMDA

In the United States, the FDA regulates most iPSC-derived 
products as 351 HCT/Ps under the Public Health Service Act 
when they are more than minimally manipulated or used for 
non-homologous purposes (U.S. Food and Drug Administration, 
2020). These products are classified as biologics and require 
an Investigational New Drug (IND) application before clinical 
use (U.S. Food and Drug Administration, 2007). While early-
stage trials do not require a separate manufacturing license, 
detailed chemistry, manufacturing, and control (CMC) information 
is essential. The FDA supports accelerated approval through 
programs like The RMAT designation applies to therapies intended 
for serious conditions and includes requirements for post-
marketing safety measures, such as Risk Evaluation and Mitigation 
Strategies (REMS) (Hirai et al., 2023).

In the European Union (EU), iPSC-based therapies are 
regulated by the EMA as Advanced Therapy Medicinal Products 
(ATMPs) under Regulation EC No. 1394/2007. Their approval 
must go through the centralized procedure, and clinical trials 
require authorization under the Clinical Trials Regulation (CTR 
536/2014) (Madrid et al., 2024).

EMA guidelines enforce ATMP-specific Good Manufacturing 
Practices (GMP) and require extensive data on tumorigenicity, 
immunogenicity, and long-term safety. Ethical standards are strict, 
with bans on the use of embryonic material and mandatory 
informed donor consent. Post-marketing safety is tracked through 
Risk Management Plans (RMPs) and EudraVigilance (Martins and 
Ribeiro, 2025).

Japan follows a hybrid regulatory approach through the 
Pharmaceuticals and Medical Devices Agency (PMDA). iPSC 
therapies fall under the PMD Act and the Act on the Safety of 
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Regenerative Medicine (ASRM). Japan allows clinical trials to begin 
through prior notification, which streamlines early-phase studies 
(Azuma and Yamanaka, 2016). A unique feature is the conditional 
and time-limited approval system, which permits product use 
before full efficacy data is available, with extended post-marketing 
monitoring for up to 7 years (Song S. J. et al., 2024). Japan also limits 
clinical germline editing for reproductive purposes while permitting 
it for research purposes (Ishii, 2015; Ishii, 2017).

While each agency has its own priorities, all three participate 
in ongoing Although regulatory agencies differ in focus, they 
are involved in joint efforts to align standards. Examples 
include the FDA–EMA Parallel Scientific Advice (PSA) program 
and collaboration through the International Council for 
Harmonisation (ICH) (Thor et al., 2023). 

4.2 IND and IMPD application pathways

The IND (FDA) and IMPD (EMA) submission formats share 
core requirements but differ in implementation. Both require 
comprehensive documentation on the cell source, reprogramming 
and differentiation protocols, and assays for identity, purity, and 
potency (Hirai et al., 2023). In the EU, clinical-grade manufacturing 
facilities must already be GMP-certified at the trial stage, while in the 
U.S., quality oversight is integrated into the IND process without a 
separate facility license (Hirai et al., 2023). Post-trial safety planning 
also differs: the U.S. uses REMS, while the EU mandates an RMP 
(Hirai et al., 2023). Japan follows similar technical requirements 
but allows earlier trial entry via simplified notification-based 
submissions (Anklam et al., 2022; Hirai et al., 2023; Su et al., 2024).

Figure 3 illustrates how these regulatory differences guide the 
selection of reprogramming methods based on clinical application, 
safety, efficiency, and scalability.

4.3 Regional GMP requirements

Regulatory standards for iPSC therapy manufacturing are 
still developing and vary between regions. In Europe, particular 
emphasis is placed on aseptic processing, batch-to-batch 
consistency, and complete traceability, especially important due 
to the absence of terminal sterilization option (Martins and Ribeiro, 
2025). The FDA places growing emphasis on in-process controls, 
raw material standards, and comparability between manufacturing 
runs, particularly in xeno-free, feeder-free systems (Anklam et al., 
2022; Hirai et al., 2023). Japan’s regulatory framework is guided by 
a risk-based philosophy, placing strong importance on tracking the 
full history of each cell line, confirming the reliability of master 
cell banks, and monitoring essential quality features throughout 
production (Azuma and Yamanaka, 2016). Though the specifics 
vary by region, the overarching focus remains the same: producing 
safe, consistent therapies and preventing tumor-related risks. 

4.4 Case studies of regulatory approvals

A number of early clinical trials show how iPSC-based therapies 
are starting to enter real-world treatment pathways. In Japan, 

the Kyoto Trial involved transplanting iPSC-derived dopaminergic 
progenitors from healthy donors into Parkinson’s patients. Approved 
conditionally by the PMDA, the trial showed improved motor 
function with no evidence of tumor formation (Sawamoto et al., 
2025; Takahashi et al., 2025). In a similar effort, the RIKEN 
trial used autologous iPSC-derived RPE sheets to treat macular 
degeneration, reporting no serious side effects during long-term 
follow-up (Mandai et al., 2017).

In the U.S., Fate Therapeutics received IND clearance and RMAT 
designation for iPSC-derived NK (FT500) and CAR-T (FT819) 
therapies, supporting early entry into trials for solid tumors and 
autoimmune disease (Fate Therapeutics, 2019; Hong et al., 2020; 
Fate Therapeutics, 2025). Gameto’s Fertilo, an iPSC-derived ovarian 
support cell therapy, became the first iPSC product to enter Phase 
III trials in the U.S. (Bruna et al., 2025).

In Europe, while no iPSC-based product has received 
full marketing approval, several trials are progressing under 
EMA oversight (Song S. J. et al., 2024). EBiSC and HipSci 
provide GMP-grade iPSC lines under defined protocols 
(Kim et al., 2019; Mah et al., 2023). In 2025, OpCT-001, 
an iPSC-derived photoreceptor therapy for retinal disease, 
received Fast Track status from the FDA (HPSC, 2024). 
Additionally, XellSmart Biomedical launched iPSC-based neural 
progenitor trials for ALS and Parkinson’s disease in both the 
U.S. and Asia following FDA IND clearance (Svendsen and 
Svendsen, 2024; XellSmart Biomedical Co, 2025). 

4.5 International harmonization and ICH 
guidelines

Although no ICH guideline is specific to iPSC therapies, 
regulators apply modified versions of existing frameworks, including 
ICH Q5D (cell substrates), S6 (R1) (preclinical safety), E6 (R2) 
(Good Clinical Practice), and Q12 (product lifecycle management) 
(MC, 2023; Soares and Ribeiro, 2024). Interpretation and 
implementation vary by region, contributing to differences in safety 
and quality expectations (Hirai et al., 2023; Selfa Aspiroz et al., 2025).

Several international organizations, including ISSCR, ISCT, and 
GAiT, are working to define standardized criteria for assessing 
potency, tumor risk, and genomic integrity in iPSC-based products 
(Sullivan et al., 2020; Turner, 2021; Song H. W. et al., 2024). Tools 
like gastruloids are also being evaluated for use in reproductive 
toxicity testing under ICH S5 (R3) (S, 2021). Japan’s alignment 
with ICH principles and participation in regulatory dialogues is 
further accelerating convergence (N., 2003; Medical, 2025). As more 
clinical data becomes available, dedicated ICH guidance for iPSC-
based products is expected to emerge, supporting safer and more 
streamlined global development. 

5 Autologous and allogeneic iPSCs 
therapies

iPSC-based treatments use either cells from the patient or from 
unrelated donor’s therapies (Abraham et al., 2018; Cerneckis et al., 
2024). This choice affects both manufacturing and immune 
compatibility (Cerneckis et al., 2024). 
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FIGURE 3
Decision-making process for selecting iPSC reprogramming strategies for clinical translation. Shown here are the key decision points involved in 
selecting the appropriate iPSC reprogramming method for clinical use. The flowchart starts with the intended application, research or therapy, and 
walks through practical considerations like integration risk, efficiency needs, scalability, and regulatory compliance. Methods such as Sendai virus, 
episomal vectors, and synthetic mRNA are emphasized for their current use in GMP-compliant workflows. Asterisks (∗) indicate alignment with current 
regulatory guidance from the FDA, EMA, and PMDA, as discussed in this review. Final method selection should take into account clinical indication, 
integration safety, manufacturing feasibility, and region-specific regulatory requirements. Figure generated using BioRender.com.
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FIGURE 4
Autologous vs allogeneic iPSCs-based therapy. Autologous and allogeneic iPSC-based therapies offer distinct approaches to regenerative medicine. In 
autologous therapy (A) iPSCs are derived from a patient’s own somatic cells, differentiated into therapeutic cell types, and transplanted back into the 
same individual, reducing the risk of immune rejection. However, in allogeneic therapy (B) iPSCs are generated from a donor, differentiated, and 
transplanted into another patient, allowing for off-the-shelf treatments but potentially requiring immunosuppression. These therapies hold promise for 
treating many diseases, including age-related macular degeneration (AMD), neurodegenerative diseases, cancer, and cardiovascular diseases. Figure 
generated using BioRender.com.

5.1 Autologous iPSC therapies

Autologous approaches involve reprogramming a patient’s 
own somatic cells into iPSCs, followed by differentiation into 
the required cell type for transplantation (Scheiner et al., 
2014; Mandai et al., 2017; Sugimoto et al., 2022) (Figure 4A). 
A key advantage is immune compatibility: since the 
cells originate from the patient, they are unlikely to be 
rejected and do not cause graft-versus-host disease (GvHD) 
(Morizane et al., 2013). Long-term immunosuppression is generally 
not needed (Cerneckis et al., 2024).

Parkinson’s disease is among the most studied targets for 
autologous iPSC-based therapy. Patient-derived dopaminergic 
neurons are being developed to replace lost cells and restore 
motor function (Hallett et al., 2015). While this approach 

reduces immune risk, it is time-consuming and technically 
demanding (Morizane et al., 2013; Madrid et al., 2021). The 
time required for reprogramming and differentiation, often 
several months, makes autologous iPSC therapies unsuitable 
for acute conditions like stroke or myocardial infarction 
(Fujimori et al., 2017; Madrid et al., 2021; Yan et al., 2024). 
Because each product is patient-specific, the process is labour-
intensive and expensive, and results can vary from one batch 
to another (Cha et al., 2023).

Genetic defects present in the patient’s cells may also carry 
over into the iPSC-derived cells, which could compromise the 
intended therapeutic effect (Liang et al., 2020; Wang et al., 
2020; Cerneckis et al., 2024). In such cases, genetic screening 
and correction, when feasible, may be needed prior to 
transplantation (Madrid et al., 2021). 
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5.2 Allogeneic iPSC therapies

Allogeneic approaches rely on iPSC lines derived from healthy 
donors (McKenna and Perlingeiro, 2023) (Figure 4B). These cell 
lines can be expanded and banked in advance, allowing off-the-
shelf use. A shared source also simplifies manufacturing and reduces 
production costs by eliminating the need to generate patient-
specific lines.

A major limitation is immune compatibility. Since donor cells 
are not matched to the recipient, they may be recognized as 
foreign and rejected (Sasaki et al., 2015). To prevent this, patients 
typically require immunosuppressive therapy required (McKenna 
and Perlingeiro, 2023). Extended use increases the risk of infection 
and may lead to metabolic or cardiovascular side effects (McKenna 
and Perlingeiro, 2023).

One strategy to reduce rejection involves using iPSC lines 
from donors with common HLA haplotypes, allowing partial 
matching across broader patient groups. For example, a 100-
line HLA-matched iPSC bank could cover an estimated 78% of 
European Americans, 52% of Hispanics, and 45% of African 
Americans (Garreta et al., 2018). Although this approach improves 
compatibility, short-term immunosuppression may still be required, 
particularly for transplants in immune-privileged sites such as the 
brain or eye (Taylor et al., 2012).

Figure 5 highlights key differences between autologous 
and allogeneic iPSC-based therapies and summarizes factors 
contributing to immune rejection in clinical settings.

6 HLA matched iPSCs banks

To further address the issue of immune rejection, researchers 
have established HLA-matched iPSC banks to provide readily 
available iPSC-derived cells that are genetically compatible with a 
wide portion of the population (Bradley et al., 2002; Taylor et al., 
2011). These banks consist of iPSC lines derived from carefully 
selected donors who are homozygous for common HLA haplotypes, 
which increases the likelihood of finding suitable matches for 
recipients and reduces the need for immunosuppressive therapy One 
study showed that a haplobank containing 150 iPSC lines from HLA-
homozygous donors could provide a suitable match for up to 93% 
of the UK population, highlighting the potential of this approach to 
improve accessibility and reduce immunogenicity in allogeneic iPSC 
therapies (Taylor et al., 2012).

Growing HLA-matched iPSC banks around the world could 
make iPSC therapies more useful in the clinic by improving 
immune compatibility for a wider range of patients. Over time, 
these haplobanks may form the backbone of future regenerative 
treatments (Taylor et al., 2012). 

7 Challenges for the clinical 
application of iPSC-based therapies

Although iPSC-based therapies are advancing, several key 
barriers still limit their clinical use. Key among these are concerns 
about genomic stability, tumor risk, residual epigenetic memory, 
manufacturing scalability, quality assurance, cost, and production 

timelines; factors that must be addressed before these therapies can 
be widely implemented (Wei et al., 2024). 

7.1 Safety concerns

7.1.1 Genetic instability and tumorigenicity
Reprogramming somatic cells into iPSCs and expanding them 

in culture can lead to the emergence of genetic and chromosomal 
abnormalities. These changes are frequently linked to incomplete 
epigenetic reconfiguration during the acquisition of pluripotency 
and continue to remain a significant obstacle to moving iPSCs into 
routine clinical use (Rowe and Daley, 2019). In a clinical trial for 
age-related macular degeneration, genetic abnormalities were found 
in both the reprogrammed iPSCs and the derived retinal pigment 
epithelial cells, leading investigators to withdraw a second patient 
from the study (Mandai et al., 2017).

Repeated passaging of iPSCs can increase the accumulation 
of mutations, some of which may persist in the differentiated 
progeny. In recent years, researchers have uncovered a number 
of genetic red flags in iPSCs that raise important safety concerns 
(Kim et al., 2017; Merkle et al., 2017). For example, mutations in 
well-known cancer-associated genes like TP53 have been detected 
through exome sequencing in some iPSC lines, echoing similar 
findings reported in mesenchymal stem cells (Kim et al., 2017; 
Merkle et al., 2017). To reduce the risk of tumor formation, it 
is critical that iPSCs are fully differentiated before transplantation 
(Liu et al., 2013). Even low numbers of undifferentiated iPSCs have 
been shown to form teratomas in vivo, highlighting the importance 
of complete differentiation and sensitive detection prior to clinical 
use (Gutierrez-Aranda et al., 2010; Gropp et al., 2012).

Various methods have been tested to eliminate residual 
undifferentiated iPSCs, including magnetic bead sorting, flow 
cytometry, and the use of small molecules that selectively target 
pluripotent cells (Doss and Sachinidis, 2019). More recently, label-
free microfluidic approaches based on differences in cell size and 
mechanical properties have been used to deplete OCT4-positive 
cells while preserving viability, offering a scalable alternative for 
clinical workflows (Nguyen et al., 2024). While these strategies have 
shown potential, results have been inconsistent across settings, and 
reproducibility remains a challenge. There is still a need for more 
sensitive and reliable assays to detect rare undifferentiated cells and 
evaluate tumorigenic risk with sufficient precision.

In addition to risks posed by residual undifferentiated cells, 
chromosomal instability remains one of the key obstacles in 
advancing iPSC-based therapies toward clinical use. Certain 
chromosomes, notably 1, 12, 17, and 20, are especially prone to 
acquiring recurrent mutations over time in culture (Laurent et al., 
2011). In culture, certain mutations may offer a growth advantage, 
allowing affected clones to gradually dominate the population. Such 
clonal drift contributes to variable differentiation outcomes and 
inter-line inconsistencies (Moy et al., 2023). These disruptions 
are further amplified by the cumulative stress imposed by 
reprogramming and extended passaging. Genomic integrity may be 
further compromised by oxidative stress encountered during early 
reprogramming or expansion phases, and the inclusion of oncogenes 
like c-MYC in certain protocols has been shown to elevate this risk 
(Turinetto et al., 2017). Such alterations reduce consistency and raise 
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FIGURE 5
Immune Rejection challenges in iPSC-based therapies. This schematic compares the clinical workflow and immune compatibility of autologous 
(patient-derived) and allogeneic (donor-derived) induced pluripotent stem cell (iPSC) therapies. Autologous iPSCs are generated from the patient’s own 
somatic cells, minimizing the risk of immune rejection. In contrast, allogeneic iPSCs are derived from unrelated donors and may trigger immune 
responses, requiring immunosuppression. The bottom panel highlights key immune rejection factors: (1) expression of immunogenic markers on 
undifferentiated cells, (2) activation of T-cell-mediated immune attack due to mismatched MHC molecules, and (3) variable immunogenicity across 
different iPSC-derived cell types. Strategies such as immune-evasive engineering or use of HLA-matched iPSC banks aim to reduce these barriers and 
enhance the safety of allogeneic therapies. Figure generated using BioRender.com.

important safety concerns for sustained therapeutic use. These issues 
are summarized in Figure 6, which illustrates the major genetic and 
epigenetic barriers currently limiting iPSC-based therapies.

7.1.2 Epigenetic memory and immune rejection
Although iPSCs derived from a patient’s own cells are often 

expected to avoid immune rejection, this is not always the case. In some 
instances, incomplete reprogramming or the abnormal expression 
of immunogenic proteins can still trigger immune responses after 

transplantation (Moquin-Beaudry et al., 2022; Chehelgerdi et al., 
2023). These findings highlight the need to carefully evaluate 
the genetic and immunological properties of iPSC lines before 
they are used clinically. 

Even with immune compatibility in place, additional biological 
hurdles remain. Transplanted cells must not only survive but 
also establish stable, functional connections with host tissues and 
complete their maturation into the appropriate cell type. Ensuring 
this happens reliably depends on the quality of differentiation 
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FIGURE 6
Epigenetic and Genetic Barriers to iPSC-Derived Therapies in Regenerative Medicine. Six major limitations affect the clinical translation of induced 
pluripotent stem cells (iPSCs): (1) epigenetic reprogramming errors that can introduce mutations, (2) cancer-related gene mutations such as TP53 
arising during or after reprogramming, (3) chromosomal abnormalities including recurrent alterations in chromosomes 1, 12, 17, and 20, (4) risk of 
tumor formation from undifferentiated or partially differentiated iPSCs, (5) reproducibility issues across different batches, and (6) limitations in detection 
methods, where karyotyping may miss small changes detectable by whole-genome sequencing (WGS). These challenges emphasize the importance of 
rigorous genetic and epigenetic screening in clinical-grade iPSC production. Figure generated using BioRender.com.

protocols and the effectiveness of engraftment techniques 
(Fang et al., 2020). At the same time, broader ethical considerations, 
including informed consent, data privacy, and equitable access, 
remain central to the responsible advancement of iPSC-based 
therapies (Orzechowski et al., 2021; Chehelgerdi et al., 2023).

Preclinical studies have also raised important questions about 
the immunogenicity of autologous iPSCs. For example, Zhao et al. 
(2015) found that undifferentiated iPSCs elicited an immune 
response in humanized mice, likely due to atypical expression of 
embryonic or stress-related antigens (Zhao et al., 2015). Even in 
allogeneic settings, matching donor and recipient HLA profiles 
reduces, but does not eliminate, the risk of immune rejection. 
One explanation lies in minor histocompatibility antigens (miHAs): 
peptide fragments derived from intracellular proteins that vary 
among individuals and can provoke a T cell response even in 

HLA-matched transplants (Taylor et al., 2012). These peptides may 
become more prominently expressed during differentiation, further 
increasing the risk.

To address these challenges, several groups have proposed 
creating iPSC banks from HLA-homozygous donors. Based on 
population modeling, a collection of around 150 lines could match 
over 90% of individuals in the UK (Taylor et al., 2012) Still, even 
with optimal HLA matching, miHA mismatches can remain a 
problem. In such cases, short-term immunosuppression may still 
be necessary, highlighting the limitations of HLA matching as a 
stand-alone strategy.

Building on this, researchers are turning to immune 
engineering. Deuse et al. (2019) developed iPSCs with deleted MHC 
class I and II genes and overexpression of CD47, which allowed 
them to evade immune detection in fully immunocompetent mice 
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(Deuse et al., 2019). In a complementary strategy, Tsuneyoshi et al. 
(2024) engineered human iPSCs to express key immune-
modulatory proteins, HLA-G, PD-L1, and PD-L2, resulting in 
effective suppression of both T cell and NK cell responses. Taken 
together, such immune (Tsuneyoshi et al., 2024). Taken together, 
such immune engineering approaches, when combined with HLA-
matching strategies, could help pave the way toward more broadly 
compatible and clinically viable iPSC-based therapies.

In addition to genetic engineering of classical immune markers, 
other approaches are being investigated to promote tolerance. 
Molecules such as PD-L1, indoleamine 2,3-dioxygenase (IDO), 
and galectin-1 have been shown to suppress T cell activation and 
shift immune responses toward tolerance (Perillo et al., 1995; 
Riella et al., 2011; Cedeno-Laurent et al., 2012; Murata et al., 
2020; Tsuneyoshi et al., 2024). When used in combination 
with temporary immunosuppressive regimens or tolerance-
induction protocols, these strategies may help further minimiz e 
rejection risk (Murata et al., 2020).

Another factor that may complicate iPSC behavior is epigenetic 
memory. Ideally, the reprogramming process should erase the donor 
cell’s original epigenetic landscape, including DNA methylation, 
histone modifications, and regulatory RNAs, and replace it with 
a pluripotent identity. In reality, this reset is often incomplete 
(Pellegrini et al., 2022). Residual epigenetic features from the 
donor cell type can bias iPSCs toward their original lineage 
(Pellegrini et al., 2022). For instance, iPSCs generated from 
pancreatic β-cells, often retain a tendency to differentiate back 
into insulin-producing cells (Pellegrini et al., 2022). While this 
can be useful in certain therapeutic settings, such lineage bias 
may also introduce variability that complicates standardization 
and raises concerns about safety. To improve the consistency 
and clinical reliability of iPSC-based therapies, it’s important to 
better understand how residual epigenetic memory influences 
differentiation behavior (Lister et al., 2011; Pellegrini et al., 2022). 

7.2 Scalability and quality control

Scaling iPSC production for clinical use remains difficult. 
Standard 2D cultures, though useful for research, are labor-intensive 
and poorly suited for consistent, large-scale manufacturing. 
As a result, there is growing interest in suspension-based 
cultures and bioreactors, which enable higher cell yields 
and offer greater control over growth conditions (Cuesta-
Gomez et al., 2023; Yehya et al., 2024).

What makes this more challenging is the sensitivity of iPSCs 
to even small changes in culture conditions. Maintaining uniform 
pluripotency and genetic stability across large batches is difficult. 
Variants can emerge during expansion, some minor, others more 
significant, compromising both safety and function (Liang and 
Zhang, 2013; Andrews et al., 2017; Yang et al., 2024). The persistence 
of undifferentiated cells, unintended lineage specification, and 
chromosomal abnormalities can all increase the risk of tumor 
formation, making stringent quality control essential (Liang et al., 
2013; Takei et al., 2020; Zhong et al., 2022).

Bioreactor and 3D suspension platforms have improved 
scalability and reduced batch-to-batch variation (Cuesta-
Gomez et al., 2023). Still achieving uniform quality across various 

iPSC production systems remains challenging (Mamaeva et al., 
2022). However, tools such as single-cell transcriptomics, live-
cell imaging, and high-throughput screening have significantly 
advanced real-time tracking of differentiation processes and 
genomic stability (Huang et al., 2017; Wu et al., 2022; 
Nourreddine et al., 2024). Yet, no unified global criteria exist for 
what qualifies as a clinically acceptable iPSC product, an ongoing 
challenge for both regulatory alignment and broader clinical 
implementation (Song S. J. et al., 2024).

Alongside scale-up challenges, iPSC manufacturing for 
therapeutic use must also meet the specific GMP regulations 
set by each region. In the United States, the Food and Drug 
Administration (FDA) regulates iPSC-based therapies as human 
cells, tissues, and cellular and tissue-based products (HCT/Ps), 
under 21 CFR Parts 210, 211, and 1,271. This includes donor 
screening, validated processes, product testing, and submission 
of safety data before Investigational New Drug (IND) approval 
is granted (Jha et al., 2021).

In Europe, the EMA designates iPSC therapies as Advanced 
Therapy Medicinal Products (ATMPs), subject to centralized review, 
detailed traceability, and compliance with EU GMP guidelines, 
including Annexes 2 and 13 (De Sousa et al., 2017b).

Japan has adopted a more flexible framework. In 2014, the 
PMDA introduced a conditional, time-limited approval system that 
allows regenerative therapies, including iPSC-based products, to 
enter clinical use based on early-phase safety and efficacy data, with 
continued post-market surveillance (Sipp et al., 2018).

These regulatory differences not only affect the speed and cost 
of clinical translation but also complicate global standardization and 
equitable access to iPSC-based therapies. 

7.3 Cost and time constraints

Developing iPSC-based therapies is both time-consuming 
and expensive (Madrid et al., 2021; McKenna and Perlingeiro, 
2023). The generation of a patient-specific iPSC line under Good 
Manufacturing Practice (GMP) conditions can take several months 
and cost more than $100,000 (Jha et al., 2021; Madrid et al., 
2024). This estimated cost includes donor eligibility testing, 
reprogramming using non-integrating GMP-grade vectors, 
establishment of a master cell bank, and comprehensive release 
testing for sterility, identity, karyotypic stability, and pluripotency 
markers under current GMP standards (McKenna and Perlingeiro, 
2023). It also accounts for documentation, facility overhead, and 
regulatory compliance.

In addition to these baseline expenses, the overall cost differs 
depending on the application. Autologous iPSC lines made for 
individual patients require custom production, which is more 
expensive than shared allogeneic lines. Drug screening and disease 
modeling are less demanding, since they do not require GMP 
conditions. In Japan, centralized production and access to HLA 
haplobanks help keep costs lower. In the United States and 
Europe, production is less centralized, and regulatory processes 
are more rigid. This, along with patient-specific workflows, makes 
manufacturing slower and more expensive (Jha et al., 2021; 
Madrid et al., 2024). This does not include the time and resources 
needed for differentiation and quality testing (McKenna and 
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Perlingeiro, 2023). Autologous iPSC therapy is not suitable for acute 
conditions like stroke or myocardial infarction. Cost, infrastructure, 
and regulation remain obstacles to clinical use (Madrid et al., 2024). 

7.4 Accessibility and equity in iPSC 
therapies

A key ethical concern in iPSC-based therapy is how access will 
be handled. Generating clinical-grade lines is costly, technically 
demanding, and requires trained staff and facilities that are not 
available in all settings. These factors make it difficult to scale 
the technology in a way that benefits all patient populations 
equally, potentially worsening existing disparities in healthcare 
access (Zheng, 2016; Volarevic et al., 2018; Moradi et al., 2019).

Efforts are underway to address this gap. Efforts are underway 
to improve how iPSC-based therapies are produced at scale and to 
make manufacturing more cost-effective, with support from public 
and non-profit sectors (Huang et al., 2019).

Recent techno-economic studies suggest that automation and 
scalable manufacturing platforms could reduce labor costs and 
improve reproducibility, helping expand access in the long term 
(Nießing et al., 2021; Kuebler et al., 2023). At the same time, 
regulatory and policy discussions have focused on how to ensure 
fair access and avoid restricting these therapies to only those with 
financial or institutional advantage (Isasi and Knoppers, 2011).

For instance, the European Bank for induced pluripotent Stem 
Cells (EBiSC) is a non-profit repository that provides researchers 
with access to a wide range of iPSC lines, promoting equitable 
availability of these resources (De Sousa et al., 2017a; De Sousa et al., 
2017b; Huang et al., 2019; Steeg et al., 2020; Mah et al., 2023). 

7.5 Ethical considerations of HLA banks 
and gene editing technologies

Using human iPSCs in the clinic brings a number of 
ethical concerns to light, especially when it comes to informed 
consent, protecting personal genetic information, and ensuring 
treatments are fairly accessible. Although HLA-matched iPSC 
banks make allogeneic therapies more practical, they also 
demand careful handling of donor privacy and data protection. 
Donors must be fully informed not only about somatic cell 
reprogramming but also the potential long-term use, sharing, 
and modification of their iPSC lines in clinical and research 
settings (Lowenthal et al., 2012; McCaughey et al., 2016). The 
risk of reidentification from genomic data further underscores the 
importance of compliance with international privacy regulations 
such as GDPR and HIPAA.

Gene-editing tools like CRISPR-Cas9, while promising for 
correcting mutations in iPSCs, raise concerns about unintended 
edits, long-term effects, and misuse. Although iPSCs are not used for 
germline editing, the He Jiankui case, involving the birth of gene-
edited children, highlighted the need for strict ethical oversight in 
clinical gene editing (Greely, 2019; Guo et al., 2023). Although iPSC 
editing is confined to somatic cells and considered reversible, it still 
employs the same tools used in germline modification, reinforcing 
the need for clear ethical limits (Greely, 2019; Guo et al., 2023).

It's still difficult to ensure that iPSC therapies are available 
to everyone, since making clinical-grade cells requires equipment 
and expertise that many places simply do not have (Zheng, 
2016; Moradi et al., 2019). One way to close this gap is by 
supporting public biobanks and non-profit groups like EBiSC, 
which help make these therapies more fairly and widely accessible 
(De Sousa et al., 2017b; Mah et al., 2023). 

8 Future directions in iPSC 
technology: artificial intelligence and 
personalized medicine

Machine learning has begun to play a practical role in 
improving several steps of iPSC-based research. Dobner et al. 
(2024) developed hiPSCore, a scoring system that uses gene 
expression data to classify pluripotent versus differentiated 
cells and predict their performance in differentiation assays 
(Dobner et al., 2024). Yang et al. (2023) trained image-
based models on live-cell morphology to detect early signs of 
abnormal differentiation in cardiomyocyte cultures (Yang et al., 
2023). Earlier work by Joutsijoki et al. (2016) used colony 
morphology and support vector machines to automate quality 
assessment in iPSC cultures (Joutsijoki et al., 2016). Marzec-
Schmidt et al. (2023) trained a model on imaging data from 
hepatocyte differentiation and used it to classify cells based on 
the developmental stage. The system worked without molecular 
markers and matched well with experimental validation (Marzec-
Schmidt et al., 2023).

Patient-specific iPSCs have also provided a useful platform 
for studying disease mechanisms in a genetic background that 
reflects individual variation (Paik et al., 2020). In neurodegenerative 
models, including Parkinson’s and Alzheimer’s disease, iPSC-
derived cells have revealed molecular changes not detectable in 
traditional systems (Valadez-Barba et al., 2020). Autologous iPSCs, 
generated from the patient’s own cells, are being investigated 
as a way to avoid immune rejection and reduce the need for 
immunosuppressive treatment (Madrid et al., 2021). However, 
limitations related to scalability, quality control, and regulatory 
compliance remain significant hurdles for broader clinical use 
(Neofytou et al., 2015; Jha et al., 2021).

AI tools are now being used to support iPSC workflows. 
For example, convolutional neural networks (CNNs) have been 
used to classify colony morphology, helping assess colony quality 
more consistently across users (Mamaeva et al., 2022). In iPSC-
based drug studies, machine learning has been used to predict 
individual drug responses and identify phenotypic subgroups in 
cardiovascular models (Paik et al., 2020).

Genome editing tools now enable single-nucleotide changes in 
iPSCs. Base editors can convert C to T or A to G without introducing 
double-strand breaks. Engineered deaminases linked to inactive 
Cas9 have been paired with enrichment tools like BIG-TREE to 
increase precision and editing efficiency in hPSCs (Tekel et al., 2021).

Prime editing offers even greater flexibility. By combining a Cas9 
nickase with a reverse transcriptase and a prime editing guide RNA 
(pegRNA), this system supports precise base substitutions, small 
insertions, and deletions, all without the need for donor DNA or
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double-strand cleavage (Anzalone et al., 2019). Initial applications 
in patient-derived iPSCs using mRNA delivery have shown efficient, 
scarless genetic corrections (Sürün et al., 2020).

More recently, Cerna-Chavez et al. (2024) developed a robust 
prime editing protocol in human iPSCs to generate isogenic models 
of Mendelian diseases, achieving editing efficiencies as high as 73% 
in genes such as NMNAT1, PRPF3, and PRPF8. In parallel, Wu et al., 
2024a introduced an all-in-one inducible system, PE-Plus, which 
enables multiplex and temporally controlled edits in pluripotent 
stem cells with enhanced specificity and minimal off-target activity 
(Cerna-Chavez et al., 2024; Wu Y. et al., 2024).

To support cell survival and expansion after genome editing, 
researchers have developed post-editing support strategies. One 
example is the CEPT cocktail, a chemically defined formulation 
containing chroman 1, emricasan, polyamines, and trans-
ISRIB, which promotes clonal expansion and survival of single 
iPSCs following stress-inducing procedures like dissociation 
or editing (Tristan et al., 2023).

Collectively, the advances in AI, gene editing, and cell 
purification are contributing to the development of more clinically 
viable, personalized iPSC therapies. 

9 Concluding remarks

The use of iPSCs in regenerative medicine has brought hope 
for patient-specific treatments, but their clinical application still 
faces major challenges (Chehelgerdi et al., 2023; Cerneckis et al., 
2024). Issues such as genetic instability, tumorigenic risk, 
immune rejection, and large-scale production obstacles must 
be addressed before these therapies become widely available 
(Yamanaka, 2020; Moy et al., 2023). Advances such as gene 
editing, optimization of cell differentiation protocols, and the 
development of HLA-matched iPSC banks have helped to overcome 
some of these challenges (Kitano et al., 2022; Alowaysi et al., 
2023). Future research will focus on improving reprogramming 
and differentiation protocols, long-term safety, and integrating 
newer technologies to enhance efficacy and make iPSC-based 
treatments more practical and broadly accessible (Cerneckis et al., 
2024). The coming decade will reveal whether these technologies 
can move from highly controlled trial settings into routine 
practice, a transition that will define the true clinical impact
of iPSCs.

Author contributions

SD: Writing – original draft, Writing – review and editing. 
SC: Writing – original draft, Writing – review and editing. MN: 

Conceptualization, Writing – review and editing. AS: Funding 
acquisition, Writing – review and editing. 

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This review was supported 
by Khalifa University of Science and Technology award number 
RIG-2023-116 and the American University of Sharjah Open Access 
Program (OAP).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that Generative AI was used in the 
creation of this manuscript. Generative AI was used solely to 
check grammar, spelling, and language clarity. No AI was used 
to generate, analyze, or interpret scientific content, data, or
conclusions.

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 
artificial intelligence and reasonable efforts have been made to 
ensure accuracy, including review by the authors wherever possible. 
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

Supplementary material

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fcell.2025.1627149/
full#supplementary-material

References

Abraham, E., Ahmadian, B. B., Holderness, K., Levinson, Y., and McAfee, E. (2018). 
“Platforms for manufacturing allogeneic, autologous and iPSC cell therapy products: an 
industry perspective,” in New bioprocessing strategies: development and manufacturing 
of recombinant antibodies and proteins (Cham: Springer International Publishing), 
323–350.

Ackermann, M., Dragon, A. C., and Lachmann, N. (2020). The immune-modulatory 
properties of iPSC-derived antigen-presenting cells. Transfus. Med. Hemother 47 (6), 
444–453. doi:10.1159/000512721

Ali, E. A. M., Smaida, R., Meyer, M., Ou, W., Li, Z., Han, Z., et al. (2024). 
iPSCs chondrogenic differentiation for personalized regenerative medicine: a 

Frontiers in Cell and Developmental Biology 18 frontiersin.org

https://doi.org/10.3389/fcell.2025.1627149
https://www.frontiersin.org/articles/10.3389/fcell.2025.1627149/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2025.1627149/full#supplementary-material
https://doi.org/10.1159/000512721
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Dhaiban et al. 10.3389/fcell.2025.1627149

literature review. Stem Cell Res. Therapy. 15 (1), 185. doi:10.1186/s13287-024-
03794-1

Alowaysi, M., Lehmann, R., Al-Shehri, M., Baadhaim, M., Alzahrani, H., Aboalola, 
D., et al. (2023). HLA-based banking of induced pluripotent stem cells in Saudi Arabia. 
Stem Cell Res. Ther. 14 (1), 374. doi:10.1186/s13287-023-03612-0

Andrews, P. W., Ben-David, U., Benvenisty, N., Coffey, P., Eggan, K., Knowles, B. B., 
et al. (2017). Assessing the safety of human pluripotent stem cells and their derivatives 
for clinical applications. Stem Cell Rep. 9 (1), 1–4. doi:10.1016/j.stemcr.2017.05.029

Anklam, E., Bahl, M. I., Ball, R., Beger, R. D., Cohen, J., Fitzpatrick, S., et al. 
(2022). Emerging technologies and their impact on regulatory science. Exp. Biol. Med. 
(Maywood) 247 (1), 1–75. doi:10.1177/15353702211052280

Antoniou, N., Prodromidou, K., Kouroupi, G., Boumpoureka, I., Samiotaki, M., 
Panayotou, G., et al. (2022). High content screening and proteomic analysis identify 
a kinase inhibitor that rescues pathological phenotypes in a patient-derived model of 
Parkinson’s disease. npj Parkinson’s Dis. 8 (1), 15. doi:10.1038/s41531-022-00278-y

Anzalone, A. V., Randolph, P. B., Davis, J. R., Sousa, A. A., Koblan, L. W., Levy, J. 
M., et al. (2019). Search-and-replace genome editing without double-strand breaks or 
donor DNA. Nature, 576 (7785), 149–157. doi:10.1038/s41586-019-1711-4

Apostolou, E., and Hochedlinger, K. (2013). Chromatin dynamics during cellular 
reprogramming. Nature 502 (7472), 462–471. doi:10.1038/nature12749

Azuma, K., and Yamanaka, S. (2016). Recent policies that support clinical application 
of induced pluripotent stem cell-based regenerative therapies. Regen. Ther. 4, 36–47. 
doi:10.1016/j.reth.2016.01.009

Blaschke, K., Ebata, K. T., Karimi, M. M., Zepeda-Martínez, J. A., Goyal, P., 
Mahapatra, S., et al. (2013). Vitamin C induces Tet-dependent DNA demethylation and 
a blastocyst-like state in ES cells. Nature 500 (7461), 222–226. doi:10.1038/nature12362

Bradley, J. A., Bolton, E. M., and Pedersen, R. A. (2002). Stem cell medicine 
encounters the immune system. Nat. Rev. Immunol. 2 (11), 859–871. doi:10.1038/nri934

Briggs, R., and King, T. J. (1952). Transplantation of living nuclei from blastula 
cells into enucleated frogs’ eggs. Proc. Natl. Acad. Sci. U. S. A. 38 (5), 455–463. 
doi:10.1073/pnas.38.5.455

Bruna, P., Ferran, B., Sabrina, P., Alexander, D., Mark, J., Simone, K., et al. (2025). 
Translation of a human induced pluripotent stem cell-derived ovarian support cell 
product to a Phase 3 enabling clinical grade product for in vitro fertilization treatment. 
Available online at:  https://www.medrxiv.org/content/10.1101/2025.04.02.25324702v1 
(Accessed August 08, 2025).

Buganim, Y., Faddah, D. A., and Jaenisch, R. (2013). Mechanisms and models of 
somatic cell reprogramming. Nat. Rev. Genet. 14 (6), 427–439. doi:10.1038/nrg3473

Buitrago, J. C., Morris, S. L., Backhaus, A., Kaltenecker, G., Kaipa, J. M., Girard, C., 
et al. (2024). Unveiling the Immunomodulatory and regenerative potential of iPSC-
derived mesenchymal stromal cells and their extracellular vesicles. Sci. Rep. 14 (1), 
24098. doi:10.1038/s41598-024-75956-3

Caiazzo, M., Okawa, Y., Ranga, A., Piersigilli, A., Tabata, Y., and Lutolf, M. P. (2016). 
Defined three-dimensional microenvironments boost induction of pluripotency. Nat. 
Mater 15 (3), 344–352. doi:10.1038/nmat4536

Calmeiro, J., Carrascal, M. A., Tavares, A. R., Ferreira, D. A., Gomes, C., 
Falcão, A., et al. (2020). Dendritic cell vaccines for cancer immunotherapy: the 
role of human conventional type 1 dendritic cells. Pharmaceutics 12 (2), 158. 
doi:10.3390/pharmaceutics12020158

Campbell, K. H., McWhir, J., Ritchie, W. A., and Wilmut, I. (1996). Sheep 
cloned by nuclear transfer from a cultured cell line. Nature 380 (6569), 64–66. 
doi:10.1038/380064a0

Cedeno-Laurent, F., Opperman, M., Barthel, S. R., Kuchroo, V. K., and 
Dimitroff, C. J. (2012). Galectin-1 triggers an immunoregulatory signature in 
Th cells functionally defined by IL-10 expression. J. Immunol. 188 (7), 3127–3137. 
doi:10.4049/jimmunol.1103433

Cerna-Chavez, R., Ortega-Gasco, A., Baig, H. M. A., Ehrenreich, N., Metais, T., 
Scandura, M. J., et al. (2024). Optimized prime editing of human induced pluripotent 
stem cells to efficiently generate isogenic models of mendelian diseases. Int. J. Mol. Sci.
26 (1), 114. doi:10.3390/ijms26010114

Cerneckis, J., Cai, H., and Shi, Y. (2024). Induced pluripotent stem cells (iPSCs): 
molecular mechanisms of induction and applications. Signal Transduct. Target. Ther.
9 (1), 112. doi:10.1038/s41392-024-01809-0

Cha, Y., Park, T. Y., Leblanc, P., and Kim, K. S. (2023). Current status and future 
perspectives on stem cell-based therapies for Parkinson’s disease. J. Mov. Disord. 16 (1), 
22–41. doi:10.14802/jmd.22141

Chang, K.-H., Huang, C.-Y., Ou-Yang, C.-H., Ho, C.-H., Lin, H.-Y., Hsu, C.-L., 
et al. (2021). In vitro genome editing rescues parkinsonism phenotypes in induced 
pluripotent stem cells-derived dopaminergic neurons carrying LRRK2 p.G2019S 
mutation. Stem Cell Res. and Ther. 12 (1), 508. doi:10.1186/s13287-021-02585-2

Chehelgerdi, M., Behdarvand Dehkordi, F., Chehelgerdi, M., Kabiri, H., Salehian-
Dehkordi, H., Abdolvand, M., et al. (2023). Exploring the promising potential of 
induced pluripotent stem cells in cancer research and therapy. Mol. Cancer 22 (1), 189. 
doi:10.1186/s12943-023-01873-0

Cichocki, F., van der Stegen, S. J. C., and Miller, J. S. (2023). Engineered and 
banked iPSCs for advanced NK- and T-cell immunotherapies. Blood 141 (8), 846–855. 
doi:10.1182/blood.2022016205

Cuesta-Gomez, N., Verhoeff, K., Dadheech, N., Dang, T., Jasra, I. T., de Leon, M. B., 
et al. (2023). Suspension culture improves iPSC expansion and pluripotency phenotype. 
Stem Cell Res. Ther. 14 (1), 154. doi:10.1186/s13287-023-03382-9

De, S., Rabin, D. M., Salero, E., Lederman, P. L., Temple, S., and Stern, J. H. 
(2007). Human retinal pigment epithelium cell changes and expression of alphaB-
crystallin: a biomarker for retinal pigment epithelium cell change in age-related macular 
degeneration. Arch. Ophthalmol. 125 (5), 641–645. doi:10.1001/archopht.125.5.641

De Sousa, P. A., Steeg, R., Kreisel, B., and Allsopp, T. E. (2017a). Hot start 
to European pluripotent stem cell banking. Trends Biotechnol. 35 (7), 573–576. 
doi:10.1016/j.tibtech.2017.04.006

De Sousa, P. A., Steeg, R., Wachter, E., Bruce, K., King, J., Hoeve, M., et al. 
(2017b). Rapid establishment of the European Bank for induced pluripotent stem 
cells (EBiSC) - the hot start experience. Stem Cell Res. 20, 105–114. doi:10.1016/j.scr.
2017.03.002

Dehghan, S., Mirshahi, R., Shoae-Hassani, A., and Naseripour, M. (2022). Human-
induced pluripotent stem cells-derived retinal pigmented epithelium, a new horizon for 
cells-based therapies for age-related macular degeneration. Stem Cell Res. Ther. 13 (1), 
217. doi:10.1186/s13287-022-02894-0

Denker, H.-W. (2006). Potentiality of embryonic stem cells: an ethical 
problem even with alternative stem cell sources. J. Med. ethics 32 (11), 665–671. 
doi:10.1136/jme.2005.014738

Deuse, T., Hu, X., Gravina, A., Wang, D., Tediashvili, G., De, C., et al. (2019). 
Hypoimmunogenic derivatives of induced pluripotent stem cells evade immune 
rejection in fully immunocompetent allogeneic recipients. Nat. Biotechnol. 37 (3), 
252–258. doi:10.1038/s41587-019-0016-3

Dobner, J., Diecke, S., Krutmann, J., Prigione, A., and Rossi, A. (2024). Reassessment 
of marker genes in human induced pluripotent stem cells for enhanced quality control. 
Nat. Commun. 15 (1), 8547. doi:10.1038/s41467-024-52922-1

Doi, D., Magotani, H., Kikuchi, T., Ikeda, M., Hiramatsu, S., Yoshida, K., et al. (2020). 
Pre-clinical study of induced pluripotent stem cell-derived dopaminergic progenitor 
cells for Parkinson’s disease. Nat. Commun. 11 (1), 3369. doi:10.1038/s41467-020-
17165-w

Doss, M. X., and Sachinidis, A. (2019). Current challenges of iPSC-based disease 
modeling and therapeutic implications. Cells 8 (5), 403. doi:10.3390/cells8050403

Evans, M. J., and Kaufman, M. H. (1981). Establishment in culture of pluripotential 
cells from mouse embryos. Nature 292 (5819), 154–156. doi:10.1038/292154a0

Fang, Y.-H., Wang, S. P., Gao, Z.-H., Wu, S.-N., Chang, H.-Y., Yang, P.-J., et al. (2020). 
Efficient cardiac differentiation of human amniotic fluid-derived stem cells into induced 
pluripotent stem cells and their potential immune privilege. Int. J. Mol. Sci. 21 (7), 2359. 
doi:10.3390/ijms21072359

Fang, Y., Chen, Y., and Li, Y.-R. (2025). Engineering the next generation of allogeneic 
CAR cells: iPSCs as a scalable and editable platform. Stem Cell Rep. 20 (7), 102515. 
doi:10.1016/j.stemcr.2025.102515

Fate Therapeutics, I. (2019). Fate therapeutics announces first patient treated 
with iPSC-derived NK cell cancer immunotherapy FT500 successfully completes 
initial safety assessment. San Diego, CA, USA. Available online at:  https://ir.fatethe
rapeutics.com/news-releases/news-release-details/fate-therapeutics-announces-first-p
atient-treated-ipsc-derived (Accessed July 26, 2025).

Fate Therapeutics, I. (2025). Fate therapeutics receives regenerative medicine 
advanced therapy (RMAT) designation from FDA for FT819 to treat moderate 
to severe systemic lupus erythematosus (SLE). Available online at:  https://
ir.fatetherapeutics.com/news-releases/news-release-details/fate-therapeutics-receives-
regenerative-medicine-advanced (Accessed July 26, 2025).

Fields, M., Cai, H., Gong, J., and Del Priore, L. (2016). Potential of induced 
pluripotent stem cells (iPSCs) for treating age-related macular degeneration (AMD). 
Cells 5 (4), 44. doi:10.3390/cells5040044

Fujimori, K., Matsumoto, T., Kisa, F., Hattori, N., Okano, H., and Akamatsu, W. 
(2017). Escape from pluripotency via inhibition of TGF-β/BMP and activation of Wnt 
signaling accelerates differentiation and aging in hPSC progeny cells. Stem Cell Rep. 9 
(5), 1675–1691. doi:10.1016/j.stemcr.2017.09.024

Fujimori, K., Ishikawa, M., Otomo, A., Atsuta, N., Nakamura, R., Akiyama, T., 
et al. (2018). Modeling sporadic ALS in iPSC-derived motor neurons identifies a 
potential therapeutic agent. Nat. Med. 24 (10), 1579–1589. doi:10.1038/s41591-018-
0140-5

Fusaki, N., Ban, H., Nishiyama, A., Saeki, K., and Hasegawa, M. (2009). Efficient 
induction of transgene-free human pluripotent stem cells using a vector based on Sendai 
virus, an RNA virus that does not integrate into the host genome. Proc. Jpn. Acad. Ser. 
B 85 (8), 348–362. doi:10.2183/pjab.85.348

Garcia, T. Y., Gutierrez, M., Reynolds, J., and Lamba, D. A. (2015). Modeling the 
dynamic AMD-associated chronic oxidative stress changes in human ESC and iPSC-
derived RPE cells. Invest Ophthalmol. Vis. Sci. 56 (12), 7480–7488. doi:10.1167/iovs.15-
17251

Frontiers in Cell and Developmental Biology 19 frontiersin.org

https://doi.org/10.3389/fcell.2025.1627149
https://doi.org/10.1186/s13287-024-03794-1
https://doi.org/10.1186/s13287-024-03794-1
https://doi.org/10.1186/s13287-023-03612-0
https://doi.org/10.1016/j.stemcr.2017.05.029
https://doi.org/10.1177/15353702211052280
https://doi.org/10.1038/s41531-022-00278-y
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1038/nature12749
https://doi.org/10.1016/j.reth.2016.01.009
https://doi.org/10.1038/nature12362
https://doi.org/10.1038/nri934
https://doi.org/10.1073/pnas.38.5.455
https://www.medrxiv.org/content/10.1101/2025.04.02.25324702v1
https://doi.org/10.1038/nrg3473
https://doi.org/10.1038/s41598-024-75956-3
https://doi.org/10.1038/nmat4536
https://doi.org/10.3390/pharmaceutics12020158
https://doi.org/10.1038/380064a0
https://doi.org/10.4049/jimmunol.1103433
https://doi.org/10.3390/ijms26010114
https://doi.org/10.1038/s41392-024-01809-0
https://doi.org/10.14802/jmd.22141
https://doi.org/10.1186/s13287-021-02585-2
https://doi.org/10.1186/s12943-023-01873-0
https://doi.org/10.1182/blood.2022016205
https://doi.org/10.1186/s13287-023-03382-9
https://doi.org/10.1001/archopht.125.5.641
https://doi.org/10.1016/j.tibtech.2017.04.006
https://doi.org/10.1016/j.scr.2017.03.002
https://doi.org/10.1016/j.scr.2017.03.002
https://doi.org/10.1186/s13287-022-02894-0
https://doi.org/10.1136/jme.2005.014738
https://doi.org/10.1038/s41587-019-0016-3
https://doi.org/10.1038/s41467-024-52922-1
https://doi.org/10.1038/s41467-020-17165-w
https://doi.org/10.1038/s41467-020-17165-w
https://doi.org/10.3390/cells8050403
https://doi.org/10.1038/292154a0
https://doi.org/10.3390/ijms21072359
https://doi.org/10.1016/j.stemcr.2025.102515
https://ir.fatetherapeutics.com/news-releases/news-release-details/fate-therapeutics-announces-first-patient-treated-ipsc-derived
https://ir.fatetherapeutics.com/news-releases/news-release-details/fate-therapeutics-announces-first-patient-treated-ipsc-derived
https://ir.fatetherapeutics.com/news-releases/news-release-details/fate-therapeutics-announces-first-patient-treated-ipsc-derived
https://ir.fatetherapeutics.com/news-releases/news-release-details/fate-therapeutics-receives-regenerative-medicine-advanced
https://ir.fatetherapeutics.com/news-releases/news-release-details/fate-therapeutics-receives-regenerative-medicine-advanced
https://ir.fatetherapeutics.com/news-releases/news-release-details/fate-therapeutics-receives-regenerative-medicine-advanced
https://doi.org/10.3390/cells5040044
https://doi.org/10.1016/j.stemcr.2017.09.024
https://doi.org/10.1038/s41591-018-0140-5
https://doi.org/10.1038/s41591-018-0140-5
https://doi.org/10.2183/pjab.85.348
https://doi.org/10.1167/iovs.15-17251
https://doi.org/10.1167/iovs.15-17251
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Dhaiban et al. 10.3389/fcell.2025.1627149

Garreta, E., Sanchez, S., Lajara, J., Montserrat, N., and Belmonte, J. C. I. (2018). 
Roadblocks in the path of iPSC to the clinic. Curr. Transpl. Rep. 5 (1), 14–18. 
doi:10.1007/s40472-018-0177-x

Ghobadi, A., Bachanova, V., Patel, K., Park, J. H., Flinn, I., Riedell, P. A., 
et al. (2025). Induced pluripotent stem-cell-derived CD19-directed chimeric antigen 
receptor natural killer cells in B-cell lymphoma: a phase 1, first-in-human trial. Lancet
405 (10473), 127–136. doi:10.1016/s0140-6736(24)02462-0

Greely, H. T. (2019). CRISPR’d babies: human germline genome editing in the ’He 
Jiankui affair. J. Law Biosci. 6 (1), 111–183. doi:10.1093/jlb/lsz010

Gropp, M., Shilo, V., Vainer, G., Gov, M., Gil, Y., Khaner, H., et al. (2012). 
Standardization of the teratoma assay for analysis of pluripotency of human 
ES cells and biosafety of their differentiated progeny. PLoS One 7 (9), e45532. 
doi:10.1371/journal.pone.0045532

Guo, C., Ma, X., Gao, F., and Guo, Y. (2023). Off-target effects in CRISPR/Cas9 gene 
editing. Front. Bioeng. Biotechnol. 11, 1143157. doi:10.3389/fbioe.2023.1143157

Gurdon, J. B. (1962). The developmental capacity of nuclei taken from intestinal 
epithelium cells of feeding tadpoles. J. Embryol. Exp. Morphol. 10, 622–640. 
doi:10.1242/dev.10.4.622

Gutierrez-Aranda, I., Ramos-Mejia, V., Bueno, C., Munoz-Lopez, M., Real, P. J., 
Mácia, A., et al. (2010). Human induced pluripotent stem cells develop teratoma more 
efficiently and faster than human embryonic stem cells regardless the site of injection. 
Stem Cells 28(9), 1568–1570. doi:10.1002/stem.471

Habibi, E., Brinkman, A. B., Arand, J., Kroeze, L. I., Kerstens, H. H., Matarese, 
F., et al. (2013). Whole-genome bisulfite sequencing of two distinct interconvertible 
DNA methylomes of mouse embryonic stem cells. Cell Stem Cell 13(3), 360–369. 
doi:10.1016/j.stem.2013.06.002

Hallett, P. J., Deleidi, M., Astradsson, A., Smith, G. A., Cooper, O., Osborn, T. M., et al. 
(2015). Successful function of autologous iPSC-derived dopamine neurons following 
transplantation in a non-human primate model of Parkinson’s disease. Cell Stem Cell
16(3), 269–274. doi:10.1016/j.stem.2015.01.018

Han, J., Chen, L., Luo, G., Dai, B., Wang, X., and Dai, J. (2013). Three-
dimensional culture may promote cell reprogramming. Organogenesis 9 (2), 118–120. 
doi:10.4161/org.24708

Hanna, J., Wernig, M., Markoulaki, S., Sun, C. W., Meissner, A., Cassady, J. P., et al. 
(2007). Treatment of sickle cell anemia mouse model with iPS cells generated from 
autologous skin. Sci. 318 (5858), 1920–1923. doi:10.1126/science.1152092

Hazim, R. A., Karumbayaram, S., Jiang, M., Dimashkie, A., Lopes, V. S., Li, D., 
et al. (2017). Differentiation of RPE cells from integration-free iPS cells and their cell 
biological characterization. Stem Cell Res. and Ther. 8 (1), 217. doi:10.1186/s13287-017-
0652-9

He, R., Weng, Z., Liu, Y., Li, B., Wang, W., Meng, W., et al. (2023). Application of 
induced pluripotent stem cells in malignant solid tumors. Stem Cell Rev. Rep. 19 (8), 
2557–2575. doi:10.1007/s12015-023-10633-y

Hirai, T., Yasuda, S., Umezawa, A., and Sato, Y. (2023). Country-specific 
regulation and international standardization of cell-based therapeutic products 
derived from pluripotent stem cells. Stem Cell Rep. 18 (8), 1573–1591. 
doi:10.1016/j.stemcr.2023.05.003

Hirami, T. (2003). Harmonizing pharmaceutical regulation among the United States, 
the European union, and Japan: the ICH initiative. Harvard University.

Ho, L., Ronan, J. L., Wu, J., Staahl, B. T., Chen, L., Kuo, A., et al. (2009). An embryonic 
stem cell chromatin remodeling complex, esBAF, is essential for embryonic stem cell 
self-renewal and pluripotency. Proc. Natl. Acad. Sci. U. S. A. 106 (13), 5181–5186. 
doi:10.1073/pnas.0812889106

Hong, D., Patel, S., Patel, M., Musni, K., Anderson, M., Cooley, S., et al. (2020). 
380 Preliminary results of an ongoing phase I trial of FT500, a first-in-class, off-the-
shelf, induced pluripotent stem cell (iPSC) derived natural killer (NK) cell therapy in 
advanced solid tumors. J. Immunother. Cancer 8 (3), A231–A232. doi:10.1136/jitc-2020-
SITC2020.0380

HPSC (2024). Autologous iPSC-derived dopamine neuron transplantation for 
Parkinson’s disease NCT06422208. McLean Hospita: Brigham and Women’s Hospital 
Harvard Medical School.

Huang, Y., Wan, J., Guo, Y., Zhu, S., Wang, Y., Wang, L., et al. (2017). 
Transcriptome analysis of induced pluripotent stem cell (iPSC)-derived pancreatic 
β-like cell differentiation. Cell Transpl. 26 (8), 1380–1391. doi:10.1177/09636897
17720281

Huang, C.-Y., Liu, C.-L., Ting, C.-Y., Chiu, Y.-T., Cheng, Y.-C., Nicholson, M. W., 
et al. (2019). Human iPSC banking: barriers and opportunities. J. Biomed. Sci. 26 (1), 
87. doi:10.1186/s12929-019-0578-x

Huangfu, D., Maehr, R., Guo, W., Eijkelenboom, A., Snitow, M., Chen, A. E., et al. 
(2008). Induction of pluripotent stem cells by defined factors is greatly improved by 
small-molecule compounds. Nat. Biotechnol. 26 (7), 795–797. doi:10.1038/nbt1418

Isasi, R., and Knoppers, B. M. (2011). From banking to international 
governance: fostering innovation in stem cell research. Stem Cells Int. 2011, 
498132. doi:10.4061/2011/498132

Ishida, M., Masuda, T., Sakai, N., Nakai-Futatsugi, Y., Kamao, H., Shiina, T., et al. 
(2024). Graft survival of major histocompatibility complex deficient stem cell-derived 
retinal cells. Commun. Med. 4 (1), 187. doi:10.1038/s43856-024-00617-5

Ishii, T. (2015). Germline genome-editing research and its socioethical implications. 
Trends Mol. Med. 21 (8), 473–481. doi:10.1016/j.molmed.2015.05.006

Ishii, T. (2017). Germ line genome editing in clinics: the approaches, objectives and 
global society. Brief. Funct. Genomics 16 (1), 46–56. doi:10.1093/bfgp/elv053

Jang, J., Yoo, J. E., Lee, J. A., Lee, D. R., Kim, J. Y., Huh, Y. J., et al. (2012). Disease-
specific induced pluripotent stem cells: a platform for human disease modeling and 
drug discovery. Exp. Mol. Med. 44 (3), 202–213. doi:10.3858/emm.2012.44.3.015

Jebran, A. F., Seidler, T., Tiburcy, M., Daskalaki, M., Kutschka, I., Fujita, B., et al. 
(2025). Engineered heart muscle allografts for heart repair in primates and humans. 
Nature 639 (8054), 503–511. doi:10.1038/s41586-024-08463-0

Jeon, J., Cha, Y., Hong, Y. J., Lee, I. H., Jang, H., Ko, S., et al. (2025). Pre-clinical 
safety and efficacy of human induced pluripotent stem cell-derived products for 
autologous cell therapy in Parkinson’s disease. Cell Stem Cell 32 (3), 343–360.e7. 
doi:10.1016/j.stem.2025.01.006

Jha, B. S., Farnoodian, M., and Bharti, K. (2021). Regulatory considerations for 
developing a phase I investigational new drug application for autologous induced 
pluripotent stem cells-based therapy product. Stem Cells Transl. Med. 10 (2), 198–208. 
doi:10.1002/sctm.20-0242

Jiang, X., Lian, X., Wei, K., Zhang, J., Yu, K., Li, H., et al. (2024). Maturation 
of pluripotent stem cell-derived cardiomyocytes: limitations and challenges from 
metabolic aspects. Stem Cell Res. and Ther. 15 (1), 354. doi:10.1186/s13287-024-03961-4

Jing, R., Falchetti, M., Han, T., Najia, M., Hensch, L., Meader, E., et al. (2024). 
Generation of functional iPSC-derived CAR-T cells for cancer immunotherapy via 
G9a/GLP inhibition. Blood 144, 2043. doi:10.1182/blood-2024-208634

Joutsijoki, H., Haponen, M., Rasku, J., Aalto-Setälä, K., and Juhola, M. (2016). 
Machine learning approach to automated quality identification of human induced 
pluripotent stem cell colony images. Comput. Math. Methods Med. 2016, 3091039. 
doi:10.1155/2016/3091039

Kawamoto, H., Masuda, K., and Nagano, S. (2021). Regeneration of antigen-specific 
T cells by using induced pluripotent stem cell (iPSC) technology. Int. Immunol. 33 (12), 
827–833. doi:10.1093/intimm/dxab091

Kawamura, T., Ito, Y., Ito, E., Takeda, M., Mikami, T., Taguchi, T., et al. (2023). 
Safety confirmation of induced pluripotent stem cell-derived cardiomyocyte patch 
transplantation for ischemic cardiomyopathy: first three case reports. Front. Cardiovasc 
Med. 10, 1182209. doi:10.3389/fcvm.2023.1182209

Kearns, N. A., Pham, H., Tabak, B., Genga, R. M., Silverstein, N. J., Garber, M., et al. 
(2015). Functional annotation of native enhancers with a Cas9–histone demethylase 
fusion. Nat. Methods 12 (5), 401–403. doi:10.1038/nmeth.3325

Kim, M., Rhee, J.-K., Choi, H., Kwon, A., Kim, J., Lee, G. D., et al. (2017). 
Passage-dependent accumulation of somatic mutations in mesenchymal stromal cells 
during in vitro culture revealed by whole genome sequencing. Sci. Rep. 7 (1), 14508. 
doi:10.1038/s41598-017-15155-5

Kim, J. H., Alderton, A., Crook, J. M., Benvenisty, N., Brandsten, C., Firpo, M., et al. 
(2019). A report from a workshop of the international stem cell banking initiative, held 
in collaboration of global alliance for iPSC therapies and the harvard stem cell institute, 
Boston, 2017. Stem Cells 37 1130–1135. doi:10.1002/stem.3003

Kitano, Y., Nishimura, S., Kato, T. M., Ueda, A., Takigawa, K., Umekage, M., et al. 
(2022). Generation of hypoimmunogenic induced pluripotent stem cells by CRISPR-
Cas9 system and detailed evaluation for clinical application. Mol. Ther. Methods Clin. 
Dev. 26, 15–25. doi:10.1016/j.omtm.2022.05.010

Kuebler, B., Alvarez-Palomo, B., Aran, B., Castaño, J., Rodriguez, L., Raya, A., et al. 
(2023). Generation of a bank of clinical-grade, HLA-homozygous iPSC lines with high 
coverage of the Spanish population. Stem Cell Res. Ther. 14 (1), 366. doi:10.1186/s13287-
023-03576-1

Kuppusamy, K. T., Jones, D. C., Sperber, H., Madan, A., Fischer, K. A., Rodriguez, 
M. L., et al. (2015). Let-7 family of microRNA is required for maturation and adult-like 
metabolism in stem cell-derived cardiomyocytes. Proc. Natl. Acad. Sci. U. S. A. 112 (21), 
E2785–E2794. doi:10.1073/pnas.1424042112

Laurent, L. C., Ulitsky, I., Slavin, I., Tran, H., Schork, A., Morey, R., et al. (2011). 
Dynamic changes in the copy number of pluripotency and cell proliferation genes in 
human ESCs and iPSCs during reprogramming and time in culture. Cell Stem Cell 8 
(1), 106–118. doi:10.1016/j.stem.2010.12.003

Li, W., Wei, W., Zhu, S., Zhu, J., Shi, Y., Lin, T., et al. (2009). Generation of rat 
and human induced pluripotent stem cells by combining genetic reprogramming and 
chemical inhibitors. Cell Stem Cell 4 (1), 16–19. doi:10.1016/j.stem.2008.11.014

Li, R., Liang, J., Ni, S., Zhou, T., Qing, X., Li, H., et al. (2010). A mesenchymal-to-
epithelial transition initiates and is required for the nuclear reprogramming of mouse 
fibroblasts. Cell Stem Cell 7 (1), 51–63. doi:10.1016/j.stem.2010.04.014

Li, Y., Hermanson, D. L., Moriarity, B. S., and Kaufman, D. S. (2018). Human 
iPSC-derived natural killer cells engineered with chimeric antigen receptors enhance 
anti-tumor activity. Cell Stem Cell 23 (2), 181–192. doi:10.1016/j.stem.2018.06.002

Frontiers in Cell and Developmental Biology 20 frontiersin.org

https://doi.org/10.3389/fcell.2025.1627149
https://doi.org/10.1007/s40472-018-0177-x
https://doi.org/10.1016/s0140-6736(24)02462-0
https://doi.org/10.1093/jlb/lsz010
https://doi.org/10.1371/journal.pone.0045532
https://doi.org/10.3389/fbioe.2023.1143157
https://doi.org/10.1242/dev.10.4.622
https://doi.org/10.1002/stem.471
https://doi.org/10.1016/j.stem.2013.06.002
https://doi.org/10.1016/j.stem.2015.01.018
https://doi.org/10.4161/org.24708
https://doi.org/10.1126/science.1152092
https://doi.org/10.1186/s13287-017-0652-9
https://doi.org/10.1186/s13287-017-0652-9
https://doi.org/10.1007/s12015-023-10633-y
https://doi.org/10.1016/j.stemcr.2023.05.003
https://doi.org/10.1073/pnas.0812889106
https://doi.org/10.1136/jitc-2020-SITC2020.0380
https://doi.org/10.1136/jitc-2020-SITC2020.0380
https://doi.org/10.1177/0963689717720281
https://doi.org/10.1177/0963689717720281
https://doi.org/10.1186/s12929-019-0578-x
https://doi.org/10.1038/nbt1418
https://doi.org/10.4061/2011/498132
https://doi.org/10.1038/s43856-024-00617-5
https://doi.org/10.1016/j.molmed.2015.05.006
https://doi.org/10.1093/bfgp/elv053
https://doi.org/10.3858/emm.2012.44.3.015
https://doi.org/10.1038/s41586-024-08463-0
https://doi.org/10.1016/j.stem.2025.01.006
https://doi.org/10.1002/sctm.20-0242
https://doi.org/10.1186/s13287-024-03961-4
https://doi.org/10.1182/blood-2024-208634
https://doi.org/10.1155/2016/3091039
https://doi.org/10.1093/intimm/dxab091
https://doi.org/10.3389/fcvm.2023.1182209
https://doi.org/10.1038/nmeth.3325
https://doi.org/10.1038/s41598-017-15155-5
https://doi.org/10.1002/stem.3003
https://doi.org/10.1016/j.omtm.2022.05.010
https://doi.org/10.1186/s13287-023-03576-1
https://doi.org/10.1186/s13287-023-03576-1
https://doi.org/10.1073/pnas.1424042112
https://doi.org/10.1016/j.stem.2010.12.003
https://doi.org/10.1016/j.stem.2008.11.014
https://doi.org/10.1016/j.stem.2010.04.014
https://doi.org/10.1016/j.stem.2018.06.002
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Dhaiban et al. 10.3389/fcell.2025.1627149

Liang, G., and Zhang, Y. (2013). Genetic and epigenetic variations in iPSCs: 
potential causes and implications for application. Cell Stem Cell 13 (2), 149–159. 
doi:10.1016/j.stem.2013.07.001

Liang, Y., Zhang, H., Feng, Q. S., Cai, M. B., Deng, W., Qin, D., et al. (2013). The 
propensity for tumorigenesis in human induced pluripotent stem cells is related with 
genomic instability. Chin. J. Cancer 32 (4), 205–212. doi:10.5732/cjc.012.10065

Liang, K. X., Kristiansen, C. K., Mostafavi, S., Vatne, G. H., Zantingh, G. A., Kianian, 
A., et al. (2020). Disease-specific phenotypes in iPSC-derived neural stem cells with 
POLG mutations. EMBO Mol. Med. 12 (10), e12146. doi:10.15252/emmm.202012146

Lister, R., Pelizzola, M., Kida, Y. S., Hawkins, R. D., Nery, J. R., Hon, G., et al. (2011). 
Hotspots of aberrant epigenomic reprogramming in human induced pluripotent stem 
cells. Nature 471 (7336), 68–73. doi:10.1038/nature09798

Liu, Z., Tang, Y., Lü, S., Zhou, J., Du, Z., Duan, C., et al. (2013). The tumourigenicity 
of iPS cells and their differentiated derivates. J. Cell Mol. Med. 17 (6), 782–791. 
doi:10.1111/jcmm.12062

Liu, X. S., Wu, H., Ji, X., Stelzer, Y., Wu, X., Czauderna, S., et al. (2016). 
Editing DNA methylation in the mammalian genome. Cell 167 (1), 233–247. 
doi:10.1016/j.cell.2016.08.056

Liu, X., Robbins, S., Wang, X., Virk, S., Schuck, K., Deveza, L. A., et al. (2023). 
Efficacy and cost-effectiveness of Stem Cell injections for symptomatic relief and 
strUctural improvement in people with Tibiofemoral knee OsteoaRthritis: protocol 
for a randomised placebo-controlled trial (the SCUlpTOR trial). BMJ Open. 11 (11), 
e056382. doi:10.1136/bmjopen-2021-056382

Liu, H., Huang, S. S., Lingam, G., Kai, D., Su, X., and Liu, Z. (2024). Advances in 
retinal pigment epithelial cell transplantation for retinal degenerative diseases. Stem Cell 
Res. Ther. 15 (1), 390. doi:10.1186/s13287-024-04007-5

Loewer, S., Cabili, M. N., Guttman, M., Loh, Y.-H., Thomas, K., Park, I. H., et al. 
(2010). Large intergenic non-coding RNA-RoR modulates reprogramming of human 
induced pluripotent stem cells. Nat. Genet. 42 (12), 1113–1117. doi:10.1038/ng.710

Lowenthal, J., Lipnick, S., Rao, M., and Hull, S. C. (2012). Specimen collection for 
induced pluripotent stem cell research: harmonizing the approach to informed consent. 
Stem Cells Transl. Med. 1 (5), 409–421. doi:10.5966/sctm.2012-0029

Madrid, M., Sumen, C., Aivio, S., and Saklayen, N. (2021). Autologous induced 
pluripotent stem cell-based cell therapies: promise, progress, and challenges. Curr. 
Protoc. 1 (3), e88. doi:10.1002/cpz1.88

Madrid, M., Lakshmipathy, U., Zhang, X., Bharti, K., Wall, D. M., Sato, Y., et al. 
(2024). Considerations for the development of iPSC-derived cell therapies: a review of 
key challenges by the JSRM-ISCT iPSC Committee. Cytotherapy 26 (11), 1382–1399. 
doi:10.1016/j.jcyt.2024.05.022

Maeda, T., and Takahashi, M. (2023). iPSC-RPE in retinal degeneration: recent 
advancements and future perspectives. Cold Spring Harb. Perspect. Med. 13 (8), a041308. 
doi:10.1101/cshperspect.a041308

Mah, N., Kurtz, A., Fuhr, A., Seltmann, S., Chen, Y., Bultjer, N., et al. (2023). 
The management of data for the banking, qualification, and distribution of induced 
pluripotent stem cells: lessons learned from the European Bank for induced pluripotent 
stem cells. Cells 12 (23), 2756. doi:10.3390/cells12232756

Mamaeva, A., Krasnova, O., Khvorova, I., Kozlov, K., Gursky, V., Samsonova, M., 
et al. (2022). Quality control of human pluripotent stem cell colonies by computational 
image analysis using convolutional neural networks. Int. J. Mol. Sci. 24 (1), 140. 
doi:10.3390/ijms24010140

Mandai, M., Watanabe, A., Kurimoto, Y., Hirami, Y., Morinaga, C., Daimon, T., et al. 
(2017). Autologous induced stem-cell–derived retinal cells for macular degeneration. 
N. Engl. J. Med. 376 (11), 1038–1046. doi:10.1056/NEJMoa1608368

Martin, G. R. (1981). Isolation of a pluripotent cell line from early mouse embryos 
cultured in medium conditioned by teratocarcinoma stem cells. Proc. Natl. Acad. Sci. U. 
S. A. 78 (12), 7634–7638. doi:10.1073/pnas.78.12.7634

Martin, R. M., Fowler, J. L., Cromer, M. K., Lesch, B. J., Ponce, E., Uchida, N., et al. 
(2020). Improving the safety of human pluripotent stem cell therapies using genome-
edited orthogonal safeguards. Nat. Commun. 11 (1), 2713. doi:10.1038/s41467-020-
16455-7

Martins, F., and Ribeiro, M. H. L. (2025). Quality and regulatory requirements for the 
manufacture of master cell banks of clinical grade iPSCs: the EU and USA perspectives. 
Stem Cell Rev. Rep. 21 (3), 645–679. doi:10.1007/s12015-024-10838-9

Marzec-Schmidt, K., Ghosheh, N., Stahlschmidt, S. R., Küppers-Munther, B., 
Synnergren, J., and Ulfenborg, B. (2023). Artificial intelligence supports automated 
characterization of differentiated human pluripotent stem cells. Stem Cells 41 (9), 
850–861. doi:10.1093/stmcls/sxad049

Masatoshi, S., and Mieko, M. (2021). Development of a human pluripotent stem cell 
assay for the prediction of teratogenicity. University of Konstanz.

Mc, G. (2023). Regulatory aspects of gene therapy and cell therapy products: a global 
perspective.

McCaughey, T., Chen, C. Y., De Smit, E., Rees, G., Fenwick, E., Kearns, L. S., 
et al. (2016). Participant understanding and recall of informed consent for induced 
pluripotent stem cell biobanking. Cell Tissue Bank. 17 (3), 449–456. doi:10.1007/s10561-
016-9563-8

McKenna, D. H., and Perlingeiro, R. C. R. (2023). Development of allogeneic 
iPS cell-based therapy: from bench to bedside. EMBO Mol. Med. 15 (2), e15315. 
doi:10.15252/emmm.202115315

Medical, P. B. (2025). How does Japan validate analytical methods during drug quality 
audits.

Mellman, I., and Steinman, R. M. (2001). Dendritic cells: specialized and 
regulated antigen processing machines. Cell 106 (3), 255–258. doi:10.1016/s0092-
8674(01)00449-4

Meng, F., Stamms, K., Bennewitz, R., Green, A., Oback, F., Turner, P., et al. (2020). 
Targeted histone demethylation improves somatic cell reprogramming into cloned 
blastocysts but not postimplantation bovine concepti. Biol. Reprod. 103 (1), 114–125. 
doi:10.1093/biolre/ioaa053

Merkle, F. T., Ghosh, S., Kamitaki, N., Mitchell, J., Avior, Y., Mello, C., et al. (2017). 
Human pluripotent stem cells recurrently acquire and expand dominant negative P53 
mutations. Nature 545 (7653), 229–233. doi:10.1038/nature22312

Miyagawa, S., Kainuma, S., Kawamura, T., Suzuki, K., Ito, Y., Iseoka, H., et al. 
(2022). Case report: transplantation of human induced pluripotent stem cell-derived 
cardiomyocyte patches for ischemic cardiomyopathy. Front. Cardiovasc Med. 9, 950829. 
doi:10.3389/fcvm.2022.950829

Moquin-Beaudry, G., Benabdallah, B., Maggiorani, D., Le, O., Li, Y., Colas, C., 
et al. (2022). Autologous humanized mouse models of iPSC-derived tumors enable 
characterization and modulation of cancer-immune cell interactions. Cell Rep. Methods
2 (1), 100153. doi:10.1016/j.crmeth.2021.100153

Moradi, S., Mahdizadeh, H., Šarić, T., Kim, J., Harati, J., Shahsavarani, H., et al. 
(2019). Research and therapy with induced pluripotent stem cells (iPSCs): social, legal, 
and ethical considerations. Stem Cell Res. Ther. 10 (1), 341. doi:10.1186/s13287-019-
1455-y

Morizane, A. (2023). Cell therapy for Parkinson’s disease with induced pluripotent 
stem cells. Inflamm. Regen. 43 (1), 16. doi:10.1186/s41232-023-00269-3

Morizane, A., Doi, D., Kikuchi, T., Okita, K., Hotta, A., Kawasaki, T., et al. (2013). 
Direct comparison of autologous and allogeneic transplantation of iPSC-derived 
neural cells in the brain of a non-human primate. Stem Cell Rep. 1 (4), 283–292. 
doi:10.1016/j.stemcr.2013.08.007

Moy, A. B., Kamath, A., Ternes, S., and Kamath, J. (2023). The challenges to advancing 
induced pluripotent stem cell-dependent cell replacement therapy. Med. Res. archives 11 
(11), 4784. doi:10.18103/mra.v11i11.4784

Murata, K., Ikegawa, M., Minatoya, K., and Masumoto, H. (2020). Strategies for 
immune regulation in iPS cell-based cardiac regenerative medicine. Inflamm. Regen.
40 (1), 36. doi:10.1186/s41232-020-00145-4

Neofytou, E., O’Brien, C. G., Couture, L. A., and Wu, J. C. (2015). Hurdles to clinical 
translation of human induced pluripotent stem cells. J. Clin. Invest 125 (7), 2551–2557. 
doi:10.1172/jci80575

Nguyen, T. D., Chooi, W. H., Jeon, H., Chen, J., Tan, J., Roxby, D. N., et al. 
(2024). Label-free and high-throughput removal of residual undifferentiated cells from 
iPSC-derived spinal cord progenitor cells. Stem Cells Transl. Med. 13 (4), 387–398. 
doi:10.1093/stcltm/szae002

Nießing, B., Kiesel, R., Herbst, L., and Schmitt, R. H. (2021). Techno-economic 
analysis of automated iPSC production. Processes. doi:10.3390/pr9020240

Nourreddine, S., Doctor, Y., Dailamy, A., Forget, A., Lee, Y. H., Chinn, B., et al. 
(2024). A Perturbation cell atlas of human induced pluripotent stem cells. bioRxiv, 
2024.11.03.621734. doi:10.1101/2024.11.03.621734

Oba, T., Makino, K., Kajihara, R., Yokoi, T., Araki, R., Abe, M., et al. (2021). 
In situ delivery of iPSC-derived dendritic cells with local radiotherapy generates 
systemic antitumor immunity and potentiates PD-L1 blockade in preclinical poorly 
immunogenic tumor models. J. Immunother. Cancer 9 (5), e002432. doi:10.1136/jitc-
2021-002432

Orzechowski, M., Schochow, M., Kühl, M., and Steger, F. (2021). Content and method 
of information for participants in clinical studies with induced pluripotent stem cells 
(iPSCs). Front. Cell Dev. Biol. 9, 627816. doi:10.3389/fcell.2021.627816

Paik, D. T., Chandy, M., and Wu, J. C. (2020). Patient and disease-specific 
induced pluripotent stem cells for discovery of personalized cardiovascular drugs and 
therapeutics. Pharmacol. Rev. 72 (1), 320–342. doi:10.1124/pr.116.013003

Park, I.-H., Arora, N., Huo, H., Maherali, N., Ahfeldt, T., Shimamura, A., et al. 
(2008a). Disease-specific induced pluripotent stem cells. Cell 134 (5), 877–886. 
doi:10.1016/j.cell.2008.07.041

Park, I.-H., Zhao, R., West, J. A., Yabuuchi, A., Huo, H., Ince, T. A., et al. (2008b). 
Reprogramming of human somatic cells to pluripotency with defined factors. Nature
451 (7175), 141–146. doi:10.1038/nature06534

Pasque, V., Tchieu, J., Karnik, R., Uyeda, M., Sadhu Dimashkie, A., Case, D., et al. 
(2014). X chromosome reactivation dynamics reveal stages of reprogramming to 
pluripotency. Cell 159 (7), 1681–1697. doi:10.1016/j.cell.2014.11.040

Paull, D., Sevilla, A., Zhou, H., Hahn, A. K., Kim, H., Napolitano, C., et al. 
(2015). Automated, high-throughput derivation, characterization and differentiation 
of induced pluripotent stem cells. Nat. Methods 12 (9), 885–892. doi:10.1038/
nmeth.3507

Frontiers in Cell and Developmental Biology 21 frontiersin.org

https://doi.org/10.3389/fcell.2025.1627149
https://doi.org/10.1016/j.stem.2013.07.001
https://doi.org/10.5732/cjc.012.10065
https://doi.org/10.15252/emmm.202012146
https://doi.org/10.1038/nature09798
https://doi.org/10.1111/jcmm.12062
https://doi.org/10.1016/j.cell.2016.08.056
https://doi.org/10.1136/bmjopen-2021-056382
https://doi.org/10.1186/s13287-024-04007-5
https://doi.org/10.1038/ng.710
https://doi.org/10.5966/sctm.2012-0029
https://doi.org/10.1002/cpz1.88
https://doi.org/10.1016/j.jcyt.2024.05.022
https://doi.org/10.1101/cshperspect.a041308
https://doi.org/10.3390/cells12232756
https://doi.org/10.3390/ijms24010140
https://doi.org/10.1056/NEJMoa1608368
https://doi.org/10.1073/pnas.78.12.7634
https://doi.org/10.1038/s41467-020-16455-7
https://doi.org/10.1038/s41467-020-16455-7
https://doi.org/10.1007/s12015-024-10838-9
https://doi.org/10.1093/stmcls/sxad049
https://doi.org/10.1007/s10561-016-9563-8
https://doi.org/10.1007/s10561-016-9563-8
https://doi.org/10.15252/emmm.202115315
https://doi.org/10.1016/s0092-8674(01)00449-4
https://doi.org/10.1016/s0092-8674(01)00449-4
https://doi.org/10.1093/biolre/ioaa053
https://doi.org/10.1038/nature22312
https://doi.org/10.3389/fcvm.2022.950829
https://doi.org/10.1016/j.crmeth.2021.100153
https://doi.org/10.1186/s13287-019-1455-y
https://doi.org/10.1186/s13287-019-1455-y
https://doi.org/10.1186/s41232-023-00269-3
https://doi.org/10.1016/j.stemcr.2013.08.007
https://doi.org/10.18103/mra.v11i11.4784
https://doi.org/10.1186/s41232-020-00145-4
https://doi.org/10.1172/jci80575
https://doi.org/10.1093/stcltm/szae002
https://doi.org/10.3390/pr9020240
https://doi.org/10.1101/2024.11.03.621734
https://doi.org/10.1136/jitc-2021-002432
https://doi.org/10.1136/jitc-2021-002432
https://doi.org/10.3389/fcell.2021.627816
https://doi.org/10.1124/pr.116.013003
https://doi.org/10.1016/j.cell.2008.07.041
https://doi.org/10.1038/nature06534
https://doi.org/10.1016/j.cell.2014.11.040
https://doi.org/10.1038/ nmeth.3507
https://doi.org/10.1038/ nmeth.3507
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Dhaiban et al. 10.3389/fcell.2025.1627149

Pellegrini, S., Zamarian, V., and Sordi, V. (2022). Strategies to improve the safety 
of iPSC-derived β cells for β cell replacement in diabetes. Transpl. Int. 35, 10575. 
doi:10.3389/ti.2022.10575

Perillo, N. L., Pace, K. E., Seilhamer, J. J., and Baum, L. G. (1995). Apoptosis of T cells 
mediated by galectin-1. Nature 378 (6558), 736–739. doi:10.1038/378736a0

Raniga, K., Nasir, A., Vo, N. T. N., Vaidyanathan, R., Dickerson, S., Hilcove, S., et al. 
(2024). Strengthening cardiac therapy pipelines using human pluripotent stem cell-
derived cardiomyocytes. Cell Stem Cell 31 (3), 292–311. doi:10.1016/j.stem.2024.01.007

Riella, L. V., Watanabe, T., Sage, P. T., Yang, J., Yeung, M., Azzi, J., et al. 
(2011). Essential role of PDL1 expression on nonhematopoietic donor cells in 
acquired tolerance to vascularized cardiac allografts. Am. J. Transpl. 11 (4), 832–840. 
doi:10.1111/j.1600-6143.2011.03451.x

Rowe, R. G., and Daley, G. Q. (2019). Induced pluripotent stem cells in disease 
modelling and drug discovery. Nat. Rev. Genet. 20 (7), 377–388. doi:10.1038/s41576-
019-0100-z

Sakai, D., Mandai, M., Hirami, Y., Yamamoto, M., Ito, S. I., Igarashi, S., et al. 
(2025). Transplant of induced pluripotent stem cell-derived retinal pigment epithelium 
strips for macular degeneration and retinitis pigmentosa. Ophthal. Sci. 5 (4), 100770. 
doi:10.1016/j.xops.2025.100770

Sasaki, H., Wada, H., Baghdadi, M., Tsuji, H., Otsuka, R., Morita, K., et al. 
(2015). New immunosuppressive cell therapy to prolong survival of induced 
pluripotent stem cell-derived allografts. Transplantation 99 (11), 2301–2310. 
doi:10.1097/tp.0000000000000875

Sawamoto, N., Doi, D., Nakanishi, E., Sawamura, M., Kikuchi, T., Yamakado, H., et al. 
(2025). Phase I/II trial of iPS-cell-derived dopaminergic cells for Parkinson’s disease. 
Nature 641 (8064), 971–977. doi:10.1038/s41586-025-08700-0

Scesa, G., Adami, R., and Bottai, D. (2021). iPSC preparation and epigenetic memory: 
does the tissue origin matter? Cells 10 (6), 1470. doi:10.3390/cells10061470

Scheiner, Z. S., Talib, S., and Feigal, E. G. (2014). The potential for immunogenicity 
of autologous induced pluripotent stem cell-derived therapies. J. Biol. Chem. 289 (8), 
4571–4577. doi:10.1074/jbc.R113.509588

Schweitzer, J. S., Song, B., Herrington, T. M., Park, T. Y., Lee, N., Ko, S., et al. (2020). 
Personalized iPSC-derived dopamine progenitor cells for Parkinson’s disease. N. Engl. 
J. Med. 382 (20), 1926–1932. doi:10.1056/NEJMoa1915872

Selfa Aspiroz, L., Mennecozzi, M., Batlle, L., Corneo, B., Healy, L., Kotter, M., 
et al. (2025). Promoting the adoption of best practices and standards to enhance 
quality and reproducibility of stem cell research. Stem Cell Rep. 20 (7), 102531. 
doi:10.1016/j.stemcr.2025.102531

Shiba, Y., Gomibuchi, T., Seto, T., Wada, Y., Ichimura, H., Tanaka, Y., et al. (2016). 
Allogeneic transplantation of iPS cell-derived cardiomyocytes regenerates primate 
hearts. Nature 538 (7625), 388–391. doi:10.1038/nature19815

Silver, S. E., Barrs, R. W., and Mei, Y. (2021). Transplantation of human pluripotent 
stem cell-derived cardiomyocytes for cardiac regenerative therapy. Front. Cardiovasc 
Med. 8, 707890. doi:10.3389/fcvm.2021.707890

Sipp, D., Robey, P. G., and Turner, L. (2018). Clear up this stem-cell mess. Nature 561 
(7724), 455–457. doi:10.1038/d41586-018-06756-9

Soares, C. S. P., and Ribeiro, M. H. L. (2024). Induced pluripotent stem cell-derived 
cardiomyocytes: from regulatory status to clinical translation. Tissue Eng. Part B Rev. 30 
(4), 436–447. doi:10.1089/ten.TEB.2023.0080

Soldner, F., Hockemeyer, D., Beard, C., Gao, Q., Bell, G. W., Cook, E. G., et al. 
(2009). Parkinson’s disease patient-derived induced pluripotent stem cells free of viral 
reprogramming factors. Cell 136 (5), 964–977. doi:10.1016/j.cell.2009.02.013

Soldner, F., Laganière, J., Cheng, A. W., Hockemeyer, D., Gao, Q., Alagappan, R., et al. 
(2011). Generation of isogenic pluripotent stem cells differing exclusively at two early 
onset Parkinson point mutations. Cell 146 (2), 318–331. doi:10.1016/j.cell.2011.06.019

Soma, T., Oie, Y., Takayanagi, H., Matsubara, S., Yamada, T., Nomura, M., et al. (2024). 
Induced pluripotent stem-cell-derived corneal epithelium for transplant surgery: a 
single-arm, open-label, first-in-human interventional study in Japan. Lancet 404 
(10466), 1929–1939. doi:10.1016/S0140-6736(24)01764-1

Song, B., Cha, Y., Ko, S., Jeon, J., Lee, N., Seo, H., et al. (2020). Human autologous 
iPSC-derived dopaminergic progenitors restore motor function in Parkinson’s disease 
models. J. Clin. Invest 130 (2), 904–920. doi:10.1172/jci130767

Song, H. W., Solomon, J. N., Masri, F. P., Mack, A., Durand, N., Cameau, E., et al. 
(2024a). Bioprocessing considerations for generation of iPSCs intended for clinical 
application: perspectives from the ISCT Emerging Regenerative Medicine Technology 
working group. Cytotherapy 26 (11), 1275–1284. doi:10.1016/j.jcyt.2024.05.024

Song, S. J., Nam, Y., Rim, Y. A., Ju, J. H., and Sohn, Y. (2024b). Comparative analysis 
of regulations and studies on stem cell therapies: focusing on induced pluripotent stem 
cell (iPSC)-based treatments. Stem Cell Res. and Ther. 15 (1), 447. doi:10.1186/s13287-
024-04065-9

Soufi, A., Donahue, G., and Zaret, K. S. (2012). Facilitators and impediments of the 
pluripotency reprogramming factors’ initial engagement with the genome. Cell 151 (5), 
994–1004. doi:10.1016/j.cell.2012.09.045

Soundararajan, L., Surendran, H., Patlolla, N., Battu, R., Stoddard, J., Arrizabalaga, 
S., et al. (2025). Allogeneic RPE cell suspension manufactured at scale demonstrating 

preclinical safety and efficacy led to IND approval. NPJ Regen. Med. 10 (1), 19. 
doi:10.1038/s41536-025-00407-0

Stadtfeld, M., Nagaya, M., Utikal, J., Weir, G., and Hochedlinger, K. (2008). Induced 
pluripotent stem cells generated without viral integration. Science 322 (5903), 945–949. 
doi:10.1126/science.1162494

Steeg, R., Neubauer, J. C., Müller, S. C., Ebneth, A., and Zimmermann, H. 
(2020). The EBiSC iPSC bank for disease studies. Stem Cell Res. 49, 102034. 
doi:10.1016/j.scr.2020.102034

Su, D., Han, L., Shi, C., Li, Y., Qian, S., Feng, Z., et al. (2024). An updated 
review of HSV-1 infection-associated diseases and treatment, vaccine development, 
and vector therapy application. Virulence 15 (1), 2425744. doi:10.1080/21505594.2024.
2425744

Sugai, K., Sumida, M., Shofuda, T., Yamaguchi, R., Tamura, T., Kohzuki, T., et al. 
(2021). First-in-human clinical trial of transplantation of iPSC-derived NS/PCs in 
subacute complete spinal cord injury: Study protocol. Regen. Ther., 18, 321–333. 
doi:10.1016/j.reth.2021.08.005

Sugimoto, N., Kanda, J., Nakamura, S., Kitano, T., Hishizawa, M., Kondo, 
T., et al. (2022). iPLAT1: the first-in-human clinical trial of iPSC-derived 
platelets as a phase 1 autologous transfusion study. Blood 140 (22), 2398–2402. 
doi:10.1182/blood.2022017296

Sugita, S., Mandai, M., Hirami, Y., Takagi, S., Maeda, T., Fujihara, M., et al. 
(2020). HLA-matched allogeneic ips cells-derived rpe transplantation for macular 
degeneration. J. Clin. Med. 9 (7), 2217. doi:10.3390/jcm9072217

Sullivan, S., Ginty, P., McMahon, S., May, M., Solomon, S. L., Kurtz, A., et al. 
(2020). The global alliance for iPSC therapies (GAiT). Stem Cell Res. 49, 102036. 
doi:10.1016/j.scr.2020.102036

Sürün, D., Schneider, A., Mircetic, J., Neumann, K., Lansing, F., Paszkowski-Rogacz, 
M., et al. (2020). Efficient generation and correction of mutations in human iPS cells 
utilizing mRNAs of CRISPR base editors and prime editors. Genes (Basel) 11 (5), 511. 
doi:10.3390/genes11050511

Svendsen, S. P., and Svendsen, C. N. (2024). Cell therapy for neurological disorders. 
Nat. Med. 30 (10), 2756–2770. doi:10.1038/s41591-024-03281-3

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from 
mouse embryonic and adult fibroblast cultures by defined factors. cell 126 (4), 663–676. 
doi:10.1016/j.cell.2006.07.024

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., et al. 
(2007). Induction of pluripotent stem cells from adult human fibroblasts by defined 
factors. cell 131 (5), 861–872. doi:10.1016/j.cell.2007.11.019

Takahashi, R., Nakanishi, E., Yamakado, H., Sawamoto, N., and Takahashi, J. 
(2025). Allogenic transplantation therapy of iPS cell-derived dopamine progenitors for 
Parkinson’s disease -Current status of the Kyoto Trial and future perspectives. Park. 
Relat. Disord. 135, 107833. doi:10.1016/j.parkreldis.2025.107833

Takei, Y., Morioka, M., Yamashita, A., Kobayashi, T., Shima, N., and Tsumaki, N. 
(2020). Quality assessment tests for tumorigenicity of human iPS cell-derived cartilage. 
Sci. Rep. 10 (1), 12794. doi:10.1038/s41598-020-69641-4

Tanaka, A., Yuasa, S., Node, K., and Fukuda, K. (2015). Cardiovascular disease 
modeling using patient-specific induced pluripotent stem cells. Int. J. Mol. Sci. 16 (8), 
18894–18922. doi:10.3390/ijms160818894

Taylor, C. J., Bolton, E. M., and Bradley, J. A. (2011). Immunological considerations 
for embryonic and induced pluripotent stem cell banking. Philos. Trans. R. Soc. Lond B 
Biol. Sci. 366 (1575), 2312–2322. doi:10.1098/rstb.2011.0030

Taylor, C. J., Peacock, S., Chaudhry, A. N., Bradley, J. A., and Bolton, E. M. 
(2012). Generating an iPSC bank for HLA-matched tissue transplantation based 
on known donor and recipient HLA types. Cell Stem Cell 11 (2), 147–152. 
doi:10.1016/j.stem.2012.07.014

Tekel, S. J., Brookhouser, N., Standage-Beier, K., Wang, X., and Brafman, D. A. (2021). 
Cytosine and adenosine base editing in human pluripotent stem cells using transient 
reporters for editing enrichment. Nat. Protoc. 16 (7), 3596–3624. doi:10.1038/s41596-
021-00552-y

Themeli, M., Kloss, C. C., Ciriello, G., Fedorov, V. D., Perna, F., Gonen, M., et al. 
(2013). Generation of tumor-targeted human T lymphocytes from induced pluripotent 
stem cells for cancer therapy. Nat. Biotechnol. 31 (10), 928–933. doi:10.1038/nbt.2678

Thomson, J. A., Itskovitz-Eldor, J., Shapiro, S. S., Waknitz, M. A., Swiergiel, J. J., 
Marshall, V. S., et al. (1998). Embryonic stem cell lines derived from human blastocysts. 
Science 282 (5391), 1145–1147. doi:10.1126/science.282.5391.1145

Thor, S., Vetter, T., Marcal, A., and Kweder, S. (2023). EMA-FDA parallel scientific 
advice: optimizing development of medicines in the global age. Ther. Innov. Regul. Sci., 
57(4), 656–661. doi:10.1007/s43441-023-00501-9

Tokuyama, T., Ahmed, R. E., Chanthra, N., Anzai, T., and Uosaki, H. (2021). Disease 
modeling of mitochondrial cardiomyopathy using patient-specific induced pluripotent 
stem cells. Biol. (Basel) 10 (10), 981. doi:10.3390/biology10100981

Tristan, C. A., Ormanoglu, P., Slamecka, J., Malley, C., Chu, P. H., Jovanovic, 
V. M., et al. (2020). Robotic high-throughput biomanufacturing and functional 
differentiation of human pluripotent stem cells. bioRxiv, 2020.08.03.235242. 
doi:10.1101/2020.08.03.235242

Frontiers in Cell and Developmental Biology 22 frontiersin.org

https://doi.org/10.3389/fcell.2025.1627149
https://doi.org/10.3389/ti.2022.10575
https://doi.org/10.1038/378736a0
https://doi.org/10.1016/j.stem.2024.01.007
https://doi.org/10.1111/j.1600-6143.2011.03451.x
https://doi.org/10.1038/s41576-019-0100-z
https://doi.org/10.1038/s41576-019-0100-z
https://doi.org/10.1016/j.xops.2025.100770
https://doi.org/10.1097/tp.0000000000000875
https://doi.org/10.1038/s41586-025-08700-0
https://doi.org/10.3390/cells10061470
https://doi.org/10.1074/jbc.R113.509588
https://doi.org/10.1056/NEJMoa1915872
https://doi.org/10.1016/j.stemcr.2025.102531
https://doi.org/10.1038/nature19815
https://doi.org/10.3389/fcvm.2021.707890
https://doi.org/10.1038/d41586-018-06756-9
https://doi.org/10.1089/ten.TEB.2023.0080
https://doi.org/10.1016/j.cell.2009.02.013
https://doi.org/10.1016/j.cell.2011.06.019
https://doi.org/10.1016/S0140-6736(24)01764-1
https://doi.org/10.1172/jci130767
https://doi.org/10.1016/j.jcyt.2024.05.024
https://doi.org/10.1186/s13287-024-04065-9
https://doi.org/10.1186/s13287-024-04065-9
https://doi.org/10.1016/j.cell.2012.09.045
https://doi.org/10.1038/s41536-025-00407-0
https://doi.org/10.1126/science.1162494
https://doi.org/10.1016/j.scr.2020.102034
https://doi.org/10.1080/21505594.2024.2425744
https://doi.org/10.1080/21505594.2024.2425744
https://doi.org/10.1016/j.reth.2021.08.005
https://doi.org/10.1182/blood.2022017296
https://doi.org/10.3390/jcm9072217
https://doi.org/10.1016/j.scr.2020.102036
https://doi.org/10.3390/genes11050511
https://doi.org/10.1038/s41591-024-03281-3
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.parkreldis.2025.107833
https://doi.org/10.1038/s41598-020-69641-4
https://doi.org/10.3390/ijms160818894
https://doi.org/10.1098/rstb.2011.0030
https://doi.org/10.1016/j.stem.2012.07.014
https://doi.org/10.1038/s41596-021-00552-y
https://doi.org/10.1038/s41596-021-00552-y
https://doi.org/10.1038/nbt.2678
https://doi.org/10.1126/science.282.5391.1145
https://doi.org/10.1007/s43441-023-00501-9
https://doi.org/10.3390/biology10100981
https://doi.org/10.1101/2020.08.03.235242
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Dhaiban et al. 10.3389/fcell.2025.1627149

Tristan, C. A., Hong, H., Jethmalani, Y., Chen, Y., Weber, C., Chu, P.-H., et al. (2023). 
Efficient and safe single-cell cloning of human pluripotent stem cells using the CEPT 
cocktail. Nat. Protoc. 18 (1), 58–80. doi:10.1038/s41596-022-00753-z

Tsai, Y., Lu, B., Bakondi, B., Girman, S., Sahabian, A., Sareen, D., et al. (2015). Human 
iPSC-derived neural progenitors preserve vision in an AMD-like model. Stem Cells 33 
(8), 2537–2549. doi:10.1002/stem.2032

Tsuneyoshi, N., Hosoya, T., Takeno, Y., Saitoh, K., Murai, H., Amimoto, N., et al. 
(2024). Hypoimmunogenic human iPSCs expressing HLA-G, PD-L1, and PD-L2 evade 
innate and adaptive immunity. Stem Cell Res. Ther. 15 (1), 193. doi:10.1186/s13287-024-
03810-4

Turinetto, V., Orlando, L., and Giachino, C. (2017). Induced pluripotent stem cells: 
advances in the quest for genetic stability during reprogramming process. Int. J. Mol. 
Sci. 18 (9), 1952. doi:10.3390/ijms18091952

Turner, L. (2021). ISSCR’s Guidelines for Stem Cell Research and Clinical Translation: 
supporting development of safe and efficacious stem cell-based interventions. Stem Cell 
Rep. 16 (6), 1394–1397. doi:10.1016/j.stemcr.2021.05.011

U.S. Food and Drug Administration (2007). Guidance for industry: regulation of 
human cells, tissues, and cellular and tissue-based products (HCT/ps) – 21 CFR Part 
1271.

U.S. Food and Drug Administration (2020). Regulatory considerations for human 
cells, tissues, and cellular and tissue-based products: minimal manipulation and 
homologous use. Center for Biologics Evaluation and Research.

Utikal, J., Maherali, N., Kulalert, W., and Hochedlinger, K. (2009). Sox2 is dispensable 
for the reprogramming of melanocytes and melanoma cells into induced pluripotent 
stem cells. J. Cell Sci. 122 (Pt 19), 3502–3510. doi:10.1242/jcs.054783

Valadez-Barba, V., Cota-Coronado, A., Hernández-Pérez, O. R., Lugo-Fabres, P. H., 
Padilla-Camberos, E., Díaz, N. F., et al. (2020). iPSC for modeling neurodegenerative 
disorders. Regen. Ther. 15, 332–339. doi:10.1016/j.reth.2020.11.006

Vedeneeva, E., Gursky, V., Samsonova, M., and Neganova, I. (2023). 
Morphological signal processing for phenotype recognition of human pluripotent 
stem cells using machine learning methods. Biomedicines 11 (11), 3005. 
doi:10.3390/biomedicines11113005

Volarevic, V., Markovic, B. S., Gazdic, M., Volarevic, A., Jovicic, N., Arsenijevic, N., 
et al. (2018). Ethical and safety issues of stem cell-based therapy. Int. J. Med. Sci. 15 (1), 
36–45. doi:10.7150/ijms.21666

Wang, S., Du, Y., Zhang, B., Meng, G., Liu, Z., Liew, S. Y., et al. (2024). 
Transplantation of chemically induced pluripotent stem-cell-derived islets under 
abdominal anterior rectus sheath in a type 1 diabetes patient. Cell, 187 (22), 
6152–6164.e18. doi:10.1016/j.cell.2024.09.004

Wang, T., Zhang, J., Liao, J., Zhang, F., and Zhou, G. (2020). Donor genetic 
backgrounds contribute to the functional heterogeneity of stem cells and clinical 
outcomes. Stem Cells Transl. Med. 9 (12), 1495–1499. doi:10.1002/sctm.20-0155

Warren, L., Manos, P. D., Ahfeldt, T., Loh, Y.-H., Li, H., Lau, F., et al. 
(2010). Highly efficient reprogramming to pluripotency and directed differentiation 
of human cells with synthetic modified mRNA. Cell stem cell 7 (5), 618–630. 
doi:10.1016/j.stem.2010.08.012

Watari, K., Yamasaki, S., Tu, H. Y., Shikamura, M., Kamei, T., Adachi, H., et al. (2023). 
Self-organization, quality control, and preclinical studies of human iPSC-derived retinal 
sheets for tissue-transplantation therapy. Commun. Biol. 6 (1), 164. doi:10.1038/s42003-
023-04543-5

Wei, L., Yan, W., Shah, W., Zhang, Z., Wang, M., Liu, B., et al. (2024). Advancements 
and challenges in stem cell transplantation for regenerative medicine. Heliyon 10 (16), 
e35836. doi:10.1016/j.heliyon.2024.e35836

Wilmut, I., Schnieke, A. E., McWhir, J., Kind, A. J., and Campbell, K. H. (1997). Viable 
offspring derived from fetal and adult mammalian cells. Nature 385 (6619), 810–813. 
doi:10.1038/385810a0

Wu, D., Poddar, A., Ninou, E., Hwang, E., Cole, M. A., Liu, S. J., et al. (2022). Dual 
genome-wide coding and lncRNA screens in neural induction of induced pluripotent 
stem cells. Cell Genom 2 (11), 100177. doi:10.1016/j.xgen.2022.100177

Wu, Y., Zhong, A., Sidharta, M., Kim, T. W., Ramirez, B., Persily, B., et al. (2024a). 
Robust and inducible genome editing via an all-in-one prime editor in human 
pluripotent stem cells. Nat. Commun. 15 (1), 10824. doi:10.1038/s41467-024-55104-1

Wu, Z., Su, Y., Li, J., Liu, X., Liu, Y., Zhao, L., et al. (2024b). Induced pluripotent stem 
cell-derived mesenchymal stem cells: whether they can become new stars of cell therapy. 
Stem Cell Res. and Ther. 15 (1), 367. doi:10.1186/s13287-024-03968-x

XellSmart Biomedical, Co., L. (2025). XellSmart secures FDA clearance for three 
phase I INDs of allogeneic iPSC-derived cell therapies targeting major CNS diseases: 
parkinson’s diseases, spinal cord injury and ALS. Available online at:  https://
www.biospace.com/press-releases/xellsmart-secures-fda-clearance-for-three-phase-i-i
nds-of-allogeneic-ipsc-derived-cell-therapies-targeting-major-cns-diseases-parkinson
s-diseases-spinal-cord-injury-and-als (Accessed July 26, 2025).

Yamanaka, S. (2020). Pluripotent stem cell-based cell therapy-promise and 
challenges. Cell Stem Cell 27 (4), 523–531. doi:10.1016/j.stem.2020.09.014

Yan, W., Xia, Y., Zhao, H., Xu, X., Ma, X., and Tao, L. (2024). Stem cell-based therapy 
in cardiac repair after myocardial infarction: promise, challenges, and future directions. 
J. Mol. Cell. Cardiol. 188, 1–14. doi:10.1016/j.yjmcc.2023.12.009

Yang, J. M., Chung, S., Yun, K., Kim, B., So, S., Kang, S., et al. (2021). Long-term effects 
of human induced pluripotent stem cell-derived retinal cell transplantation in Pde6b 
knockout rats. Exp. and Mol. Med. 53 (4), 631–642. doi:10.1038/s12276-021-00588-w

Yang, X., Chen, D., Sun, Q., Wang, Y., Xia, Y., Yang, J., et al. (2023). A live-cell image-
based machine learning strategy for reducing variability in PSC differentiation systems. 
Cell Discov. 9 (1), 53. doi:10.1038/s41421-023-00543-1

Yang, Y., Ma, B., Chen, J., Liu, D., Ma, J., Li, B., et al. (2024). Epigenetic regulation and 
factors that influence the effect of iPSCs-derived neural stem/progenitor cells (NS/PCs) 
in the treatment of spinal cord injury. Clin. Epigenetics 16 (1), 30. doi:10.1186/s13148-
024-01639-5

Yehya, H., Raudins, S., Padmanabhan, R., Jensen, J., and Bukys, M. A. (2024). 
Addressing bioreactor hiPSC aggregate stability, maintenance and scaleup 
challenges using a design of experiment approach. Stem Cell Res. Ther. 15 (1), 
191. doi:10.1186/s13287-024-03802-4

Yu, J., Hu, K., Smuga-Otto, K., Tian, S., Stewart, R., Slukvin, I. I., et al. (2009). Human 
induced pluripotent stem cells free of vector and transgene sequences. Science 324 
(5928), 797–801. doi:10.1126/science.1172482

Yu, C. T., Kandoi, S., Periasamy, R., Reddy, L. V. K., Follett, H. M., Summerfelt, P., et al. 
(2024). Human iPSC-derived photoreceptor transplantation in the cone dominant 13-
lined ground squirrel. Stem Cell Rep. 19 (3), 331–342. doi:10.1016/j.stemcr.2024.01.005

Zaret, K. S., and Carroll, J. S. (2011). Pioneer transcription factors: 
establishing competence for gene expression. Genes Dev. 25 (21), 2227–2241. 
doi:10.1101/gad.176826.111

Zhang, H., Su, B., Jiao, L., Xu, Z. H., Zhang, C. J., Nie, J., et al. (2021). Transplantation 
of GMP-grade human iPSC-derived retinal pigment epithelial cells in rodent model: 
the first pre-clinical study for safety and efficacy in China. Ann. Transl. Med. 9 (3), 245. 
doi:10.21037/atm-20-4707

Zhao, T., Zhang, Z.-n., Westenskow, P. D., Todorova, D., Hu, Z., Lin, T., 
et al. (2015). Humanized mice reveal differential immunogenicity of cells derived 
from autologous induced pluripotent stem cells. Cell stem cell 17 (3), 353–359. 
doi:10.1016/j.stem.2015.07.021

Zhao, N., Zhang, C.-J., Zhang, X., Wang, W., Jin, K., and Jin, Z.-B. (2024). 
Transplantation of derivative retinal organoids from chemically induced pluripotent 
stem cells restored visual function. npj Regen. Med. 9 (1), 42. doi:10.1038/s41536-024-
00387-7

Zheng, Y. L. (2016). Some ethical concerns about human induced pluripotent stem 
cells. Sci. Eng. Ethics 22 (5), 1277–1284. doi:10.1007/s11948-015-9693-6

Zhong, C., Liu, M., Pan, X., and Zhu, H. (2022). Tumorigenicity risk of iPSCs in vivo: 
nip it in the bud. Precis. Clin. Med. 5 (1), pbac004. doi:10.1093/pcmedi/pbac004

Zhou, Y., Li, M., Zhou, K., Brown, J., Tsao, T., Cen, X., et al. (2022). Engineering 
induced pluripotent stem cells for cancer immunotherapy. Cancers (Basel) 14 (9), 2266. 
doi:10.3390/cancers14092266

Frontiers in Cell and Developmental Biology 23 frontiersin.org

https://doi.org/10.3389/fcell.2025.1627149
https://doi.org/10.1038/s41596-022-00753-z
https://doi.org/10.1002/stem.2032
https://doi.org/10.1186/s13287-024-03810-4
https://doi.org/10.1186/s13287-024-03810-4
https://doi.org/10.3390/ijms18091952
https://doi.org/10.1016/j.stemcr.2021.05.011
https://doi.org/10.1242/jcs.054783
https://doi.org/10.1016/j.reth.2020.11.006
https://doi.org/10.3390/biomedicines11113005
https://doi.org/10.7150/ijms.21666
https://doi.org/10.1016/j.cell.2024.09.004
https://doi.org/10.1002/sctm.20-0155
https://doi.org/10.1016/j.stem.2010.08.012
https://doi.org/10.1038/s42003-023-04543-5
https://doi.org/10.1038/s42003-023-04543-5
https://doi.org/10.1016/j.heliyon.2024.e35836
https://doi.org/10.1038/385810a0
https://doi.org/10.1016/j.xgen.2022.100177
https://doi.org/10.1038/s41467-024-55104-1
https://doi.org/10.1186/s13287-024-03968-x
https://www.biospace.com/press-releases/xellsmart-secures-fda-clearance-for-three-phase-i-inds-of-allogeneic-ipsc-derived-cell-therapies-targeting-major-cns-diseases-parkinsons-diseases-spinal-cord-injury-and-als
https://www.biospace.com/press-releases/xellsmart-secures-fda-clearance-for-three-phase-i-inds-of-allogeneic-ipsc-derived-cell-therapies-targeting-major-cns-diseases-parkinsons-diseases-spinal-cord-injury-and-als
https://www.biospace.com/press-releases/xellsmart-secures-fda-clearance-for-three-phase-i-inds-of-allogeneic-ipsc-derived-cell-therapies-targeting-major-cns-diseases-parkinsons-diseases-spinal-cord-injury-and-als
https://www.biospace.com/press-releases/xellsmart-secures-fda-clearance-for-three-phase-i-inds-of-allogeneic-ipsc-derived-cell-therapies-targeting-major-cns-diseases-parkinsons-diseases-spinal-cord-injury-and-als
https://doi.org/10.1016/j.stem.2020.09.014
https://doi.org/10.1016/j.yjmcc.2023.12.009
https://doi.org/10.1038/s12276-021-00588-w
https://doi.org/10.1038/s41421-023-00543-1
https://doi.org/10.1186/s13148-024-01639-5
https://doi.org/10.1186/s13148-024-01639-5
https://doi.org/10.1186/s13287-024-03802-4
https://doi.org/10.1126/science.1172482
https://doi.org/10.1016/j.stemcr.2024.01.005
https://doi.org/10.1101/gad.176826.111
https://doi.org/10.21037/atm-20-4707
https://doi.org/10.1016/j.stem.2015.07.021
https://doi.org/10.1038/s41536-024-00387-7
https://doi.org/10.1038/s41536-024-00387-7
https://doi.org/10.1007/s11948-015-9693-6
https://doi.org/10.1093/pcmedi/pbac004
https://doi.org/10.3390/cancers14092266
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

	1 Introduction
	2 Historical perspective and mechanistic foundations of iPSC technology
	3 Current iPSC-based therapies
	3.1 Clinical applications of iPSC in AMD and retinal therapies
	3.2 Clinical applications of iPSC in neurodegenerative diseases treatment
	3.3 iPSC-derived immune cells for cancer therapy
	3.4 IPSC-derived cardiomyocyte sheets for treatment of heart failure

	4 Regulatory considerations for the clinical translation of iPSC-based therapies
	4.1 Regional regulatory frameworks: FDA, EMA, and PMDA
	4.2 IND and IMPD application pathways
	4.3 Regional GMP requirements
	4.4 Case studies of regulatory approvals
	4.5 International harmonization and ICH guidelines

	5 Autologous and allogeneic iPSCs therapies
	5.1 Autologous iPSC therapies
	5.2 Allogeneic iPSC therapies

	6 HLA matched iPSCs banks
	7 Challenges for the clinical application of iPSC-based therapies
	7.1 Safety concerns
	7.1.1 Genetic instability and tumorigenicity
	7.1.2 Epigenetic memory and immune rejection

	7.2 Scalability and quality control
	7.3 Cost and time constraints
	7.4 Accessibility and equity in iPSC therapies
	7.5 Ethical considerations of HLA banks and gene editing technologies

	8 Future directions in iPSC technology: artificial intelligence and personalized medicine
	9 Concluding remarks
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References

