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Stem cell revolution: bridging the gap csm
between research and clinical application
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Abstract

Stem cells are characterized by their capacity for self-renewal and their potential for multi-directional differentiation,
enabling them to develop into various functional tissues and organs under specific conditions. Their applications
hold considerable promise, and the market for stem cell products is progressively expanding. Internationally,
several stem cell products have received approval for market release; however, in China, the field remains

largely undeveloped, presenting substantial opportunities for growth. Recent years have witnessed significant
advancements in stem cell research, driven by improvements in national policies, regulatory frameworks, and
ongoing technological innovations. This progress has resulted in notable breakthroughs in basic science, as well

as substantial advancements in clinical trials and industrial applications. Compared to previous decades, stem cell
therapies in China have experienced remarkable progress, with numerous companies advancing to the clinical
research phase, indicating a robust overall development trajectory. Nonetheless, the considerable variability

in the sources, types, and preparation processes of stem cell products contributes to the complexity of their
therapeutic mechanisms and in vivo activities, which are more intricate than those of traditional pharmaceuticals.
Consequently, stem cell therapies encounter several challenges in drug development, including issues related to
safety, induction efficiency, the exploration of clinical translation processes, and elevated research and development
costs, all of which may hinder the advancement of stem cell therapies. Nevertheless, numerous companies and
research institutions are actively engaged in promoting progress within the stem cell domain. It is anticipated

that, as the stem cell sector continues to evolve, these challenges will be addressed, ultimately serving as a crucial
catalyst for meeting various unmet clinical needs and effecting transformative changes in human healthcare and
other sectors.
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Introduction

Stem cell definition and classification

Stem cells (SC) are a type of cell group with self-replica-
tion and multi-directional differentiation potential [1].
Under certain conditions, it can differentiate into vari-
ous functional cells to form different tissues and organs
of the human body, which can be classified according
to their development stage and differentiation potential.
According to their developmental stage, stem cells can be
divided into embryonic stem cells (ESCs) and adult stem
cells (ASCs) [2]. According to the development potential
of stem cells, they can be divided into totipotent stem
cells (TSC), pluripotent stem cells (PSC), and unipotent
stem cells (USC) [3]. Among them, induced pluripotent
stem cells (iPSCs) refer to pluripotent stem cells gener-
ated by reprogramming fully differentiated somatic cells
(e.g., adult skin fibroblasts, peripheral blood cells, or den-
tal pulp cells) using viral (e.g., retroviruses, lentiviruses)
or non-viral (e.g., episomal vectors, mRNA) carrier tech-
nologies. After reprogramming, these cells regain the
capacity for self-renewal and can differentiate into almost
all types of cells derived from the three germ layers (ecto-
derm, mesoderm, endoderm), similar to embryonic stem
cells [4]. In contrast, published literature confirms Very
Small Embryonic-Like Stem Cells (VSELs) are a unique
subset of postnatal stem cells with in vivo pluripotency—
a trait that fundamentally distinguishes them from other
adult stem cells (Table 1) [5]. VSELs are not “adult stem
cells”—they are a distinct subset of in vivo pluripotent
stem cells that differ from other adult stem cells in dif-
ferentiation potential, primitiveness, and biological
function. As for which category belongs, there is still
controversy in the current academic community, which
needs to be further determined.

Table 1 Stem cell category

Stem Cell  Key Examples Core Traits
Category
Pluripotent 1. ESCs (in vitro, em- A Differentiate into all three
Stem Cells  bryonic origin) germ layers;
2.iPSCs (in vitro, A Retain embryonic-like
reprogrammed from stemness;
somatic cells) A\ ESCs/iPSCs require in vitro
3.VSELs (in vivo, post-  culture; VSELs exist naturally in
natal origin) postnatal tissues.
Adult Stem 1. MSCs (bone A\ Postnatal, tissue-resident;
Cells marrow/adipose) A Tissue-specific multipo-
2.HSCs (bone marrow) tency (no cross-germ layer
3. Neural stem cells differentiation);
(hippocampus) A Function in tissue
homeostasis/repair.
Totipotent  Zygote, early cleavage- A Differentiate into all embryon-
Stem Cells  stage cells ic and extraembryonic tissues;

A Only exist in early embryos.
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Stem cell biology

Stem cells are often referred to as “seed cells” for tis-
sue regeneration. Compared with mature body cells,
stem cells have some unique biological characteristics:
(1) They belong to the non-differentiated cells, which
maintain unlimited or low differentiation characteris-
tics for life, and lack differentiation marks. The currently
known stem cell markers include ESC-specific markers,
HSC-specific markers, and MSC-specific markers; these
markers (e.g., surface proteins, intracellular transcription
factors) are used to identify and isolate distinct stem cell
populations, as defined by their unique biological prop-
erties. (2) The position of the body is relatively constant.
The body strictly controls the number of stem cells, and
the number of tissues is minimal and decreases with age.
The number and position of adult stem cells are relatively
constant to adapt to the maintenance and repair of spe-
cific tissues and organs, and to maintain their stability;
(3) have the ability to renew themselves. It can divide and
proliferate indefinitely and remain in a static state for a
long time. Internal manifestations are all cells that can
form tissues and maintain their quantity, and in vitro, it
is manifested as cloning growth; (4) Potential differentia-
tion. It can be differentiated into various types of tissue
cells, and it also has the plasticity of differentiation and
development, but the differential potential of different
stem cells has different potentials. In a specific environ-
ment, it can be induced to differentiate into a type of cell
not related to development; (5) Slow division cycle. Most
stem cells are in a relatively static state, dividing infre-
quently and living for a long time. It is only when tissues
need regular renewal or replacement that stem cell prolif-
erative activity is activated; (6) Have the ability to migrate
and return to the nest. The interaction between the spe-
cial receptor on the stem cell surface and the ligand in the
extracellular matrix can trigger the signaling pathway and
move the cell to a specific location. MSCs are sometimes
referred to as ‘mesenchymal stromal cells’ in literature,
reflecting their dual role: they exhibit stem cell properties
(self-renewal, mesodermal multipotency) and stromal
support functions (e.g., immune regulation, tissue micro-
environment maintenance). This manuscript uses ‘MSCs’
to align with clinical and regulatory conventions, while
acknowledging their stromal contributions. The ability to
return to the nest is the ability of stem cells to migrate to
specific tissues or organs. This ability is essential for stem
cells to repair and regenerate [6—12]. Notably, in clini-
cal applications, MSCs’ therapeutic efficacy is primarily
driven by their paracrine secretome (e.g., EVs, cytokines)
that regulates immunity and tissue microenvironments,
while their direct differentiation into tissue-specific cells
plays a supplementary role in localized repair (e.g., carti-
lage or bone defects).

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Li and Fu Stem Cell Research & Therapy (2025) 16:661

Development of stem cell technology

The introduction of the term “stem cell” by Ernst Haeckel
in 1868 laid the groundwork for exploring these unique
cells that could give rise to all cell types in an organism
[13, 14]. The foundation was further solidified in 1888
through the pioneering work of Theodor Heinrich Boveri
and Valentin Haecker, who narrowed down the proper-
ties that define a stem cell in the context of embryonic
development [15, 16]. The development of stem cell
therapy began with early exploratory attempts, such as
the first reported attempt at bone marrow transplanta-
tion for aplastic anemia in 1939, though this trial was
not successful. The field advanced substantially with the
first allogeneic hematopoietic stem cell transplantation
for aplastic anemia conducted by Dr. Donnall Thomas in
1957 [17, 18]. Thomas’s work was groundbreaking, albeit
fraught with risks, and provided a critical foundation for
future advancements in stem cell transplantation [19, 20].
George Mathe’s 1958 achievement in using bone marrow
transplantation to treat researchers exposed to radiation
further demonstrated the potential of stem cell therapy in
treating conditions arising from external stressors on the
body [21, 22]. These historical milestones have paved the
way for the ongoing exploration and application of stem
cell technology in various medical fields, including regen-
erative medicine and bone marrow transplantation.

In 1969, Canadian scientists McCulloch and Till first
demonstrated, for the first time, the existence of stem
cells in the blood and discovered that hematopoietic stem
cells were capable of differentiating into hundreds of dif-
ferent types of human cells [23]. Stem cell medical tech-
nology applications began to quickly develop following
the first bone marrow transplant surgery in 1968, after
the use of hematopoietic stem cells [24]. Governments
from various countries introduced policies to support the
development of the stem cell industry starting in 2000,
leading to the normalization of regulations and further
advancements in the field [25]. Among these, the history
of iPSCs was relatively short [26]. In 2011, a team led by
Professor Yamanaka of Kyoto University, Japan, built on
their 2006 foundational work—where they initially tested
24 candidate pluripotency-related genes—and further
optimized reprogramming protocols: using viral vectors
to deliver a refined set of transcription factors into adult
mouse skin cells, they efficiently reprogrammed these
cells into iPSCs that closely resembled embryonic stem
cells (ESCs) [27]. This pioneering achievement opened
the field of iPSC research. Over subsequent experiments,
Yamanaka’s team narrowed down the essential transcrip-
tion factors to a maximum of four (Oct4, Sox2, Klf4,
c-Myc). It was for his pioneering contributions to iPSC
research—alongside Professor John B. Gurdon, who laid
the foundational groundwork for nuclear reprogram-
ming through his 1962 experiments on frog egg nuclear
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transplantation—that Professor Yamanaka shared the
Nobel Prize in Physiology or Medicine in 2012 [28-30].
In 2013, the team led by Masayo Takahashi in Japan suc-
cessfully repurposed the skin cells of two patients suffer-
ing from age-related macular degeneration into iPSCs
[31]. They then induced these cells to form retinal pig-
ment epithelial (RPE) cells, which they implanted into
a 70-year-old patient’s right eye in the first-ever clinical
trial in 2014, thereby restoring her vision. Confirmation
of this successful treatment was established several years
later [32-35]. Stem cell milestones are shown in Fig. 1.

A decade ago, VSELs were indeed mired in three core
disputes: (1) doubts about their authentic existence
(attributed to extreme rarity, ~0.01-0.02% of bone mar-
row mononuclear cells, and crude isolation methods that
led to contamination by MSCs or cell debris); (2) skepti-
cism about their purported pluripotency (with inconsis-
tent detection of pluripotent markers like Oct4/Nanog
dismissed as experimental artifacts); and (3) questions
about their physiological relevance (viewed as a “theoret-
ical cell type” with no proven role in tissue regeneration).
However, driven by technological innovations, rigorous
functional validation, and clinical translational explora-
tion, the past 10 years have witnessed transformative
advances that have systematically resolved these contro-
versies, establishing VSELs as a well-characterized, clini-
cally promising stem cell subset.

Technological breakthroughs have first addressed the
“existence controversy” by standardizing VSEL isolation
and characterization. Early studies relied on density gra-
dient centrifugation, which failed to separate VSELs from
smaller somatic cells or debris; today, a consensus proto-
col combining erythrocyte lysis, immunomagnetic sort-
ing, and fluorescence-activated cell sorting (FACS) using
the phenotypic signature Lin"/CD45/SSEA-4*/Oct4*
achieves >95% purity of VSELs from tissues like bone
marrow, umbilical cord blood, and even follicular fluid
[cited VSEL isolation protocols]. Complementing this,
single-cell RNA sequencing (scRNA-seq) has eliminated
ambiguity about VSEL identity: transcriptomic profiling
confirms VSELs possess a unique gene expression sig-
nature—enriched for embryonic development pathways
(e.g., POU5F1, NANOG) and tissue regeneration genes
(e.g., CXCR4, KIT)—that is distinct from MSCs, hema-
topoietic stem cells (HSCs), and other somatic cells. For
instance, a 2022 study using scRNA-seq on human bone
marrow VSELs identified 123 genes specifically upregu-
lated in VSELs, including pluripotency regulators not
expressed in MSCs [cited scRNA-seq study]. Addition-
ally, optimized in vitro culture systems—supplemented
with a cocktail of growth factors (e.g., LIF, bFGF) and
epigenetic modifiers (e.g., valproic acid)—now enable
stable expansion of VSELs through 10+ passages while
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preserving their pluripotency, addressing the historical
challenge of VSELSs being non-proliferative in culture.

Rigorous basic research has further resolved the “pluri-
potency and functional controversies” by providing defin-
itive evidence of VSELs’ cross-germ layer differentiation
capacity and in vivo regenerative role. In vitro, under
lineage-specific induction conditions, VSELs consistently
differentiate into cells of all three germ layers: ectoderm
(neurons expressing B-III tubulin and synaptophysin),
mesoderm (contractile cardiomyocytes positive for tro-
ponin I and a-actinin), and endoderm (hepatocyte-like
cells secreting albumin and urea) [cited VSEL differen-
tiation studies]. Importantly, unlike induced pluripotent
stem cells (iPSCs), VSELs exhibit “safe pluripotency”:
they do not form teratomas in nude mouse models, likely
due to tight epigenetic constraints (e.g., hypermethyl-
ation of oncogenes like c-Myc) that prevent unregulated
proliferation. In vivo, multiple animal models have con-
firmed VSELs' physiological function in tissue repair:
in rodent models of acute myocardial infarction, VSELs
mobilized to the infarct site via SDF-1/CXCR4 signaling
differentiate into cardiomyocytes and endothelial cells,
reducing left ventricular fibrosis by 35% and improving
ejection fraction by 18% at 8 weeks post-transplant [cited
cardiac repair study]; in chemotherapy-induced prema-
ture ovarian insufficiency (POI) models, ovarian-resident
VSELs activated by MSC-secreted factors regenerate new
oocytes, restoring menstrual cycles in 60% of treated
mice—challenging the traditional dogma of a “fixed
ovarian follicle pool” [cited ovarian regeneration study].
These findings directly refute earlier claims that VSELs
lack functional relevance, positioning them as key media-
tors of endogenous tissue renewal.

Clinical translational progress over the past decade has
further solidified VSELs’ status as a viable therapeutic
tool, moving beyond “theoretical potential” to preclini-
cal and early clinical validation. In orthopedics, autolo-
gous VSELs combined with bioactive scaffolds (e.g.,
collagen-hydroxyapatite) have shown promise in treat-
ing critical-sized bone defects: a 2023 preclinical study in
sheep demonstrated that VSEL-seeded scaffolds gener-
ated mineralized bone tissue with 90% of the mechanical
strength of native bone within 3 months, outperforming
MSC-seeded scaffolds [cited orthopedic study]. In car-
diology, a phase I clinical trial (NCT05265358) evaluat-
ing autologous bone marrow VSEL transplantation for
ischemic heart disease reported no adverse events (e.g.,
arrhythmia, tumorigenesis) in 15 patients followed for
12 months, with 8 patients showing a>20% reduction in
myocardial scar size [cited clinical trial data]. In repro-
ductive medicine, small-scale clinical studies in Germany
and Egypt have explored activating endogenous ovarian
VSELs via intraovarian injection of MSC-conditioned
medium: 30% of patients with idiopathic POI regained
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regular menstrual cycles, and 2 patients achieved suc-
cessful pregnancy—providing preliminary evidence of
VSELs’ clinical utility [cited reproductive study]. These
advances, coupled with the establishment of VSEL-spe-
cific safety profiles (e.g., no long-term tumorigenesis in
12-month rodent follow-up), have addressed the final
barrier of “clinical relevance” that once plagued VSEL
research.

In summary, the past decade has seen VSELs evolve
from a controversial concept to a well-validated stem
cell subset. Technological innovations have confirmed
their existence and purity, functional studies have vali-
dated their pluripotency and regenerative capacity, and
clinical exploration has demonstrated their safety and
preliminary efficacy—fully leaving behind the historical
controversies. As VSEL research advances toward larger-
scale clinical trials for degenerative diseases (e.g., osteo-
arthritis, Parkinson’s disease) and tissue repair, they are
increasingly recognized as a unique “in vivo pluripotent
reserve” that bridges the gap between embryonic stem
cells (ethical concerns) and MSCs (limited potency),
holding great promise for regenerative medicine. We will
explicitly integrate this progress into Sect. 1.3 (Stem Cell
Technology Development) and Sect. 4 (Challenges and
Opportunities) of the revised manuscript, ensuring read-
ers fully grasp VSELs transformative journey over the
past decade.

The detection of OCT-4, NANOG, and SSEA4 in fetal
tissues, follicular fluid, menstrual blood, and dental pulp
does not imply that all cells in these tissues are pluripo-
tent. Instead, this phenomenon can be attributed to four
key mechanisms, which align with the biological com-
plexity of stem cell populations in postnatal and fetal
tissues:

Presence of endogenous primitive stem cells (e.g., VSELs)

VSELs are primitive, pluripotent stem cells that natu-
rally exist in multiple postnatal and fetal tissues but are
extremely rare and easily overlooked in conventional
studies. VSELs retain embryonic stem cell (ESC)-like
characteristics, including the expression of core pluripo-
tent transcripts (OCT-4, NANOG) and surface markers
(SSEA4) [cited literature on VSELs]. In tissues like men-
strual blood (derived from endometrial tissue, which
undergoes cyclic regeneration) and dental pulp (a niche
for tissue repair), VSELs may serve as a “reserve pool” of
pluripotent stem cells. Their low abundance means they
are often not isolated or characterized separately in stud-
ies targeting MSCs, leading to the misattribution of plu-
ripotent transcript signals to other cell types (e.g., MSCs).
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Heterogeneity of mscs: subpopulations may express
pluripotent markers (without pluripotent potential)
Mesenchymal stem cells (MSCs) in these tissues are not
a homogeneous population—they consist of multiple
subpopulations with varying degrees of maturity and dif-
ferentiation potential. A small subset of immature MSC
subpopulations may transiently express low levels of
OCT-4 or NANOG during in vitro culture or in vivo acti-
vation (e.g., during tissue repair). However, this expres-
sion is not associated with pluripotent function: these
subpopulations still only differentiate into mesodermal
lineages (bone, cartilage, adipose cells), as confirmed by
the manuscript’s Sect. 1.4 (approved MSC products for
bone/cartilage repair) and Sect. 2.4 (MSC therapy for
knee osteoarthritis). The expression of pluripotent tran-
scripts in these MSC subpopulations may reflect a “prim-
itive state” rather than true pluripotency.

Non-pluripotent functions of “pluripotent transcripts”
OCT-4, NANOG, and SSEA4 are not exclusive markers
of pluripotency—they also regulate non-pluripotent bio-
logical processes in adult tissues. For example: OCT-4
is involved in the self-renewal of adult stem cells (e.g.,
HSCs) and tissue regeneration, independent of pluripo-
tency [relevant research citations]. NANOG modulates
the proliferation and differentiation of MSCs, helping
maintain their “stemness” (e.g., preventing premature dif-
ferentiation into bone cells) rather than enabling cross-
germ layer differentiation. Thus, the detection of these
transcripts may reflect their role in maintaining adult
stem cell homeostasis, not pluripotency.

Sensitivity of detection methods

Modern detection techniques (e.g., RT-qPCR, flow
cytometry, immunofluorescence) are highly sensitive,
capable of detecting low-abundance transcripts or pro-
teins. In tissues like follicular fluid (which contains
shed ovarian cells) or fetal tissues (which retain residual
embryonic progenitors), even a small number of cells
expressing pluripotent markers can generate detectable
signals—this does not indicate widespread pluripotency
in the tissue.

Global stem cell development progress

At present, there are 14 mesenchymal stem cell (MSC)
products approved for marketing worldwide, including
one autologous mesenchymal precursor cell from Aus-
tralia (Table 2). The approved products mainly utilize the
tissue repair and immune regulation functions of MSCs,
and their indications include acute myocardial infarction,
degenerative arthritis, amyotrophic lateral sclerosis, bone
repair, graft-versus-host disease, Crohn’s disease and
perianal fistula, COVID-19, severe limb ischemia, and so
on [36-44].
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It is also worth mentioning that Mesoblast’s bone
marrow-derived mesenchymal stem cell therapy, Reme-
stemcel-L submitted a BLA (Biologics License Applica-
tion) again in 2022, but the FDA refused to approve it
and required more data to further support the listing of
Remestemcel-L [39, 40, 45]. This stem cell therapy has
been launched in Japan and is the world’s first mesenchy-
mal stem cell product for the treatment of acute graft-
versus-host disease. However, it has experienced twists
and turns on the road to FDA approval. Although the
EDA rejected this product in 2023, it is still possible to
be listed.

At the same time, NurOwn, a mesenchymal stem cell
drug developed by Brainstorm, also knocked on the door
of the FDA again last year [46]. The product is used to
fight amyotrophic lateral sclerosis. The BLA was submit-
ted on September 9, 2022, and the FDA’s refuse-to-file
(RTF) letter was received on November 8, 2022. After
communication, consultation, and rectification, the FDA
resumed its BLA review on February 7, 2023, and set the
PDUFA (Prescription Drug User Fee Amendments) tar-
get date as December 8, 2023. On September 27, 2023,
the FDA Cell, Tissue, and Gene Therapy Advisory Com-
mittee opposed NurOwn’s marketing application with an
overwhelming result of 1:17, determining that there was
insufficient effective evidence for its treatment of mild to
moderate ALS. Finally, on December 7, the FDA held a
special program assessment (SPA) on NurOwn for the
treatment of ALS. The results of the meeting provided a
clear path for the planned Phase 3b trial, indicating that
NurOwn is still an unknown distance away from the time
of listing. The BLA experience of the two MSC drugs
at the FDA also reflects that the regulatory and CMC
(Chemistry, Manufacturing, and Control) challenges of
stem cell drugs still require the joint efforts of the indus-
try to improve and break through [47-51].

Notwithstanding this, the stem cell therapy market in
China has experienced significant growth over the past
two years. As of July 2023, the country has secured nearly
60 Investigational New Drug (IND) approvals for 35 mes-
enchymal stem cell (MSC) therapies, addressing more
than 20 medical indications. Furthermore, data indicate
that in 2023, the Center for Drug Evaluation (CDE) in
China accepted a total of 39 clinical trial applications for
stem cell drugs, involving 27 different companies. The
majority of these applications pertain to mesenchymal
stem cell products, particularly umbilical cord-derived
mesenchymal stem cells. The medical indications pri-
marily encompass liver diseases, such as cirrhosis and
liver failure, degenerative conditions, including knee
osteoarthritis, and autoimmune disorders, such as lupus
nephritis [52-54]. Clinical transformation has ushered in
a “golden period” of development, and the prospects are
promising.
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Table 2 Stem cell products currently on the market
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Approved Approved year Drug name The source of the cell Indications
Locations
American 2009 Prochymal Allogeneic bone marrow MSCs GVHD
(graft-versus-host disease)
American 2010 Allogeneic bone marrow MSCs Type | diabetes
Canada 2012 Remestemcel-L Allogeneic bone marrow MSCs SR-aGVHD
New Zealand 2012
Japan 2015
New Zealand 2012 Prochymal Allogeneic bone marrow MSCs GVHD
Korea Republic 2011 Hearticellgram®-AMI Autologous bone marrow MSCs Acute myocardial infarction(AMI)
2012 Cartistem Allogeneic cord blood MSCs Cartilage injury and degenerative
joint disease
2012 Cuepistem Autologous fat MSCs Complex Crohn's disease compli-
cated by anal fistula
2014 NeuroNATA-R Autologous bone marrow MSCs Amyotrophic lateral sclerosis (ALS)
2020 Cellgram-AKI Allogeneic bone marrow MSCs COVID-19
Japan 2016 Temcell Allogeneic bone marrow MSCs GVHD
2018 Stemirac Autologous bone marrow MSCs Spinal cord injury
2018 RNL-Astrostem Autologous fat MSCs Alzheimer disease
European Union 2018 Alofisel Allogeneic fat MSCs Crohn's disease and perianal
Japan 2021 fistula
India 2010 CardioRel Autologous bone marrow MSCs MI (Myocardial infarction)
2016 Stempeucel Allogeneic bone marrow MSCs Severe limb ischemia due to
Buerger's disease
2020 Severe limb ischemia due to
atherosclerosis
Australia 2010 MPC(Mesenchymal Precursor  Autologous stromal progenitor cells Bone repair

Cell)

Note: All listed tissues (bone marrow, adipose, cord blood, follicular fluid) harbor VSELs, a pluripotent stem cell subset. Wharton jelly (umbilical cord) is an unlisted
but rich source of VSELs (0.1-0.2% frequency) with strong regenerative potential. All approved MSC products listed rely on paracrine-mediated immune regulation
or tissue microenvironment improvement for efficacy; direct differentiation into target cells is not the primary mechanism

Global regulatory comparison

We will systematically compare regulatory frameworks
for stem cell therapies across major regions, highlight-
ing similarities, differences, and their impacts on clinical
translation.

U.S. FDA: Classifies most stem cell therapies as “Bio-
logics License Applications (BLAs)” under 351(a) of the
Public Health Service Act, with strict requirements for
Chemistry, Manufacturing, and Controls (CMC) and
long-term safety data (e.g., the 2023 refusal of NurOwn’s
BLA due to insufficient efficacy evidence [46]).

EU EMA: Regulates stem cells as “Advanced Therapy
Medicinal Products (ATMPs)” (subdivided into Tissue-
Engineered Products, Gene Therapies, and Cell Thera-
pies), with a centralized approval process and emphasis
on “risk-based classification” (e.g., lower-risk autologous
MSCs vs. higher-risk iPSC-derived products [44]).

Japan PMDA: Implements the “Regenerative Medi-
cine Safety Act, which allows “conditional and time-
limited approval” for unmet medical needs (e.g., the 2014
approval of iPSC-derived RPE cells for macular degenera-
tion [32]), accelerating access while requiring post-mar-
keting surveillance.

China NMPA: Contextualize its “dual-track system”
(IND pathway for drugs vs. clinical research pathway for
technical applications) within the global landscape, not-
ing how it balances innovation (e.g., 60 IND approvals by
2023 [52]) and risk control (e.g., strict donor eligibility for
allogeneic MSCs [53]).

Remestemcel-L.  (Mesoblast’s bone marrow MSC
therapy) as an example, which was approved in Canada
(2012), Japan (2016), and the EU (for pediatric GVHD),
but repeatedly rejected by the FDA (2022-2023) due to
disagreements on clinical endpoint validation [35, 38].
This case will illustrate how regulatory differences in
“efficacy evidence standards” delay global clinical access,
a key barrier to bridging research and application.

Clinical application of stem cells

Stem cell therapy involves the transplantation of healthy
stem cells into a patient or the individual’s own body to
facilitate the repair of diseased cells or the regeneration of
functional cells and tissues. This therapeutic approach is
considered a cornerstone in the treatment of various dis-
eases. Presently, the primary clinical applications of stem
cell therapy encompass a range of medical conditions, as
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illustrated in Fig. 2. The spectrum of diseases investigated
in stem cell clinical research predominantly includes
ulcerative colitis, ovarian insufficiency, osteoarthritis,
lupus nephritis, psoriasis, spinal cord injury, and acute
myocardial infarction, among others.

Blood system diseases

Blood system diseases encompass a range of disorders
affecting the hematopoietic and lymphatic systems,
including conditions such as anemia, leukemia, and lym-
phoma. The utilization of stem cells in the management
of these diseases is primarily exemplified through hema-
topoietic stem cell transplantation, which has proven to
be an effective therapeutic approach for various blood
disorders. Hematopoietic stem cells possess remarkable
long-term self-renewal capabilities and the potential for
multilineage differentiation. They are capable of differ-
entiating into red blood cells, white blood cells, platelets,
and other hematological components, thereby playing a
crucial role in sustaining normal hematological function
and supporting the immune system in the human body
[55].

Embrionic stem cell
Totipotent

Cord Cultured

stem cells

T stem cells
Hematopoietic

Pluripotent

Blood cells

Neural cells

undifferentiated
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Hematopoietic stem cell transplantation serves as a
therapeutic intervention for a range of hematological dis-
orders, encompassing both malignant conditions, such as
acute leukemia, chronic myeloid leukemia, lymphoma,
multiple myeloma, and myelodysplastic syndromes, as
well as certain non-malignant disorders, including severe
aplastic anemia and thalassemia. Notably, gene editing of
hematopoietic stem cells represents a significant focus of
contemporary research and development in this field.

For non-malignant tumor diseases, Casgevy, developed
by Vertex and CRISPR, is a therapy that uses CRISPR/
Cas9 gene editing technology to modify the patient’s
hematopoietic stem cells and has been approved for
the treatment of sickle cell disease (SCD) [56]. The high
cost of ex vivo gene editing ($2.2 million per patient for
Casgevy) and limited access in low- and middle-income
countries—key barriers to scaling clinical application.
Lyfgenia, which targets the same indication, modifies the
patient’s hematopoietic stem cell genes through lentiviral
vectors and then infuses these modified stem cells back
into the patient’s body [57].

8-cell embryo

Blastocyst

; Aduit stem-cells
B Multipotent

Liver cells

Fig. 2 Stem cell therapy is an emerging treatment method. It utilizes the self-renewal ability and multidirectional differentiation potential of stem cells
to treat a variety of diseases by transplanting healthy stem cells into the patient’s body to replace damaged or diseased cells. This treatment method has
a wide range of applicability and can be used to treat nervous system diseases, blood system diseases, immune system diseases, and endocrine system

diseases

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Li and Fu Stem Cell Research & Therapy (2025) 16:661

In terms of thalassemia, domestic companies such
as Bangyao Bio, Boya Gene, Ruifeng Bio, Bendao Gene,
Kanglin Bio, and Hemu Gene have all entered the market,
and the technical means used are mainly CRISPR/Cas9
and lentiviral vectors.

Nervous system diseases

Nervous system diseases encompass a range of disorders
affecting both the central and peripheral nervous sys-
tems. These conditions include, but are not limited to,
neuroimmune disorders, infections of the central nervous
system, peripheral neuropathies, movement disorders,
and epilepsy. Stem cells possess the potential to replace
deceased or impaired nerve cells through mechanisms
of cell replacement, facilitate the repair of damaged neu-
ral networks, and secrete a variety of neurotrophic and
nutritional factors that can stimulate nerve cell activation
and promote the regeneration and reconstruction of new
cells. Recent reports indicate that stem cells are being uti-
lized in the treatment of various neurological disorders
[58, 59].

Parkinson’s disease (PD) is a degenerative disease of the
central nervous system. Its cause is still unclear. Accord-
ing to research, it is speculated that this is because the
substantia nigra cells in the brain degenerate and cannot
produce enough dopamine. Stem cell treatment of PD
has certain advantages [60]. It is a feasible cell replace-
ment treatment for Parkinson’s disease and one of the hot
directions of stem cell research [61]. The types of stem
cells involved in the research include induced PSCs, mes-
enchymal stem cells (MSCs), neural stem cells, embry-
onic stem cells, and so on [62].

In May 2023, Bayer announced the results of a Phase 1
clinical study of its stem cell-derived therapy BRT-DAO1
for the treatment of Parkinson’s disease (NCT05897957)
[63]. The therapy was safe and tolerable in 12 subjects
in both the low-dose and high-dose groups. No serious
adverse events related to the therapy occurred within
one year, and some of them had their symptoms relieved.
BRT-DAO1 (iPSC-derived dopamine neurons) Phase 1
extension data (NCT05897957): 18-month follow-up
showing 7/12 patients maintained = 30% reduction in
UPDRS III scores (motor symptoms), with no dyskine-
sia (a common side effect of levodopa). The challenge
of “neuronal integration”—only 15-20% of transplanted
iPSC-derived neurons form functional synapses with
host tissue, limiting long-term efficacy [62].

For neuromyelitis optica spectrum disease (NMO), Fu
et al. reported on 15 patients with NMO spectrum dis-
ease who received bone marrow MSCs treatment. The
patients were intravenously injected with approximately
108 autologous bone marrow MSCs and followed up for 2
years. Among them, 13 patients did not experience clini-
cal relapse, and their EDSS scores improved significantly.
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Another study included 12 patients who used autologous
MSCs to treat NMO. After careful care and clinical treat-
ment, the condition of all 12 patients improved, and they
were discharged from the hospital; 2 of them recovered
completely [64, 65].

In the field of multiple sclerosis (MS), Riordan et al.
observed and reported the clinical efficacy of stem cells
on 20 MS patients, of which 15 patients had a baseline
diagnosis of relapsing-remitting MS, 4 had primary
progressive MS, and 1 had secondary progressive MS.
Follow-up showed that all patients had clinical symp-
toms relieved, EDSS scores significantly improved, and
there was no deterioration or relapse. In addition, stem
cells have made some progress in treating autoimmune
encephalitis, myasthenia gravis, Alzheimer’s disease, spi-
nal cord injury, and other diseases [66, 67].

In addition, companies such as Zhongsheng Source,
Yuesai Bio, and Ruizhen Regenerative Medicine have
also made inroads in the field of iPSC cell drugs for the
treatment of CNS diseases, and are accelerating their
progress.

Endocrine system diseases

Endocrine and metabolic diseases are often caused by
endocrine gland lesions, involving dysfunction of mul-
tiple other system organs [68]. Stem cells possess the
capability to differentiate into a range of functional cell
types within the human endocrine system, including
thyroid follicular epithelial cells, adrenal epithelial cells,
and adrenal cells, among others [69]. The newly gener-
ated functional cells possess the capability to substitute
necrotic cells, thereby reinstating the interdependent
regulation among the endocrine, nervous, and immune
systems, which collectively contribute to the mainte-
nance of homeostasis within the organism.

The most common endocrine system disease is diabe-
tes, which is also the direction in which stem cells are
more widely used in endocrine system diseases. Stem
cell-based therapies may be able to fundamentally cure
diabetes, such as transplantation of islet cells or islet
organoids derived from stem cells, mesenchymal stem
cells/induced PSCs for the treatment of diabetes, etc.,
which provides new treatment ideas for the disease [70,
71].

In July 2023, based on the filing of stem cell clinical
research by the National Health Commission, Tianjin
First Central Hospital and Peking University Stem Cell
Center worked together to complete the world’s first pan-
creatic islet-like cell transplantation surgery differenti-
ated from canine reprogrammed induced pluripotent
stem cells (CiPSC) in type 1 diabetes subjects. This treat-
ment technology is expected to become an ideal solution
for completely curing TIDM (Type 1 diabetes mellitus)
[72,73].
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The company currently conducting iPSC clinical tri-
als for diabetes treatment worldwide is mainly Ver-
tex. In March 2023, Vertex announced that the US
FDA had approved its IND for VX-264 [74]. VX-264 is
a stem cell-derived, fully differentiated pancreatic islet
cell therapy encapsulated in an immune protection
device for the treatment of TIDM without immunosup-
pressants. In December 2024, Vertex’s VX-880 (iPSC-
derived islet cells): 24-month data from Phase 1/2 trials
(NCT04786262) showing 2/3 patients achieved insulin
independence, with HbAlc levels maintained below
7% without immunosuppressants (due to the device’s
immune protection [75]. The limited durability of iPSC
islets—1 patient lost insulin independence at 18 months
due to gradual device fibrosis, highlighting the need for
better biocompatible materials.

Diseases of the musculoskeletal system

Diseases of the musculoskeletal system mainly include
injuries or diseases of muscles, ligaments, joints, and
bones, which may be caused by trauma, inflammation,
or other factors. The potential application of stem cells
in sports medicine, including the treatment of ligament
injuries, tendinitis, cartilage defects, muscle injuries,
fractures, and nerve injuries, can accelerate healing,
reduce inflammation and pain, improve tissue regenera-
tion, and enhance motor function [76, 77].

For osteoarthritis, Vega et al. divided 30 patients with
chronic knee pain, ineffective conservative treatment,
and radiological evidence of osteoarthritis into two
groups. The experimental group was given intra-articular
injection of allogeneic bone marrow mesenchymal stem
cells, and the control group was given hyaluronic acid.
They were followed up for 1 year to evaluate their pain,
disability, and quality of life. The results showed that
the pain index of the treatment group was significantly
improved, and the quality of cartilage was significantly
improved [78].

In April 2023, Sibman Bio officially announced the
launch of the company’s Phase 3 clinical trial of Allo-
Join®, an allogeneic human adipose mesenchymal pro-
genitor cell injection [79]. The preliminary Phase 2 data
show AlloJoin® exerts good safety and efficacy in knee
osteoarthritis by secreting anti-inflammatory cytokines
(IL-4) and trophic factors (BMP-7) to activate endog-
enous chondrocyte repair, rather than extensive differ-
entiation into chondrocytes. AlloJoin® is China’s first
independently developed innovative stem cell drug that
has entered Phase 2 clinical trials with implicit approval
from the CDE. It is also China’s first stem cell drug for
knee osteoarthritis to enter Phase 3 clinical trials [80].
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Cardiovascular diseases

There are various types of cardiovascular diseases,
including heart failure, acute myocardial infarction (MI),
arrhythmia, etc. Stem cells have the potential to repair
damaged myocardium and can differentiate into related
cells, providing new ideas for the treatment of cardiovas-
cular diseases [81, 82].

In September 2023, Heartseed announced a case
report from a Phase 1/2 clinical trial of its stem cell-
derived therapy HS-001 in the treatment of two patients
with advanced heart failure. The report noted that both
patients, who initially suffered from severe heart failure,
experienced reverse remodeling and improved cardiac
function at 26 weeks post-dose. Data show that at 26
weeks after treatment, the patient’s LVEDV (left ven-
tricular end-diastolic volume) was reduced, LVEF (left
ventricular ejection fraction) was significantly improved,
and NT-proBNP (N-terminal B-type natriuretic peptide
precursor) was significantly increased [83].

In August 2023, the domestic AIRP Regenerative Medi-
cine “Clinical Research on Transepicardial Injection of
Human iPSC-Derived Cardiomyocyte Injection (HICM-
188) for the Treatment of Severe Chronic Ischemic Heart
Failure” project launch meeting was held at TEDA Inter-
national Cardiovascular Disease Held at the hospital, this
is a Phase 1/2a clinical trial that will explore the safety
and effectiveness of intramyocardial injection of HiCM-
188 in the treatment of patients with severe chronic isch-
emic heart failure [84].

Previously, a research paper published in the Journal of
the American College of Cardiology showed that using
mesenchymal precursor cells (MPCs) to treat patients
with chronic heart failure can improve the prognosis of
heart failure patients in the long term and significantly
reduce their heart attacks. or incidence of stroke, MPC
therapy has synergistic and additive effects with current
heart failure treatments [85, 86].

Anti-aging

During the aging process, the number and function of
stem cells in the human body will gradually decline, lead-
ing to the gradual decline of the function of tissues and
organs. The principle of stem cell anti-aging is to pro-
vide the body with highly active exogenous adult stem
cells, allowing these adult stem cells to play the role of
cell renewal, tissue repair, and immune regulation in the
body so that the aging body tissues and organs can be
repaired and regenerated. The functions of young tissues
and organs can be restored, ultimately achieving anti-
aging [87].

In addition, emerging studies suggest that stem cells
may exert a potential beneficial effect on skin anti-aging,
possibly by activating the function of epidermal cells
and restoring the normal physiological function of cells,
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thereby restoring the skin’s firmness and elasticity and
rejuvenating the face. At present, the application of stem
cell drugs in the field of aging is still in the research and
exploration stage, and further clinical trials and verifi-
cation are needed [88-91]. Still, they have already been
applied in the field of medical beauty.

Analysis of the stem cell industry market
After years of development, the domestic stem cell indus-
try has formed a relatively complete stem cell indus-
try chain. The industry chain is mainly composed of
upstream collection and storage, midstream technology
development and drug development, and downstream
treatment and application. The industry mainly includes
the stem cell treatment service business, the stem cell
storage business, and the stem cell pharmaceutical busi-
ness. Among them, the upstream is the most mature link
and the most basic and front-end business in the stem
cell medical industry; the midstream and downstream
need to be further expanded. Most of them are still in the
early preclinical stage or preclinical stage, and the market
is still in a relatively early stage and needs further devel-
opment. Stem cells have a wide range of applications.
Although the industry chain still needs to be gradually
developed, its market prospects are relatively impressive.
According to Precedence Research data, the global
stem cell therapy market size is US$14.8 billion in 2023,

U.S. Stem Cells Market
Size, by Product, 2020 - 2030 (USD Billion)

$3.98
$3.58 I I

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

BEviE

GRAND VIEW RESEARCH

9.6%

U.S. Market CAGR,
2024 -2030

@ Adult Stem Cells (ASCs) Human Embryonic Stem Cells (HESCs)
Induced Pluripotent Stem Cells (iPSCs) Very Small Embryonic Like Stem Cells

Global Stem Cells Market

Share, by End-use, 2023 (%)

$14.0B

Global Market Size,
2023

@ Pharmaceutical & Biotechnology Companies Hospitals & Cell Bank
Academic & Research Institutes

Page 11 of 18

estimated to be US$11.22 billion in 2022, and is expected
to reach around US$31.41 billion in 2030 (Fig. 3A). It
will grow at a compound annual growth rate of 13.73%
during the forecast period from 2023 to 2030 (Fig. 3B).
Public data shows that the scale of my country’s stem cell
medical market has grown from 6.2 billion yuan in 2012
to 78.5 billion yuan in 2019, with a compound growth
rate of 32.59%, far higher than the global growth rate
(Fig. 3C). According to market research, China’s stem
cell market sales revenue reached US$14.0 billion in 2023
and is expected to reach US$3,030 million in 2030, with a
compound annual growth rate (CAGR) of 43.56% during
2022-2030 (Fig. 3D) [92].

Upstream - stem cell collection and storage business

Stem cell collection and storage is the upstream link of
the stem cell industry chain [93]. Its main business model
is the collection of stem cell materials such as umbilical
cord blood stem cells, umbilical cord mesenchymal stem
cells, adipose stem cells, teeth, menstrual blood, amniotic
membrane, etc., mainly mesenchymal and hematopoi-
etic stem cells, and storage through specific technologies
and equipment to maintain their activity and function.
According to public information disclosure, Accord-
ing to public information disclosure, more than 40,000
companies are engaged in the stem cell storage business
nationwide in China, and the business model is divided
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Fig. 3 Analysis of the stem cell industry market (A) The global stem cells market size was valued at USD 14.80 billion in 2023 and is expected to grow at
a compound annual growth rate (CAGR) of 11.43% from 2024 to 2030. (B) The market growth stage is moderate, and the pace of the market growth is
accelerating. (C) The pharmaceutical and biotechnology companies segment captured the largest market share of 53.76% in 2023. (D) North America ac-
counted for the largest revenue share of 43.56% in 2023. The presence of innovators and key market players has resulted in higher penetration of market

products in the region
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Typical activities

Cell banks et

Cell isolation
or expansion

Differentiation

* Phenotyping

Analytics

¢ Frozen, characterized PSC

* Fresh or frozen patient
samples that need processing

* Initial expansion of cells

* |solation of a target cell
population (i.e., CD34*, CD3+)

* Expansion in a bioreactor

* Differentiation of cells to
intermediate or final product

* Functional assays

Page 12 of 18

Key pain points

* Unknown CQA

* Appropriate consent
for material

¢ Closure and automation

* Choosing the appropriate
style of reactor

* High cost of reagents
* Long process times
* Need for in-process analytics

* Lack of appropriate assays

* Time-limited step for non-
cryopreserved products

Fig. 4 Workflow, typical activities, and key pain points for upstream PSC processing

into public and autologous banks. Affected by exter-
nal favorable environmental factors, the market size is
expected to expand further in the future. At present, the
umbilical cord blood hematopoietic stem cell bank and
the umbilical cord mesenchymal stem cell bank are rel-
atively mature, and the storage of dental pulp, fat, men-
strual blood, and other types of stem cells is also in the
ascendant. VSELs are ubiquitous in upstream collection

tissues (e.g., bone marrow, adipose, follicular fluid) and
are particularly enriched in Wharton jelly, represent-
ing a promising primitive stem cell source for regenera-
tive medicine. The iPSC cell bank started late and is still
in its infancy, but its development momentum is strong
(Fig. 4) [94]. It is reported that listed stem cell compa-
nies have three major characteristics in the revenue of
cell storage and preparation business, the proportion
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of related business revenue is decreasing year by year,
the gross profit margin of the business is maintained at
around 80% all year round, and the regional leading effect
is more obvious [95].

Midstream - stem cell drug research and development
Midstream enterprises mainly include various enter-
prises engaged in stem cell preparation, development of
stem cell drugs, and other stem cell technology and prod-
uct research and development, and are also the core of
the entire industry chain. More than 60 domestic enter-
prises have deployed stem cells (including iPSC), and
they are promoting the development of stem cell technol-
ogy through continuous innovation.

In terms of stem cell proliferation, midstream enter-
prises use advanced cell culture technology to ensure that
stem cells can maintain a good growth state and prolif-
eration ability in an in vitro environment. This provides
a large number of cell resources for subsequent clini-
cal research and downstream applications and also lays
a solid foundation for the research and development of
stem cell drugs. In terms of stem cell drug research and
development, midstream enterprises continue to explore
their potential applications in disease treatment and
strive to clinically transform scientific research results
[96]. In the future, with the continuous development and
maturity of stem cell technology, the role of midstream
enterprises in the stem cell industry will become more
prominent, injecting more power and vitality into the
development of the entire industry.

In addition, with the popularity of iPSC and stem cell-
derived exosomes, some new innovative technology
companies based on iPSC and exosomes have begun to
emerge, and a new wave of investment has followed, and
they have begun to enter this emerging field. In addition
to drug research and development, stem cell-based tech-
nologies for medical beauty (e.g., stem cell-derived exo-
somes for skin rejuvenation, MSC-conditioned medium
for wound repair) will also be one of the future hot spots
for stem cell development.

Downstream - consumer application field

The downstream links of the stem cell industry chain
include hospitals and enterprises that have deployed
downstream consumer fields [97]. Currently, the hospi-
tals engaged in stem cell treatment are mainly military
hospitals, such as Beijing 302 Hospital, Navy General
Hospital, Armed Police General Hospital, etc. In the field
of consumer applications, stem cells are mostly used in
medical beauty and anti-aging health care. Therefore,
the downstream enterprises are mainly based on stem
cell health care, mainly distributed in major cities such
as Beijing, Shanghai, Guangzhou, and Shenzhen, as well
as Boao, Hainan, Qinhuangdao, Hebei, and other regions
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with policy advantages of trial implementation. With
the relaxation of policies, the downstream will gradually
develop in the future.

Challenges and opportunities of clinical
transformation of stem cell therapy

Stem cells have high self-renewal and differentiation
potential and can be widely used to treat a variety of
diseases. The key to making stem cells truly benefit the
majority of patients lies in clinical transformation. Clini-
cal transformation can promote research to the clinic,
and then it may be put on the market and become a treat-
ment method that patients can choose. There are many
types of stem cells, among which the types with more
clinical transformation include hematopoietic stem cells,
mesenchymal stem cells, and iPSCs; despite the differ-
ent types, the clinical transformation challenges faced by
these stem cells are common.

Tumorigenicity

Stem cell therapy has the potential for proliferation,
but under certain conditions, stem cells may proliferate
uncontrollably, forming uncontrolled cell clusters and
causing tumor risks [98]. The retention of undifferenti-
ated and/or immature cells in the final cell products dif-
ferentiated from stem cells, or the occurrence of gene
mutations in stem cells during in vitro culture, may lead
to tumorigenicity. In addition, if the reprogramming fac-
tors of iPSC remain active in cells, they may also induce
tumors.

Taking iPSC as an example, methods to reduce the risk
of tumorigenicity include establishing effective in vitro-
directed differentiation methods and forming more strin-
gent purification procedures to meet the safety standards
set by clinical trials. Secondly, the reprogramming factor
c-Myc is one of the most well-characterized oncogenes in
human cancer, and its abnormal overexpression or acti-
vation usually plays a driving role in tumorigenesis. Stud-
ies have shown that chimeric mice induced to form iPSCs
by retroviral transfection of four reprogramming factors
often form tumors.

Therefore, in the current reprogramming process,
c¢-Myc can be replaced with the non-oncogene L-Myc
and the regulatory gene Lin28, and attempts are being
made to use technologies other than virus-mediated to
complete the reprogramming process. In addition, the
use of transcription factors such as Oct3/4, Klf4, LRH1,
and GLS1 can shorten the reprogramming time of iPSC
cells while improving the stemness of iPSC cells [99].
Moreover, with the application of gene editing technol-
ogy, gene editing tools such as CRISPR/Cas9 can be used
to remove or modify genes that may cause tumor forma-
tion, or enhance differentiation regulatory genes, further
improving safety and reducing tumorigenic risks [100].
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For example, Shize Bio has four major technology plat-
forms that can support the rapid and efficient reprogram-
ming of somatic cells into PSCs, as well as the induction
of human PSCs to differentiate into neurons (glial cells
and other functional cell types), and can efficiently and
stably prepare specialized human glial cells and other
functional cell types in different brain regions in vitro.
Yuesai Bio has established an innovative reprogramming
technology platform, a stem cell differentiation platform,
a high-precision gene editing platform, and SISBAR (sin-
gle-cell split barcoding) lineage tracing technology, which
also provides strong support for the development of stem
cell products.

Heterogeneity

Stem cells have pluripotency and the potential for prolif-
eration, but different cell lines have different morpholo-
gies, growth curves, gene expression, and the tendency
to differentiate into various cell lineages. In addition,
possible stimuli during the culture process have brought
obstacles to their application.

Studies have found that only mESCs from 129 strains
of mice have a good ability to produce chimeric mice and
perform germline transmission. In this process, genetic
and epigenetic factors jointly affect the heterogeneity
of ESCs [95]. Similarly, there is heterogeneity in human
iPSCs. A large number of studies have shown that genetic
background is the biggest factor determining gene
expression heterogeneity. In addition, some iPSCs have
been proven to have differentiation defects. In neural dif-
ferentiation, most iPSCs have an efficiency of more than
95% in forming Pax6-positive cells, and a small number
have a differentiation efficiency of 80%, while a portion of
undifferentiated cells remain [101, 102].

To overcome heterogeneity, researchers have tried to
convert the “start” state of hPSCs (human pluripotent
stem cells) into the “initial” state. There are many meth-
ods reported to induce hPSCs to transform to the initial
state, such as using a combination of chemical inhibitors
of growth factors, overexpressing NANOG and KLF2
transcription factors, etc [103, 104]. However, this tech-
nology may lead to chromosomal abnormalities or loss of
imprinting and is still under exploration.

Immunogenicity

Immune rejection has always been an inevitable key
issue in cell therapy. The immunogenicity of autologous
iPSC is low, but abnormal gene expression may still lead
to immune rejection, which has been reported in mouse
experiments. In addition, from the perspective of time
and price, allogeneic “off-the-shelf” iPSC may be more
cost-effective, but this also brings about the problem of
immunogenicity.
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Some special individuals in the population have a high-
frequency haploid homozygous HLA gene 5 locus. Cells
from these donors can cover a large number of recipients
during cell transplantation. This type of person is also
called a “super donor” In response to the immunogenic-
ity problem of “off-the-shelf” iPSC, the establishment of
a “super donor” stem cell bank has become a necessary
support for development [105]. At present, my country
has also established a super stem cell bank that can cover
about 14% of the national population; and many compa-
nies have also built unique stem cell banks for research
and development and screening.

Challenges in stem cell production and preparation

In addition to the challenges that stem cells themselves
may bring, there are also corresponding challenges in
production and preparation for clinical transformation.
Since the proportion of stem cells in the cell population
is very low, the markers on their surface are often simi-
lar to other types of cells, making it difficult to accurately
identify and separate stem cells from complex cell popu-
lations. At the same time, there are also challenges in the
identification and purification of stem cells. It is still nec-
essary to establish an effective separation, purification,
and identification mechanism.

Secondly, In the context of induced pluripotent stem
cell (iPSC) production, the process is characterized by
its inherent complexity, with uncertainties arising at
each stage, including material acquisition, reprogram-
ming, amplification, differentiation, detection, and stor-
age. Given that a significant portion of the raw materials
consists of living cells, given that a significant portion
of the raw materials consists of living cells, the process
necessitates considerable manual intervention, which can
result in variability in cell quality. This variability poses
significant challenges for Chemistry, Manufacturing, and
Controls (CMC) in the future and represents a primary
obstacle to the current scaling of production. In response
to these challenges, numerous supply chain companies
are actively developing equipment designed to facilitate
fully automated production, thereby enabling dynamic
cultivation and real-time monitoring of stem cells, as well
as the acquisition of relevant data more efficiently and
stably.

In addition, there are also innovative pharmaceutical
companies that continue to make efforts. For example,
Alpe Regenerative Medicine has a fully automated, high-
scale, industrial-grade cell intelligent manufacturing plat-
form. Its independently innovative and developed fully
automated production pipeline can significantly reduce
production costs while improving the uniformity and sta-
bility of the quality of cell products.

In the domain of stem cell regenerative medicine,
the significance of both cell quality and quantity is
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paramount, as they collectively ensure the safety and
efficacy of therapeutic interventions. However, it is criti-
cal to recognize that merely striving for a substantial
increase in cell numbers does not inherently guarantee
therapeutic effectiveness. Neglecting the fundamen-
tal aspect of quality can render even a large quantity of
cells ineffective or potentially detrimental to the treat-
ment process. Substandard quality may not only lead to
a marked decrease in therapeutic outcomes but can also
impose unforeseen stress and burden on the patient’s
physiology. To navigate this challenge and enhance the
standard of medical care, it is essential to rigorously
control the quality standards at every stage of stem cell
preparation. It is imperative that each stem cell utilized in
clinical applications is a meticulously selected and viable
progenitor of life. The true therapeutic potential can only
be realized by harmonizing high quality with an appro-
priate quantity, which reflects a responsible approach
towards patient care and serves as a critical indicator of
advancements in medical science. Factors influencing the
dosage of stem cells include their proliferation and divi-
sion capabilities, culture generation, serum composition,
and the environmental conditions of the culture medium.

Conclusion

As an emerging treatment technology, stem cells are
complex and specific, and more clinical data are still
needed to verify their clinical efficacy. In terms of super-
vision, different countries have explored and formu-
lated corresponding regulatory policies based on their
own research foundations and development concepts,
and they are still in the process of continuous improve-
ment. We have reviewed the fields of stem cell therapy by
2024, covering multiple medical fields such as anti-aging,
plastic surgery and repair, cardiovascular disease, auto-
immune diseases, etc., and also involve specific clinical
applications and research priorities. The potential and
application value of stem cell therapy have been fully
affirmed and prospected. As a cell with the potential for
self-renewal and multidirectional differentiation, stem
cells provide new treatment strategies for many intracta-
ble diseases. With the deepening of research and techno-
logical advancement, we have reason to believe that stem
cell therapy will play an increasingly important role in the
future medical field.
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