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Since their initial generation, induced pluripotent stem cells (iPSCs) have attracted considerable attention and undergone rapid
development. iPSC-derived cell therapies show great promise in the field of regenerative medicine. However, their clinical translation
faces twomajor challenges: the limited availability of goodmanufacturing practice (GMP)-compliant human iPSC (hiPSC) lines, and
the high costs and prolonged timelines associated with autologous hiPSC-based therapies. Allogeneic therapies based on rigorously
quality-controlled, GMP-compliant, human leukocyte antigen (HLA)-homozygous hiPSCs thus represent a promising alternative.
In this study, we established and validated a GMP-compliant platform for iPSCs production, complete with a comprehensive set of
standard operating procedures (SOPs) and recommended release criteria for the iPSC master cell bank (MCB). Using frozen
umbilical cord blood (UCB) from donors with high-frequency HLA homozygosity as startingmaterial, we generated fivemonoclonal
iPSCMCB lines and performed full release testing. Among the five iPSC lines, three demonstrated high post-thaw survival rates, met
all release criteria, and exhibited strong potential for multilineage differentiation and clinical application in cell therapy.
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1. Introduction

The generation of induced pluripotent stem cells (iPSCs) was
first reported by Shinya Yamanaka’s group in 2006 [1], followed
by the derivation of human iPSCs (hiPSCs) in 2007 by Shinya
Yamanaka’s group [2] and James Thomson’s group [3]. Since
these landmark advances, iPSCs have revolutionized regenera-
tive medicine by offering a renewable source of patient-specific
cells for use in diseasemodeling, drug screening, and cell therapy
[4, 5]. Notable clinical advancements have underscored this
potential: in 2024, Deng’s group reported the first successful
transplantation of hiPSC-derived pancreatic islets into a patient

with type 1 diabetes, who achieved complete insulin indepen-
dencewithin 75 days [6]. The same year, a groundbreaking study
demonstrated the first successful transplantation of hiPSC-
derived corneal tissue into patients with corneal limbal stem
cell deficiency, leading to substantial visual recovery [7]. Despite
these promising developments, the clinical translation of iPSC-
based therapies continues to face significant obstacles, including
immune rejection, concerns regarding genetic safety, high
manufacturing costs, and limited scalability [8–10]. To overcome
these challenges, the development of clinical-grade allogeneic
iPSC banks from human leukocyte antigen (HLA)-homozygous
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donors withminimalmutational burden has emerged as a highly
promising strategy solution.

Umbilical cord blood (UCB) represents an ideal starting
material for the generation of clinical-grade iPSCs due to a
number of advantageous characteristics. Cord blood mononu-
clear cells (CBMCs), which encompass hematopoietic stem
cells, mesenchymal stromal cells, and endothelial progenitor
cells, demonstrate high proliferative capacity and low immu-
nogenicity [11]. In contrast to adult somatic cells, CBMCs
exhibit limited exposure to environmental stressors and accu-
mulated genetic mutations, thereby providing a high-quality
source for reprograming [12, 13]. In addition, UCB collection
is noninvasive, ethically straightforward, and can be readily
accessed via public cord blood banks, facilitating a sustainable
cellular source for large-scale iPSCs production [14].

Notably, HLA matching plays a critical role in reducing
immune rejection in cell transplantation [15]. CBMCs obtained
from HLA-homozygous donors possess particular advantages.
Their unique immunogenic profile, characterized by reduced
HLA antigen expression and a lower propensity for graft-versus-
host disease, makes them especially appropriate for allogeneic
iPSC-based cell therapy applications [16].

Recently, significant progress has been made by multiple
countries in establishing good manufacturing practice (GMP)-
compliant HLA-homozygous iPSC banks, including Japan [17],
South Korea [18], Australia [19], the Netherlands [20], Spain
[21], and Saudi Arabia [22]. Brazil has also established a
clinical-grade iPSC bank [23]. The primary objective of these
initiatives is to address the persistent challenge of donor short-
age in cell therapy. Conventional stem cell transplantation
depends on the availability of HLA-matched donors, who are
often scarce, particularly for patients carrying rare HLA haplo-
types [24]. HLA-homozygous iPSC banks offer a promising
solution by providing a sustainable and readily accessible source
of “off-the-shelf” cell products with broad population compati-
bility. Therefore, the development of GMP-compliant HLA-
homozygous iPSC banks not only simplifies therapeutic work-
flows but also greatly enhances the accessibility and efficacy of
iPSC-derived therapies, representing a major advance in regen-
erative medicine.

In this study, we reported the development of a GMP-
compliant iPSCs production platform and the recommended
release criteria for iPSC master cell bank (MCB). Using frozen
UCB from high-frequencyHLA-homozygous donors as starting
material, we established five monoclonal iPSC MCB lines and
conducted comprehensive release testing. Among these, three
lines with high post-thaw survival rates met all release criteria
and exhibited robust potential for multilineage differentiation
and clinical application in cell therapy. Our GMP-compliant
platform lays a foundation for standardized and cost-effective
manufacturing of iPSC-based therapies, thereby broadening the
reach of regenerative medicine to diverse patient populations.

2. Materials and Methods

2.1. Donor Screening. Documents of cord blood donors with
target HLA typingwere confidentially and thoroughly reviewed
to verify the completeness, including but not limited to

informed consents, health questionnaires, sterility test reports,
and human virus screening results. All UCB-related data were
anonymized to ensure donor privacy. The informed consent
forms obtained from UCB donors explicitly covered the use of
donated samples for iPSCs derivation and potential future clin-
ical applications in regenerative medicine. The consent proce-
dure, which was reviewed and approved by the Ethics
Committee of the Institute of Hematology and Blood Diseases
Hospital (Approval Number: YW2018001-EC-1), guaranteed
that participation was voluntary and would not affect the
donor’s own medical care. Donors were provided with a
detailed information sheet, and the original signed consent
forms are retained by our institution. Male donors with blood
type O were given priority for iPSCs banking. Candidates pass-
ing initial documentation review underwent reconfirmation of
HLA typing to validate homozygosity across five key loci and
consistency with donor records. Short tandem repeat (STR)
profiling with 21-allele markers was additionally performed
on UCB samples. Pathogenic and likely pathogenic mutations
were further identified via whole genome sequencing (WGS)
and whole exome sequencing (WES). Only donors fulfilling all
the above criteria were considered eligible for iPSCs banking.

2.2. GMP-Compliant Operational Procedures. All cell banking
procedures were conducted within a Grade B cleanroom envi-
ronment. Operators followed strict gowning protocols prior to
entry, which included hand disinfection, wearing sterile masks
(to fully cover the nose and mouth) and hair caps (to enclose all
hair), and donning sterile undergarments, coveralls, shoe covers,
and gloves, followed by additional hand disinfection using 75%
sterile ethanol. All garments were nonshedding and lint-free to
minimize particulate release. Operations were performed inside
a Class II Type A2 biosafety cabinet (BSC) maintaining a Grade
A air quality environment. Sterile instruments, consumables,
and equipments were prearranged in the BSC and remained
confinedwithin theworkspace throughout operations to prevent
contamination. The BSC was sanitized by ultraviolet (UV) light
irradiation for 1h prior to each use. After operations, all interior
surfaces were thoroughly disinfected with 70% sterile ethanol
and subjected to an additional 1 h-UV light treatment to ensure
sustained sterility. Environmental monitoring was performed
routinely: monthly for settleable microbes and airborne particles
in Grade A zone, monthly for settleable microbes, airborne par-
ticles and viable microbes in Grade B cleanrooms; and quarterly
for settleable microbes and airborne particles in Grade C areas.
Cleaning was conducted daily, weekly, and monthly as neces-
sary. Intensive disinfection was performed every 2 weeks using
sterile quaternary ammonium compound solution and 75% eth-
anol alternately. AllGMP-compliantmaterials and reagents used
for iPSCs derivation and banking are itemized in Supporting
Information 1: Table S4.

2.3. CBMC Isolation and Culture. Frozen UCB units were
thawed in a 40°C water bath, transferred to a centrifuge tube,
and gently pipetted to ensure uniform distribution. Aliquots for
HLA genotyping and STR profiling were aspirated prior to
CBMC isolation. The UCB was then diluted 8-fold with
sodium chloride injection and centrifuged at 400× g for
20 min. The pellet was resuspended in sodium chloride
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injection to twice the original volume and filtered through a
100 μmstrainer. The resulting filtrate was carefully layered over
an equal volume of Ficoll-Paque (GE Healthcare) and centri-
fuged. Themiddle white layer containing CBMCswas collected
and washed twice with sodium chloride injection. The isolated
CBMCs were seeded at a density of 1× 106 cells/mL in a T25
flask. Cells were cultured in StemSpan-ACF Erythroid Expan-
sion Medium supplemented with StemSpan Erythroid Expan-
sion Supplement (Stemcell Technologies) and maintained at
37°C under 5% CO2 (designated as Day 0). Fresh culture
medium was exchanged every other day. The total culture
duration did not exceed 18 days, by which time the majority
of cells had reached a diameter of 15–17μm.

2.4. Reprograming of Expanded Erythroid Cells (EECs). On
Day 11 of culture, EECs were analyzed by flow cytometry for
the expression of CD3, CD19, and CD71. Cells were harvested
for reprograming only if they met the following criteria: CD3+

< 1%, CD19+< 1%, and CD71+> 95%. EECs were washed
twice with StemSpan-ACF Erythroid Expansion Medium. A
total of 2× 106 cells were resuspended in 100μL of Nucleofec-
tor Solution Buffer from the P3 Primary Cell 4D-Nucleofector
X Kit L (Lonza), which was premixed with the following repro-
graming episomal plasmids: pCEP4-OCT4-SOX2, pCEP4-
MYC, pCEP4-KLF4, and pCEP4-BCL-XL. Electroporation
was carried out using program FI115 on a Lonza 4D Nucleo-
fector system. Following electroporation, cells were allowed to
recover for 10min at 37°Cunder 5%CO2 andwere then seeded
into iMatrix-511-coated 6-well plates. Cells were distributed
evenly across one well each in eight independent 6-well plates
and cultured in StemSpan-ACF Erythroid Expansion Medium
supplemented with StemSpan Erythroid Expansion Supple-
ment at 37°C under 5% CO2 (designated as Day 0 of repro-
graming). All wells were sequentially labeled to ensure
traceability and prevent handling errors. Sodium butyrate
(NaB) was added to the culture medium at a final concentra-
tion of 0.25mMonDay 5. OnDay 6, the mediumwas replaced
with CTS Essential 8 Medium (Gibco) supplemented with
0.25mM NaB. Thereafter, the medium was changed daily
using this NaB-supplemented formulation.

2.5. Colony Picking and Selection. All equipment required for
colony picking, including a microscope and a tablet computer
for documentation, was presterilized and placed inside the
BSC. All tools and consumables remained strictly confined
within the BSC throughout the procedure to maintain aseptic
conditions. Prior to handling, operators disinfected their gloves
with 70% sterile ethanol three times. Inside the BSC, colonies
exceeding 500μm in diameter and exhibiting clear physical
separation from neighboring colonies were photographed
and sequentially numbered to ensure full traceability. Each
colony was manually picked using a pipette with sterile 20μL
pipette tip and transferred to individual wells of iMatrix-511-
coated 24-well plates (designated as Passage 1). A new tip was
used for each colony to prevent cross-contamination; a total of
50 colonies were selected and transferred. Environmental mon-
itoring during the procedure included assessment of settleable
microbes and airborne particles inside the BSC. After comple-
tion of colony picking, surface microbial testing was conducted

on both the work surface within the BSC and the operators’
gloves.

2.6. iPSCs Banking and Cryopreservation. Passaging was ini-
tiated when colonies at Passage 1 developed dense, phase-
bright centers with well-defined edges. Colonies were discarded
if they exceeded 8 days in culture at Passage 1, showed signifi-
cant contamination with nontarget cell types, or displayed poor
morphological integrity. Once colonies satisfied these morpho-
logical criteria, they were washed with CTS DPBS (1× Gibco)
and dissociated with CTSVersene solution (Gibco) for 5min at
37°C under 5% CO2. This passaging procedure was used con-
sistently from Passage 1 to Passage 3. Cells from these passages
were cultured on iMatrix-511 surfaces in the presence of 10 μM
Y27632, which wasmaintained for 18–24 h postpassaging. Pas-
sage 2 cells were grown in 12-well plates and Passage 3 cells in
T25 flasks. Throughout all passages, CTS Essential 8 Medium
was replaced daily. All qualified colonies were cryopreserved at
Passage 3 as cell seed bank (CSB) lines using a cryoprotective
medium consisting of 20% CryoSure-DEX40 and 80% CTS
Essential 8 Medium supplemented with 10 μM Y27632.
Expression of the undifferentiated markers OCT4, SOX2,
and NANOG, was analyzed via flow cytometry. Only cell
lines exhibiting>70% positivity for these undifferentiated
markers were selected for MCB generation. One vial of the
optimal CSB line was thawed and recovered into a
vitronectin-N-coated T25 flask in CTS Essential 8 Medium
and passaged at 60%–80% confluency. Upon reaching
Passage 6, cells from 12 T182 flasks were harvested and
cryopreserved as the MCB using the same cryoprotective
formulation at Passage 3.

2.7. Cell Count and Viability. Cell count and viability were
assessed using acridine orange/propidium iodide (AO/PI)
staining on a Countstar Rigel S2 instrument. Measurements
were taken both before cryopreservation and after thawing
one vial of the iPSC MCB lines. All analyses were performed
directly in the cryoprotective medium without additional
processing.

2.8. Cell and Colony Morphology. Cells were thawed and
seeded at a density of 3–4× 104 cells/cm2 into a vitronectin
N-coated T25 flask. Cells were initially cultured in CTS Essen-
tial 8 Medium supplemented with 10μM Y27632. After 18–
24h, the medium was exchanged to Y27632-free CTS Essential
8 Medium and replaced daily thereafter. Morphology was
monitored and documented on a daily basis.

2.9. HLA (PCR-SBT) and STR (PCR/Capillary Electrophoresis)
Analyses. HLA haplotypes (HLA-A, HLA-B, and HLA-DRB1
loci) were confirmed in iPSCs via PCR-based sequencing typ-
ing (PCR-SBT). Both HLA haplotypes and STR profiles were
cross-verified against the original donor genotypes to confirm
cell line identity.

2.10. Analysis of Undifferentiated Markers. Intracellular
expression of the transcription factors OCT3/4 and NANOG
(undifferentiated markers) was evaluated by flow cytometry.
Briefly, 1× 106 cells were fixed with BD Cytofix Fixation
Buffer for 20min in the dark. After fixation, cells were
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washed twice with 1× Perm/Wash Working Buffer and
permeabilized in the same buffer. Aliquots of 5× 105 cells
were stained with BD Pharmingen PerCP-Cy 5.5 Mouse
anti-Oct3/4 and BD Pharmingen PE Mouse anti-human
Nanog antibodies. Parallel aliquots were stained with
corresponding isotype-matched controls. Following PBS
washes, fluorescence signals were acquired on a BD FACS
Celesta flow cytometer. Surface markers of undifferentiated
state (SSEA-4 and TRA-1-60) and the negative marker CD45
were analyzed under nonpermeabilized conditions. For each
sample, 5× 105 cells were stained with BD Pharmingen PE
Mouse anti-SSEA-4, BD Pharmingen PE Mouse anti-human
TRA-1-60 Antigen, and BD Pharmingen FITC Mouse anti-
human CD45 antibodies. Isotype controls were included in
separate tubes. Cells were washed with PBS and analyzed
using a BD FACS Celesta.

2.11. In Vitro Trilineage Differentiation. MCB cells were
thawed and expanded prior to differentiation. A total of 6×
106 cells were evenly seeded into two wells of an ultra-low
attachment 6-well plate and cultured in mTeSR1 medium
(Stemcell Technologies) for 18–20 h on a horizontal shaker
set at 70 rpm (designated as Day 0). The medium was then
replaced with induced differentiation medium under static cul-
ture conditions, with medium changes performed every other
day for 7 days. Individual embryoid bodies were transferred to
Matrigel (Corning)-coated 24-well plates, with 1–2 embryoid
bodies per well to facilitate outgrowth. Medium was exchanged
every other day until Day 16–Day 18 of differentiation. To
validate trilineage differentiation, cells were fixed and subjected
to immunofluorescence staining using germ layer-specificmar-
kers: alpha-fetoprotein ([AFP] monoclonal antibody [AFP3],
Invitrogen) for endoderm, alpha-smooth muscle actin

([α-SMA] monoclonal antibody [1A4], Invitrogen) for meso-
derm, and Nestin ([NESTIN] monoclonal antibody [10C2],
Invitrogen) for ectoderm. Corresponding IgG isotype controls
were included. Parallel samples were analyzed by qPCR for
expression of additional germ-layer specific markers. Primer
sequences are provided in Supporting Information 2: Table S2.

2.12. In Vivo Trilineage Differentiation. MCB cells were
thawed and expanded in culture. A total of 5× 106 iPSCs
were resuspended in a 1:1 mixture of Knockout DMEM/F12
and Matrigel. The cell suspension was subcutaneously injected
into the right flank of 6–8-week-old female NCG mice housed
under SPF conditions to induce teratoma formation. Terato-
mas were harvested, fixed in 4% paraformaldehyde, and pro-
cessed for hematoxylin-eosin (H and E) staining. Histological
examination confirmed the presence of tissues representative of
all three germ layers, including endoderm-derived glandular
structures of the digestive tract, mesoderm-derived cartilage,
and ectoderm-derived neural tissue, along with other lineage
specific structures.

2.13. Residual Plasmid Detection.MCB cells were thawed and
genomic DNA (gDNA) was extracted from 2× 106 cells. For
droplet digital PCR (ddPCR), 100 ng of gDNA was partitioned
into droplets via emulsification with droplet generation oil
using a QX200 Droplet Generator, in a final reaction volume
of 20μL. Fluorescence signals were detected after PCR amplifi-
cation using a QX200 Droplet Reader. Parallel qPCR was per-
formed using 100 ng of gDNA with target-specific primers
(sequences provided in Supporting Information 3: Tables S2
and S3). The residual plasmid copy number per 100 cells were
calculated from ddPCR data using the following formula:

Copy number¼ Samplecopies per 20 μL − Controlcopies per 20 μLð Þ ×Quantity of extracted gDNA × 100
100 ng × 2 × 106

:

Formula 1: Calculation of residual plasmid copy number
per 100 cells via ddPCR. Parameters were as follows:

Samplecopies per 20 μL: ddPCR-derived copy number of
episomal plasmids (targeting EBNA-1,WPRE, or OriP ele-
ments) per 20μL reaction in iPSCs.
Controlcopies per 20 μL: ddPCR-derived copy number of
episomal plasmids (targeting EBNA-1,WPRE, or OriP ele-
ments) per 20μL reaction in CBMCs.
Quantity of extracted gDNA: Total mass of gDNA
extracted from iPSCs (unit: ng).
100: Normalization factor to report copy number per
100 cells.
2× 106: Total number of iPSCs used for gDNA extraction.

2.14. Karyotype Analyses. MCB cells were recovered and
expanded for karyotype analyses. Chromosomal integrity was
assessed through conventional Giemsa staining applied to

100 metaphase cells, alongside G-banding karyotype analysis
performed on 50 cells.

2.15. Genomic Analyses. gDNA was extracted from 2× 106

thawedMCB cells. BothWGS andWES were carried out using
next-generation sequencing technologies. WES was conducted
with an average coverage depth of 300×. Genomic libraries
were prepared with the Hieff NGS OnePot Pro DNA Library
Prep Kit V3 (YEASEN) following the manufacturer’s
instructions. Exome capture was performed using NadPrep
Hybrid Capture Reagents (Nanodigmbio Biotechnology Co.,
Ltd.), followed by high-throughput sequencing on the
DNBSEQ-T7 platform (MGI Tech Co., Ltd.) with a variant
allele frequency (VAF) detection threshold of 5% (providing
95% sensitivity for mutations present in ≥5% of cells). Raw
sequencing data were processed using fastp (v0.22.0) to
remove adapter sequences, poly-G tails, and low-quality
reads (quality score ≥20 and read length ≥50 bp). High-
quality reads were aligned to the GRCh37/hg19 reference
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genome using BWA-MEM (v0.7.17) with base quality
score recalibration (BQSR). Germline single-nucleotide
polymorphisms (SNPs) and insertions/deletions (INDELs)
were identified using HaplotypeCaller (GATK v4.2.6), and
somatic variants were detected with MuTect2. Copy number
variations (CNVs) were called using CNVkit (v0.9.6). All
detected variants were functionally annotated with
ANNOVAR (hg19_refGene). For WGS, an average depth of
45× was achieved. Library preparation was conducted using
the same Hieff NGS OnePot Pro DNA Library Prep Kit V3,
and sequencing was performed on the DNBSEQ-T7 platform
(MGI Tech Co., Ltd.) under identical sensitivity criteria (5%
VAF threshold, 95% sensitivity for ≥5% cellular prevalence).
Data processing, read alignment, and germline variant calling
were consistent with the WES workflow. Additionally,
structural variants (SVs) were detected using Manta (v1.6.0).
Functional annotation of all variants was performed using
ANNOVAR as described above.

2.16. Sterility Testing. Eight vials of iPSC MCB were thawed
and seeded into a vitronectin N-coated T182 flask at a density
of 4× 104 cells/cm2 in CTS Essential 8 Medium supplemented
with 10 μMY27632. After 18–24h, the medium was replaced
with Y27632-free CTS Essential 8 medium. Cells were main-
tained under these conditions for 72 h without further treat-
ment. The cell culture supernatant was then collected,
centrifuged, and the clarified supernatant was subjected to ste-
rility and mycoplasma testing. Sterility was assessed using the
membrane-filtration method in compliance with the Pharma-
copeia of the People’s Republic of China.

2.17. Mycoplasma Testing. Mycoplasma detection was con-
ducted on the same clarified supernatant sample described in
Section 2.16 using qPCR with a MycoSEQ kit (Thermo Fisher
Scientific).

2.18. Endotoxin Testing. Endotoxin levels were measured
using a Toxinometer ET-6000 (FUJIFILMWako Pure Chemi-
cal Corporation) in accordance with the manufacturer’s
instructions.

2.19. Virus Testing. Viral safety testing was performed on both
the original UCB units and the final iPSCMCB. Enzyme-linked
immunosorbent assay (ELISA) was used to screen UCB for
human T-lymphotropic leukemia virus (HTLV), Epstein-barr
virus (EBV), human parvovirus B19 (B19V), and herpes
simplex virus type 1 (HSV-I) and herpes simplex virus 2
(HSV-II). The iPSC MCB was tested via ELISA for an
extended panel of human viruses, including EBV, human
cytomegalovirus (HCMV), human retroviruses (HIV-1/2 and
HTLV-1/2), human hepatitis viruses (HAV, HBV, and HCV),
B19V, human papillomavirus (HPV), human polyomavirus
(BKV), human adenovirus (ADV), and human herpes
viruses 6/7/8 (HHV-6/7/8).

3. Results

3.1. Donor Selection and Quality Control. HLA-homozygous
frozen UCB samples with informed consent forms were
obtained from the Tianjin Cord Blood Public Bank and

rigorously screened. A donor exhibiting the HLA-genotype
HLA-A

∗
30:01,30:01, HLA-B

∗
13:02, 13:02, HLA-C

∗
06:02,

06:02, HLA-DRB1∗07:01, 07:01, andHLA-DQB1∗02:02 haplo-
type, the most frequent five-locus homozygous HLA genotype
in the Chinese population, was selected. All donor consent
documentation and quality control evaluations were completed
prior to UCB banking. To identify the optimal UCB sample,
four strict quality control criteria were enforced: male donors
with blood type O were prioritized to minimize risks related to
X chromosome inactivation [22]; sterility and viral-free status
were confirmed through plasma testing for HTLV, EBV, B19V,
HSV-I and HSV-II, with all results negative; STR analysis
across 21 allelic markers verified donor identity and exclude
maternal blood contamination; andWGS as well as WES anal-
yses were performed to screen for pathogenic and likely patho-
genic mutations, thereby reducing hereditary risk. HLA
haplotype analysis based on WES data confirmed homozygos-
ity, consistent with documented records. These stringent and
comprehensive screening measures significantly minimized
potential risks in large-scale iPSCs banking.

3.2. Production of GMP-Compliant hiPSCs. Frozen UCB
meeting the above criteria was thawed, and CBMCs were iso-
lated via Ficoll density gradient centrifugation. CBMCs were
cultured to expand and induce erythroid differentiation of
human hematopoietic progenitor cells. When large, presump-
tive erythroblast-like cells constituted the dominant popula-
tion, these EECs underwent intermediate process release
testing. EECs displaying CD3+ < 1%, CD19+ < 1% and
CD71+> 95%, a profile associated with high reprograming
efficiency, were released for subsequent procedures. The
hiPSCs were generated by electroporation of EECs with
episomal plasmids (pCEP4-OCT4-SOX2, pCEP4-MYC,
pCEP4-KLF4, and pCEP4-BCL-XL) [25, 26]. A total of 2×
106 cells were evenly seeded into eight wells of 6-well plates.
Notably, increased seeding wells were correlated with more
efficient generation of single colonies to a certain extent.
Furthermore, reprograming efficiency was higher when using
iMatrix-511 as substrate compared to Vitronectin-N (data not
shown).

Primary iPSC colonies (Passage 0) were cultured in CTS
Essential 8 Medium supplemented with NaB under hypoxia
conditions (3% O2). Postelectroporation, the addition of the
CEPT cocktail significantly enhanced reprograming efficiency
and shortened the colony formation time [27]. A total of
50 independent single colonies were selected based on the fol-
lowing morphology criteria: tightly clustered growth, uniform
dome-shaped morphology with defined edges, compact
cell–cell contact, high nucleus-to-cytoplasm ratio, and absence
of nontarget cells. These colonies weremanually picked under a
microscope and individually transferred to separate wells of 24-
well plates as Passage 1 cultures. Subsequent expansion was
carried out with strict selection criteria: among the 50 initial
colonies, 41 successfully expanded and were passaged within
8 days; the remaining nine were discarded due to poor survival
or limited proliferation capacity. By Passage 3, 34 colonies
remained, with seven discarded (six due to excessive nontarget
cells and one due to poor quality). All 34 colonies at Passage 3
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were cryopreserved as CSB lines. Five CSB lines were sequen-
tially expanded and cryopreserved as MCB lines (Passage 6).
The remaining CSB lines remain available for future GMP-
compliant expansion and MCB establishment following suc-
cessful release testing. Notably, five distinct single-colony-
derived iPSC MCB lines were established in a sequential man-
ner to prevent cross-contamination. Prior to cryopreservation,
cell confluency was strictly maintained between 60% and 80%.
Each MCB line consisted of 100–200 cryovials, with 1.5× 106

cells per vial. This confluency threshold was implemented
based on observations that two of the five iPSC MCB lines
exhibited poor post-thaw survival and seeding efficiency, which
was primarily attributed to high confluency (>90%) at the time
of cryopreservation. After passing all hiPSC-specific quality
control release tests (described in subsequent sections), one
vial of an MCB line was thawed and expanded to Passage 9
to establish working cell bank (WCB) as needed (Figure 1). To
ensure full GMP compliance throughout hiPSC generation, all
raw materials adhered to GMP standards, all manufacturing
steps were conducted in a GMP-compliant facility, all proce-
dures followed approved standard operating procedures
(SOPs), and all operations were thoroughly documented.

3.3. QC Tests and Product Release. The establishment of stan-
dardized acceptance criteria for the release of MCB and WCB
products remains challenging, largely due to the difficulties in
validating detection assay methodologies [28]. To address this,

we propose a set of recommended quality control test parame-
ters and corresponding release criteria for iPSC MCB lines, as
summarized in Table 1.

To define the quality standards for the qualification of iPSC
MCB under GMP-compliant conditions, the following criteria
were applied: postcryopreservation cell viability must exceed
70%, with iPSC colonies exhibiting well-defined borders, tight
cell–cell contact, and a high nucleus-to-cytoplasm ratio [22].
Surface markers of undifferentiated state (SSEA4 and TRA-1-
60) must show positivity in ≥90% of cells, while nuclear mar-
kers (OCT3/4 and NANOG) require ≥90% and ≥70% positive
expression, respectively. The negative marker CD45 should be
detectable in≤2% of cells. Additionally, markers representative
of all three germ layers (endoderm, mesoderm, and ectoderm)
should be detectable following both in vitro differentiation [29]
and in vivo spontaneous teratoma formation [30]. Cells fulfill-
ing these release criteria demonstrated high quality in terms of
pluripotency and functional utility. For cell therapy safety,
residual episomal plasmids were rigorously assessed by analyz-
ing at least two targets, each with a threshold of ≤1 plasmid
copy per 100 cells [31]. Should this value be exceeded, cells
undergo five additional passages followed by retesting; lines
with persistently elevated plasmid copy number are deemed
unsuitable for use. Chromosomal integrity was evaluated by
examining a minimum of 100 metaphases for numerical, mor-
phological, and structural abnormalities, with at least 50 meta-
phases analyzed by micrography and karyotyping. WGS and

Screening of information of
HLA-homozygous UCB

Colony selection and
expansion (50 colonies at P1)

41 Colonies preserved at P2

34 Colonies preserved at P3

Cell quality assessment

Establishment of cell seed
bank (34 iPSC lines)

USB sample acquired for
verification

Discard

Discard

Reprogramming and colony
formation

No

No
QC passed

QC passed

Yes

Yes

Thawing of UCB

Cell quality assessment

Isolation and culture of
CBMCs

DiscardQC passed
No

Yes

Cell thawing and expansion

Cell cryopreservation and
release testing

Discard

Yes

Establishment of master
cell bank (five iPSC lines)

Establishment of work
cell bank when needed

No
QC passed

FIGURE 1: Workflow for the establishment of a GMP-compliant hiPSC banking. hiPSC lines were generated from UCB and systematically
expanded through sequential banking stages: CSB, MCB, and WCB. Critical quality control checkpoints are integrated throughout the
process to ensure product safety and compliance.
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WES analyses must confirm the absence of pathogenic and
likely pathogenic mutations. All tested MCB lines should
show negative results in sterility testing (via membrane filtra-
tion), mycoplasma detection (culture-based methods), endo-
toxin assays (gel method, <5.0 EU/mL), and adventitious
human viruses testing (ELISA for EBV, HCMV, HIV-1/2,
HTLV-1/2, HAV, HBV, HCV, B19V, HPV, BKV, ADV, and
HHV-6/7/8). Taken together, these criteria established com-
prehensive quality standards for iPSC MCB manufactured
under GMP-compliant conditions.

3.4. Characterization of iPSCs

3.4.1. Pluripotency and Differentiation. The iPSC MCB lines
exhibited typical embryonic stem cell (ESC)-like morphology,
forming colonies with well-defined edges and tight cell–cell
contact (Figure 2A). The majority of iPSCs tested positive for
alkaline phosphatase (AP) activity (Figure 2B). qPCR analysis
demonstrated that mRNA expression levels of the undifferen-
tiatedmarkers OCT4, SOX2, andNANOGwere comparable to
those in ESCs and significantly higher than in EECs
(Figure 2C). Flow cytometry and immunofluorescence
staining confirmed strong expression of both surface and
nuclear undifferentiated markers (Figure 2D, E).
Furthermore, the iPSCs successfully differentiated into
derivatives of all three germ layers, as confirmed through in
vitro embryoid body formation and in vivo teratoma assays
(Figure 2F, H). Taken together, these results confirmed that
the GMP-compliant iPSCs maintain high pluripotency and
multilineage differentiation potential.

3.4.2. Genomic Stability. For safety evaluation, residual
episomal plasmid copy numbers were quantified in three
iPSC MCB lines via ddPCR. All lines showed fewer than one
episomal plasmid copy number per 100 cells (Figure 3A). No
amplification was detected within 35 cycles by qPCR (Support-
ing Information 4: Table S1), resulting in a 100% pass rate for
episomal plasmid residual testing in the evaluated iPSC MCB
lines. Since all three iPSC MCB lines met the clearance criteria,
further passaging and retesting were not required. Karyotype
analysis revealed no structural or numerical chromosomal
abnormalities in any of the three iPSC MCB lines (Figure 3B).
To assess tumorigenic and germline variations, iPSCMCB lines
were compared with original UCB cells using the ACMG
genetic variation classification criteria and ClinGen guidelines.
The analysis covered gene-disease associations, variant patho-
genicity, variant carrying status, and inheritance patterns.
Results indicated that none of the three iPSCMCB lines carried
known pathogenic genetic variations. No loss-of-function
mutations, such as point mutations, small fragment INDELs,
or large fragment CNVs, were detected. Moreover, no de novo
mutations were introduced during iPSCs generation or expan-
sion. HLA haplotype and STR profiles remained identical to
those of the starting material (Supporting Information 2:
Figure S1).

3.4.3. Safety Testing. Sterility and mycoplasma tests yielded
negative results. Pathogen-specific testing confirmed negativity
for EBV, HCMV, HIV-1/2, HTLV-1/2, HAV, HBV, HCV,
B19V, HPV, BKV, ADV, and HHV-6/7/8. Endotoxin levels

TABLE 1: Quality control and release criteria for iPSC master cell bank.

Category Test name Test method Acceptance criteria

Cell activity
Cell viability AO/PI staining >70% Viability postcryopreservation

Living cell number AO/PI staining ≥1× 106 Cells/vial

Cell line identity

Cellular morphology Microscopic examination
Colony growth with smooth edge and
cells in tight contact with each other

HLA haplotype SBT Identical to starting material
STR profiling SBT Identical to starting material

Undifferentiated markers Flow cytometry
≥90% Positive for SSEA4, TRA-1-60 and
OCT3/4, ≥70% for NANOG, ≤2% for

CD45

Potency
Trilineage differentiation in vitro Embryoid body induction Positive for each germ layer
Trilineage differentiation in vivo Teratoma formation Positive for each germ layer

Purity/impurity Residual plasmid ddPCR
≤1 Plasmid copy per 100 cells; or

reduction after 5 additional passages

Genetic stability

Karyotyping G-banding Normal (diploid) in 50 metaphases

Whole-genome sequencing NGS
No pathogenic or likely pathogenic
mutations in tumor-associated and

genetic correlation genes

Whole-exome sequencing NGS
No pathogenic or likely pathogenic
mutations in tumor-associated and

genetic correlation genes

Safety

Sterility Membrane filtration Negative
Mycoplasma Culture-based method Negative
Endotoxin Gel method <5.0 EU/mL

Adventitious human viruses ELISA Negative

Stem Cells International 7
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FIGURE 2: Pluripotency characterization of iPSC MCB lines. (A, B) Representative phase-contrast images showed the typical morphology of
the three iPSCMCB lines before (A) and after AP staining (B). Scale bar: 100 μm. (C–E) Expression of undifferentiated markers was evaluated
by qPCR for relative mRNA expression levels to EECs (C), flow cytometry (D), and immunofluorescence staining (E) for protein expression.
Data shown are meanÆ SEM from three biological replicates. Scale bar: 100 μm. (F, G) Trilineage differentiation potential was assessed via
embryoid body formation. Immunofluorescence staining (F) and qPCR (G) were used to evaluate endoderm, mesoderm, and ectoderm
marker expression. Data shown are meanÆ SEM from three biological replicates. Scale bar: 100 μm. (H) Expanded iPSCMCB lines were and
injected into NGG mice, leading to spontaneously teratoma formation. Tumors were excised and subjected to H and E staining. Represen-
tative images show iPSCs differentiation into tissues of the three germ layers, identified by characteristic morphological features. Endoderm-
derived tissues include hepatic tissue (red arrow, characterized by isolated clusters of hepatocytes with eosinophilic cytoplasm and visible
sinusoid-like spaces), as well as mucosal epithelium of the digestive/respiratory tract (yellow arrow, identified by the presence of single-
layered columnar epithelial cells containing goblet cells and accompanying lumen formation). Mesoderm-derived tissues are observed as
bone tissue (blue arrow, featured by mineralized matrix with osteocyte lacunae), cartilage tissue (green arrow, recognized by chondrocytes in
lacunae within a basophilic extracellular matrix), muscle tissue (orange arrow, characterized by elongated, striated eosinophilic muscle
fibers), adipose tissue (black arrow, marked by large intracellular vacuoles compressing the nucleus toward the periphery), and renal tissue
(white arrow, distinguished by primitive glomerular-like capillary loops and early tubular structures). Ectoderm-derived neural tissue (gray
arrow) is marked by rosette-like structures formed by primitive neuroblasts surrounding eosinophilic neuropil; the nuclei are peripherally
located with cytoplasm converging centrally. Partially undifferentiated glandular structures (brown arrow) consist of disorganized epithelial
tubules lacking mature tissue-specific architecture.
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were measured below 5.0 EU/mL, complying with the prede-
fined acceptance criterion.

In summary, all iPSC lines produced under GMP-
compliant conditions satisfied the established release criteria,
supporting their suitability for subsequent multidirectional dif-
ferentiation and potential use in clinical cell therapy
applications.

4. Discussion

Mononuclear cells isolated from UCB represent a highly suit-
able starting material for iPSCs generation due to their capacity
for efficient reprograming following a brief and straightforward
culture period. For human hematopoietic progenitor cells
derived from UCB, expansion and erythroid differentiation
typically require approximately 8 days when using fresh sam-
ples and 12 days for frozen UCB. Moreover, EECs exhibit
greater homogeneity compared with isolated CBMCs, support-
ing significantly improved reprograming efficiency [19].
Reprograming efficiency can be further enhanced by supple-
menting the transfection with episomal plasmids carrying fac-
tors such as BCL-XL and EBNA1 [17, 25, 26]. Importantly, the

addition of the CEPT cocktail [27] postelectroporation resulted
in a 5.66-fold increase in reprograming efficiency and reduced
the time required for monoclonal formation to 1 week (data
not shown).

In assessing the quality of hiPSCs, we performed a compre-
hensive evaluation that included the parameters summarized in
Table 1, covering cell cycle profiling, population doubling time,
and pluripotency verification via immunofluorescence stain-
ing, AP staining, and qPCR. Nevertheless, quality control and
release criteria remain inconsistently applied across research
institutions. The establishment of standardized acceptance
parameters for MCB and WCB quality presents a challenge,
largely owing to the complexity of validating detection meth-
ods. Therefore, the development of stable and reliable analytical
methods is essential for defining universally applicable release
criteria.

Notably, two iPSC MCB lines produced under GMP-
compliant conditions exhibited suboptimal post-thaw survival
rates, despite meeting all predefined release criteria for cell
viability and total viable cell count. Further investigation iden-
tified the physiological state at the time of cryopreservation as a
critical determinant influencing post-thaw survival. Parameters
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FIGURE 3: Safety analysis of iPSC MCB lines. (A) Residual episomal plasmids were quantified in iPSC MCB lines using ddPCR with probes
targeting EBNA-1, WPRE, and OriP. (B) Representative G-banding karyotype images demonstrated normal chromosomal structure and
number in iPSC MCB lines.
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including culture medium volume, feeding frequency, and cell
confluency prior to cryopreservation must be carefully moni-
tored and controlled to ensure consistent cell quality and func-
tionality after recovery.

5. Conclusions

In this study, we successfully established GMP-compliant
HLA-homozygous iPSC lines derived from UCB and devel-
oped a comprehensive set of quality control standards for their
characterization. All iPSC MCB lines not only satisfied our
stringent release criteria but also exhibited high pluripotency
and robust capacity for multidirectional differentiation, con-
firming their suitability for use in advanced iPSC-based cell
therapies. The GMP-compliant iPSCs banking platform pre-
sented here offers a standardized, reproducible, and cost-
effective framework for iPSCs banking, with the potential to
provide a reliable source of high-quality iPSC lines for future
clinical applications.
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no-template control (NTC) and EECs were used as negative
controls, and the plasmid was used as a positive control. The
Supporting Table S1 presents the plasmid residual results for
three iPSC lines.

Supporting Information 2. STR profiling of established iPSCs.
In this test report, the serial number BP245867OO refers to the
donor cord blood sample, BP245868OO to iPSC-001,
BP245869OO to iPSC-002, and BP245870OO to iPSC-003.
Peak diagrams of 21 allele markers are shown in sequence.

Supporting Information 3. Primers used in qPCR analyses for
detecting targets on the episomal plasmids and markers of the
three germ layers are presented in Supporting Tables S2 and S3
respectively.

Supporting Information 4. GMP compliance of critical
reagents for iPSC banking are listed in Supporting Table S4.
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