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Abstract \
Background: Mesenchymal stem cells (MSCs) have promising potential in clinical application, whereas their limited amount and
sources hinder their bioavailability. Embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) have become promi-
nent options in regenerative medicine as both possess the ability to differentiate into MSCs.

Methods: Recently, our research team has successfully developed human leukocyte antigen (HLA)-homozygous iPSC cell lines
with high immune compatibility, covering 13.5% of the Taiwanese population. As we deepen our understanding of the differences
between these ESCs and HLA-homozygous iPSCs, our study focused on morphological observations and flow cytometry analysis
of specific surface marker proteins during the differentiation of ESCs and iPSCs into MSCs.

Results: The results showed no significant differences between the two pluripotent stem cells, and both of them demonstrated the
equivalent ability to further differentiate into adipose, cartilage, and bone cells.

Conclusion: Our research revealed that these iPSCs with high immune compatibility exhibit the same differentiation potential as
ESCs, enhancing the future applicability of highly immune-compatible iPSCs.

Keywords: Embryonic stem cells; Human leukocyte antigen; Induced pluripotent stem cells, Mesenchymal stem cells; Regenerative
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1. INTRODUCTION

The considerable therapeutic potential of human multipotent
mesenchymal stromal cells (MSCs) has generated markedly
increasing interest in regenerative medicine for indications
such as bone regeneration, cartilage repair, regeneration of
other musculoskeletal tissues, central nervous system rebuild-
ing, and so on.! However, investigators report studies of MSC
using different methods of isolation and expansion and differ-
ent approaches to characterizing the cells.? Thus it is increas-
ingly difficult to compare and contrast study outcomes, which
hinders progress in the field. To begin to address this issue,
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the Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Therapy proposes minimal
criteria to define human MSC.? First, MSC must be plastic-
adherent when maintained in standard culture conditions.
Second, MSC must express CD105, CD73, and CD90, and
lack expression of CD45, CD34, CD14, or CD11b, CD79a,
or CD19 and HLA-DR surface molecules. Third, MSC must
differentiate into osteoblasts, adipocytes, and chondroblasts in
vitro.2 While these criteria will probably require modification as
new knowledge unfolds, we believe this minimal set of standard
criteria will foster a more uniform characterization of MSC and
facilitate the exchange of data among investigators.

MSCs are multipotent adult stem cells with significant regen-
erative potential and have garnered considerable interest in
regenerative medicine and cell-based therapies.! Despite their
applicability, MSCs are usually derived from bone marrow or
fat, both of which are invasive and the source of donors varies,
resulting in variable quality and limited applicability of MSCs.*
Therefore, find a suitable donor or an alternative production
method for MSCs to solve the bottleneck encountered in the
current mass production of MSCs.

ESCs are derived from the inner cell mass of early-stage
embryos and possess the ability to differentiate into all three
germ layers, including ectoderm, endoderm, and mesoderm,
making them a robust and versatile cell source for gener
ating MSCs.>* The differentiation potential of ESCs has
been extensively studied, and various protocols have been
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developed to guide their differentiation into MSCs.* On the
other hand, induced pluripotent stem cells (iPSCs) are derived
from somatic cells through reprogramming, using specific
transcription factors to induce pluripotency, resembling the
characteristics of ESCs.’ The discovery of iPSCs by Yamanaka
and colleagues in 2006 revolutionized the field of regenera-
tive medicine, offering the potential for personalized cell
therapies and disease modeling without the ethical concerns
associated with ESC research.®”

iPSCs and ESCs are two remarkable types of stem cells
that possess the ability to differentiate into various cell types,
including MSCs.! Both iPSCs and ESCs offer the advantage of
being able to generate an unlimited supply of MSCs, overcom-
ing the limitations posed by donor availability in traditional
MSC-based therapies.!! While both iPSCs and ESCs hold great
promise for generating MSCs, it is essential to comprehen-
sively compare the characteristics and functionalities of MSCs
derived from these two distinct sources."'>!? In addition, con-
sidering the ethical issues of ESCs and the higher accessibility
of iPSCs in translation medicine, it’s plausible that iMSCs may
carry potential advantages over eMSCs in therapeutic applica-
tions. Collectively, understanding the similarities and differences
between iPSC-derived MSCs (iMSCs) and ESC-derived MSCs
(eMSCs) is crucial for determining their suitability for specific
regenerative medicine applications. Additionally, a thorough
comparative analysis will shed light on the potential advantages
and limitations of each approach, informing the selection of
the most appropriate source of MSCs for various therapeutic
interventions.

Despite the widespread application of stem cells in various
clinical disease models, where they can replace damaged tis-
sues or promote cell regeneration, challenges persist in obtain-
ing stem cells. The sources of donor cells lack uniformity,
conditions for cell culture and differentiation are inconsistent,
and there are risks associated with rejection reactions during
transplantation. To overcome these issues regarding immune
compatibility, iPSC technology has rapidly advanced to pro-
mote the matching of human leukocyte antigen (HLA) haplo-
type profile between the donors and recipients, providing an
opportunity for allogeneic iPSC transplantations without the
need for immune suppression. This evolution of iPSC tech-
nologies allowed the generation of HLA-homozygous iPSCs
and other iPSC-derived lineages, leading to the expansion of
their translational application. In our previous research, we
successfully established highly immune-compatible iPSC cell
lines (A33:03-B58:01-DRB1%03:01)."* In this study, we aimed
to explore the differences between highly immune-compatible
iPSC lines and ESCs and whether there are variations in their
ability to differentiate into MSC cells. We aimed to provide a
comprehensive comparison of iPSC-derived MSCs and ESC-
derived MSCs. We examined their differentiation efficiency,
cellular morphology, surface marker expression, and multi-
lineage differentiation potential. By elucidating the distinct
characteristics of MSCs derived from iPSCs and ESCs, we
sought to contribute to the ongoing advancement of regener-
ative medicine and facilitated the development of more effec-
tive and tailored cell-based therapies.

2. METHODS
2.1. Establishment of human iPSCs

2.1.1. Derivation of human induced pluripotent stem cells

Human iPSCs were derived from peripheral blood mono-
nuclear cells (PBMCs) using the CytoTune-iPS 2.0 Sendai
Reprogramming Kit. PBMCs were cultured in StemPro-34
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medium with cytokines for 4 days, infected with Sendai virus,
and then cultured in PBMC complete medium for 2 days. They
were then transferred to MEF feeders and cultured in hESCs
medium for 7 days.

Multiple colonies of iPSCs were generated and examined.
Following the generation of HLA-homologous iPSCs (clone-
1), we compared the ability for adipogenic and osteogenic
differentiation among HLA-homologous iPSCs, control iPSCs
(NTA, a previously established iPSC line from a healthy nor-
mal donor), H9 ESCs (a widely used ESC line), and S6 HSCs
(an ESC line provided from Academia Sinica as a generous
gift).

2.1.2. ESCs and iPSCs maintenance culture

ESCs and iPSCs were cultured in StemFlex™ Medium Kit
(ThermoFisher, Waltham, USA) on Geltrex™-coated dishes.
Geltrex™ matrix was diluted with cold D-MEM/F-12 (1X)
(ThermoFisher) and incubated in a humidified incubator at
37°C and 5% CO, for at least 1 hour before use. Sub-culturing
of iPSCs was performed using Versene solution (ThermoFisher).

2.2. Establishment of ESCs/iPSCs-derived mesenchymal
stem cells

To establish iPSC-derived mesenchymal stem cells, we followed
the protocol described by Hynes et al'® with some modifica-
tions. Briefly, iPSCs were dissociated using Versene solution,
and then reseeded onto a new Geltrex-coated T-25 flask for dif-
ferentiation into mesenchymal stem cells in complete medium
for 2 weeks, with medium replaced every 3 to 4 days. After the
differentiation period, the heterogeneous cell population was
passaged using TrypLE to obtain a single-cell suspension, which
was then plated at a 1:3 ratio in a Geltrex-coated T-75 flask.
Passaging was performed once cells reached 70% to 80% con-
fluency, and cells were defined as passage 1 (P1) after the first
passaging. From passage 2 onward, coating of the flask was not
required.

2.2.1. Osteogenic differentiation

Osteogenic differentiation was induced using StemPro™
Osteogenesis Differentiation Kit (Thermo Fisher Scientific,
cat. no. A1007201) according to the manufacturer’s instruc-
tions. The medium was changed every 3 to 4 days for >21
days. Alizarin red staining (Sigma-Aldrich, St. Louis, USA
2003999) of calcium deposits within osteocytes generated by
MSCs.

2.2.2. Semi-quantitative alizarin red staining

Stained cultures were destained by a quantitative destaining
procedure using 10% (w/v) cetylpyridinium chloride (CPC)
(Sigma-Aldrich) in 10mM sodium phosphate buffer, pH 7.0,
for 15 min at room temperature on a vibrating platform shaker.
The Alizarin Red S concentration was determined by absorb-
ance measurement at 570nm on a microplate reader using an
Alizarin Red S standard curve in the same solution.

2.2.3. Adipogenic differentiation

The Adipogenic differentiation was performed using StemPro™
Adipogenesis Differentiation Kit (Thermo Fisher) and accorded
to the manufacturer’s instructions. Culture cells in their respec-
tive medium for 7 to 14 days with every 3 to 4 days medium
changes. The cells were then stained with filter Oil Red O solu-
tion prepared from Oil Red O solution (Sigma-Aldrich, O1391)
for at least 2 hours at room temperature in the dark.
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2.2.4. Semi-quantitative Oil Red O staining

Oil Red O stain was eluted with 100% isopropanol, 500 pL
per well for 10 minutes at room temperature on a vibrating
platform shaker. 2x200 pL of eluate was transferred to a clear
96-well microtiter plate; a duplicate of wells on the microtiter
plate was filled with 2x200 pL 2-propanol as background con-
trol to subtract the background signal. Absorption was meas-
ured at 510nm on a microplate reader.

2.2.5. Chondrogenesis differentiation

The chondrogenic differentiation was performed using
StemPro™ Chondrogenesis Differentiation Kit (Thermo Fisher)
and accorded to the manufacturer’s instructions. Alcian Blue
stain (Sigma-Aldrich, B8438) analysis: Alcian Blue staining of
proteoglycans within chondrocytes generated by MSCs.

2.2.6. Flow cytometry

Mesenchymal stem cells were seeded in a 10-cm culture dish at a
density of 2.5 x 10%/cm?. Upon reaching 70% to 80% confluency,
cells were collected using TrypLE Select Enzyme (Thermo Fisher,
Cat. 12563011) and incubated with conjugated antibodies
including CD14 (abcam, ab221678), CD19 (abcam, ab245235),
CD34 (abcam, ab81289), CD45 (abcam, ab40763), HLA-DR
(abcam, ab92511), TRA-1-81(Invitrogen, 17-8883-42), CD44
(abcam, ab254530), CD73 (abcam, ab313339), CD90 (abcam,
ab307736), and CD105 (abcam, ab252345) in 3% Bovine
serum albumin (BSA) in Phosphate buffered saline (PBS) for 35
minutes at room temperature in the dark. After washing with
10% FBS in PBS, cells were analyzed using FACSCanto II™ (BD,
Franklin Lakes, NJ, USA) System and FlowJo™ software (BD,
Franklin Lakes, NJ, USA).

3. RESULTS

3.1. Acquisitions of iPSC and ESCs

Before the initiation of this study, we created a human iPSC
line from the PBMCs obtained from donors carrying the HLA
type (A33:03-B58:01-DRB1*03:01) as described previously.!*
The reprogramming process involved infecting the PBMCs with
Sendai virus, which expressed four Yamanaka factors, that is,
OCT4, SOX2, KLF4, and ¢-MYC. We used the CytoTune-iPS
2.0 Sendai Reprogramming Kit from ThermoFisher A16518 to
carry out this process. After the infection and cultivation, we
generated the new iPSC line. To conduct a comparative study of
the differentiation potential, we also enrolled an ESC line named
S6 into this study. To validate the qualities of iPSCs and ESCs,
we captured the morphology of both iPSCs and ESC (S6) under
a light microscope. Both cell lines exhibited the typical features
of pluripotent stem cells, including small and tightly packed
cells, a high nucleus to cytoplasm ratio, compact colonies with
distinct borders, and well-defined edges (Fig. 1).

3.2. Derivation of MSCs from ESCs and iPSCs

To establish ESC/iPSC-derived MSCs, we followed the protocol
described by Hynes et al'® with some modifications. Cell morphol-
ogies were significantly changed during the induction course of
MSCs from both ESCs and iPSCs (Fig. 2A, B). Before the induction,
ESCs and iPSCs exhibited an oval shape and were densely packed.
However, after 14 days in the MSC complete medium, both ESCs
and iPSCs began to expand, displaying a morphology more remi-
niscent of fibroblasts (as shown in Fig. 2A, B). Upon passaging onto
gelatin-coated flasks, the differentiated ESCs and iPSCs adopted the
typical morphology of MSCs. They featured elongated cell bod-
ies and slender, elongated processes. Changes in cell morphology
were also noted at various induction stages, with cells gradually
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Fig. 1 Cell morphology of iPSCs and ESCs cell lines. iPSC line from the HLA-
homozygous donors and ESCs cell (S6) both display a typical pluripotent stem
cell’s morphology with small, tightly packed cells, high nucleus to cytoplasm
ratio, compact colonies that have distinct borders, and well-defined edges.
Scale bar =200 pm (4x), 100 pm (10x), 50 um (20x). ESCs = embryonic stem
cells; HLA = human leukocyte antigen; iPSCs = induced pluripotent stem cell.

adopting a fibroblast-like appearance as they progressed through
the differentiation process. To differentially compare the MSCs
from two pluripotent stem cell lines, ESC-derived MSCs and iPSC-
derived MSCs were designated as eMSCs and iMSCs, respectively.
This nomenclature will be used consistently throughout the study.

3.3. Comparative analysis of cell surface markers between
eMSCs and iMSCs

To compare cell surface markers between eMSCs and iMSCs, we
conducted a flow cytometry analysis. The assessment was based
on the International Society for Cell & Gene Therapy (ISCT)
criteria, where more than 95% of the MSCs were expected to
express the markers CD73, CD90, and CD105.? Additionally, the
analysis aimed to ensure that <2% of the cells expressing CD14,
CD19, CD34, CD45, and HLA-DR.? Additionally, to provide a
more comprehensive analysis, we also performed flow cytometry
to estimate the expression of CD44 as another optional MSC
marker and TRA-1-81 as a pluripotency marker in the analysis.
Flow cytometric analysis was performed to assess the expres-
sion of cell surface markers in ESCs and iPSCs before and after
differentiation to MSCs (Figs. 3 and 4). In addition to the changes
in cell morphology, the alterations in cell surface marker expres-
sion were also observed during the induction of ESCs/iPSCs to
MSCs, and these differences are visually represented in the statis-
tical charts (Figs. 3B and 4B). This graphical presentation allows
for a direct comparison of the changes in surface marker expres-
sion when ESCs or iPSCs transitioned into MSCs. We assessed the
expression profiles of 10 distinct markers (Figs. 3B and 4B). One
noteworthy observation was the prominent presence of TRA-
1-81 in parental ESCs and iPSCs, which exhibited a significant
reduction following differentiation into eMSCs or iMSCs. This
reduction is of particular significance as ESCs and iPSCs possess
pluripotent characteristics and the potential to form teratomas.
The decline in TRA-1-81 expression highlights the safety aspect
of our established MSC lines for translational applications (Figs. 3
and 4). Furthermore, our flow cytometry analysis demonstrated
that <2% of the derived cell population expressed hematopoietic
markers, specifically CD14, CD19, CD34, and CD45. In contrast,
over 95% of the derived cell population exhibited positive expres-
sion of essential MSC markers, including CD44, CD73, CD90,
and CD10S. Of equal importance, more than 98% of the derived
cell population lacked HLA-DR expression (Figs. 3 and 4).
These findings collectively affirmed the MSC phenotypes of
our derived cells, with a robust expression of characteristic MSC
markers and the absence of hematopoietic markers, further
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Fig. 2 The morphological changes during the differentiation from (A) ESC (S6) to eMSCs, and (B) HLA-homozygous iPSC to iIMSC. () Undifferentiated ESC
colonies before induction. (Il) ESCs cultured in MSC complete medium for 14 d. (Ill) Differentiated ESCs passaged onto gelatin-coated flasks and grown in MSC
complete medium for 14 d. (IV) Cell morphology alterations at different induction stages, including passages 2 and 8. (V) Enlarged views of regions are indicated
by white boxes. Scale bar = 200 pm. ESCs = embryonic stem cells; HLA = human leukocyte antigen; iPSCs = induced pluripotent stem cell; MSC = human

leukocyte antigen.

emphasizing their potential suitability for regenerative medi-
cine applications. The marked decrease in pluripotency marker
TRA-1-81 underscores the safety and reliability of these cells for
translational research and therapeutic purposes.

3.4. Comparative tri-lineage differentiation potential of
iMSCs and eMSCs

We further explored and compared the differentiation poten-
tial of both eMSCs and iMSCs through three distinct assays.
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Chondrogenic differentiation was induced by subjecting these
MSCs to a chondrogenic differentiation medium for 14 days.
This led to the formation of chondrocyte pellets exhibiting the
characteristic three-dimensional (3D) round morphology of
chondrocytes (Fig. 5). Positive Alcian Blue staining validated the
successful chondrogenesis from both eMSCs and iMSCs (Fig. 5).

For adipogenic differentiation, a specialized adipogenic dif-
ferentiation medium was used. Lipid droplets emerged within
the induced cells and were positively stained with Oil Red O
solution (Fig. 6). Quantitative analysis of the extracted lipid
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Fig. 3 Flow cytometry analysis of ESC(S6) and eMSCs. A, Flow cytometry analysis was conducted to assess the expression of cell surface markers before and
after differentiation. The blue histograms represent the isotype controls, while the red histograms represent the expression of individual markers evaluated in
both ESC and eMSCs. B, eMSCs showed significantly higher expression of MSC markers in comparison with the parental ESC (S6). Results are mean + SD,
triplicated; *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001. ESC = embryonic stem cell; MSCs = mesenchymal stem cells.

droplets indicated a notably higher lipid content in adipocytes Conversely, the control undifferentiated MSCs exhibited no
derived from both eMSCs and iMSCs compared to the control  such deposits, emphasizing the successful osteogenic differentia-
undifferentiated MSCs (Fig. 6). tion from both eMSCs and iMSCs.

To assess the osteogenic potential, eMSCs and iMSCs were Overall, the differentiation potential of eMSCs and iMSCs
cultured in osteogenic differentiation medium for over 21 days.  into chondrocytes, adipocytes, and osteocytes were equivalent.
Alizarin Red S staining revealed bright orange-red deposits in  These results collectively underscored the versatile differentia-
the cells receiving osteogenic stimuli, indicating the successful ~ tion potential of both eMSCs and iMSCs, making them promis-
formation of osteocytes from both eMSCs and iMSCs (Fig. 7).  ing candidates for various therapeutic applications.
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Fig. 4 Flow cytometry analysis of HLA-homozygous iPSCs and iMSCs. A, Flow cytometry analysis was conducted to assess the expression of cell surface
markers before and after differentiation. The blue histograms represent the isotype controls, while the red histograms represent the expression of individual
markers evaluated in both iPSCs and iMSCs. B, iMSCs showed significantly higher expression of MSC markers in comparison with the parental iPSCs. Results
are mean + SD, triplicated; *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001. HLA = human leukocyte antigen; iPSCs = induced pluripotent stem cells; MSCs

= mesenchymal stem cells.

4. DISCUSSION

In this study, we successfully induced both ESCs and iPSCs
generated from the donors with HLA type (A33:03-B58:01-
DRB1%03:01) to differentiate into corresponding MSCs. The
ability to generate MSCs from both ESCs and iPSCs offers a
renewable and abundant source of these multipotent cells, over-
coming the limitations posed by donor availability in traditional
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MSC-based therapies.'® This accomplishment not only expands
the application spectrum of these stem cells but also prompts
a closer examination of the differentiation methods used. It is
intriguing to consider the differentiation methods used in gen-
erating MSCs from ESCs and iPSCs in the context of our find-
ings.'»72! The development of methods that mimic natural
embryonic developmental processes has been pivotal in ensuring
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Fig. 5 Chondrogenesis of iIMSCs and eMSCs. A, Representative images of chondrogenic capacity result of IMSCs were shown. Formed chondrocyte pellets
shown by staining with Alcian Blue solution. Scale bar = 100 um. B, Representative images of chondrogenic capacity result of eMSCs were shown. Formed
chondrocyte pellets shown by staining with Alcian Blue solution. Scale bar = 100 ym. MSCs = mesenchymal stem cells.

the acquisition of predictable and functional MSCs. Notably,
recent studies have proposed the induction of mesoderm as an
intermediate step in MSC differentiation. This is consistent with
the developmental origins of MSCs, particularly from the lateral
plate mesoderm (LPM)?*?* and neural crest cells (NCCs).2*2
However, the present study did not directly explore the meso-
dermal induction step; our results align with the anticipated out-
comes of this approach. The observed shifts in morphology and
surface marker expression from pluripotent to mesenchymal
characteristics reflect a comprehensive cellular transformation
reminiscent of natural lineage commitment.

Our results demonstrated that the differentiated MSCs from
both ESCs and iPSCs expressed high levels of key MSC mark-
ers, including CD73, CD90, and CD105. These findings indicate
that the induced MSCs possess the potential to differentiate into
various cell types, such as bone, cartilage, and fat, making them
promising candidates for tissue repair and regeneration.' The
multilineage differentiation potential of the induced MSCs fur-
ther highlights their suitability for therapeutic applications in
treating various diseases and injuries.?”*° Notably, we observed
that the differentiated MSCs from both ESCs and iPSCs
expressed low levels of hematopoietic markers, such as CD14,
CD19,CD34,and CD45.3! This finding suggests that the induced
MSCs have a low potential to differentiate into hematopoietic
lineage. This characteristic is advantageous for their applica-
tion in regenerative medicine, as the distinct marker expression
profiles in MSCs compared to hematopoietic stem cells indicate
fundamental differences in their differentiation pathways.>? Our
results confirm that both eMSCs and iMSCs express cell surface
markers consistent with the MSC lineage, distinctly separate
from those of hematopoietic stem cells. This alignment with the
MSC marker profile enhances the safety and potential thera-
peutic utility of these induced MSCs. Furthermore, to assess the
functional differentiation capacity of MSCs from both origins,
we conducted comprehensive assays.’> Chondrogenic differen-
tiation resulted in the formation of chondrocyte pellets display-
ing the characteristic 3D round morphology of chondrogenesis.
Positive Alcian Blue staining further confirmed the successful
chondrogenesis of eMSCs and iMSCs. In adipogenic differen-
tiation assays, the appearance of lipid droplets within induced
cells indicated the initiation of adipocyte differentiation.’*
Quantitative analysis substantiated higher lipid content in adi-
pocytes from both eMSCs and iMSCs, affirming their adipo-
genic differentiation potential. In the osteogenic differentiation
assay, the presence of vivid orange-red deposits in the induction
group signified successful osteocyte formation.** The absence
of such deposits in the control group highlighted the effective
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osteogenic differentiation capacity of both eMSCs and iMSCs.
Despite the promising results, this study has certain limitations
that warrant consideration. The study was conducted with a
small number of cells, and further investigations using larger
populations of cells are needed to validate and extend our find-
ings. Additionally, while our study focused on the differentiation
of MSCs, future research should explore the functional proper-
ties and potential therapeutic effects of these induced MSCs in
relevant disease models.

Moreover, despite the equivalent performance of eMSCs and
iMSCs in functional differentiation into adipocytes, chondro-
cytes, and osteocytes, it is essential to consider the potential
advantages of using iMSCs over eMSCs in various therapeu-
tic applications. First, it is difficult to avoid the ethical issues
regarding ESCs in the use of eMSCs. On the contrary, the abil-
ity to generate iPSCs and corresponding iMSCs from readily
accessible adult tissues offers a significant advantage in terms of
availability and ease of procurement, making them an attractive
and potentially inexhaustible source for regenerative medicine.
Recent studies have indicated that iMSCs exhibit greater pro-
liferation potential and can be derived using various efficient
methods.?*3” These characteristics, combined with their promis-
ing preclinical and clinical therapeutic potential, position iMSCs
as a compelling alternative to traditional eMSCs.3¢

In conclusion, our study demonstrates the successful and
comparable induction of MSCs from both ESCs and iPSCs,
providing a renewable and abundant source of these multipo-
tent cells for regenerative medicine applications. The similar
characteristics observed in the induced MSCs from ESCs and
iPSCs indicate their potential equivalence in therapeutic effi-
cacy. Remarkably, unlike ESCs that carry ethical issues, iPSCs
from donors matching HLA haplotype profiles eliminate the
issue of long-term immunosuppressant use. After differentia-
tion into MSCs, HLA-matched donor-derived iMSCs that are
safer for patients contribute to the progress of stem cell-based
therapies, opening up new avenues for personalized and effec-
tive treatments for various diseases and injuries. Future research
endeavors can further explore the therapeutic potential of these
induced MSCs and enhance our capabilities in harnessing the
regenerative power of stem cells.
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Fig. 6 Adipogenesis of eMSCs and iMSCs. A, Representative images of adipogenesis of eMSC (MSCs differentiated from H9 and S6 ESCs) and iIMSCs (MSCs
differentiated from control iPSCs [NTA] and HLA-homologous iPSCs). Morphologies of formed lipid droplets are shown by staining with Oil Red O solution,
indicated by black arrows. Scale bar = 50 pm. B, Quantification of lipid elaborated by extraction of Oil Red O stain and measuring absorbance at O.D. 510nm,
n = 3 wells for each group. Results are mean + SD from three independent experiments; *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001. HLA = human
leukocyte antigen; iPSCs = induced pluripotent stem cells; O.D. = optical density.
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Fig. 7 Osteogenesis of eMSCs and iIMSCs. A, Representative images of osteogenic of eMSC (MSCs differentiated from H9 and S6 ESCs) and iIMSCs (MSCs
differentiated from control iPSCs [NTA] and HLA-homologous iPSCs). Morphologies of mineral deposit are shown by staining with Alizarin Red S solution,
indicated by white arrows. Scale bar = 100 um. B, Representative images showing the osteogenic potential of eMSCs. Morphologies of mineral deposit are
shown by staining with Alizarin Red S solution, indicated by white arrows. Scale bar = 100 um. MSCs = mesenchymal stem cells. C, Quantification of mineral
deposit elaborated by extraction of Alizarin Red S stain and measuring absorbance at O.D. 570nm, n = 3 wells for each group. Results are mean + SD from

three independent experiments; *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001. HLA = human leukocyte antigen; iPSCs = induced pluripotent stem cells;
O.D. = optical density.
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