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Human pluripotent stem cells (hPSCs) such as human embryonic stem cells (hESCs), induced pluripotent stem cells, and
somatic cell nuclear transfer (SCNT)-hESCs can permanently self-renew while maintaining their capacity to differentiate
into any type of somatic cells, thereby serving as an important cell source for cell therapy. However, there are persistent
challenges in the application of hPSCs in clinical trials, where one of the most significant is graft rejection by the
patient immune system in response to human leukocyte antigen (HLA) mismatch when transplants are obtained from
an allogeneic (non-self) cell source. Homozygous SCNT-hESCs (homo-SCNT-hESCs) were used to simplify the clinical appli-
cation and to reduce HLLA mismatch. Here, we present a xeno-free protocol that confirms the efficient generation of
neural precursor cells in hPSCs and also the differentiation of dopaminergic neurons. Additionally, there was no differ-
ence when comparing the HLA expression patterns of hESC, homo-SCNT-hESCs and hetero-SCNT-hESCs. We pro-
pose that there are no differences in the differentiation capacity and HLA expression among hPSCs that can be cultured
wn vitro. Thus, it is expected that homo-SCNT-hESCs will possess a wider range of applications when transplanted with
neural precursor cells in the context of clinical trials.
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ponents from hPSC expansion and differentiation proto-
cols must be removed. Defined and reproducible culture
conditions must be achieved to generate hPSC derivatives
that can support transplantation therapy (1).

hPSCs include human embryonic stem cells (hESCs),
somatic cell nuclear transfer (SCNT)-hESCs, and human
induced pluripotent stem cells (hiPSCs). hESCs are ob-
tained from the inner cell mass of the blastocyst after fer-
tilization of the oocyte and the formation of a diploid
junction. These cells give rise to all somatic cell types
within the embryo (2). Based on the concept of hESCs,
SCNT-hESCs were created via the combination of a nu-
cleus-removed oocyte and the nuclei of somatic cells. There-
fore, SCNT-hESCs can produce patient-specific ESCs that
reduce the likelihood of immune rejection (3-5). However,
as the use of these cells invokes ethical considerations due
to the requirement of human embryos, hiPSCs were sub-
sequently developed as a replacement. hiPSCs are gen-
erated by optimal delivery of transcription factors to a va-
riety of adult somatic cells with the same abilities as hESCs
in addition to the advantage of producing patient- and dis-
ease-specific stem cells (6). Thus, hPSCs serve as a renew-
able and potentially unlimited cell source for transplan-
tation in the treatment of multiple diseases (7-9).

One of the current challenges in using hPSCs prior to
clinical use is the polymorphic nature of the human leuko-
cyte antigen (HLA) that can induce powerful immune re-
jection (10, 11). Although allogeneic cell therapy targeting
large patient populations is economically feasible, grafts
are attacked through the recognition of non-self HLA Class
I (HLA-A, -B, and -C) and HLA Class II (HLA-DR, -DP,
and -DQ) by the CD8+ cytotoxic T cells and CD4+ hel-
per T cells of recipients (12-14). In contrast, the lack of
HLA Class I activates natural killer cells and can lead to
pathogen infection or cell death (15-17). It is difficult to
match the HLA haplotypes of the entire population.

Here, we used homozygous SCNT-hESCs (homo-SCNT-
hESCs) that possess the same alleles of HLA-A, -B, and -
DRBI that are known to be the most polymorphic to re-
duce the possibility of immune rejection (18, 19). Evi-
dence of transplant rejection was not observed even when
only one HLA allele was matched, thus suggesting that us-
ing homo-SCNT-hESCs in cell therapy could help treat
a relatively wide range of individuals. We also compared
several hPSCs that could be cultured iz vitro and observed
no differences in the directed differentiation potential or
HLA expression of all hPSCs in neurons.

Materials and Methods

hESCs, hiPSCs, and SCNT-hESCs culture

The hESC culture protocol (HYI-17-137-6) was ap-
proved by the Institutional Review Board of Hanyang Uni-
versity. The following hPSCs were used: CHA-hES1S (hESCs;
CHA Stem Cell Institute); CHA-hiPS NT2-S4 (hiPSCs;
CHA Stem Cell Institute); heterozygous CHA-FT-NT17
(hetero-SCNT-hESCs; Research Institute for Stem Cell
Research, CHA Health Systems); homozygous CHA-FT-
NT18 (homo-SCNT-hESCs; Research Institute for Stem
Cell Research, CHA Health Systems). hPSCs were cultured
in TeSR™.E8™ basal medium (Stemcell Technologies)
with TeSR™-E8™ 25X supplement (Stemcell Technolo-
gies) on Vitronectin XF™ (Stemcell Technologies)-coated
dishes under standard culture conditions (37°C, 5% CO).
The culture medium was changed daily, and the cells were
passaged using ReLeSR (Stemcell Technologies).

Embryoid body formation

hPSC colonies were detached with 1 mg/ml collagenase
type IV (Sigma-Aldrich), and colonies were transferred on-
to uncoated bacterial dishes in Essential 6 medium
(Sigma-Aldrich) with 1% penicillin-streptomycin (10,000
U/ml, Thermo Fisher Scientific). The culture medium was
changed every two days for five days.

Generation of neural rosettes

Embryoid bodies (EBs) were transferred to culture
dishes coated with 15 xg/ml poly-L-ornithine (PLO; Sigma-
Aldrich) and 1 xg/ml fibronectin (FN; Sigma-Aldrich).
The growth medium for the neural rosettes (1/2 N2 me-
dium) was composed of serum-free medium supplemented
with 0.5% 100X N2 supplement (Thermo Fisher Scientific).
The 1/2 N2 medium was changed every two days for five
days. After this period, the 1/2 N2 medium was replaced
with another serum-free medium (N2bF medium) supple-
mented with 1% 100X N2 supplement and 40 ng/ml basic
fibroblast growth factor (R&D System). The culture me-
dium was changed every two days.

Spherical neural masses selection and purification
The generated neural rosettes were detached using a flame-
pulled Pasteur pipette to maintain their mass form. The
floating spherical neural masses (SNMs) were transferred
to uncoated culture dishes containing the N2bF medium.
The N2bF medium was changed every two days. For the
purification of SNMs that grew 5~7 days later, the SNMs
were mechanically cut into 10~15 pieces using a flame-
pulled Pasteur pipette while removing the cystic portion
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within several minutes. Approximately 50 pieces of cut
SNMs were transferred to uncoated culture dishes in N2bF
medium. After 5~7 days, the same method was repeated
for passaging. The homogeneity of the SNM increased af-
ter to 3~4 purification passages.

Single cell expansion of neural precursor cells

Approximately 50~60 pieces of purified SNMs were
collected and fragmented using 100 mesh (¢ 0.03x100%
100 mm; The Nilaco Corporation) prior to being trans-
ferred onto PLO/FN-coated culture dishes in N2bF medium.
The fragmented SNMs were expanded for several days to
allow for adaptation. A few days later, to separate single
cells the fragmented SNMs were dissociated using Accu-
taseTM (Sigma-Aldrich) for 5 minutes at 37°C and centri-
fuged at 1,500 rpm for 3 minutes. The cell pellets were re-
suspended in N2bF medium and re-plated onto PLO/
FN-coated culture dishes or onto glass coverslips (¢ 12
mm; Marienfeld Superior).

Neuronal differentiation of SNMs-derived neural
precursor cells

For spontaneous differentiation, neural precursor cells
(NPCs) were seeded onto PLO/FN-coated dishes and cul-
tured in serum-free differentiation medium (N2B27 me-
dium) with 1% 100X N2 supplement, 50X B-27"™ Supple-
ment (Thermo Fisher Scientific), and 200 «M ascorbic acid
(AA; Sigma-Aldrich).

For astrocyte differentiation, NPCs were cultured in
N2B27 medium containing 10 ng/ml ciliary neurotrophic
factor (CNTF; PeproTech).

A previously published protocol was applied (20). NPCs
were plated onto PLO/FN-coated dishes in N2B27 medium
containing 40 ng/ml triiodothyronine (T3; Sigma-Aldrich),
200 ng/ml sonic hedgehog (Shh; R&D Systems), 100 ng/ml
noggin (R&D Systems), 100 ng/ml IGF (R&D Systems),
and 50 nM dibutyryl-cAMP (db-cAMP; Sigma-Aldrich).
All cell culture media were changed every 2~3 days.

Cell differentiation was initiated using N2B27 medium
to induce dopaminergic (DA) neurons after NPC expan-
sion. After two days, the cells were cultured in N2B27 me-
dium with 200 ng/ml Shh and 100 ng/ml fibroblast growth
factor 8 (FGF8; PeproTech) for 2 days. For terminal diffe-
rentiation, 200 M AA, 50 nM db-cAMP, and 20 ng/ml glial
cell-derived neurotrophic factor (GDNF; R&D System) were
added to the N2B27 medium with Shh (without FGFS).

Immunocytochemistry
Cells were fixed in 4% paraformaldehyde (Sigma-Aldrich)
for 15~20 minutes at room temperature. Cells were blo-

cked and permeabilized with 10% normal goat serum
(Pel-Freez) and 0.3% Triton X-100 (Sigma-Aldrich) in
0.1% bovine serum albumin/phosphate buffered saline (BSA/
PBS) for 1 hour. Samples were incubated with primary an-
tibodies at 4°C overnight. The samples were then washed
three times with 0.1% BSA/PBS and incubated with sec-
ondary antibodies at room temperature for 1 hour. The
cells were counterstained with 4’,6-diamidino-2-phenylin-
dole (Vector Laboratories) and mounted using a mounting
solution. Images were captured using an epifluorescence
microscope (LEICA Microsystems). The primary antibo-
dies used in this study were as follows: anti-NESTIN (1 :

500; BioLegend), anti-SOX2 (1 : 1,000; Sigma-Aldrich), an-
ti-ZO1 (1 : 50; Thermo Fisher Scientific), anti-PAX6 (1 :

200; Novus Biologicals), anti-TUJ1 (1 : 2,000; BioLegend),
anti-TH (1 : 2,000; Pel-Freez), anti-glial fibrillary acidic
protein (GFAP, 1 : 2,000; DAKO), anti-OLIG2 antibody
(1 : 1,000; Chemicon), anti-major histocompatibility com-
plex (MHC) Class I+HLA A/B (1 : 200, MHC-I; Abcam),
anti-MHC Class II (1 : 200, MHC-II; Abcam). The secon-
dary antibodies used were Alexa Fluor 488 (1 : 500; Ther-
mo Fisher Scientific), Rhodamine, or Cy3 (1 : 500; Jackson
ImmunoResearch Laboratories).

Alkaline phosphatases expression analysis

Prior to staining, cells were fixed with 4% paraforma-
ldehyde for 10 minutes at room temperature. Alkaline phos-
phatases (AP) staining was performed using an Alkaline
Phosphatase Kit (CA# 86R-1KT; Sigma-Aldrich), accord-
ing to the manufacturer’s protocol.

Reverse transcription polymerase chain reaction

Total RNA was extracted using TRI REAGENT (Mole-
cular Research Center, Inc.), and cDNA was reverse tran-
scribed from 1 g of RNA using the Superscript Kit (Sig-
ma-Aldrich). Polymerase chain reaction (PCR) amplifica-
tion and primer conditions are listed in Table 1.

Quantification and statistical analysis

All experiments were conducted at least three times.
Cell counting for quantification was performed in 5~10
microscopic fields per well with three wells per experi-
mental condition. All quantified data were statistically an-
alyzed and are presented as mean+SEM. Statistical analy-
ses were performed using SigmaPlot for Windows version
10.0 (SystatSoftware GmbH).
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Table 1. Primer information for RT-PCR

2023

Annealing

Genes Primer sequences temperature (C) Cycle no. PCR product (bp)

OCT4 GCTGGATGTCAGGGCTCTTT 60 28 72
TCAAGAGATTTATCGAGCACCTTCT

GSC GAGGAGAAAGTGGAGGTCTGGTT 58 31 72
CTCTGATGAGGACCGCTTCTG

LMO2 CTACTACAAACTGGGCCGGAAG 60 31 117
ACCCGCATTGTCATCTCATAG

PAX6 ACACACATTAACACACTTGAGC 60 28 158
TGCTGTTGTTGCTTGAAGAC

GAPDH ACATCAAGAAGGTGGTGAAGCA 60 28 241
TCTTACTCCTTGGAGGCCATGT

RT-PCR: reverse transcription polymerase chain reaction.

Homo-SCNT-hESC

o

Fig. 1. Pluripotent marker expressions of human pluripotent stem cells (hPSCs). (A) alkaline phosphatases staining is the result of using
conventional dyes as substrates for measuring the activity of elevated alkaline phosphatase in hPSCs. The characteristics of the fluorescently
labeled cells are observed in the general hPSCs morphologies. (B) Reverse transcription polymerase chain reaction analysis reveals the
expression of three germ layer markers (PAX6, LMO2, GSC) in embryoid bodies. Scale bar=500 z#m. hESC: human embryonic stem cell,
hiPSC: human induced pluripotent stem cell, Homo-SCNT-hESC: homozygous somatic cell nuclear transfer-hESC.

Results

Pluripotency of hPSCs

We conducted the following experiments to identify the
characteristics of hPSCs at the pluripotent stage, includ-
ing EB formation. First, AP is known to be expressed at
high levels in pluripotent stem cells such as hESCs,
hiPSCs, and SCNT-hSCs. Similar to previous reports, AP
expression in the hPSCs used in this study was confirmed
by AP staining. Representative AP staining of hPSCs 5

days after plating is presented. All cell lines tested positive
(Fig. 1A). Next, we confirmed the possibility of differen-
tiating the three germ layers. The pluripotency marker
OCT4 decreased after EB induction in addition to the ex-
pression of the ectodermal marker PAX6, the mesodermal
marker LMO2, the endodermal marker GSC, and the house-
keeping gene GAPDH as confirmed by reverse transcri-
ption (RT)-PCR analysis at 14 days (Fig. 1B, Table 1).
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Generation of NPCs from hPSCs

In this study, we developed an efficient protocol to gen-
erate NPCs from several hPSCs in a time-efficient manner
on a large scale (Fig. 2A). First, multiple detached hPSC
colonies were cultured on uncoated bacterial dishes to form
EBs that are the three-dimensional aggregates formed in
suspension of hESCs, hiPSCs, and SCNT-hESCs. (Fig.
2B-2I). To generate neural rosettes, EBs were transferred
onto PLO/FN-coated culture dishes, cultured in 1/2 N2
medium for S days, and then cultured in N2bF medium
for an additional 5 days (Fig. 2A, 2]J-2M). After neural ro-
sette selection, the SNMs were isolated via mechanical dis-

section and cultured in suspension in culture dishes.
Following 3~4 purification passages, the neural rosettes
disappeared, and an increased number of SNMs resem-
bling neurospheres were formed (Fig. 2A, 2N-2Q). To dif-
ferentiate the SNMs into neurons, astrocytes, and oligo-
dendrocytes, the SNM fragments were transferred to PLO/
FN-coated culture dishes. Thereafter, the SNM fragments
dissociated into single-cell NPCs that were transferred on-
to PLO/FN-coated glass coverslips (Fig. 2A, 2R-2U).
Thus, this method proved to be equally applicable to all
hPSCs with the typical NPC morphology observed in all
cell lines.
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Fig. 2. Generation of neural precu-
rsor cells (NPCs) from human pluri-
potent stem cells (hPSCs). (A) Sche-
matic describing the differentiation
protocol of NPCs via spherical neural
mass (SNM) from hPSCs. hPSCs tran-
sitioned through stages of embryoid
body (EB), neural rosette, SNMs, and
NPCs. (B-E) Typical morphology of the
hPSC colony. (F-l) hPSCs were indu-
ced for 5 days with suspended EB. (-
M) After EB attachment, neural rosettes
were induced for 5~10 days. (N-Q)
After the selection of the SNMs, they
were passaged 3 times for purification.
(R-U) After 3~4 passages, the SNMs
were dissociated into single cells. Scale
bar=100 zm. hESC: human embry-
onic stem cell, hiPSC: human indu-
ced pluripotent stem cell, Homo-SCNT-
hESC: homozygous somatic cell nu-
clear transfer-hESC.
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Characterization of hPSCs-derived NPCs

The characteristics of the NPCs at each stage were iden-
tified, including the rosettes, SNMs, and NPCs. Experi-
ments were performed to detect differences in the pro-
duction efficiency of NPCs from each cell line. Immuno-
staining revealed that the neural rosettes expressed a wide
range of early neuroectoderm and neural rosette markers
such as PAX6 and ZO-1. The rosettes also exhibited a mor-
phological appearance (Fig. 3A). As detected by SNM im-
munostaining, most NESTIN-expressing cells (green) coex-
pressed SOX2 (red), a neural precursor cell marker in the
central nervous system (CNS) (Fig. 3B). After single-cell
dissociated cultures of NPCs, NESTIN, and SOX2 proteins
were detected by immunostaining (Fig. 3C), thus suggest-
ing that hPSC-derived NPCs possessed proliferative capa-
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city in all cell lines.

In vitro differentiation potential of hPSCs-derived
NPCs

We estimated the differentiation efficiency of the hPSC-
derived NPCs. The hPSC-derived NPCs expressed TU]J1,
a marker observed spontaneously in early neurons, was de-
tected (Fig. 4A). NPCs were then cultured in a medium
containing CNTF and T3 that promoted the formation of
astrocytes and oligodendrocytes, respectively. In agreement
with this, astrocyte and oligodendrocyte markers such as
GFAP and OLIG2 were readily detectable (Fig. 4A). Overall,
hPSC-derived NPCs were observed to possess efficient dif-
ferentiation capabilities for neurons and glial cells; how-
ever, oligodendrocyte differentiation efficiencies were slight-

Homo-SCNT-hESC

Fig. 3. Neural precursor cell specifi-
cations are similarly induced in vari-
ous human pluripotent stem cells
(hPSCs). (A) Neural rosettes were ide-
ntified according to rosette markers
such as PAX6 and ZO-1. (B) Repre-
sentative images indicating the spher-
ical neural mass markers NESTIN and
SOX2. (C) After single cell dissocia-
tion of neural precursor cells, the left
panel also reveals the neural precu-
rsor cell markers NESTIN and SOX2.
The right panel presents the quanti-
fied data from the left panel. Scale
bar=50 zm. hESC: human embry-
onic stem cell, hiPSC: human in-
duced pluripotent stem cell, Homo-
SCNT-hESC: homozygous somatic cell
nuclear transfer-hESC.
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tials of human pluripotent stem cells
(hPSCs)-derived neural precursor cells
are similar in various hPSCs. (A) Dif-
ferentiation states into typical neu-
rons, astrocytes, oligodendrocytes were
indicated by the expression markers
TUJ1, GFAP, and OLIG2, respectively.
(B) Representative images and quanti-
fication of individually induced mark-
er positive cells after differentiation
for 14 days. Scale bar=50 zm. hESC:
human embryonic stem cell, hiPSC:
human induced pluripotent stem cell,
Homo-SCNT-hESC: homozygous so-
matic cell nuclear transfer-hESC.

Fig. 5. Differentiation of human plu-
ripotent stem cells-neural precursor
cells (hPSCs-NPCs) into dopaminer-
gic (DA) neurons. (A) Schematic pro-
cedures for the production of DA
neurons. (B) Approximately one month
after hPSCs-NPCs differentiation, TUJ1-
and TH- positive neurons were ex-
pressed by immunocytochemical cha-
racterization. (C) Quantification of
the stereological count of TH-pos-
itive and TU]J1-positive cells. Scale
bar=50 «m. hESC: human embry-
onic stem cell, hiPSC: human indu-
ced pluripotent stem cell, homo-
SCNT-hESC: homozygous somatic cell
nuclear transfer-hESC.
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ly lower (Fig. 4B).

Differentiation of hPSCs-NPCs into DA neurons

The efficient generation of NPCs from hPSCs was ob-
served in all cell lines in addition to their differentiation
into neurons, astrocytes, and oligodendrocytes that consti-
tute a large proportion of the CNS. To produce DA neuronal
cultures, we optimized a DA neuron differentiation proto-
col (Fig. 5A) (1). The DA identity of the induced cells
was confirmed by the expression of TUJ1 and the rate-lim-

Hetero-SCNT-hESC

Undifferentiated

EB

Rosette

NM

Diff. 11d

iting enzyme tyrosine hydroxylase (TH; Fig. 5B, 5C). As
a result of DA differentiation induction, no difference in
differentiation efficiency was observed between homo-SCNT-
hESCs and the other cell lines. In conclusion, we expect
homo-SCNT-hESCs to be useful, as they can be applied
to a greater number of patients.

MHC Class | and Il expression according to neuronal
differentiation of hPSCs
MHC expression was analyzed by differentiating hPSCs

Homo-SCNT-hESC

Fig. 6. Major histocompatibility com-
plex (MHO) Class | and Il expression
increase as neuronal differentiation
progresses. MHC Class | and Il ex-
pression was not detected in undi-
fferentiated human pluripotent stem
cells. However, MHC Class | and Il
expression was induced during em-
bryoid body (EB) formation and
maintained until the completion of
neuronal differentiation. And there
were no differences in MHC Class |
and Il expression patterns between
human embryonic stem cell (hESC)
and somatic cell nuclear transfer
(SCNT)-hESC. Scale bars=200 zm.
Homo: homozygous, SNM: spherical
neural mass.
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into neurons. In CHA1S5 hESC, hetero-SCNT-ESC, and
homo-SCNT-ESC, almost no MHC expression was obse-
rved in the undifferentiated state; however, MHC expres-
sion began to increase from the EB stage. In differentiated
neurons, MHC I and II expression was maintained (Fig. 6).

Discussion

Over the last few decades, hPSCs have been extensively
used in cellular research due to their potential as renew-
able cell sources for drug toxicity screening, human cell
therapy, and regenerative medicine (21-23). However, the
cell sources should be considered when using hPSCs, in-
cluding allogeneic (non-self) and autologous (self) cells.
For autologous cells, hiPSCs are generated from somatic
cells using reprogramming factors, and SCNT-hESCs are
generated by injecting their own nuclei. The use of autolo-
gous cells exhibits the advantage of low immune rejection;
however, it is time-consuming, expensive, and inefficient.
Allogeneic cells are eventually used for wider patient ap-
plications; however, these cells possess the potential for a
strong immune rejection reaction (24-26).

HLA must be matched to avoid immune rejection; how-
ever, matching the HLA of an entire population is difficult,
as HLAs are highly polymorphic (27, 28). Therefore, we
used homo-SCNT-hESCs that possess the same alleles of
HILA-A, -B, and -DRBI genes that are known to be the most
diverse among HLA (29, 30). When used for transplan-
tation, immune rejection does not occur despite the recipi-
ent matching only one allele, thus increasing the potential
use of homo-SCNT-hESCs in a wider range of individuals.
It is a suitable cell source that saves time and money in
addition to its usefulness in the context of cell therapy.

Several studies have targeted HLA in hiPSCs (31-33).
hiPSCs prepared from either patients or selected donors
with HLA matching are a notable source of cells from the
immunological standpoint of cell therapy. Studies have
demonstrated that immune rejection is reduced when au-
tologous or syngeneic iPSC-derived grafts are used that
are ideal sources from an immunological perspective (34,
35). However, in contrast to previous research, it has been
reported that mouse and human iPSC-derived cells can be
immunogenic in syngeneic or autologous recipients and in
autonomous humanized mouse models despite the use of
their own cells (36-38).

AP staining, RT-PCR, and immunocytochemistry were
performed to identify the cell characteristics at each step.
First, AP is highly expressed in pluripotent cells but is
very low in differentiated cells. All cell lines were stained
for AP in an undifferentiated proliferative state. Second,

we confirmed that markers for each characteristic were ex-
pressed in the EB, rosettes, SNM, and NPCs. hPSC-de-
rived NPCs were clonogenic and self-renewable. Third, we
further confirmed that when cultured under each condi-
tion, neurons, astrocytes, oligodendrocytes, and DA neu-
rons were produced in all cell lines and demonstrated the
availability of these cells. MHC was not expressed in un-
differentiated PSCs, thus indicating that undifferentiated
PSCs were not immunogenic. However, as MHC expre-
ssion increases as differentiation progresses, immunogeni-
city should be considered when NPC or differentiated cells
are used for cell therapy. Therefore, the role of homo SCNT-
ESCs are believed to be highlighted.

In conclusion, we successfully applied these protocols to
all known pluripotent cell lines, including hESCs, hiPSCs,
and SCNT-hESCs, that are capable of producing functio-
nal neurons. Additionally, we studied the basis for the use
of homo-SCNT-hESCs in future clinical applications. We
believe that this study will provide support for future cell
replacement therapies in a wide range of patients.
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