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Limited Immunogenicity of Human Induced Pluripotent
Stem Cell-Derived Cartilages

Takeshi Kimura, MD;? Akihiro Yamashita, DDS, PhD; Keiichi Ozono, MD, PhD?
and Noriyuki Tsumaki, MD, PhD'

Articular cartilage damage does not spontaneously heal and could ultimately result in a loss of joint function.
Damaged cartilage can be repaired with cell/tissue sources that are transplanted, however, autologous chon-
drocytes are limited in number as a cell source. Induced pluripotent stem cells (iPSCs) are a relatively new and
abundant cell source and can be made from the patient, but at a considerable cost. Because cartilage is
immunoprivileged tissue, allogeneic cartilages have been transplanted effectively without matching for human
leukocyte antigen (HLA), but are difficult to acquire due to scarcity of donors. In this study, we examined the
immunogenicity of human iPSC-derived cartilages (hiPS-Carts) in vitro to evaluate whether allogeneic hiPS-
Carts can be a new cell/tissue source. The cells in hiPS-Carts expressed limited amounts of major histocom-
patibility complex (MHC) class I (HLA-ABC) and MHC class II (HLA-DRDQDP). Treatment with interferon y
(IFNY) induced the expression of MHC class I, but not MHC class II in hiPS-Carts. A mixed lymphocyte
reaction assay showed that hiPS-Carts stimulated the proliferation of neither T cells nor the activation of NK
cells. Furthermore, hiPS-Carts suppressed the proliferation of T cells stimulated with interleukin 2 and phy-
tohemagglutinin (PHA). Together with previously reported findings, these results suggest that hiPS-Carts are no
more antigenic than human cartilage. Additionally, in combination with the fact that iPSCs are unlimitedly
expandable and thus can supply unlimited amounts of iPS-Carts from even one iPSC line, they suggest that
allogeneic hiPS-Carts are a candidate source for transplantation to treat articular cartilage damage.
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Introduction

ARTICULAR CARTILAGE COVERS the ends of bones and
provides lubrication in the joints. It consists of chon-
drocytes embedded in the extracellular matrix. Damage to
cartilage seldom heals because of limited capacity for in-
trinsic repair, ultimately resulting in debilitating conditions
such as osteoarthritis. Autologous chondrocyte implantation
has been widely performed to repair articular cartilage
damage, but it is associated with several limitations. First,
the chondrocytes must be expanded in vitro, which causes a
loss of chondrocytic characteristics and their conversion into
fibroblastic cells. The result is the formation of repaired
tissue that consists of fibrous tissue. Second, patients are
burdened with sacrificing donor sites and two-stage surgery.

The transplantation of allogeneic cartilage, when per-
formed without expansion in culture, resolves these limita-
tions. Cartilage is believed to be immunoprivileged,'?
because of its avascular nature and because chondrocytes
are surrounded by the extracellular matrix, which prevents
the chondrocytes from being exposed to cells responsible for
immunological reactions. In addition, it has been reported
that chondrocytes express a limited amount of HLA.?
Chondrocytes are even reported to be immunosuppressive.”
On the other hand, chondrocytes have been reported to be
immunogenic under specific conditions.® Therefore, whether
the transplantation of allogeneic cartilage is immunotolerant
may depend on the condition of the transplant.

Allogeneic cartilages harvested from juveniles**’ have
been transplanted to thousands of patients without matching
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HLA types or the use of immunosuppressive agents. Carti-
lages from juveniles have more anabolic activities and are
less antigenic than those from adults,z’7 but the lack of do-
nors, heterogeneity in the quality of the cartilages obtained
from different individuals, and risk of disease transmission
suggest that an alternative method is preferred.

Induced pluripotent stem cells (iPSCs)® are a potential cell
source for all cell types, including chondrocytes. iPSCs are
somatic cells, such as skin cells or blood cells that have been
reprogrammed to the pluripotent state by the introduction of
specific factors. iPSCs have similar properties, such as plur-
ipotency and self-renewal, as embryonic stem cells (ESCs),
but do not require the sacrifice of embryos. We previously
reported a method to generate scaffoldless cartilage tissues
from human iPSCs (hiPSCs).10 Three-dimensional culture of
chondrogenically differentiated hiPSCs in suspension culture
causes these cells to secrete and deposit cartilage extracellular
matrix to form cartilage. These hiPSC-derived cartilages
(hiPS-Carts) are spherical and about 2 mm in diameter. When
hiPS-Carts were transplanted into defective articular cartilage
of mini-pig that was treated with immunosuppressive drugs,
they constituted articular cartilage.'® These findings suggest
that hiPS-Carts can be a new source for transplantation to treat
defects of articular cartilage.

Because iPSCs can be made from the patient’s own
cells, they permit the possibility of autologous transplants.'’
However, the preparation of patient-iPSCs under good manu-
facturing practice (GMP) guidelines is costly. Therefore, the
purpose of this study is to examine the immunogenicity of
hiPS-Carts and discuss the possibility of hiPS-Carts pro-
duced from allogeneic hiPSCs for the regeneration of ar-
ticular cartilage defects.

Materials and Methods
Ethics statement

All experiments were approved by the institutional review
board, institutional animal committee (as appropriate), and
the institutional biosafety committee of Kyoto University,
and the institutional review board of the University of
Toyama and Hachiya Orthopedic Hospital.

Cells and tissues

A description of the cells/tissues used in this study is
provided in Figure 1A. All abbreviations used in this article
are listed in Table 1.

Human iPSCs. Two iPSC lines, 409B2 and 604B1,
generated from different healthy individuals, were gifts from
K. Okita and S. Yamanaka (Center for iPS Cell Research
and Application [CiRA], Kyoto University, Kyoto, Japan).'>
409B2 was generated from human dermal fibroblasts, and
604B1 from human peripheral mononuclear cells. Episomal
plasmid vectors (pCXLE-hOCT3/4-shp53-F, hSK, hUL,
EBNA1) were electroporated, and all cells were negative for
genome integration.

hiPSC-derived cartilages. hiPSCs were chondrogenically
differentiated to produce hiPS-Carts for 8 weeks as described
previously.'® Briefly, the hiPSCs were transferred and then
maintained in a feeder-free medium, Essential 8 (Thermo Fisher
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FIG. 1. Cells/tissues used in this study. (A) Different cell
sources are shown. (B) hiPS-Carts. Left, gross appearance of
hiPS-Carts. Right top, histology of a hiPS-Cart. The boxed
region in the right top panel is shown in the right bottom.
Safranin O—Fast Green—Iron Hematoxylin staining. Scale bars:
left top, S5 mm; right top and right bottom, 100 um. hiPSCs,
human induced pluripotent stem cells; hiPS-Carts, hiPSC-
derived cartilages; hiPS-Chons, chondrocytes isolated from
hiPS-Carts; hMVECs, human microvascular endothelial cells;
hPBMCs, human peripheral blood mononuclear cells; hPCs,
human primary chondrocytes; hPC pellets, cultured pellets
prepared from hPCs.

Scientific), with 50 U/mL penicillin and 50 mg/mL streptomy-
cin (P/S) (Thermo Fisher Scientific) in 3.5-cm Matrigel-coated
dishes. The hiPSCs formed high-density cell colonies consist-
ing of 1-2x 10° cells 10—15 days after the start of maintenance
under feeder-free culture conditions. Subsequently, chondro-
genic differentiation of the iPSCs was performed. The hiPSCs
were initially differentiated into mesendodermal cells in Dul-
becco’s modified Eagle’s medium (DMEM)/F12 (Sigma) with
10ng/mL of Wnt3A (R&D), 10ng/mL of Activin A (R&D),
1% ITS (Thermo Fisher Scientific), 1% fetal bovine serum
(FBS), and P/S for 3 days. On day 3, the medium was changed
to basal medium (DMEM [Sigma], with 1% ITS, 1%
FBS, 2mM L-glutamine [Thermo Fisher Scientific], 1x 107
M nonessential amino acids [Thermo Fisher Scientific],
1mM Na pyruvate [Thermo Fisher Scientific], and P/S)
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TABLE 1. ABBREVIATIONS USED IN THE ARTICLE

Abbreviations Full spelling

iPSC Induced pluripotent stem cell

HLA Human leukocyte antigen

hiPS-Cart Human iPSC-derived cartilage

MHC Major histocompatibility complex

IFNy Interferon y

L2 Interleukin 2

PHA Phytohemagglutinin

ESC Embryonic stem cell

GMP Good manufacturing practice

hiPS-Chon Human iPSC-derived chondrocyte

Hpc Human primary chondrocyte

hPC-pellet hPC-derived pellet

hPBMC Human peripheral blood mononuclear cell

hMVEC Human microvascular endothelial cell

CFSE Carboxyfluorescein diacetate
succinimidyl ester

BrdU Bromodeoxyuridine

APC Antigen-presenting cell

supplemented with 50 pg/mL of ascorbic acid (Nacalai),
10 ng/mL of BMP2 (PeproTech), 10 ng/mL of TGFB1 (Pe-
proTech) and 10 ng/mL of GDFS5 (PTT), which was intended
to commit the cells to the chondrocytic lineage. A total of
10 ng/mL of bFGF (WAKO) was added to the medium from
day 3 to 14. Multilayered nodules were formed by day 14, and
the nodules were physically separated from the bottom of the
dishes to form particles, which were then transferred to a
suspension culture in 3.5-cm Petri dishes on day 14. The cells
in the particles produce cartilaginous extracellular matrix,
resulting in the particles becoming cartilaginous tissue in
suspension culture. The culture medium was changed every
2-7 days. The hiPSC-derived cartilaginous particles on day
56 were used for the study. The appearance and histology of
hiPS-Carts are shown in Figure 1B. One iPS-Cart contains
around 7.1x 10* cells."”

Chondrocytes in  hiPS-Carts. Chondrocytes isolated
from hiPS-Cart (hiPS-Chons) were prepared by enzymati-
cally digesting hiPS-Carts. The hiPS-Carts were treated with
0.25% trypsin-EDTA (Thermo Fisher Scientific) for 1 h and
subsequently with 4 mg/dL. Collagenase D (Roche Diag-
nostics GmbH, Mannheim, Germany) in DMEM supple-
mented with 2mM L-glutamine and P/S overnight. After
washing, hiPS-Chons were subjected to flow cytometry
analysis or suspended in DMEM supplemented with 10%
FBS, 1 mM sodium pyruvate, 1% ITS-X, 10 ng/mL TGF1p-
1, 50 pg/mL ascorbic acid, 100 nM dexamethasone and P/S
(chondrogenic medium), and plated for subsequent treat-
ment with mitomycin C (Kyowa Hakko).

Human primary chondrocytes. Human primary chon-
drocytes (hPCs) were obtained from surgical specimens
discarded after total knee joint arthroplasty surgery. Ar-
ticular cartilage from less damaged areas was harvested
from the distal femur of five different individuals. The
cartilage was chipped and treated with 0.25% trypsin-EDTA
for 1 h and 4 mg/dL Collagenase D overnight to isolate hPCs
as described previously.'® Then, hPCs were plated on 10-cm
dishes and cultured in chondrogenic medium for 7 days.
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hPC pellets. In a 15-mL conical tube (Corning), 5 % 10°
hPCs were centrifuged (300 g, Smin) to form a pellet. The
pellets were cultured in a chondrogenic medium for 4 weeks
as described previously'® to form hPC pellets.

Human peripheral blood mononuclear cells. Human pe-
ripheral blood mononuclear cells (hWPBMCs) were purchased
(lot No. 0000363787/0000441878; Lonza, Basel, Switzer-
land). Cryopreserved hPBMCs were thawed and suspended
in RPMI1640 (Thermo Fisher Scientific) supplemented with
10% FBS, P/S.

Human microvascular endothelial cells. Human micro-
vascular endothelial cells (hMVECs) were purchased (lot
No. 000412510; Lonza) and used as control cells with high
immunogenicity.'* Cryopreserved hMVECs were thawed,
plated in the Endothelial Cell Growth Medium-2 BulletKit
(Lonza) and subjected to treatment with mitomycin C.

Determination of HLA types

HLA typing was performed with Luminex 200 system
(Luminex) and the WAKFlow HLA Typing Kit (Wakunaga,
Hiroshima, Japan) at the HLA Laboratory (Kyoto, Japan).'?

Flow cytometry analysis

We analyzed the expression of cell surface markers by
flow cytometry using FACS Aria II flow cytometer (BD
Biosciences) and FlowJo version 7.6.5 software (FlowlJo).
hiPS-Chons, hPCs, and hPBMCs were stained with anti-
human antibodies at 4°C for 30 min. The antibodies used are
described in Table 2. HLA expression was also analyzed
after treating the cells with 25 ng/mL interferon y (IFNYy)
(Sigma) for 72h. Isotype control antibodies were used
(Table 2). We also, respectively, analyzed T cell prolifera-
tion and regulatory T cell population with flow cytometer
using the CellTrace Carboxyfluorescein Diacetate Succi-
nimidyl Ester (CFSE) Cell Proliferation Kit (Thermo Fisher
Scientific) and the Human FOXP3 Staining Kit (BD Phar-
mingen ) as described below.

Messenger RNA expression analysis

hiPS-Carts were frozen in liquid nitrogen and crushed by
Multi-Beads Shocker (Yasui Kikai), and total RNA was ex-
tracted using TRIzol® (Thermo Fisher Scientific). Total
RNAs were also extracted from hPCs and hPBMC:s. For real-
time quantitative reverse transcription PCR (qQRT-PCR), 1 pg
of total RNA was reverse transcribed into first-strand com-
plementary DNA (cDNA) by using ReverTra Ace (Toyobo,
Tokyo, Japan) and an oligo(dT)20 primer. The polymerase
chain reaction (PCR) amplification was performed using the
KAPA SYBR FAST gPCR Kit Master Mix ABI prism
(KAPA Biosystems). The PCR primers used are listed in
Table 3. The RNA expression levels were normalized to the
level of GAPDH expression. Results indicate the relative
expression of the molecules (*ACt: control cells=1).

Pretreatment of stimulator cells with mitomycin C
before coculture

Two sets of stimulator cells, 1-5 X 10° hiPS-Chons and
1.6-2.4x10° hMVECs, were pretreated with 10 pg/mL
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TABLE 2. ANTIBODIES USED FOR FLOW CYTOMETRY
Antigen Clone Isotype Fluorochrome Company
CD3 UCHTI Mouse IgGl, APC BD Pharmingen
CDh4 RPA-T4 Mouse IgG1, « APC BD Pharmingen
CD8 RPA-T8 Mouse IgGl1, x PE BD Pharmingen
CD25 M-A251 Mouse IgG1, « FITC BD Pharmingen
CDs6 B159 Mouse IgG1, « PE BD Pharmingen
CD69 FN50 Mouse IgG1, x FITC BD Pharmingen
CDS80 L3074 Mouse IgGl1, x FITC BD Pharmingen
CD86 2331(FUN-1) Mouse IgGl1, x APC BD Pharmingen
CD273 MIH18 Mouse IgGl1, x APC BD Pharmingen
CD274 MIH1 Mouse IgG1, x FITC BD Pharmingen
HLA-ABC G46-2.6 Mouse IgGl1, x APC BD Pharmingen
HLA-DR, DP.DQ Tu39 Mouse 1gG2a, « FITC BD Pharmingen
FoxP3 259D/C7 Mouse IgGl1, x PE BD Pharmingen
Isotype control MOPC-21 Mouse IgG1, x APC BD Pharmingen
FITC BD Pharmingen
PE BD Pharmingen
Mouse IgG2a, x FITC BD Pharmingen

APC, antigen-presenting cell; HLA, human leukocyte antigen.

mitomycin C in 100-mm dishes for 3 h to arrest cell division
before coculture. hiPS-Carts and hPC pellets were not
subjected to this treatment.

Cell proliferation analysis after coculture

T cell proliferation was analyzed by the CellTrace CFSE Cell
Proliferation Kit (Thermo Fisher Scientific). Briefly, hPBMCs
were pretreated with CESE before the start of the coculture. The
number of divisions by T-cells, which were indicated by a high
expression level of CD4, was detected by flow cytometry
analysis after coculture. The proliferation rates of hPBMC:s after
coculture were analyzed by the Bromodeoxyuridine (BrdU)
Cell Proliferation ELISA Kit (Abcam, Cambridge, United
Kingdom). BrdU was added 8 h before the end of coculture.
Colorimetric detection of BrdU incorporation was performed
with the Envision multilabel plate reader (PerkinElmer).

Mixed lymphocyte assay

2% 10° hPBMCs were cocultured with one hiPS-Cart, one
hPC pellet, or 1x10° mitomycin C-treated hMVECs in
RPMI1640 supplemented with 10% FBS and P/S in one well of
a 96-well plate for 96 h and subjected to the following analysis.

TABLE 3. THE SEQUENCE OF PRIMERS
UsED FOR QRT-PCR

Primer Sequence

GAPDH F ACCCAGAAGACTGTGGATGG
GAPDH R TTCTAGACGGCAGGTCAGGT
HIA-AF GCGGCTACTACAACCAGAGC
HLA-A R CCAGGTAGGCTCTCAACTGC
HIA-BF TCCTAGCAGTTGTGGTCATG
HLA-B R TCAAGCTGTGAGAGACACAT
HIA-CF TCCTGGTTGTCCTAGCTGTC
HIA-CR CAGGCTTTACAAGTGATGAG

qRT-PCR, real-time quantitative reverse transcription PCR.

The proliferations of CD4* T cells and hPBMCs were,
respectively, analyzed by the CFSE Kit and the BrdU Kit as
described above.

hiPS-Carts and hPC pellets after coculture were fixed with
4% paraformaldehyde, embedded in paraffin, and subjected to
preparation for histological sections. Semi-serial sections were
stained with Safranin O-Fast Green—Iron Hematoxylin and
immunostained with an anti-HLA-ABC antibody (ab134189,
1:200; Abcam). Secondary antibodies conjugated to Alexa
Fluor 594 (1:1000; Thermo Fisher Scientific,). DAPI (1:1000;
Dojindo Molecular Technologies, Kumamoto, Japan) was
used to detect immune complexes.

For analysis of the NK cell response, hPBMCs after co-
culture with hiPS-Carts or hPC pellets for 4 h were subjected
to flow cytometry analysis to measure the expression of
CD69 and CD56. hPBMCs stimulated with 5 ng/mL inter-
leukin 2 (IL2; Sigma) for 4 h were used as control.

Immunosuppression assay

2x10° hPBMCs were cocultured with one hiPS-Cart or
1x10° mitomycin C-treated hiPS-Chons in the presence of
Sng/mL IL2 and 1% PHA-M for 96 h. The proliferation of
CD4" T cells was detected by flow cytometry analysis using
the CFSE Kit. CFSE was added before coculture. hPBMCs
cultured in the absence of hiPS-Carts or hiPS-Chons were
used as control.

2x 10° hPBMCs were cocultured with one hiPS-Cart in the
absence of 5ng/mL IL2 and 1% PHA-M for 96 h. The pop-
ulations of regulatory T cells were measured by flow cy-
tometry analysis using anti-CD4 and anti-CD25 antibodies
and the Human FOXP3 Staining Kit (BD Pharmingen).

Immunosuppression assays by coculture using culture
inserts or culture in the conditioned media

To examine whether secreted factors from hiPS-Carts
mediate immunosuppressive activities, hPBMCs were co-
cultured using a cell culture insert or cultured in the con-
ditioned medium in the presence of 5ng/mL IL2 and 1%
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TABLE 4. HUMAN LEUKOCYTE ANTIGEN ALLELES OF CELLS

HIA-A HILA-B HILA-Cw HIA-DRBI
hiPSC line, 409B2 A2 B27 B50 Cwl Cw4 DR1 DR13
hiPSC line, 604B1 Al A24 B7 B37 Cwob Cw7 DR1 DR9
hMVEC Al A2 B62 B3901 Cwl10 Cw5 DR4 DR8
hPBMC-1 A3 B7 Cw7 DRS8 DR15
hPBMC-2 A2 A68 B7 B60 Cwl10 Cw7 DR6 DR4

hiPSC, human iPSC; hMVEC, human microvascular endothelial cell; hPBMC, human peripheral blood mononuclear cell.

PHA-M. After that, the proliferation of CD4" T cells was
detected by flow cytometry analysis using the CFSE Kit.

4x10° hPBMCs were cocultured with or without two
hiPS-Carts separated in the Millicell® cell culture insert
(Merck, Darmstadt, Germany) in RPMI1640 supplemented
with 10% FBS and P/S in one well of a 24-well plate for 96 h.

We prepared the conditioned media by culturing two
hiPS-Carts in RPMI1640 supplemented with 10% FBS and
P/S in one well of the 24-well plate for 24 h. The 2x 10°-
stimulated hPBMCs were cultured in conditioned media in
one well of the 96-well plate for 96 h. The hPBMCs cultured
in RPMI1640 supplemented with 10% FBS and P/S were
used as control.

Statistical analysis

Data are shown as averages and standard deviations. In
this study, we used two-tailed Student’s ¢-tests or one-way
analysis of variance with Tukey’s HSD tests for multiple
comparisons. p-values, 0.05 were considered to be statisti-
cally significant.

Results
HLA types of cells used in this study

Human peripheral blood mononuclear cells (hPBMCs)
from two different individuals (hPBMCs-1 and -2), hiPSCs
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FIG. 2. Expression analysis of HLA and costimulatory molecules in hiPS-Chons. (A, B) Flow cytometry analysis of the
expression of cell surface markers in hiPS-Chons and hPCs without (A) or with (B) INFy stimulation using antibodies, which
recognize the indicated proteins (red lines). Black dotted lines represent data from the isotype control. Data are representative of
independent experiments using hiPS-Chons from iPSCs from two different individuals (409B2 and 604B1) and hPCs from three
different individuals. (C) Real-time quantitative reverse transcription PCR (QRT-PCR) analysis of the expression of HLA-A, HLA-
B, and HLA-C. Error bars denote mean+ SD. n=3 technical replicates. **p<0.01 versus hPC by Tukey’s HSD test. Data are
representative of three independent experiments using 409B2 iPSCs. HLA, human leukocyte antigen; iPSCs, induced pluripotent
stem cells; SD, standard deviation.



1372

from two different individuals (409B2 and 604B1),
hMVECs from one individual, and hPCs from five different
individuals were used in this study. An analysis of HLA
types showed that each hPBMC, hiPSC, and hMVEC had
unique HLA types and that any combination of hPBMCs
and hiPSCs or hMVECs resulted in a mismatch for HLA
(Table 4). The HLA types of hPCs were not analyzed.

Analysis of HLA and costimulatory molecules
in hiPS-Chons

hiPS-Carts have features of hyaline cartilage, that is, chon-
drocytes embedded in cartilage extracellular matrix.'” We iso-
lated chondrocytes from hiPS-Carts (hiPS-Chons) by digesting

KIMURA ET AL.

hiPS-Carts with collagenase to release the chondrocytes from
their surrounding matrix (Fig. 1). hiPS-Chons were subjected to
flow cytometry to analyze the expression of cell surface mark-
ers. hPCs are known to express limited amounts of major his-
tocompatibility complex (MHC), whereas PBMCs express
substantial MHC. We used these two cell types as the control.

hiPS-Chons expressed a limited amount of MHC class |
(HLA-ABC) and little MHC class 1T (HLA-DRDQDP) and
costimulatory molecules, B7-1 (CD80), B7-2 (CD86), B7-
DC (CD273), and B7-H1 (CD274) (Fig. 2A). Treatment
with IFNy stimulated the expression of HLA-ABC in hiPS-
Chons (Fig. 2B). hPCs, which were recovered from the less
damaged area of articular cartilage from individuals with
osteoarthritis, showed HLA-ABC expression even without
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FIG. 3. Mixed lymphocyte reaction assay. hPBMCs were cocultured with stimulators, such as hiPS-Carts, hPC-pellets, or
mitomycin C-treated hMVECs, or cultured in the presence of 5ng/mL IL2 and 1% PHA for 96 h. (A) After coculture, the
hPBMCs were subjected to flow cytometry analysis for CD4 and CFSE to assess the number of cell divisions by CD4" T
cells. Black dotted lines represent data from hPBMCs cultured in the absence of stimulator cells or IL2/PHA. Data are
representative of independent experiments using hPBMCs from two different individuals in combination with hiPS-Carts
from two different individuals or with hPC pellets from two different individuals. (B) BrdU was added 8 h before the end of
the coculture or culture. The amounts of incorporated BrdU were measured using a plate reader. Error bars denote
mean * SD. n=3 wells. **p <0.01 versus hAMVEC by Tukey’s HSD test. Data are representative of independent experiments
using hPBMCs from two different individuals in combination with hiPS-Carts from two different individuals or with hPC
pellets from two different individuals. (C) Histological analysis of hiPS-Carts and hPC pellets after coculture. Semiserial
sections were stained with Safranin O-Fast Green—Iron Hematoxylin or immunostained with anti-HLA-ABC antibody
(red). Blue color is DAPI. Arrows indicate hPBMCs. Scale bars: 50 pm. The images are representative of independent
experiments using hPBMCs from two different individuals in combination with hiPS-Carts from two different individuals.
(D) After coculture, cells were collected and subjected to flow cytometry analysis for CD56 and CD69. hPBMCs stimulated
with 5ng/mL IL2 for 4 h were used as controls. Data are representative of two independent experiments using hiPS-Carts
from two different individuals. BrdU. Bromodeoxyuridine; CFSE, carboxyfluorescein diacetate succinimidyl ester; hPC-
pellet, hPC-derived pellet; IL2, interleukin 2; PHA, phytohemagglutinin.
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IFNy stimulation. Treatment with IFNy stimulated the ex-
pression of HLA-DRDQDP in hPCs, but not in hiPS-Chons.

Real-time RT-PCR expression analysis showed that the
messenger RNA (mRNA) expression levels of HLA-A, HLA-
B, and HLA-C were lower in hiPS-Carts than in hPCs or
hPBMC:s (Fig. 2C).

Mixed lymphocyte reaction assay

Although the expression of MHC antigens in hiPSC-Chons is
limited, these cells elicit immunological reactions. Like carti-
lage, hiPS-Carts are avascular and contain chondrocytes sur-
rounded by extracellular matrix, preventing chondrocytes from
exposure to blood cells. hiPS-Carts should therefore be less
immunogenic than hiPS-Chons, which is one of the reasons why
we plan to transplant hiPS-Carts, but not hiPS-Chons in future
clinical settings. Accordingly, we examined the immunoge-
nicity of hiPS-Carts. We performed mixed lymphocyte reaction
assays by coculturing hPBMCs with hiPS-Carts, hPC-derived
pellets (hPC-pellets) or hMVECs. hMVECs are known to
stimulate the proliferation of hPBMCs and therefore were used
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as controls. An analysis of proliferation using CFSE showed that
hiPS-Carts and hPC-pellets did not stimulate the proliferation of
CD4-positive T lymphocytes, whereas hMVECs did (Fig. 3A).
Analysis by BrdU labeling showed that the proliferation rates
of hPBMCs were much lower in coculture with hiPS-Carts or
hPC pellets than in coculture with hMVECs (Fig. 3B). Im-
munohistochemical analysis after coculture with hPBMCs
showed that cells in hiPS-Cart did not express HLA-ABC, but
chondrocytes in the hPC pellet did (Fig. 3C). These results in-
dicate that hiPS-Carts have limited immunogenicity.

Cells without MHC class I molecules (HLA-ABC) are
detected and rejected by the innate immune system. We,
therefore, examined the response of NK cells in hPBMCs to
hiPS-Carts (Fig. 3D). As a control, we induced activated NK
cells (CD69*CD56™) in the NK cells (CD56") by treatment
with IL2. hiPS-Carts did not induce activated NK cells
(CD69"CD56"), suggesting that hiPS-Carts do not elicit the
innate immune response.

Immunosuppressive activities of hiPS-Carts
and hiPS-Chons

We performed coculture of hPBMC:s activated by IL2 and
PHA with hiPS-Carts, hiPS-Chons, and hPC-derived pellets
(hPC-pellets). An analysis of the proliferation using CFSE
showed that, like hPC-pellets, hiPS-Carts and hiPS-Chons
suppressed the proliferation of CD4-positive T cells (Fig. 4A).
One hiPS-Cart tended to suppress the proliferation of T
lymphocytes more than did 1x 10> hiPS-Chons.

We then tried to gain some insights into the mechanism
responsible for the suppression of T cell proliferation by
hiPS-Carts. Immunosuppressive effects are known to be
induced by regulatory T cells. hiPS-Carts, however, did not

<
FIG. 4. Immunosuppressive activities of hiPS-Carts and
hiPS-Chons. (A) hPBMCs were cocultured with (red lines) or
without (black dotted lines) one hiPS-Cart, mitomycin C-
treated 1 x 10° hiPS-Chons, or one hPC-pellet in the presence
of IL2 and PHA in one well of a 96-well plate for 96 h. After
coculture, cells were subjected to flow cytometry analysis for
CD4 and CFSE to assess the number of cell divisions by CD4*
T cells. Data are representative of independent experiments
using hPBMCs from two different individuals in combination
with hiPS-Carts from two different individuals, with hiPS-
Chons from two different individuals or with hPC-pellets from
two different individuals. (B) After coculture with (leff) or
without (right) one hiPS-Cart in the absence of IL.2 and PHA,
hPBMCs were subjected to flow cytometry analysis using anti-
CD4 and anti-CD25 antibodies and the Human FOXP3
Staining Kit (BD Pharmingen ) to detect the population of
regulatory T cells. Error bars denote mean+ SD. n=4. Data are
representative of independent experiments using hPBMCs
from two different individuals in combination with hiPS-Carts
from two different individuals. (C) Analysis of the immuno-
suppressive activities of secreted factors from hiPS-Carts. The
proliferation of CD4™ T cells was detected by flow cytometry
analysis using the CFSE Kit after culture. Data are represen-
tative of two independent experiments using hiPS-Carts from
two different individuals. Left, hPBMCs were cocultured with
(red line) or without (black dotted line) hiPS-Carts physically
separated by a transwell insert in the presence of [L2 and PHA.
Right, hPBMCs were cultured in the conditioned medium of
hiPS-Carts (red line) or in fresh medium (black dotted line) in
the presence of IL2 and PHA.
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increase the population of regulatory T cells, as indicated by
CD25*CD4"FOXP3" expression (Fig. 4B), suggesting that
the suppression of T cell proliferation by hiPS-Carts is not
mediated by regulatory T cells.

The immunosuppressive property of hiPS-Carts was further
assessed by physically separating these cells from activated
CD4" T cells using transwell inserts. These inserts allow the
passage of soluble mediators between two chambers, but
prevent direct cell-cell contact. Under these conditions, hiPS-
Carts did not suppress the proliferation of T cells in hPBMCs
(Fig. 4C, left). In a separate experiment, the addition of con-
ditioned media obtained by culturing hiPS-Carts to the culture
of stimulated hPBMCs did not suppress the proliferation of T
cells in hPBMCs (Fig. 4C, right). These results suggest that
cell—cell contact may be necessary for the immunosuppressive
property of hiPS-Carts.

Discussion

The immune rejection of allogeneic transplanted tissue is
elicited when the recipient’s T lymphocytes recognize the
transplanted tissue as “‘nonself”.'® This rejection occurs
through several mechanisms. One mechanism is activated
by direct contact with the intact MHC class I located on the
cell surface of the transplanted allogeneic cells, which ac-
tivates the recipient’s T cells. In the present article, flow
cytometry analysis showed that hiPS-Chons expressed a
limited amount of MHC class I, suggesting that allogeneic
hiPS-Carts would not elicit this mechanism robustly. An-
other mechanism is the presentation of proteins such as
MHC from the transplanted allogeneic tissues by the re-
cipient’s antigen-presenting cells (APC), thus stimulating
helper T cells and subsequently B cells to produce anti-
bodies and macrophages. Again, however, a limited ex-
pression of MHC class I and class II in hiPS-Chons suggests
that this mechanism was not activated robustly.

IFNy is known to stimulate the expression of MHC.
Treatment with IFNy did not stimulate the expression of
HLA-DRDQDP in hiPS-Chons, but did in hPCs. The hPCs
in this study were from aged individuals with osteoarthritis.
It has been reported that chondrocytes from juvenile donors
are less antigenic than chondrocytes from adult donors,
because treatment with IFNy stimulates the expression of
HLA-DR only in the chondrocytes from adult donors.’
These lines of observations suggest that hiPS-Chons are
more similar to chondrocytes from juvenile donors than to
those from adult donors. This finding is consistent with the
previous finding that hiPS-Carts, when implanted in the
subcutaneous spaces of SCID mice, initiate embryonic
skeletal development,'® suggesting that hiPS-Carts corre-
spond to primordial cartilage in embryos.

To reduce the risks of immune rejection during the
transplantation of tissues generated from allogeneic hiPSCs,
a bank of allogeneic clinical GMP cell lines is being con-
sidered.'>!” This iPSC library will be prepared from donors
homozygous for major HLA types. With regard to cartilage
regeneration, the iPSC line in the library with the HLA type
that matches the patient’s HLA types will be selected,
subjected to chondrogenic differentiation, and used for
transplantation. It is estimated that a bank of 100 cell lines
homozygous for major HLA types from each race would
match the majority of the population.'>'® However, the
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preparation of dozens of clinical GMP iPSC lines is not
easy, because preclinical and clinical tests are necessary for
each cell line. This demand could especially be a problem
when preparing iPSCs for individuals whose HLA types are
rare. On the other hand, many recipients have received the
transplantation of allogeneic cartilage without matching for
HLA types and without the use of immunosuppressive
drugs. The transplantation of particulated juvenile articular
cartilage, a ty?e of allogeneic cartilage, has given good
clinical results’ so far, although the long-term clinical out-
come remains to be reported. Together with previous re-
ports, the in vitro experiments in the present study suggest
that hiPS-Carts are no more antigenic than human cartilage.
These findings imply that hiPS-Carts prepared from a single
iPSC clone can be transplanted into patients even if the
HLA types do not match. An unlimited amount of hiPS-
Carts can be theoretically produced from a single hiPSC
clone, because hiPSCs can be expanded almost infinitely.
Therefore, the use of a single hiPSC clone could reduce the
cost and contribute to improve the quality of tissues for
transplantation.

There are several limitations in this study. One limitation
is that we compared the immunogenicity of hiPS-Cart with
osteoarthritic cartilage. Comparisons with healthy cartilage
derived from embryos, juveniles, or adults would contribute
to further characterizing the immunogenic features of hiPS-
Carts, although obtaining such cartilage is not easy in cer-
tain countries. Another limitation is that the experiments in
this study are in vitro only. The transplantation of allogeneic
iPSC-derived cartilage in defects in the articular cartilage of
an animal model is necessary.

Together with previously reported data on the immunoge-
nicity of cartilage and chondrocytes,” the results in the present
study suggest that hiPS-Carts are no more antigenic than hu-
man cartilage. Although further studies are needed, allogeneic
hiPS-Carts could be a new cell/tissue source for transplantation
into articular cartilage defects in clinical settings.
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