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Abstract

Tumorigenicity of induced pluripotent stem cells (iPSCs) is anticipated when cells derived from iPSCs are transplanted. It has
been reported that iPSCs formed a teratoma in vivo in autologous transplantation in a nonhuman primate model without
immunosuppression. However, there has been no study on tumorigenicity in major histocompatibility complex (MHC)-
matched allogeneic iPSC transplantation with immune-competent hosts. To examine the tumorigenicity of allogeneic iPSCs,
we generated four iPSC clones carrying a homozygous haplotype of the MHC. Two clones were derived from female
fibroblasts by using a retrovirus and the other two clones were derived from male peripheral blood mononuclear cells by using
Sendai virus (episomal approach). The iPSC clones were transplanted into allogenic MHC-matched immune-competent
cynomolgus macaques. After transplantation of the iPSCs into subcutaneous tissue of an MHC-matched female macaque
and into four testes of two MHC-matched male macaques, histological analysis showed no tumor, inflammation, or regen-
erative change in the excised tissues 3 months after transplantation, despite the results that iPSCs formed teratomas in
immune-deficient mice and in autologous transplantation as previously reported. The results in the present study suggest that
there is no tumorigenicity of iPSCs in MHC-matched allogeneic transplantation in clinical application.
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Introduction
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Induced pluripotent stem cells (iPSCs) will be useful not " orre ! ) !
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only in regenerative medicine but also in cancer immu-
notherapy and drug discovery'®. Since the generation of
autologous iPSCs is a time-consuming process with a high
expense, allogeneic iPSCs originating from healthy indi-
viduals carrying a homozygous human leukocyte antigen
(HLA) haplotype have been developed and stored as a
national initiative in Japan’-®. It has been reported that
allogeneic transplantation of cells and tissues generated
from HLA haplotype-homozygous iPSCs into an HLA-
matched recipient minimized the allogenic immunoreac-
tion and enabled doses of immunosuppressive agents to
be reduced” .

Tumorigenicity of iPSCs is anticipated when cells
derived from iPSCs are transplanted. The tumorigenic
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potential of iPSC-derived cells is due to contamination with
undifferentiated cells'*"'7, which are intermediate products
having proliferative potentials. Various strategies for
removal of immature cells from transplanted cells have been
proposed'>'®. To examine contamination of tumorigenic or
immature cells, transplantation assays have been performed
using immune-deficient animal models'®>'. However, these
studies did not reflect the practical clinical therapeutics in
regenerative medicine in which cells are transplanted into
recipients with a functional immune system rejecting the
transformed cells and tumor cells****. There has been no
study to clarify the tumorigenicity in major histocompatibil-
ity complex (MHC)-matched allogeneic iPSC transplanta-
tion with immune-competent nonhuman primates, while
transplantation of MHC-matched allogenic iPSCs did not
result in the formation of teratomas in pigs and mice'®!?,
although it had been reported that undifferentiated autolo-
gous iPSCs formed teratomas in a dose-dependent manner in
rhesus monkeys without immunosuppression®*2°.

In the present study, to examine the tumorigenicity of
iPSCs in allogeneic transplantation, firstly, we transplanted
an iPSC derived from female macaque skin fibroblasts into
the parental autologous cynomolgus macaque and an MHC-
matched immune-competent cynomolgus macaque, which
are experimental animals genetically close to humans. His-
tological analysis showed no tumor, inflammation, or regen-
erative change in the excised tissues 3 months after
allogeneic transplantation, despite the fact that the iPSC
formed teratomas in autologous transplantation as previ-
ously reported. We next transplanted four iPSC clones into
four testicles of two allogeneic MHC-matched male maca-
ques. The two iPSC clones were generated from female
macaque skin fibroblasts and the two other iPSC clones were
generated from male macaque peripheral blood mononuclear
cells. These iPSCs showed no tumorigenicity with very low
immunogenicity in MHC-matched macaques. Therefore,
cells derived from iPSCs may not form tumors in patients
even if the graft is contaminated with immature iPSCs.

Materials and Methods
iPSC Culture

Two iPSCs clones, CMF1/1 -1 and CMF1/1-2, were estab-
lished from skin fibroblasts of a 3-year-old female MHC
homozygous cynomolgus macaque by transducing human
OCT3/4, SOX2, KLF4, and c-MYC using lentivirus vectors,
as previously reported'?®. Briefly, macaque fibroblast cells
expressing the mouse solute carrier family 7 (cationic amino
acid transporter, y+, system), member 1 (Slc7al) gene were
transduced with human OCT3/4, SOX2, KLF4, and c-MYC
by using lentivirus vectors. Other iPSC clones, CMT1/1-4
and CMT1/1-6, were established from peripheral blood T
cells of a male MHC homozygous cynomolgus macaque.
The T cells were activated by anti-CD3/CD28 antibody-
coated beads (Miltenyi Biotec, Bergisch Gladbach,

Germany) and transduced with reprogramming factors via
Sendai virus (SeV) vectors. The established iPSC clones
were transfected with small interfering RNA L527 using
Lipofectamine RNAi Max (Invitrogen, Waltham, MA, USA)
for removal of SeV vectors from the cytoplasm (Supplemen-
tal Table 1)*’. Cynomolgus monkey embryonic stem cells
(ESCs) were reported previously?®>®.

The iPSCs and the ESCs were cultured with mouse
embryonic fibroblasts (MEFs; ReproCELL, Yokohama,
Japan) as feeder cells in primate ES medium (ReproCELL)
supplemented with 4 ng/ml of recombinant human basic
fibroblast growth factor (WAKO, Osaka, Japan) on a 0.1%
gelatin (Sigma-Aldrich, Saint Louis, MO, USA)-coated dish
at 37% in a 5% CO, atmosphere. The medium was changed
every day. The macaque iPSCs were passaged every 5-7
days by enzymatic digestion in CTK [0.6 mg/ml collagenase,
0.06% trypsin, 2.5 mM CaCl,, and 25% Knockout™ Serum
Replacement (KSR, Thermo Fisher Scientific, Waltham,
MA, USA)] solution at 37°C for 5 min. Detached colonies
containing MEFs were collected and cultured on the 0.1%
gelatin-coated dish at 37°C for 15 to 30 min to remove MEFs
again (attached—remove method). After removing MEFs, the
iPSCs were resuspended in a fresh medium and transferred
onto fresh MEFs. For flow cytometric analysis, iPSCs were
cultured in a feeder-free condition using the Cellartis® DEF-
CS™ 500 Culture system (TAKARA Bio, Kusatsu, Japan)
according to the manufacturer’s instructions.

Karyotyping Analysis of iPSCs

Karyotyping analyses of the four iPSC lines were performed
by Chromocenter Inc., Yonago, Japan. Preparation of meta-
phase chromosomes of iPSCs was performed by standard
protocols. The slides were stained with Hoechst 33258 for
Q-banding karyotyping. The passage numbers of CMF1/1 -
1, CMF1/1-2, CMT1/1-4, and CMT1/1-6 cells for karyotyp-
ing analysis were 34, 20, 24, and 20, respectively. The results
of karyotyping analysis are shown in Supplemental Table 1.

Reverse Transcription Polymerase Chain Reaction
of iPSCs

Total RNA was isolated using TRIZOL® Reagent (Life
Technologies, Carlsbad, CA, USA). First-strand cDNA was
made from total RNA by SuperScript™ IV Reverse Tran-
scriptase (Life Technologies). Reverse transcription poly-
merase chain reaction (RT-PCR) was performed with KOD
One® PCR Master Mix (TOYOBO Co., Ltd., Osaka, Japan)
according to the manufacturer’s instructions using primer
sets shown in Supplemental Table 2. The conditions of RT-
PCR were as follows: prewarming at 94°C for 2 min fol-
lowed by 35 cycles consisting of denaturation for 30 s at
98°C, annealing for 30 s at variable temperatures shown in
Supplemental Table 2, and extension for 30 s at 68°C. A 7-
min extension at 68°C was added after the final cycle.
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Differentiation of Mesenchymal Stem Cell-like Cells
from CMFI1/1 -1 Cells

Mesenchymal stem cell-like cells named iMSCs were
derived from CMF1/1 -1 iPSC. Three days after embryonal
body (EB) formation under the condition of mesodermal
differentiation [recombinant human bone morphogenetic
protein 4 (BMP-4), 100 ng/ml; PeproTech, Rocky Hill,
NJ, USA], the mesodermal EBs were cocultured for 14 days
on a mouse mesenchymal stem cell line, C3 H 10T1/2, as
feeder cells in the presence of vascular endothelial growth
factor (50 ng/ml; PeproTech) and stem cell factor (100 ng/
ml; PeproTech) to generate hematopoietic stem cells and
iMSC progenitor cells*’. CD45~ CD34~ cells were sorted
by a FACS Aria instrument (Becton, Dickinson and Com-
pany, Franklin Lakes, NJ, USA) and cultured with 20%
fetal bovine serum—containing Iscove’s Modified Dulbec-
co’s Medium (Thermo Fisher Scientific) at 37°C in a 5%
CO, atmosphere. The number of attached cells was
increased 7 days later.

Animals and iPSC Transplantation

All animal experiments were approved by the Shiga Univer-
sity of Medical Science Animal Experiment Committee
(Permit numbers: 2012-6-3 H, 2017-1-6H2, 2019-1-6, and
2019-8 -1) and were carried out in strict accordance with the
Guidelines for the Husbandry and Management of Labora-
tory Animals of the Research Center for Animal Life Sci-
ence at Shiga University of Medical Science, the guidelines
of an Institutional Animal Care and Use Committee
(IACUC), and Standards Relating to the Care and Funda-
mental Guidelines for Proper Conduct of Animal Experi-
ments and Related Activities in Academic Research
Institutions under the jurisdiction of the Ministry of Educa-
tion, Culture, Sports, Science and Technology, Japan. MHC
homozygous and MHC heterozygous cynomolgus macaques
were identified in the Filipino macaque population, which
carries a particular Mafa haplotype allele called HT1 (Sup-
plemental Table 3)*°'. Regular veterinary care and moni-
toring, balanced nutrition, and environmental enrichment for
the animals were provided by the Research Center for Ani-
mal Life Science at Shiga University of Medical Science.
The temperature and humidity in the animal rooms were
maintained at 25 + 2°C and 50 + 5%, respectively. The
cynomolgus macaques were housed individually in cages.
The light cycle was 12 h of artificial light from 8§:00 to
20:00. Each animal was fed 20 g/kg/day of commercial pel-
let macaque chow (CMK-2, CLEA Japan, Tokyo, Japan) in
the morning and supplemented with 20 to 50 g of sweet
potato and half of a banana in the afternoon. Water was
supplied ad libitum by an automatic supplier. Identification
number, age, and detailed information on transplanted iPSCs
of each monkey were as follows. Monkey #733, a 15-year-
old female monkey bearing the Mafa HT1 homozygous
allele and the parental monkey of the iPSC line CMF1/1 -

1, was used for autologous transplantation. CMF1/1 -1 cells
(1 x 10 cells) at passage 24 and iMSCs (1 x 107 cells) at
passage 5 derived from CMF1/1 -1 cells were embedded in
50% Matrigel (BD Bioscience, San Diego, CA, USA) and
autologously injected into the subcutaneous tissue of each
shoulder of monkey #733. Monkey #1497, a 12-year-old
female monkey, was used for MHC-matched allogenic trans-
plantation. CMF1/1 -1 cells (1 x 107 cells) at passage 41 and
iMSCs (1 x 107 cells) at passage 4 derived from CMF1/1 -1
cells were embedded in 50% Matrigel (BD Bioscience) and
subcutaneously injected into each shoulder. Monkeys #303
and #307, 14-year-old male monkeys, were used for MHC-
matched allogenic transplantation into testicles without
Matrigel. CMF1/1 -1 cells (1.1 x 107 cells), CMF1/1-2 cells
(1.2 x 107 cells), CMT1/1-4 cells (0.9 x 107 cells), and
CMT1/1-6 cells (1.5 x 107 cells) were respectively injected
into each testicle under the guidance of ultrasonography. All
monkeys were healthy at the time of transplantation and all
transplantations were performed under ketamine/xylazine
anesthesia. All injected monkeys were observed for 12
weeks. Genetic information on Mafa haplotypes of the mon-
keys, iPSCs, and iMSCs is shown in Supplemental Table 3.

NOD.CB17-Prkdc*“™/] mice (NOD-SCID mice) and
NOD/Shi-scid, IL-2Ry™" mice (NOG mice) were purchased
from CLEA Japan and the Central Institute for Experimental
Animals (CIEA, Kawasaki, Japan), respectively. iPSC
clones were suspended in 50% Matrigel (BD Bioscience)
and were injected subcutaneously into the necks of 6- to
8-week-old NOG mice and NOD-SCID mice.

Histological Analysis and Immunocytochemistry

The sections and cells were stained with hematoxylin and
eosin (HE), alcian blue, alkaline phosphatase, and Oil-red O
using a standard protocol. For immunohistochemistry, after
incubation overnight with primary antibodies (Supplemental
Table 4), a secondary antibody conjugated with horseradish
peroxidase (NICHIREI Bioscience, Tokyo, Japan) and a per-
oxidase substrate, 3,3’-diaminobenzidine tetrahydrochloride
(NICHIREI Bioscience), was used for color development for
immunohistochemistry. To perform immunocytochemistry
of iPSCs, the cells were fixed in 4% paraformaldehyde and
were permeabilized with 0.5% saponin in phosphate buf-
fered saline (PBS) containing 0.1% bovine serum albumin.
After incubation with primary antibodies (Supplemental
Table 3), cyanin3 (Cy3)-conjugated goat anti-mouse immu-
noglobulin G (IgG; Jackson ImmunoResearch, West Grove,
PA, USA) or Cy3-conjugated goat anti-rabbit IgG (Abcam,
Cambridge, UK) was used as a secondary antibody. The All-
in-One Fluorescence Microscope BZ-X710 (KEYENCE,
Osaka, Japan) was used for observation.

Flow Cytometry

A single cell suspension of iPSCs cultured in a feeder-free
condition and iMSCs were stained with purified primary
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antibodies and fluorescein-conjugated primary antibodies
(Supplemental Table 4). Cy3-conjugated goat anti-mouse
IgG or Cy3-conjugated goat anti-rabbit IgG was used as a
secondary antibody when purified antibodies were used.
Dead cells were labeled with 2 pg/ml propidium iodide
(Sigma-Aldrich). The cells were analyzed by a FACS Cali-
bur instrument (Becton, Dickinson and Company).

Enzyme-linked Immunosorbent Assay

The concentrations of TGF-B1 in culture supernatants of
iMSCs were measured using commercially available
enzyme-linked immunosorbent assay kits (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s
instructions.

Detection of IgG in Plasma of the Macaques After
Transplantation

After heat inactivation, plasma collected from the iPSC-
transplanted macaques was diluted 10 times in PBS before
use. The diluted plasma was added to iPSCs cultured in a
feeder-free condition as a primary antibody. Fluorescein iso-
thiocyanate—labeled goat polyclonal anti-macaque IgG (Fc)
(Nordic Immunological Laboratories, Susteren, The Nether-
lands) was used as a secondary antibody to detect the
attached IgG on the surface of the cells.

ELISPOT Assay

A monkey interferon (IFN)-y/ interleukin (IL)-2 FluoroSpot
kit (MABTECH, Nacka Strand, Sweden) was used to detect
cellular immune responses against the transplanted cells
according to the manufacturer’s instructions. Briefly, hepar-
inized peripheral blood was collected from monkeys #733
and #1497 before and after transplantation. Purified blood
cells (5 x 10° cells) were cultured in an ELISPOT plate with
each cell lysate made from 5 x 10 cells. After culture for 3
days, the number of spots positive for I[FN-y and IL-2 was
counted by the ImmunoSpot analyzer (Cellular Technology
Limited, Shaker Heights, OH, USA). Stimulation indices
were calculated by the following formula: number of spots
in culture of the blood cells plus cell lysate/number of spots
in culture of the blood cells only.

Sialic Acid Staining on the Surface of iPSCs

For detection of sialic acid on the surface of iPSCs, cells
were fixed with 4% paraformaldehyde. Then the cells were
stained with biotinylated MAACKIA AMURENSIS LEC-
TIN II (MALII, Vector Laboratories, Inc., Burlingame,
CA, USA) and biotinylated ELDERBERRY BARK LEC-
TIN (SNA, Vector Laboratories, Inc.), which specifically
recognize 02-3 and 02-6 sialic acids, respectively*>*>. To
cleave sialic acids, cells were treated with sialidase in acetate
buffer pH 5.5 (2.05 g sodium acetate in 500 ml distilled

water) at 37°C for 20 h before lectin staining. Streptavidin
conjugated with Alexa flour 488 (Invitrogen) was used to
detect biotinylated lectins.

Results

iPSCs Induced by Lentiviral and Sendai Virus Vectors
Form Teratomas in Immune-deficient Mice

We prepared four macaque iPSC lines carrying a homozy-
gous MHC haplotype (Supplemental Table 3) for MHC-
matched allogeneic transplantation. All of the iPSCs were
positive for the immature makers TRA-1-60, SSEA4, OCT3/
4, and NANOG as detected in monkey ESCs (Fig. 1A and
Supplemental Fig. 1). All of the iPSCs expressed endogen-
ous genes such as c-Myc, Klf4, Sox2, and Oct3/4 (Supple-
mental Fig. 2). The iPSCs that were subcutaneously
transplanted into immune-deficient NOD/Shi-scid,
IL-2Ry™" mice (NOG mice) showed pluripotency and
tumorigenicity by formation of teratomas with components
of three germ layers (AFP: endoderm, «SMA: mesoderm,
and B3-tubulin: ectoderm) 10 to 20 weeks later (Fig. 1B).
The karyotypes of the two lines CMF1/1 -1 and CMT1/1-4
were normal in Q-band analysis, while the other two lines
CMF1/1-2 and CMT1/1-6 had abnormal karyotypes, which
had additional chromosomal fragments of unknown origins
in chromosome 1 and chromosome 17, respectively (Supple-
mental Table 1).

Teratoma Formation by iPSC in the Donor of iPSCs
but not in the MHC-matched Allogenic Recipient

To examine the tumorigenicity of iPSCs in immune-
competent cynomolgus macaques, CMF1/1 -1 cells, which
were derived from fibroblasts of female monkey #733 car-
rying the homozygous haplotype of MHC, and mesenchymal
stem cell-like cells derived from CMF1/1 -1 cells (iMSCs)
were autologously transplanted into the subcutaneous tissue
of monkey #733 and the MHC-matched female monkey
#1497 carrying an identical MHC haplotype heterozygously
as previously reported (Fig. 2A, B and Supplemental Fig.
3)?°. iMSCs positive for CD105, CD73, CD44, CD90, and
CD29 that were derived from iPSCs were transplanted for
comparison (Supplemental Fig. 3A—C). The iMSCs differ-
entiated into chondrocytes, osteoblasts, and adipocytes and
produced TGF-f in vitro (Supplemental Fig. 3D, E), being
consistent with the definition given by the Mesenchymal and
Tissue Stem Cell Committee of ISCT***. Four weeks after
transplantation, a hard mass was detected as a heteroechoic
lesion by ultrasonography at the transplantation site of iPSCs
in autologous monkey #733 but not at the iMSC-transplanted
site or at the iPSC and iMSC-transplanted sites in allogeneic
MHC-matched monkey #1497 (Fig. 2C-F). The tumor in
monkey #733 was excised 6 weeks after transplantation
because of its increasing size (Fig. 2G). The tumor was a
teratoma with cells positive for AFP (endoderm), aSMA
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Figure 1. Macaque iPSCs used in the present study show an immature phenotype with pluripotency. (A) Flow cytometric analysis of iPSCs.
Lines indicate cells stained with antibodies against indicated molecules. Gray histograms indicate negative controls stained with isotype-
matched control antibodies. *: Passage number. (B) HE-stained sections and immunohistochemistry of each teratoma derived from iPSCs in
NOG mice after subcutaneous injection. The magnifications of the left panel and right panel of HE-stained sections are x| and x40,
respectively. The right panels are magnified images of the insets of the left panel. The magnifications of AFP (endoderm), aSMA (mesoderm),
and B3-tubulin (ectoderm) are x400. HE: hematoxylin and eosin; iPSC: induced pluripotent stem cell.

(mesoderm), and B3-tubulin (exoderm) (Fig. 2 H and J-L).  the iMSC-transplanted site 3 months after autologous trans-
Sparsely distributed fibrosis without any inflammatory cells  plantation (Fig. 2I). No tumor or tissue derived from iPSCs
was observed in an HE-stained section of excised tissue of =~ and iMSCs was detected in histological sections of both sites
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Figure 2. Macaque iPSCs form a teratoma in autologous transplantation but not in MHC-matched allogeneic transplantation. Monkeys #733
and #1497 were transplanted with CMFI/I -1 cells in subcutaneous tissue of the shoulders and were observed for 12 weeks. (A) Schema of
the transplantation. Autologous iPSCs, CMF1/1 -I cells at passage 24, and iMSCs at passage 5 derived from CMFI/I -| cells were injected
into subcutaneous tissue of the right shoulder (O) and left shoulder (@) of macaque #733 with 50% Matrigel, respectively. (B) Schema of the
transplantation. MHC-matched allogeneic iPSCs, CMF1/1 -1 cells at passage 41, and iMSCs at passage 4 derived from CMFI/I -1 cells were
respectively injected into subcutaneous tissue of the right shoulder (O) and left shoulder (@) of macaque #1497 with 50% Matrigel. (C) The
right shoulder of the iPSC transplantation site was swollen at 6 weeks after transplantation (circled), while the left shoulder of the iMSC
transplantation site (arrows) was not swollen. (D) Ultrasonography revealed a heteroechoic mass (circled) in subcutaneous tissue on the
scapula of the right shoulder but not that of the left shoulder 3 months after transplantation. (E) Neither shoulder of the cell transplantation
site (arrows) was swollen 3 months after transplantation. (F) Ultrasonography revealed no mass in subcutaneous tissue in both shoulders 3
months after transplantation. (G) Gross appearance of the teratoma in the right shoulder of monkey #733. (H) HE-stained section of the
teratoma in monkey #733. The magnification was x40. (I) HE-stained section of biopsy specimens of the left shoulder of monkey #733 at 3
months after transplantation. The magnification was x40. (J, K, and L) Immunohistochemistry of the teratoma. The magnifications of AFP
(endoderm), aSMA (mesoderm), and (33-tubulin (ectoderm) were x200, x200 and x400, respectively. HE: hematoxylin and eosin; iPSC:
induced pluripotent stem cell; MHC: major histocompatibility complex.
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Figure 3. Immunological reaction of the transplanted cells in monkeys #733 and #1497. (A, B) iPSCs were cultured without MEFs to avoid
the absorption of MEF antigens for a flow cytometric assay. CMFI/1 -1 cells, iMSCs, and MEFs were incubated with the plasma of monkeys
#733 (A) and #1497 (B) as a primary antibody. Fluorescein-conjugated anti-monkey IgG was used to detect IgG specific for the cells in
plasma as a secondary antibody. Filled histograms indicate cells stained with the plasma collected before transplantation. Colored lines
indicate cells stained with the plasma collected after transplantation. *: Passage number. C, D, E, and F: ELISPOT assay of IFN-vy (C, E) and IL-
2 (D, F). Peripheral blood cells in autologous transplantation in monkey #733 (C, D) and in MHC-matched allogeneic transplantation in
monkey #1497 (E, F) were cultured with the lysate of indicated cells. The experiments were usually performed in duplicate wells for each
condition. Results are shown as S.I. HE: hematoxylin and eosin; IFN: interferon; IgG: immunoglobulin G; IL: interleukin; iPSC: induced
pluripotent stem cell; MEF: mouse embryonic fibroblast; MHC: major histocompatibility complex; S.I.: stimulation indices.
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Figure 4. Allogeneic iPSCs form no tumors or tissues in the testicles of MHC-matched macaques. (A) Schema of the transplantation. CMFI/
I -1 and CMT1/1-6 cells were injected into the right testis (%) and left testis (x) of macaque #303, respectively. CMFI1/1-2 and CMTI/I-4
cells were injected into the right testis (¥) and left testis (%) of macaque #307, respectively. All iPSC clones were injected without Matrigel,
and the monkeys were observed for 12 weeks after transplantation. (B) Ultrasonographic images of the testicles after iPSC transplantation.
Circles indicate low-echogenic areas where iPSCs were injected. The greater diameters of the low-echogenic areas (mm) are indicated in
images taken | week after transplantation. (C) Gross appearance of the resected testicles and microscopic findings of HE-stained sections of
each testicle excised 3 months after transplantation. The magnification of HE-stained sections is x40. HE: hematoxylin and eosin; iPSC:
induced pluripotent stem cell; MHC: major histocompatibility complex.

in allogeneic MHC-matched monkey #1497 (data not
shown).

Humoral and Cellular Inmune Responses Against
Transplanted Cells in the Recipient Monkeys

To detect a humoral immune response against the trans-
planted cells, we measured levels of antibodies against the
cells in monkey plasma by using a flow cytometer (Fig. 3A,
B). IgG against the autologously transplanted cells in mon-
key #733 was not detected, but IgG against MEFs, which
were used as feeder cells in the iPSC culture and might have
been transplanted with iPSCs (average ratio of MEF con-
tamination: 3.3 4 0.36%), was detected (Fig. 3A). Immune
cells including CD4™ T cells, CD8" T cells, and CD20" B
cells infiltrated into the teratoma in autologously trans-
planted monkey #733, while a focal infiltration of a small
number of natural killer (NK) cells was detected in the
tissue (Supplemental Fig. 4A, B and Supplemental Table 5).
No inflammatory cells were found in the iMSC-
transplanted site (Fig. 2I).

We examined a cellular immune response against the
transplanted cells (Fig. 3C, D). Ratios of both IFN-y-produc-
ing and IL-2-producing cells responding only in MEFs, but
not in iPSCs and iMSCs, were higher after transplantation
than before transplantation (Fig. 3C, D). Neither humoral

immune responses nor cellular immune responses against
autologous iPSCs and iMSCs were detected in the autolo-
gous transplantation in monkey #733. These results suggest
that inflammatory cells infiltrating the teratoma react with a
small number of MEFs contaminated in the transplanted
iPSCs. On the other hand, weak IgG and IFN-y responses
against MHC-matched allogeneic cells were detected (Fig.
3B, E, and F). Inflammatory cells did not remain 3 months
after transplantation in monkey #1497 (data not shown).

No Tumor or Tissue Derived From iPSCs in MHC-
matched Testes 3 Months After Transplantation
in Macaques

To examine the tumorigenicity of MHC-matched allo-
geneic iPSCs in an immune-privileged site of immunocom-
petent and MHC-matched hosts, four iPSC lines with the
MHC homozygous allele, CMF1/1 -1, CMF1/1-2, CMT1/1-
4, and CMT1/1-6, were transplanted into each testicle of
MHC heterozygous macaques #303 and #307 (Fig. 4A
and Supplemental Table 3). Low-echoic lesions were
observed by ultrasonography 1 week after transplantation,
while the lesions were diminished in size 4 weeks after
transplantation as well as after the subcutaneous transplan-
tation in monkey #1497 (Fig. 4B). Three months after
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CMF1/1- CMF1/1-2 CMT1/1-4 CMT1/1-6
p25* P16* P21* P17+ MEF
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plasma
307M

plasma

monkey IgG —>

Figure 5. IgG against transplanted iPSCs was detected in the plasma of iPSC-transplanted macaques. iPSCs were cultured without MEFs to
avoid the absorption of MEF antigens. The iPSCs and MEFs were stained with the plasma of iPSC-transplanted macaques #303 and #307.
Filled histograms indicate cells stained with the plasma collected before transplantation. Lines indicate cells stained with the plasma collected
4 weeks after transplantation. *: Passage number. IgG: immunoglobulin G; iPSC: induced pluripotent stem cell; MEF: mouse embryonic

fibroblast.

transplantation, no tumor or tissue derived from the iPSCs
was histologically detected in any of the testicles excised
from monkeys #303 and #307, even though the testicles
were immune-privileged sites (Fig. 4C).

Plasma IgG of the Macaques After Transplantation
Reacts with iPSCs

Immune responses against iPSCs in recipient macaques were
examined. Low levels of IgG specific for the MHC-matched
allogeneic iPSCs were detected in the plasma of iPSC-
transplanted macaques #303 and #307, but the fluorescence
intensity of IgG against the transplanted iPSCs was lower
than that of IgG against MEFs as was also observed in mon-
key #1497 (Fig. 5). Minor histocompatibility antigens on the
surface of iPSCs and/or embryonic antigens such as SSEA4
and OCT3/4 might be the targets of the acquired immune
responses>®>’. However, no binding of IgG specific against
the antigens on MHC-matched #733 peripheral blood mono-
nuclear cells and embryonic antigens expressed on the sur-
face of MHC-matched embryonic carcinoma®' were
detected in the plasma collected from macaques #303 and
#307 after MHC-matched allogeneic transplantation,
whereas a very weak IgG response specific for embryonic
carcinoma cells was detected only in the plasma of macaques
#1497 (Supplemental Fig. 5).

Since immature cells have been shown to be depleted by
innate immunity including natural killer cells®®*°, macro-
phages'>*%*!and an alternative pathway of comple-
mentsl("“, we studied the reaction of the host immune
system to the transplanted iPSCs in MHC-matched maca-
ques. The transplanted iPSCs expressed detectable levels
of MHC class I molecules including HLA-G and HLA-E,
which are known as ligands of suppressive receptors for NK
cell activity (Supplemental Fig. 6A). This was supported by
the formation of teratomas in NOD.CB17-Prkdc*™/J mice

(NOD-SCID mice) carrying NK cells as well as in NOG
mice lacking NK cells (Supplemental Table 6), while a
small number of NK cells was found around the teratoma
in NOD-SCID mice (Supplemental Fig. 4C). The trans-
planted iPSCs also expressed CD47, which is known as a
“Don’t eat me signal” to avoid phagocytosis by macro-
phages (Supplemental Fig. 6B). To assess the rejection by
an alternative pathway of complements, we examined the
expression of sialic acids on the surface of iPSCs, which
has been shown to prevent activation of complements*?,
Sialic acids linked to galactose with 2-3 and 2-6 linkages
were expressed on the surface of iPSCs, suggesting low
susceptibility to activation of an alternative pathway of
complements (Supplemental Fig. 6C).

Discussion

We examined the tumorigenicity of iPSCs in immune-
competent macaques with MHC-matched allogeneic trans-
plantation. In immune-competent hosts, MHC-homozygous
iPSCs formed teratomas in autologous transplantation but
did not form any tumors in MHC-matched allogeneic trans-
plantation, although the cells had an abnormal karyotype and
were injected into an immune-privileged site such as the
testis. MHC-matched transplantation of allogenic iPSCs
induced a low level of immune responses against the trans-
planted cells. Our results using cynomolgus macaques are
consistent with the results of previous studies showing no
teratoma formation in immune-competent pigs and mice in
which MHC-matched iPSCs were transplanted'®!'”. These
results suggest that cells derived from MHC-matched allo-
geneic iPSCs would not form tumors in patients even if the
graft is contaminated with immature iPSCs.

In a previous study, porcine iPSCs induced by Yamanaka
factors using a retrovirus were transplanted into MHC-
matched immune-competent pigs, and the iPSCs were
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rejected by innate immunity including NK cells'®. On the
other hand, we used four clones of iPSCs induced by intro-
duction of Yamanaka factors using either a retrovirus or
Sendai virus (episomal approach) to compare the frequencies
of tumor formation when different methods for iPSC induc-
tion were used, and no tumor was observed in any of the
macaques injected with the iPSCs. Thus, the methods of
iPSC induction might not affect the tumorigenicity of iPSCs
in MHC-matched allogenic transplantation.

One of the reasons for transplanted iPSCs not forming a
teratoma in MHC-matched allogeneic transplantation was
that the transplanted iPSCs were immunologically rejected
depending on weak acquired immune responses against
transplanted iPSCs in recipient monkeys. However, the
immunogenicity of iPSCs was less potent than that of MEFs
in MHC-matched allogeneic transplantations, even though
the number of contaminated MEFs was smaller than that of
transplanted iPSCs, as previously reported®****. Although
an inflammatory response in the immune-privileged testis is
milder than that in other body organs, immune cells might
access the testis and resident macrophages in the testis can
evoke acquired immune responses. Innate immunity includ-
ing NK cells, macrophages, and complements would also be
involved in the rejection of immature cells as previously
described'®** 2. However, the four transplanted iPSC
clones expressed inhibitory molecules of NK cells, macro-
phages, and complements. In addition, the iPSC clones
except for CMT1/1-4 would not be rejected by NK cells
because the iPSCs formed teratomas in both NOG mice not
possessing NK activity and NOD/SCID mice possessing NK
activity. Therefore, the transplanted iPSCs in the present
study seemed to have low susceptibility to host innate
immune activity.

The tumor-forming ability of iPSCs is important for ter-
atoma formation in MHC-matched allogeneic transplanta-
tion. CMT1/1-4 cells did not form a teratoma in the
presence of NK cells in NOD-SCID mice, although the
expression levels of inhibitory molecules of NK cell activity,
HLA-G and HLA-E, on the cell surface were not reduced. At
least, CMF1/1-4 cells did not form a teratoma under the
condition of the presence of NK cells.

There is a possibility that the number of iPSCs was not
sufficient to form a teratoma even though we transplanted 5
x 10°to 1 x 107 iPSCs dissociated by CTK solution. When
dissociated cells were transplanted, a larger number of cells
was necessary to form teratomas in mice. It has been
reported that the incidence of teratoma formation varied
substantially depending on the transplanted cells and recipi-
ents*>*®. From this point of view, transplantation of differ-
entiated cells originating from iPSCs may be safe since
contamination of more than 1 x 107 immature cells is not
practical in clinical transplantation.

Matrigel is always used for a tumorigenicity assay of
iPSCs because Matrigel is known as a scaffold to enhance
the tumorigenicity of iPSCs in NOG mice***’. CMF1/1 -1
cells in Matrigel formed teratomas in NOG mice and

autologous monkey #733, but the iPSCs did not form a ter-
atoma in MHC-matched allogenic monkey #1497 trans-
planted with Matrigel or in monkey #303 transplanted
without Matrigel. Thus, CMF1/1 -1 cells have tumorigeni-
city in vivo but failed to form teratomas in MHC-matched
allogenic recipients with or without Matrigel. Since Matri-
gel containing xenogeneic proteins is not used for treatment
in humans, the possibility of transplanted cells derived
from iPSCs forming tumors in allogeneic recipients is
speculated to be low.

The microenvironment at the transplantation site also
affects the tumorigenicity of iPSCs'®'%#®*7 Subcutaneous
transplantation to examine tumorigenicity of iPSCs is con-
sidered to ensure the absence of tumorigenic cells of the final
cell products'®*’, while intramuscular injection resulted in
the formation of a teratoma with a smaller number of plur-
ipotent cells than that in the case of subcutaneous injec-
tion'®!%*>47 We injected iPSCs into subcutaneous tissue
and testicles, where we could easily assess tumor formation;
however, we cannot exclude the possibility of tumor forma-
tion in other sites such as the muscle and brain'®'**>47,

Conclusion

We showed no tumorigenicity and minimal immunogenicity
of MHC-matched allogeneic iPSC transplantation in cyno-
molgus macaques. Although the number of experiments was
limited, the result indicated that transplantation of differen-
tiated cells derived from iPSCs might be safer than previ-
ously anticipated in the aspect of tumorigenicity.
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