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Background: Comparing non-inbred autologous and allogeneic induced pluripotent stem cells (iPSCs) and their
secreted subcellular products among non-human primates is critical for choosing optimal iPSC products for
human clinical trials.
Methods: iPSCs were induced from skin fibroblastic cells of adult male rhesus macaques belonging to four unre-
lated consanguineous families. Teratoma generativity, host immune response, and skin wound healing promo-
tion were evaluated subsequently.
Findings: All autologous, but no allogeneic, iPSCs formed teratomas, whereas all allogeneic, but no autologous,
iPSCs caused lymphocyte infiltration. Macrophages were not detectable in any wound. iPSCs expressed signifi-
cantly more MAMU A and E of the major histocompatibility complex (MHC) class I but not more other MHC ge-
netic alleles than parental fibroblastic cells. All topically disseminated autologous and allogeneic iPSCs, and their
exosomes accelerated skin wound healing, as demonstrated by wound closure, epithelial coverage, collagen de-
position, and angiogenesis. Allogeneic iPSCs and their exosomes were less effective and viable than their autolo-
gous counterparts. Some iPSCs differentiated into new endothelial cells and all iPSCs lost their pluripotency in
14 days. Exosomes increased cell viability of injured epidermal, endothelial, and fibroblastic cells in vitro. Al-
though exosomes contained some mRNAs of pluripotent factors, they did not impart pluripotency to host cells.
Interpretation: Although all of the autologous and allogeneic iPSCs and exosomes accelerated wound healing, al-
logeneic iPSC exosomes were the preferred choice for “off-the shelf” iPSC products, owing to their mass-
production, with no concern of teratoma formation.
Fund: National Natural Science Foundation of China and National Key R&D Program of China.
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1. Introduction

Induced pluripotent stem cells (iPSCs) comprise embryonic-like
stem cells reprogrammed from adult somatic cells. iPSC technology
has opened up unique opportunities for developing patient-specific
cell therapies and mechanistic studies because of their limitless self-
renewal capacity and ability to become any somatic cell type within
the body [1–3]. As patient-specific autologous iPSC lines are genetically
identical to the recipient individual (the same patient), iPSCs and their
derivatives are therefore not expected to be immune rejected, unlike al-
logeneic cells and organ transplants. In comparison, allogeneic iPSCs
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and their derivatives can be mass produced and the immune rejection
by recipient animals can be reduced through use of immune inhibitors
to some extent. Conversely, autologous iPSCs are patient-specific and
cannot be mass-produced; rather, they have to be prepared individu-
ally. Thus, it is important to determine the tradeoff between time and
workload of individualized autologous iPSC generation and immune re-
jection of allogeneic iPSCs and their derivatives.

Recipient immune responses to transplanted inbred syngeneic and
allogeneic iPSCs as well as their derived cells have been observed
[4–7]. For example, inbred iPSCs were induced from a separate animal
of the same inbred line instead of the particular animal receiving the
iPSC transplant, whereas allogeneic iPSCs were induced from cells of
leukocyte antigen-mismatched inbred animals including minipigs,
rather than allogeneic non-inbred animals [7]. Notably, immune rejec-
tion to both inbred syngeneic and allogeneic iPSCs was found [8]. How-
ever, inbred syngeneic animals are not fully genetically identical; thus,
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Although induced pluripotent stem cells (iPSCs) provide great
therapeutic opportunities, it is yet to bewidely translated into clin-
ical practice mainly due to the concerns of potential teratoma (a
benign tumour) formation and host immune response against
iPSCs. Using 53 experimental conditions and diseased models,
we recently demonstrated that intravenously or topically dissemi-
nated iPSCs lose pluripotency in three days and do not form tera-
toma. Thus, direct application of iPSCs in vivo is feasible and can
be safe.
Patient-specific autologous iPSCs are genetically identical to that
of the recipient individual (the same animal as recipient), but
needs to be prepared individually. In comparison, allogeneic
iPSCs can be produced in large-scale, but may be immune-
rejected. Immune-rejection of both syngeneic and allogeneic
iPSCs has been reported. However, immune-rejection associated
with actual autologous iPSC treatment (the same animal as recip-
ient) has not been examined under foreign antigen-free environ-
ment, especially in non-human primates, to ensure a safe and
effective iPSC therapy. Determination of the trade-off between
time or workload of individualized autologous iPSC generation
and immune-rejection of allogeneic iPSCs and their derivatives is
important.
Stem cell therapy includes providing functional parenchymal cells
and promoting angiogenesis and paracrine response. Exosomes,
which are secreted by cells and deliver clustered molecules of re-
lated functional groups across cells, represent an attractive and al-
ternative tool to stem cell-based therapy.
Wound healing impairment, especially in refractory diabetic skin
wounds, constitutes a common and challenging clinical problem
for which effective treatment is currently unavailable. Owing to
the open exposure and easy visibility of skin wounds, they repre-
sent an ideal candidate for initial clinical trials, since they allow
rapid observation and teratoma removal, if any.

Added value of this study

Cross-examination using iPSCs induced from fibroblastic cells of
rhesus macaque, belonging to four unrelated consanguineous
families, showed that all allogeneic, but no autologous, iPSCs
and exosomes caused immune response. iPSCs expressed signif-
icantly more MAMU A and E of major histocompatibility complex
(MHC) class I than their parental fibroblastic cells. However,
other major MHC I and II genetic alleles were not detectable in
the iPSCs. Allogeneic iPSCs and their exosomes were less viable
than their autologous counterparts in the wounds and were less
effective in promoting wound healing. In particular, there was no
statistically significant difference between autologous iPSCs and
their exosomes or between allogeneic iPSCs and their exosomes.
Only a few administered iPSCs differentiated into new endothelial
cells and all iPSCs lost their pluripotent state in 14 days. No evi-
dence showed iPSCs differentiating into epidermal cells.
Exosomes increased cell viability of all three major cell types, epi-
dermal, endothelial and fibroblastic, responsible for skin wound
healing in vitro. Exosomes did not impart pluripotency to host
cells.

Implications of all the available evidence

Our data indicate that lack of immune response to actual autolo-
gous iPSCs may be responsible for the greater viability and effec-
tiveness of autologous iPSCs and exosomes in promoting wound
healing compared to that of their allogeneic counterparts. The fail-
ure of autologous iPSCs to cause T and B lymphocyte infiltration
may not be due to their incapability of presenting antigen
episodes.
Lack of epidermal differentiation and difference between autolo-
gous iPSCs and their exosomes or that between allogeneic
iPSCs and their exosomes indicate that iPSCs promote wound
healing mainly by secreting therapeutic substances. In other
words, exosomes can be an alternative for iPSCs.
The fact that all administered iPSCs lost pluripotent state in
14 days demonstrated that the injected iPSCs do not survive as
quiescent stem cells, hence ensuring long-term safety of the
cells. Our previous long-term study had suggested that the
injected iPSCs survive in injured organs for 28–90 days. Mal-
differentiation of iPSCs into unwanted cells that are replaced by
the body periodically, such as mislocated or misoriented endothe-
lial cells and epidermal cells, are not as worrisome since they will
eventually disappear after their natural life span. Thus, providing
long-lasting renewable cells is not the goal of iPSC therapy for or-
gans, such as lungs, liver, kidney and skin, inwhich epithelial cells
serve as parenchymal cells.
Although allogeneic iPSCs and exosomes were not as viable and
effective as their autologous counterparts, they were sufficient
in promoting wound healing. Overall, allogeneic iPSC exosomes
may be the preferred choice for “off-the shelf” iPSC product, con-
sidering their mass-production, with minimal safety concerns.
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the extent of leukocyte antigen-mismatchmay differ from the nature of
human allogeneic cells, with variations in non-leukocyte antigens also
potentially being present.

To accelerate the potential of iPSC-based cellular therapies, the im-
mune rejection associated with actual autologous iPSC treatment (the
same animal as recipient) should be examined, especially in non-
human primates, to ensure safe and effective iPSC therapy. Morizane
et al compared autologous and allogeneic transplantation of iPSC-
derived neural cells in the brain of purpose-bred cynomolgus monkeys
directly [9]. They found that the autologous iPSC-derived neurons elic-
ited some immune response in the brain. The allogeneic iPSC-derived
neurons were less survival and caused a significantly more severe ac-
quired immune response. However, the cells were injected in the sus-
pension of the neurobasal medium with B27 (medium supplement)
added with glial-cell-line-derived neurotrophic factor and brain-
derived neurotrophic factor. For the monkeys, B27 contained large
amount of xenogeneic protein antigens. The added glial-cell-line-
derived neurotrophic factor and brain-derived neurotrophic factor are
also xenogeneic protein antigens for monkeys. Thus, the immune re-
sponse in the injection sites of autologous iPSC-derived neurons may
be caused by these xenogeneic antigens. Hong et al. reported that undif-
ferentiatedmonkey autologous iPSCs form teratomas (encapsulated be-
nign tumors with normal cells of all three germ layers) along with the
presence of immune/inflammatory cells [10]. Because the immune/in-
flammatory cells were found inmature teratomas containing intact ter-
atoma structures without evidence of significant tissue damage, it was
considered likely that the immune/inflammatory cells represented
iPSC-differentiated cells, as lymphocytes can be prepared from iPSCs
[11]. Accordingly, the teratoma assay is not the best model to test iPSC
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immunogenicity. A better approach would be to sequentially immunize
the recipient animals with iPSCs followed by secondary iPSC injection at
a different site, harvest the injected cells along with surrounding tissue
prior to mature teratoma generation, and examine the immune
response.

It is also possible for a recipient to develop an immune response
against iPSCs induced fromhis/her own cells because iPSCsmay contain
some proteins that express transiently during embryo development and
disappear before the immune system of the body is developed. The
team led by J. Wu found that irradiated iPSC vaccines elicited an anti-
tumour response in inbred syngeneic murine cancer models [12]. How-
ever, immunogenicity does not necessary translate into immune rejec-
tion, because the cellular membrane may prevent the intracellular
antigens of living cells from being targeted by the immune system.
Thus, as long as pre-existing immunogenicity does not target extracellu-
lar antigen presentation episodes of autologous cells, iPSCs may survive
and eventually differentiate into linage-specific cells under inducement
by the microenvironment. Similarly, allogeneic iPSCs may also survive
longer than expected. Several studies have shown that iPSC-derived ter-
minally differentiated cells did not elicit a significant immune response
[13,14]. However, studies using iPSC-derived stromal cells are only able
to examine immune responsiveness to the specific cell type; the antige-
nicity of most cell types is not examined. Thus, using un-differentiated
iPSCs may reveal a broader image of the immune response to
transplanted autologous iPSCs.

The mechanisms of stem cell therapy include providing functional
parenchymal cells, promoting angiogenesis and paracrine response.
The development of numerous non-integrating virus-based iPSC induc-
tion and derivation approaches has removed most hurdles of in vivo
iPSC application [15,16]. Nevertheless, the potential of iPSCs and their
differentiated progeny to form teratomas upon transplantation still ex-
ists. Thus, direct in vivo application of iPSCs is not currently recom-
mended. In comparison, exosomes, which comprise nano-sized
membrane complexes secreted by cells as cargos for cell-cell communi-
cation, represent an attractive alternative approach to stem cell-based
therapy [17,18]. Exosomes deliver clustered molecules of related func-
tional groups between cells. Although serving as an efficient form of
paracrine signalling, exosomes are not proliferative and, therefore, do
not form teratoma-like tumour masses. However, the therapeutic effi-
ciency and durability between exosomes isolated from autologous and
allogeneic iPSCs have not been previously compared.

It is critical to assess the safety and efficiency of iPSC-based therapies
in a clinically relevant model in the presence of an intact immune sys-
tem. Nonhuman primates (NHPs), such as rhesus macaque, are similar
to humans in size, behaviour, physiology, structure and function of or-
gans, biochemistry, and immune system [10,19,20]. Often NHPs are
more efficient and useful for evaluating new proof-of-concept thera-
peutics prior to their first-in-human trials than rodents and/or other
species. Research on NHPs offers unique opportunities to test the feasi-
bility, disadvantages, and advantages of stem cell-based therapeutic in-
terventions that may later be applied in the clinic.

Wound healing impairment, especially refractory diabetic skin
wounds, constitutes a common and challenging clinical problem for
which effective treatment is currently unavailable. Notably, foot ulcera-
tion is themost frequently recognized complication of diabetes [21]. Ac-
cording to 2015 data of the International Diabetes Federation, each year,
9.1 million to 26.1 million people with diabetes develop foot ulcers
worldwide, leading to nonhealing ulcers, infection, and amputation in
many cases. Cell therapies, such as autologous bone marrow-derived
mesenchymal stem cells (MSCs), and fibroblast lineages have been ap-
plied on different wounds in various studies [22,23]. iPSCs have advan-
tages in cell therapy over other stem cells in availability, propagation
and pluripotency [1–3,24]. Comparing the effects of autologous and al-
logeneic iPSCs, as well as their exosomes, will provide value in deter-
mining the optimal kind of iPSC for use. Moreover, owing to the
exposure and easy observation of skin wounds, it is straightforward to
monitor the effect of applied stem cell therapy. In addition, as teratomas
comprise benign (non-metastatic) tumors, skin wounds represent an
ideal candidate for initial clinical trials as they allow rapid observation
and removal of teratomas if they should occur.

Based on these considerations, in the present study we established
four iPSC lines from four rhesus macaques to compare the immune re-
sponses and therapeutic effects of transplanted autologous and alloge-
neic iPSCs as well as their derived cellular products (exosomes), along
with their relative safety and efficacy.

2. Materials and methods

2.1. Animals

The animal protocols were approved by the Animal Care Commit-
tee of the Fudan University Shanghai Medical College (Approval Nrs.
20080411, 20120302-103 and 201504270-001) in accordance with
the Guide for the Care and Use of Laboratory Animals (National Re-
search Council of the United States). All procedures involving animals
were performed in accordance with institutional guidelines and per-
mission of the Ethics Committee at the Fudan University Shanghai
Medical College. Non-obese diabetes/severe-combined immunodefi-
cient (NOD/SCID) mice were purchased from Shanghai SLAC Labora-
tory animal C. Ltd. (Shanghai, China). Four adult male macaques
from unrelated consanguineous families (all were farm-raised 3rd
generation) were purchased from the Dongwu Experimental Monkey
Farm (Ningbo, China). They were born in March and April of 2006
and housed in an animal laboratory at the Fudan University affiliated
Shanghai Public Health Clinical Centre (Shanghai, China) since being
purchased in 2009. Aside from routine examination, they never
mated with female macaques and did not receive any previous treat-
ment. Their tag numbers were 200603005, 200603009, 200604011
and 200604013.

2.2. Generation and culture of iPSCs

As described previously [16], macaque skin fibroblasts were
transfected with a Sendai virus (Thermo Fisher Scientific) mixture at
multiplicities of infection (MOIs) of 5, 5, and 3 for KOS (OCT4/SOX2/
KLF4), hc-Myc, and hKLF4, respectively, at 37 °C in air containing 5%
CO2 for 40 min. The cells were then plated in Matrigel-coated 6-well
plates and cultured in DMEM with 10% FBS and 1 mM valproic acid for
3–4 days until significant morphological changes were observed.
Then, the cells were trypsinised and re-plated onto fresh mitomycin
C-treated mouse embryonic fibroblastic cells (MEFs) at a 1:6 ratio.
MEFs pre-treated withmitomycin C served as feeder cells. The medium
was replaced with knockout serum replacement (KSR) medium con-
taining 85% DMEM/F12 (DF12), 15% KSR (Thermo Fisher Scientific),
1 mM L-glutamine, 0.1 mM non-essential amino acids, 0.1 mM β-
mercaptoethanol, and 5 ng/ml basic fibroblast growth factor (bFGF,
Thermo Fisher Scientific). The medium was changed every day until
the colonies grew sufficiently large to be picked up.

The clone-like macaque iPSCs were passaged every 4–6 days with
collagenase IV and re-plated onto mitomycin C– pre-treated MEFs.
The induced cells were demonstrated as iPSCs by alkaline phosphatase
(AP) staining, quantitative PCR and immunohistochemical staining for
pluripotencymarkers, and teratoma generation assay using cells of pas-
sage 10.

2.3. Macaque iPSC expansion

For macaque iPSC expansion, clone-like macaque iPSC masses were
manually cut into smaller cell masses with a 10-μl pipette tip and trans-
ferred onto fresh MEFs. The macaque iPSCs were passaged every
4–6 days with collagenase IV (1 mg/ml) at 37 °C for 15 min and re-
plated onto fresh MEFs. Cells of passage 18 and beyond were used for
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experiments to minimize the heterogeneity among cells from different
animals because studies have shown that the differences in epigenetic
inheritance among iPSCs from different animals become negligent
after passage 16 [25]. Prior to being used for treatment and exosome
isolation, the cells were cultured on plates coated with Matrigel
(Matrigel™, BD Bioscience, Franklin Lakes, NJ) using the iPSC medium
mTeSR™1 (STEMCELL Technologies Inc., Vancouver, Canada) but free
of feeder cells (MEFs) for two generations.

2.4. Experimental timeline

The order of the experiments (Supplementary Fig. 1 and Supple-
mentary Table 1)was as follows: 1) Isolation of macaque skin fibroblas-
tic cells, and induction and identification of iPSCs from all four
macaques. 2) Parallel comparison of teratoma formation over 28 days
after subcutaneous injection with Matrigel between autologous and al-
logeneic iPSCs. Eachmacaque received four parallel subcutaneous injec-
tions with their own autologous iPSCs and allogeneic iPSCs from the
other three macaques, respectively, in right axilla. The cells were
suspended in 1:1 mixture of phosphate buffered saline (PBS) and
Matrigel solution. The dose was 1 × 107 cells per spot. After finishing
28-day teratoma observation, the injections were repeated in the left
axilla. 3) Comparison of T lymphocyte infiltration at three days after
subcutaneous injection. The injected cells of second injection and sur-
rounding tissue were harvested three days after injection for observa-
tion of immunogenicity. Because of limited axilla space, iPSCs from
threemacaques other than themacaque receiving the cellswere equally
mixed and served as allogeneic iPSCs. The dose of autologous or mixed
allogeneic iPSCs was 1 × 107 cells per spot. 4) Comparison of the effects
of autologous and allogeneic iPSCs and their exosomes toward acceler-
ating wound healing. Each macaque was received 24 skin punch
wounds on the back. The size of the wound was four millimetres. The
wounds of each macaque were designated to receive iPSCs and their
exosomes from all four macaques. Each treatment was performed in
triplicate in order to biopsy samples of each treatment on day 3, 7,
and 14 after wound punching.

2.5. Alkaline phosphatase detection

AP stainingwas performed using anAP detection kit (Sigma-Aldrich,
St. Louis, MO) according to the manufacturer's instructions.

2.6. Western blotting for CD3, CD20, CD68, OCT4, SOX2, SSEA4, ALIX, and
TSG101

The tissue containing iPSCs injected for immunogenicity examina-
tion was harvested three days after injection. Tissue lysates were
separated by sodium dodecyl sulphate-polyacrylamide gel electropho-
resis (12% resolving gel) and transferred to a polyvinylidene difluoride
membrane. The membrane was blocked with donkey serum,
incubated with primary and secondary antibodies subsequently. The
primary antibodies were rat monoclonal anti-CD3, rabbit monoclonal
anti-CD20, mouse monoclonal anti-CD68/SR-D1, rabbit polyclonal
anti-OCT4 or TSG 101, and mouse monoclonal anti-SOX2, SSEA4 or
ALIX. The secondary antibodies were Peroxidase AffiniPure Donkey
Anti-rat, Anti-rabbit, or Anti-mouse IgG (H + L) (Jackson
ImmunoResearch Inc., West Grove, PA). Detail information of the
antibodies was shown in Supplementary Table 2.The immunoreactive
bands were visualized using enhanced chemiluminescence substrate.

2.7. Reverse transcriptase-PCR and real-time PCR for pluripotency markers

Total RNA was extracted from cultured iPSCs or exosomes using
TRIzol Reagent. RNA concentrations and purities were determined
using a Nanodrop instrument at wavelengths of 260/280 nm. cDNA
was synthesized from 1 μg of total RNA using superscript III (Thermo
Fisher Scientific) according to the manufacturer's instructions. The
cDNA was diluted with DNase-free water to a concentration of
10 ng/μl. Real time PCR was performed in a Bio-Rad iQ Real-Time PCR
Detection System (Bio-Rad, Hercules, CA) using the IQ SYBR Green
SuperMix with the following thermal cycles: initial denaturation 95 °C
for 5 min, 40 cycles of 20 s at 95 °C, 45 s at 57 °C, and 30 s at 72 °C. Anal-
yses of mRNA levels of target genes were normalized to GAPDH as the
internal control and expressed relative to the quantity of the control
group. The primers are shown in supplemental table of key resources
(Supplementary Table 2).

2.8. Reverse transcriptase-PCR and real-time PCR for genetic alleles of MHC
I and II

Total RNA was extracted from the cultured iPSCs and corresponding
skinfibroblastic cellswere used for iPSC induction. Expression of genetic
alleles, including MAMU A, B, and E of MHC class I and MAMU DQA,
DQB, DRA, DRB, DPA, andDPB ofMHC class IIwasmeasured using quan-
titative real-time PCR with conditions same as in the measurement of
pluripotent makers. The primers are shown in Supplementary Table 2.

2.9. Immunofluorescence for pluripotency markers in iPSCs

Cells were fixed in 4% paraformaldehyde at room temperature for
20min, rinsedwith PBS, and blocked by 5% donkey serum at room tem-
perature for 60min. For cytoplasmic protein staining, 0.3% Triton X-100
was added for permeabilisation. Cells were then incubated with pri-
mary antibodies against OCT4, Nanog and SSEA4 (Supplementary
Table 2) diluted in 5% donkey serum at 4 °C overnight, respectively.
Cells were washed and exposed to secondary antibodies at room tem-
perature for 60 min. The cells were finally stained for the nuclei with
1 μg/ml blue fluorescent dye, 4′, 6-diamidino-2-phenylindole,
dihydrochloride (DAPI).

2.10. Isolation and identification of exosomes

Exosomes in cell culture supernatants were isolated using a combi-
nation of exosome purification kit (ExoQuick kit, System Biosciences
Inc., Palo Alto, CA) and ultracentrifugation assay. Dead cells and large
cell debris were removed by centrifuging the culture supernatant at
200 g for 10 min and then at 2000 g for 20 min. This media was then
concentrated by centrifugation for 10 min at 5000 g in a pre-rinsed
100 kDa MWCO Millipore Ultrafree-15 capsule filter to a desired vol-
ume. An ExoQuick kitwas thenused topurify exosomes byprecipitating
them from the concentrated cell culture supernatant. The exosomes
were further purified by ultracentrifugation (100,000 g). The exosomes
were identified by transmission electron microscopy and nanoparticle
tracking analysis.

2.11. Transmission electron microscopy

For transmission electron microscopy, 20 μl of PBS containing puri-
fied exosomes was placed on formvar carbon-coated 200-mesh copper
electron microscopy grids, incubated for 5 min at room temperature,
and subjected to standard uranyl acetate staining. Electronmicrographs
were recorded using a transmission electronmicroscope (FEI Tecnai G2,
Hillsboro, OR). Micrographs were used to quantify the diameter of
exosomes.

2.12. Nanoparticle tracking analysis (NTA)

The particle number and concentration of exosomes were assessed
using the Nanosight LM10-HS system (Malvern Instruments Ltd.,
Malvern, UK) equipped with a 488 nm laser at 25 °C. Samples were di-
luted to an acceptable concentration according to the manufacturer's
recommendations and introduced into the chamber manually. Each



447M. Lu et al. / EBioMedicine 42 (2019) 443–457
experimentwas carried out in triplicate and the instrument laser cham-
ber was cleaned thoroughly between samples.

2.13. Teratoma formation in immune-deficient mice

As described previously [16], to confirm the pluripotency and capa-
bility to form teratomas, 5 × 106 macaque iPSCs, in a volume of 100 μl
(50 μl medium and 50 μl Matrigel) were harvested and subcutaneously
injected into NOD/SCID mice. Teratomas formed 8 weeks later. Mice
were executed and tumors were dissected, fixedwith 4% paraformalde-
hyde, and processed into paraffin sections. The tissues were stained
with haematoxylin and eosin to determine whether teratomas
contained tissues from all three germ layers.

2.14. Full-thickness excisional wound models

For major surgeries, the animals were injected with atropine sul-
phate (0.05 mg/kg). At 30 min after atropine sulphate injection, the
monkeys were anesthetized by intra-muscular injection of anaesthetic
mixture (0.15 ml/kg body weight). Each ml of the mixture contained
33.33 mg ketamine hydrochloride, 40 mg xylazine, 2.67 μg
dihydroetorphine, and 1.67 mg haloperidol. Macaques were anesthe-
tized before full-thickness excision wounds were created. The macaque
dorsal skin was prepared by removing hair with depilatory cream. Full-
thickness excision wounds were created by excising the full-thickness
skin in the mid-back with a four millimetre biopunch (FRAY).

2.15. Cell and exosome labelling

All macaque iPSCs and exosomes were labelled with the fluorescent
dye, PKH26 Red, using a Fluorescent Cell Linker Kit (Sigma-Aldrich)
prior to being applied to wound surfaces. Cells were washed three
times with PBS, incubated with collagenase IV (1 mg/ml), and re-
suspended in 500 μl diluent C of the cell linker kit in a 1.5 ml Eppendorf
tube. PKH26 Cell Linker reagent (2 μl) diluted with another 500 μl dilu-
ent C was added into the cell or exosome suspension, which was then
incubated at room temperature for 5 min. After washing with PBS, the
cells and exosomes were suspended in PBS.

2.16. iPSC and exosome application

When using iPSCs for treatment, a bolus of 4.6 × 104 iPSCs (autolo-
gous or allogeneic) in 20 μl were topically applied onto the surface of
themacaque skinwound. For exosomes, a bolus of 50 μg exosomes (au-
tologous or allogeneic) was topically placed onto the wound.

2.17. Wound closure evaluation

Images of the wounds designated for 14-day observation were cap-
tured on day 0, 3, 7, 10, and 14. Wound areas were quantitated by the
ImageJ software (National Institutes of Health, Bethesda, MD). The
wound closure were calculated by using the following equation:
wound closure (%)= (wound area on day 0−wound area on the indi-
cated day) × 100%/wound area on day 0.

2.18. Wound sample processing

The wounds, together with 1.5–2 mm uninjured skin margins, were
excised at 3, 7, and 14 days afterwound injury. Each samplewas divided
into three pieces. For haematoxylin and eosin, Masson's trichrome, and
immunochemical staining, a portion of the samplewas fixed in 4% para-
formaldehyde. Capillary density in the healing wounds was quantified
by histological analysis of CD34-immunohistochemically stained sec-
tions. For demonstrating the existence of administered iPSCs or
exosomes, a portion of the sample was embedded in OTC prior to
freezing for immunofluorescence analysis. The remaining piece was
preserved in liquid nitrogen for extraction of RNA or protein.

2.19. Detection of iPSCs and exosomes in the wound biopsy

iPSCs or exosomes were labelled with PKH26 Red Fluorescent Cell
Linker prior to in vivo administration. The wound and surrounding
skin were collected and embedded in OTC prior to freezing. To identify
the transplanted cells or exosomes in the wound, five micrometre
thick cryo-sections were prepared. Sections were counterstained with
DAPI. The red and blue fluorescence were captured in the same field
under a fluorescence microscope (Leica Microsystems, Wetzlar,
Germany) and merged.

2.20. Co-localization of administered iPSCs and new endothelial cells

Cryo-sections of skin tissue receiving PKH 26-labelled iPSCs were
stained with mouse monoclonal anti-CD34 antibody (1:200 dilution;
Abcam, ab8536) and Alexa Fluor 488 AffiniPure Donkey anti-Mouse
IgG (Shanghai Yisheng Biological Technology Co., Ltd. Cat. 34106ES60)
using immunofluorescent assay. Co-localization signals of CD34 and ad-
ministered cells were photographed under a Leica fluorescence micro-
scope (Leica).

2.21. Histopathologic analysis of skin wounds

Tissue biopsies from wounds designated for harvesting samples on
day 3, 7, and 14 of wound injury were collected. For histopathologic
evaluations, the specimens were fixed in 4% paraformaldehyde and
processed for paraffin sections. Sections (five micrometre thickness)
were cut and stained with haematoxylin and eosin. The slides were
assessed under a light microscope (Leica) for epidermal thickness. The
thicknesses of the epidermal areas formedweremeasured in five differ-
ent places along the wound surface and the average of these areas was
taken as the thickness of the epidermis.

2.22. Immunohistochemical staining for SSEA4, OCT4 and CD34

Paraffin sections were subjected to antigen retrieval with citrate
buffer at 95 °C for 8 min, and incubated with 0.3% hydrogen peroxide
for 15 min, 5% normal donkey serum for 1 h, primary antibodies, and
HRP-conjugated donkey anti-mouse IgG secondary antibodies. The pri-
mary antibodies were mouse monoclonal anti-human SSEA4 (Thermo
Fisher), mouse monoclonal anti-OCT3/4 (Abcam) and anti-CD34 anti-
bodies (Abcam). Peroxidase activitywas visualized usingdiaminobenzi-
dine. Sections were counterstained with haematoxylin before
observation. For the negative control, the primary antibody was re-
placed with 5% normal donkey serum. Dispersed iPSCs smeared on
glass slideswere stained and they served as additional positive and neg-
ative controls for SEEA4 and OCT4 staining. Images were captured with
a Leica microscope.

2.23. Cell viability measurement in vitro

With approval from the Ethics Board of Fudan University and in-
formed consent from participants, primary human umbilical vein en-
dothelial cells (HUVECs) were obtained from three fresh umbilical
cord veins of normal pregnancies. HUVECs were isolated by collage-
nase digestion, as described previously [26]. They were maintained
in endothelial cell medium (ECM, ScienCell Research Laboratories,
Carlsbad, CA). Cells between passages four and five were used for
the experiments. Human dermal fibroblastic cells (HDF) and sponta-
neously transformed human keratinocyte cells (HaCaT), both from
Shanghai Zhong Qiao Xin Zhou Biotechnology Co. Ltd. (Shanghai,
China), were cultured in DMEM. All media were supplemented with
10% FBS and 1% antibiotics (penicillin/streptomycin; 100 U/ml). All
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cells were incubated in a humidified incubator supplied with 5% CO2

at 37 °C.
Effects of exosomes on cell viability were evaluated using the Cell

Counting Kit-8 (CCK-8) (Dojindo Laboratories, Kumamoto, Japan) ac-
cording to the manufacturer's instructions. Cells were seeded into 96-
well plates at 1 × 104 cells/well and cultured for 24 h. Theywere treated
with cisplatin (30 μg/ml) and autologous or allogeneic exosomes (20 μg/
ml). Cells treated with PBS or cisplatin alone served as untreated and
treated controls, respectively. Cell viability curves were constructed by
measuring the amount of formazan dye generated by cellular dehydro-
genase activity using a microplate spectrophotometer at a wavelength
of 450 nm.
Fig. 1. Teratoma formation and expression of genetic alleles ofmajor histocompatibility complex
teratomas. (b-f) Autologous iPSCs formedmature teratomas with three germ layers. (g) Terato
the major histocompatibility complex I and II in monkey iPSCs and skin fibroblastic cells.
2.24. Incubation of macaque skin fibroblastic cells with iPSC-derived
exosomes

Skin fibroblastic cells from the rhesus macaques were treated with
iPSC exosomes for 4 h and 16 h, or 4 h with exosomes followed by
12 h without exosomes, or 16 h with exosomes followed by 24 h with-
out exosomes. The exosomes were isolated from rhesus macaque iPSCs.
The iPSC exosome concentration, used for the treatment, was 20 μg/ml.
Fibroblastic cells and iPSCs cultured in iPSC exosome-free medium
served as negative and positive controls, respectively. After treatment,
the cells were harvested and used either for quantitative PCR (for
mRNAs), or for immunofluorescence and Western blotting (for pro-
teins) of pluripotent factors.
I and II in autologous and allogeneicmacaque iPSCs. (a) Allogeneic iPSCs failed to generate
ma generation rates of autologous and allogeneic iPSCs. (h) Expression of genetic alleles of



Fig. 2. Macaque iPSCs accelerate wound healing. Wound closure was measured for
14 days. (a) Representative images of wounds treated with PBS, autologous and
allogeneic iPSCs on 0, 3, 7, 10, and 14 days after wound punching. (b) Percentages of
wound closure. Data represent the means ± SD. n = 4 for autologous and PBS
treatments, respectively. n = 12 for allogeneic treatment.
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2.25. Masson trichrome staining of wounds

Masson trichrome staining was employed for quantitative eval-
uation of the effect of iPSC and exosome transplantation on colla-
gen deposition during wound healing. Serial paraffin sections
from the mid-portion of the wound were stained with Masson's
trichrome according to the manufacturer's protocol. Photographs
of each section were taken under a Leica microscope. Collagen de-
position was analysed using ImageJ software (NIH) and calculated
as follows:

Collagen area proportion (%) = accumulated positive area within
Masson's stained wound / wound area × 100%.

2.26. Quantitation and statistical analysis

The results are presented as themeans± standard deviation (Means
± SD). A one-wayANOVA testwas used for statistical comparison of the
data. Differences between groups were considered significant when P b

.05. Analyses were carried out using GraphPad Prism Version 7.0 (San
Diego, CA).

3. Results

3.1. Generation of DNA integration-free macaque iPSCs and isolation of
exosomes

iPSC lines were successfully generated from ear skin fibroblasts
(Supplementary Fig. 2a) of four adult male rhesus macaques using
DNA integration-free Sendai virus encodinghuman transcription factors
OCT4, SOX2, KLF4, and c-Myc. The macaque cells were confirmed as
iPSCs by morphology, alkaline phosphatase detection, gene expression,
and immunohistochemistry for pluripotency markers as well as tera-
toma formation in an autologous setting (Fig. 1 and Supplementary
Fig. 2a–g) and non-obese diabetes/severe-combined immunodeficient
(NOD/SCID) mice [16]. In addition, polymerase chain reaction (PCR)
analysis with primers covering the Sendai virus vector confirmed that
the macaque iPSC lines were free from integrated external genes (Sup-
plementary Fig. 2h).

Transplantation of macaque iPSCs and collection of their exosomes
required feeder-free cell culture conditions. We successfully adapted
macaque iPSCs to a feeder-free culture using a widely used murine
basement membrane extract (Matrigel™, BD Bioscience) to maintain
the cell growth. Pluripotency of the iPSCs cultured under this condition
was well maintained.

Exosomeswere isolated from the iPSC culture supernatant and char-
acterized by scanning electron microscopy and nanoparticle tracking
analysis. The results showed that the exosomes comprised pure spher-
ical vesicles with a diameter of approximately 100 nm (Supplementary
Fig. 2i).

3.2. Subcutaneously injected autologous but not allogeneic iPSCs generate
teratomas

Each of the four macaques was injected subcutaneously with iPSCs
from all four macaques. The cells were premixed with extracellular ma-
trix and injected separately at a bolus of 1 × 107 cells/spot. Autologous
iPSCs from all the four macaques generated a teratoma at the injection
site within 28 days (Fig. 1a–c). In contrast, none of the 12 injected
sites receiving allogeneic iPSCs had a teratoma at 28 days (Fig. 1a and
c) and 12 months (data not shown).

3.3. Generation of iPSCs increased the expression of some genetic alleles of
MHC Class I and II

Expression of genetic alleles ofMHC class I and II were compared be-
tween the parental cells (skin fibroblasts used for iPSC induction) and
iPSCs. In iPSCs, MAMU A and E of MHC class I increased significantly
while MAMU B of MHC class I and MAMU DQA, DQB, DRA, DRB, DPA,
and DPB of MHC class II were not detectable (Fig. 1d).



Fig. 3. Transplanted iPSC survival in wounds. (a) Transplanted iPSCs (red) in 3D re-constructed skin wounds by laser confocal microscopy. The layer with the red fluorescent signal was
between 7 and 16 μM. (b) Percentage of accumulated area of the red fluorescent signal in thewounds. Data represent themeans± SD. n=4 for PBS or autologous iPSC treatment. n=12
for allogeneic iPSC treatment. (c) Presence of administered cells (red), newly produced endothelial cells (green), and co-localization of the two (yellow). (d) Absence of pluripotent
reprograming markers (OCT4 and SSEA4) in the skin lesions as demonstrated by immunohistochemistry. Macaque iPSCs smeared on glass slides were used as positive controls.
(e) Skin lesions were negative for pluripotency markers (OCT4 and SSEA4), as demonstrated by western blotting; iPSC homogenates served as positive controls. n = 4 for autologous
iPSC treatment. n = 12 for allogeneic iPSC treatment.
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Fig. 4. Macaque iPSCs promote epithelial proliferation and collagen deposition. (a) Representative images of wounds treated with PBS, and autologous and allogeneic iPSCs. Scale bars,
1000 μm. (b) Percentage of collagen area. (c) Epidermal thickness. Data represent the means ± SD. n = 4 for PBS or autologous iPSC treatment. n = 12 for allogeneic iPSC treatment.
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3.4. Autologous iPSCs more effectively accelerate wound healing compared
to allogeneic iPSCs

The iPSCs were transplanted topically on the rhesus macaque
wounds. As shown in Fig. 2, both autologous and allogeneic iPSCs accel-
eratedwound healing compared to that of the PBS control. The percent-
age of wound closure in the autologous or allogeneic iPSC-treated group
was significantly higher than that of animals receiving PBS on day 3, 7,
10, and 14 after transplantation. In addition, the therapeutic effect of au-
tologous iPSCs was significantly better than that of allogeneic iPSCs on
day 3, 7, and 10 after transplantation.
3.5. More autologous than allogeneic iPSCs survive in skin wounds

To assess survival, iPSCswere labelledwith PKH26 (redfluorescence
dye) prior to transplantation. As shown in Fig. 3a and b, by day 7 and 14,
a number of cells with red fluorescence were identified in wounds that
had received autologous or allogeneic iPSCs, but not inwounds that had
received PBS. Significantly more autologous iPSCs than allogeneic iPSCs
were detected in the wounds by days 3, 7, and 14.
Fig. 5.Macaque iPSCs accelerate angiogenesis in wounds. (a) Representative images of wound
punching and PBS, autologous, or allogeneic iPSC treatment. Scale bars= 200 μm. (b) Statistica
means ± SD. n = 4 for PBS or autologous iPSC treatment. n = 12 for allogeneic iPSC treatmen
There was no red fluorescence-positive cell (iPSCs or iPSC-derived
cells) in epidermal layer of the wounds on day 14, indicating that the
iPSCs did not differentiate into epidermal cells (Fig. 3c). Newly pro-
duced endothelial cells represent angiogenesis. CD34 is the marker of
such cells. When sections of skin wound tissue were stained with pri-
mary antibodies against CD34, along with compatible green
fluorescence-labelled secondary antibodies, some of the cells in the le-
sions that received autologous or allogeneic iPSCs showed co-
localization of red and green fluorescence (yellow), indicating that
some of the administered iPSCs differentiated into newly produced en-
dothelial cells (Fig. 3c).
3.6. The administered iPSCs lost their pluripotent state in the skin lesions

To determine whether any iPSC remained quiescent in the skin le-
sion, immunohistochemistry for two pluripotent markers of embryonic
cells or iPSCs, namely OCT4 and SSEA4, was performed. Both OCT4 and
SSEA4were found to be negative in the iPSC-treated skin lesions on day
14, as per immunohistochemistry (Fig. 3d) and Western blotting
(Fig. 3e) results.
sections stained for CD34, a marker of new endothelial cells, on day 7 and 14 after wound
l analyses were performed on numbers of CD34-positive cells per field. Data represent the
t.



Fig. 6. Macaque iPSC-derived exosomes promote wound healing. (a) iPSC exosomes were labelled with red fluorescent membrane dye (PKH 26) before being topically applied to new
punched skin wounds. Representative images of the red fluorescent signal in the wounds at 7 days after exosome application. (b) Percentage of accumulated area of red fluorescent
signal in the wounds. (c) Percentages of wound closure. (d) Cross-comparison of wound closure among lesions treated with autologous and allogeneic iPSCs and their exosome
counterparts. (e-f) Macaque iPSC-derived exosome therapy promoted epithelial proliferation and collagen deposition as demonstrated by epidermal thickness and the percentage of
collagen area out of the whole area observed. (g) Angiogenesis in the wounds. (h) Exosomes promoted cell viability of cisplatin-injured epidermal, endothelial, and skin fibroblastic
cells. Data represent the means ± SD. In panels b-g, n = 4 for PBS or autologous iPSC treatment, and n = 12 for allogeneic iPSC treatment. In panel h, n = 4.
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3.7. Autologous iPSCs more effectively accelerate re-epithelialization and
collagen deposition in skin wounds compared to allogeneic iPSCs

Masson's trichrome staining showed that wounds developed vascu-
lar granulation tissue containing inflammatory cells and fibroblasts. On
day 7 after the autologous or allogeneic iPSCs application, the wounds
were completely covered by newly formed epithelium, whereas the
coveragewas incomplete in the PBS groups. On day 7, the newly formed
epithelial layer was significantly thicker on the autologous iPSC-treated
wounds (158.8 ± 8.526 μm) than that on allogeneic iPSC-treated
wounds (144.5 ± 10.04 μm), with both being thicker than that on the
PBS-treated wounds (111.8 ± 5.997 μm). However, on day 14, the epi-
thelial layers on the autologous iPSC-treatedwounds (66.0±4.678 μm)
and allogeneic iPSC-treated wounds (69.8 ± 6.298 μm) were signifi-
cantly thinner than that on the PBS-treated wounds (118.9 ± 11.5
μm) (Fig. 4).

Compared to the PBS control, both autologous and allogeneic iPSCs
significantly increased collagen deposition in the wounds on day 3, 7,
and 14. The differences between autologous and allogeneic iPSCs were
significant on days 3 and 7 but not on day 14, with the alignment of
collagen fibres more organized in wounds treated with autologous
iPSCs (Fig. 4).

3.8. Autologous iPSCsmore effectively promote angiogenesis in skinwounds
compared to allogeneic iPSCs

By day 7 and 14 of wound healing, the numbers of CD34-positive
capillaries in autologous and allogeneic iPSC-treated wounds were sig-
nificantly higher than those in wounds treated with PBS. Furthermore,
significant difference was observed between wounds treated with au-
tologous and allogeneic iPSCs (Fig. 5).

3.9. Wounds treated with autologous iPSCs were morphologically more
similar to normal skin than those treated with allogeneic iPSCs

Surprisingly, all healedwounds had hair, as shown in Fig. 2.Wounds
treated with autologous iPSCs were morphologically better than those
treated with allogeneic iPSCs. The former became similar to normal
skin, upon healing, on day 14. This phenomenon was verified by sec-
tioning the whole paraffin block and staining the sections at an interval
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of 4 sections. Sections cut through the centre of the lesionwere used for
immunohistochemistry orMasson's trichrome staining (Fig. 3d and 4a).

3.10. More autologous than allogeneic iPSC exosomes are detected inside
cells of skin wounds

Exosomes were also labelled with PKH26 (red fluorescence) prior to
being applied to the wound surface. Both autologous and allogeneic
exosomes were detected inside cells of the skin wounds on day 3. The
up-taken of autologous exosomes was significantly higher than that of
the allogeneic exosomes (Fig. 6a and b).

3.11. Autologous iPSC exosomes are more effectively accelerate wound
healing, epithelisation, and angiogenesis compared to allogeneic iPSC
exosomes

Similar to iPSCs, both autologous and allogeneic iPSC exosomes ac-
celerated wound closure when compared to the PBS control. The autol-
ogous iPSC exosomes were more efficient than allogeneic iPSC
exosomes (Fig. 6c, Supplementary Fig. 3a). Although there were no sta-
tistically significant differences in wound closure speed between autol-
ogous iPSCs and their exosomes or between allogeneic iPSCs and their
exosomes (Fig. 6d), morphological examination on day 14 showed
that lesions treated with autologous iPSC exosomes were like a typical
healed skin (Supplementary Fig. 3b) while those treated with autolo-
gous iPSCs looked similar to a normal skin (Fig. 4a).

In particular, the exosomes promoted epithelisation. Thicknesses of
epithelial layer were 181.4 ± 6.54, 157.2 ± 9.407and 108.9 ± 10.75
μm in the autologous iPSC exosome, allogeneic iPSC exosome, and PBS
groups, respectively, on day 7 (Fig. 6e and Supplementary Fig. 3b). Au-
tologous exosomes were most effective. On day 14, the epithelial layer
on wounds treated with autologous iPSC exosomes was most signifi-
cantly remodelled. The effect of these exosomes on collagen deposition
was similar to that on epithelisation (Fig. 6f and Supplementary Fig. 3b).

The exosomes also promoted angiogenesis in thewounds. The num-
ber of CD34-positive capillaries in wounds treated with autologous iPSC
exosomeswas significantlymore than that inwounds treatedwith allo-
geneic iPSC exosomes or PBS on both day 7 and 14. The effect of alloge-
neic iPSC exosomes was significantly better than that of PBS on day 7
(Fig. 6g and Supplementary Fig. 3c).

3.12. Exosomes increased cell viability of injured epidermal, endothelial,
and fibroblastic cells

Exosomes isolated from the four rhesus macaques were separately
used to treat the cells. While they did not affect the viability of the
cells without any harmful treatment, they significantly increased viabil-
ity of cisplatin-injured epidermal, endothelial, and fibroblastic cells
(Fig. 6h).

3.13. Either autologous or allogeneic iPSC exosomes induced pluripotency in
exosome-receiving cells

The exosomes isolated from all four monkey iPSC lines were nega-
tive for pluripotent reprogramming markers (OCT4, SOX2, KLF4, and
c-Myc), and positive for exosome markers (TSG101 and ALIX)
(Fig. 7a). Either of autologous or allogeneic exosome-treated skin le-
sions on day 14 was positive for pluripotency markers (OCT4 and
SSEA4), as demonstrated by immunohistochemistry (Fig. 7b) andWest-
ern blotting (Fig. 7c).

iPSC exosomes contained mRNAs of pluripotency markers OCT4,
SOX2, KLF4, and Nanog. The mRNA levels of pluripotency markers in
iPSC exosomes were significantly lower than those in iPSCs (Fig. 7d).

OCT4, SOX2, KLF4, and Nanog mRNA levels in fibroblastic cells
treated with iPSC exosomes for 16 h were 2.75, 1.82, 1.55, and 3.73
fold of those in fibroblastic cells without exosome treatment,
respectively. As positive controls, the mRNA levels in iPSCs were
2830.62, 14.16, 25.78, and 31.51 fold of those in fibroblastic cells with-
out exosome treatment, respectively. The mRNA levels of OCT4, SOX2,
KLF4, and Nanog in fibroblastic cells harvested 4 h after iPSC exosome
incubation were 5.78, 3.01, 8.54, and 3.37 times of those in fibroblastic
cells harvested 16 h after incubation (Fig. 7e).

Some fibroblastic cells were incubated in iPSC exosome-containing
medium for 4 h followed by iPSC exosome-free medium for 12 h, or in
iPSC exosome-containing medium for 16 h followed by iPSC exosome-
free medium for 24 h. Compared to the cells harvested at 4 h or 16 h
after iPSC exosome incubation, those incubated 4 h with exosomes
followed by 12 h without exosomes, or 16 h with exosomes followed
by 24 h without exosomes showed decreased levels of pluripotent fac-
tor mRNAs (close to 1), similar to those without iPSC exosome treat-
ment from the beginning (= 1) (Fig. 7e).

None of the iPSC exosome-treated fibroblastic cells was positive for
pluripotent factors (Fig. 7g). The negative result was confirmed by
Western blotting (Fig. 7f). Serving as positive controls, both immunoflu-
orescence staining andWestern blotting confirmed that iPSCs contained
significant amount of pluripotent factor proteins (Fig. 7g and f).

3.14. Subcutaneously injected allogeneic, but not autologous, iPSCs gener-
ated host immune response

To determine whether an immune response is generated to autolo-
gous or allogeneic iPSCs, cells were injected subcutaneously, as in case
of the teratoma formation, 2 months after the teratoma assay. Injection
site and surrounding tissues were collected 3 days after iPSC injection.
Western blotting showed that all the allogeneic iPSC-containing tissues,
but none of the autologous iPSC containing tissues, were positive for the
pan T lymphocyte marker CD3 and B lymphocyte maker CD20 (Fig. 8a).
In the meantime, all the allogeneic iPSC-treated lesions, but none of the
autologous iPSC treated lesions, were positive for CD3 and CD20
(Fig. 8b). All tissues containing subcutaneously injected exosomes or
skin lesions containing topically delivered exosomes were negative for
CD3 and CD20 (Fig. 8c). Monocyte/macrophage marker CD68 was neg-
ative in all samples (Fig. 8a–c).

3.15. iPSC-treated wounds do not develop teratoma

None of the rhesus macaques developed teratoma in the wounds
(Fig. 2a and Supplementary Fig. 3a).

4. Discussion

Immunogenicity needs to be evaluated before considering iPSCs and
their derivatives for experimental or clinical application [27]. Zhao et al.
failed in generating teratomas using inbred syngeneic mouse iPSC lines,
and identified nine genes that may be responsible for the rejection of
syngeneic mouse iPSCs [5]. In support of these findings, de Almeida
et al. have also reported the rejection of mouse iPSC lines [6]. However,
Araki et al. subsequently claimed that inherent immunogenicity in mu-
rine embryonic stem cell (mESC), syngeneic mouse iPSC lines, and their
cellular derivatives was negligible, although they also found T cell infil-
tration in engrafted cardiomyocytes, with the size of teratomas in wild-
type C57BL/6 animals being slightly smaller than that in SCIDmice [13].
In addition, Strnadel et al. examined the survival of syngeneic and allo-
geneic iPSC-derived neural precursors after spinal grafting in inbred
minipigs [7]. They found the lack of immunogenicity of iPSC-derived
neural precursor cells engrafted into the naïve non-injured or spinal
trauma-injured spinal cord. Moreover, successful engraftment was ob-
served in inbred allogeneic minipigs receiving only time-limited immu-
nosuppression. However, the comparison of immune reaction between
recipients has not yet advanced to assessment of that between the same
animal receiving autologous and allogeneic iPSCs and their derivatives,
nor to that in a model of non-human primates, with the latter being
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Fig. 8. Effects of autologous and allogeneic iPSCs and their exosomes on infiltration of
immune cells. (a) Presence of CD3, CD20, and CD68 proteins in iPSC- or exosome-
containing skin. Western blot images and the detectable rates of corresponding markers
are presented. Protein of autologous peripheral blood mononuclear cells served as
positive control. (b-c) Presence of CD3, CD20, and CD68 proteins in skin lesions three
days after iPSC or exosome treatment. The membranes were over-exposed to avoid false
negative result.
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especially important because it is the most closely model for potential
human clinical application.

Host immune response does not necessarily translate into immune
rejection. If the heterogenic antigens comprise intracellular proteins,
rather than secreted proteins or membrane proteins with extracellular
profiles, minimal opportunities exist for the immune system to contact
the antigens when the cells are alive. Moreover, an immune response
raised by intracellular antigens released from dead cells does not have
the chance to reach their targeted intracellular antigens while the cells
remain alive. Thus, the best approach to test whether iPSCs can survive
beyond an incompletely differentiated stage in vivo is to utilize a tera-
toma assay in immunocompetent animals. In the present study, iPSC
lines from four different monkey consanguineal families were used to
tested teratoma formation. All four monkeys subcutaneously injected
with autologous iPSCs generated teratomas in 100% of the injection
sites, whereas none of the monkeys generated teratomas in sites
injected with allogeneic iPSCs. The result showed that, in all 12 cross-
evaluation combinations, non-inbred allogeneic primate iPSCs do not
survive for a long time. Subsequently, to demonstrate whether the ini-
tial injection generated immune response, secondary injection of the
iPSCs was performed. The injected cells and surrounding tissue were
harvested three days after injection to avoid the presence of iPSC-
derived lymphocytes. These results further confirmed that themonkeys
developed an immune response to all non-inbred allogeneic iPSCs,
demonstrated by the infiltration of CD3- and CD20-positive cells. Nei-
ther autologous nor allogeneic iPSCs, nor their exosomes, caused innate
immune response, as demonstrated by the absence of macrophage in
iPSC- or exosome-receiving tissue.

Wound healing constitutes an integrated and well-coordinated
chain of events that involves interactions among different cells, extra-
cellular matrix molecules, soluble mediators, and cytokines [28]. Nu-
merous types of stem cells and their derivatives represent candidates
for stem cell therapy, with each exhibiting distinct advantages and dis-
advantages. For example,MSCs aremost commonly tested in vivo. Stud-
ies have shown that local or systematic administration ofMSCs [24] and
endothelial progenitor cells [29] improvewound closure. However, pre-
paring the appropriate number of personalized MSCs or endothelial
progenitor cells is extremely challenging [3]. In comparison, iPSCs com-
prise an abundant and malleable source with enhanced differentiation
potential for cell therapy, which may overcome this hurdle [3,30]. Re-
quiring generation only once in a lifetime, unlimited numbers of per-
sonalized iPSCs can be prepared and stored for all future applications.
For example, in the present study, we showed that topically adminis-
tered iPSCs accelerated healing of full-thickness skin wounds in mon-
keys. Although both autologous and allogeneic iPSCs were effective,
more autologous iPSCs survived in thewound, thereby enhancing over-
all efficacy. Notably, all healed wounds had hair. Wounds treated with
autologous iPSCs looked similar to normal skin on day 14; this could
possibly be due to the small size of wound (only 4 mm in diameter).

Wound healing requires angiogenesis to bring nutrition to the cells,
deposition of extracellular matrix tissue to replace tissue loss, and epi-
thelial proliferation to restore the boundary between the body and its
environment. Through histological examination, we demonstrated
that capillary number, collagen deposition, and the thickness of the ep-
ithelial layer in the wounds were increased significantly by iPSC-
treatment compared with treatment with PBS before day 10. By day
14, the epithelial thickness in autologous iPSC-treated wounds had vir-
tually been remodelled and returned to normal, whereas thickness in
Fig. 7.Macaque iPSC-derived exosomes did not induce pluripotency of host cells in skin lesion
KLF4, and c-Myc), and positive for exosome markers (TSG101 and ALIX) as shown by western
SSEA4), as demonstrated by immunohistochemistry. Macaque iPSCs, smeared on glass slides
(OCT4 and SSEA4), as demonstrated by western blotting. Homogenate of iPSCs served as posi
(d) OCT4, SOX2, KLF4, and Nanog mRNA levels in fibroblastic cells, iPSCs, and iPSC-derived ex
iPSC exosome-containing medium or exosome-free medium. mRNAs from iPSCs served as po
cells treated with iPSC exosome-containing medium and iPSCs. Exo 4 h and Exo 16 h represen
represent cells incubated in iPSC exosome-free medium. n = 3.
PBS- or allogeneic iPSC-treated wounds was still increasing. There was
no difference in collagen deposition among groups by day 14. Notably,
the time frames of these parameters matched the timing of non-
intervened wound closure. Consistent with wound closure, autologous
iPSCs were more effective than allogeneic iPSCs in promoting epithelial
recovery, angiogenesis, and collagen deposition.

Stem cells promote tissue repair and regeneration by providing
functional parenchymal cells, promoting angiogenesis, and secreting
beneficial substances. Absence of administered iPSCs in the epidermal
layer indicated that their transformation into epidermal cells is not the
mechanism underlying promoting skin wound healing. Rather, co-
localization of labelling signals of some administered cells and new en-
dothelial cells demonstrated that some of the administered cells
s. (a) The exosomes were negative for pluripotent reprogramming markers (OCT4, SOX2,
blotting. (b) Host cells in skin lesions were negative for pluripotency markers (OCT4 and
, were used as positive controls. (c) Skin lesions were negative for pluripotency markers
tive controls; n = 4 for autologous iPSC treatment; n = 12 for allogeneic iPSC treatment.
osomes. (e) OCT4, SOX2, KLF4, and Nanog mRNA levels in fibroblastic cells treated with
sitive controls. Immunofluorescence staining (f) and Western blotting (g) of fibroblastic
t cells incubated with exosome-containing medium for 4 h and 16 h, respectively. Media
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differentiated into endothelial cells and participated in promoting
angiogenesis.

iPSC-secreted exosomes represent a functional natural source of
therapeutic substances, carrying a complex cargo of proteins, lipids,
and nucleic acids [31–33]. Exosomes from embryonic, mesenchymal,
and hematopoietic stem cells exert beneficial effects on different
exosome-receiving cells by acting asmediators of cell-to-cell communi-
cation [17,34–36]. Numerous functionally cooperative proteins are si-
multaneously packed and delivered by exosomes, allowing co-
functionality. In addition, such cargo is protected by a biomembrane
[37], rendering them less accessible to enzymes and other materials
that can destroy proteins. Therefore, exosome-packaged proteins are
more stable and efficient than individually secreted proteins.

Despite having strategies to reduce the risk of teratoma formation
following iPSC transplantation, the risk of forming teratomas remains
a concern for therapeutic applications of iPSCs and iPSC-derived differ-
entiated cells [38]. Using 53 experimental conditions and disease
models, we recently demonstrated that intravenously or topically dis-
seminated iPSCs do not form teratoma; the injected iPSCs do not differ-
entiate into long-lasting stromal cells, such as neural and myocardial
cells, and lose pluripotency within 3 days in vivo [16]. In the present
study, no teratoma was found in the iPSC-administered skin wounds,
and no administered cell remained in pluripotent state after 14 days
of administration. Exosomes released from iPSCs are not expected to
transform into teratoma, since they are chromosome-free. However,
cells selectively sorted a fraction of different types of cellular proteins
in different amounts into exosomes [31]. We found that common plu-
ripotent factors such as OCT4, SOX2, KLF4, and c-Myc were not sorted
into exosomes, thereby diminishing the possibility that iPSCs trans-
ferred pluripotency to other cells through exosomes. Another possible
mechanism of transferring pluripotency through exosomes is via
exosomes carrying mRNAs of pluripotent factors. Khan et al. reported
the presence of mRNAs of pluripotent factors in fibroblastic cells har-
vested 24 h after incubation with exosomes obtained from mouse em-
bryonic stem cells [17]. We did find low levels of mRNAs of
pluripotent factors in iPSC-secreted exosomes. The presence of these
mRNAs in exosome-receiving cells was transient, and the transferred
mRNAs were not sufficient to be translated into detectable amount of
proteins of pluripotent factors. Furthermore, neither autologous nor al-
logeneic exosomes were found to induce the expression of stem cell
markers in exosome-receiving tissue or cells. Thus, our results con-
firmed that exosomes carry no risk of forming teratomas. iPSC-derived
exosomesmay constitute a promising alternative to intact iPSC therapy.
When the effect of iPSCs and their exosomeswere compared, there was
no statistically significant difference in wound closure speed between
autologous iPSCs and their exosomes or between allogeneic iPSCs and
their exosomes, although morphological examination on day 14
showed that lesions treated with autologous iPSCs were more similar
to normal skin than those treated with autologous iPSC exosomes.
This result indicated that exosome is one of the major participants by
which iPSCs promote wound healing.

In addition, autologous and allogeneic iPSC exosomes were com-
pared with regard to skin wound healing in monkeys that had previ-
ously received two subcutaneous injections of intact iPSCs for
observations of teratoma formation and immunogenicity. Although
fewer allogeneic iPSC exosomes were uptaken by cells in the wounds
than autologous iPSC exosomes, and were not as effective as intact
iPSCs and autologous iPSC exosomes, allogeneic iPSC exosomes were
considered sufficiently effective in accelerating wound healing. We
also demonstrated that exosomes promote the viability of epidermal,
endothelial, and fibroblastic cells, the three major cells responsible for
skin wound healing. Considering the advantages of mass-production,
potential for using higher dosage, and lack of teratoma formation, allo-
geneic iPSC exosomes may thus represent the product of choice
among autologous and allogeneic iPSCs and their derivatives for
promoting skin wound healing. Accordingly, may become the next
“off-the shelf” cell-free product for wound healing.

In summary, we showed that both autologous and allogeneic iPSCs
as well as their exosomes accelerated the healing of full-thickness skin
wounds in the rhesus macaque. Allogeneic iPSCs were attacked by the
immune system and, along with their exosomes, were less effective
compared to their autologous counterparts. Nevertheless, allogeneic
iPSC exosomes could constitute the next “off-the shelf” product for
wound healing owing to their cell-free nature and potential for mass
production.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2019.03.011.
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