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Abstract

Immune rejection and risk of tumor formation are perhaps the greatest hurdles in the field of stem
cell transplantation. Here, we report the generation of several lines of induced pluripotent stem
cells (iPSCs) from Cynomolgus macaque (CM) skin fibroblasts carrying specific major
histocompatibility complex (MHC) haplotypes. In order to develop a collection of MHC-matched
iPSCs, we genotyped the MHC locus of 25 CM by microsatellite PCR analysis. Using retroviral
infection of dermal skin fibroblasts, we generated several CM-iPSC lines carrying different
haplotypes. We characterized the immunological properties of CM-iPSCs and demonstrated that
CM-iPSCs can be induced to differentiate in vitro along specific neuronal populations, such as
midbrain dopaminergic (DA) neurons. Midbrain-like DA neurons generated from CM-iPSCs
integrated into the striatum of a rodent model of Parkinson’s disease (PD) and promoted
behavioral recovery. Importantly, neither tumor formation nor inflammatory reactions were
observed in the transplanted animals up to six months after transplantation. We believe that the
generation and characterization of such histocompatible iPSCs will allow the pre-clinical
validation of safety and efficacy of iPSCs for neurodegenerative diseases and several other human
conditions in the field of regenerative medicine.
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Introduction

One of the major obstacles in the field of regenerative medicine is the need for
immunosuppressive treatments in order to prevent graft rejection and graft versus host
disease (GVVHD). The recent advances in the field of cell reprogramming and the generation
of patient-specific induced pluripotent stem cells (iPSCs) can theoretically overcome such
limitations by allowing autologous transplants=3. Dermal fibroblasts are currently the most
common tissue source for the generation of iPSCs. Such somatic cells are easily obtained by
non-invasive skin biopsies and iPSCs can be derived and differentiated into several lineages
without the ethical concerns of embryonic stem cells (ESCs). With respect to cell therapy,
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iPSC technology could also provide an alternative to ESCs for the generation of a human
leucocyte antigen (HLA)-haplotyped bank of pluripotent stem cell lines for clinical
applications®. Nonhuman primates (NHP) are important models for major human diseases,
including neurodegenerative diseases, and transplantation research®: 6. Mauritian
Cynomolgus macaques (CM) (Macaca fascicularis) exhibit limited MHC diversity, and
almost all of the MHC genetic diversity in this population is distributed among seven
haplotypes (H1-H7)7. Specific CM MHC haplotypes can be identified by genetic screening
using a panel of microsatellite markers®. The generation of MHC-matched iPSCs from NHP
would therefore be of great value for immunological research and pre-clinical validation of
histocompatible iPSCs in regenerative medicine.

Immunological reactions also occur in "immune-privileged" organs such as the central
nervous system. The activation of the innate and adaptive immune system in the brain can
interfere with the functional engraftment of the transplanted neurons. The generation of
patient-specific iPSCs can overcome such limitations by allowing autologous transplants
and the establishment of histocompatible stem cell banks. The first necessary step toward
the clinical use of such iPSCs is the generation of NHP iPSCs and the characterization of the
immunogenicity, tumorigenicity, and functional relevance of their neuronal derivatives in
experimental models of neurodegenerative diseases. Here we describe the generation of a
collection of histocompatible NHP iPSCs, and their functional validation in rodent models
of Parkinson’s disease (PD).

Material and Methods

Animals

Adult female Sprague-Dawley rats (200-250 g) were purchased from Charles River
(Wilmington, MA). Female Sprague-Dawley rats with a unilateral 6-hydroxydopamine (6-
OHDA) lesion were obtained from Taconic (Taconic Farms Inc., Germantown, NY). Four
adult male Mauritian CM were used to obtain skin biopsies® 10. All animal procedures were
performed in accordance with the guidelines of the National Institutes of Health and
approved by the Institutional Animal Care and Use Committee (IACUC) at McLean
Hospital and the New England Regional Primate Research Center, Harvard Medical School.

MHC cloning and sequencing

Prospective MHC typing was performed at Wisconsin National Primate Research Center,
(University of Wisconsin, Madison), as described®.

Fibroblast cell culture

Dermal fibroblasts from an Indonesian CM were purchased from Coriell Cell Repositories
(Camden, NJ). Fibroblasts were generated from explants of 3 mm dermal biopsies obtained
from Mauritian CM. Dermal pieces were incubated for 2 hrs with 1000 U/ml collagenase B
(Roche, Indianapolis, IN) at 37°C. Cells were replated in growth medium [Dulbecco’s
modified eagle medium (DMEM, Thermo Scientific HyClone, Waltham, MA), 10% fetal
bovine serum (FBS, Invitrogen, Carlshad, CA)]. After 2 weeks, fibroblast outgrowths from
the explants were passaged with 0.05% trypsin.

Peripheral blood mononuclear cell isolation

PBMCs were isolated by centrifugation over a 95% Ficoll-Paque™ PLUS (GE Healthcare
Life Sciences, Piscataway, NJ) gradient and re-suspended in RPMI 1640 medium (GIBCO,
Invitrogen) supplemented with 10% FBS.
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Generation of cynomolgus macaque induced pluripotent stem cells

Human OCT4, SOX2 and KLF4, c-MYC retroviral vectors were obtained from Addgene
(Cambridge, MA). To generate virus, 293T cells in 10-cm plates were transfected with 2.5
ug of retroviral vector, 0.25 pg of VSV-G vector and 2.25 pg of Gag-Pol vector. Two days
after transfection, supernatants were filtered and centrifuged. To produce monkey iPSCs,
1x10"5 fibroblasts were plated in one well of a six-well plate and infected with retrovirus
(MOI=10) with 8pug/mL polybrene (Sigma-Aldrich, St. Louis, MO). Three days after
infection, cells were split into plates pre-seeded with mouse embryonic fibroblasts (MEF,
GlobalStem, Rockville, MD). Medium was changed to hESC medium 5 days after infection.
CM-iPSCs and human ESCs were grown according to standard protocols!t. All experiments
were approved by the Partners Embryonic Stem Cell Research Oversight (ESCRO)
Committee under protocol number 2006-04-001A.

Alkaline phosphatase detection and immunocytochemistry

Alkaline phosphatase detection (AP) staining was performed using Alkaline Phosphatase
Detection Kit (Chemicon, Temecula, CA), according to the manufacturer’s instructions. For
immunocytochemistry, cells were fixed in 4% paraformaldehyde for 10 minutes, rinsed with
PBS, and blocked by 10% donkey serum in PBST (PBS+0.1% TritonX-100) for 60 minutes.
Immunofluorescent staining was performed as previously described2. Primary antibodies
included SSEA-4 (1:500, DSHB, lowa City, IA), TRA-1-60 (1:50, Chemicon), TRA-1-81
(1:50, Chemicon), NANOG (1:100, R&D systems, Minneapolis, MN), Oct-4 (1:100, Santa-
Cruz Biotechnology, Santa Cruz, CA), B-Tublll (1:1000, Chemicon), TH (1:1000, Pel-Freez
Biologicals, Rogers, AR), FOXA2 (1:100, Santa-Cruz Biotechnology).

Karyotyping
G-banding chromosomal analysis was performed by Cell Line Genetics (Madison,W1).

Teratoma formation and analysis

Teratoma assay was performed by Applied Stem Cell (Menlo Park, CA). iPSCs were
harvested by 1mg/ml dispase. iPSCs were collected by centrifugation and resuspended in
50% Matrigel. 1x1076 iPSCs were injected under the kidney capsule of NOD-SCID mice.
Tumors developed within 4-8 weeks and teratomas were isolated after sacrificing the mice
and fixed in formalin. After sectioning, teratomas were diagnosed based on hematoxylin and
eosin staining.

In vitro differentiation

In vitro DA neuronal differentiation was performed as previously described!3. Briefly,
neural differentiation was induced by co-culture on a stromal feeder cell line (MS5) with the
addition of 300ng/ml noggin for 21 days (R&D Systems, Inc., Minneapolis). Stem cells
were cultured for 14 days in serum replacement medium [KnockOutTM DMEM
supplemented with 15% KnockOutTM Serum Replacement, 1mM glutamine and 1%
nonessential amino acids (all from Invitrogen, Carlsbad, CA)], followed by 7 days of culture
in N2-medium consisting of DMEM/F12 (Invitrogen) supplemented with N2-A (Stem Cell
Technologies; Vancouver, BC, Canada). At day 21, rosette structures were manually picked
and plated on poly L-ornithine/laminin (Sigma-Aldrich) coated culture dishes. DA
differentiation was induced by culturing cells for 16 days in N2-medium containing 200 ng/
ml N-terminal fragment of Shh (R&D Systems), 100 ng/ml murine FGF8-b (R&D Systems),
20 ng/ml BDNF (PeproTech EC Ltd., London) and 200 uM ascorbic acid (Sigma-Aldrich).
Cells were terminally differentiated in N2 medium containing dibutyryl CAMP (1 mM,
Sigma—Aldrich), 200 pM ascorbic acid, 1ng/mL TGFB3 (Calbiochem, San Diego), 20 ng/
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mL GDNF (Sigma-Aldrich),100 ng/mL Wnt5a (R&D system), 20 ng/mL FGF2
(Invitrogen), 100 ng/mL FGF20 (Peprotech), 20 ng/ml BDNF (Peprotech) for 5 days.

Quantitative Real-Time PCR

Total RNA was extracted with an RNeasy kit (QIAGEN) as described14. The expression
level of each gene was normalized to endogenous B-actin. Fold-change in gene expression
was calculated using 2-AACT method®. All the results are from three technical replicates
of three independent experiments. Primer sequences are available upon request.

Flow Cytometry Analysis

Flow cytometry was performed as previously described'. The following antibodies and
their respective isotype controls were used: HLA-A, B, C; HLA-DP, DQ, DR and CD16
(BD-Pharmingen, San Diego, CA). Flow cytometric analysis was performed on a
fluorescence-activated cell sorter FACSAria using FACSDiva software (BD Biosciences)
and data were analyzed using FlowJo software (Tree Star, Ashland, OR). In some
conditions, 25 ng/ml recombinant human IFN-y (R&D systems) was added to the culture
medium and cells analyzed after 2 days.

Transplantation into naive rats and 6-Hydroxydopamine-lesioned rats

Histological

Five days after changing into the final differentiation media, cells were trypsinized and
resuspended in HBSS containing 10 ug/ml GDNF at a density of 100,000 cells/uL.
Unlesioned rats received 200,000 cells as 1 deposit at the following coordinates from
bregma: AP +0.4; ML -3; DV -5.0. 6-OHDA lesioned rats were grafted into the striatum
with 4 pl of cell suspension as 2 deposits of 200,000 cells using the following coordinates
from bregma: site 1: AP +0.4; ML -3; DV -5.0; site 2: AP —0.5; ML -3.6; DV -5.0. Cells
were engrafted at a rate of 0.3 pl per minute. Rats were immunosuppressed with cyclosporin
A (10 mg/kg/day, Sandimmune, Sandoz, East Hannover, NJ). Rotational asymmetry of 6-
OHDA-lesioned rats was analyzed after i.p. injection of amphetamine (4 mg/kg; 90 min) or
s.c. injection of apomorphine (0.1 mg/kg; 40 min) two weeks before transplantation and at 4,
8, 12, 16 and 24 weeks after transplantation.

and stereological procedures

Immunofluorescent staining was performed as previously described!3. The following
primary antibodies were used: sheep/rabbit anti-TH (1:1000, Pel-Freez Biologicals), rabbit
anti-Pitx3 (1:250, Chemicon), goat/mouse anti-Foxa2 (1:100, Santa Cruz Biotechnology),
rabbit/chicken anti-B—Tublll (1:1000, Tuj1, Covance, Princeton, New Jersey), rabbit anti-
GFAP (1:1000, DAKO, Carpinteria, CA), mouse anti-SSEA-4 (1:500; DSHB), mouse anti-
Oct4 (1:100, Santa Cruz Biotechnology), mouse anti-Calbindin (1:2000, Swant, Bellinzona,
Switzerland), rabbit anti-Ki-67 (1:1000, Vector Laboratories, Burlingame, CA), rabbit anti-
Ibal (1:200, Wako, Osaka, Japan), rabbit anti-Girk2 (1:80, Alomone Labs Ltd, Jerusalem,
Israel), mouse anti-hNCAM clone Ericl (1:100, Santa Cruz Biotechnology), mouse anti-
human-syntaxin (1:50, Chemicon). For light microscopy, biotinylated secondary antibodies
(1:300, Vector Laboratories) were applied to detect anti-TH and anti-hNCAM antibody,
followed by incubation in streptavidin-biotin complex (Vectastain ABC Kit Elite; Vector
Laboratories) for 1h and visualized by incubation in 3,3 - diaminobenzidine (DAB; Vector
Laboratories). Confocal analysis was performed using a Zeiss LSM510/Meta Station
(Thornwood). Stereology was performed using Stereo Investigator image-capture equipment
and software (MicroBright-Field,) and a Zeiss Axioplan I fluorescent microscope. Graft
volumes were calculated using the Cavalieri estimator probe. The coefficient of error was
used to assess probe accuracy and P < 0.05 was considered acceptable. Cell counts of TH*
neurons were performed on every sixth (TH) section using an Axioplan microscope (Zeiss)
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under a 20x lens. Counts from serial sections were corrected and extrapolated for whole
graft volumes using the Abercrombie method!?. Co-expression of Ki-67/hNCAM, FOXA2/
TH and Pitx3/TH was assessed in random fields in all available sections containing the graft
within one series.

Statistical analysis

Results

Data are expressed as mean + SEM. Comparisons between the groups were performed using
one-way Anova, and the effect of the graft on amphetamine rotation over time was evaluated
using repeated-measures Anova. A simple regression analysis was performed to evaluate
correlation between TH* neurons and behavioral recovery. Based on the results reported in
our previous publications!3 18. 19 only animals with grafts containing TH+ neurons (=500)
were included in the analysis. Significance was considered for P<0.05.The Statistical
Package GraphPad Prism version 4.00 (GraphPad Software, San Diego California USA) was
used to analyze the data.

Microsatellite genotyping of Mauritian Cynomolgus macaques

In order to generate CM-iPSC lines fully or partially matched for MHC alleles, 25 Mauritian
CM in our cohort were genotyped for the seven common MHC haplotypes (H1-H7) using
microsatellite-based PCR920: 21, Sych genetic analysis revealed that H1 and H3 were the
most common haplotypes among this cohort of animals (32%), followed by H2 (28%)
(Supplementary Fig. 1). Haplotype H7, a rare Mauritian haplotype (frequency <1%), was
found in one animal in the current study. Thirty-six percent of the haplotypes were simple
recombinants of two or three of the six major haplotypes (Supplementary Fig. 1).

Generation of isogenic Cynomolgus macaque induced pluripotent stem cells

Primary skin cells were isolated by biopsy from 4 CM (MF 27-04, MF 25-04, MF 95-06 and
MF 66-02) (Supplementary Table 1). Dermal fibroblasts from an Indonesian CM (MF 01)
were also used in this study. The class IA region of the H1, H2 and H3 haplotypes only
differs by a single amino acid residue in the signal peptide that is cleaved from the mature
class | protein8. These class | alleles are therefore considered functionally equivalent®.
Based on the MHC haplotype frequency in our cohort, we predicted that generating iPSCs
from MF 66-02 and MF 95-06 would provide a full match for 20% of recipients (MHC
identical), a beneficial match for 60% of recipients (shared haplotype) and MHC-1 match for
28% of recipients (MHC-I identical) (Supplementary Fig. 1). Transgenes encoding human
KLF4, SOX2, OCT4, and c-MYC were introduced into fibroblasts by means of vesicular
stomatitis virus glycoprotein (VSVg)—pseudotyped Moloney-based retroviruses. Three days
after infection, the fibroblasts displayed morphological changes and were replated onto
irradiated mouse embryonic fibroblast feeders (MEF). Six to eight weeks after infection, a
small number of colonies with an ESC-like morphology with high nucleus-to-cytoplasm
ratio and prominent nucleoli were identified and manually picked (Fig. 1A—C). From each
well (1 x 10° cells), approximately 5 colonies were obtained (0.005% reprogramming
efficiency). Colonies were manually picked every 7 days and displayed growth rates
comparable to that of human ESCs and human iPSCs. Such colonies were propagated up to
twenty passages. To demonstrate CM-iPSCs pluripotency in vitro, we stained colonies for
pluripotency markers. All the clones stained positive for Nanog, Oct4, SSEA4, TRA-1-60
and TRA-1-81 (Fig. 1D). Colonies were also positive for Alkaline Phosphatase (AP) (Fig.
1E). CM-iPSCs lines maintained a normal karyotype over several passages (Fig. 1F). RT-
PCR analyses performed using primers specific to the retroviral transcripts demonstrated
complete silencing of viral transgenes, and reactivation of the endogenous loci (Fig. 1G).
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Microsatellite analysis confirmed that CM-iPSCs maintained the HLA haplotype of the
parental fibroblasts after viral-mediated reprogramming (Supplementary Fig. 2).

To demonstrate pluripotency in vivo, three CM-iPSC lines (MF 01, MF 27-04, MF 25-04;
1x10"6 cells) were injected under the kidney capsule of nonobese diabetes/severe-combined
immunodeficient (NOD/SCID) mice (Supplementary Table 2). All iPSC lines formed
teratomas within 4-8 weeks, which were comprised of tissues developing from all
embryonic germ layers including glands and ducts (endoderm), adipose tissue, blood
vessels, skeletal muscle and smooth muscle (mesoderm), neural rosettes and pigmented
neural epithelium (ectoderm) (Supplementary Fig. 3).

Immunological characterization of Cynomolgus macaque induced pluripotent stem cells

We next characterized the expression of surface immunological markers on undifferentiated
CM-iPSCs and their neural derivatives, including neural precursors (NP) and differentiated
neurons. Expression of MHC-I and MHC-I1 proteins was analyzed by flow cytometry using
antibodies directed against CM HLA-A/B/C and CM HLA-D/DQ/DR, respectively. Natural
killer cells (NK) were analyzed by using an antibody against the NK-receptor CD16. The
analysis of the immunophenotype of human ESCs (hESCs, H9) was also performed. Our
analysis showed that undifferentiated CM-iPSCs and human ESCs express very low levels
of MHC-I (Supplementary Fig. 4). MHC-11 and CD16 were not detected on undifferentiated
cells (Supplementary Fig. 4). We then examined the influence of interferon gamma (IFN-vy)
treatment on the expression of such immune molecules. IFN-vy is a pro-inflammatory
cytokine, member of type Il class of interferons. It has several biological properties in the
course of innate and adaptive immune responses, one of which is the increased expression of
MHC-1 and -11 proteins. CM-iPSCs and hESCs were treated with 25 ng/mL IFN-y.
Expression of MHC-I, MHC-1I and CD16 was analyzed after 48 hours by flow cytometry.
Our analysis revealed that both CM-iPSCs and hESCs increased MHC-I expression upon
IFN-7y treatment (Supplementary Fig. 4). However, differences were detected among
different iPSC lines (Supplementary Fig. 4). Interestingly, the increase of MHC-1 after IFN-
v was more evident in hESCs (Supplementary Fig. 4). IFN-y induced a small increase of
CD16 expression in hESCs but not in CM-iPSC lines. IFN-y treatment did not affect MHC-
Il expression in any of the lines (Supplementary Fig. 4).

We next investigated whether neuronal differentiation influences the expression of MHC-I,
MHC-II and CD16. CM-iPSCs were differentiated according to the stromal feeder cell-
based differentiation protocol with some modifications3: 22 (Fig. 2A). NP [stage 1, day in
vitro (DIV) 27] and fully differentiated neurons (stage 2, DIV 42) were harvested for FACS
analysis. NP and differentiated neurons expressed levels of MHC-I higher than
undifferentiated cells (Supplementary Fig. 5). IFN-y treatment increased MHC-1 expression
on NP and neurons (Supplementary Fig. 5). Differences in the response to IFN-y were
detected among different lines (Supplementary Fig. 5). MHC-11 and CD16 were affected
neither by neuronal differentiation nor IFN-vy treatment.

In vitro differentiation of CM-iPSCs into DA neurons

We next investigated the potential of 4 CM-iPSC lines (MF 01, MF 27-04, MF 25-04 and
MF 95-06) to differentiate into DA neurons in vitro, using a protocol described in our
published work showing the generation of midbrain-like DA neurons from parthenogenetic
primate ESCs13 (Fig. 2A). At the end of the differentiation protocol (DIV 42), cultures were
stained for tyrosine hydroxylase (TH) and neuron-specific class I11--tubulin (B-TublII™) to
label DA neurons. CM-iPSCs generated neural rosettes at DIV 21(Fig. 2C) and DA neurons
at DIV 42 (Fig. 2D-F). However we detected some differences in the number of total p-
Tublll* neurons and TH* cells (MF 01, B-Tublll* 34+4.2%, TH* 2.8+1.3; MF 27-04, B-
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Tublll* 35+3.5%, TH* 5.1+0.9%; MF 25-04, B-Tublll* 29+2.1%, TH* 2.5+1.2; MF 95-06,
B-Tublll* 36+1.4%, TH* 4.9+2.4%) (Fig. 2B). Such variability is in line with the variability
among different human iPSC lines?3. Differentiated TH+ neurons expressed the midbrain
marker FOXAZ2 (Fig. 2G). Quantitative RT-PCR further confirmed expression levels of
midbrain DA markers in differentiated cultures such as FOXAZ2, vesicular monoamine
transporter (VMAT), calbindin, aldehyde dehydrogenase 2 (ALDH), aromatic-L-amino acid
decarboxylase (ADDC) and En1 (Fig. 2H).

Transplantation of iPSC-derived DA neurons into the striatum of naive rats

We have recently shown that human iPSCs derived from healthy subjects and idiopathic PD
patients survive upon transplantation in the striatum of naive rats, and reveal a specific and
reproducible pattern of neuronal outgrowth and targeting of long-distance brain areas 4
weeks after transplantation?3. Such short-term in-vivo bioassay was therefore utilized to
screen the capability of differentiated CM-iPSC neurons to survive and project after
transplantation. CM-iPSCs were differentiated as described above, harvested at DIV 42, and
200,000 cells were transplanted into the right striatum of naive rats under
immunosuppression (n=7). Brains were analyzed 4 weeks after transplantation.
Immunohistochemical analysis for the human specific neural adhesion molecules (nNCAM)
revealed surviving grafts in all the transplanted animals (Fig. 3A—C). Interestingly, grafted
neurons exhibited a pattern of outgrowth similar to the pattern we have recently described
for human iPSC-derived neurons, showing projecting axons into the host striatum (Fig. 3D),
along white matter tracts (e.g. corpus callosum) and into specific close and remote gray
matter target areas (Fig. 3E-F)23. Immunostaining for the ionized calcium-binding adaptor
molecule 1 (Ibal) revealed the absence of microglia reaction around the grafts (Fig. 3G).
Ibal is a Ca2+-binding peptide selectively expressed in microglia/macrophages, and
participates in a variety of pathogenic processes in the mammalian brain and in chronic
transplant rejection?4. Immunostaining with antibodies to the lymphocyte marker CD3
revealed the absence of T-cell infiltration. Neither graft overgrowth nor tumors were
observed 4 weeks after transplantation. To evaluate proliferation in the grafts we examined
Ki-67 immunoreactivity in the brain of representative animals (Fig. 3H). Within the grafts,
between 0.5-3% of the cells were Ki-67" indicating that the majority of transplanted cells
were not proliferative in vivo by 4 weeks. All the grafts stained negative for Oct4 showing
the absence of residual undifferentiated iPSCs (Fig. 3H).

Transplantation of CM-iPSC-derived DA neurons into the striatum of hemiparkinsonian

rats

In order to validate the CM-iPSCs for future preclinical application into NHP, we next
transplanted 400,000 differentiated CM-iPSCs (line MF 01) into the dorso-lateral striatum of
6-OHDA-lesioned rats, an animal model of PD (transplanted rats n=9, lesioned non-
transplanted rats n=4). Amphetamine and apomorphine response were examined before and
at 4, 8, 12 and 16 weeks post-transplantation (Fig. 4A). Animals showed a progressive
decline in ipsilateral rotations starting at 12 weeks after transplantation (p< 0.05, compared
to non-transplanted rats) (Fig. 4A). Grafts were analyzed histologically 16 weeks after
transplantation. All animals had surviving grafts at post mortem analysis (Fig. 4B) as
revealed by immunostaining for ANCAM. All the grafts had surviving TH+ neurons
(1686.7+654.3) and showed partial reinnervation of the host striatum (Fig. 4B-G). All TH+
neurons were co-localized with the human/primate-specific marker NCAM clone ericl (Fig.
5D,F). The degree of behavioral recovery significantly correlated with the number of
surviving TH* neurons (r=0.885, r?=0.784, P=0.01) (Fig. 51). No graft overgrowth was
observed in transplanted animals up to 4 months after transplantation. Immunostaining for
the proliferation marker Ki-67 revealed the absence of proliferating cells within the grafts
(Fig. 5C). We then analyzed whether the neuronal grafts induced astroglial or microglial
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activation. Immunostaining for the microglial marker Ibal and the astrocytic marker GFAP
showed microglial cells with a resting phenotype and a few astrocytes around the grafts (Fig.
5A-B). Immunostaining with antibodies to the lymphocyte markers CD3, CD4 and CD8
revealed the absence of T-cell infiltration (data not shown).

We next analyzed the phenotype of the engrafted neurons. A subset of TH+ neurons co-
expressed GIRK-2 and the transcription factors FOXA2 (30+4.6%) (Fig. 5E) and PITX3
(11£2.4%) (Fig. 5F), which are co-expressed with TH in midbrain DA neurons in the
substantia nigra pars compacta (SNc)2>: 26, We also found that a subset of TH* neurons
coexpressed calbindin (Fig. 5G). Calbindin is expressed preferentially by the medial
midbrain DA neuron subpopulations projecting to limbic territories, and not in the ventral
mesencephalic subpopulation mostly affected in PD2°, In order to verify the formation of
mature synapses on grafted neurons we stained brains for human syntaxin. Immunostaining
for TH and human syntaxin revealed a punctate synaptic expression pattern of syntaxin
within the grafts and in the host striatum (Fig. 5H).

In order to confirm the long-term survival, safety and functional efficacy of CM-iPSCs, we
then transplanted 6-OHDA lesioned rats with differentiated DA neurons generated from a
different CM-iPSC line (line MF 27-04) (transplanted rats n=11, lesioned non-transplanted
rats n=6). Amphetamine and apomorphine responses were examined before and at 4, 8, 12,
16 and 24 weeks post-transplantation (Fig. 6A-B). Analysis of amphetamine-induced
behavior showed a significant reduction of clockwise rotations at 12 weeks after
transplantation (Fig. 6A), indicating significant restoration of function caused by the 6-
OHDA lesion (p<0.05, p<0.01, p<0.05, compared to non-transplanted rats at 12, 16 and 24
weeks respectively). We found that rats transplanted with differentiated CM-iPSCs showed
a significantly reduced number of apomorphine-induced rotations 12 weeks after
engraftment, when compared to the non-transplanted rats (p<0.05, p<0.05, p<0.01,
compared to non-transplanted rats at 12, 16 and 24 weeks respectively) (Fig. 6B). Grafts
were analyzed histologically 6 months after transplantation. All the transplanted animals had
surviving grafts (Fig. 6D-E) with partial reinnervation of the host striatum (Fig. 6F-H) as
revealed by immunohistochemistry for TH. Neither tumor formation (Fig. 6C-E) nor
inflammatory reactions (Fig. 6G) were detected in transplanted animals up to six months
after transplantation.

Discussion

Transplantation of differentiated cells derived from ESCs presents ethical and safety issues.
Immune rejection and risk of tumor formation are considered to be great hurdles in the field
of cell transplantation. The brain is described as an immune-privileged transplantation site?’.
However, the concept of the central nervous system (CNS) as an "immune-privileged" organ
has been widely challenged?8. Immune responses occur in the brain in neurodegenerative
disorders or after neural transplantation and immunosuppressive treatments do not fully
prevent graft rejection?®. Even in the absence of immune rejection, allografted DA neurons
can elicit immune responses, which eventually lead to aberrant synaptic function3C. Several
factors can influence the inflammatory responses to neural grafts, including the
immunological properties of the transplanted cells, the degree of immunological disparity
between donor and recipient, cell preparation and implantation techniques3Z.

Data on immunological features of human and murine ESCs and their differentiated
derivatives are still limited32. Undifferentiated ESCs have been considered as immune
privileged since they express low levels of human leukocyte antigen class I, and have no
expression of class 113334, However, ESCs lose such immunoprivilege under inflammatory
conditions and during differentiation33. The risk of immune rejection and the ethical
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concerns of ESC have encouraged the development of strategies for the derivation of
patient-specific pluripotent stem cells3® 36, In principle, iPSCs would be fully compatible
with the donor and would allow safe autologous transplants without the need of intensive
immunosuppressive regimen for human cell therapy applications.

For these and other reasons, the immunological properties of iPSC lines need to be
investigated prior to clinical use. Theoretically, the expression of exogenous transcription
factors that drives cell reprogramming could re-induce the expression of embryonic cryptic
antigens. Such non-mutated self-protein antigens, derived from stem cells, in such a scenario
could theoretically gain immunogenicity and trigger immune recognition even in autologous
settings. In vitro differentiation of pluripotent stem cells may also modify the expression
signature of immunological antigens and other molecules that participate in immune
responses.

The feasibility of a large-scale production and the clinical use of patient-specific iPSCs has
being considered*. A databank of histocompatible, fully characterized and clinically
approved iPSCs and ESCs, generated under Good Manufacturing Practice, would be of great
value in order to evaluate stem cell-based therapies in clinical trials. The first necessary step
toward the clinical use of histocompatible iPSCs will be to test their safety (tumorigenicity
and immunogenicity), and their functional relevance in NHP models. However, immune
responses in NHP have always been difficult to investigate because of the high
heterogeneity of macaque MHC genes that determines quantitative and qualitative
differences. Mauritian CM are the only NHP with fully characterized MHC class I and 11
immunogenetics?l. CM therefore represent a valuable model for cell transplantation
research.

In the present work, we accomplished the derivation of several MHC-defined CM-iPSC
lines. In order to establish a histocompatible iPSC collection, we genotyped 25 Mauritian
CM and one Indonesian CM using microsatellite-based PCR. Using retroviral infection of
skin dermal fibroblasts with the 4 factors Oct4, Sox2, KIf4 and c-Myc, we generated several
histocompatible iPSCs. These lines formed teratomas upon transplantations under the kidney
capsule of NOD-SCID mice.

In order to characterize the immunological properties of CM-iPSCs for in vivo applications,
we analyzed the surface expression of immune markers (MHC class I and I, NK receptor
CD16) on undifferentiated iPSCs in standard growth conditions or upon treatment with IFN-
v, and at different stages of neuronal differentiation. We show that CM-iPSCs express very
low levels of MHC-I at basal conditions. Treatment with IFN-vy and neural/neuronal
differentiation induced an increase of MHC-I expression. Interestingly, regardless of their
prior in vitro characterization (in vitro pluripotency markers and teratoma formation,
expression of viral transgenes or propensity to neuronal differentiation), our analysis
revealed consistent differences among different lines. For example, CM-iPSC MF 25-04
presented very low levels of MHC-I even after IFN-y treatment or neuronal differentiation.

All CM-IPSC lines differentiated into midbrain-like DA neurons after applying a protocol
favoring such differentiation3. When transplanted into the striatum of naive or 6-OHDA
lesioned rats, CM-iPSCs generated neuronal grafts with no sign of immune rejection.
Transplanted rats were immunosuppresed with Cyclosporine A (CsA). CsA is a widely used
immunosuppressive drug that suppresses the adaptive immune system by interfering with T
cell signaling by blocking IL-2 synthesis through inhibition of the calcineurin pathway3’.
However, in CsA-treated rats immune reactions such as microglia activation and CD4+/
CD8+ lymphocyte infiltration, can still compromise the survival of discordant

xenografts38 39, Moreover, natural cytotoxic activity is not suppressed by CsA. NK-cell
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response could be a risk for transplanted neurons that express low levels of MHC
molecules®0. Therefore, the in vivo bioassay described in the current work provides the
opportunity to evaluate the immunogenicity of iPSC-derived neuronal grafts. Despite the
increase of the expression of MHC-1 molecules after neuronal differentiation and cytokine
treatment in vitro, the transplantation of differentiated neurons from CM-iPSCs did not
induce the activation of the host innate and adaptive immune system. The presence of
surviving grafts in all transplanted animals and the absence of T-cell infiltration and
microglia activation suggest the low immunogenicity of CM-iPSC-derived neurons.

Importantly, no evidence of overgrowth or tumor was found up to six months after
transplantation. In accordance with these findings, neither Ki-67* proliferating cells nor
residual Oct4* cells were found within the grafts 16 weeks post-transplantation. Grafted
cells displayed a pattern of neuronal outgrowth and targeting of distant areas 4 weeks after
transplantation. Such neuronal outgrowth was very similar to the outgrowth of DA neurons
derived from human iPSCs derived from idiopathic PD patients23. We also demonstrated
that differentiated CM-iPSCs transplanted into a model of PD had surviving midbrain-like
DA neurons that reinnervated the host striatum and induced partial behavioral recovery.

Previously published clinical and experimental data show that rejection, inflammatory
reaction and immunization to allografts may occur in neural transplants*%: 42, While
allogenic neural grafts are expected to induce a chronic inflammatory response and cytokine
production, which can interfere with the functional engraftment of transplanted
neurons30:43. 44 autologous and MHC-matched iPSC-derived neurons would theoretically
provide survival in the host without any rejection or inflammation around the cells and
synapses.

The results of this study demonstrate that functional DA neurons can be derived from MHC-
typed primate iPSCs. Transplanted DA neurons from primate ESCs have been previously
shown to improve symptoms in a primate model of PD*°. Further studies will be needed to
address long-term safety and efficacy of iPSC-derived neurons in parkinsonian CM. Our
ongoing studies in MPTP-treated CM are evaluating functional engraftment, potential for
tumor formation and immunological reactions of autologous, MHC-matched and MHC-
mismatched iPSC-derived DA neurons.

Conclusion and Summary

In summary, we generated several histocompatible CM-iPSCs and characterized their
immunological features. We show that CM-iPSCs express very low levels of
immunomodulatory markers (MHC-I, MHC-I1 and CD16). Neuronal differentiation and pro-
inflammatory conditions induced an increase of immune marker expression. Interestingly,
our analysis revealed some differences in the immune properties among different lines. Any
functional role of such differences, particularly for in vivo settings, deserves further
investigation. We demonstrate that DA neurons from CM-iPSCs engraft in the
immunosuppressed host striatum of a rodent model of PD, and generate functional grafts
without tumor formation or long-term immune reaction. We believe that these CM-iPSCs
provide a valuable resource for future pre-clinical investigations in the field of regenerative
medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of Cynomolgus Monkey iPSC

(A-B) Phase contrast images showing ESC-like morphology of CM-iPSCs on MEF. (C)
High-magnification image of CM-iPSCs showing the high nucleus/cytoplasm ratio and
prominent nucleoli. (D) Immunofluorescence staining for the pluripotency markers Nanog,
Oct4, SSEA-4, TRA-1-60, and TRA-1-81. (E) CM-iPSC colonies stained positive for
alkaline phosphatase (AP). (F) Karyotype analysis of CM-iPSCs (line 27-04, passage 10).
CM-iPSCs maintained a normal 42, XY karyotype after expansion.(G) Quantitative RT-
PCR showing induction of endogenous transcripts of Sox2, Oct4, Klf4, and c-Myc. Primers
specific for endogenously (black) or viral exogenous (red) encoded transcripts of the four
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reprogramming factors. Monkey dermal fibroblasts, four days after transduction with the
four retroviruses (RV-FIB), were used as a positive control for expression of the viral
transgenes. Values were normalized by the averaged value of p-actin. Values are expressed
as averages + SEM of 3 independent experiments. The value of hESCs (H9) was set to 1 in
each experiment. Scale bar, 200 um (A-B, D-E); 20 pum (C).
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Figure 2. Generation of DA neurons from CM-iPSCs

(A) Schematic representation of the in vitro differentiation protocol. (B) Graphs indicate the
percentage of cells that stained positive for -Tublll and TH relative to nuclear Hoechst
staining. Values are expressed as averages + SEM of 3 independent experiments. (C) Neural
rosettes derived from CM-iPSCs (DIV 21). (D) Differentiated neurons derived from CM-
iPSCs (DIV 42). (E-F) Immunofluorescence staining of neuronal cultures derived from
CM-iPSCs (lines MF 01, MF 27-04) for p-Tublll (green) and TH (red). (G) Confocal
images of neuronal cultures stained for p-Tublll (green), TH (red) and Foxa2 (blue). (H)
Quantitative RT-PCR analysis of midbrain transcription factors, DA neurotransmission
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markers (TH, Foxa2, VMAT, ALDH, Nurrl, Enl, AADC, Pax6) and Calbindin in
differentiated iPSCs. cDNA was isolated from differentiated iPSCs, and values were
normalized to the level of p-actin. Values represent mean + SEM. Three independent
experiments were performed in triplicate. Scale bar: 50 pm (C-D); 20 um (E-G).
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Figure 3. Transplantation of CM-iPSC-derived neurons into the adult striatum of naive rats
CM-iPSCs (line MF 01) were differentiated into DA neurons and 200,000 cells were
transplanted into the right striatum of unlesioned rats under immunosuppression. Grafts
were analyzed 4 weeks after the transplantation. (A-B) Confocal reconstruction of a
representative graft stained for the human/primate-specific neural cell adhesion molecule
(NCAM) (green) and TH (red). Nuclei are counterstained with Hoechst. (C) Lower
magnification of the graft. (D—F) Photomicrographs of NCAM-stained brain sections 4
weeks after transplantation showing axonal outgrowth of NCAM+ neurons from the graft
into the host striatum, along the white matter tracts (corpus callosum) and cerebral cortex.
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(G) Immunostaining for ANCAM (green) and the microglial marker Ibal (red) revealed the

absence of microglial reaction. (H) Immunostaining for the proliferative marker Ki-67 (red)
and Oct4 (green) showing the presence of a low percentage of Ki-67+/Oct4- cells within the
graft. Scale bar: 100 um (A-B,D and F-H), 200 um (C,E).
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Figure 4. CM-iPSC-derived neurons improve behavioral deficits of parkinsonian rats

(A) CM-iPSCs (line MF-01) were differentiated into DA neurons and 400,000 cells were
transplanted into the right striatum of 60HDA-lesioned rats under immunosuppression.
Amphetamine and apomorphine response were examined before and at 4, 8, 12 and 16
weeks post-transplantation. Animals showed a progressive reduction in the response
compared to pre-transplantation scores. (Transplanted animals n=9, lesion only animals n=4;
*, p <0.05 ANOVA repeated-measures over time). (B-G) Tyrosine hydroxylase (TH)
immunoreactivity in representative grafts (rat #3211, #3240) derived from differentiated
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primate iPSCs showing TH + neurons within the graft and areas of dense TH neuritic
arborization. Scale bar: 200 um (B-D); 50 um (F), 20 um (E-G).
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Figure 5. Analysis of neuronal grafts
Confocal analysis of CM-iPSC-derived grafts, 16 weeks post-transplantation. (A) Staining
for the microglial marker Ibal showed the absence of activated microglial cells around the
grafts. The insert shows high magnification of microglial cells with a resting phenotype. (B)
Staining for the astrocytic marker GFAP revealed the absence of astrogliosis around the
grafts. (C) Staining for the proliferation marker Ki-67 showing absence of proliferating cells
16 weeks after transplantation. (D—F) Confocal analysis of iPSC grafts showed that most
grafts contained midbrain-like DA neurons. The grafted TH+ cells (red) were colabeled with
antibodies against human NCAM (blue) (D-F), FOXAZ2 (green) (D-E), GIRK2 (blue) (E),
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Pitx3 (green) (F). (G) Confocal images showing TH+ neurons (red) in a representative graft
co-expressing the calcium-binding protein calbindin (red). (H) Confocal images showing the
localization of human syntaxin within the graft and in the host striatum. (1) Correlation
between number of TH+ neurons and number of rotations (n=9; simple regression, r=0.885,
r2=0.784, P=0.01). Scale bar: 100 pm (A-D), 50 um (A-E), 20 pm (F-1).
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Figure 6. Long-term analysis of neuronal grafts

CM-iPSCs (line MF 27-04) were differentiated into DA neurons and 400,000 cells were
transplanted into the right striatum of 6-OHDA-lesioned rats. (A-B) Amphetamine and
apomorphine response were examined before and at 4, 8, 12, 16, and 24 weeks post-
transplantation. Animals showed a progressive reduction in the response compared to pre-
transplantation scores. (Transplanted animals n=11, lesion only animals n=6; *, p <0.05; **,
p <0.01, ANOVA repeated-measures over time). (C) Confocal reconstruction of a
representative graft stained for the ANCAM (red). (D) NCAM immunoreactivity in a
representative graft. (E-F,H) TH immunoreactivity in representative grafts showing survival
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of TH+ neurons and neuritic arborization. (G) Staining for the microglial marker Ibal

showed the absence of activated microglial cells around the grafts. Scale bar: 100 pm (B-
C,G), 200 um (E), 20 um (F, H).

Stem Cells. Author manuscript; available in PMC 2012 July 01.



