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Abstract

Rationale—Induced pluripotent stem cells (iPSCs) hold great promise for the development of
patient-specific therapies for cardiovascular disease. However, clinical translation will require
preclinical optimization and validation of large animal iPSC models.

Objective—To successfully derive endothelial cells from porcine iPSCs and demonstrate their
potential utility for the treatment of myocardial ischemia.

Methods and Results—Porcine adipose stromal cells were reprogrammed to generate porcine
iPSCs (piPSCs). Immunohistochemistry, quantitative PCR, microarray hybridization, and
angiogenic assays confirmed that piPSC-derived endothelial cells (piPSC-ECs) shared similar
morphological and functional properties as endothelial cells isolated from the autologous pig
aorta. To demonstrate their therapeutic potential, piPSC-ECs were transplanted into mice with
myocardial infarction (MI). Compared to control, animals transplanted with piPSC-ECs showed
significant functional improvement measured by echocardiography (fractional shortening at week
4: 27.2+1.3% vs. 22.3+1.1%; P<0.001) and magnetic resonance imaging (ejection fraction at week
4: 45.8+1.3% vs. 42.3+0.9%; P<0.05). Quantitative protein assays and microfluidic single cell
PCR profiling showed that piPSC-ECs released pro-angiogenic and anti-apoptotic factors in the
ischemic microenvironment, which promoted neovascularization and cardiomyocyte survival,
respectively. Release of paracrine factors varied significantly among subpopulations of
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transplanted cells, suggesting that transplantation of specific cell populations may result in greater
functional recovery.

Conclusion—In summary, this is the firststudy to successfully differentiate piPSCs-ECs from
piPSCs and demonstrate that transplantation of piPSC-ECs improved cardiac function following
MI via paracrine activation. Further development of these /arge animal iPSC models will yield
significant insights into their therapeutic potential and accelerate the clinical translation of
autologous iPSC-based therapy.

Induced pluripotent stem cells; large animal models; paracrine activation; myocardial infarction;
molecular imaging; ischemic heart disease; vascular biology

INTRODUCTION

In recent years, induced pluripotent stem cells (iPSCs) have become a popular alternative to
embryonic stem cells (ESCs) for regenerative medicine. 2 Not only do iPSCs provide an
unlimited source of pluripotent cells that are capable of self-renewal, but they also
circumvent the ethical concerns associated with ESC derivation and can be transplanted
autologously, limiting potential immunologic rejection.® 4 To date, iPSCs have been
generated from a growing list of species including mice, 6 rats,”  monkeys,? dogs,10: 11
humans,12: 13 and pigs,1# 15 confirming the universality of transgenes for
reprogramming.12: 13 Perhaps the most significant achievement is the development of
porcine iPSCs, which can potentially fill the gap between the transplantation of these cells
into mice and the initiation of the first clinical trials using iPSCs in humans.

Swine are an ideal large animal model for the clinical translation of experimental medical
therapies due to their resemblance to human organ size and physiology and their relatively
long lifespan.1® Consequently, several recent studies have utilized the porcine model as a
pre-clinical tool for the clinical translation of cell-based therapy. These studies, however,
have been limited to porcine mesenchymal stem cells.17-20

It has long been appreciated that endothelial cells play an important role in the survival and
function of nearby cardiomyocytes by promoting vascular regeneration and angiogenesis.2!
In the normal heart, capillary networks can be found near almost every cardiomyocyte,
modulating cardiac performance, contraction, and growth. Thus, it is not surprising that in
the ischemic myocardium, a deficit of blood flow leads to progressive cardiomyocyte death
and myocardial dysfunction.2? To exploit the potential therapeutic benefits of endothelial
cells, several investigators have differentiated endothelial cells from iPSCs generated from
mice,23 canine,1! and humans,24 demonstrating that paracrine release of pro-angiogenic
factors promote functional recovery in small animal models of ischemia. Prior studies,
however, have analyzed entire cell populations. Because cell populations are heterogeneous,
especially those generated from exogenous factors like iPSCs and their derivatives, it is
critical to study the regulation of angiogenesis at the single cell level.

In this study, we lay the foundation for the clinical application of iPSCs for the treatment of
ischemic heart disease. After generation of iPSCs from adipose tissue of adult miniswine,
we successfully differentiated these cells into endothelial cells that share similar
morphological and functional properties to their endogenous counterparts (i.e., endothelial
cells isolated from the porcine aorta). We then demonstrated that porcine iPSC-derived
endothelial cells (piPSC-ECs) could provide therapeutic benefit in a murine model of
myocardial infarction (MI). To explore the biological mechanisms for functional recovery,
we showed that piPSC-ECs released both pro-angiogenic and anti-apoptotic factors that
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promote neoangiogenesis and cardiomyocyte survival, respectively, at the single cell level
using microfluidic dynamic arrays.2> We then demonstrated that the release of paracrine
factors varied among specific subpopulations of iPSC-ECs, suggesting that transplantation
of specific cell subpopulations may result in greater functional recovery. Finally, cell
delivery and engraftment are monitored using positron emission tomography/computed
tomography (PET/CT) as well as magnetic resonance imaging (MRI) in a porcine model of
M, laying the groundwork for the development of future imaging protocols to monitor cell
delivery and engraftment in humans.

MATERIALS AND METHODS

Derivation of porcine induced pluripotent stem cells

Porcine adipose tissue was harvested and cultured, as described in detail in the Online
Supplemental Methods section. Approximately 1x104 porcine adipose stromal cells
(pASCs) were seeded onto a 24-well tissue culture dish and maintained with human ASC
growth medium. Cells were then transduced with 5 pg/mL polybrene (Sigma) plus
individual lentivirus containing Oct4, Sox2, KIf4, and c-MYC in a 4:2:2:1 ratio.13 On day 6,
cells were dissociated with 0.05% trypsin-EDTA (Gibco) and counted with a
hemocytometer. Reprogramming of piPSCs was performed on mouse embryonic fibroblast
(MEF) feeder cells. Ten thousand cells were then transferred onto a MEF feeder layer in a
gelatin-coated 6 well plate and cultured with human ESC growth medium containing
knockout DMEM (Invitrogen), 20% knock out FBS (Invitrogen), 2 mM L-Glutamine
(Invitrogen), 1x nonessential amino acids (Invitrogen), 1x 2-mercaptoethanol (Invitrogen),
100 units/ml penicillin, 200 pg/ml streptomycin, and 10 ng/ml human beta fibroblast growth
factor (bFGF) (Invitrogen). ESC-like colonies with distinct edges appeared on day 13-15.
On day 15, positive colonies with ESC-like morphologies were isolated with a glass needle
and seeded onto new MEFs. These pASC-derived iPSCs were maintained on MEF feeder
layers with iPSC medium containing knockout DMEM (Invitrogen), 20% ES-qualified FBS
(Invitrogen), 2 mM L-Glutamine (Invitrogen), 1x nonessential amino acids (Invitrogen), 1x
2-mercaptoethanol (Invitrogen), 100 units/ml penicillin, 100 pg/ml streptomycin, and 50 ng/
ml human bFGF (Invitrogen). Each selected colony was then established as one individual
pASC-iPSC line. A total of 10 lines from the 5 miniswine were generated.

Differentiation of piPSC-derived endothelial cells

For endothelial cell differentiation, well maintained piPSCs at passage number 25 were
treated with type IV collagenase (Invitrogen, Carlsbad, CA) for 15 min at 37°C and
transferred to ultra-low attachment plates (Corning Life Sciences, Kennebunk, ME)
containing differentiation medium for 2 days.26 The differentiation medium consisted of
DMEM (Invitrogen) containing 20% knockout serum (Invitrogen), 4.5 g/L L-glutamine
(Invitrogen), 1% nonessential amino acids (Invitrogen), 0.1 mM 2-mercaptoethanol
(Invitrogen), 50 units/ml penicillin (Invitrogen), 50 g/ml streptomycin (Invitrogen), 10 ng/
ml Activin A (R& D systems), and 20 ng/ml bone morphogenetic protein-4 (BMP-4) as
described previously.26 The differentiation medium was supplemented with 25 ng/mL
vascular endothelial growth factor (VEGF) (R&D system), 8 ng/mL bFGF (R&D system),
and 10 .M TGF-B inhibitor SB431542 (Sigma). The 2-day embryoid bodies (EBs) were
then seeded onto 0.5% gelatin-coated dishes and cultured for another 8 days in
differentiation media in absence of BMP-4. On day 10, plated EBs were digested and sorted
by fluorescence activated cell sorting (FACS) for CD31 positive cells. The CD31 positive
cells were collected and seeded into one well of a six-well plate with EGM-2 medium
(Lonza).
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Quantitative polymerase chain reaction (q-PCR) analysis to confirm pluripotent state in

piPSCs

Quantitative PCR was performed after isolation of total RNA and cDNA. Using Tagman
Gene Expression Assays, PCR reactions were performed with a StepOnePlus Realtime-PCR
7900 HT System (Applied Biosystems, Foster City, CA). Primers for genes defining
pluripotency and confirming germ layer differentiation are listed in Online Table I.

Microarray hybridization and data analysis of piPSCs and piPSC-ECs

Total RNA samples were hybridized to Affymetrix GeneChip Porcine Genome Array, and
then normalized and annotated by the Affymetrix® Expression Console™ software. For
comparison to our generated lines, we obtained piPSC lines (piPSC-1D4, piPSC-I1D6, and
piPSC-IC1) from R. Michael Roberts and Toshihiko Ezashi (University of Missouri,
Columbia, MO) and are grateful for their contribution. We also obtained the expression data
for piPSC lines and fibroblast from Gene Expression Omnibus (GEO, http://
www.ncbi.nlm.nih.gov/geo, GSE15472).27 The Pearson correlation coefficient was
calculated for each pair of samples using the expression level of transcripts. For hierarchical
clustering, a Pearson correlation for average linkage clustering was used.

Generation of a murine model of myocardial infarction and intramyocardial delivery of
therapeutic cells

Ligation of the mid left anterior descending (LAD) artery was performed in 8-10 weeks
female NOD SCID mice (Jackson Laboratory) under anesthesia (2-3% inhaled isoflurane)
by a single experienced micro surgeon (YG). Survival rate for each surgery group was
~90%. Myocardial blanching and EKG changes confirmed myocardial infarction post
ligation. Animals were randomized into 4 groups: (1) phosphate buffered saline (PBS) as
control, (2) 1x106 pASCs, (3) 1x106 pAorta-ECs, and (4) 1x10° piPSC-ECs (n=20/group).
Immediately after LAD ligation, animals were injected intramyocardially near the peri-
infarct zone at 2 different sites using a 31-gauge Hamilton syringe (25 .l per injection).
Study protocols were approved by the Stanford Animal Research Committee. Animal care
was provided in accordance with the Stanford University School of Medicine guidelines and
policies for the use of laboratory animals.

Optical bioluminescence imaging (BLI) and micro positron emission tomography
(microPET) for tracking cell fate

Please see Online Supplemental Methods.

Angiogenesis and anti-apoptosis cytokine array following hypoxia exposure

Please see Online Supplemental Methods.

Single cell gene expression profiling of transplanted piPSC-ECs and ASCs

Please see Online Supplemental Methods.

Assessment of paracrine activation by specific subpopulations

Because cell populations of pASC and piPSC-ECs are heterogeneous, we hypothesized that
the release of paracrine factors varied by specific cell subpopulations. To investigate this
hypothesis, we used single cell expression profiling to analyze the release of paracrine
factors by subpopulations of pASCs and piPSC-ECs. One week after transplantation of
pASCs and piPSC-ECs into mice undergoing LAD infarction (n=5), we sacrificed the mice
and harvested and dissociated their hearts as described above. We then used FACS to isolate
subpopulations of cells and sort them into a 96 well 0.2-ml PCR plate based on their
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expression of endothelial specific markers, specifically CD31, CD34 and CD144. We then
performed single cell gene expression analysis to determine the relative amounts of
paracrine factors released by each subpopulation of pASC and piPSC-ECs: 1) CD31*/
CD34*/CD144, 2) CD31*/CD34°/CD144*, and 3) CD31*/CD34°/CD144". Very few cells
expressed all three markers and this sub-population was, therefore, not analyzed.

Tracking transplanted cells in miniswine using positron emission tomography and
computed tomography (PET/CT) imaging

Please see Online Supplemental Methods.

Statistical analysis

RESULTS

For analysis of microarray data, a Pearson correlation coefficient was utilized. A P value of
<0.05 was considered significant. ANOVA with post hoc testing was used to analyze the
differences in qPCR, single cell PCR, angiogenesis and anti-apoptotic cytokine data between
groups, percent infarct size by triphenyltetrazolium chloride (TTC), and density of dTd-
mediated dUTP nick-end labeling (TUNEL)-positive nuclei. The percent infarct size is
calculated by dividing the area of infarct by the total area of the left ventricle. Repeated
measures of ANOVA were used to analyze MRI, BLI, and echocardiographic data. All data
were expressed as meanSD.

Derivation of piPSCs from adult miniswine

Porcine adipose stromal cells (pASCs) were harvested and successfully reprogrammed into
piPSCs from 5 young adult Yucatan miniswine pigs. Retroviral over-expression of Oct4,
Sox2, KIf4, and c-Myc was used in a 4:2:2:1 ratio to induce pluripotency. Compact colonies
of cells staining positive for alkaline phosphatase, a universal pluripotent marker (Online
Figure IA), were initially observed under bright-field microscopy 15 days after transduction
(Figure 1A). Individual colonies were mechanically dissociated using a pulled Pasteur
pipette and transferred onto irradiated MEF feeder layers for clonal expansion into distinct
cell lines. A total of 10 piPSC lines were generated, 2 lines from each miniswine. piPSC
colonies stained positive for Nanog, Oct4, c-Myc, KlIf4, and SSEA-1 (Figure 1B) as well as
Tra-1-60 and Tra-1-81 (Online Figure IB). By contrast, adult somatic pASCs from which
piPSCs were derived revealed very low or no expression of these genes (Figure 1B and
Online Figure IB). piPSCs were also characterized by semi-quantitative reverse transcription
PCR, which showed up-regulation of pluripotency genes (Figure 1C). Microarray analyses
were conducted to determine the degree of similarity between different piPSC lines.
Hierarchical clustering of the whole genome expression showed that the generated piPSC
lines were highly similar to the piPSC lines derived by Ezashi et al.2” (piPSC-1D4, piPSC-
ID6, and piPSC-IC1), and were distinct from their somatic precursors (pASC) and porcine
fibroblasts (pfibroblast-1 and -2) (Figure 1D). Genomic stability of generated piPSCs was
demonstrated through karyotyping after extended culture for 40 passages (Online Figure
IC).

Confirmation of pluripotency by in vitro and in vivo differentiation

To further confirm the pluripotency of piPSCs derived from pASCs, we differentiated
piPSCs /in vitro by 3-dimensional EB formation. After one week of spontaneous
differentiation using the hanging drop assay, piPSCs gave rise to cell types from the three
different germ layers, as evidenced by immunostaining and quantitative PCR (Online Figure
I1A and B). We then applied the /n7 vivo teratoma formation assay as a definitive test to
assess pluripotency. We transplanted piPSCs at passage 50 into the kidney capsule of SCID
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mice. Palpable tumors were seen 4 weeks after transplantation. Tumors were explanted 10
weeks after injection. Histological examination of the teratoma revealed the presence of
derivatives of all three germ layers, including neural epithelium (ectoderm), chondrogenic
stroma (mesoderm), and glandular epithelium (endoderm) (Online Figure IIC).

In vivo tracking of teratoma growth by BLI

Teratoma development was tracked /77 vivo to provide further evidence of pluripotency. To
track teratoma growth /n vivo, we stably transduced piPSCs with a lentiviral triple fusion
(TF) reporter gene construct containing firefly luciferase (FLuc), monomeric red fluorescent
protein (MRFP), and herpes simplex virus truncated thymidine kinase (HSVttk) driven by
ubiquitin promoter. Cells expressing the reporter gene were selected by cell sorting for
mRFP (Online Figure I11A). Following injection into the sub-renal capsule of
immunodeficient mice, teratoma growth was confirmed by BLI (Online 111B).

Generation of functional porcine induced pluripotent stem cell-derived endothelial cells

We next tested whether we could differentiate piPSCs into a therapeutic cell population.
Transplantation of endothelial cells is known to restore function to ischemic tissues through
revascularization.11: 28. 29 Generation of piPSC-ECs was conducted via directed cell
differentiation of EBs followed by FACS for the endothelial cell marker CD31 at day 12
after induction of differentiation (Figure 2A). Cells isolated by sorting stained positive for
CD31, exhibited fluorescent Dil (3,3’ -dioctadecylindocarbocyanine iodide)-LDL uptake,
and formed tubules /n vitrowhen plated on Matrigel and /n vivo using a Matrigel plug assay
(Figure 2B and Online Figure V). Microarray data on gene expression profiles also
demonstrated that piPSC-ECs were similar to ECs harvested from the autologous pig aorta
endothelial cells (pAorta-ECs) (Figure 2C). Taken together, these data suggest that piPSC-
ECs have similar morphological and functional properties to endogenous ECs and, thus, can
be used as an alternative therapeutic option for vascular regeneration.

Delivery of piPSC-ECs results in improvement of cardiac function following myocardial

infarction

To test the therapeutic efficacy of the piPSC-ECs /n vivo, we injected 1x10° piPSC-ECs
into a murine M1 model and compared the functional recovery among mice treated with PBS
(negative control), 1x10% pASCs given their reported therapeutic benefit,30 31 and 1x10°
pAorta-ECs (positive control). Functional recovery was assessed by echocardiography
(Figure 3A, B) and MRI (Online Figure V). Significant functional improvement was
observed in mice treated with piPSC-ECs compared to PBS control as shown by
echocardiography (fractional shortening at week 2, 23.7+0.9% vs. 19.3+0.5%, *P<0.01;
week 4, 27.2+1.3% vs. 22.3+1.1%; **P<0.001) and MRI (ejection fraction at week 2,
43.74£1.0% vs. 40.6+0.9%; week 4, 45.8+1.3% vs. 42.3+0.9%; *P<0.05). The PBS group
showed a slight increase in EF over time due to recovery from initial myocardial stunning,
which has been reported in prior studies using rodent 32 33 and porcine models of
myocardial infarction.34 3% Our results consistently showed that piPSC-ECs produced
statistically significant functional improvement at week 2 and 4. Short-term engraftment into
the myocardium was also confirmed by BLI (Figure 3C) and microPET imaging (Online
Figure 111D), which showed focal [28F]JFHBG radiotracer uptake in the anterior left
ventricle. Interestingly, there was a trend toward greater improvement in fractional
shortening in mice injected with piPSC-ECs and pAorta-ECs compared to mice injected
with pASCs.
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Histological evaluation of transplanted piPSC-ECs into the peri-infarct area

To confirm /n vivo imaging data, a subset of animals were sacrificed and their hearts were
explanted at week 4. On gross histochemical analysis by triphenyltetrazolium chloride
(TTC) (Figure 4A and B), animals treated with piPSC-ECs showed smaller average infarct
area when compared to control (25.2+1.5% vs. 32.7+0.8%; P<0.05). Similarly, microscopic
analysis by hematoxylin and eosin (H&E) staining showed thicker left ventricular walls in
mice treated with piPSC-ECs compared to the control group (281+12 pm vs. 161£6 pm;
P<0.05) (Figure 4C and D). Immunohistochemistry of the peri-infarct area by mouse CD31
staining showed the number of capillaries per high power field was higher in the group
receiving piPSC-ECs than those receiving PBS (39528 vessels/mm? vs. 10749 vessels/
mm?; P<0.05) (Figure 4E and F), suggesting that neovascularization may be a potential
mechanism for improvement in cardiac function and decreased scar size. To evaluate
whether the piPSC-ECs can form mature and functional vessels in the mouse infarction
model and contribute to neovascularization, we performed immunofluorescence staining
with anti-porcine CD31 antibodies (green) and anti-murine CD31 antibodies (red) in areas
of increased capillary formation from explanted murine hearts. We found that microvessels
were only immunoreactive to murine-specific antibodies (Online Figure VIA and B).
However, piPSC-ECs could be found surrounding murine microvessels even though the
cells themselves do not form mature vessels in hearts explanted 4 weeks after transplantation
(Online Figure VIC and D). The coalescing of piPSC-ECs adjacent to murine microvessels
supports our findings that piPSC-ECs release pro-angiogenic factors that increase native
vessel formation. The failure of piPSC-ECs to form discrete microvessels in the mouse
infarcted heart may be due to an insufficient number of piPSC-ECs present in the infarcted
mouse heart to support vessel formation. As shown by bioluminescence imaging (Figure
3C), the majority of transplanted piPSC-ECs do not survive 4 weeks post-transplantation. In
contrast, formation of discrete microvessels was demonstrated by the /n vivo Matrigel plug
assay seven days after implantation, which is a very different environmental niche (Online
Figure 1V),

Assessment of paracrine factor release in vitro by piPSC-ECs in response to hypoxia

Given that the majority of cells do not survive 4 weeks post transplantation (Figure 3C), we
hypothesize that piPSC-ECs may release paracrine factors that promote angiogenesis in the
setting of ischemia, accounting for the longer-term functional benefit that was observed. To
explore this hypothesis, we compared the secretion of pro-angiogenic cytokines in pASC,
pAorta-ECs, and piPSC-ECs after 24 hours of hypoxia (Figure 5). The culture medium
served as control. Both pASCs and piPSC-ECs secreted more angiogenic factors than
control. In addition, piPSC-ECs secreted more TNF-a,, FGF-B, IL-1a, IL-6, IL-8, and
Leptin than pASCs (*P<0.05, **P<0.01 vs. pASCs). The pattern of cytokine secretion was
similar between piPSC-ECs and pAorta-ECs. Taken together, these in vitro data suggest that
piPSC-ECs can provide a framework for new vessel growth via secretion of paracrine
factors regulating angiogenesis.

Single cell profiling of transplanted piPSC-ECs reveals in vivo paracrine activation

Because of the heterogeneous nature of all cell populations, especially those derived from
exogenous factors such as piPSCs and their derivatives,36 it is important to study the
expression of pro-angiogenic genes at the single cell level. In addition, it is also necessary to
confirm that piPSC-ECs release paracrine factors under ischemic conditions /n vivo. To
meet these objectives, we injected the piPSC-ECs into the peri-infarct zone of murine hearts
after MI or into the same anatomical location of control mice with non-infarct sham surgery.
After enzymatic digestion of explanted hearts into single cell suspension, we performed
FACS for mRFP expression by piPSC-ECs. Individually isolated piPSC-ECs transplanted
into ischemic vs. non-ischemic hearts were analyzed by expression of 13 common
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angiogenic genes using the microfluidic single cell PCR platform (Figure 6A and B). A
number of genes were highly expressed in the piPSC-ECs injected into the peri-infarct zone
compared with cells injected into the non-injured myocardium, including VEGFA, IL-6,
IL-10, TNF, IFNAZ, TIMP1, TIMP2, GATA4, ANGPT1, and CSF3 (ischemia vs. sham;
*P<0.05, **P<0.001). These results correlated well with our /n vitro findings that piPSC-
ECs were capable of secreting a series of angiogenic factors under hypoxic conditions,
accounting for the functional improvement observed in animals treated with piPSC-ECs.
Because populations of pASCs and piPSC-ECs are heterogeneous, we characterized the
pattern of paracrine secretion by different cell subpopulations (CD31+/CD34+/CD144~- vs.
CD31+/CD34-/CD144+ vs. CD31+/CD34-/CD144-) using single cell qRT-PCR analysis.
We found that the release of paracrine factors varied among different subpopulations of
pASC and piPSC-ECs (Figure 6C and D). We also found that cells expressing CD34 and
CD144 released more pro-angiogenic and anti-apoptotic factors than other subpopulations of
piPSC-ECs and pASCs. These data suggest that greater functional recovery may be achieved
by transplanting a select population of cells rather than a heterogeneous mixture of cells.

Transplanted piPSC-ECs inhibit apoptosis by TUNEL staining

Interestingly, the same angiogenic genes (i.e., VEGF-A, IL6, IL10, TIMP1, GATAA4,
ANGPT1, and CSF3) that are up-regulated in the peri-infarct zone post piPSC-EC
transplantation also play an important role in regulating apoptosis and promoting cell
survival. To explore whether the transplantation of piPSC-ECs inhibited cardiomyocyte and
endothelial cell apoptosis, we measured the amount of DNA fragmentation in explanted
hearts of treated and control animals (n=3 animals per group) using the TUNEL assay. The
density of TUNEL-positive nuclei, shown as the percentage of total nuclei, was significantly
lower in mice transplanted with piPSC-ECs compared to PBS control (6.1+0.6% vs.
18.9+0.9%, P=0.002). These findings suggest that inhibition of apoptosis by piPSC-ECs
may also contribute to functional recovery (Online Figure VII).

Imaging piPSC fate in a porcine model of myocardial infarction using PET/CT and MRI

Prior to clinical application of iPSCs in humans, successful delivery and monitoring of cells
in a large animal model must first be established. Swine are an ideal large animal model for
the clinical translation of iPSC-based therapy due to their resemblance to human organ size
and physiology and their relatively long lifespan.1® To demonstrate feasibility of tracking
piPSCs in swine using PET/CT and MRI, we injected piPSCs into Yucatan miniswine that
previously underwent LAD balloon catheter occlusion to induce a myocardial infarction
(Online Video I). Prior to intramyocardial cell transplantation, piPSCs were directly labeled
with [18F]-FDG for PET imaging, iron particles for co-localization with MRI, and a
fluorescent carbocyanine dye for histological identification. We chose direct labeling of
cells with [18F]-FDG rather than reporter gene imaging due to the robustness of this
technique and its application in current clinical trials.3"=3% Following intramyocardial
delivery of 2x108 piPSCs into the peri-infarct area under direct visualization, PET/CT and
MRI demonstrated that transplanted cells localized to the peri-infarct area of the apical
lateral wall of the left ventricle (Online Figure VIIIA and B). After imaging, hearts were
explanted and immunofluorescence staining demonstrated the presence of cells expressing
the carbocyanine dye (red) as well as the pluripotent marker Oct-4 (green) in the peri-infarct
area (Online Figure VIIIC). Histology revealed piPSCs with a large nucleus and abundant
cytoplasm in the peri-infarct area (Online Figure VIIID).

DISCUSSION

Because swine have a close resemblance to humans in terms of anatomy and physiology, the
results of this study have several important implications for the clinical translation of iPSC
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therapy. First, we have shown that piPSCs can be successfully differentiated into a
therapeutic cell population that mimics their endogenous counterparts, paving the way for
the development of additional therapeutic subtypes. Second, we have demonstrated that the
therapeutic effectiveness of piPSC-ECs in repairing the damaged myocardium is mediated
by the release of pro-angiogenic and anti-apoptotic modulating factors, using a novel
microfluidic single cell analysis. Third, we have also shown that the release of paracrine
factors is highest among the subpopulation of piPSC-ECS expressing the endothelial
specific markers CD34 and CD144, suggesting that transplantation of a subpopulation of
these cells may lead to greater functional recovery. Finally, we have provided further
validation of /n vivo noninvasive multimodality imaging, facilitating the future development
of imaging protocols to guide the delivery and monitoring of iPSC derivatives.

Large animal iPSCs have been recently derived from a number of species including
monkeys,? dogs,1% 11 humans,12 13 and pigs* 15, Successful differentiation of these cells
into therapeutic cell populations, however, is necessary to harness the clinical potential of
iPSC technology. Surprisingly, except for human iPSCs, reports on large animal iPSC
differentiation into therapeutic cell types for the treatment of cardiovascular disease have
been limited. Using a modified protocol designed for human iPSC-EC differentiation,26 we
generated piPSC-ECs that were morphologically and functionally similar to endothelial cells
harvested from the autologous porcine aorta, based on standard /n vitro and /n vivo assays.
Interestingly, these cells secrete paracrine factors at comparable levels and improve cardiac
function to a similar extent as their endogenous counterparts. Although cell transplantation
with native endothelial cells has been shown to promote angiogenesis and improve cardiac
function,*0 we believe that iPSC derivatives are a superior alternative because they have a
potentially unlimited source unlike native endogenous endothelial cells, which are
challenging to harvest and have a restricted supply. However, further optimization and
modification of established human differentiation protocols are still needed for efficiently
generating large quantities of piPSC derivatives such as endothelial cells or
cardiomyocytes.41: 42

Although the debate continues over the optimal stem cell type for the clinical application of
cardiac regenerative therapy, iPSCs appear promising because of their unlimited supply,
immune privilege via autologous transplantation, and lack of ethical or regulatory hurdles
impeding their clinical application.*3 These cells may also be more effective than other cell
types, such as adult somatic stem cells, which have been most often applied in preclinical
and clinical trials to date. The efficacy of ASCs, for example, has been demonstrated in
several studies with reported benefits due to the secretion of paracrine factors promaoting
angiogenesis and cell survival.3® Our head-to-head comparison revealed that piPSC-ECs
secrete significantly more pro-angiogenic and anti-apoptotic modulating cytokines than
pASCs in vitro, a finding that is analogous to a recent report showing that iPSC-derived
mesenchymal cells release more paracrine factors than adult bone marrow stem cells.*4
Findings from our /n vivo study confirmed that transplantation of piPSC-ECs resulted in
more neovascularization in the peri-infarct area than transplantation of pASCs. Additional
studies directly comparing the efficacy of different stem cell types, however, are needed to
determine the best option for clinical translation.

The release of cytokines and growth factors that promote neovascularization and
cytoprotection has emerged as a leading mechanism to explain the observed functional
improvement post stem cell therapy,#° in light of results from numerous studies
demonstrating poor long-term survival and engraftment of transplanted cells and a paucity
of newly generated cardiomyocytes.*6 Improvement in cardiac function has been associated
with stem cell induced release of VEGF, IL1-a, IL6, TNF-a, FGF-B, TIMP1, TIMP2, and
ANGTP1,45 all of which were significantly increased in our study. Importantly, in a porcine
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model of myocardial infarction, Doyle et al. found that pigs treated with conditioned media
containing paracrine factors produced equivalent improvement in regional myocardial
function and mass compared to those treated with transplanted cells; recovery was
attenuated after administration of cytokine specific antibodies.34 Interestingly, Cho et al.
found that transplanted cells not only directly release cytokines, but also induced the release
of these factors from host tissues that is sustained for greater than two weeks, much longer
than donor derived factors.4’

Previous findings, however, have been performed in whole cell populations, which are
heterogeneous, and may reflect the average gene expression profile, not necessarily the
expression profile of the cells of interest. Because whole cell populations of iPSCs and their
derivatives are even more heterogeneous than other stem cell types,36 perhaps as a result of
limitations in reprogramming, variations in differentiation, and/or persistent donor cell
memory,*8 49 we used a novel microfluidic platform to examine gene expression at a single
cell level. We confirmed that transplanted piPSC-ECs release pro-angiogenic and anti-
apoptotic modulators that lead to new vessel formation, decreased apoptosis, and significant
functional recovery of injured myocardium.59 Despite these encouraging results, further
research is needed to define methods to improve survival and engraftment of transplanted
cells, which will not only enhance paracrine release of these beneficial factors, but also
promote cardiac regeneration.

Because of the heterogeneous nature of iPSC derivatives, we also compared the pattern of
paracine release from different subpopulations, specifically cells expressing the endothelial
specific markers CD34 and CD144 (or VE-cadherin). Single cell expression analysis
revealed that piPSC-ECs expressing either CD34 or CD144 released more pro-angiogenic
and anti-apoptotic factors than other subpopulations of piPSC-ECs and pASCs. This is not
surprising given the function of these proteins in vasculogenesis. CD34 is a transmembrane
protein that is expressed on early hematopoietic precursors and vascular associated
structures.®> CD144 (VE-cadherin) is an endothelial specific adhesion molecule that
maintains and controls endothelial cell-to-cell adhesion, and, thus, can regulate vascular
permeability and leukocyte extravasation.>? In addition, it regulates cell proliferation,
apoptosis, and the function of vascular endothelial growth factor, making it is essential for
embryonic angiogenesis. Furthermore, previous studies have shown that endothelial
progenitor cells expressing CD34 and CD144 augment angiogenesis by release of paracrine
factors.>3 Given our findings that cells expressing these markers release more pro-
angiogenic and anti-apoptotic factors than other subpopulations, future studies should
consider transplantation of specific iPSC-derivative cell subpopulations to further enhance
functional recovery.

Finally, the development of a robust platform for noninvasive /7 vivoimaging in large
animals is critical to ensure that therapeutic cells have been safely delivered near the target
area of injury and have integrated into the target tissue.3% Here we directly labeled cells with
[18F]-FDG and iron particles for /n7 vivo monitoring by PET/CT and MRI, respectively.
Previous studies have reported successful monitoring of cell engraftment in large animals
using these approaches, albeit with other stem cell subtypes.37-39 Similarly, we demonstrate
the feasibility of this approach for monitoring the piPSC delivery and engraftment into the
peri-infarct area. A major limitation of our study is that we did not evaluate the functional
efficacy of piPSC-ECs in a porcine model. This is primarily due to the large number of
animals that would be needed to demonstrate robust statistical differences, which would
need to be carefully evaluated in follow-up studies. Future studies could also determine
whether a dual approach using direct labeling and reporter gene expression could exploit the
advantages of both techniques to monitor stem cell delivery in large animals.
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In summary, we successfully derived piPSCs and differentiated them into piPSC-ECs, which
share similar morphological and functional properties to their endogenous counterparts. We
found that piPSC-EC therapy promotes pro-angiogenic and anti-apoptotic cytokine release
in vitro and in vivo, leading to improved cardiac function in ischemic injury models. We
also used multimodality noninvasive imaging to monitor cell engraftment into the peri-
infarct area in small and large animal models of myocardial infarction. Taken together, our
study provides preclinical validation and optimization of piPSCs-ECs as an effective
therapeutic cell population, laying the groundwork for the eventual application of
autologous iPSC-based therapy in the future.
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Non-standard Abbreviations

ANGT1 angiopoietin 1

ANGT2 angiopoietin 2

BCL2 B-cell lymphoma 2

BLI bioluminescence imaging

CSF3 colony stimulating factor 3

CT computed tomography

EBs embryoid bodies

ECs endothelial cells

EF ejection fraction

FACS fluorescence activated cell sorting
FGF-p fibroblast growth factor beta
FGFR2 fibroblast growth receptor 2
FLuc firefly luciferase

H&E hematoxylin and eosin

HSVttk herpes simplex virus truncated thymidine kinase
IFNA1 interferon alpha 1

IFN-y interferon gamma

IL-1a interleukin 1 alpha

IL6 interleukin 6
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IL8 interleukin 8
IL-10 interleukin 10
IL12 interleukin 12
Ip10 interferon-inducible protein
iPSCs induced pluripotent stem cells
LAD left anterior descending artery
MEF mouse embryonic fibroblast
MI myocardial infarction
mRFP monomeric red fluorescent protein
MRI magnetic resonance imaging
NS non significant
pAorta-ECs endothelial cells harvested from the porcine aorta
pASC porcine adipose stromal cells
PBS phosphate buffered saline
PCR polymerase chain reaction
PET positron emission tomography
Pfibroblasts porcine fibroblasts
piPSC-ECs endothelial cells derived from porcine induced pluripotent stem cells
PIGF placental growth factor
gtRT-PCR quantitative reverse transcription polymerase chain reaction
TIMP1 tissue inhibitor of metalloproteinase 1
TIMP2 tissue inhibitor of metalloproteinase 2
TF triple fusion
TNF-a tumor necrosis factor alpha
TTC triphenyltetrazolium chloride
VEGF vascular endothelial growth factor
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Novelty and Significance
What 1sKnown?

e Induced pluripotent stem cells (iPSCs) have been created from adult somatic
cells of many small and large animals.

»  More recently, iPSCs have been derived from swine, an animal that shares a
similar cardiovascular anatomy and physiology to humans.

What New Information Does This Study Contribute?
o We successfully created iPSCs from porcine adipose tissue.

o For the first time, we also injected the iPSCs into the myocardium in a porcine
model of myocardial infarction and tracked their localization to peri-infarct area
by multi-modality MRI and PET/CT imaging.

» Inaddition, we successfully differentiated porcine iPSCs into endothelial cells
(iPSC-ECs) in vitroand demonstrated that intra-myocardial injection of iPSC-
ECs improved cardiac function in a murine model of myocardial infarction.

Although several groups have created iPSCs from porcine adult tissue, generation of a
therapeutic cell type from these large animals has remained challenging. Using a
modified protocol for the derivation of human endothelial cells from iPSCs, we
successfully generated endothelial cells from porcine iPSCs that shared similar
morphological and functional properties as endothelial cells from the aorta.
Transplantation of these iPSC-ECs into myocardium in mouse after myocardial infarction
resulted in significant improvement in ejection fraction 4 weeks post transplantation.
Using a novel microfluidic PCR technique to determine gene expression at the single cell
level, we discovered that iPSC-ECs are capable of releasing pro-angiogenic and anti-
apoptotic factors in the ischemic environment. These paracrine factors promoted the
formation of new blood vessels in the peri-infarct area. We also demonstrated that the
pattern of paracrine release varied among different cell subpopulations. In summary,
further development of these large animal iPSC models may provide additional insight to
facilitate the development of autologous iPSC-based therapy in humans.
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Figure 1. Generation and characterization of porcineinduced pluripotent stem cells (piPSCs)
A) Representative timeline of piPSC generation. Compact clones were observed on day 15.
B) Immunofluorescence staining of pluripotent markers. Unlike the porcine adipose stromal
cells (pASCs) from which they were derived, piPSCs stained positive for the traditional
markers of pluripotency (e.g., Nanog, Oct4, KIf4 and SSEA-1). pASCs have a weak
expression of c-Myc, which is consistent with other reports. C) Reverse transcription PCR
analysis of pluripotent markers. Expression of Oct4, KIf4, Sox2, and Nanog is present in
derived piPSCs, but absent from pASC and negative control (blank). D) Pearson correlation
analysis for gene expression in piPSCs versus pASCs and porcine fibroblasts (pfibroblasts).
Hierarchical clustering of whole genome expression showed that our generated piPSC lines
were similar to reference piPSC lines (piPSC-IC1, piPSC-ID4, and piPSC-1D6) generated
from another laboratory, and were distinct from pfibroblasts and pASCs. The range of
Pearson correlation coefficients are displayed in the color bar (Z0p).
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Figure 2. Derivation and characterization of piPSC-derived endothelial cells

A) Bright-field images of endothelial cell differentiation from piPSCs using embryoid
bodies. Differentiated cells were dissociated and sorted by FACS on day 12. B)
Morphological and functional similarities between piPSC-ECs and endothelial cells
harvested from the autologous porcine aorta (pAorta-ECs). Both piPSC-ECs and pAorta-
ECs show positive immunofluorescence staining for the endothelial marker CD31 (green)
and DAPI nuclear stain (b/ue). Similar to pAorta-ECs, piPSC-ECs take up acetylated LDL
(red) and form a capillary-like network on Matrigel 24 hours after seeding the cells (7ar
right). C) Microarray analysis confirmed that, similar to pAorta-ECs, piPSC-ECs express
genes related to endothelial function.
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Figure 3. Greater functional improvement noted in micetreated with piPSCs-ECs

A) Representative M-mode echocardiographic views of infarcted hearts receiving PBS,
pASCs, pAorta-ECs, and piPSC-ECs (n=20 per group). B) Quantification of fractional
shortening (FS) reveals significant improvement in systolic function of animals receiving
piPSC-ECs at week 2 and week 4 post-MI compared to animals receiving PBS (week 2,
23.7+0.9% vs. 19.3+0.5%, *P<0.01; week 4, 27.2+1.3% vs. 22.3+1.1%, **P<0.001).
Greater improvement was also seen in animals receiving piPSCs compared to pASCs
although this did not reach statistical significance (week 2, 23.7+0.9% vs. 21.5+1.5%,
P=NS; week 4, 27.2+1.3% vs. 24.2+2.5%, P=NS). Comparable improvement is observed
between animals receiving piPSC-ECs and their endogenous counterpart, pAorta-ECs (week
2, 23.7+0.9% vs. 23.4+1.3%; week 4, 27.2+1.3% vs. 27.1+0.6%; P=NS). C) Representative
BLI of an animal receiving 1x108 piPSC-ECs demonstrated robust cell engraftment at day 2
following injection. Progressive decrease in signal was observed over the next several
weeks, but persistent cell engraftment is still noted at week 4.
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Figure 4. Histological evaluation of piPSC-EC therapy in infarcted hearts at week 4

A) Representative triphenyltetrazolium chloride (TTC) gross histochemical analysis of
infarcted hearts injected with PBS (control group) and piPSC-ECs. B) Quantitative analysis
of the infarct size showed that the percent infarct size is significantly smaller in mice treated
with piPSC-EC compared to PBS (25.2+1.5% versus 32.7+0.8%; *P<0.05). C)
Representative histology of infarcted hearts injected with PBS and piPSC-ECs (hematoxylin
and eosin, magnification 1.25x and 5x for the whole heart and left ventricular wall,
respectively). D) Quantitative analysis of the left ventricular wall thickness showed thicker
ventricular walls were present in the piPSC-EC compared to PBS control group (281+12 pm
versus 161+6 pm; *P <0.01). E) Representative immunofluorescence staining of the murine
endothelial marker CD31 in the peri-infarct area of mice treated with PBS, pASCs, pAorta-
ECs, and piPSC-ECs. F) Quantitative analysis of capillary density (vessel/mm?) showed a
significant increase in vessel density (# vessels per high power field) in animals treated with
piPSC-ECs compared to PBS (395+28 vessels/mm? versus 107+9 vessels/mm?2,*P<0.001).
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Figure 5. Cytokine expression array demonstrate piPSC-ECsrelease paracrine factorswith in
vitro hypoxia stress

A) Angiogenesis and anti-apoptosis protein array data after hypoxia exposure for 24 hours.
B) Quantitative analysis of the cytokine array confirmed significant up-regulation of several
pro-angiogenic and anti-apoptotic related proteins in pASCs, pAorta-ECs, and piPSC-ECs
compared to control (culture medium without cells under hypoxic conditions). Interestingly,
piPSC-ECs released significantly more paracrine factors than pASCs. A similar pattern of
paracrine secretion was noted between piPSC-ECs and their endogenous counterparts,
pAorta-ECs. Two biological replicates per group (*P<0.05, **P<0.001 vs. pASCs).
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Figure 6. Microfluidic single cell gene expression profiling demonstrates piPSC-ECs can release
paracrinefactorsin vivo

A) Schematic outline of single cell expression profiling experiment demonstrating that
paracine factors are released in response to the ischemic microenvironment. One-week post
injection into normal vs. infarcted hearts, piPSC-ECs were harvested, sorted by FACS, and
analyzed by single cell gRT-PCR. B) Comparison of fold-change obtained by single cell
gRT-PCR showed a significant increase in the expression of 10 genes, which have pro-
angiogenic and/ or anti-apoptotic effects, in the MI group compared to the sham group.
Fold-change is defined as the Ct value of the MI group divided by the Ct value of the sham
group. Results confirm that piPSC-ECs are able to respond to the local ischemic milieu by
secreting pro-angiogenic and anti-apoptotic factors. C) Schematic outline of single cell
expression experiment showing that the release of paracrine factors varied among different
subpopulations of pASC and piPSC-ECs. One week post injection into infarcted hearts,
injected cells were harvested, subpopulations of pASCs and piPSC-ECs were isolated using
FACS and single cell gRT-PCR was performed. D) Comparison of fold-change obtained by
single cell gRT-PCR showed patterns of paracrine release varied among three populations of
piPSC-ECs and ASCs and cells: 1) CD31*/CD34*/CD144", 2) CD31*/CD34°/CD144*, and
3) CD31%/CD34/CD144
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