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Abstract

Rationale: Poor survival and engraftment are major hurdles of stem cell therapy in the treatment of
myocardial infarction (MI). We sought to determine whether pre-transplantation systemic intravenous
administration of human induced pluripotent stem cell (hiPSC)-derived mesenchymal stromal cells
(hiPSC-MSCs) could improve the survival of hiPSC-MSCs or hiPSC-derived cardiomyocytes (hiPSC-CMs)
following direct intramyocardial transplantation in a mouse model of MI.

Methods: Mice were randomized to undergo intravenous administration of saline or 5105 hiPSC-MSCs
one week prior to MI, induced by ligation of the left anterior descending coronary artery. Mice were
further assigned to undergo direct intramyocardial transplantation of hiPSC-MSCs (1%10¢) or hiPSC-CMs
(1%106) 10 minutes following MI. Echocardiographic and invasive hemodynamic assessment were
performed to determine cardiac function. In-vivo fluorescent imaging analysis, immunofluorescence
staining and polymerase chain reaction were performed to detect cell engraftment. Flow cytometry of
splenic regulatory T cells (Tregs) and natural killer (NK) cells was performed to assess the
immunomodulatory effects.

Results: Pre-transplantation systemic administration of hiPSC-MSCs increased systemic Tregs
activation, decreased the number of splenic NK cells and inflammation, and enhanced survival of
transplanted hiPSC-MSCs and hiPSC-CMs. These improvements were associated with increased
neovascularization and decreased myocardial inflammation and apoptosis at the peri-infract zone with
consequent improved left ventricular function four weeks later. Co-culture of splenic CD4 cells with
hiPSC-MSCs also modulated their cytokine expression profile with a decreased level of interferon-y,
tumor necrosis factor-a, and interleukin (IL)-17A, but not IL-2, IL-6 and IL-10.

Conclusion: Pre-transplantation systemic intravenous administration of hiPSC-MSCs induced
immunomodulation and facilitated the survival of intramyocardially transplanted cells to improve cardiac
function in Ml.

Key words: human induced pluripotent stem cell; immunomodulation; mesenchymal stromal cell;
cardiomyocyte; myocardial infarction
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Introduction

Despite recent advances in reperfusion therapy
and pharmacotherapy for myocardial infarction (MI),
a significant proportion of patients develop
intractable heart failure (HF) due to progressive left
ventricular (LV) remodeling [1, 2]. Different cell-based
therapies to replenish the loss of cardiomyocytes
(CMs) have been investigated for treatment of MI [3].
Unfortunately, clinical [4-6] and preclinical trials [7, 8]
that focused on the transplantation of autologous
somatic cells, such as bone marrow (BM) cells, failed
to demonstrate any significant clinical benefits. One of
the major hurdles is the inconsistent number and
quality of autologous stem cells that leads to
discordance in clinical outcome [9]. Even allogenic
somatic cell sources from healthy donors, such as
mesenchymal stromal cells (MSCs) derived from BM
and adipose tissue, are limited by their senescence
after several passages and problems with
standardization and batch-to-batch variation with
different donors [10, 11].

Recently, our group has generated MSCs from
human-induced pluripotent stem cells (hiPSCs) with
enhanced proliferation and immune tolerance
capacities. This offers an unlimited “off-the-shelf” cell
source with predictable therapeutic efficacy [12, 13].
We have demonstrated that hiPSC-MSCs have better
proliferative capacity, survival and therapeutic
efficacy for myocardial repair than BM-MSCs [12] or
embryonic stem cell-derived CMs [14]. Compared
with BM-MSCs, hiPSC-MSCs are more immune-
privileged due to their insensitivity to pro-
inflammatory interferon-y-induced human leukocyte
antigen (HLA) class II expression [15]. In addition,
hiPSC-MSCs possess multiple immunomodulatory
actions  similar to BM-MSCs, suppressing
proliferation, cytokine secretion and cytotoxicity of
immune T-cells; and modulating the functions of
regulatory T cells (Tregs) and natural killer (NK) cells
[15, 16]. Nevertheless, local myocardial delivery of
hiPSC-MSCs  may not induce these systemic
immunomodulatory effects so their survival in the
infarcted myocardium remains poor [14, 17].
Currently, the main strategy to improve survival of
locally transplanted cells is to use long-term
immunosuppressive agents but this is associated with
toxicity and adverse effects [18, 19]. As a result,
systemic administration of MSCs has been explored as
an immunomodulation therapy for graft-versus-host-
disease following BM transplantation [18], as well to

improve graft survival following solid organ
transplantation [19].
We hypothesized that pre-transplantation

systemic administration of hiPSC-MSCs would

induce immunomodulation and enhance the
engraftment and therapeutic effects of intra-
myocardial implantation of cells after MIL The
potential immunomodulatory ability of hiPSC-MSCs
to enhance the survival and engraftment of different
types of transplanted cells using hiPSC-MSCs or
hiPSC-CMs was also investigated.

Methods

The study design is outlined in Figure 1; full
details of the reagents and experimental procedures
are described in the Online Supplemental Methods.

Statistical analysis

All data are expressed as mean * SEM, and
analysis was performed using SPSS software (SPSS,
Inc., Chicago, IL, USA). The Student t test was used to
compare two groups. Comparison of variables
between multiple groups was performed using
one-way ANOVA with Tukey post hoc test. All data
were analyzed in a blind manner. A P value < 0.05
was considered statistically significant.

Results

As shown in Figure 1, 88 mice were randomized
to one of six groups: control group (n=8), MI group
(n=10), S-hiPSC-CM group (n=17), S-hiPSC-MSC
group (n=17), MSC-hiPSC-CM group (n=18), and
MSC-hiPSC-MSC group (n=18). 2 mice each from the
MI group and S-hiPSC-MSC group, and 3 mice each
from the S-hiPSC-CM, MSC-hiPSC-CM and
MSC-hiPSC-MSC group died after induction of MI. In
addition, 1 mouse from the S-hiPSC-MSC group and 1
mouse from MSC-hiPSC-CM group were excluded as
there was no evidence of MI (determined by Masson
Trichrome staining). After intramyocardial cell
transplantation, 3 mice each from S-hiPSC-CM,
MSC-hiPSC-CM, S-hiPSC-MSC and MSC-hiPSC-MSC
group were sacrificed immediately for fluorescent
imaging analysis of DiR signal. Then, a total of 12
mice from the S-hiPSC-CM group (n=3), S-hiPSC-
MSC group (n=3), MSC-hiPSC-CM group (n=3) and
MSC-hiPSC-MSC group (n=3) were sacrificed on day
7 for fluorescent imaging analysis of DiR signal. As a
result, 49 mice completed this study and were
sacrificed on day 28: eight mice each from the control,
MI, S-hiPSC-CM, S-hiPSC-MSC and MSC-hiPSC-CM
groups and nine mice from the MSC-hiPSC-MSC
group.

Improvement in LV function after
transplantation
Transthoracic echocardiogram was performed to

measure LV ejection fraction (LVEF), fractional
shortening (FS) and LV dimension (Figure S1A).
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Compared with the control group, LVEF (75.3+1.3%
versus 37.9£1.9%; P<0.01) and FS (35.4%£1.2% versus
15.9£0.9%; P<0.01) were decreased (Figure 2A-B) and
LV end-systolic dimension (LVESD) (2.5£0.1% versus
4.0+0.1%; P<0.01) was increased in the MI group
(Figure 2C). Compared with the MI group, LVEF and
FS were significantly increased (Figure 2A-B; P<0.05)
and LVESD was significantly decreased (Figure 2C;
P<0.05) in S-hiPSC-CM, MSC-hiPSC-CM, S-hiPSC-
MSC and MSC-hiPSC-MSC groups. Moreover, LVEF
and FS were further increased (Figure 2A-B; P<0.05);
and the LVESD were decreased (Figure 2C; P<0.05) in
the MSC-hiPSC-CM and MSC-hiPSC-MSC compared
with the S-hiPSC-CM and S-hiPSC-MSC groups,
respectively after transplantation. Nevertheless, there
was no difference in LV end-diastolic dimension
(LVEDD) between MI group and all treatment groups
(Figure 2D; P>0.05).

Invasive ~ hemodynamic  assessment  of
pressure-volume loop was performed to measure LV
maximal positive pressure derivative (+dP/dtmax) and
the end-systolic pressure-volume relationship
(ESPVR) (Figure S1B). Compared with the control
group, +dP/dtmax (+5164+148 mmHg/s versus
+1793+83 mmHg/s; P<0.01) and ESPVR (4.6£0.3

versus 1.0£0.1; P<0.01) were decreased in the MI
group (Figure 2E-F). Compared with the MI group,
+dP/dtmax and ESPVR were significantly increased in
S-hiPSC-CM, MSC-hiPSC-CM, S-hiPSC-MSC and
MSC-hiPSC-MSC  groups (Figure 2E-F; P<0.05).
Moreover, +dP/dtmax (Figure 2E; P<0.05) and ESPVR
(Figure 2F; P<0.01) were further increased in both
MSC-hiPSC-CM  and MSC-hiPSC-MSC  groups
compared with S-hiPSC-CM and S-hiPSC-MSC
groups, respectively after transplantation. Our results
showed that pre-transplantation systemic
administration of hiPSC-MSCs enhanced the
therapeutic benefit of intramyocardial transplantation
of both hiPSC-CMs and hiPSC-MSCs in improving LV
function post-MI.

Changes in infarct size after transplantation

Masson trichrome staining was performed to
assess infarct size 4 weeks after transplantation
(Figure S2A). Compared with the MI group, the
infarct size was significantly reduced in S-hiPSC-CM,
MSC-hiPSC-CM, S-hiPSC-MSC and MSC-hiPSC-MSC
groups (Figure S2B; P<0.05). Nevertheless, there were
no significant differences in the infarct size in both
MSC-hiPSC-CM and MSC-hiPSC-MSC groups did not

Saline

—

Control
Group

MI Induction

}

hiPSC-MSC

Mi _ MSC- MSC-
Group hiPSC-MSC hiPSC-CM hiPSC-MSC
Group Group Group

Figure 1. Flow chart of the experiment.
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further decrease infarct size compared with the formation at the injection site or other sites over the
S-hiPSC-CM and S-hiPSC-MSC groups, respectively =~ myocardium or other organs.
(Figure S2B; P>0.05). We observed no tumor
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Figure 2. Intravenous pre-transplantation systemic administration of hiPSC-MSCs improved left ventricular function. To assess left ventricular (LV) function,
echocardiographic measurement was performed of left ventricular ejection fraction (LVEF) (A), fractional shortening (FS) (B), LV end-systolic dimension (LVESD) (C), and LV
end-diastolic dimension (LVEDD) (D). Intravenous pre-transplantation of hiPSC-MSCs could further improve LVEF, increase FS and decrease LVESD in the MSC-hiPSC-CM
group and MSC-hiPSC-MSC group compared with the S-hiPSC-CM group and S-hiPSC-MSC group. No change was observed in LVEDD; invasive hemodynamic study was
performed to determine the maximal positive pressure derivative (+dP/dtma) (E), and the slope of end systolic pressure-volume relationship (ESPVR) (F) 4 weeks following
induction of myocardial infarction (M) in different groups of animals. Intravenous pre-transplantation of hiPSC-MSCs could further improve +dP/dtm.x and ESPVR in
MSC-hiPSC-CM group and MSC-hiPSC-MSC group compared with S-hiPSC-CM group and S-hiPSC-MSC group.
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Improved engraftment and survival after
transplantation

Fluorescent imaging of the harvested hearts was
performed on day 0, day 7 and day 28 to evaluate
cellular engraftment of the DiR-labeled hiPSC-CMs
and hiPSC-MSCs at the peri-infarct zone of the LV
(Figure S3A & 3A). There was no significant
difference in fluorescent signal intensity over the LV
on day 0 (Figure S3B). Pre-transplantation systemic
administration of hiPSC-MSCs resulted in a
significantly increased fluorescent signal intensity
over the LV on day 7 or day 28 in the MSC-hiPSC-CM
group and in the MSC-hiPSC-MSC group (Figure
3C-D; P<0.01) compared with the S-hiPSC-CM and
S-hiPSC-MSC groups, respectively. Fluorescent signal
intensity over the LV was also significantly higher in
the MSC-hiPSC-MSC group compared with the
MSC-hiPSC-CM group on day 7 (Figure 3C; P<0.05)
and day 28 (Figure 3D; P<0.01). On the contrary, there
was no difference between the S-hiPSC-MSC group
and S-hiPSC-CM group on day 7(Figure 3C; P>0.05)
or day 28 (Figure 3D; P>0.05). As shown in Figure
S3B, the estimated survival rates of transplanted cells
after intramyocardial injection at day 7 in S-hiPSC-
CM, MSC-hiPSC-CM, S-hiPSC-MSC and MSC-hiPSC-
MSC groups were 15.51%, 29.15%, 17.54% and 38.01%,
respectively. At 28 days, the estimated survival rates
of intramyocardial transplanted cells in S-hiPSC-CM,
MSC-hiPSC-CM, S-hiPSC-MSC and MSC-hiPSC-MSC
groups decreased to 1.35%, 3.51%, 1.62% and 4.95%,
respectively.

Immunohistochemical analysis was performed
to quantify cell engraftment of intramyocardially
transplanted hiPSC-CMs or hiPSC-MSCs (Figure 3B).
Since no human CD105 positive cells were detected in
the MSC-hiPSC-CM group, any human CD105
positive cells in the MSC-hiPSC-MSC group were
considered to have derived from intramyocardially
injected hiPSC-MSCs. Pre-transplantation systemic
administration of hiPSC-MSCs in both MSC-hiPSC-
CM and MSC-hiPSC-MSC groups significantly
increased the number of transplanted cells over the
LV compared with the S-hiPSC-CM (Figure 3E;
P<0.05) and S-hiPSC-MSC groups (Figure 3F; P<0.05),
respectively.

Polymerase chain reaction (PCR) analysis of
human DNA was also performed to determine the
engraftment of transplanted cells. Although mouse
mitochondrial DNA was detected in all groups,
human GAPDH DNA was detected only in the four
groups with cellular transplantation, not the MI group
(Figure S4A). Qualitative PCR revealed that
expression of the human GAPDH gene was
significantly higher after pre-transplantation systemic

administration of hiPSC-MSCs in both MSC-hiPSC-
CM and MSC-hiPSC-MSC groups compared with the
S-hiPSC-CM and S-hiPSC-MSC groups, respectively
(Figure S4B; P<0.01). Expression of human GAPDH
was also significantly higher in the MSC-hiPSC-MSC
group compared with the MSC-hiPSC-CM group
(P<0.01). On the contrary, there was no difference
between the S-hiPSC-MSC group and S-hiPSC-CM
group (Figure S4B; P>0.05).

Our results showed that pre-transplantation
systemic administration of hiPSC-MSCs enhanced
hiPSC-CMs and hiPSC-MSCs engraftment and
survival —after intramyocardial transplantation
although the benefit was greater for hiPSC-MSCs.

Decreased immune cellular infiltration,
cardiomyocyte hypertrophy and apoptosis in
the peri-infarct area

Hematoxylin and eosin (H&E) staining was
performed to reveal the peri-infarct regions of the LV,
and immunohistochemical staining with anti-mouse
CD4, Foxp3, and CD68 to assess the number of CD4*
T cells, CD4/Foxp3* Tregs and CD68* macrophages,
respectively after transplantation (Figure 4A and
Figure S5). The phenotype of the macrophages was
further characterized by immunostaining with
anti-INOS and anti-Arginase-1 for M1 and M2
patterns, respectively (Figure S6).

Histological assessment of a cross-section area of
native mouse CMs was performed to assess CMs
hypertrophy. Compared with the MI group, the CMs
cross-sectional area was remarkably decreased in
S-hiPSC-CM, MSC-hiPSC-CM, S-hiPSC-MSC and
MSC-hiPSC-MSC  groups (Figure 4B; P<0.05).
Moreover, the CM cross-sectional area were further
decreased in both MSC-hiPSC-CM and MSC-hiPSC-
MSC groups at the peri-infarct regions of the LV after
transplantation compared with the S-hiPSC-CM and
S-hiPSC-MSC groups, respectively (Figure 4B;
P<0.05).

The number of CD4/Foxp3* Tregs was
remarkably increased (Figure 4C) and the number of
CD68* macrophages was remarkably decreased
(Figure 4D) in S-hiPSC-CM, MSC-hiPSC-CM,
S-hiPSC-MSC ~ and  MSC-hiPSC-MSC  groups
compared with the MI group. Moreover, myocardial
Tregs (Figure 4C; P<0.01) were further increased and
myocardial macrophages (Figure 4D; P<0.01) were
decreased in both MSC-hiPSC-CM and MSC-hiPSC-
MSC groups at the peri-infarct regions of the LV after
transplantation compared with the S-hiPSC-CM and
S-hiPSC-MSC groups, respectively. There were no
significant differences in the cellular infiltration of
CD4* T cells (Figure S4), Tregs (Figure 4C) or
macrophages (Figure 4D) at the myocardium after
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transplantation of hiPSC-CMs versus hiPSC-MSCs  at the peri-infarct regions exhibited an M2 phenotype
with or without systemic administration of (Figure S6).
hiPSC-MSCs. Interestingly, all macrophages detected
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Figure 3. Intravenous pre-transplantation systemic administration of hiPSC-MSCs improved survival of transplanted cells in mice with MLI. To evaluate the
survival of intramyocardial transplanted hiPSC-cardiomyocytes (CMs) or hiPSC-MSCs, DiR labelled hiPSC-CMs or hiPSC-MSCs were detected on the infarcted hearts using an
IVIS spectrum in vivo imaging system 7 and 28 days after intramyocardial transplantation (A). The quantity of intramyocardial transplanted hiPSC-MSCs and hiPSC-CMs in DiR
signal images was indicated by the radiant efficiency of fluorescent intensity. The DiR signal was stronger in the MSC-hiPSC-CM group and MSC-hiPSC-MSC group compared with
the S-hiPSC-CM group and S-hiPSC-MSC group respectively (C-D). Immunofluorescent staining of intramyocardial transplanted cells in the peri-infarct area was performed 4
weeks after induction of MI (B). The quantity of intramyocardial transplanted hiPSC-CMs and hiPSC-MSCs on immunofluorescent images was represented by the number of
anti-human Troponin | positive cells and anti-human CD105 positive cells, respectively. Intramyocardially transplanted CMs were represented by human Troponin | positive cells
(green). Intramyocardially transplanted MSCs were represented by human CD105 positive cells (red). Cell nuclei were counterstained with DAPI (blue). The quantity of human
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Troponin | positive cells and human CD105 positive cells were counted under fluorescent microscopy and expressed as count per mm2. The cell retention of transplanted
hiPSC-CMs was increased in the MSC-hiPSC-CM group compared with the S-hiPSC-CM group (E). The cell retention of transplanted hiPSC-MSCs was increased in the
MSC-hiPSC-MSC group compared with the S-hiPSC-MSC group (F). As no human CD105 positive cells were detected in the MSC-hiPSC-CM group, any human CD105 positive
cells in the MSC-hiPSC-MSC group were considered to have derived from intramyocardially injected hiPSC-MSCs.
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Figure 4. Intravenous pre-transplantation systemic administration of hiPSC-MSCs increased Tregs and decreased the infiltration of macrophages and
apoptosis in the peri-infarct area. Hematoxylin and eosin (H&E) staining was performed to show the peri-infarct regions of the LV and to measure the cardiomyocyte cross
sectional area in the peri-infarct area. To measure intramyocardial inflammation in the peri-infarct area, immunofluorescent staining of Tregs, macrophages and apoptotic cells in
the peri-infarct area was performed 4 weeks after Ml induction. Tregs were represented by CD4 (green) and Foxp3 (red) positive cells and cell nuclei were counterstained by
DAPI (blue). Macrophages were represented by CD68 positive cells (green) and cell nuclei were counterstained by DAPI (blue). Apoptotic cells were represented by
TdT-mediated dUTP Nick-End Labeling (TUNEL) positive cells (green) and cell nuclei were counterstained by DAPI (blue). Positive cells were counted under fluorescent
microscopy and expressed as count per mmz2. (A). Pre-transplantation systemic administration of hiPSC-MSCs significantly reduced the cross sectional area of native CMs in
MSC-hiPSC-CM and MSC-hiPSC-MSC groups compared with S-hiPSC-CM and S-hiPSC-MSC groups, respectively (B). Pre-transplantation systemic administration of
hiPSC-MSC:s significantly increased myocardial Tregs (C) and decreased myocardial macrophages (D) and apoptotic cells (E) in MSC-hiPSC-CM and MSC-hiPSC-MSC groups
compared with S-hiPSC-CM and S-hiPSC-MSC groups.
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TdT-mediated dUTP  Nick-End Labeling
(TUNEL) staining was performed to assess apoptosis
at the peri-infarct regions of the LV after
transplantation (Figure 4A). Compared with the
control group, the number of apoptotic cells
(12.9£1.7/mm? versus 84.2+4.2/mm? P<0.01) was
markedly increased in the MI group (Figure 4E;
P<0.01). Compared with the MI group, the number of
apoptotic cells was significantly reduced in S-hiPSC-
CM, MSC-hiPSC-CM, S-hiPSC-MSC and MSC-hiPSC-
MSC groups (Figure 4E; P<0.05). The number of
apoptotic cells were significantly decreased in both
MSC-hiPSC-CMs and MSC-hiPSC-MSCs  groups
compared with the S-hiPSC-CM and S-hiPSC-MSC
groups, respectively after transplantation (Figure 4E;
P<0.01).

Our results showed that pre-transplantation
systemic administration of hiPSC-MSCs regulated
immune Tregs and macrophage infiltration and
mitigation of apoptosis at the peri-infarct regions of
the LV 4 weeks after intramyocardial transplantation
of hiPSC-CMs or hiPSC-MSCs.

Induction of neovascularization after
transplantation

Immunohistochemical staining with
alpha-smooth muscle antigen (a-SMA) and von
Willebrand factor (vWF) was performed to assess
neovascularization at the peri-infarct regions of the
LV after cell transplantation (Figure S7A-B).
Compared with the MI group, intramyocardial
transplantation of hiPSC-CMs or hiPSC-MSCs with or
without pre-transplantation systemic administration
of hiPSC-MSCs significantly increased capillary
density (Figure S7C-D; P<0.05). The capillary density
was further significantly increased in both MSC-
hiPSC-CM and MSC-hiPSC-MSC groups compared
with the S-hiPSC-CM and S-hiPSC-MSC groups,
respectively (Figure S7C-D; P<0.01). There were no
differences between S-hiPSC-CM versus S-hiPSC-
MSC groups or MSC-hiPSC-CM versus MSC-hiPSC-
MSC groups, respectively (Figure S7C-D; P>0.05).
Our results showed that pre-transplantation systemic
administration of hiPSC-MSCs enhanced
neovascularization at the peri-infarct regions of the
LV 4 weeks after intramyocardial transplantation of
hiPSC-CMs or hiPSC-MSCs.

Immunomodulatory effect of systemic
administration of hiPSC-MSCs

First, we defined cellular retention after systemic
administration of hiPSC-MSCs in control mice
without MI. Fluorescent imaging of the harvested
splenocytes, livers, hearts, kidneys and lungs were
performed to evaluate cellular engraftment of the

labeled hiPSC-MSCs on day 1 and 7 after a single
intravenous injection. As shown in Figure S8A, the
majority of hiPSC-MSCs were distributed to the
spleen, liver, heart, kidneys and lungs on day 1, but
most had disappeared from the major organs,
especially the heart and lungs, by day 7.

Then, we determined the optimal timing for the
immunomodulatory effects of systemic hiPSC-MSC
preconditioning prior to direct intramyocardial
transplantation over a period of 11 days by measuring
different populations of splenic immune cells. The
splenic ~Tregs progressively increased after
intravenous administration of hiPSC-MSCs from day
0 and reached a peak on day 7 (Figure S8B). There
were no significant changes to the level of splenic
CD4*, CD8* or NK cells over time (Figure S8C-E).
These findings further confirmed that the optimal
immunomodulatory effects were achieved 7 days
after systemic administration of hiPSC-MSCs.

Next, we evaluated the in-vivo effects of
pre-transplantation systemic administration of hiPSC-
MSCs on splenic CD4* T cell, Tregs, and NK cell
populations (Figure 5). The control of two-color
staining of sham splenocytes is shown in Figure 5A &
B. Compared with the MI group, the percentage of
splenic CD4* cells was not changed in S-hiPSC-CM,
MSC-hiPSC-CM, S-hiPSC-MSC and MSC-hiPSC-MSC
groups (Figure 5C; P>0.05). Compared with the MI
group, intramyocardial transplantation of hiPSC-
MSCs significantly increased splenic Tregs (Figure
5D; P<0.05); whereas intramyocardial transplantation
of hiPSC-CMs had no such effect (Figure 5D; P>0.05).
The splenic Tregs were significantly increased in both
MSC-hiPSC-CM  and MSC-hiPSC-MSC  groups
compared with S-hiPSC-CMs and S-hiPSC-MSCs,
respectively (Figure 5D; P<0.01). Moreover, the
percentage of splenic Tregs was higher in the
S-hiPSC-MSC and MSC-hiPSC-MSC groups than the
S-hiPSC-CM and MSC-hiPSC-CM groups (Figure 5D;
P<0.01), respectively.

Compared with the control group, the
percentage NK cell population was significantly
increased in the MI group 4 weeks after induction of
MI (Figure 5E; P<0.05). Compared with the MI group,
S-hiPSC-MSC, as well as MSC-hiPSC-CM and MSC-
hiPSC-MSC groups had a significantly reduced
percentage of splenic NK cells (Figure 5E; P<0.05).
The percentage splenic NK cell population were
significantly decreased in both MSC-hiPSC-CM and
MSC-hiPSC-MSC groups compared with the S-hiPSC-
CM and S-hiPSC-MSC groups (Figure 5E; P<0.01).

Our results showed that pre-transplantation
systemic administration of hiPSC-MSCs could
provide immunomodulatory effects to enhance
subsequent intramyocardial cell transplantation by
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inducing splenic activation of Tregs and suppressing  activation of NK cells.
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Figure 5. Intravenous pre-transplantation systemic administration of hiPSC-MSCs increased Tregs and decreased NK cells in the spleen. To identify splenic
Tregs, splenocytes were stained with anti-mouse CD4-FITC and anti-mouse Foxp3-APC and analyzed by flow cytometry. “Fluorescence Minus One” (FMO) controls were
obtained by omitting anti-mouse CD4-FITC antibody or anti-mouse Foxp3-APC antibody from the Tregs staining. Analysis of FMO controls for Tregs showed that omitting
anti-mouse CD4-FITC antibody or anti-mouse Foxp3-APC antibody did not significantly change the frequency of positive cells for the other marker, confirming the validity of the
gating strategy (A). To determine splenic NK cells, splenocytes were stained with anti-mouse CD49b-FITC and anti-mouse NKI.1-APC antibodies and analyzed by flow
cytometry. FMO controls were obtained by omitting anti-mouse CD49b-FITC antibody or anti-mouse NK1.1-APC antibody from the NK cell staining. Analysis of FMO controls
for NK cells showed that omitting anti-mouse CD49b-FITC antibody or anti-mouse NK1.1-APC antibody did not significantly change the frequency of positive cells for the other
marker, confirming the validity of the gating strategy (B). CD4* splenocytes (C), CD4* Foxp3+ splenocytes (D) and CD49b*NK 1.1+ splenocytes (E) were counted in all groups
and expressed in percentage. Intravenous pre-transplantation systemic administration of hiPSC-MSCs increased splenic Tregs and decreased splenic NK cells.
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Figure 6. Cytokine profiles changes after co-culture for 7 days with CD4 positive splenocytes and hiPSC-MSCs. To demonstrate altered cytokine profiles, the
supernatant level of cytokines was measured at day 7 (A). interferon (IFN)-y (B) and tumor necrosis factor (TNF)-a (C), and interleukin (IL)-17A (D) in the supernatant reduced
significantly after co-culture with hiPSC-MSCs for 7 days, compared with the cytokine level in the supernatant of the CD4 positive cell population alone. The cytokine level of IL-2

(E), IL-6 (F) and IL-10 (G) remained unchanged.

Changes to cytokine profile in CD4*
splenocytes and hiPSC-MSCs co-cultured
supernatant

To investigate the immunomodulatory effect of
hiPSC-MSCs on CD4* cells, the changes to cytokine

profile were measured in the supernatant after 7 days
of co-culture with hiPSC-MSCs and CD4* splenocytes
(Figure 6A). After co-culturing of hiPSC-MSCs, the
expression of tumor necrosis factor-a (Figure 6B) and
interferon-y (Figure 6C), which are related to T-helper
cells (Tr)1, as well as interleukin (IL)-17A (Figure 6D)
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related to Twl7 by the CD4* splenocytes were
significantly decreased. On the contrary, Th2 related
cytokines, including IL-2, IL-6 and IL-10 (Figure
6E-G) were unchanged. These data suggest that
hiPSC-MSCs  affected the release of Tnl and
Tnl7-related cytokines in the CD4* cell population
and contributed to their immunomodulatory effects.

Discussion

Main findings

In this study, we provide novel evidence that
pre-transplantation systemic intravenous
administration of hiPSC-MSCs can induce
immunomodulatory effects through activation of
Tregs, suppression of NK cells, and modulation of the
expression of cytokine profiling of CD4* cells to
enhance engraftment and survival of cells
transplanted intramyocardially for treatment of MI.
Increased survival of transplanted hiPSC-MSCs or
hiPSC-CMs  following  systemic  hiPSC-MSCs
pre-conditioning was associated with further
improvement in LV function, likely mediated by
enhanced neovascularization and reduced cellular
inflammation and apoptosis at the peri-infarct zone.
Finally, there was no tumor formation at the injection
site or other sites over the myocardium or other
organs.

Immunomodulatory effects of hiPSC-MSCs

Emerging evidence suggests that pluripotent
stem cell-derived cell types such as hiPSC-MSCs [14]
and hiPSC-CMs [20, 21] are promising allogenic
“off-the-shelf” cell sources for cardiac repair after ML
Our recent study showed that intramyocardial
transplantation of hiPSC-MSCs improved
neovascularization and LV function in a porcine
model of post-MI HF [14]. Nevertheless, their poor
survival and engraftment due to immune rejection
and inflammation despite immunosuppression
therapies (steroid and cyclosporine) remain major
hurdles to their therapeutic application. Despite the
potential immune-privilege of hiPSC-MSCs due to
their limited expression of HLA at baseline,
upregulation of HLA on hiPSC-MSCs can be triggered
by exposure to interferon-y [15]. Moreover, local
delivery of hiPSC-MSCs into the myocardium may
have limited immunomodulatory effects. In this
study, we observed only a modest increase in the
percentage of splenic Tregs after intramyocardial
hiPSC-MSCs transplantation compared with hiPSC-
CMs transplantation. It remains unclear whether the
immunomodulatory effects of hiPSC-MSCs can be
further enhanced by pre-transplantation systemic
administration of MSCs.

Previous animal studies have demonstrated that

pre-transplantation systemic administration of MSCs
4-7 days rather than 0-3 days before heart
transplantation can prolong graft survival [22-26]. The
improved engraftment has been attributed to
increased circulating Tregs following systemic
administration of MSCs [27]. In this study, we aimed
to investigate the immunomodulatory effects of
hiPSC-MSCs and thus immunosuppressive agents
were not administrated before systemic or intra-
myocardial cellular transplantation. Indeed, splenic
Tregs increased to a peak level 7 days following
systemic intravenous administration of hiPSC-MSCs
in normal mice without MI. Next, our results
demonstrated that pre-transplantation systemic
administration of hiPSC-MSCs in the MSC-hiPSC-
MSC group further significantly increased splenic
Tregs and decreased splenic NK cells compared with
intramyocardial hiPSC-MSCs transplantation alone.
Our in-vitro co-culture study demonstrated that
hiPSC-MSCs could modify the cytokine expression
profile of splenic CD4* T cells with a decrease in
interferon-y that mediates the cellular immune
response, as well as pro-inflammatory cytokines
tumor necrosis factor-a, and IL-17A. Most
importantly, these immunomodulatory effects were
associated with improved survival of subsequent
intramyocardially  transplanted hiPSC-MSCs or
hiPSC-CMs. On the other hand, we observed no
significant changes to the expression of Th2-related
cytokines (IL-2, IL-6 and IL-10) by splenic T cells after
co-culture with hiPSC-MSCs. This is likely because
MSCs have direct effects on Thl-related and
Thl7-related cytokine expression by T cells, but
inhibition of Th-2 related cytokines is mediated
indirectly via induction of Tregs and could be
determined by this in-vitro co-culture experiment [28].
In this study, we also determined whether the
immunomodulatory effects of systemic
administration of hiPSC-MSCs could induce tolerance
of only one cell type, i.e., hiPSC-MSCs or be extended
to other cell types, such as isogenic hiPSC-CMs
derived from the same iPSC line. Our results showed
that intramyocardial engraftment and survival of
hiPSC-CMs and hiPSC-MSCs were significantly
increased  after  pre-transplantation  systemic
administration of hiPSC-MSCs. Moreover, Tregs were
also significantly increased and macrophage
infiltration at the myocardium was decreased after
transplantation of either hiPSC-CMs or hiPSC-MSCs
compared with those without systemic administration
of hiPSC-MSCs. Interestingly, we detected only
macrophages with an M2 phenotype at the
peri-infarct LV regions that decreased after either
hiPSC-CMs or hiPSC-MSCs transplantation and
reduced further after pre-transplantation of
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hiPSC-MSCs. Prior studies have demonstrated that
macrophages begin to adopt a reparative M2
phenotype in the later phase of MI [29]. The decreased
number of M2 macrophages after cellular
transplantation is likely related to reduced local CM
injury after either hiPSC-CMs or hiPSC-MSCs
transplantation.

Nevertheless, we observed greater
improvements in engraftment and survival for
hiPSC-MSCs than hiPSC-CMs, likely due to the local
immunomodulatory effects of hiPSC-MSCs as Tregs
and macrophage infiltration were insignificantly
higher and lower respectively in mice that underwent
intramyocardial transplantation of hiPSC-MSCs
versus hiPSC-CMs. These findings are consistent with
our recent observation of the superior engraftment
and survival of hiPSC-MSCs compared with human
embryonic stem cell-derived CMs, attributed to local
immunomodulatory effects of hiPSC-MSCs [14].
Nevertheless, these results also highlight the
relatively weaker immunomodulatory effects of
locally administered hiPSC-MSCs. Whether a
combination of pre-treatment systemic administration
with local intramyocardial injection of hiPSC-MSCs
can further improve the engraftment and survival of
hiPSC-CMs deserves future investigation.

Mechanism of cell engraftment and cardiac
function improvement

Our results showed that LV function
significantly improved following intramyocardial
transplantation of hiPSC-MSCs or hiPSC-CMs with
pre-transplantation systemic intravenous
administration of hiPSC-MSCs. Despite the significant
improvement in cell survival, size of MI was not
affected. Although systemic hiPSC-MSCs pre-
conditioning increased the survival and engraftment
of hiPSC-MSCs more than that of hiPSC-CMs, a
similar increase in neovascularization and decreased
myocardial inflammation and apoptosis at the
peri-infarct site were observed in both groups. It is
possible that some of these beneficial effects were due
to systemic administration of hiPSC-MSCs even
though hiPSC-MSCs were rarely detected 7 days after
intravenous injection. More importantly, those
changes  were  associated  with  significant
improvement in LV function after MI. We observed
no human CMs after intramyocardial transplantation
of hiPSC-MSCs with or without pre-transplantation
systemic intravenous administration of hiPSC-MSCs,
indicating the lack of any trans-differentiation of
hiPSC-MSCs to human CMs. Taken together, our
results are consistent with recent observations that the
major mechanisms of action of cellular
transplantation are mediated via their paracrine

effects [30, 31] and anti-inflammatory effects [32],
rather than direct myocardial remuscularization. Our
results support these findings and further
demonstrate that increased transplanted cell survival
by  pre-transplantation  systemic intravenous
administration of hiPSC-MSCs can further enhance
these  paracrine effects of intramyocardial
transplantation of hiPSC-MSCs or hiPSC-CMs.

In conclusion, the results of this study provide
proof-of-principle data to support the potential
therapeutic  application of pre-transplantation
systemic administration of hiPSC-MSCs modulated
systemic Tregs and NK cells and improve the survival
of intramyocardial transplantation of different cell
sources, including hiPSC-MSCs and hiPSC-CMs for
MI. Future studies should be performed to determine
whether these immunomodulatory effects of systemic
hiPSC-MSCs can be further enhanced by co-
administration of immunosuppressive agents or used
to improve the engraftment of bioengineered cellular
patches.

This study has limitations. First, single
intravenous administration of hiPSC-MCSs was given
1 week before the induction of MI as coronary artery
ligation and intramyocardial cellular transplantation
were performed in the same setting due to the
limitation of this small animal modal of MI in this
study. This approach cannot mimic the clinical
scenario of patients presented with MI. Nonetheless,
our results provide important proof-of principle data
to support future studies on the immunomodulation
effects of systemic administration of hiPSC-MSCs in
large animal models of ischemic HF [14]. Second, we
tested only a single intravenous infusion of 5x10°
hiPSC-MSCs 7 days before MI induction and
intramyocardial cellular transplantation. Moreover,
the optimal approach, including dosage and number
of pre-transplantation injections of hiPSC-MSCs
remains unclear. Third, direct intramyocardial
cellular transplantation was performed immediately
after induction of MI. The highly inflammatory
environment of the myocardium may have
confounded the beneficial effects of hiPSC-MSCs. Our
recent studies have demonstrated the potential
therapeutic and immunomodulatory effects of local
intramyocardial transplantation of hiPSC-MSCs in a

porcine model of chronic HF after MI [14].
Nevertheless, it remains unclear whether the
immunomodulatory effects of systemic

administration of hiPSC-MSCs can be observed in
chronic post-MI HF. Forth, although we detected
significant changes to the cytokine expression of CD4*
splenocytes with hiPSC-MSCs co-culture in-vitro,
changes to the systemic and local cytokine profiles
were not measured. In addition to changes in the
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systemic and local infiltration of Tregs and NK cells,
the altered expression of different anti-inflammatory
and anti-apoptotic cytokines should also contribute to
the immunomodulatory effect of hPSC-MSCs [33].
Further in-vivo studies are required to clarify the
potential roles of different cytokine expressions
related to the immunomodulatory effects of hiPSC-
MSCs. Final, the current approach to characterize the
M1/M2 polarization paradigm of cardiac macrophage
in this study was mainly based on the presence of the
surface markers rather than actual expression of those
proteins, such as Arginase-1 [34].
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