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Abstract
We sought to demonstrate whether therapeutic e�cacy can be improved by combination of repeated
intravenous administration and local transplantation of human induced pluripotential stem cell derived
MSCs (hiPSC-MSCs). In this study, mice model of hind-limb ischemia was established by ligation of left
femoral artery. hiPSC-MSCs (5x105) was intravenously administrated immediately after induction of hind
limb ischemia with or without following intravenous administration of hiPSC-MSCs every week or every 3
days. Intramuscular transplantation of hiPSC-MSCs (3x106) was performed one week after induction of
hind-limb ischemia. We compared the therapeutic e�cacy and cell survival of intramuscular
transplantation of hiPSC-MSCs with or without a single or repeated intravenous administration of hiPSC-
MSCs. Repeated intravenous administration of hiPSC-MSCs could increase splenic regulatory T cells
(Tregs) activation, decrease splenic natural killer (NK) cells expression, promote the polarization of M2
macrophages in the ischemic area and improved blood perfusion in the ischemic limbs. The improved
therapeutic e�cacy of MSC-based therapy was due to both increased engraftment of intramuscular
transplanted hiPSC-MSCs and intravenous infused hiPSC-MSCs. In conclusion, our study supported a
combination of repeated systemic infusion and local transplantation of hiPSC-MSCs for cardiovascular
disease.

Introduction
Regenerative therapies, characterized by transplantation of pluripotent stem cells or committed cells to
repair or replace damaged tissues, have been widely utilized in the treatment of cardiovascular diseases
such as myocardial infarction (MI) and peripheral artery diseases (1–3). Recent evidence showed that
cells harvested from elderly sick patients elicited compromised proliferation and angiogenesis potential
that could evoke a compromised therapeutic effect on tissue regeneration and repair (4). Therefore,
allogenic pluripotent stem cell derived cell types with high therapeutic potential and an “off the shelf” cell
sources hold greater appeal to clinical investigators, rather than cells from those patients (5, 6). Our
previous studies demonstrated that intramuscular transplantation of human induced pluripotent stem
cell (hiPSC) derived mesenchymal stromal cells (hiPSC-MSCs) improved blood perfusion in a mouse
model of hind-limb ischemia through promoting angiogenesis and reducing macrophage in�ltration (7).
However, the retention of transplanted cells was remarkedly low albeit standard immunosuppression
therapies (7, 8). The limited engraftment of local transplanted cells hurdles therapeutic application of cell-
based therapies.

The immunomodulatory effects of MSCs have been widely discussed for a generation. Recently, a wide
spectrum of studies showed that pre-transplantation systemic administration of MSCs prolonged the
survival of allograft in solid organ transplantation (9–11). Our recent study also showed that pre-
transplantation systemic intravenous administration of hiPSC-MSCs improved the survival and the
therapeutic e�cacy of intramyocardial transplanted hiPSC-MSCs and hiPSC derived cardiomyocytes
(hiPSC-CMs) in a mouse MI model (12). The improved cellular engraftment was associated with the
immunomodulatory effects of intravenous hiPSC-MSCs preconditioning (12). Moreover, previous study
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reported that systemic infused MSCs contributed to improvement of cardiac function and repeated
dosing have a superior therapeutic effects than a single administration (13–16). Therefore, it is of great
interest to investigate whether superior immunomodulatory effects of MSC-based therapy can be
achieved by combination of repeated cellular infusion and local cellular transplantation.

In this study, we hypothesized that a combination of repeated systemic intravenous hiPSC-MSCs infusion
and intramuscular hiPSC-MSCs transplantation would elicit an enhanced immunomodulatory response in
a mouse model of hind-limb ischemia, compared with intramuscular hiPSC-MSCs transplantation with or
without single intravenous hiPSC-MSC infusion. The potential immunomodulatory ability of repeated
intravenous hiPSC-MSCs infusion every week or every 3 days to enhance the survival and engraftment of
intramuscular transplanted hiPSC-MSCs was also investigated.

Methods
Ethic statement

All procedures that involved animals were approved by the Committee on the Use of Live Animals in
Teaching and Research (CULATR) at the University of Hong Kong. (CULATR number 4777-18). All
procedures conformed to the NIH Guide for the Care and Use of Laboratory Animals.

Human induced pluripotent stem cells culture differentiation and preparation 

The hiPSC line IMR90-iPSCs used in this study were acquired from WiCell Research Institute (Madison,
WI, USA).

Differentiation and culture of hiPSC-MSC

We followed an established protocol described in our previous study to generate hiPSC-MSCs (7, 8, 17). In
brief, iPSC-MSCs were differentiated in knockout Dulbecco modi�ed Eagle’s medium (DMEM) (10829018,
Thermo Fisher Scienti�c, NY, USA) with 10% fetal bovine serum (FBS) (26140079, Thermo Fisher
Scienti�c, NY, USA), supplemented with basic �broblast growth factor (bFGF) (10 ng/mL, PHG0360,
Thermo Fisher Scienti�c, NY, USA), platelet-derived growth factor AB (PDGFAB) (10 ng/mL, 100-00AB,
Peprotech, Rocky Hill, NH, USA) and epidermal growth factor (EGF) (10 ng/mL, AF-100-15, Peprotech,
Rocky Hill, NH, USA). After one week, hiPSC-MSCs were puri�ed by sorting for CD105+/CD24- cells using
the MoFlo Cell sorting system (Beckman-coulter, USA). Sorted cells were cultured and expanded in MSC
medium (05401, Stemcells Technologies, Toronto, Canada). The puri�ed hiPSC-MSCs exhibited CD44,
CD49a&e, CD73, CD105, and CD166 expression but not CD45, CD34, or CD133. The morphology of
hiPSC-MSCs was similar to that of bone marrow derived MSCs (BM-MSCs) with osteoblast, adipocyte,
and chondroblast differentiation potential. Passage 4-6 hiPSC-MSCs were used for transplantation. 

Cell labeling and in vivo imaging
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Near-infrared dye DiR was used to detect transplanted cells in vivo since it has high tissue penetration
and a low false-positive signal.4, 5 Three million hiPSC-MSCs were stained with 5μg/mL DiR cell-labeling
solution (D12731, Life Technologies, Carlsbad, CA, USA) for 15 min at 37 °C, then washed and re-
suspended in 30μl fresh plain medium for intramuscular transplantation.6 To quantify and detect the
biodistribution of transplanted cells, animals were prepared for epi-�uorescent imaging using an IVIS®
Spectrum optical imaging system under �eld of view (FOV) 3.9 x 3.9 cm (PerkinElmer, Inc. MA, USA). All
the animals laid on the back. The engrafted DiR-labeled cells were visualized under a 750 nm/800 nm
excitation/emission wavelength with �uorescent intensity represented by radiant e�ciency. To estimate
the survival rate of the transplanted cells, the averaged radiant e�ciency was calculated. The estimated
survival rates at day 14, 21, 28 or 35 was calculated as the percentage of the radiant e�ciency at day 14,
21, 28 or 35 versus that of the averaged radiant e�ciency just after intravenous transplantation.

Animal model and transplantation strategy

Hind limb ischemia was achieved by direct ligation of the left femoral artery following a standard
established protocol.7 In brief, all mice were �rst anesthetised by intraperitoneal injection of 100mg/kg
ketamine mixed with 10mg/kg xylazine. Mice were then secured on a temperature-controlled heating pad
and the hair surrounding the surgical site removed by depilatory cream. Next, a 5mm incision was made
along the femoral vessel to explore the femoral artery, vein and nerve. We ligated the femoral artery,
taking care to avoid any injury to the vein and nerve. Intravenous injection of either 100μl saline or 5x105

hiPSC-MSCs prepared in 100μL normal saline via the tail vein were performed immediately after model
induction. Then all ischemic animals were randomized to receive repeated intravenous administration of
5x105 hiPSC-MSCs every week or every 3 days or not at all. One week after induction of ischemia,
animals were randomized to receive direct intramyocardial injection of culture medium (100μl), or 3x106

DiR labeled hiPSC-MSCs at three different sites near the site of ligation. Animals with foot necrosis in the
ischemia group were excluded from the analysis (n=2) due to administration of a large bolus of pain
relief and antibiotic agents that may affect the results of �ow analysis. All animals were euthanized by
intraperitoneal injection of 100mg/kg pentobarbital.

Five groups of adult male ICR mice aged 12–16 weeks were used in this study: (1) intravenous
administration of saline immediately after induction of ischemia and intramuscular administration of
culture medium at day 7 (Ischemia group); (2) intravenous administration of saline immediately after
induction of ischemia and intramuscular administration of 3x106 hiPSC-MSCs at day 7 (MSC-Saline
group); (3) intravenous administration of 5x105 hiPSC-MSCs immediately after induction of ischemia and
intramuscular administration of 3x106 hiPSC-MSCs at day 7 (MSC-MSC/once group); (4) repeated
intravenous administration of 5x105 hiPSC-MSCs immediately and every week following induction of
ischemia for 4 weeks and intramuscular administration of 3x106 hiPSC-MSCs at day 7 (MSC-MSC/week
group); (5) repeated intravenous administration of 5x105 hiPSC-MSCs immediately and every 3 days
following induction of ischemia for 4 weeks and intramuscular administration of 3x106 hiPSC-MSCs at
day 7 (MSC-MSC/3 days group). Three mice in each group were sacri�ced on day 7 and 14 for �ow
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cytometry analysis of splenic immune cells and immunohistochemical staining to detect muscular
macrophage in�ltration. The remaining mice from �ve groups (ischemia group (n=8), MSC-Saline group
(n=10), MSC-MSC/once group (n=10), MSC-MSC/week group (n=8), MSC-MSC/3 days group (n=8)) were
sacri�ced on day 35. The �uorescent signal of the left ischemic limb was detected by an optical imaging
system to evaluate cellular engraftment of the labeled hiPSC-MSCs. Blood perfusion of the hind limb was
evaluated every week using a laser doppler imaging system.2, 7

Laser Doppler imaging assessment of blood perfusion

Blood perfusion of the hind limbs was assessed by serial Laser Doppler imaging analysis (Moor
Instruments, Devon, UK) immediately and every week after induction of ischemia as described in our
previous study.2 In brief, all mice were �rst anesthetized by intraperitoneal injection of 100mg/kg
ketamine mixed with 10mg/kg xylazine and then scanned under the laser head. All the animals laid on
the stomach. Next, the digital color-coded images were analyzed to quantify blood �ow over the ligated
and non-ligated hind limbs from the knee to the toe. Blood perfusion was represented as the ratio of the
values of the ligated limb versus the non-ligated limb and the mean values of three repeated images was
calculated.

Tissue collection and histological assessment

The harvested tissues and organs were immediately �xed in ice-cold 4% buffered paraformaldehyde
solution (AAJ19943K2, Thermo Fisher Scienti�c, NY, USA) and embedded in para�n for sectioning into
5μm slices. Masson’s trichrome staining was performed with a commercially available kit (AACSC009,
American MasterTech Scienti�c, CA, USA) to identify �brotic tissues. In brief, rehydrated tissue slices were
�rst incubated with Bouin’s �uid at 60 °C in a humidi�ed atmosphere for 1 hour. They were then stained
with Weigert’s mixed hematoxylin solution, Biebrich Scarlet/Acid Fuchsin solution and Aniline blue
solution in sequence. Finally, they were �xed with 1% acetic acid solution. The degree of �brosis was
calculated by the ratio of �brotic tissue to muscular tissue. All the images captured and analyzed by
AxioVision Rel. 4.5 software (Zeiss, GmbH, Oberkochen, Germany). 

Immunohistochemical staining was performed to assess cell engraftment,
neovascularization and in�ltration of in�ammatory cells. Double staining with anti-human mitochondria
antibody (1:100, MAB1273, Merck Millipore, CA, USA) and anti-human GAPDH antibody (1:100,
ab128915, Abcam, MA, USA) was applied to evaluate engraftment of the transplanted hiPSC-MSCs. The
number of positive cells was counted over the peri-infarct regions in each treatment group and expressed
as count per mm2.

To evaluate neovascularization, immunohistochemical staining was performed with anti-mouse α-SMA
(1:200, M0851, Sigma-Aldrich, MO, USA) and anti-mouse vWF (1:200, ab7356, Merck Millipore, CA, USA),
respectively. Vessel density was determined as absolute number of positive staining vessels over the
ischemic muscular regions in each treatment group and expressed as count per mm2.
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To assess in�ltration of in�ammatory cells, immunostaining of macrophages was also performed to
estimate the number of leukocytes in the ischemic area. Macrophage in�ltration was assessed by
antibody staining with anti-mouse CD68 (1:200, ab31630, Abcam, MA, USA) independent of their
polarization. The polarization of macrophages was further characterized by immunostaining with anti-
Arginase 1 (1:100, ab60176, Abcam, MA, USA) for M2 phenotypes. In�ltration of macrophages was
determined as the absolute number of CD68 positive macrophages over the ischemic regions in each
treatment group and expressed as count per mm2. Polarization of macrophages was represented by the
ratio of both CD68 and Arginase 1 positive M2 macrophages to CD68 positive total macrophages.

All data were measured in six random 40X �elds from three different cross sections in a blinded fashion.
Images of all sections were captured and analyzed by AxioVision Rel. 4.5 software (Zeiss, GmbH,
Oberkochen, Germany).

Flow cytometry analysis 

Splenic Tregs and NK cells were analyzed by �ow cytometry (Beckman-coulter, cyto�ex-STM, FL, USA).
After animals were sacri�ced, the fresh spleen was harvested and washed with phosphate buffered saline
(PBS) (SH30256.02, Cytiva, MA, USA). A single cell suspension of splenic lymphocytes was prepared by
meshing through 100 μm nylon cell strainers (Falcon, NY, USA) and red blood cells removed by ACK
lysing solution (A1049201, Invitrogen, CA, USA). One million splenocytes were then blocked with puri�ed
anti-mouse CD16/32 antibody (1:100, 101302, BioLegend, CA, USA) and 7AAD (1:50, 559925, BD
Bioscience, NJ, USA) in �ow buffer containing PBS, 1% BSA, 2 mM EDTA, 0.01% NaN3 for 10 min at 4 ˚C.
After washing, these cells were subsequently used for staining of Tregs and NK cells. For Treg staining, a
commercial Treg cells detection kit was used (130120674, Miltenyi Biotec, Cologne, Germany). In brief,
one million splenocytes were stained with 1:20 anti-mouse CD4-VioBlue for 15 min and then �xed and
made permeable with �xation-permeabilization buffers for 30 min on ice. Intracellular staining of Foxp3
was done by incubating with 1:20 anti-mouse Foxp3-PE antibody. NK cells were stained using 1:100 anti-
mouse NK1.1-APC antibody (108709, Biolegend, CA, USA) and anti-mouse CD49b-FITC antibody (103503,
Biolegend, CA, USA) for 30 min on ice. Stained cells were analyzed using a Cytomic FC500 �ow cytometer
(Beckman Coulter, cyto�ex-STM, FL, USA). The population of splenic Tregs and NK cells detected by �ow
cytometry was calculated from the percentage of cells in the number of viable cells. The number of Tregs
was expressed as Foxp3+ cells in a proportion of pre-gated CD4+ cells. Flow images were analyzed by
FlowJo software (V10.7.1, Becton, USA).

The optimal time and dosage for hiPSC-MSCs infusion

The optimal time and dosage of systemic intravenous infusion of hiPSC-MSCs was determined by review
of three different time points and dosages. Three groups of ICR mice were employed: (1) a single
intravenous administration of 2.5x105 hiPSC-MSCs in mice without induction of ischemia (2.5x105 group,
n=9); (2) a single intravenous administration of 5x105 hiPSC-MSCs in mice without induction of ischemia
(5x105 group, n=9); (3) a single intravenous administration of 7.5x105 hiPSC-MSCs in mice without
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induction of ischemia (7.5x105 group, n=9). 3 mice in each group were sacri�ced on day 3, 7 and 11 for
�ow cytometry analysis of splenic Tregs.

The therapeutic e�cacy of intravenous administration of hiPSC-MSCs

First, to determine cell engraftment following a single cellular infusion, three mice were given a single
intravenous administration of 5x105 hiPSC-MSCs at the same time as induction of hind-limb ischemia.
Epi-�uorescent imaging was performed at 12h and on day 3, 7 and 14.

To de�ne the therapeutic e�cacy of intravenous administration of hiPSC-MSCs, three more groups of
mice were employed in this study: (1) intravenous administration of  5x105 hiPSC-MSCs immediately
after induction of ischemia without intramuscular administration of hiPSC-MSCs (Saline-MSC/once
group, n=8); (2) repeated intravenous administration of 5x105 hiPSC-MSCs immediately and every week
after induction of ischemia for 4 weeks without intramuscular administration of hiPSC-MSCs (Saline-
MSC/week group, n=8); (3) repeated intravenous administration of 5x105 hiPSC-MSCs immediately and
every 3 days after induction of ischemia for 4 weeks without intramuscular administration of hiPSC-
MSCs (Saline-MSC/3 days group, n=8). Serial Laser Doppler imaging analysis was performed
immediately and every week after induction of ischemia to monitor the blood perfusion of hind limbs.

The comparison of therapeutic e�cacy of intravenous hiPSC-MSCs infusion and cyclosporine A
injection.

To compare the therapeutic e�cacy on cell survival and blood perfusion with hiPSC-MSCs and
cyclosporine A (Sandimmune® Injection, Novartis, USA), three more groups of mice were employed in this
study: (1) intravenous administration of saline immediately after induction of ischemia and
intramuscular administration of 3x106 hiPSC-MSCs at day 7 combined with daily subcutaneous
administration of cyclosporine A from day 7 to day 35 (MSC-Saline-Cyc group, n=3); (2) intravenous
administration of 5x105 hiPSC-MSCs immediately after induction of ischemia and intramuscular
administration of 3x106 hiPSC-MSCs at day 7 combined with daily subcutaneous administration of
cyclosporine A from day 7 to day 35 (MSC-MSC/once-Cyc group, n=3); (3) repeated intravenous
administration of 5x105 hiPSC-MSCs immediately and every week after induction of ischemia and
intramuscular administration of 3x106 hiPSC-MSCs at day 7 with daily subcutaneous administration of
cyclosporine A from day 7 to day 35 (MSC-MSC/week-Cyc group, n=3). Fluorescent signal of the left
ischemic limb was detected by an optical imaging system to evaluate the cellular engraftment of the
labeled hiPSC-MSCs and blood perfusion of hind limbs was evaluated by Laser Doppler imaging system
to assess the blood perfusion recovery every week. 

Statistical analysis

All data are expressed as mean ± SEM and analyzed SPSS software (SPSS, Inc., Chicago, IL, USA).
Comparison between groups with serial changes at different time points was performed by two-way
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repeated ANOVA with Tukey post hoc test. The differences between groups within a single time point
were compared by one-way ANOVA with Tukey post hoc test. All data were analyzed in a blinded manner
and statistical signi�cance was de�ned as a p<0.05.

Results

Improved blood perfusion in ischemic hind limb
Serial laser doppler imaging and analysis was performed to evaluate the blood perfusion and monitor the
blood �ow recovery in the ischemic hind limb (Fig. 1A). After induction of ischemia, blood perfusion of
the ligated limb signi�cantly decreased to an extremely low level relative to the non-ligated limb in the
ischemia group (2.98 ± 0.56), MSC-Saline group (2.96 ± 0.30), MSC-MSC/once group (2.95 ± 0.48), MSC-
MSC/week group (3.01 ± 0.29) and MSC-MSC/3 days group (2.97 ± 0.30). There was no signi�cant
difference between the �ve groups (Fig. 1B, all p > 0.05). These results con�rmed that acute hind-limb
ischemia was induced in all groups. Intramuscular administration of hiPSC-MSCs with intravenous
administration of saline or with intravenous administration of hiPSC-MSCs once or every week or every 3
days in MSC-Saline, MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days groups resulted in a
signi�cant and progressive improvement in the blood perfusion of the ligated limb from day 14 onwards
compared with the ischemia group (Fig. 1B, all p < 0.05). Intravenous administration of hiPSC-MSCs
signi�cantly increased blood perfusion in the MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days
groups from day 7 onwards compared with the ischemia and MSC-Saline groups (Fig. 1B, all p < 0.05).
Repeated intravenous administration of hiPSC-MSCs in MSC-MSC/week and MSC-MSC/3 days groups
further increased blood perfusion from day 28 onwards compared with the MSC-MSC/once group
(Fig. 1B, all p < 0.05). Nevertheless there was no signi�cant difference between mice that received
repeated intravenous administration of hiPSC-MSCs in the MSC-MSC/week versus MSC-MSC/3 days
groups throughout the study period. At day 35, blood perfusion of the ligated hind limb in the ischemia,
MSC-Saline, MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days groups were 30.57 ± 0.81, 40.56 ± 
0.84, 44.99 ± 0.75, 50.41 ± 0.68 and 51.12 ± 0.86 respectively.

Taken together, our results showed that systemic intravenous administration of hiPSC-MSCs enhanced
the therapeutic effects of intramuscular transplantation of hiPSC-MSCs on improvement of blood
perfusion in a mouse model of hind-limb ischemia. In addition, repeated intravenous administration of
hiPSC-MSCs every week or every 3 days further improved the therapeutic effects of intramuscular
transplantation of hiPSC-MSCs compared with a single intravenous injection. No signi�cant difference
was observed between repeated intravenous administration of hiPSC-MSCs every week and every 3 days.

Increased neovascularization and decreased �brosis in
ischemic hind limb
To evaluate neovascularization in the ischemic limb, immunohistochemical staining with anti-mouse
alpha-smooth muscle antigen (α-SMA) and anti-mouse von Willebrand factor (vWF) antibodies were
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performed to assess arteriogenesis and angiogenesis following cellular transplantation respectively
(Fig. 2A). Compared with the ischemia group, intramuscular transplantation of hiPSC-MSCs in the MSC-
Saline, MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days groups signi�cantly increased
neovascularization at day 35 (Fig. 2B-C, all p < 0.05). Moreover, systemic intravenous administration of
hiPSC-MSCs in MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days groups further improved
neovascularization compared with the MSC-Saline group (Fig. 2B-C, p < 0.05). In addition, repeated
intravenous administration of hiPSC-MSCs in the MSC-MSC/week and MSC-MSC/3 days groups further
promoted neovascularization compared with the MSC-MSC/once group (Fig. 2B-C, all p < 0.05). There
was no difference in neovascularization between the MSC-MSC/week and MSC-MSC/3 days groups
(Fig. 2B-C, all p > 0.05).

To assess the degree of �brosis in the ischemic limb, Masson’s Trichrome staining were performed to
determine the percentage of �brotic tissue in the ischemic limb (Fig. 2A). Compared with the ischemia
group, intramuscular transplantation of hiPSC-MSCs in the MSC-Saline, MSC-MSC/once, MSC-MSC/week
and MSC-MSC/3 days groups signi�cantly ameliorated �brosis at day 35 (Fig. 2D, all p < 0.05). Moreover,
systemic intravenous administration of hiPSC-MSCs in the MSC-MSC/once, MSC-MSC/week and MSC-
MSC/3 days groups signi�cantly reduced �brosis compared with the MSC-Saline group (Fig. 2D, all p < 
0.05). In addition, repeated intravenous administration of hiPSC-MSCs in the MSC-MSC/week and MSC-
MSC/3 days groups further decreased �brosis compared with the MSC-MSC/once group (Fig. 2D, all p < 
0.05). There were no differences in �brosis between the MSC-MSC/week and MSC-MSC/3 days groups
(Fig. 2D, all p > 0.05).

Taken together, our results showed that systemic intravenous administration of hiPSC-MSCs enhanced
the therapeutic effects of intramuscular transplantation of hiPSC-MSCs in promotion of
neovascularization and reduction of �brosis in a mouse model of hind-limb ischemia. Repeated
intravenous administration of hiPSC-MSCs every week or every 3 days further increased the
neovascularization and decreased the �brosis following cellular transplantation compared with a single
intravenous injection. No signi�cant difference was observed between repeated intravenous
administration of hiPSC-MSCs every week and every 3 days.

Improved cellular engraftment and survival after
transplantation
Fluorescent imaging of ischemic hind limbs was performed immediately and every week after induction
of ischemia to access the cellular engraftment and survival of intramuscularly transplanted hiPSC-MSCs
(Fig. 3A). To avoid any confusion on the �uorescent signal, intravenous administered hiPSC-MSCs were
not labeled with DiR. There was no signi�cant difference in �uorescent signal intensity over the ischemic
hind limb after intramuscular cellular transplantation (Fig. 3B, all p > 0.05). Systemic intravenous
administration of hiPSC-MSCs signi�cantly increased cellular engraftment and survival in the MSC-
MSC/once, MSC-MSC/week and MSC-MSC/3 days groups from day 14 onwards relative to the MSC-
Saline group (Fig. 3B, all p < 0.05). Moreover, repeated intravenous administration of hiPSC-MSCs in the
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MSC-MSC/week and MSC-MSC/3 days groups further improved cellular engraftment and survival from
day 21 onwards compared with the MSC-MSC/once group (Fig. 3B, all p < 0.05). There was no signi�cant
difference between mice that received repeated intravenous administration of hiPSC-MSCs in MSC/week
and MSC-MSC/3 days groups throughout the study period. At day 35, the estimated survival rates in
MSC-Saline, MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days groups decreased to 2.59 ± 0.31%,
8.33 ± 0.54%, 13.56 ± 0.49% and 14.23 ± 0.42%, respectively (Figure S2).

Cellular engraftment and survival of intramuscularly transplanted hiPSC-MSCs were further con�rmed by
immunohistochemical double staining with anti-human GAPDH and anti-human mitochondria antibodies
(Fig. 4A). Systemic intravenous administration of hiPSC-MSCs signi�cantly increased human GAPDH
and human mitochondria positive cells over the ischemic hind limb in the MSC-MSC/once, MSC-
MSC/week and MSC-MSC/3 days groups from day 14 onwards relative to the MSC-Saline group (Fig. 4B,
all p < 0.05). Moreover, at day 35, repeated intravenous administration of hiPSC-MSCs in the MSC-
MSC/week and MSC-MSC/3 days groups further increased the human GAPDH and human mitochondria
positive cells compared with the MSC-MSC/once group (Fig. 4B, all p < 0.05). No difference between the
MSC-MSC/week and MSC-MSC/3 days groups was noted (Fig. 4B, all p > 0.05).

Taken together, our results demonstrated that systemic intravenous administration of hiPSC-MSCs
enhanced engraftment and survival of intramuscularly transplanted hiPSC-MSCs. In addition, repeated
intravenous administration every week or every 3 days further increased the cellular engraftment and
survival compared with a single intravenous injection. No signi�cant difference was observed between
repeated intravenous administration of hiPSC-MSCs every week versus every 3 days.

Muscular macrophages in�ltration and polarization
Immunohistochemical staining with anti-mouse CD68 antibody was performed to calculate the number
of macrophages after cellular transplantation and evaluate the in�ltration of macrophages (Fig. 5A). M2
macrophages were further characterized by immunohistochemical staining with anti-mouse Arginase-1
antibody (Fig. 5A). Although there was no signi�cant difference between any of the �ve groups at day 7
and 14 after induction of ischemia (Fig. 5B, all p > 0.05), intramuscular administration of hiPSC-MSCs in
MSC-Saline, MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days groups signi�cantly increased M2
macrophage polarization in the ligated limb from day 14 onwards relative to the ischemia group (Fig. 5C,
all p < 0.05). Moreover, intravenous administration of hiPSC-MSCs remarkedly promoted M2 macrophage
polarization in the MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days groups from day 7 onwards
compared with the ischemia and MSC-Saline groups (Fig. 5C, all p < 0.05). At day 35, intramuscular
administration of hiPSC-MSCs in MSC-Saline group had signi�cantly decreased the in�ltration of
macrophages although the M2 macrophage percentage was similar to that in the ischemia group
(Fig. 5B-C, all p < 0.05). Systemic intravenous administration of hiPSC-MSCs in the MSC-MSC/once, MSC-
MSC/week and MSC-MSC/3 days groups signi�cantly decreased macrophage in�ltration and increased
M2 macrophage polarization relative to the MSC-Saline group (Fig. 5B-C, all p < 0.05). Repeated
intravenous administration of hiPSC-MSCs in the MSC-MSC/week and MSC-MSC/3 days groups further
reduced the in�ltration of macrophages and increased the polarization of M2 macrophages compared
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with the MSC-MSC/once group (Fig. 5B-C, all p < 0.05). There was no noticeable difference in either the
in�ltration of macrophages or polarization of M2 macrophages between the MSC-MSC/week and MSC-
MSC/3 days groups (Fig. 5B-C, all p > 0.05).

Taken together, our results demonstrated that systemic intravenous administration of hiPSC-MSCs
decreased the in�ltration of macrophages and increased the polarization of M2 macrophages. Repeated
intravenous administration of hiPSC-MSCs every week or every 3 days further decreased the in�ltration of
macrophages and increased the polarization of M2 macrophages compared with a single intravenous
injection, whereas no signi�cant difference was observed between repeated intravenous administration
of hiPSC-MSCs every week and every 3 days.

Immunomodulatory effect of systemic administration of
hiPSC-MSCs
Flow cytometry analysis of fresh splenocytes was performed to assess splenic Tregs and natural killer
(NK) cells populations and so determine the in-vivo immunomodulatory effect of systemic administration
of hiPSC-MSCs (Fig. 6A). Splenic NK cells were de�ned as both a CD49b-FITC and NK1.1-APC positive
cell population. Our result showed that splenic NK cells progressively decreased following intramuscular
hiPSC-MSC transplantation or intravenous hiPSC-MSC infusion in MSC-Saline, MSC-MSC/once, MSC-
MSC/week and MSC-MSC/3 days groups, whereas no signi�cant difference was noted between different
time points in the ischemia group (Figure S3A). Compared with the ischemia group, intramuscular
administration of hiPSC-MSCs in the MSC-Saline, MSC-MSC/once, MSC-MSC/week and MSC-MSC/3
days groups signi�cantly decreased splenic NK cells from day 14 onwards (Fig. 6B, all p < 0.05). Systemic
intravenous hiPSC-MSC infusion in the MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days groups
signi�cantly reduced splenic NK cells from day 7 onwards relative to the ischemia and MSC-Saline
groups (Fig. 6B, all p < 0.05). Repeated systemic intravenous hiPSC-MSC infusion in the MSC-MSC/week
and MSC-MSC/3 days groups further reduced splenic NK cells from day 14 onwards compared with the
MSC-MSC/once group (Fig. 6B, all p < 0.05). Nonetheless no signi�cant difference was observed between
the MSC-MSC/week and MSC-MSC/3 days groups (Fig. 6B, all p > 0.05).

Splenic Tregs were determined as Foxp3 positive cells in a proportion of pre-gated CD4 positive cells. Our
result showed that splenic Tregs reached a peak at day 7 in the MSC-MSC/once group, whereas these
immunomodulatory cells continued to increase in the MSC-MSC/week and MSC-MSC/3 days groups. No
signi�cant difference was observed between different time points in the ischemia and MSC-Saline groups
(Figure S3B). Compared with the ischemia group, intramuscular administration of hiPSC-MSCs in the
MSC-Saline, MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days groups signi�cantly increased
splenic Tregs on day 35 (Fig. 6C, all p < 0.05). Intravenous hiPSC-MSC infusion in the MSC-MSC/once,
MSC-MSC/week and MSC-MSC/3 days groups signi�cantly improved splenic Tregs from day 7 onwards
compared with the ischemia and MSC-Saline groups (Fig. 6C, all p < 0.05). Repeated systemic
intravenous hiPSC-MSCs infusion in the MSC-MSC/week and MSC-MSC/3 days groups further increased
splenic Tregs from day 14 onwards compared with the MSC-MSC/once group (Fig. 6C, all p < 0.05), but
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there was no signi�cant difference between the MSC-MSC/week and MSC-MSC/3 days groups (Fig. 6C,
all p > 0.05).

Taken together, our results demonstrated that systemic intravenous administration of hiPSC-MSCs could
modulate systemic immune cell activation by decreasing splenic NK cells as well as increasing splenic
Tregs. Repeated intravenous administration of hiPSC-MSCs every week or every 3 days further decreased
splenic NKs and increased splenic Tregs compared with a single intravenous injection. No signi�cant
difference was observed between repeated intravenous administration of hiPSC-MSCs every week and
every 3 days.

The optimal time and dosage for intravenous hiPSC-MSCs
infusion
To de�ne the optimal time and dosage for hiPSC-MSCs infusion, three more groups of mice were
employed in this study. All these mice were randomized to receiving a single intravenous injection of the
2.5x105, 5x105 or 7.5x105 hiPSC-MSCs. Splenic Tregs in all three groups reached their peak level around
7 days after a single cellular infusion (Figure S4A). Splenic Tregs were higher in the 5x105 or 7.5x105

groups compared with the 2.5x105 group at day 7 or day 11, respectively (Figure S4A, all p < 0.05).
However, no signi�cant difference was observed between the 5x105 and 7.5x105 groups at day 3, day 7 or
day 11 (Figure S4A, all p > 0.05). There is no signi�cant difference in splenic CD4+ T cells within or
between all three groups (Figure S4B, all p > 0.05).

Taken together, the optimal dosage of hiPSC-MSCs for intravenous infusion was 5x105. Moreover, splenic
Tregs reached their peak level 7 days after a single cellular infusion.

The therapeutic e�cacy of intravenous hiPSC-MSCs
infusion without intramuscular cellular transplantation
First, we determined whether hiPSC-MSCs could migrate into the ischemic limb after a single intravenous
cellular infusion. Our results showed that most of the hiPSC-MSCs engrafted into the liver 12h after
infusion (Figure S5). The engrafted hiPSC-MSCs gradually migrated into the ischemic limb at day 3 and
disappeared at day 14 (Figure S5). A few cells engrafted in the ischemic limb, the engraftment rate was
extremely low, evidenced by the DiR signal that was 9.8x106 at day 7 after a single intravenous
administration of 5x105 hiPSC-MSCs versus 1.4x109 7 days after a single intramuscular injection in the
MSC-Saline group.

Three more groups of mice that received intravenous hiPSC-MSC infusion once, every week or every 3
days without intramuscular administration of hiPSC-MSCs were employed to assess the therapeutic
e�cacy of intravenous administration of hiPSC-MSCs (Figure S6A). Intravenous administration of hiPSC-
MSCs once, every week or every 3 days without intramuscular administration of hiPSC-MSCs in the
Saline-MSC/once, Saline-MSC/week and Saline-MSC/3 days groups signi�cantly improved blood
perfusion from day 7 onwards compared with the ischemia group (Figure S6B, all p < 0.05). Repeated
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intravenous administration of hiPSC-MSCs in the Saline-MSC/week and Saline-MSC/3 days groups
further increased blood perfusion at day 35 compared with the Saline-MSC/once group (Figure S6B, all p 
< 0.05), although there was no difference between the �rst two groups (Figure S6B, p > 0.05). Nevertheless
intramuscular administration of hiPSC-MSCs in the MSC-Saline group achieved a better bene�cial effect
than intravenous administration of hiPSC-MSCs in the Saline-MSC/once, Saline-MSC/week and Saline-
MSC/3 days groups from day 21 onwards (Figure S6B, all p < 0.05).

Taken together, our results demonstrated that systemic intravenous administration of hiPSC-MSCs
without intramuscular administration of hiPSC-MSCs improved blood perfusion. Repeated intravenous
administration of hiPSC-MSCs every week or every 3 days without intramuscular administration of hiPSC-
MSCs further increased blood perfusion compared with a single intravenous injection, although there was
no signi�cant difference between intravenous administration repeated every week versus every 3 days.
nonetheless intramuscular administration of hiPSC-MSCs achieved a better bene�cial effect than
intravenous administration of hiPSC-MSCs once, every week or every 3 days.

The comparison of therapeutic e�cacy of intravenous hiPSC-MSCs infusion and subcutaneous
administration of cyclosporine A.

To compare the survival and engraftment of intramuscularly transplanted hiPSC-MSCs with intervenous
infusion of hiPSC-MSCs and subcutaneous administration of cyclosporine A, �uorescent imaging of
ischemic hind limb was performed immediately and every week in the MSC-Saline-Cyc, MSC-MSC/once-
Cyc and MSC-MSC/week-Cyc groups (Figure S7A). There was no signi�cant difference in cellular
engraftment between the MSC-MSC/once and MSC-Saline-Cyc groups through this study (Figure S7B, p > 
0.05). Although repeated intravenous infusion of hiPSC-MSCs without subcutaneous administration of
cyclosporine A remarkedly increased cell engraftment in the MSC-MSC/week group relative to the MSC-
MSC/once group (Figure S7B, p < 0.05), no signi�cant difference was observed after subcutaneous
administration of cyclosporine A between the MSC-MSC/week-Cyc and MSC-MSC/once-Cyc groups
(Figure S7B, p > 0.05). Nonetheless, subcutaneous administration of cyclosporine A did not improve the
cell engraftment in the MSC-MSC/once-Cyc and MSC-MSC/week-Cyc groups relative to the MSC-
MSC/once and MSC-MSC/week groups respectively (Figure S7B, p > 0.05).

To compare the therapeutic e�cacy of intramuscularly transplanted hiPSC-MSCs with intervenous
infusion of hiPSC-MSCs and subcutaneous administration of cyclosporine A, serial laser doppler imaging
and analysis was performed to evaluate the blood perfusion and monitor the blood �ow recovery in the
ischemic hind limb (Figure S8A). When comparison between the MSC-MSC/once and MSC-Saline-Cyc
groups was performed, intravenous infusion of hiPSC-MSCs signi�cantly improved blood perfusion in the
MSC-MSC/once group relative to MSC-Saline-Cyc group during the �rst two weeks (Figure S8B, p < 0.05).
Following intramuscular hiPSC-MSC transplantation at day 7, blood perfusion progressly increased in the
MSC-MSC/once and MSC-Saline-Cyc groups. Nevertheless, no signi�cant difference was observed
between the MSC-MSC/once and MSC-Saline-Cyc groups from day 21 onwards (Figure S8B, p > 0.05).
Repeated intravenous infusion of hiPSC-MSCs with or without subcutaneous administration of
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cyclosporine A signi�cantly improved blood perfusion at day 35 in the MSC-MSC/week and MSC-
MSC/week-Cyc groups compared with the MSC-MSC/once and MSC-MSC/once-Cyc groups respectively
(Figure S8B, p < 0.05). Nonetheless, subcutaneous administration of cyclosporine A did not improve the
blood perfusion in the MSC-MSC/once-Cyc and MSC-MSC/week-Cyc groups relative to the MSC-
MSC/once and MSC-MSC/week groups respectively (Figure S8B, p > 0.05).

Cumulatively, our results demonstrated that no signi�cant difference was observed in cell engraftment
between a single or repeated intravenous hiPSC-MSC infusion and subcutaneous administration of
cyclosporine A. Although there was no signi�cant difference in blood perfusion between the cyclosporine
A and single hiPSC-MSC infusion, a signi�cantly improved blood perfusion was observed in the repeated
hiPSC-MSC infusion groups relative to the cyclosporine A group. Furthermore, subcutaneous
administration of cyclosporine A did not further increased cell engraftment or therapeutic e�cacy in
either single or repeated hiPSC-MSC infusion groups.

Discussion
Main �ndings

In this study, we provide novel evidence that a combination of repeated systemic intravenous
administration and local transplantation of hiPSC-MSCs can enhance the therapeutic e�cacy of MSC-
based therapy in a mouse model of hind-limb ischemia. The increased therapeutic e�cacy following
repeated intravenous administration was due to both increased engraftment of intramuscular
transplanted hiPSC-MSCs and immunomodulatory effect of intravenous infused hiPSC-MSCs. Repeated
intravenous administration of hiPSC-MSCs did not increase the risk of tumor formation anywhere.
Nevertheless, subcutaneous administration of cyclosporine A did not further increased the therapeutic
e�cacy of MSC-based therapy.

Mechanism of cell engraftment and therapeutic e�cacy improvement

First, our results demonstrated that although the total number of hiPSC-MSCs infused was larger in the
Saline-MSC/week group and Saline-MSC/3 days group compared with the MSC-saline group, repeated
intravenous administration of hiPSC-MSCs failed to recapitulate the bene�cial effects of intramuscularly
transplanted hiPSC-MSCs. These results were supported by the observation that even though
intravenously administered hiPSC-MSCs could migrate to the site of injury through “cell homing”, cellular
engraftment around the injury site was remarkably low compared with that following intramuscular
transplantation. Therefore, local delivery of hiPSC-MSCs demonstrated superior e�cacy over intravenous
administration. Second, a combination of single or repeated intravenous administration and local
transplantation of hiPSC-MSCs signi�cantly enhanced the therapeutic e�cacy of MSC-based therapy.
These improvements were associated with the immunomodulatory effect of intravenous cellular infusion
as well as the increased cellular survival and engraftment of intramuscular cellular transplantation. Third,
repeated intravenous administration of hiPSC-MSCs elicited a superior therapeutic response than a single
injection with or without intramuscular transplantation of hiPSC-MSCs. This �nding is consistent with
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recent studies wherein the therapeutic e�cacy of cell-based therapies was enhanced by repeated rather
than increased dosing (14-16). Nevertheless, repeated intravenous administration of hiPSC-MSCs every 3
days did not further improved the therapeutic e�cacy compared with repeated hiPSC-MSCs infusion
every week. Finally, improved therapeutic e�cacy of repeated intravenous administration of hiPSC-MSCs
was observed relative to a single intravenous infusion regardless of subcutaneous administration of
cyclosporine A or not. Nevertheless, subcutaneous administration of cyclosporine A did not further
increased cell engraftment or therapeutic e�cacy in either single or repeated hiPSC-MSC infusion groups.
In summary, our results support the application of a combination of intramuscular hiPSC-MSC
transplantation and repeated intravenous hiPSC-MSC infusion every week without subcutaneous
administration of cyclosporine A to improve the therapeutic e�cacy of cell-based therapies. 

Immunomodulatory effects of systemic infused hiPSC-MSCs

Adult stem cells harvested from aged patients exhibit compromised proliferation and angiogenesis
potential that limits their therapeutic effect in cardiovascular disease (4). Pluripotent stem cell-derived
cells with their unlimited cell source, such as hiPSC-MSCs, are a promising candidate for treatment of
cardiovascular disease (7, 8). Our previous study demonstrated that hiPSC-MSCs achieved a superior
bene�cial effect compared with BM-MSCs on induction of neovascularization due to their high
engraftment rate and insensitivity to interferon (IFN)-γ-induced human leukocyte antigen (HLA)
expression (7, 17). Nevertheless, immunological barriers have prevented translation of these pre-clinical
results to clinical application. Although hiPSC-MSCs express few HLA molecules, the long-term
engraftment of transplanted hiPSC-MSCs rapidly declines (7, 8). In our recent study, we observed an
improved engraftment of transplanted hiPSC-MSCs or hiPSC-CMs after pre-transplantation systemic
intravenous administration of hiPSC-MSCs (12). This improvement was associated with increased
systemic Tregs and decreased circulating NK cells. Nonetheless systemic Tregs tended to decrease after
reaching a peak level 7 days following a single intravenous injection. It remains unknown whether the
immunomodulatory effects of hiPSC-MSCs can be further enhanced through repeated intravenous
administration. In this study, although an increased dose of intravenously administrated hiPSC-MSCs did
not elicit an enhanced immunomodulatory response, repeated administration achieved a superior
bene�cial effect compared with a single dosage. Next, our results showed that systemic intravenous
administration of hiPSC-MSCs every week was su�cient to enhance the improved systemic
immunomodulatory effect. When the frequency of systemic intravenous cellular infusion increased to
every 3 days, no further improvement was observed.

Similar to our previous study, splenic Tregs reached a peak level around 7 days following a single hiPSC-
MSC infusion. Number of splenic Tregs continued to increase after each repeated infusion of hiPSC-
MSCs. In addition, number of NK cells progressively reduced over the �rst two weeks but thereafter
remained stable. Repeated hiPSC-MSC infusion could further decrease NK cells to a lower level. Next,
promotion of muscular M2 macrophage polarization was also observed in the groups with intravenous
hiPSC-MSC infusion and an increase in the proportion of M2 macrophages was observed in the group
with repeated infusions relative to the single infusion group. Our results were consistent with recent
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observations that major mechanisms of the immunomodulatory effects of intravenously administrated
hiPSC-MSCs are regulated by increasing numbers of systemic Tregs, decreasing NK cells and promoting
anti-in�ammatory macrophage polarization (13, 18, 19). Taken together, our results provide a proof-of-
principle that repeated infusion of hiPSC-MSCs has an enhanced immunomodulatory effect on activation
of immune cells compared with a single cellular infusion.

In conclusion, our results provide important proof-of-principle data to support future studies on
combination of local cellular transplantation together with repeated intravenous cellular infusion in
regenerative therapies for ischemic hindlimbs. The immunomodulatory effect of intravenous
administration of hiPSC-MSCs contributed to tissue repair as well as engraftment of local transplanted
hiPSC-MSCs. 

Limitations and future direction

There are several limitations to this study. First, intravenous hiPSC-MSC infusion and intramuscular
transplantation was performed in an acute scenario of ischemic cardiovascular disease. It remains
unclear whether the enhanced immunomodulatory effects of hiPSC-MSCs can be achieved by repeated
cellular infusion and what is the optimal timing and dosage in chronic ischemic cardiovascular disease.
Our previous study established a porcine model of ischemic heart failure (HF) (8, 20). It deserves future
investigation on the effects of repeated systemic intravenous infusion of hiPSC-MSCs in this large
animal model of HF. The optimal strategy of repeated intravenous hiPSC-MSCs infusion also needs to be
further veri�ed in a large animal model that more closely mimics clinical practice prior to clinical
translation. Second, although hiPSC-MSCs are insensitive to IFN-γ-induced HLA expression, some HLA
molecules are expressed on the surface of hiPSC-MSCs (17). The cell survival still low several weeks after
transplantation. Recent achievements in gene-editing technologies such as CRISPR-Cas9 make it feasible
to generate universal cells by human leukocyte antigen engineering (21). HLA class I molecule-free
hiPSCs and hESCs have been generated in previous studies (22, 23). Whether MSCs generated from these
HLA class I molecule-free hiPSCs can elicit an decreased immunoreaction and enhanced
immunomodulatory effects deserves future investigation. Third, although no tumor formation was
detected following intravenous hiPSC-MSC infusion in this study, the heterogeneous differentiation as
well as the risk of tumor formation should to be addressed prior to clinical application. Intravenous
administration of hiPSC-MSC-derived exosomes instead of hiPSC-MSCs can avoid these problems and
also warrants future investigation (24, 25). Fourth, this study focused on the immunomodulatory effects
of hiPSC-MSCs on treatment of cardiovascular disease. hiPSC-MSCs elicit a therapeutic response
through paracrine activities with a wide repertoire of trophic cytokines which was not measured in this
study. Finally, our study focus on investigating the immunomodulatory effect of systemic intravenous
hiPSC-MSC infusion. The underlying mechanism why subcutaneous administration of cyclosporine A did
not improve cell engraftment in single or repeated intravenous hiPSC-MSC infusion groups remains
unknown.
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Abbreviations

α-SMA alpha-smooth muscle antigen

bFGF basic �broblast growth factor 

BM bone marrow

CM cardiomyocyte

CULATR Committee on the Use of Live Animals in Teaching and Research 

DMEM Dulbecco modi�ed Eagle’s medium

EGF epidermal growth factor 

FBS fetal bovine serum 

FOV �eld of view 

HF heart failure

HLA human leukocyte antigen

hiPSC human induced pluripotent stem cell

IFN interferon

MI myocardial infarction

MSC mesenchymal stromal cell

NK natural killer

PBS phosphate buffered saline

PDGFAB platelet-derived growth factor AB

Treg regulatory T cell

vWF von Willebrand factor
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Figures

Figure 1

Repeated intravenous administration of hiPSC-MSCs improved blood perfusion. Laser Doppler imaging
analysis was performed immediately and every week following femoral artery ligation to evaluate blood
perfusion in the ischemic hind limbs (A). After intramuscular transplantation of hiPSC-MSCs, blood
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perfusion was signi�cantly improved in the MSC-Saline, MSC-MSC/once, MSC-MSC/week and MSC-
MSC/3 days groups compared with the ischemia group from day 14 onwards (all p<0.05). A single and
repeated intravenous hiPSC-MSC infusion further improved blood perfusion in the MSC-MSC/once, MSC-
MSC/week and MSC-MSC/3 days groups compared with MSC-Saline group (all p<0.05). Moreover, the
blood perfusion was signi�cantly higher in the MSC-MSC/week and MSC-MSC/3 days groups compared
with the MSC-MSC/once group (all p<0.05). There was no signi�cant difference between the MSC-
MSC/week and MSC-MSC/3 days groups (p>0.05) (B).
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Figure 2

Repeated intravenous administration of hiPSC-MSCs increased neovascularization and decreased
�brosis. Immunohistochemical staining with anti-mouse vWF (green) and anti-mouse α-SMA (red)
antibodies was performed to assess angiogenesis and arteriogenesis in ischemic tissues. Masson’s
trichrome staining was performed to evaluate the degree of �brosis (A). After intramuscular
transplantation of hiPSC-MSCs, neovascularization was signi�cantly improved in the MSC-Saline, MSC-
MSC/once, MSC-MSC/week and MSC-MSC/3 days groups compared with the ischemia group (all
p<0.05). Intravenous administration of hiPSC-MSCs in the MSC-MSC/once, MSC-MSC/week and MSC-
MSC/3 days groups enhanced the therapeutic effects of intramuscularly transplanted hiPSC-MSCs on
neovascularization compared with the MSC-Saline group (all p<0.05). Moreover, neovascularization was
further enhanced by repeated intravenous hiPSC-MSC infusion in the MSC-MSC/week and MSC-MSC/3
days groups compared with the MSC-MSC/once group (B&C). After intramuscular transplantation of
hiPSC-MSCs, �brosis was signi�cantly reduced in the MSC-Saline, MSC-MSC/once, MSC-MSC/week and
MSC-MSC/3 days groups compared with the ischemia group (all p<0.05). Intravenous administration of
hiPSC-MSCs in the MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days groups enhanced the
therapeutic effects of intramuscularly transplanted hiPSC-MSCs on reduction of �brosis compared with
the MSC-Saline group (all p<0.05). Moreover, the anti-�brotic effect was further enhanced by repeated
intravenous hiPSC-MSC infusion in the MSC-MSC/week and MSC-MSC/3 days groups compared with the
MSC-MSC/once group (D).
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Figure 3

Repeated intravenous administration of hiPSC-MSCs prolonged the survival of transplanted hiPSC-MSCs.
A series of �uorescent images of ischemic hind limbs was performed immediately and every week
following intramuscular transplantation of hiPSC-MSCs to detect the fate of intramuscularly transplanted
hiPSC-MSCs (A). A single or repeated intravenous hiPSC-MSCs infusion in the MSC-MSC/once, MSC-
MSC/week and MSC-MSC/3 days groups signi�cantly prolonged the survival of intramuscular
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transplanted hiPSC-MSCs from day 14 onwards compared with the MSC-Saline group (all p<0.05).
Moreover, repeated intravenous hiPSC-MSCs infusion in the MSC-MSC/week and MSC-MSC/3 days
groups further improved the survival of intramuscularly transplanted hiPSC-MSCs from day 21 onwards
compared with the MSC-MSC/once group (all p<0.05), whereas no signi�cant difference was observed
between MSC-MSC/week and MSC-MSC/3 days groups (p>0.05) (B).

Figure 4
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Repeated intravenous administration of hiPSC-MSCs improved the engraftment of transplanted hiPSC-
MSCs in ischemic tissue. The engraftment of intramuscularly transplanted hiPSC-MSCs was further
con�rmed by double immunohistochemical staining with anti-human GAPDH (green) and anti-human
mitochondria antibodies (red) at day 14 and 35 (A). A single or repeated intravenous hiPSC-MSC infusion
in the MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days groups signi�cantly improved the
engraftment of intramuscularly transplanted hiPSC-MSCs from day 14 onwards (all p<0.05). Repeated
intravenous hiPSC-MSC infusion in the MSC-MSC/week and MSC-MSC/3 days groups further improved
the engraftment of intramuscular transplanted hiPSC-MSCs at day 35 compared with the MSC-MSC/once
group (all p<0.05), whereas no signi�cant difference was observed between the MSC-MSC/week and
MSC-MSC/3 days groups (p>0.05) (B).
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Figure 5

Repeated intravenous administration of hiPSC-MSCs reduced the in�ltration of macrophages and
promoted polarization of M2 macrophages. Muscular in�ltration of macrophages was determined by
immunohistochemical staining with anti-mouse CD68 antibody (green) at day 7, 14 and 35. Number of
M2 macrophages was detected by immunohistochemical staining with anti-mouse Arginase-1 antibodies
(red) (A). At day 35, after intramuscular transplantation of hiPSC-MSCs, total macrophages were
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signi�cantly decreased in the MSC-Saline, MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days
groups compared with the ischemia group (all p<0.05). A single or repeated intravenous hiPSC-MSCs
infusion in the MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days groups signi�cantly decreased
the muscular in�ltration of macrophages compared with the MSC-Saline group (all p<0.05). In addition,
repeated intravenous hiPSC-MSCs infusion in the MSC-MSC/week and MSC-MSC/3 days groups further
decreased the muscular in�ltration of macrophages compared with the MSC-MSC/once group (all
p<0.05). Nevertheless no signi�cant difference was observed between groups at day 7 and 14 (all p>0.05)
(B). Intramuscular transplantation of hiPSC-MSCs without intravenous hiPSC-MSC infusion signi�cantly
increased the polarization of M2 macrophages at day 14 compared with the ischemia group (p<0.05). A
single or repeated intravenous hiPSC-MSC infusion in the MSC-MSC/once, MSC-MSC/week and MSC-
MSC/3 days groups signi�cantly improved the polarization of M2 macrophages from day 7 onwards (all
p<0.05). Repeated hiPSC-MSCs infusion further promoted the polarization of M2 macrophages compared
with a single intravenous hiPSC-MSCs infusion in the MSC-MSC/once group at day 35 (all p<0.05) (C).
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Figure 6

Repeated intravenous administration of hiPSC-MSCs reduced splenic NK cells and increased splenic
Tregs. Splenic Tregs and NK cells were determined by �ow cytometry analysis at day 7, 14 and 35 (A).
After intramuscular transplantation of hiPSC-MSCs, splenic NK cells were signi�cantly decreased in the
MSC-Saline, MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days groups from day 14 onwards
compared with the ischemia group (all p<0.05). A single or repeated intravenous hiPSC-MSC infusion in
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the MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days groups signi�cantly decreased splenic NK
cells from day 7 onwards compared with the ischemia and MSC-Saline groups (all p<0.05). Repeated
intravenous hiPSC-MSC infusion in the MSC-MSC/week and MSC-MSC/3 days groups further decreased
splenic NK cells from day 14 onwards compared with the MSC-MSC/once group (all p<0.05). (B). After
intramuscular transplantation of hiPSC-MSCs, splenic Tregs were signi�cantly increased in the MSC-
Saline, MSC-MSC/once, MSC-MSC/week and MSC-MSC/3 days groups at day 35 compared with the
ischemia group (all p<0.05). A single or repeated intravenous hiPSC-MSC infusion in the MSC-MSC/once,
MSC-MSC/week and MSC-MSC/3 days groups signi�cantly increased splenic Tregs compared with the
ischemia and MSC-Saline groups (all p<0.05). Moreover, repeated intravenous hiPSC-MSC infusion in the
MSC-MSC/week and MSC-MSC/3 days groups further increased splenic Tregs from day 14 onwards
compared with the MSC-MSC/once group (all p<0.05) (C).
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