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Background: Limb ischemia (LI) is the underlying pathology of peripheral artery disease (PAD). Macrophages play a criti-
cal role in inflammation and can contribute to the exacerbation or reduction of inflammation. Transplantation
of mesenchymal stem cells (MSCs) is an emerging therapeutic strategy for PAD. However, the mechanism by
which human placenta-derived mesenchymal stem cells (PMSCs) regulate macrophage differentiation in isch-
emic tissue remains unclear.

Material/Methods: Placentas were obtained from healthy donors with normal 38- to 40-week gestation, and PMSCs were isolated
from the placentas and cultured. A mouse model of hind-limb ischemia was established. Ischemic limbs were
injected intramuscularly with about 5x10° PMSCs in the PMSCs group or a placebo solution (phosphate-buff-
ered saline) in the control group at 4 different sites 1 day after the procedure. The blood perfusion of hind-limbs
and the histological morphology were observed at day 1, 7, and 14 after the surgical procedure. Macrophages
were detected by flow cytometry. The expression of serum tumor necrosis factor-alpha (TNF-a), interleukin
(IL)-6, and IL-10 were detected by enzyme-linked immunosorbent assay (ELISA). The expression of CD31 and
smooth muscle a-actin (a-SMA) in frozen muscle samples were detected by immunofluorescence staining.

Results: In the PMSCs group, blood perfusion was gradually recovered and ischemic injury was markedly alleviated.
The percentage of M2-like macrophages was increased dramatically, while the M1/M2 macrophage ratio was
reduced. The expression of TNF-a. and IL-6 was reduced, while the IL-10 level was elevated. The expression and
density of CD31- and o-SMA-positive vessels were both significantly increased.

Conclusions: Transplanted PMSCs alleviated inflammation, promoted neovascularization, and improved hind limb ischemia
through regulating macrophage differentiation toward the M2 phenotype and cytokine secretion. Cytokine ma-
nipulation of macrophage phenotypes may have potential therapeutic benefits in injured ischemic limbs.
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Background

Peripheral arterial disease (PAD) affects approximately 8 million
people in the United States, and the prevalence of PAD is likely
to be underestimated due to poor awareness and recognition
in the population [1]. The pathology of PAD is characterized
by limb ischemia, which contributes to reduced blood flow to
the lower extremities. The critical limb ischemia is associated
with a high risk of amputation, along with high morbidity and
mortality [2]. Beyond surgical bypass and endovascular inter-
vention, which show limited efficacy and do not substantially
reduce the high risk of eventual amputation, transplantation
of mesenchymal stem cells (MSCs) is an emerging therapeutic
strategy for PAD [3-5]. Several previous studies showed that
MSCs have angiogenic effects and simultaneously interacted
with macrophages, which secrete cytokines and growth factors
that promote angiogenesis [6,7]. Macrophages are hypothesized
to play a critical role in inflammation by contributing to the
exacerbation or reduction of inflammation. Macrophages can
differentiate into M1- or M2-like macrophages, which are clas-
sically activated macrophages or alternatively activated macro-
phages [8] that have polarized phenotypes: pro-inflammatory
(M1) or anti-inflammatory (M2). M1 macrophages initiate an
inflammatory response and promote T helper cell type 1 (Th1)
immunity, which is characterized by the release of proinflam-
matory cytokines such as tumor necrosis factor (TNF)-q, inter-
feron (IFN)-y, interleukin (IL)-12, IL-6, and arginase (ARG)-1 [9].
Conversely, M2 macrophages are associated with tissue repair
and fibrosis driven by activation of Th2 responses, which pro-
duce an abundance of angiogenic cytokines, including IL-10,
IL-13, macrophage-derived chemokine (MDC)/chemokine C-C
motif ligand (CCL) 22, and IL-4. Subsequently, IL-10, IL-13, and
IL-4, which are implicated in inflammation resolution, stimu-
late alternatively activated M2 macrophages [10-12].

Thus, we hypothesized that MSCs can ameliorate inflamma-

tion and improve limb ischemia through decreasing the M1/M2
macrophage ratio.

Material and Methods

Ethics approval

All experimental procedures were approved by the Ethics
Committee of the Tongji Hospital, Tongji University. All mouse-
related protocols were approved by the Animal Care and Use
Ethics Committee of Tongji Hospital, Tongji University. All an-
imal procedures were in accordance with the guidelines pub-
lished by the Shanghai Experimental Animal Center of the
Chinese Academy of Sciences.
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Isolation of placenta-derived MSCs (PMSCs)

Placentas were obtained from healthy donors with normal
38- to 40-week gestations. PMSCs were isolated from the
placentas and cultured according to previously established
protocols [13]. Briefly, the placentas were dissected after the
umbilical cord blood was drained. After being washed with
sterile phosphate-buffered saline (PBS) 4 times, the placen-
tal tissues were digested with 0.1% collagenase IV (Sigma-
Aldrich, St. Louis, MO, USA) for 60 min at 37°C. The digested
placental tissues were filtrated and centrifuged at 350xg for
10 min. Following incubation with red blood cell lysis buffer so-
lution (Sigma-Aldrich) for 5 min at 37 °C, red blood cells were
eliminated. The cell suspension was centrifuged at 300xg for
5 min, and resuspended in Dulbecco’s modified Eagle’s medi-
um (Gibco Company, Grand Island, NY, USA), which contained
10% fetal bovine serum (Gibco Company), 2 mM L-glutamine,
100 pg/mL streptomycin, 100 U/mL penicillin, and 1% nones-
sential amino acids. The medium was subsequently replaced
with fresh medium after cells were cultured and maintained
at 37°Ciin 5% CO, for 4 days. PMSCs were harvested until ap-
proximately 75% confluence was obtained.

Established mouse model of hind-limb ischemia

Male 10- to 12-week-old mice were purchased from the
Shanghai Experimental Animal Center, the Chinese Academy
of Sciences. The mice were randomly divided into a placebo
solution (PBS) group (n=5) and a PMSCs group (n=5). Mice
were anesthetized by intraperitoneal injection of 50 mg/kg so-
dium pentobarbital. The left femoral artery, iliac circumflex ar-
tery/vein, great saphenous artery, and muscular branch were
ligated [14]. Blood flow into ischemic (left) and nonischemic
(right) hind limbs was examined by laser Doppler perfusion
imaging system (LDPIs, Perimed PS, Jarfdlla, Sweden) at day
1,7, and 14 after the surgery. Blood flow was assessed by the
relative blood flow, which was shown as the ratio of ischemic
to nonischemic hind-limb blood flow.

Transplantation of PMSCs into the hind-limbs of mice

The ischemic limbs were injected intramuscularly with about
5x10° PMSCs (PMSCs group) or PBS (control group) at 4 dif-
ferent sites 1 day after the procedure. Mice were sacrificed at
predetermined time points. The hind limb muscles were har-
vested and frozen in optimal cutting temperature compound
(Bio-Optica, Milan, Italy), and cryosectioned for histological and
immunofluorescent assessment. Representative tissue sections
were processed for routine hematoxylin and eosin (HE) staining.
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Blood perfusion imaging of hind limbs

Given the potential regeneration of ischemic limbs, we as-
sessed the blood perfusion of hind limbs. Repeated measure-
ments of blood perfusion of the hind limbs were obtained by
LDPIs at day 1, 7, and 14 after the surgical procedure, respec-
tively. The relative blood flow was expressed as a ratio of blood
flow in the ischemic (left) to the nonischemic (right) limb at
specific time points.

Histological morphology analysis

To evaluate the inflammation and the fibrosis of the muscle tis-
sue, its morphology was examined microscopically. Following HE
staining and Masson’s trichrome staining of sections of tissue
extracted at day 7 and 14 after the surgical procedure, at least
10 random fields were assessed. The muscle regeneration was
quantified according to muscle fiber diameter based on im-
ages of HE-stained sections, using Image) software (National
Institutes of Health, Bethesda, MD, USA). Interstitial fibrosis
was morphometrically evaluated according to the fibrotic area
based on images of sections stained with Masson’s trichrome,
using Image) software.

Fluorescence-activated cell sorting analysis

To assess the M1 or M2 polarization of macrophages, we car-
ried out flow cytometric detection of M1 or M2 macrophages
from ischemic lower limb tissue of mice. Cultured macro-
phages were isolated and harvested at a single-cell level, and
surface markers were analyzed. The isolated cells were sub-
sequently incubated with fluorescein isothiocyanate (FITC)-
conjugated or phycoerythrin (PE)-conjugated monoclonal
antibodies. The anti-F4/80 antibody (Abcam, Cambridge, MA,
USA), anti-CD11c antibody (Abcam), and anti-CD206 antibody
(Abcam) were conjugated monoclonal antibodies. M1 macro-
phages were identified on the basis of being F4/80 and CD11c
positive, while M2 macrophages were CD206 positive. F4/80
and CD11c double-positive M1 macrophages as well as F4/80
and CD206 double-positive M2 macrophages from ischemic
lower limb tissues of mice were detected by flow cytometry
(Beckman Coulter, Fullerton, CA, USA) at day 1, 3, 7, and 14
after the surgical procedure, respectively. The data were ana-
lyzed using FlowJo software (Tree Star, Inc., Ashland, OR, USA).
The ratio of M1 to M2 macrophages was observed.

Enzyme-linked immunosorbent assay

The expression of serum tumor necrosis factor-alpha (TNF-o;
Abcam), IL-6 (Abcam), and IL-10 (Abcam) were detected by
enzyme-linked immunosorbent assay (ELISA). ELISA was per-
formed according to the manufacturer’s instructions.
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Immunofluorescence staining

The expression of CD31 (BD Biosciences, San Diego, CA, USA)
and smooth muscle o-actin (a-SMA; BD Biosciences) in fro-
zen muscle samples was detected by immunofluorescence
staining. Fluorescence microscopy (Olympus, Japan, BX51) was
utilized for observation. At least 10 different random fields
were counted. The number of blood vessels and the capillary
density were observed at day 7 and 14 after the surgical pro-
cedure, respectively.

Statistical analysis

Statistical analysis was performed using Prism Statistical
Software (v5.01, GraphPad Software, La Jolla, CA, USA).
Quantitative data are expressed as the mean+SEM. The dif-
ferences between 2 groups were analyzed by either unpaired
Student t test or analysis of variance (ANOVA). A value of
P<0.05 was considered statistically significant.

Results

Transplanted PMSCs improved blood perfusion in ischemic
limbs

Limb ischemia is the underlying pathology of PAD, and it con-
tributes to reduced blood flow to the lower extremities. In this
study, we established a hind-limb ischemia mouse model and
assessed blood perfusion of injured hind limbs by LDPIs after
the surgical procedure. Minimal perfusion observed at day 1
after the surgery (Figure 1A) demonstrated that the mouse
model of limb ischemia was established successfully. Blood
perfusion in ischemic hind limbs was gradually recovered in
the PMSCs group over 14 days (Figure 1A). Higher blood flow
perfusion rates were observed in the injured hind limbs of the
PMSCs group compared with the PBS group (Figure 1B). A trend
toward improvement in blood perfusion was manifested from
day 7, and a significant improvement in blood flow was dem-
onstrated at day 14 (Figure 1B). These findings suggest that
transplanted PMSCs promoted the recovery of blood perfusion
and facilitated regeneration in the injured hind limbs.

Transplanted PMSCs ameliorated limb ischemic injury

Limb ischemia contributed to reduced blood flow to the low-
er extremities and the ensuing muscle degeneration as well
as typical separated muscle fibers in the ischemic hind limb.
HE staining showed that the PMSCs group had less muscle
degeneration and smaller reduction in muscle fibers at day
7 and 14 after the procedure (Figure 2A, 2B). Masson’s tri-
chrome staining showed that the fibrotic area was remark-
ably smaller in the PMSCs group at day 7 and 14 after the
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Figure 1. Transplanted PMSCs rescued blood perfusion in the ischemic hind limb. (A) Representative images from the laser Doppler
perfusion imaging system (LDPIs) in the PMSCs group (n=5) and PBS group (n=5) at day 1, 7, and 14 after the surgical
procedure, respectively. (B) Quantitative analysis of the relative blood flow in the ischemic (left) to the nonischemic (right)
limb at day 1, 7, and 14. Blood perfusion differed significantly between the PMSCs group and PBS group at days 7 and 14
after the surgical procedure. A trend toward improvement was manifested from day 7, and a significant improvement in
blood flow was demonstrated at day 14. # P<0.05 for PMSCs group versus PBS group. Data are represented as mean+SEM.
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Figure 2. Transplanted PMSCs ameliorated limb ischemic injury and rescued blood perfusion in the ischemic hind limb.
(A) Representative images from the HE staining at day 7 and 14 after the procedure. (B) Quantification of muscle fiber
number from the HE staining images at day 7 and 14 after the procedure. (C) Representative images from the Masson’s
trichrome staining at day 7 and 14 after the procedure. (D) Quantification of fibrotic area from the Masson’s trichrome
staining images at days 7 and 14 after the procedure. # P<0.05 for PMSCs group versus PBS group. Data are represented as
mean+SEM.
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procedure (Figure 2C, 2D). These findings indicate that the
transplanted PMSCs ameliorated ischemic injury and promot-
ed muscle regeneration in the ischemic hind limbs.
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Transplanted PMSCs modulated macrophage
differentiation toward the M2-like phenotype in ischemic
tissue

Next, we analyzed the effects of transplanted PMSCs on mac-
rophage polarization. Flow cytometry was used to detect the
macrophage phenotype. M1 macrophages were identified
based on being positive for F4/80 and CD11c, while M2 macro-
phages were CD206 positive. F4/80 and CD11c double-positive
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Figure 3. Transplanted PMSCs modulated macrophage differentiation toward an M2-like macrophage phenotype in ischemic tissue.
(A) Representative images of flow cytometry. (B) Quantification of macrophage phenotypes. The number of M2-like
macrophages increased dramatically in the PMSCs group at day 1, 3, and 7, respectively. Moreover, the M1/M2 ratio was
reduced in the PMSCs group at day 1, 3, 7, and 14 after the procedure, respectively. # P<0.05 for PMSCs group versus PBS

group. Data are represented as mean+SEM.

M2 macrophages as well as F4/80 and CD206 double-posi-
tive M2 macrophages in ischemic lower limb tissues of mice
were detected at day 1, 3, 7, and, 14, respectively (Figure 3A).
Compared with the control group, the PMSCs group demon-
strated dramatically increased numbers of M2-like macro-
phages at day 1, 3, and 7, respectively (Figure 3B). Moreover,
the M1/M2 ratio was reduced in the PMSCs group at day 1,
3, 7, and 14, respectively (Figure 3B). Therefore, our results
showed that transplanted PMSCs modulated macrophage dif-
ferentiation toward an M2-like phenotype in ischemic tissue.
PMSCs interacting synergistically with macrophages could reg-
ulate the immunomodulatory and inflammatory-mediated re-
sponses associated with ischemic injury to hind limbs in mice.

Transplanted PMSCs regulated the local inflammatory
response

We subsequently investigated the molecular mechanism of
reduced inflammation in ischemic limb injury. Based on our
observations, transplanted PMSCs could modulate macro-
phage differentiation from the M1 to the M2 macrophages.

Simultaneously, PMSCs-mediated immune regulation predom-
inantly acted through the secretion of cytokines that were
induced or downregulated in response to activated macro-
phages. The results of ELISA showed that the expression of se-
rum TNF-o, and IL-6 was reduced, while IL-10 levels increased
in the PMSCs group at day 1, 3, 7, and 14 after the procedure
(Figure 4). These findings suggested that transplanted PMSCs
suppressed the proinflammatory cytokines and enhanced the
anti-inflammatory cytokines, thereby alleviating inflammatory
response after limb ischemic injury.

Transplanted PMSCs facilitated neovascularization

We found that transplanted PMSCs could improve blood per-
fusion, ameliorate limb ischemic injury, modulate macrophage
differentiation toward an M2-like phenotype in ischemic tissue,
and regulate the local inflammatory response. We postulated
that M2 macrophage differentiation induced by PMSCs may
exert angiogenic effects in response to ischemic injury. To eval-
uate this hypothesis, we assessed the formation of immature
blood vessels in ischemic limbs. Immunofluorescent staining
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Figure 4. Transplanted PMSCs regulated the secretion of inflammation-related cytokines. (A-C) The expression of serum TNF-o and
IL-6 was reduced, while IL-10 levels increased in the PMSCs group at day 3, 7, and 14 after the procedure, respectively.
#P<0.05 for PMSCs group versus PBS group. Data are represented as mean+SEM.

showed that the expression of CD31 and a-SMA was signifi-
cantly elevated in the PMSCs group (Figure 5). Simultaneously,
higher densities of CD31 or a-SMA positive vessels were ob-
served in the PMSCs group at day 7 and 14 after the procedure
(Figure 5). This outcome indicated that transplanted PMSCs
can promote neovascularization in ischemic limbs.

Discussion

Limb ischemia is the underlying pathology of PAD [2]. In the
present study, we successfully established a hind-limb isch-
emia mouse model and investigated the therapeutic effect of
transplanted PMSCs in mice with hind-limb ischemia. The re-
sults demonstrated that transplanted PMSCs can improve blood
perfusion and ameliorate limb ischemic injury. Simultaneously,
we found that PMSCs can modulate macrophage differenti-
ation toward an M2 phenotype, regulate the secretion of in-
flammation-related cytokines, and facilitate angiogenesis in
ischemia-injured hind limbs.

Given the limited efficacy of current therapies, the high risk
of amputation, and a lack of medical therapy for critical limb

ischemia, novel therapeutic strategies such as cell-based ther-
apy are critically required [2,15]. Mixed results were shown in
early clinical trials using therapies based on MSCs [16-18].
Despite some advances in MSCs therapy, some patients still fail
to respond to cell-based therapy [15-17]. For example, patients
with nondiabetic limb ischemia benefited from transplanta-
tion of autologous MSCs, but patients with diabetes seemingly
did not [16-18]. Our study provides evidence that blood per-
fusion in mouse ischemic hind limb was gradually recovered
in animals treated with PMSCs over 14 days, suggesting that
the transplanted PMSCs could promote the recovery of blood
perfusion and facilitate regeneration in the injured hind limbs.

Recently, several studies showed that MSCs interact with mac-
rophages and regulate their function [7-10]. Beyond their
transdifferential capacity, MSCs possess the immunomodu-
latory capacity to modulate macrophage differentiation to-
ward an M2-like phenotype through regulating the secre-
tion of inflammation-related cytokines [8-10]. Macrophages,
which compose an important component of innate immunity
associated with host defense and inflammation, play essen-
tial roles in maintaining tissue homeostasis. It is well known
that in response to various signals derived from microbes or
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Figure 5. Transplanted PMSCs promoted the neovascularization in ischemic limbs. (A) Representative images of immunofluorescent
staining for CD31 (x200). The red arrows indicate the blood vessel. (B) Quantification of CD31-positive vessel density from
the immunofluorescent staining images. The density of CD31-positive vessels was significantly elevated in the PMSCs group
at day 7 and 14 after the procedure. (C) Representative images of immunofluorescent staining for a-SMA (x200). The yellow
arrows indicate the blood vessel. (D) Quantification of a-SMA-positive vessel density from the immunofluorescent staining
images. The density of a-SMA-positive vessels was significantly elevated in the PMSCs group at day 7 and 14 after the
procedure. # P<0.05 for PMSCs group versus PBS group. Data are represented as mean+SEM.
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injured tissues, classically activated M1 macrophages display
pro-inflammatory activities. In contrast to M1 macrophages,
the alternatively activated M2 macrophages participate in in-
flammation resolution [10-12]. Different macrophage popu-
lations are implicated in the pathogenesis and regeneration
found in a variety of diseases [19,20]. In this study, F4/80 and
CD206 were selected as surface markers of M2 macrophages,
while F4/80 and CD11c served as markers of M1 macrophages.
The results showed that the number of M2-like macrophages
increased dramatically in the PMSCs group at day 1, 3, and 7,
respectively. Moreover, the M1/M2 ratio was reduced in the
PMSCs group at day 1, 3, 7, and 14, respectively. Therefore, it
is clear that transplanted PMSCs can modulated macrophage
differentiation toward an M2-like phenotype in ischemic tissue.

PMSCs-mediated immune regulation predominantly acted
through the secretion of cytokines that were induced or
downregulated following interactions with activated macro-
phages [21]. To investigate the mediators responsible for the
interactions with PMSCs, we explored the molecular mecha-
nisms of reduced inflammation in ischemic limb injury. The re-
sults of ELISA showed that the expression of secreted TNF-o
and IL-6 was reduced, while IL-10 levels increased in the PMSCs
group at day 1, 3, 7, and 14 after the procedure, respectively.
These findings suggest that transplanted PMSCs suppressed
the pro-inflammatory cytokines and enhanced the anti-inflam-
matory cytokines, and thereby alleviated the inflammatory re-
sponse after limb ischemic injury.

It is also noteworthy that inflammation, which is typically por-
trayed in a negative context, might serve as both a negative
and a positive participant in neovascularization. The dysregula-
tion of angiogenesis is a phenomenon observed in critical limb
ischemia. Therapeutic neovascularization is a pivotal strategy
for rescuing tissue from critical limb ischemia. Many studies
have provided compelling evidence of therapeutic neovascu-
larization from bone marrow MSCs. Given their immunomod-
ulatory properties, migratory ability, and proliferation, PMSCs
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appeared comparatively promising, due to having character-
istics similar to those of bone marrow MSCs [22,23]. PMSCs
regulate the secretion of inflammation-related cytokines, and
PMSCs-derived exosomes have been used as a targeted ther-
apy to facilitate neovascularization [23]. Some studies have
previously illustrated the promising results of PMSCs in ani-
mal models, especially in limb ischemia models [23]. PMSCs
mediate augmentation of the number of blood vessels and
blood flow and enhance vessel density and perfusion proba-
bly through direct differentiation and incorporation or secre-
tion of cytokines in the ischemic tissue [24-26]. Consistent
with these reports, the results of our study also demonstrat-
ed that transplanted PMSCs can modulate the secretion of in-
flammation-related cytokines and promote neovascularization
in injured ischemic limbs. Our results from immunofluorescent
staining showed that the expression of CD31 and a-SMA was
significantly elevated in the PMSCs group. Simultaneously,
a higher density of CD31- or a-SMA-positive vessels was ob-
served in the PMSCs group at day 7 and 14 after the procedure.
The limitation of this experiment is that, although we clarified
that PMSCs improve limb ischemia in mice by regulating the
ratio of M1 and M2, the mechanism regulating the differenti-
ation of M1 to M2 macrophages was not clear. Future exper-
iments will explore their molecular mechanism.

Conclusions

We hypothesized that transplanted PMSCs alleviate inflamma-
tion and promote neovascularization to improve hind limb isch-
emia through regulating macrophage differentiation toward
an M2 phenotype and promoting cytokine secretion. Cytokine
manipulation of macrophage phenotypes may have potential
therapeutic benefits in injured ischemic limbs.
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