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Mesenchymal stromal cells (MSCs) show potential for treating
cardiovascular diseases, but their therapeutic efficacy exhibits
significant heterogeneity depending on the tissue of origin.
This study sought to identify an optimal source of MSCs for
cardiovascular disease therapy. We demonstrated that Nestin
was a suitable marker for cardiac MSCs (Nes'cMSCs), which
were identified by their self-renewal ability, tri-lineage differen-
tiation potential, and expression of MSC markers. Furthermore,
compared with bone marrow-derived MSCs (Nes'bmMSCs) or
saline-treated myocardial infarction (MI) controls, intramyocar-
dial injection of Nes*cMSCs significantly improved cardiac func-
tion and decreased infarct size after acute MI (AMI) through
paracrine actions, rather than transdifferentiation into cardiac
cells in infarcted heart. We further revealed that Nes'cMSC
treatment notably reduced pan-macrophage infiltration while
inducing macrophages toward an anti-inflammatory M2 pheno-
type in ischemic myocardium. Interestingly, Periostin, which
was highly expressed in Nes"cMSCs, could promote the polariza-
tion of M2-subtype macrophages, and knockdown or neutraliza-
tion of Periostin remarkably reduced the therapeutic effects of
Nes*'cMSCs by decreasing M2 macrophages at lesion sites.
Thus, the present work systemically shows that Nes'cMSCs
have greater efficacy than do Nes'bmMSCs for cardiac healing
after AMI, and that this occurs at least partly through
Periostin-mediated M2 macrophage polarization.

INTRODUCTION
Cardiovascular disease (CVD) is the leading cause of death world-
wide."” The increasing prevalence and high mortality of heart disease

means that it is critical that we continue to search for innovative treat-
ments. Stem cell-based therapy is a rapidly growing alternative for re-
generating the damaged myocardium and attenuating ischemic heart
disease.” However, the optimal source of cells for tissue repair of the
human heart remains controversial. Mesenchymal stromal cells
(MSCs) have shown therapeutic potency for treating CVDs and offer
the benefits of easy isolation and expansion, homing potential, para-
crine effects, and immunomodulatory activities.” Preclinical and clin-
ical data from animal models and humans have demonstrated that
MSC therapy is safe for treating CVD,”™® but there is significant
heterogeneity in terms of therapeutic efficacy.””'’ Therefore, we
need to identify the best source of stem cells for cardioreparative ther-
apy. A major hypothesis in the field of cell-based therapy is that
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different cell types from different tissue origins may have additive ef-
fects on tissue repair. Although originally identified in bone
marrow,'' MSCs are broadly distributed in the perivascular niche
of many organs, including the kidney, lung, tendon, and heart.'> 1°
Tissue-resident MSCs are usually localized in a specific tissue micro-
environment, where they are thought to help maintain tissue homeo-
stasis.'® There are many similarities between bone marrow MSCs and
MSC-like populations from other locations, but their absolute pheno-
typic and functional equivalence has not yet been established. Indeed,
accumulating evidence suggests that tissue-resident MSCs are more
suitable for their original tissue repair.'”'® Thus, it is interesting to
question whether cardiac-resident MSCs (cMSCs) may offer distinct
advantages over non-resident MSCs for the therapy of CVDs.

cMSCs are usually isolated via adhesion to plastic and characterized
using a panel of cell surface markers and assessment of their osteo-
genic, adipogenic, and chondrogenic differentiation abilities.'”"”
This yields a heterogeneous ensemble of progenitors and lineage-
committed cells. Thus, we urgently need reliable and specific markers
that may be used to characterize and define the biological character-
istics of cMSCs and their subpopulations in vitro, and to study their
identity and functions in vivo. Chong et al.*’ characterized a popula-
tion of multipotent MSC-like cells that reside in the heart and have a
proepicardial origin.”* More recently, a subfamily of W8B2 antigen-
positive cells obtained from adult human atrial appendages was
shown to have MSC properties and secrete a variety of angiogenic, in-
flammatory, and chemotaxic cytokines.”' Although their gene and
protein expression profiles suggest that these isolated cMSC subpop-
ulations may have cardiovascular-associated features,'” no study has
directly investigated whether cMSCs have more superior therapeutic
potential than do bone marrow-derived MSCs (bmMSCs) for cardiac
repair. Moreover, due to the lack of an accepted panel of markers for
in vivo use, the exact nature and functions of cardiac-resident and
non-resident MSCs remain poorly understood. Therefore, we need
new and consistent ways to identify and functionally characterize
pure populations of naive cMSCs.

Nestin is a class VI intermediate filament protein that was originally
described in neural stem or progenitor cells during embryonic devel-
opment.”” Nestin is also expressed in MSCs of various tissues,
including bone marrow, kidney, testis, and tendon,'*** "> suggesting
that it could be used as a specific marker for isolating tissue-resident
MSCs. Subpopulations of cardiac Nestin™ cells were previously iden-
tified and found to possess the intrinsic ability to differentiate to
vascular,”® neuronal,”’ or glial*® cells in both the normal developing
myocardium and infarcted heart, indicating that they have stem cell
characteristics.

In the present study, we demonstrate that Nestin can be used as a
marker for identifying cardiac-resident MSCs, and show that Nes*
cMSCs are more effective than Nes'bmMSCs for cardiac repair
following acute myocardial infarction (AMI) through the paracrine
action. RNA sequencing (RNA-seq) data and in vivo functional com-
parisons of efficacy and biological activity further reveal that Nes®
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cMSCs perform their reparative functions at least partly through
the Periostin-mediated polarization of macrophages to the M2

subtype.
RESULTS

Isolation and Characterization of Nestin* Cells from the Heart
and Bone Marrow of Transgenic Mice

The identity and functions of Nestin™ cells in bone marrow have been
clearly defined.”***° In this study, we focused on characterizing
Nestin™ cells in the heart, where Nestin is expressed under both
normal and pathological conditions.”>** Using confocal microscopy,
we systemically evaluated Nestin and GFP expression in the hearts of
Nestin-GFP transgenic mice at different postnatal days. Consistent
with previous findings,”" we observed GFP signal in the left/right
ventricle and interventricular septum of the heart at postnatal days
1, 7, 30, and 90, with much higher expression noted on postnatal
days 1 and 7 compared to days 30 and 90 (Figure S1A). Analysis of
the mRNA expression levels of Nestin in whole mouse hearts
confirmed these histological observations: the mRNA level of Nestin
peaked at postnatal days 1 and 7, fell to less than 50% of the peak level
by day 30, and was less than 25% of the peak level by day 90 (Fig-
ure S1B). We also examined the co-expression of Nestin and GFP
in the mouse heart by immunofluorescence (IF) staining and found
that GFP was largely co-localized with Nestin, which was stained by
a specific antibody (Figure S1C). This indicates that GFP can serve
as a surrogate for Nestin in our system.

We isolated cardiac Nestin-GFP™ cells from 7-day-old mouse hearts
using flow cytometric sorting. The CD45 Ter119  CD31 -gated
population was approximately 16.90% =+ 1.64% GFP-positive
(CD45 Ter119 CD31™ Nestin*) and 68.60% + 5.96% GFP-negative
(CD45 Ter1197CD31™ Nestin ) (Figure 1A). After a 10-day culture
in vitro, the isolated primary heart-derived Nestin™ cells yielded many
clonal spheres, whereas the Nestin ™~ cells did not, demonstrating that
Nestin* cells, but not Nestin~ cells, have a strong proliferative capac-
ity in vitro. In contrast, Nestin ™ cells did not proliferate for more than
two passages and could not form floating spheres. Therefore, we
focused on Nestin® cells, investigating their characteristics in vitro
and their therapeutic effects in vivo. Freshly isolated single Nestin®
cells subjected to a 10-day culture in 96-well plates could grow into
suspended cell spheres that maintained their GFP fluorescence (Fig-
ure 1B), confirming the self-renewal capacity of the isolated cardiac
Nestin™ cells. The isolated GFP™ cells co-expressed Nestin and GFP
continuously, as identified by qPCR, IF staining, and western blotting
with an anti-Nestin antibody (Figures SID-S1F). After passage (P)
20, Nestin expression was gradually downregulated, with a concur-
rent decrease in GFP expression. Nestin has been used to label pop-
ulations of stem/progenitor cells, such as self-renewing MSCs in
bone marrow”** and tissue-resident MSCs in kidney.*” To confirm
that cardiac Nestin™ cells represented cMSCs, we used flow cytometry
to analyze the other MSC-related surface markers. As expected, the
isolated cells were positive for Sca-1 (97.60% =+ 1.82%), CD90
(95.33% + 2.68%), CD106 (99.44% = 0.38%), and CD44 (99.5% +
0.34%), but almost negative for c-kit (1.32% =+ 0.65%), CD45



www.moleculartherapy.org

A CD45Ter119.CD31-
Control Nestin-GFP
A o]
GFP- GFP+
*“1 982%  0.072%| “*] 63.1%  17.8%

SSC

20K 20K

CD11b

0.529% 0.131%

D SARC
'
© N —_—
5 3 10- _— —
=) <
o z
Q [
- £
[
(@] |
Con Dif
PPAR-y
o s pts
= g g m
[} g £ ¢
3 g <
o H H
5 £ £
< | -
Con Dif Con  Dif
o Collagen Il ,Collagen X
| =4 L] e
£
8 % 2 £2
G
Con Dif Con Dif

Figure 1. Isolation and Characterization of Heart-Resident Nestin* Cells from Nestin-GFP Reporter Mice

(A) Heart-derived CD45 Ter119-CD31™ cells were flow cytometrically isolated from the hearts of 7-day-old Nestin-GFP transgenic mice, and Nestin* and Nestin~ sub-
populations were divided based on GFP expression. Cells from 7-day-old non-transgenic C57BL/6 mice were isolated as a control. (B) Representative images showing the
clonal sphere growth of single Nestin-GFP* cells. Cells in the upper and lower columns were observed under bright-field and fluorescence field microscopy, respectively.
Scale bars, 50 pm. (C) The expressions of cell surface markers on Nestin-GFP* cells were detected by flow cytometry. (D) Representative stained images show that mouse
heart-derived Nestin* cells could differentiate into osteocytes (Alizarin red), adipocytes (Qil red O), and chondrocytes (toluidine blue); these findings were confirmed by gPCR
analysis of the differentiation-associated genes Runx2 and SARC (osteogenesis), FabP4 and PPAR-vy (adipogenesis), and Collagen Il and Collagen X (chondrogenesis). The
“con” refers to undifferentiated Nestin* cells, which represents Nestin* cells that were cultured in the normal growth medium. Scale bars, 100 um. Data are shown as mean +

SEM; n=5. "p < 0.01, *p < 0.001.

(0.25% + 0.12%), CD34 (0.44% = 0.21%), and CD11b (0.28% =+
0.18%) (Figure 1C). Moreover, cardiac Nestin™ cells subjected to
the relevant differentiation conditions for 2-3 weeks could differen-
tiate into osteocytes, adipocytes, and chondrocytes, as identified by
Alizarin red, Oil red O, and Toluidine blue staining, respectively (Fig-
ure 1D). The qPCR analysis further confirmed that the differentiated
cells showed the appropriate expressions of Runx2 and SARC
(osteogenesis-related genes), FabP4 and PPAR-y (adipogenesis-
related genes), or Collagen IT and Collagen X (chondrogenesis-related
genes) after differentiation culture, but not prior to differentiation
(Figure 1D).

To compare the therapeutic potential of heart- and bone marrow-
derived Nestin™ cells against AMI, we also isolated Nestin® cells
from the bone marrow of 7-day-old mice by flow cytometric sorting.
The CD45 Terl19 CD31™ -gated population comprised approxi-
mately 4.10% + 0.45% GFP-positive cells (CD45 Ter119 CD31~

Nestin®) (Figure S2A). The bone marrow Nestin™ cells also exhibited
self-renewal capacity, had tri-lineage differentiation potential, and
showed similar patterns of cell surface markers, positive for Sca-1
(92.10% =+ 2.54%), CD90 (90.67% =+ 3.48%), CD106 (87.79% =+
1.66%), and CD44 (99.58% =+ 0.70%), but negative for c-kit
(1.58% = 0.35%), CD45 (1.85% + 0.18%), CD34 (2.11% = 0.96%),
and CD11b (2.11% + 0.15%) (Figures S2B-S2D). Similar to their car-
diac counterparts, the primary bone marrow-derived Nestin™ cells,
but not their Nestin~ cells, yielded clonal spheres after a 10-day cul-
ture (Figure S2E), and bone marrow Nestin~ cells could not propa-
gate for more than two passages. The clonogenic efficiencies of these
two type of Nestin® cells at passage 2 were similar (21.3% + 3.9%
versus 19.4% = 2.6%, p > 0.05), while no spheroid formation was de-
tected from Nestin™ cells (Figure S2F). Given the similarity in the
MSC-like features of Nestin® cells isolated from heart and bone
marrow, we defined them as Nes'cMSCs and Nes'bmMSCs,
respectively.
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Transcriptional Profiles of Nes*cMSCs and Nes"bmMSCs

We compared the biological properties of the Nes"
cMSCs and Nes'bmMSCs by analyzing our RNA-seq data (Gene
Expression Omnibus [GEO] database; GEO: GSE100064). Consis-
tent with the results we obtained using flow cytometry, the two types
of MSCs were similar in their expression levels of the MSC markers
CD29, CD51, CD44, CD106, Sca-1, and platelet-derived growth fac-
tor receptor alpha (PDGFRa), differed with respect to their expres-
sion levels of the CD90, CD105, and CD166, and were negative for
c-kit, CD45, CD31, and CD11b (Figure S3A). The Nes*cMSCs and
Nes'bmMSCs shared expression of 230 PluriNet genes (FPKM
[fragments per kilobase of transcript per million mapped reads] >
1, approximately 77% of the dataset), and Pearson correlations of
pairwise comparisons revealed that the r value was 0.941 (Figures
S3B and S3C), indicating their stemness characteristics of the iso-
lated cells. Previous studies have demonstrated that MSCs are very
closely related with fibroblasts and pericytes in heart and bone
marrow.’>** Our RNA-seq data also showed that Nes*cMSCs and
Nes " bmMSCs consistently showed high-level expression of a suite
of known fibroblast- and pericyte-related markers,”””® such as
fibroblast-related Col3al, Collal, Colla2, Vim, Flna, Ddr2, Pdgfra,
and Thyl (Figure S3D; the r value (Pearson correlation) is 0.816
[Figure S3E]), as well as pericyte-related Pdgfrb, Acta2, and Cspg4
(r = 0.840, Figures S3F and S3G). Our findings indicate that
Nes'cMSCs and Nes'bmMSCs share similar characteristics with
fibroblasts and pericytes. In addition, some of above-mentioned
fibroblast- and pericyte-related markers that were expressed by
Nes*cMSCs were further verified by flow cytometry and IF staining
(Figures S4A and S4B). Taken together, these results indicate that
both Nes'cMSCs and Nes"bmMSCs have shown the typical tran-
scriptional characteristics of mesenchymal stem cells.

From the RNA-seq data, we found that Nes*cMSCs specifically
expressed several cardiac transcription factors (TFs), including
Gata4, Mef2c, Tbx2, and others (Figure S5A). To further confirm
this observation, we detected cardiac TF expression at the protein
level via western blot and IF staining. Compared to Nes"bmMSCs,
Nes"cMSCs highly expressed Gata4, Mef2c and Tbx2 (Figures S5B
and S5C). Taken together, Nes"cMSCs show cardiac-specific charac-
teristics, indicating that cardiac-resident MSCs may offer distinct
advantages over bone marrow MSCs for cardiac repair.

Nes*cMSCs Are More Effective Than Nes*"bmMSCs for Cardiac
Wound Healing following AMI

Intramyocardial injection of bone marrow-derived MSCs has been
shown to be safe and effective in animal models, and preliminary
clinical trials have demonstrated that such cells induce reverse re-
modeling and improve the regional contractility of scarred areas.”””
In this study, we examined the therapeutic potential of Nes"cMSC
implantation on cardiac repair after AMI. Nes*cMSCs and Nes*
bmMSCs were transplanted into the infarct border zone immedi-
ately after coronary artery occlusion injury in mice, and histological
and echocardiographic analyses were performed at 1 and 3 weeks
post-AMI (Figure 2A). Echocardiography indicated that the
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ligation of the coronary artery induced significant left ventricular
dilatation and increased the left ventricular diameter at 1 and
3 weeks post-AMI in the saline group compared with the normal
group, with the typical dilatation of the left ventricle seen at the
latter time point. This dilatation of the left ventricle was signifi-
cantly reduced in the Nes"bmMSC- and Nes*cMSC-treated groups,
with increased improvement seen in the Nes'cMSCs group
(Figure 2B).

Our quantitative echocardiographic results (Figure 2C) showed that
the left ventricular ejection fraction (LVEF) at baseline was indistin-
guishable among saline and different treatment groups 3 hours post-
AM]I, indicating a uniform degree of initial injury. At 3 weeks post-
AMLI, the LVEF and left ventricular fractional shortening (LVES) of
mice in the saline group were significantly reduced compared with
those of the non-infarcted normal group (15.33% + 2.05% versus
61.33% =+ 4.50%, respectively, for LVEF; 6.00% =+ 0.82% versus
32.00% + 2.94%, respectively, for LVFS). Mice treated with Nes®
cMSCs and Nes*bmMSCs exhibited dramatic increases in LVEF
(36.00% + 2.94% and 23.33% =+ 0.47%, respectively) and LVFS
(19.33% =+ 1.70% and 10.67% =+ 0.47%, respectively) in comparison
with the saline group. The left ventricular end-diastolic volume
(LVEDV) and left ventricular end-systolic volume (LVESV) of mice
in the two MSC-treated groups were clearly reduced at 3 weeks
post-AMI, compared with the saline group. Importantly, the Nes®
cMSCs group showed greater recoveries of LVEF, LVES, LVEDV,
and LVESV at 1 and 3 weeks post-AMI, compared to the Nes®
bmMSCs group (Figure 2C).

Infarcted myocardium was identified using 2,3,5-triphenyltetrazo-
lium chloride (TTC) staining of heart sections obtained at 3 weeks
post-AMI. Similar to the results of our echocardiographic analysis,
we found that the infarct size was significantly smaller in the Nes"
cMSCs group than in the saline group (24.87% = 1.50% versus
51.58% =+ 5.96%, respectively), and that this improvement was greater
than that seen in the Nes"bmMSCs group (24.87% =+ 1.50% versus
38.72% =+ 2.35%, respectively; Figures 2D and 2E).

To further evaluate the translational potential of Nes"cMSCs toward a
therapeutic paradigm, we tried to isolate these cells from 3-month-old
adult mice. Compared with those of the 7-day-old mice, the percent-
ages of GFP" cells in CD45 Ter119 CD31" population were rela-
tively lower (approximately 1.80% + 0.12% in heart and 0.51% =+
0.13% in bone marrow, Figure S6A). These cells can proliferate
continuously and show multipotency, similar to their neonatal coun-
terparts (Figures S6B and S6C). The in vivo transplantation experi-
ments demonstrated the adult Nes'cMSCs also significantly
improved cardiac function and attenuated left ventricular remodeling
at 3 weeks post-MI, compared with the adult Nes"bmMSC- or saline-
treated MI controls (Figure S6D).

Taken together, these results suggest that Nes*cMSC treatment has
greater potential than does Nes'bmMSC treatment for promoting
heart function and reducing infarct size post-AMI.
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Figure 2. Therapeutic Effects of Nes*bmMSCs versus Nes*cMSCs on Myocardial Infarct Wound Healing and Cardiac Function

(A) Schematic of protocols used for model establishment and cardiac function analysis. At O day, the AMI model was generated by permanent ligation of the left anterior
descending (LAD) coronary artery. One minute later, the ischemic area was identified, and saline (vehicle-treated control) or Nestin® cells (Nes*MSCs or Nes*cMSCs) were
intramyocardially injected into the infarct border zone. Cardiac function, infarct degree, and inflammatory infiltration were analyzed by echocardiography, TTC staining, and
H&E staining, respectively, at 1 and 3 weeks post-AMI. (B) Representative M-mode images from animals of the normal and AMI groups (treated with saline, Nes*bmMSCs,
and Nes*cMSCs) at 1 and 3 weeks post-AMI. (C) Heart function was evaluated by echocardiography at 3 h (baseline), 1 week, and 3 weeks post-AMI, and LVEF, LVFS,
LVEDV, and LVESV were measured. Data are shown as mean + SEM; n = 15-20 per group. (D) Five heart sections (1 mm thick) from each group were stained with 1% TTC for
visualization of the infarct area (pale) and the viable myocardial area (brick red). Scale bar, 10 mm. (E) Comparison of the relative scar areas among the study groups. The ratio
of the length of the infarct band to the total length of the LV was calculated. Data are shown as mean + SEM; n = 5. *p < 0.05, **p < 0.01, **p < 0.001. LVEF, left ventricular
ejection fraction; LVFS, left ventricular fractional shortening; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume.

Transplantation of Nes*cMSCs Suppresses the Inflammatory
Response by Reducing the Number of Pan-Macrophages within
the Ischemic Myocardium

For tracing the fate of the transplanted cells, Nes"cMSCs and Nes®
bmMSCs were transduced with lentiviral vectors encoding EF-1alpha

promoter-driven RFP (red fluorescent protein), because Nestin
expression was significantly downregulated, and along with that
GFP expression also diminished after cell differentiation.”*
Approximately 20% of the total RFP™ transplanted cells were located
in the injured area at 1 week post-AMI, and this level decreased with
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time, whereas very few (about 1.7%) transplanted cells were found at
6 weeks post-AMI (Figures S7A-S7C). Given that the transplanted
Nes'cMSCs have not shown any evidence for transdifferentiating
into cardiomyocytes (Figure S7D), we used immunohistochemistry
to analyze the peri-infarct microvasculature at 14 days post-injection
and found a higher density of capillaries and arterioles in Nes*cMSC-
transplanted groups with respect to the Nes"bmMSC-transplanted
group (p < 0.05; Figure S7E). We also observed the superior effect
of Nes"cMSCs versus Nes'bmMSCs on promoting the proliferation
of endogenous cardiomyocytes in peri-infarcted ventricles and pro-
tecting the ischemic cardiomyocytes from death in the infarct border
zone 2 weeks post-AMI (Figure S7F). Using the H,0,-induced cardi-
omyocyte cell line H9¢2 apoptosis model, we observed that co-
culturing with Nes'cMSCs in the transwell system significantly
increased the proliferation and cell survival of the cardiomyocyte
group, compared to the Nes"bmMSC group (Figure S7G). Moreover,
RNA-seq data also showed that Nes"cMSCs express more abundant
angiogenesis- (Figure S7H), proliferation- (Figure S7I), and anti-
apoptosis-related genes (Figure S7]) than do Nes"bmMSCs. Both of
these results indicate that MSCs have the multifactorial and multidi-
mensional mechanisms of paracrine action for cardiac repair.”’

However, the above results focused on the medium or long-term
effects of Nes"cMSCs; the early events (within 1 week) after AMI
are less well characterized. The myocardial healing response
includes the inflammatory phase and the reparative phase. Accumu-
lating evidence indicates that the inflammatory reaction mediated
by neutrophils, monocytes/macrophages, and lymphocytes clears
the wound of dead cells and debris, thereby providing key signals
to activate the reparative cascades. Alternatively, an exaggerated in-
flammatory reaction in the early phase after AMI may evoke adverse
remodeling,*>*'

Therefore, we investigated whether Nes"cMSCs participate in cardiac
repair through rapidly and effectively dampening excessive immune
response during the early inflammation stage. Our histological anal-
ysis indicated that numerous inflammatory cells infiltrated the
ischemic myocardium in the saline group (this was partially rescued
in the Nes'bmMSC group) and that Nes"cMSC transplantation
significantly decreased this infiltration and improved the integrity
of the myocardial structure (Figure 3A). Moreover, flow cytometry
revealed that the accumulation of neutrophils, macrophages, and
Ly-6C"8" monocytes was attenuated in the infarcted hearts of Nes"

cMSC-treated mice at 3 and 7 days after AMI, compared to those
of the saline and Nes"bmMSC groups. Furthermore, we found that
the proportions of macrophages decreased the most among these in-
flammatory cells at 3 and 7 days post-AMI (Figures 3B and 3C). To
better understand how Nes"cMSC treatment promotes cardiac
wound healing more effectively than does Nes"bmMSC therapy, we
analyzed the RNA-seq data and found 46 secretory protein-encoding
genes that were more highly expressed in Nes"cMSCs (FPKM more
than 20 and more than 1.5-fold change) compared with Nes®
bmMSCs during the response to wounding. Notably, Nes*cMSCs
were highly enriched (~20-fold) in genes related to wound healing,
most of which were relevant to macrophage infiltration (Figure 3D).
Given that macrophages are key mediators of the inflammatory
response and are responsible for initiating/inhibiting inflammation
as early as 1 week post-AMIL,”*>** we further examined macrophage
infiltration via qPCR and IF staining analyses for 2 weeks after AMI.
Compared with the saline and Nes"bmMSC groups, Nes"cMSC treat-
ment significantly reduced the high-level mRNA expression of CD68
(a marker of total macrophages) in the infarct area at 3 and 7 days
post-AMI; in contrast, no obvious difference was seen at 14 days
post-AMI, when CD68 was expressed at a low level in all samples
(Figure 3E). Similarly, IF staining analysis indicated that the number
of CD68" macrophages in the infarcted area was largely reduced in
the Nes"cMSC-treated group at days 3 and 7 post-AMI, but not at
day 14 post-AMI (Figures 3F and 3G). Taken together, these data
indicate that transplantation of Nes'cMSCs, but not Nes"bmMSCs,
significantly reduces the total number of macrophages infiltrating
the injured heart tissue during the first week after AMI.

The Cardioprotective Effect of Nes*cMSC Therapy Is Reduced
by Systemic Depletion of Macrophages

To further confirm the role of macrophages mediating the cardiopro-
tective effect of Nes*cMSC transplantation, we administered anionic
clodronate liposomes (CL Anionic) or control clodronate liposomes
(CL Control) through the tail veins of mice to deplete them of mono-
cytes/macrophages. Analysis of monocytes/macrophages in spleen
and blood within 1 week after administration showed that CL Control
did not obviously change the percentage of CD11b*CD14" mono-
cytes in blood or CD11b"F4/80" macrophages in spleen, compared
with the normal control group, but that CL Anionic significantly
reduced these percentages at 1, 3, and 7 days after CL administration
(Figure 4A). We also investigated their capacity to deplete resident
macrophages in heart, and found that CL Anionic treatment could

Figure 3. Transplantation of Nes*cMSCs, but Not Nes*bmMSCs, Significantly Suppresses Inflammation and Reduces the Total Number of CD68*

Macrophages within the Infarcted Area after AMI

(A) Histopathologic analysis (H&E staining) of samples obtained from the saline, Nes*bmMSC, and Nes*cMSC groups at 7 days post-AMI; n = 4 per group. Scale bar,
100 um. (B) Representative flow dot plots of Ml tissue cell suspensions obtained from each group at 1, 3, and 7 days after MI. (C) Flow cytometry-based quantification of the
indicated cells in the hearts of each group at 1, 3, and 7 days after MI; n = 5 per group from at least two independent experiments. (D) Gene Ontology of genes that responded
to wounding (normalized with respect to the level of GAPDH); the top hits included many genes related to wound healing, among which we observed enrichment for genes
involved in macrophage infiltration. (E) The mRNA levels of CD68 (a marker of total macrophages) in the infarcted areas at 3, 7, and 14 days post-AMI were analyzed; n = 4.
(F and G) CD68" macrophages in the infarcted regions at 3, 7, and 14 days post-AMI were determined under fluorescence microscopy (F) and calculated from eight random
fields of view for each experiment using a double-blind method (G). Green indicates CD68* macrophages, and blue indicates nuclei. Scale bar, 20 um. Data are shown as

mean + SEM; n = 4. *p < 0.05, **p < 0.01, **p < 0.001. NS, not significant.
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Figure 4. The Depletion of Macrophages by Intravenous Injection of Clodronate Liposomes (CLs) Attenuates the Functional Recovery of the Heart Post-AMI

after Nes*cMSC Treatment

(A) The percentages of CD11b*CD14" monocytes in blood and CD11b*F4/80" macrophages in spleen and heart were analyzed by flow cytometry at 1, 3, and 7 days after CL
injection. (B) Schematic of the strategies used for the systemic depletion of macrophages, AMI model establishment, and cardiac function analysis. One day before
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significantly deplete the CD11b*F4/80" resident macrophages in
heart at 1 and 3 days (Figure 4A). Taken together, these results
strongly demonstrate that CL Anionic could effectively deplete
various monocyte/macrophage populations in the blood, spleen,
and heart within 1 week. Accordingly, we used CL Anionic to deplete
macrophages in vivo for the subsequent experiments.

We tested the therapeutic effect of Nes*cMSCs in mice subjected to
macrophage depletion (the experimental scheme is depicted in Fig-
ure 4B). The mortality of mice was monitored daily in each group
(from 0 to 21 days). Mortality was highest in macrophage-depleted
MI mice treated with Nes'cMSCs (CL Anionic+Nes*cMSCs,
63.64%). In the CL Control+Nes'cMSCs group, which experienced
less macrophage depletion, the mortality was significantly reduced to
14.29%. Infarcted MI mice with intact macrophages (i.e., those not sub-
jected to clodronate liposome treatment) with and without Nes*cMSC
transplantation experienced lower mortality (0% and 33.33%, respec-
tively; Figure 4C). Our echocardiographic analysis showed that Nes*
cMSC treatment did not restore heart function after macrophage deple-
tion (CL Anionic+Nes'cMSC group); similar to the saline-treated
group, such mice exhibited significantly lower LVEF and LVFS values
and higher LVEDV and LVESV values (Figure 4D). Notably, the Nes"
cMSC and CL Control+Nes"cMSC groups exhibited significantly bet-
ter functional recovery than did the saline-treated group at 3 weeks
post-AMI (Figure 4D). Consistent with these findings, TTC staining
indicated that the CL Anionic+Nes'cMSC group exhibited impeded
healing of wounded heart tissues and larger infarct sizes in the left
ventricle, compared with the CL Control+Nes"cMSC group (the ratio
of infarct area to the total length of LV were 57.27% =+ 3.84% versus
36.55% + 2.69%, respectively; Figures 4E and 4F).

Taken together, these results indicate that macrophages play a critical
role in the myocardial wound healing of mice treated with Nes"
cMSCs, and that depletion of macrophages impedes the favorable
effects of Nes"cMSCs in mice.

Nes*cMSCs Increase the Proportion of M2 Macrophages In Vivo
after AMI and Regulate Their Polarization In Vitro

Since Nes'cMSC transplantation exerts an anti-inflammatory effect by
reducing the number of pan-macrophages within the ischemic heart
(Figures 3E-3G), and the phenotypic modulation of macrophages is
critical for tissue repair post-AML** we then analyze the macrophage
subsets (CD68" major histocompatibility complex class II [MHCII]"
M1 macrophages and CD68"CD206" M2 macrophages) present in
the infarcted myocardium of the various mouse groups. We observed

that Nes"cMSC treatment largely reduced the percentage of CD68"™
MHCII" M1 macrophages while dramatically increasing those of
CD68"CD206" M2 macrophages in the infarct zone, whereas Nes"
bmMSC treatment decreased the percentage of M1 macrophages but
failed to obviously increase that of M2 macrophages (Figures 5A and
5B). To further investigate whether Nes"cMSCs might modulate the
polarization of macrophages in vitro, we co-cultured Nes"cMSCs and
macrophages in a transwell system. Macrophages were isolated from
the peritoneal cavity following Brewer thioglycolate stimulation, which
yields less red blood cell contamination and a higher purity/yield of
macrophages.*” We analyzed the percentage of CD68"CD206" M2
macrophages by flow cytometry after 1, 2, and 3 days of co-culture.
The percentages of M2 macrophages were higher at all time points
in the Nes"cMSC co-cultures versus mono-cultured macrophages (Fig-
ure 5C). Additionally, compared with Nes'bmMSCs, Nes'cMSCs
showed a superior effect in inducing the polarization of M2 macro-
phages in vitro (Figure S8). IF staining showed that CD68"CD206"
M2 macrophages were 4-fold more abundant in Nes*cMSC co-cultures
than in the M+LPS (lipopolysaccharide) group (46.60% =+ 9.77% versus
11.54% =+ 1.91%, respectively; Figures 5D and 5E). We further used
qPCR analysis to confirm the mRNA expression levels of markers
for M1 (inducible NO synthase [iNOS]) and M2 (arginase-1 [Arg-
1]) macrophages. Compared to the M+LPS group, the M+Nes"
cMSCs+LPS group exhibited a marked decrease in iNOS expression,
whereas Arg-1 was increased at 1, 2, and 3 days of co-culture (Fig-
ure 5F). M1 macrophages can produce numerous pro-inflammatory
cytokines (e.g., tumor necrosis factor [TNF]-o. and interferon [IFN]-
v), and M2 macrophages can secrete many cytokines (e.g., interleukin
[IL]-4 and IL-10) that critically inhibit inflammatory responses.’
Consistent with this, our analyses of pro-inflammatory and anti-in-
flammatory cytokines in vitro revealed that the concentrations of
TNF-o. and IFN-y were significantly reduced when LPS-stimulated
macrophages were co-cultured with Nes'cMSCs. Moreover, Nes
cMSC treatment significantly increased the level of IL-10 but did not
significantly alter that of IL-4 (Figure 5G). Taken together, these find-
ings suggest that Nes'cMSC treatment may increase the proportion of
M2 macrophages as early as 1 week post-AMI by inducing the polari-
zation of anti-inflammatory M2 macrophages, and that this may
inhibit the pro-inflammatory response in the infarcted myocardium.

Downregulation of POSTN in Nes*cMSCs Impedes Cardiac
Repair In Vivo by Decreasing M2 Macrophages in the Infarcted
Myocardium

To elucidate the potential candidates participating in the Nes*¢cMSC-
mediated macrophage polarization, we analyzed the RNA-seq data

establishment of the AMI model (—1 day), mice were systematically depleted of macrophages using anionic clodronate liposomes. At 0 day, the AMI model was generated by
permanent ligation of the LAD coronary artery. One minute later, the ischemic area was identified and saline (vehicle-treated control) or Nes*cMSCs were intramyocardially
injected into the infarct border zone. Cardiac function and the degree of infarct were analyzed by echocardiography and TTC staining, respectively, at 3 weeks post-AMI. (C)
The survival rate of mice was analyzed after macrophage depletion and Nes*cMSC treatment; n = 15-30. (D) Heart function was evaluated by echocardiography at 3 h
(baseline) and 3 weeks post-AMI, and LVEF, LVFS, LVEDV, and LVESV were measured; n = 10-15. (E and F) Five heart sections (1 mm thick) from the various groups were
stained with 1% TTC for visualization of the infarct area (pale) and viable myocardial area (brick red). Scale bar, 10 mm (E). Comparison of the relative scar areas among
the study groups. The ratio of the length of the infarct band to the total length of the LV was calculated; n = 5 (F). Data are shown as mean + SEM. *p < 0.05, **p < 0.01,
***p < 0.001. CL Control, clodronate-free liposomes (negative control); CL Anionic, clodronate-containing liposomes.
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related to macrophage infiltration and function (Figure 3D). Among
them, POSTN (which encodes Periostin) had the highest expression
in Nes'cMSCs (FPKM > 350), as confirmed by qPCR (Figure 6A).
Conversely, Nes " bmMSCs showed much lower expression of POSTN
than that of Nes*cMSCs (Figures S9A-S9C). POSTN is secreted by
glioblastoma stem cells (GSCs) and reportedly plays an important
role in recruiting M2 tumor-associated macrophages.”” Thus, we
next tested whether Nes"cMSC-secreted POSTN contributes to the
ability of these cells to polarize M2 macrophages in vitro and in vivo.
We first used RNA interference to knock down POSTN expression in
Nes"cMSCs. qPCR and western blot analyses showed that the mRNA
and protein levels of POSTN were largely reduced in the Nes®
cMSCHPOS™N group compared with the Nes*cMSC™  group
(Figure 6B).

To investigate whether POSTN knockdown could alter the therapeu-
tic effect of Nes"cMSCs in the AMI model, we injected saline, Nes™
cMSC™, or Nes*cMSC™PPOS™ into the infarct border zone after
left anterior descending (LAD) ligation. Flow cytometry, IF staining,
and qPCR were used to analyze the macrophage subpopulations at
1 week post-AMI, and cardiac function and heart infarct sizes were
evaluated at 3 weeks post-AMI (Figure 6C). Echocardiography
showed that Nes"cMSC®" treatment significantly increased LVEF
and LVFS and decreased LVEDV and LVESV at 3 weeks post-AMI,
compared with the saline group; moreover, LVEF and LVFS were
clearly lower in Nes*cMSC™POS™ mice compared to Nes*cMSC"
mice (Figure 6D). The infarct size at 3 weeks post-AMI was signifi-
cantly larger in the Nes"cMSC™""OS™ group compared to the Nes”
cMSC" group (Figures 6E and 6F). With respect to the macrophage
subpopulations, qPCR revealed that the Nes*cMSCHPOSTN group
exhibited markedly higher mRNA expression of CD68 and lower
mRNA expression of CD206 in infarcted myocardium, compared
to the Nes'cMSC™" group (Figure 6G). Moreover, flow cytometric
analysis and IF staining also showed that, when compared to the
Nes"cMSC " group, the Nes"cMSC™ O™ group had a significantly
smaller percentage of CD68"CD206" M2 macrophages in the
infarcted area (Figures 6H-6K).

To ascertain whether Nes"cMSC-secreted Periostin has a direct effect
in rescuing MI mice, we injected a Periostin-neutralizing antibody
(referred to as Ab in the figures) into the myocardium along with
Nes"cMSCs transplantation after AMIL The expression of Periostin
in myocardium was analyzed by immunohistochemical (IHC) stain-

ing and ELISA at 1, 3, and 7 days post-AMI. The results showed
higher expression of Periostin in the Nes"cMSC-treated group and
decreasing clearly in the Ab-treated group (Figures S10A and
S10B). Mortality was highest in Periostin-depleted MI mice with
Nes'cMSC  transplantation (Nes'cMSCs+Ab  group, 60.00%),
whereas infarcted MI mice of the Nes"cMSCs group almost always
survived (Figure S10C). LVEF and LVFS of MI mice in the Nes*
cMSCs+Ab group were significantly reduced compared with those
of the Nes*cMSCs group at 3 weeks post-AMI (Figure S10D). Infarct
size was significantly smaller in the Nes*cMSC group than in the
Nes"cMSCs+Ab group (Figures S10E and S10F). Finally, the percent-
age of CD68"CD206" M2 macrophages in the infarcted zone was
reduced after Ab treatment (Figures S10G and S10H). These data
indicate that Nes*cMSC-derived Periostin is an important factor in
the stem cell-driven cardioreparative function.

Taken together, our findings indicate that knockdown and neutraliza-
tion of Periostin in Nes*cMSCs impedes cardiac function and wound
healing after AMI by decreasing M2 macrophages in the infarcted
heart.

POSTN Knockdown in Nes*cMSCs Inhibits M2 Macrophage
Polarization In Vitro

To investigate whether POSTN knockdown altered the balance of
macrophage subtypes in vitro, we performed co-culture experiments.
Flow cytometry showed that POSTN knockdown gradually reduced
the percentages of CD68"CD206" M2 macrophages over time in
the co-culture system, and that these changes were stronger in the M-
+Nes"'cMSCPPOST™NLLPS group than in the M+Nes'cMSC"+LPS
group (Figures S11A and S11B). IF staining showed that the percent-
ages of CD68"MHCII" M1 macrophages were significantly higher in
the M+Nes"cMSCPOS™ 4 LPS groups compared with the M+Nes"
cMSC®"+LPS group, whereas the percentages of CD68'CD206"
M2 macrophages were markedly reduced in the POSTN-deficient
groups (Figures S11C and S11D).

DISCUSSION

In summary, this study provides new insights into the optimal cell
source for cardiac repair using cardiac-resident MSCs. We show that
cardiac Nestin™ cells exhibit properties of MSCs, including self-renewal
capacity, clonogenicity, and multipotency. We further demonstrate
that Nes"cMSCs are more effective than Nes'bmMSCs for cardiac
repair, indicating that cardiac-resident MSCs offer distinct advantages

Figure 5. Treatment with Nes*cMSCs, but Not Nes*bmMSCs, Largely Increases the Proportion of M2 Macrophages in the Infarcted Myocardium In Vivo and

Regulates the Polarization of M2 Macrophages In Vitro

(Aand B) CD68*MHC II* M1 macrophages and CD68*CD206" M2 macrophages were detected in the infarcted areas at 7 days post-AMI under fluorescence microscopy (A),
and the percentages of CD68*MHC II" M1 macrophages and CD68*CD206" M2 macrophages in CD68* total macrophages were calculated using a double-blind method
(B). Scale bar, 20 um; n = 5. (C) The percentage of CD68"CD206" M2 macrophages was analyzed by flow cytometry after macrophages were co-cultured for 1, 2, and 3 days
with or without Nes*cMSCs; n = 4. (D and E) CD68*CD206* M2 macrophages were detected by immunofluorescence (IF) staining after 3 days of co-culture with or without
Nes*cMSCs. Green indicates CD68" macrophages, red indicates CD206" M2 macrophages, and blue indicates nuclei (D). Scale bar, 20 um. The percentage of
CD68"CD206" M2 macrophages was analyzed (E); n = 5. (F) The mRNA expressions of key macrophage differentiation-related enzymes (iNOS and Arg-1) were analyzed
after 3 days of co-culture with or without Nes*cMSCs; n = 3. (G) The secretion levels of M1 macrophage-produced pro-inflammatory cytokines (TNF-o and IFN-y) and M2
macrophage-secreted anti-inflammatory cytokines (IL-4 and IL-10) in supernatants after 3 days of co-culture with or without Nes*cMSCs, as examined by ELISA. Data are
shown as mean + SEM; n = 5. *p < 0.05, **p < 0.01, ***p < 0.001. n.s., not significant. LPS was used to activate macrophages toward a pro-inflammatory phenotype.
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over non-resident MSCs for treating AMI. Mechanistically, Nes*
cMSCs perform their reparative functions partly through the
Periostin-mediated polarization of macrophages to the M2 subtype.

The paracrine and immunomodulation properties of MSCs have been
verified to contribute to the beneficial actions on myocardial remod-
eling and function. Preclinical studies from animal models and clin-
ical trials also demonstrated that MSC therapy was safe for treating
CVD. However, their efficacy remains controversial, limiting the clin-
ical application of this therapy.** One of the significant challenges is
the identification of the best source of MSCs for cardiac repair. It is
conceivable that MSCs derived from a specific organ or tissue may
exhibit biased functional potential,'”*’ indicating that cardiac
MSCs may be an excellent candidate of cell therapy for cardiac dam-
age.”””! Unfortunately, because there is no specific marker to identify
MSCs, whether cardiac MSCs are therapeutically superior to other tis-
sue-derived MSCs for cardiac repair has not been completely clarified.
In this study, we prospectively isolated Nestin® cells from heart or
bone marrow based on the GFP fluorescence intensity of Nestin-
GFP mice, and identified Nes*cMSCs showed similarities in
morphology, cell surface antigen profile, self-renewal, tri-lineage dif-
ferentiation potential, and transcriptome with Nes"bmMSCs. These
results may not only verify that Nestin is a specific marker for pro-
spectively isolating tissue-resident MSCs, but they also provide a
new approach to directly compare the therapeutic potential of
MSCs derived from various sources.

Also, note that Nes"cMSCs and Nes 'bmMSCs are remarkably similar
to the expression of a suite of known fibroblast (i.e., Col3al, Collal,
Colla2, Vim, Flna, Ddr2, Pdgfra, and Thyl) and pericyte markers
(i.e., Pdgfrb, Acta2, and Cspg4) (Figures S3D and S3F). Because pre-
vious studies have reported that MSCs show a broad overlap with
fibroblasts both in vitro and in vivo,”>*” it is difficult to discriminate
between fibroblasts and mesenchymal cells of cardiac and bone
marrow origin based on the phenotype or transcription profiles.
Therefore, we defined these cells as “mesenchymal stromal cells.”
However, the origin of Nestin" cells from various tissues remains un-
known and will require lineage-tracing studies to resolve this issue.

Previous studies have identified the existence of cardiac MSCs.”**!

However, only very few experiments have directly compared the car-
dioreparative functions between cardiac MSCs and other tissue MSC
populations.'” In this study, we herein provide the first experimental
evidence showing that Nes*cMSCs are more effective than Nes®
bmMSCs for cardiac repair following AMI, as shown by higher
LVEF and LVFS, lower LVEDV and LVESV, and reduction of the
heart infarct size (Figure 2), suggesting that cardiac MSCs may repre-
sent a more suitable cell source for cardiac repair because of their car-
diovascular-associated features. More importantly, compared with
the Nes"bmMSC group, Nes'cMSC transplantation showed higher
myocardial vascular density, a greater number of proliferating cardi-
omyocytes, and fewer apoptotic ischemic cardiomyocytes in the
infarct border zone, indicating their superior angiogenic and
antiapoptotic properties. Given that the transplanted Nes'cMSCs
have not shown any evidence of differentiating into cardiomyocytes
(Figure S7D), the paracrine activity of MSCs may participate in the
beneficial actions on myocardial remodeling through promoting
angiogenesis and stimulation of prosurvival pathways.”">* Our
RNA-seq data also confirmed that Nes'cMSCs express more
abundant proangiogenic (Greml, Vegfa), prosurvival (Igfl, Ptn),
and anti-apoptotic genes (Grem1, IL6) than do Nes*bmMSCs.

Myocardial infarction triggers pro-inflammatory cascades that are
essential for cardiac repair, but an exaggerated inflammatory reaction
also evokes adverse post-infarction remodeling and heart failure.” In
the early phase (within 1 week) after AMI, macrophages are the major
population of immune cells, which peak during the first week post-
AMI, and they persist through all stages of the repair response.**
Through this process, macrophages remove the dead cells, but at
the same time they stimulate local inflammation by secretion of
pro-inflammatory cytokines. Therefore, effective approaches to bal-
ance a sufficient immune response to clear the wound of dead cells
and debris, while not damaging self, are key to more effective treat-
ment and better prognosis. MSCs exert a broad spectrum of immuno-
regulatory effects, and previous studies demonstrate that MSCs
reduce macrophages and promote M2 macrophage polarization
post-AMI, indicating that macrophages may be involved in the

Figure 6. Knockdown of POSTN Impedes the Ability of Nes*cMSCs to Promote Cardiac Function Recovery by Reducing the Recruitment of M2

Macrophages to the Infarcted Site

(A) From among the 46 genes found to be upregulated in Nes*cMSCs, the FPKM values of four predicted to be associated with macrophage infiltration are shown, as are the
results of our gPCR-based analysis of the relative mRNA expression levels of paracrine factors in Nes*cMSCs. (B) The efficiency of the shRNA-mediated downregulation of
POSTN was assessed at the mMRNA and protein levels. The mRNA expression of POSTN in the Nes+cMSC®" group was regarded as 1. (C) Schematic of the protocol used for
AMI model establishment and cardiac function analysis. At O day, the AMI model was generated by permanent ligation of the LAD coronary artery. One minute later, the ischemic
area was identified and saline (vehicle-treated control), Nes*cMSC®", or Nes*cMSCS""OS™ was intramyocardially injected into the infarct border zone. Cardiac function and
infarct degree were analyzed by echocardiography and TTC staining, respectively, at 3 weeks post-AMI. The mRNA and protein levels of M2 macrophage markers in infarcted
areas were analyzed by gPCR (for mRNA), flow cytometry, and immunofluorescence (IF) staining (for proteins) at 1 week post-AMI. (D) Heart functions were evaluated by
echocardiography at 3 h (baseline) and 3 weeks post-AMI, and LVEF, LVFS, LVEDV, and LVESV were measured; n = 15-20. (E and F) Five heart sections (1 mm thick) from each
group were stained with 1% TTC for visualization of the infarct area (pale) and the viable myocardial area (brick red). Scale bar, 10 mm (E). Comparison of the relative scar areas
among the study groups. The ratio of the length of the infarct band to the total length of the LV was calculated; n = 5. (F). (G) The CD68 and CD206 expression levels of M2
macrophages in the infarct areas at 7 days post-AMI were analyzed at the mRNA level; n = 5. (H and I) The CD68"CD206" M2 macrophages in the infarcted areas at 7 days post-
AMIwere analyzed by flow cytometry (H), and the percentage of CD68*CD206" M2 macrophages was calculated (n = 5) (I). (J and K) The CD68*CD206" M2 macrophages in the
infarcted areas at 7 days post-AMI were determined under fluorescence microscopy (J). Scale bar, 20 um. The percentage of CD68"CD206™ M2 macrophages was calculated
using a double-blind method (K). Data are shown as mean + SEM; n = 5. “p < 0.05, **p < 0.01, **p < 0.001. n.s., not significant; ShRNA, short hairpin RNA.
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cardioprotective effect of transplanted MSCs in ML”® The present
study shows that Nes'cMSC treatment significantly attenuated
neutrophil, Ly-6C'*" macrophage, and Ly-6C"¢" monocyte accumu-
lation in the infarct heart at 3 and 7 days after MI, compared to saline
and Nes"bmMSC groups. Macrophages were decreased most signifi-
cantly among these inflammatory cells at both time points (Figure 3B),
and depletion of macrophages impedes the favorable effects of Nes"
cMSCs therapy after MI (Figure 4). These results are in line with
the recent reports’ and verify that macrophages play a critical role
in the myocardial wound healing of mice treated with Nes*cMSCs.
Experimental studies have described dynamic changes in macrophage
phenotype in the infarcted heart, which suggests a transition from
early infiltration with pro-inflammatory M1 cells to the late predom-
inance of reparative M2 macrophages.”” > Herein, we found that
Nes'cMSC treatment could strongly inhibit the inflammatory
response by reducing the number of CD68" pan-macrophages in
the infarct region post-AMI, and that the percentage of
CD68*CD206" M2 macrophages was significantly increased in the
infarcted myocardium of the Nes*cMSC group.

In view of the possible mechanisms involved in macrophage polariza-
tion by MSCs, there is a need to determine which pathways partici-
pate in the modulation process. Previous studies have demonstrated
that IL-4 and IL-13 are key factors in inducing monocytes to differen-
tiate to anti-inflammatory M2 macrophages in vitro.’”®' Moreover,
alternatively activated macrophages (M2 macrophages) can also be
induced by granulocyte-macrophage colony-stimulating factor
(GM-CSF) and transforming growth factor (TGF)-B.**** However,
after checking the RNA-seq data, we found that these ligands were
scarcely expressed by Nes'cMSCs (the FPKM values of IL-4, IL-13,
GM-CSF, and TGF-B2 were 0.025, 0, 0.019, and 2.88, respectively).
Therefore, the polarization of M2 macrophages might be induced
via other factors. In our study, we screened for candidate factors by
analyzing the RNA-seq data related to macrophage infiltration and
function (Figure 3D) and identified that POSTN had the highest
expression in Nes'cMSCs (FPKM > 350) (Figure 6A). POSTN (which
encodes Periostin, and was originally called OSF-2) is a member of the
Fasciclin family and is a disulfide-linked cell adhesion protein.**
POSTN is also a secreted extracellular matrix protein that was origi-
nally identified in mesenchymal-lineage cells (osteoblasts, osteoblast-
derived cells, and cells of the periodontal ligament and periosteum),
and it has been associated with the differentiation of mesenchyme
in the developing heart.”” Moreover, POSTN is involved in various as-
pects of tumorigenic processes.”® Zhou et al.”’ previously reported
that POSTN secreted by GSCs could recruit M2 type TAMs through
integrin alVP3 signaling to support glioblastoma multiforme (GBM)
growth, but they not claim whether POSTN modulates the polariza-
tion of macrophages. Importantly, our results show for the first time
that Nes'cMSC-secreted POSTN contributes to M2 macrophage
polarization and promotes cardiac tissue wound healing (Figure 6).
Additionally, the depletion of POSTN in the infarcted myocardium
by injection of corresponding neutralizing antibody significantly
attenuated the survival rate and cardiac function of MI mice, as
well as reduced the M2 subtype polarization of macrophages in vivo
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(Figure S10). Also, note that the much lower expression of POSTN
in the Nes'bmMSCs than that in Nes'cMSCs also provides the
evidence to explain the difference of therapeutic effects between these
two groups (Figures S9A-S9C). In this study, we uncovered a new
function by demonstrating that Periostin regulates the M2 polariza-
tion of macrophages in our system. Although Oka et al.”” reported
the fibrogenic actions of Periostin following MI, they also reported
the cardiac protective function of Postn in the same paper. Mice lack-
ing the gene encoding Pn (Postn) were more prone to ventricular
rupture in the first 10 days after MI, and inducible overexpression
of Pn in the heart protected mice from rupture.”” In addition,
Kiithn et al.”® demonstrated that Periostin induces proliferation of
differentiated cardiomyocytes and promotes cardiac repair through
improving ventricular remodeling and myocardial function, reducing
fibrosis and infarct size, and increasing angiogenesis. Both of these
results indicate that Periostin may have a distinct role at different
stages of myocardial remodeling; thus, targeting Periostin-mediated
macrophage polarization at specific time points could further
improve wound healing and functional outcome. The myocardial
healing response after MI can be divided into three sequential
overlapping phases: (1) the inflammatory phase, (2) the proliferative
phase, and (3) the maturation phase. In the early phase (within
1 week), Periostin may play the cardiac healing function through
mediating M2 macrophage polarization and reducing the inflamma-
tory burden in the post-infarct myocardium; during the proliferative
phase, it might participate in cardiac fibrosis, and in scar formation
during the maturation phase.

MATERIALS AND METHODS

Study Design

This study was designed to investigate the properties of cardiac-resi-
dent Nestin™ MSCs in Nestin-GFP transgenic mice, as well as their
therapeutic role in cardiac repair after AMI, when compared with
non-resident Nestin"bmMSCs. These objectives were addressed by
(1) isolating the Nestin-GFP" cells from heart and bone marrow of
mice using flow cytometry, and analyzing the property of the two
Nestin™ types of cells by the RNA-seq method; (2) evaluating the
treatment effects of Nes'cMSC and Nes'bmMSC transplantation
on heart repair by analyzing echocardiography and calculating infarc-
tion size; (3) elucidating the underlying mechanisms in vivo and
in vitro using short hairpin RNA (shRNA) interference that are spe-
cific to the POSTN gene; and (4) demonstrating the Nes"cMSC-
derived POSTN-mediated M2 macrophage polarization in wound
healing after AMI. In all experiments, animals were randomly
assigned to treatment groups, and researchers were blinded during
treatment and data collection. Group and sample sizes for each exper-
iment are indicated in each figure legend. No statistical methods were
used to predetermine sample sizes for in vitro experiments.

Mice

Homozygous Nestin-GFP transgenic mice of the C57BL/6 genetic
background were as previously reported.”**> C57BL/6 wild-type
mice were purchased from the Animal Center at the Medical Labora-
tory of Guangdong Province, China. All mice used for in vivo studies
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were 12-week-old male C57BL/6 mice, and mice were randomly
allocated to each group. Mice were maintained in a specific
pathogen-free facility, and all animal protocols were reviewed and
approved by the Sun Yat-sen University Institutional Animal Care
and Use Committee.

Isolation and Culture of Mouse Heart- and Bone Marrow-Derived
Nestin* Cells

The hearts of 7-day-old Nestin-GFP and C57BL/6 mice (blank con-
trol) were harvested and incubated with 5 mL of Hanks’ balanced
salt solution (HBSS) digestive solution including type II collagenase
(300 U/mL; Gibco) and DNase I (100 U/mL; Sigma-Aldrich). The tis-
sues were homogenized and incubated at 37°C for 30 min, with
shaking performed every 10 min. The resulting cell suspensions
were passed through a 40-pm cell strainer to prepare a single-cell sus-
pension. GFP™ cells were sorted using flow cytometry (Influx, BD)
and cultured in a 2:1 mixture of DMEM/F12 (1:1) and Iscove’s modi-
fied Dulbecco’s medium (IMDM) (Gibco) containing 20 ng/mL
epidermal growth factor (EGF) (Peprotech), 20 ng/mL basic fibro-
blast growth factor (bFGF) (Peprotech), 1% N, (Invitrogen), 2%
B27 (Invitrogen), 4 ng/mL Cardiotrophin-1 (CT-1; Peprotech),
0.1 mM B-mercaptoethanol (Invitrogen), 1% L-glutamine (Sigma-Al-
drich), and 100 IU/mL penicillin/streptomycin (Invitrogen). Mouse
bone marrow-derived Nestin® cells were isolated from 7-day-old
Nestin-GFP mice by flow cytometric sorting and cultured in growth
medium, as reported previously.”” Both heart- and bone marrow-
derived Nestin" cells were thereafter cultured in ultra-low adherence
dishes (Corning) at 37°C in a 5% CO, water-jacketed incubator to
form many clonal spheres. These cells were propagated every
3 days, and cells from similar passages were used in all assays.

Clonal Sphere Formation Assay

Clonal sphere formation was assessed using our previously reported
method.** Briefly, sorted single-cell suspensions of Nestin-GFP™ cells
were diluted to a density of 500 cells/mL, and 2 pL/well of the diluted
cell suspension was plated to an ultra-low-attachment 96-well plate
(Corning) in 150 pL/well of complete medium. Wells containing
only one cell were marked and observed daily. After 10 days in
culture, we scored for single cells that had generated spheres
>50 um in diameter.

Flow Cytometric Analysis

Flow cytometric sorting was performed with an Influx apparatus
(BD), while flow cytometric analyses were performed with Influx or
Gallios (Beckman Coulter) flow cytometers. Data were analyzed
with FlowJo7.5 software (Tree Star) or Kaluza software (Beckman
Coulter). The following anti-mouse antibodies were used: CD44-
phycoerythrin (PE) (IM7), CD106-Alexa Fluor 647 (429), Sca-1-allo-
phycocyanin (APC) (D7), c-Kit-APC-eFluor 780 (2B8), CD90-PE
(30-H12), CD45-PE-Cyanine7 (30-F11), CD34-fluorescein isothiocy-
anate (FITC) (RAM34), CD68-PE (FA-11), CD11b-PE-Cyanine7
(M1/70), CD14-PE (Sa2-8), F4/80-eFluor 450 (BM8), hematopoietic
lineage cocktail-FITC (17A2, RA3-6B2, M1/70, TER-119, RB6-8C5),
PDGFRa-APC (APA5), PDGFRB-APC (APBS5, all from eBioscience),

Ly-6C-APC (AL-21, BD), and CD206-APC (C068C2, BioLegend).
For EdU (5-ethynyl-20-deoxyuridine) and TUNEL (terminal deoxy-
nucleotidyltransferase-mediated dUTP nick end labeling) analyses,
the Click-iT Plus EdU Alexa Fluor 647 flow cytometry assay kit
and Click-iT TUNEL Alexa Fluor 647 imaging assay kit were used
(Invitrogen).

Cell Differentiation Ability In Vitro

For osteogenic, adipogenic, and chondrogenic differentiation, Nestin™
cells were cultured in the relevant differentiation media for 2-3 weeks
and analyzed by staining with alizarin red, oil red O, and toluidine blue
staining, respectively, as previously described.”” The expression levels
of lineage-specific genes (SARC and Runx2 for osteogenesis, FabP4
and PPAR-vy for adipogenesis, and CollagenII and CollagenX for chon-
drogenesis) were analyzed by qPCR. The following primers were used:
SPARGC, forward, 5-TTGGCGAGTTTGAGAAGGTATG-3/, reverse,
5-GGGAATTCAGTCAGCTCGGA-3; Runx2, forward, 5-CGTG
GCCTTCAAGGTTGTA-3/, reverse, 5'-GCCCACAAATCTCAGAT
CGT-3'; FabP4, forward, 5-AATCACCGCAGACGACA-3/, reverse,
5'-GTGGAAGTCACGCCTTTC-3'; PPAR-Y, forward, 5'-CTGACC-
CAATGGTTGCT-3/, reverse, 5-CAGACTCGGCACTCAATG-3';
Collagenll, forward 5'-AGTACCTTGAGACAGCACGAC-3', reverse,
5'-AGTCTCCGCTCTTCCACTCG-3'; CollagenX, forward, 5'-CAG
CAGCATTACGACCCAAG-3, reverse, 5'-CCTGAGAAGGACGAG
TGGAC-3'.

IF Staining

For IF staining, cultured cells and heart tissues were fixed in 4% para-
formaldehyde (PFA) and dehydrated with 30% sucrose. After fixa-
tion, the hearts were cut into 5-um sections. The cultured cell and
heart tissue sections were blocked for 40 min with normal goat serum,
incubated with primary antibodies overnight at 4°C, and then incu-
bated with secondary antibodies (1:500 dilution), under protection
from light at room temperature for 1 h. The following primary anti-
bodies were used: anti-Nestin (1:200), anti-CD206 (1:1,000), anti-ma-
jor histocompatibility complex class II (MHC II) (1:100), anti-NG2
(1:200), anti-fibroblast-specific protein-1 (FSP1) (1:200), anti-CD31
(1:20), anti-e.-smooth muscle actin (a-SMA) (1:200), anti-a-actinin
(1:100, all from Abcam), and anti-CD68 (1:100, AbD Serotec).

Reverse Transcription and Quantitative Real-Time PCR

Total RNA was extracted from cultured cells and heart tissues using
TRIzol reagent (Invitrogen), and 1 ug of RNA was reverse transcribed
using a RevertAid first-strand cDNA synthesis kit (Thermo Scientific).
The generated cDNA was subjected to real-time PCR with SYBR Green
reagent (Roche) using the following mouse primers: glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), forward, 5'-ACCACAGTC-
CATGCCATCAC-3, reverse, 5'-TCCACCACCCTGTTGCTGTA-3';
Nestin, forward, 5'-AGGAGAAGCAGGGTCTACAGAG-3', reverse,
5-AGTTCTCAGCCTCCAGCAGAGT-3; GFP, forward, 5'-AGGA
CGACGGCAACTACAAGCD-3, reverse, 5-AAGTTCACCTTGAT
GCCGTTC-3'; CD68, forward, 5-ATGGACAGCTTACCTTTGGA
TTCA-3, reverse, 5-TGCCTGTGGGAAGGACACAT-3’; CD206,
forward, 5-TCTTTGCCTTTCCCAGTCTCC-3, reverse, 5-TGA
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CACCCAGCGGAATTTC-3; iNOS, forward, 5-GAGACAGGG
AAGTCTGAAGCAC-3, reverse, 5-CCAGCAGTAGTTGCTCCTC
TTC-3'; Arg-1, forward, 5-CATTGGCTTGCGAGACGTAGAC-3,
reverse, 5 -GCTGAAGGTCTCTTCCATCACC-3'; Periostin, forward,
5'-CAGCAAACCACTTTCACCGACC-3/, reverse, 5-AGAAGGCG
TTGGTCCATGCTCA-3'; Fbnl, forward, 5-GCTGTGAATGCGA
CATGGGCTT-3/, reverse, 5-TCTCACACTCGCAACGGAAGAG
-3/; Calr, forward, 5'-AAAGGACCCTGATGCTGCCAAG-3/, reverse,
5'-TCAGGGATGTGCTCTGGCTTGT-3; Greml, forward, 5-AGG
TGCTTGAGTCCAGCCAAGA-3/, reverse, 5-TCCTCGTGGATGG
TCTGCTTCA-3'. The relative mRNA abundances were calculated
using the ACt or AACt methods, and the gene expression levels were
normalized with respect to those of GAPDH.

Western Blot Analysis

Total proteins were extracted from Nes*cMSCs, and the protein con-
centration was measured using a bicinchoninic acid (BCA) protein
assay kit (Thermo Scientific). Equal amounts of proteins were sepa-
rated by 8% sulfate-polyacrylamide gel electrophoresis and trans-
ferred to a polyvinylidene fluoride (PVDF) membrane. The
membrane was blocked with Tris-buffered saline with Tween 20
(TBS/T) containing 5% nonfat dry milk and analyzed using anti-
bodies specific to Periostin (1:2,000, R&D Systems), GFP (1:1,000,
Abcam), and Nestin (1:1,000, Abcam).

RNA-Seq of Nes*cMSCs and Nes*bmMSCs

To examine the biological properties of the Nes'cMSCs and
Nes"bmMSCs, we performed RNA-seq. RNA was prepared from
cultured fluorescence-activated cell sorting (FACS)-purified MSCs
(passage 5), sequencing libraries were constructed and sequenced
on a HiSeq 2000 (Illumina), and the sequenced fragments were map-
ped to the mouse reference genome and assembled using the CLC
Main Workbench (QIAGEN). The median expression level of each
reconstructed mRNA was estimated by calculating FPKM. The genes
related to angiogenesis, proliferation, and anti-apoptosis were derived
from the Gene Ontology (GO) database. Genes with a FPKM value
more than 1 were enrolled into the analysis. The heatmaps of these
genes were performed with R package.

RFP Vector Construction

To generate entry vectors, we used PCR to flank the human EFla
promoter and human RFP gene with attB4/Blr and attB1/B2 sites,
respectively. The promoter-containing PCR product was cloned
into pDONR P4-Pl1r (Invitrogen) utilizing the BP recombination
method (Gateway) according to the manufacturer’s instructions.
The att-flanked RFP fragment was cloned into pDONR 221
(Invitrogen) using the same method. The resulting vectors, termed
pUp-EFla and pDown-RFP, respectively, were next recombined
into the pDest-puro vector utilizing the LR recombination reaction
protocol described in the instructions provided with the LR kit
(Gateway), which included the addition of a clonase enzyme mix
(Invitrogen). The final lentiviral expression vector was designated
pLV/puro-EF1a-RFP (EF1o.-REP).
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AMI, Cell Transplantation, Macrophage Depletion, and
Functional Evaluation

The mouse model of AMI was generated by permanent ligation of the
LAD coronary artery, and the surgical procedures were performed on
C57BL/6 wild-type mice of similar sex (male), age (11-12 weeks), and
weight (25-30 g). In brief, with minimal manipulation of the fat pad
surrounding the heart, the LAD component of the left coronary artery
could easily be visualized. A 10/0 Prolene suture was passed under the
LAD at 1 mm distal to left atrial appendage, immediately after bifur-
cation of the major left coronary artery. One minute later, occlusion
was confirmed by the change of color (becoming pale and of similar
size) of the anterior wall of the LV, and 15 nL of cell suspension con-
taining 3 x 10° Nestin* cells (Nes*cMSCs or Nes'bmMSCs) or saline
(vehicle-treated control) was intramyocardially injected into the
infarct border zone at three different sites (final volume, 5 pL per
site) via micromanipulator-guided injection.”

To determine the role of macrophage subsets in wound repair after
Nestin™ cell therapy, we depleted macrophages by intravenously in-
jecting mice with anionic clodronate liposomes (CLs; FormuMax
Scientific) or liposomes (negative control).”
macrophage depletion with low mortality, we injected CLs 24 h prior
to AMI at the dose of 0.05 mL per 10 g of body weight, according to
the previously described protocol.””*

To achieve efficient

To examine cardiac function, conventional echocardiography was
performed at 3 h (baseline), 1 week, and 3 weeks post-AMI using a
mouse echocardiography system (Vevo 2100 imaging system;
VisualSonics) equipped with a 30-MHz phased transducer. To
examine inflammatory cell infiltration, mouse hearts were harvested
at 1 and 3 weeks post-AMI, fixed, paraffin embedded, sectioned at
5 pum, and stained with hematoxylin and eosin (H&E). To analyze
the infarct size, the heart was excised and cut into five 1-mm-thick
transverse slices, and each slice was incubated in a 1% solution of
TTC at 37°C for 15 min for visualization of the infarct area (pale)
and viable myocardial area (brick red). The ratio of the length of
the infarct band to the total length of the LV was calculated.”’

Mouse Macrophage Isolation and Differentiation

Macrophages were isolated from the peritoneal cavity of mice according
to a previously described protocol.*” Briefly, peritoneal macrophages
were elicited by intraperitoneal (i.p.) injection of 2 mL of 3% sterile
Brewer thioglycollate medium (Sigma-Aldrich). Four days later, perito-
neal exudate cells were harvested by flushing with 5 mL of ice-cold PBS
(containing 3% fetal bovine serum [FBS]) using a 23G needle. The
obtained cells were suspended in RPMI 1640 and plated in 12-well
flat-bottom plates at 2 x 10° cells/well. After 2 h of culture at 37°C,
non-adherent cells were removed by three gentle washes with warm
PBS. The adherent cells, which were mainly macrophages, were analyzed
by IF staining and flow cytometric analysis for CD68 expression.

Co-culture of Nes*cMSCs and Macrophages
Nes"cMSCs and macrophages were suspended in RPMI 1640. The
macrophages were plated to a 12-well plate (2 x 10° cells/well) and
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incubated for 2 h, the non-adherent cells were removed, and 1 mL
of RPMI 1640 was added to each well. A 0.4-um transwell appa-
ratus (Millipore) was placed within each well and loaded with
2 x 10° Nes*cMSCs. Mono-cultured macrophages were used as
a control. The cells were cultured overnight, treated with or
without 1 pg/mL LPS for activation, and then incubated. After 1,
2, and 3 days of incubation, macrophages were harvested, incu-
bated with macrophage-relevant primary antibodies (i.e., anti-
CD68 and anti-CD206), and analyzed by flow cytometry. For
qPCR analysis, total RNA was collected and the genes encoding
macrophage markers (iNOS and Arg-1) were analyzed. The secre-
tion of cytokines to the supernatant was analyzed with ELISA
(BMS607/3, BMS606, BMS613, and BMS614/2 for TNF-a,
IFN-v, IL-4, and IL-10, respectively; all from eBioscience). For
IF staining, adherent macrophages were stained using markers of
total macrophages (CD68), M1 macrophages (MHC II), and M2
macrophages (CD206).

Construction of the Lentivector for RNA Silencing

The utilized shRNA targeting POSTN was designed in-house and
synthesized by Sangon Biotech (Shanghai, China). The sequence
is as follows: forward, 5-TGCGGAGTCACTAATATCCTGAA
CTTCCTGTCATTCAGGATATTAGTGACTCCGTTTTTTC-3,
reverse, 5-TCGAGAAAAAACGGAGTCACTAATATCCTGAAT
GACAGGAAGTTCAGATATTAGTGACTCCGCA-3'. The lentivi-
ral vector, LentiLox 3.7 (pLL3.7), was used to generate long-term
interference in mouse MSCs. An insert-free vector was used as a nega-
tive control (designated “con”).

Statistical Analysis

All results represent at least three independent experiments and are
expressed as mean + SEM. All statistical comparisons were made us-
ing a two-tailed Student’s t test (between two groups) or one-way
ANOVA (for multi-group comparisons). p < 0.05 was considered sig-
nificant. Analysis and graphing were performed using Prism software
(v5.01, GraphPad).
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