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Epicardial placement of human MSC-loaded
fibrin sealant films for heart failure:
Preclinical efficacy and mechanistic data
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Mesenchymal stromal cell (MSC) transplantation has been
investigated as an advanced treatment of heart failure; howev-
er, further improvement of the therapeutic efficacy and mech-
anistic understanding are needed. Our previous study has re-
ported that epicardial placement of fibrin sealant films
incorporating rat amniotic membrane-derived (AM)-MSCs
(MSC-dressings) could address limitations of traditional trans-
plantation methods. To progress this finding toward clinical
translation, this current study aimed to examine the efficacy
of MSC-dressings using human AM-MSCs (hAM-MSCs) and
the underpinning mechanism for myocardial repair. Echocar-
diography demonstrated that cardiac function and structure
were improved in a rat ischemic cardiomyopathy model after
hAM-MSC-dressing therapy. hAM-MSCs survived well in the
rat heart, enhanced myocardial expression of reparative genes,
and attenuated adverse remodeling. Copy number analysis by
qPCR revealed that upregulated reparative genes originated
from endogenous rat cells rather than hAM-MSCs. These re-
sults suggest hAM-MSC-dressing therapy stimulates a second-
ary release of paracrine factors from endogenous cells
improving myocardial repair (“secondary paracrine effect”),
and cardiac M2-like macrophages were identified as a potential
cell source of repair. We demonstrated hAM-MSCs increased
M2-like macrophages through not only enhancing M2 polari-
zation but also augmenting their proliferation and migration
capabilities via PGE2, CCL2, and TGF-b1, resulting in
enhanced cardiac function after injury.
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INTRODUCTION
Myocardial infarction (MI) and post-MI ischemic cardiomyopathy
(ICM) is an increasing clinical, social, and financial burden.1 A large
number of pre-clinical studies have indicated that mesenchymal stro-
mal cell (MSC) transplantation is a promising approach for the treat-
ment of this fatal disease,2,3 and clinical trials have established the
safety and feasibility.4,5 Although the clinical efficacy data observed
to date are mixed, meta-analysis studies detected a positive therapeu-
tic effect by MSC therapy.6 Having said this, for future clinical
successes of this approach, it is essential to augment the therapeutic
efficacy, which could be achieved through refining the currently sub-
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optimal protocols including the choice of cell-delivery route andMSC
quality. In addition, further investigations on mechanistic insights of
MSC therapy are also important.

Current MSC delivery routes to the heart are intramyocardial, intra-
coronary, or intravenous injections; however, these methods result in
poor donor cell engraftment, limiting the therapeutic efficacy.7,8 We
have recently developed an innovative technique: epicardial place-
ment of bi-layered, fibrin sealant films incorporating MSCs (MSC-
dressing).9 This product can be easily and instantly fabricated using
a commercially available fibrin sealant film and MSC suspension at
the site of treatment. The MSC-dressing is formed of two layers.
The inner layer consists of a fibrin-MSC complex that enables its
prompt and firm adherence to the heart surface without sutures or ex-
tra adhesives and also enhances the reparative ability of incorporated
MSCs. The outer collagen sponge protects the MSC-fibrin complex
from abrasion by the surrounding tissues, improving donor cell reten-
tion and survival.9 As an MSC type, an increasing number of reports
propose the advantages of amniotic membrane-derived MSCs (AM-
MSCs) in terms of mass production as well as immunomodulative
and tissue-repair abilities.2,10,11 We have previously reported that
epicardial placement of a rat-derived AM-MSC-dressing markedly
increased donor cell engraftment and enhanced cardiac function in
a syngeneic rat ICM model compared to intramyocardial injection.9

For further development of this AM-MSC-dressing therapy toward
clinical application, we confirm that human (h)AM-MSC-dressings
are feasible, safe, and functional in a rat ICM model. The previously
reported observation that MSCs of this cell source survived well
without causing significant immunological responses in an immuno-
competent rat heart10 would validate this human-to-rat xenogeneic
cell-transplantation model for the purpose of characterizing hAM-
MSC-dressings.
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The mechanism by which transplanted MSCs improve cardiac func-
tion remains to be fully elucidated. As trans-differentiation of MSCs
to cardiomyocytes rarely occurred in vivo, it is widely agreed that the
MSC-derived therapeutic effects are mediated by their secretome,
which induces improvement of microvascular formation, resolution
of inflammation, reduction of interstitial pathological fibrosis, and
attenuation of cardiomyocyte hypertrophy.12,13 These are “direct”
paracrine effects, which are achieved by the secretome from hAM-
MSCs directly activating cardiac cells, i.e., cardiomyocytes, vascular
cells, and/or cardiac fibroblasts. However, given the extremely poor
donor cell survival post-transplantation, reparative secretion from
donor cells may not be sufficient to fully explain the extensive
myocardial repair achieved by MSC therapy. In this viewpoint, we
and others have proposed an alternative mechanism, namely, the
“secondary (or indirect)” paracrine effect, in which endogenous
host cells are stimulated by hAM-MSC’s secretome, and the triggered
host cells, in turn, secrete myocardial repair-related factors, promot-
ing cardiac tissue repair through activation of cardiac cells. However,
further supporting data are needed to fully elucidate this concept of
the secondary paracrine effect. To this end, we would take advantage
of the xenogeneic model of hAM-MSC-dressing transplantation to
the rat heart in this study. This model was anticipated to enable pre-
cise dissection of the origin of paracrine effect-related factors, either
donor hAM-MSCs or host rat tissue, by using species specific identi-
fication, providing previously unidentified information to understand
the direct versus secondary paracrine mechanisms.

As the central mediator cells of the secondary paracrine effect post-
MSC transplantation, M2-like reparative macrophages (M2M4)
have been suggested.14–16 Shortly after MI, pro-inflammatory M4

are recruited into the injured myocardium to remove necrotic cell
debris.17 Subsequently, 5�7 days after MI, M2M4 become dominant
and contribute to myocardial repair through their secretome. MSC
transplantation is known to increase the post-MI accumulation of
cardiac M2M4.16,18,19 This change has been reported to be under-
pinned by MSC’s secretome-induced polarization of M4 to a M2-
like phenotype, in which distinct proteome and/or exosome are likely
to play a role.19–24 However, the number of M2M4 in the heart is
regulated, not only through M4 polarization but also via recruit-
ment/migration and proliferation of M4 and their precursor, mono-
cytes. We therefore aim to clarify these previously unstudied aspects
of the secondary paracrine effect in a systematic manner using hAM-
MSCs.

RESULTS
hAM-MSC-dressing therapy was feasible, safe, and effective to

treat ICM in a rat model

We characterized hAM-MSC-dressing therapy (epicardial placement
of hAM-MSC-dressing) in a rat post-MI ICM model to progress our
development of this emerging technique toward clinical application.
This human-to-rat xenogeneic cell transplantation model without
the use of an immunosuppressive reagent has been validated.10 At
4 weeks after left coronary artery ligation, Lewis rats received epicar-
dial placement of a 1-cm2 hAM-MSC-dressing (hMSC-dressing
group) or a same-sized fibrin sealant film with no cells (no cell-dres-
sing group). The hAM-MSC-dressing was produced using a fibrin
sealant film (TachoSil; Takeda) and 2 � 106 hAM-MSCs, as we pre-
viously optimized and reported.9 An additional group received sham
treatment (open and close of the chest only) at 4 weeks post-MI to
serve as a control (ICM group). Production, handling, and epicardial
placement of a hAM-MSC-dressing were straightforward and suffi-
ciently completed in all rats studied. There was no obvious complica-
tion related to hAM-MSC-dressing therapy.

At day 28 after treatment, echocardiography demonstrated improved
left ventricular ejection fraction (LVEF) post-hAM-MSC-dressing
therapy compared to both no cell-dressing and ICM control groups
(Figure 1A). LV end-systolic volume (LVESV) was reduced in the
hAM-MSC-dressing group compared to other groups. Epicardial
placement of no cell-dressing had no effect on these parameters. Of
note, improved cardiac function and structure in the hAM-MSC-
dressing group persistently lasted for 90 days post-treatment
(Figure 1B).

Macroscopic observation exhibited that the hAM-MSC-dressing
structure was preserved and remained adhering to the heart surface
at day 3 after epicardial placement, whereas it was not clear at day
28 (Figure 1C). Immunohistofluorescent studies revealed that a
considerable number of donor hAM-MSCs (labeled with CM-DiI
prior to transplantation) were present on the epicardial surface of
the infarct and peri-infarct areas at day 3 after transplantation, with
the number reduced by day 28. The majority of transplanted hAM-
MSCs remained on the heart surface without migration into the
myocardial tissue. Furthermore, quantitative assessment of donor
cell survivals using real-time PCR analysis for the primate specific
ALU gene demonstrated that the average of 79.1% of the total trans-
planted hAM-MSCs remained at the LV walls of immunocompetent
rats at day 3 post-transplantation. However, by day 28, only a very
small percentage (<1%) of hAM-MSCs was retained in the heart
(Figure 1D).

We then assessed the infiltration of CD45+ cells into the hAM-MSC-
dressing construct to investigate the local immunological response.
The results demonstrated that the number of accumulated CD45+

cells appeared to be larger in the hMSC-dressing group, compared
to implantation of a film incorporating no cells, at both days 3 and
28 post-treatment, whereas the changes are not statistically significant
(Figures S1A and S1B). In addition, the level of myocardial Tnfa, a
major inflammatory cytokine, was not changed between the hMSC-
dressing and sham ICM groups (Figure S1C).

These data collectively suggest that immunological response and
rejection against hAM-MSC-dressings in the rat model were mild, al-
lowing transplanted hAM-MSCs to survive and function in the early/
acute phase, whereas such immune response persistently continued
by day 28, eventually rejecting the most of donor cells. Of note, this
temporal survival of hAM-MSCs was sufficient to improve cardiac
function and structure in a rat ICM model, proposing the utility of
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Figure 1. Improved cardiac function by hAM-MSC-dressing therapy in a rat ICM model

4 weeks after left coronary artery ligation in rats, a hAM-MSC-dressing (fibrin sealant film containing 2� 106 hAM-MSCs; hMSC-dressing group), a fibrin sealant film only (no

cell-dressing group), or nothing (no treatment; ICM group) were placed onto the heart surface. (A) Cardiac function and dimensions assessed by using echocardiography

before treatment (day 0 = 4 weeks post-MI) and day 28 post-treatment. LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVDSV, left

ventricular end-systolic volume; n = 7�10 in each group. *p < 0.05 and ***p < 0.001 versus both ICM and no cell-dressing groups. One-way ANOVA with Tukey’s post hoc

tests for multiple comparisons. Data presented as mean ± SEM. (B) Echocardiography indexes measured at day 90 post-treatment showing a longer-term effect of hAM-

MSC-dressing therapy. *p < 0.05, **p < 0.01, and ***p < 0.001. n = 4�6 in each group. Student’s t test. (C) Macroscopic and immunohistolabeling images of the hearts

collected at days 3 and 28 post-hAM-MSC-dressing therapy. Immunolabeling samples were co-stained for cardiac troponin T (cTnT) and 40,6-diamidino-2-phenylindole

(DAPI). Donor hAM-MSCs were labeled with CM-DiI (red) before transplantation. Scale bars, 1 mm or 100 mm for macro- and micro-images. (D) Quantitative cell retention of

hAM-MSCs in the rat LV tissue assessed by analyzing genomic DNA (gDNA) levels of the primate-specific ALU gene by qPCR at days 3 and 28 after epicardial placement of

hAM-MSC-dressing (including 2 � 106 hAM-MSCs). n = 5 hearts with 3 technical replicates in each time point.
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this therapeutic approach as a clinical treatment and also justifying
this model to be used for the following mechanistic investigations
of hAM-MSC-dressing therapy.

hAM-MSC-dressing therapy enhanced myocardial tissue repair

We could not find any CM-DiI-labeled donor MSC that was also pos-
itive for cardiac troponin T (cTnT) post-hAM-MSC-dressing therapy
(Figure 1C), agreeing that the mechanism by which this treatment
2556 Molecular Therapy Vol. 29 No 8 August 2021
improved cardiac function was not cardiomyogenic trans-differenti-
ation of donor MSCs. Thus, histological myocardial repair was
further investigated post-hAM-MSC-dressing therapy. Picrosirius
red staining showed that pathological interstitial fibrosis, which is a
major component of adverse ventricular remodeling post-MI25, was
reduced in the peri-infarct and remote myocardial areas at day 28 af-
ter post-hAM-MSC-dressing therapy compared to the ICM control
(Figure 2A). The reduced fibrosis was particularly evident in the
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peri-infarct area. Wheat germ agglutinin staining clarified that hyper-
trophy of surviving cardiomyocytes, another important factor in post-
MI ventricular remodeling, was attenuated in the peri-infarct area of
the hAM-MSC-dressing-treated rats (Figure 2B). We also observed
that microvascular formation in the peri-infarct myocardium was
enhanced by the hAM-MSC-dressing therapy, as assessed by using
isolectin B4 histological staining (Figure 2C).

These findings of histological myocardial repair post-hAM-MSC-
dressing therapy were associated with upregulation of reparative
genes, including rIl10, rCxcl12, rIgf1, rTgfb1, rVcam1, rIl6, and
rFgf2, assessed by quantitative real-time PCR of the LV myocardium
at day 3, compared with both the ICM group and normal heart group
(Figure 2D). On the other hand, some known reparative or angiogenic
factors, i.e., rVegfa and rHgf genes, were not upregulated significantly.
Furthermore, we were also able to detect sizable expression of the
similar profile of human genes involved in myocardial repair,
including hIL10, hCXCL12, hIGF1, hTGFB1, and hVCAM1, in the
same rat LV tissue with hAM-MSC-dressing therapy (Figure S2).
Expression of these genes in the rat heart tissue were markedly upre-
gulated when compared to the expression in in vitro-cultured hAM-
MSCs.

Reparative gene upregulation by hAM-MSC-dressing therapy

mostly came from host rat cells

Our next aim was to clarify the ratio of the source of reparative factor
expression post-hAM-MSC-dressing therapy between the host rat
cells versus donor human cells. Therefore, we examined the above-
collected rats’ LV tissues transplanted with hAM-MSC-dressings by
using human- and rat-specific quantitative real-time PCR primers
and absolute DNA copy number analysis.

To assess the ratio of human:rat DNA on day 3 after hAM-MSC-dres-
sing therapy in the ICM rat heart, genomic DNA (gDNA) was
extracted from the LV, and the samples were quantified using the pri-
mate-specific ALU TaqMan primer, which is expressed in human
cells but not in rat cells. Cycle threshold (CT) values were compared
against a DNA standard curve containing a dilution series of known
concentrations of human DNA mixed with rat DNA. The result
demonstrated that human-derived DNA contributed to 2.3% of the
total DNA extracted from the xenogeneic sample (rat LV myocar-
dium with hAM-MSC-dressing) at day 3 post-transplantation (Fig-
ure 3A). Subsequently, human and rat gDNA templates were em-
ployed to construct a standard curve using known amounts of
DNA copies (1 � 107�1 � 102), as previously described.26–28 These
standards were used to calculate human and rat gene transcript copies
in 10 ng cDNA isolated from the rat LV tissue with hAM-MSC-dres-
sing therapy (Figure 3B). The quantity of each transcript obtained by
real-time PCR was normalized with the internal reference gene hu-
man and rat GAPDH, respectively. The mRNA copies calculated by
qPCR analysis demonstrated that far-greater proportions of expres-
sion of these reparative genes came from the host rat cells rather
than the donor hAM-MSC. Rat Igf1 was found to be around 3 logs
higher compared to human IGF1. Rat Il10, Cxcl12, Tgfb1, and
Vcam1 were all greater than 2 logs higher compared to their human
equivalent. These data suggest that the vast majority of the paracrine
mediators contributing to myocardial repair post-hAM-MSC-dres-
sing therapy is from the host cardiac endogenous cells rather than
the transplanted donor MSCs.

M2M4 accumulation was markedly augmented by hAM-MSC-

dressing therapy

We then aimed to identify the cell type(s) within the rat heart that up-
regulated the above-mentioned tissue-repair genes in response to
hAM-MSC-dressing therapy. Immunohistolabeling showed a
marked increase in cells positive for CD206, a common M2M4

marker,29 in both the infarct and peri-infarct regions at day 3 after
hAM-MSC-dressing therapy compared to the ICM control (Fig-
ure 4A). The most evident increase in CD206+ M2M4 was observed
in the infarct area post-hAM-MSC-dressing therapy. This enhanced
accumulation of CD206+ M2M4 in the damaged myocardium was
confirmed at day 10 (Figure 4B) and day 28 (Figure 4C) after treat-
ment. Consistent to these histological findings, quantitative real-
time PCR demonstrated that rCd206 was upregulated in the heart
at day 3 after hAM-MSC-dressing therapy compared to the ICM con-
trol and normal heart groups (Figure S3). On the other hand, the
expression level of rCd86, a marker for M1-like M4 phenotype,22

was not significantly different between the hAM-MSC-dressing and
ICM groups. Together, these data suggest that hAM-MSC-dressing
therapy increases the abundance of CD206+ M2M4, which are likely
to serve as the mediator of the hAM-MSC-induced secondary para-
crine effect for myocardial tissue repair.

hAM-MSCs augmented the M2M4 abundance in a paracrine

manner in vitro

To further investigate the ability of hAM-MSCs to increase the
number of M2M4, we set up an in vitro co-culture experiment,
in which hAM-MSCs were cultured in a Transwell with mouse
bone marrow-derived M4 (unstimulated; M0) cultured in the lower
chamber. This non-contact co-culture model allowed for the inves-
tigation of the hAM-MSC’s paracrine signal that would affect M4

characters. After 48 h of the co-culture, flow cytometry analysis
found that the ratio and absolute number of CD11b+F4/
80+CD206+ M2M4 were both increased compared to the ordinary
M4 culture (Figures 5A and S4). An immunocytolabeling study
confirmed these results: an increased number of M4 were double
positive for CD206 and F4/80 after co-culture with hAM-MSCs
(Figure 5B). In addition, increased CD206 protein expression in
M4 by hAM-MSC co-culture was confirmed by using western
blot analysis (Figure S5). The degree of this CD206 increase was
similar to that by IL-4 treatment, which is known to strongly induce
M2M4 polarization.30

A reparative, M2-like phenotype of mouse-derived CD206+ M4

induced by non-contact co-culture with hAM-MSCs was confirmed
by using quantitative real-time PCR analysis (Figure 5C). Expression
of M2M4 markers, mCd206, mArg1, and mFizz1, was markedly up-
regulated after co-culture with hAM-MSCs. mTgfb1 was also
Molecular Therapy Vol. 29 No 8 August 2021 2557

http://www.moleculartherapy.org


A

B

D

C

Figure 2. Augmented myocardial tissue repair by hAM-MSC-dressing therapy

Rat hearts were collected at day 3 or 28 after hAM-MSC-dressing therapy or no treatment (ICM group) in a rat ICMmodel and analyzed for cardiac tissue repair. (A) Picrosirius

red staining images quantifying interstitial fibrosis at 28 days post-treatment. Collagen fraction was measured in the infarct and per-infarct border zone separately, and the

data are presented in the charts. Scale bars, 100 mm. n = 4�5 rats in each group. (B)Wheat germ agglutinin (green) and (DAPI; blue) staining exhibiting the cardiomyocyte size

at 28 days post-treatment. The cross-sectional area of at least 50 cardiomyocytes in each of the peri-infarct and remote areas per rat was measured, and the data are

presented in the charts. Scale bars, 100 mm. n = 4�5 rats in each group. (C) Isolectin B4 staining showing the capillary vessels (red) at day 28 post-treatment. Capillary density

wasmeasured in the infarct and per-infarct border zone separately, and the data are presented in the charts. Scale bars, 100 mm. n = 4�5 rats in each group. (D) Quantitative

real-time PCR analysis data showing increased expression of multiple rat reparative genes of the rat LV samples of the hAM-MSC group, as compared to the ICM group, at

day 3 post-treatment. The normal (no MI, no treatment) group was included as a reference. n = 5 hearts in each group. Data are presented as mean ± SEM. *p < 0.05, **p <

0.01, and ***p < 0.001; n.s, not significant. Student’s t test for statistical analysis (A�C); one-way ANOVA with Tukey’s post hoc tests (D).
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upregulated by the co-culture with hAM-MSCs. On the other hand,
mInos,mIl1b, mTnfa, and mCd86 were downregulated by co-culture.
There was an upregulating tendency in expression of tissue-repair-
2558 Molecular Therapy Vol. 29 No 8 August 2021
related genes, including mIgf1 and mCxcl12, but these changes were
not significant statistically. Increases in interleukin (IL)-10 and trans-
forming growth factor b1 (TGF-b1) protein secretion were observed
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Figure 3. Donor- and host-derived reparative genes in the rat heart after hAM-MSC-dressing therapy

The rat ICM hearts were explanted at 3 days after transplantation of 2� 106 hAM-MSCs by the-dressing method. gDNA was extracted from 25 mg of LV tissue, and 100 ng

DNA was amplified by qPCR. (A) Ratio of human and rat DNA contained in the xenogeneic sample. Mean ALU quantification cycle (Cq) values were used to calculate the ratio

of human gDNA in each heart gDNA sample according to a 10-fold dilution series of known ratios of rat heart gDNA and hAM-MSC gDNA. n = 5with 3 technical replicates. (B)

The number of gene transcript copies in 10 ng cDNA isolated from the hAM-MSC-dressing group. Expression levels of human and rat reparative genes were determined in

ischemic LV tissue of the hAM-MSC-dressing group utilizing gDNA standard curves of 1� 107–1� 102 gene copies and species-specific primer pairs (human versus rat) in

the xenogeneic sample. Data points presented as mean (log10). n = 5 with 3 technical replicates. **p < 0.01 and ***p < 0.001. Student’s t test.
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in the supernatant of M4 + hAM-MSC co-culture compared to
mono-culture of M4 or hAM-MSC (Figure 5D). In addition, a flow
cytometry study using fluorescence-labeled immunoglobulin G
(IgG)-coated beads demonstrated that the phagocytotic activity of
M4 was increased by co-culture with hAM-MSCs (Figure S6). The
degree of the increased phagocytosis activity was equivalent with
that of M4 stimulated with IL-4 and lipopolysaccharide (LPS), which
are both reported to enhance M4 phagocytosis.31 All of these results
indicate that secretion from hAM-MSCs promotes the production of
M2M4 from M4, which exhibit enhanced potential of anti-inflam-
mation and myocardial repair.

hAM-MSCs drove M4 polarization to an M2 phenotype through

prostaglandin E2 (PGE2)

There are multiple likely mechanisms to increase the accumulation of
M2M4 in the heart in vivo, including driven M2 polarization,
augmented proliferation, and increased recruitment of M4 or mono-
cytes (M4 precursor). hAM-MSC’s paracrine effects on these mech-
anisms are not fully identified. First, we aimed to detect the major
mediator(s) derived from hAM-MSCs to accelerate the mouse M4

polarization in the in vitro co-culture model using neutralizing anti-
bodies to human IL-10, TGF-b1, insulin growth factor 1 (IGF1),
CXCL12, and CCL2. These factors have been reported to promote
M2 polarization.20,23,32,33 Real-time PCR found that upregulation of
mCd206 and mArg1 in M4 by hAM-MSC co-culture was eliminated
by blocking CXCL12 and CCL2 (Figure S7A). Downregulation of
mTnfa by hAM-MSC coculture was also abolished by these blockings.
However, flow cytometry analysis of these M4 populations did not
show significant reduction of CD11b+F4/80+CD206+ cells by inhibi-
tion of CXCL12 or CCL2 compared to control IgG antibodies (Fig-
ure S7B). Inhibition of IL-10, TGF-b1, or IGF1 showed no effect on
hAM-MSC-induced M4 polarization as measured by either PCR or
flow cytometry analysis.

Subsequently, we investigated the role of PGE2, which is another
likely factor to moderate M4 polarization and was robustly secreted
by hAM-MSCs (Figure 6A). PGE2 is generated from arachidonate
through a COX-2-dependent pathway. To inhibit the PGE2
signaling, a selective COX-2 inhibitor NS-39834 was supplemented
in the co-culture model. Flow cytometry analysis revealed that
NS-398 treatment reduced the hAM-MSC-induced increase in the
ratio of CD11b+F4/80+CD206+ cell occurrence (Figure 6B). Real-
time PCR analysis demonstrated that blockage of PGE2 via COX-
2 inhibition attenuated the hAM-MSC-induced upregulation of
mCd206, mArg1, mFizz1, and mTgfb1 compared to the control (Fig-
ure 6C). Together, these findings suggest that PGE2 is a major medi-
ator in hAM-MSC-induced polarization of M4 to an M2
phenotype.
Molecular Therapy Vol. 29 No 8 August 2021 2559
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Figure 4. Enhanced M2M4 numbers by hAM-MSC-dressing therapy in vivo

(A–C) Representative immunohistolabeling images demonstrating that accumulation of CD206+ cells (green) in the remote, peri-infarct, and infarct regions of themyocardium

at (A) 3 days, (B) 10 days, and (C) 28 days post-hAM-MSC-dressing therapy (hMSC-dressing group), in comparison with the ICM control group. Samples were counter

stained with DAPI. The number of CD206+DAPI+ cells was counted and presented in the charts. At least 10 images per myocardial area were assessed per animal. Scale

bars, 50 mm. Data are presented as mean value per heart. n = 4�6 hearts in each group. *p < 0.05 and ***p < 0.001 versus ICM group. Student’s t test.
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hAM-MSCs increased proliferation of M4 through CCL2 and

TGF-b1

Next, the role and mechanism of hAM-MSCs to regulate local prolif-
eration of M4 were investigated using the same in vitro indirect co-
culture model with antibody neutralization. It was observed that
co-culture with hAM-MSCs increased the yield of mouse bone
marrow-derived M4 compared to mono-culture (Figure 7A). Immu-
nofluorescent staining found that co-culture with hAM-MSCs
elevated the number of M4 expressing a proliferation marker Ki67
2560 Molecular Therapy Vol. 29 No 8 August 2021
(Figure 7B). Antibody neutralization of human CCL2 and TGF-b1
eliminated the increased proliferation by co-culture with hAM-
MSCs, compared to IgG control antibody (Figure 7C), suggesting a
role for these factors in the hAM-MSC-enhanced proliferation of
M4. Blocking human IL-10, CXCL12, or IGF1 with neutralizing
antibodies or inhibition of PGE2 using NS-398 had no effect on
hAM-MSC-induced proliferation of M4 (Figure S8). These findings
collectively suggest that CCL2 and TGF-b1 secretion from hAM-
MSCs contributes to the increased proliferation of M4.



A B

C

D

(legend on next page)

www.moleculartherapy.org

Molecular Therapy Vol. 29 No 8 August 2021 2561

http://www.moleculartherapy.org


Molecular Therapy
hAM-MSCs enhancedmigration of M4 andmonocytes via CCL2

signaling

Recruitment or migration of M4 or monocytes to the site of injury
will influence accumulation of M2M4 at the damaged myocardium;
therefore, the ability of hAM-MSC to promote migration of these cells
was explored as a mechanism of increasing M2M4 numbers. Freshly
isolated mouse bone marrow-derived monocytes or M4 (M0) pro-
duced from these monocytes were seeded in a Transwell chamber
and allowed to migrate through the membrane toward a confluent
hAM-MSC culture or media-only control in the lower chamber
over a 2-h period. The number of migrated cells through the Trans-
well membrane was counted. As a result, we observed that a small
number of monocytes and M4 migrated through the membrane in
the media-only control group, and this migration was increased
approximately 4- to 6-fold by co-culturing with hAM-MSCs (Fig-
ure 8). As CCL2 is a potent activator of monocyte migration,35 we
tested the function of CCL2 on the hAM-MSC-induced migration
of monocytes and M4. Indeed, antibody neutralization of human
CCL2 attenuated the hAM-MSC-induced increase of migrated
monocytes and M4, whereas administration of CCL2 recombinant
protein (instead of hAM-MSC co-culture) increased their migration.
These data indicate that CCL2 secreted by hAM-MSCs regulates
migration/recruitment of monocytes and M4.

DISCUSSION
As an important step to develop AM-MSC-dressing therapy toward
clinical application, this study characterized the feasibility, safety,
and efficacy of hAM-MSC-dressings in the rat ICM model. Fabrica-
tion and epicardial placement of hAM-MSC-dressings were straight-
forward and safe. After epicardial placement, hAM-MSCs survived
adequately in an immunocompetent rat and robustly enhanced car-
diac performance in correspondence to augmented myocardial tissue
repair. An increase in LVEF by the hAM-MSC-dressing was 15.0%
(from 34.0% ± 0.9% pre-treatment to 49.0% ± 1.2%), which is more
than equivalent compared to that by a syngeneic rat AM-MSC-dres-
sing in the same rat ICM model (7.4% increase from 36.8% ± 1.7% to
44.2% ± 2.6%),9 ensuring a substantial therapeutic efficacy of hAM-
MSC-dressings. Also, survival of hAM-MSCs in the xenogeneic rat
heart (79.1% at day 3) was compatible to that of syngeneic rat AM-
MSCs survival of 62.5%,9 assuring the usage of hAM-MSCs in alloge-
neic treatment in the clinical arena. As the hAM-MSC-dressing
technique requires exposure of the heart through thoracotomy, it
will be sensible to perform this treatment in the late-phase post-MI,
i.e., ICM, particularly in conjunction with coronary artery bypass
Figure 5. Increased M2M4 by co-culture with hAM-MSCs in vitro

Mouse bone marrow-derived M4were co-cultured with hAM-MSCs using a Transwell in

activation. (A) Representative flow cytometry dot plots of M4with or without co-culture w

F4/80 and CD206 within the CD11b+ population were defined as M2M4. Percentage

calculated and presented in the charts. (B) Immunofluorescent images for F4/80, CD20

hAM-MSCs compared to the ordinary M4monoculture. Scale bars, 20 mm. (C) RT-PCR q

compared to theM4-only group usingGAPDH as an internal reference gene. Fold chang

with 3 technical replicates. (D) Secretion levels of IL-10 and TGF-b1 of M4 with or witho

Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. Student’s t
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graft (CABG). The enhanced outcome of CABG by adding cell-based
therapy has been reported,36 and an addition of MSC-dressing ther-
apy to CABG is technically straightforward. The MSC-dressings can
be instantly produced within the surgical theater without requirement
for a cell-processing facility in the hospital. Also, it is possible to
perform MSC-dressing therapy solely for ICM patients through a
small incision (without CABG). Thus, MSC-dressing therapy has a
great potential to become a widely adopted treatment of ICM.

The current concept of the mechanism underpinning the MSC-
induced therapeutic effect is the direct paracrine effect, which is
induced by the secretome from donorMSCs that stimulate host cardiac
cells, directly resulting in neovascular formation, anti-fibrosis, and car-
diomyocyte protection in the infarcted and peri-infarct myocardium.12

However, following epicardial placement of MSCs, the majority of
donor MSCs retains on the heart surface, and thereby, whether their
reparative secretion adequately reaches to the deep inside of myocar-
dium, particularly in large animals or human patients, has been ques-
tionable. The human-to-rat xenogeneic cell transplantationmodel used
in this study advocated an answer to this uncertainty. Quantitative PCR
analysis of species-specific gene copy numbers in the rat heart post-
hAM-MSC-dressing therapy clearly revealed that the origin of the up-
regulated reparative factors, including IL-10, CXCL12, IGF1, and
TGFb-1, was rat endogenous cardiac cells, with a negligible proportion
of signal from the hAM-MSCs. This strongly supports the theory of the
secondary (indirect) paracrine effect, which means that donor MSCs
secrete the factors that stimulate host cells to release reparative cyto-
kines, growth factors, and/or exosomes, inducing myocardial tissue
repair and eventually leading to improved cardiac function post-
MI.12,14,37 In addition, the multiple pieces of information from this
and other studies propose that cardiac M2M4 is the key mediator of
the secondary paracrine effect. Such data include the following: (1)
the occurrence of cardiac M2M4 robustly increases post-hAM-MSC-
dressing therapy in the wide area of the heart; (2) the profile of upregu-
lated reparative genes post-hAM-MSC-dressing therapy, i.e., IL-10,
CXCL12, IGF1, and TGFB1, closely corresponds to that in cardiac
M2M4 reported;38 and (3) M2M4 play a critical role in post-MI
cardiac repair, and forced augmentation ofM2M4 by IL-4-based treat-
ment or adopted transfer results in enhanced myocardial repair post-
MI in mice.32,38,39 Of note, this concept is able to explain why hAM-
MSCs localized on the heart surface after the dressing method can
repair the myocardium far from their localization. Epicardially local-
ized hAM-MSCs increase the number of M2M4 through their secre-
tion initially in the vicinal areas. Then, these M2M4 dynamically
sert (0.4 mmpore size) for 48 h to investigate the role of hAM-MSC secretome onM4

ith hAM-MSCs (M4 + hMSC and M4 groups, respectively). Cells double positive for

of M2M4 among the total live cells as well as the absolute number of M2M4 was

6, and DAPI of M4, demonstrating enhanced CD206 expression by co-culture with

uantification of M4 gene expression after hAM-MSC co-culture (M4 + hMSC group)

e inmRNA levels was normalized to 1 for the control group. n = 4 biological replicates

ut co-culture with hAM-MSCs. n = 4 biological replicates with 3 technical replicates.

test (A and C); one-way ANOVA with Tukey’s post hoc tests (D).
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Figure 6. Augmented M2M4 polarization by hAM-MSCs via a PGE2 pathway

(A) PGE2 expression in the supernatant of hAM-MSC culture (hMSC group) measured using ELISA. The DMEM group is normal (no cell) culture medium. n = 4. (B) Mouse

bone marrow-derived M4 were mono-cultured (M4 group) or co-cultured with hAM-MSCs pre-treated with DMSO (vehicle control; M4 + hMSC + DMSO group) or COX-2

inhibitor, NS-398, in DMSO (M4 + hMSC + NS-398 group). After 48 h, M4 were collected and assessed by flow cytometry, and the percentage of M2M4 (CD11b+/F4/80+/

CD206+) from the total live cell population was quantified. n = 4�5 in each group. (C) Gene expression of M4 in each group was measured by RT-PCR and normalized to the

M4-only group.Gapdhwas used as a reference gene. n = 3�5 biological replicates with 3 technical replicates. Data are presented asmean ±SEM. *p < 0.05, **p < 0.01, and

***p < 0.001. Student’s t test (A) and one-way ANOVA with Tukey’s post hoc test (B and C).
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migrate throughout the heart, releasing reparative factors for tissue
repair in the broader myocardial areas. The number of accumulated
M2M4 is much greater than that of surviving donor MSCs, and
M2M4 have a long (over months) lifetime in the heart. Therefore,
M2M4 offer a greater, broader, and more persistent reparative secre-
tome, leading to more substantial and sustainable tissue repair in the
extensive area of the heart. We are aware that this assumption should
be confirmed using a model of specific depletion ofM2M4 in the heart
in vivo; however, unfortunately, we have a technical limitation to do so
with current research technologies. It has been reported thatM4 deple-
tion using clodronate liposome administration reduces M2M4 occur-
rence and attenuates MSC-induced paracrine effects.18 However, we
need to be careful in interpretation of the results of clodronate lipo-
some-based studies, as clodronate liposome is not specific to M2M4,
depleting all phagocyticM4 phenotypes includingM1-like pro-inflam-
matory M4. Development of a novel technology that exclusively de-
pletes an increased M2M4 subpopulation post-MSC therapy without
causing inflammation or myocardial damage is warrantied.

From the results of this study and previous reports,16,18,19 hAM-MSC
transplantation, no doubt, increases the number of cardiac M2M4

in vivo. We reproduced this finding in an in vitro indirect co-culture
model using hAM-MSCs and mouse bone marrow-derived M4.
hAM-MSC secretome increased CD11b+F4/80+CD206+ M4, which
also express other M2-specific markers, including Arg1 and Fizz1.
Their expression of inflammatory genes, Inos, Il1b, Tnfa, and Cd86,
was downregulated, and their secretion of anti-inflammatory cytokines
IL-10 and TGF-b1 was increased. Furthermore, this report suggests
involvement of multiple different mechanisms by which hAM-MSC
transplantation increases M2M4. First, consistent to previous findings,
hAM-MSCs strongly drove M4 polarization to a M2 phenotype, and
this M2 polarization was dependent on PGE2. The importance of
PGE2 secretion fromMSCs inM2M4modulation in inflammatory dis-
ease settings, such as lung sepsis, arthritis, and diabetic CM, has been
reported.14,19 Second, proliferation of M4 was increased by the
hAM-MSC’s paracrine signaling, and CCL2 and TGF-b1 played a
role here. Third, hAM-MSC secretion increased migration of mono-
cytes and M4, and CCL2 was responsible to this effect. Papa et al.40

have reported in a mouse spinal cord injurymodel thatMSC treatment
increases M4 recruitment and skews M4 toward a neuroprotective
M2-like phenotype via a CCL2 mechanism. Similarly, Takeda et al.41

described MSC recruitment of anti-inflammatory monocytes and/or
M4 by CCL2 in a murine asthma model. Having said this, we cannot
exclude involvement of other molecules by which hAM-MSCs increase
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Figure 7. Enhanced M4 proliferation by hAM-MSCs via CCL2 and TGF-b1 pathways

Mouse bone marrow-derived M4 were cultured with or without hAM-MSCs in a non-contact co-culture model for 48 h. (A) Phase-contrast images showing the M4 fre-

quency. M4 were dissociated for cell number counts, the results of which are presented in the chart. Scale bars, 400 mm. n = 6. (B) Immunocytolabeling showing Ki67

expression in M4. Collected M4 were stained for a proliferation marker Ki67 and DAPI, and percentage of Ki67+ nuclei was measured and present in the chart. Scale bars,

50 mm. n = 4 in each group. (C) Effects of inhibition of human CCL2 and TGF-b1 on hAM-MSC-mediated M4 proliferation. Increased M4 numbers by hAM-MSC co-culture

were eliminated by addition of neutralizing antibodies for hCCL2 (M4 + hMSC + anti-CCL2 group) and TGF-b1 (M4 + hMSC + anti-TGF-b1 group). Isotype (IgG) antibody

used as control. Representative phase-contrast images and a chart summarizing the data are presented. Scale bars, 400 mm. n = 4. Data are presented asmean ±SEM. *p <

0.05 and **p < 0.01. Student’s t test (A and B) or one-way ANOVA with Tukey’s post hoc test (C).
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the M2M4 abundance, including exosomes. Further comprehensive
studies are needed to fully elucidate this complex biology, in which
multiple cytokines, chemokines, microRNAs (miRNAs), and other fac-
tors are functioning in a complicated, coordinated manner.

This study focused on the examination of hAM-MSCs because these
cells have important advantages as the donor for cell therapy in being
easy to mass produce, in addition to the robust ability of enhancing
myocardial repair.2,10,11,42 hAM-MSCs are collected from clinical
waste at the time of birth delivery; thus, no invasive biopsy is required
to gather the cells. A larger number of peri-natal MSCs can be isolated
from one amniotic membrane with a greater proliferative ability and
less cellular senescence compared to adult tissue-derived MSCs. It is
clear that the secondary paracrine effect described in this study is not
specific to hAM-MSCs and is shared by other MSC types and non-
MSC cells, as reported previously in a variety of models of cardiac
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and non-cardiac disease.14–24,43,44 Having said this, there may be
some cell-type specificities in this mechanism, although the major
pathways are likely to be common. Further systematic comparisons
of hAM-MSCs with other MSC types and non-MSC types may be
interesting and will be one of the subjects of future investigations.
In addition, this study did not include a dose-response study, as
our previous study9 has demonstrated a clear, positive correlation be-
tween the number of rat AM-MSCs and improvements in cardiac
function within a cell dose ranging from 0 to 4 � 106 in the same
model of MSC-dressing therapy in the rat ICM model. Given the
comparable pattern and degree of myocardial repair and cardiac
function improvement induced by hAM-MSCs (this study) and rat
AM-MSCs,9 it is likely that hAM-MSCs show a similar dose-response
correlation as rat AM-MSCs. As the dose-response data from a rat
study have a limitation in clinical translation, an appropriate dose-
optimization study is warrantied in the future clinical trial.
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Figure 8. Enhanced migration of monocytes and M4 by hAM-MSCs through CCL2

(A–D) Migration ability was assessed in freshly isolated mouse bone marrow-derived monocytes (A and C) or M4 (B and D) by seeding in the upper well of a Transwell insert

and measuring movement of these cells toward a confluent monolayer of hAM-MSCs (hMSC group) or no cell (media group) in the lower side of the membrane. Effects of co-

culture with hAM-MSCs with human CCL2 neutralizing antibody (hMSC + anti-CCL2 group) and administration of recombinant CCL2 with or without anti-CCL2 antibody

(CCL2 + anti-CCL2 and CCL2 groups) were also assessed. Migrated cells through the insert membrane were fixed and stained with DAPI and counted. Representative DAPI-

staining images (A and B) and respective counts of migrated cell numbers are presented in the charts (C and D). Scale bars, 50 mm. n = 4�5 independent experiments.

Conditions were repeated in duplicate for each biological replicate, and an average >5 frames per insert were captured. Data are presented as mean ± SEM. *p < 0.05 and

**p < 0.01. One-way ANOVA with Tukey’s post hoc test for multiple paired comparisons.
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MATERIALS AND METHODS
Culture of hAM-MSCs

hAM-MSCs were kindly gifted by Dr. Yamahara and isolated from
human fetal membranes, obtained during caesarean deliveries, as pre-
viously described.9,42,45 Cells were cultured in alpha-minimal essen-
tial medium (aMEM; Gibco) containing 10% fetal bovine serum
(FBS; Sigma-Aldrich), L-glutamine (200 mM; Gibco), and peni-
cillin-streptomycin (100 U/mL; Sigma-Aldrich) at 37�C in a humid-
ified atmosphere of 95% air and 5% CO2.
hAM-MSC-dressing therapy in a rat ICM model

All assessments were carried out in a blinded manner wherever
possible. MI was induced in female Lewis rats (175–200 g) by left
coronary artery ligation under isoflurane anesthesia and mechanical
ventilation as described previously.9,46 The chest and skin were
closed; then animals recovered. 4 weeks post-MI surgery, rats
were subjected to echocardiography, and those presenting improper
LVEF (>45% or <25%) were omitted from the experiment.9,46

Included animals were randomly allocated into 3 treatment groups
as described below. Hearts were re-exposed through a left thoracot-
omy, and the epicardial heart surface was exposed. As previously
described, a fibrin sealant film of 1 cm2 (TachoSil) loaded with
2 � 106 hAM-MSCs was placed on the heart surface covering
ischemic areas9 (hAM-MSC-dressing group; simplified to hMSC-
dressing in figures). The ICM group received an open/close chest
procedure only at 4 weeks after coronary artery ligation, whereas
the no cell-dressing group was treated with TachoSil only (no donor
cells). After each treatment, the chest was closed and the skin
sutured.

Echocardiography

Transthoracic echocardiography was assessed pre-hAM-MSC trans-
plantation following MI (baseline) and at day 28 and day 90 post-
hAM-MSC transplantation by the Vevo-770 echocardiography
machine (VisualSonics, Fujifilm, Netherlands) under isoflurane
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anesthesia via a nose cone.9,46–48 LV end-diastolic volume (LVEDV)
and LVESV, under stable heart rate, were calculated using the area-
length method.49 LVEF was calculated as the following:

LVEF ð%Þ = ðLVEDV � LVESVÞ=LVEDV � 100

All data were collected blind; n = 7�10 animals at day 28, and n =
4�6 animals at day 90 were measured with 3�5 technical replicates.
Histological analysis

Hearts were collected (n = 4�5 per group), fixed with 4% paraformal-
dehyde (PFA), and frozen in optimal cutting temperature (OCT)
compound using liquid nitrogen. Cryosections were cut at a thickness
of 6 mm using a Bright cryostat and then incubated with the following
antibodies: polyclonal anti-cTnT (1:200; HyTest), monoclonal alpha
sarcomeric actinin EA-53 (1:100; Thermo Fisher Scientific), poly-
clonal anti-CD206 (1:100; Santa Cruz Biotechnology), or monoclonal
anti-CD45 (1:100; Abcam) at 4�C overnight. Conjugated WGA-
AF488 (1:200; Invitrogen) was added for 1 h at room temperature.
For isolectin B4 staining, biotinylated Griffonia simplicifolia lectin
I-isolectin B4 (1:100 dilution vector L-1104) was used. These were fol-
lowed by Alexa Flour-conjugated secondary antibodies (Thermo
Fisher Scientific) for 1 h at room temperature and then counter-
stained using 1 ng/m 40,6-diamidino-2-phenylindole (DAPI). Images
were captured by fluorescence microscopy (BZ8000; Keyence; 10�
20�, and 40� objectives) and analyzed using ImageJ software. For
semiquantitative assessments, 5�10 fields per heart area (either
infarct, peri-infarct, or remote [uninjured] areas) were randomly
selected and assessed. To evaluate cardiomyocyte size, the cross-
sectional area of cardiomyocytes (transversely cut; having central
nuclei and surrounded by circle-shaped capillaries) was measured
for 40 cardiomyocytes per area.9,32,46

In addition, PFA-fixed heart slices were incubated in 1.5% phospho-
molybic acid (Sigma-Aldrich) for 30 min, 0.1% Sirius Red solution for
45 min, and then 0.5% of acetic acid (Sigma-Aldrich) solution for
3 min. Sections were washed three times for 5 min each. Sections
were dehydrated through increasing concentrations of ethanol (70%
and 100%) and xylene (20 s each immersion). Finally, sections were
mounted using DPX mounting medium (VWR International). The
wall thickness was measured at five independent regions of the infarct
area. The quantity of the collagen fraction was calculated from five
fields (BZ8000; Keyence; 20� magnification) of each area per heart
using ImageJ software.
Collection of heart samples for qPCR and quantitative real-time

PCR

At the chosen time after hAM-MSC transplantation, the rat LV tissue
samples were collected by removing great vessels, atrium, and right
ventricular (RV)-free wall from the collected hearts; n = 4�5 per
group. The samples were snap frozen in liquid nitrogen and powdered
for DNA and RNA extraction.
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Quantitative assessment of donor cell presence

Donor cell survival was quantified by qPCR for the primate-specific
ALU gene at days 3 and 28 post-hAM-MSC-dressing therapy (n =
5). gDNA was isolated from the rat LV samples using the AllPrep
DNA/RNA Kit (QIAGEN). ALU TaqMan probe set (forward [fw]:
50-GTCAGGAGATCGAGACCATCCT-30; reverse [rev]: 50-AGTGG
CGCAATCTCGGC-30; probe: 50-6-FAM-AGCTACTCGGGAGGC
TGAGGCAGGA-TAMRA-30) was purchased from Integrated DNA
Technologies (IDT). The signal in each sample was normalized to
the amount of DNA by measuring single-copy GAPDH as an internal
standard. To generate a standard curve, LVmyocardium from a Lewis
rat was mixed with either 1 � 106�1 � 101 of hAM-MSCs (n > 4) or
1,000–1 pg of hAM-MSC (n > 5). Inter-assay precision was assessed
by repeating the testing of the DNA standard curve over 6 separate
experiments on different days. The intermediate dilutions of the stock
DNA were done independently on the day of the assay. Standard de-
viations were > 0.6, demonstrating high precision between qPCR
assays.

Quantitative real-time PCR

To assess rat and human gene expression in the rat LV tissue, RNA was
isolated using the AllPrep DNA/RNA Kit (QIAGEN) (n = 5), or RNA
was isolated from cultured mouse M4 using the RNeasy Mini Kit (n =
3�7). All RNA samples were treated with DNase I (QIAGEN). All
gDNA was treated with RNase A (Thermo Fisher Scientific). cDNA
was synthesized using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). Real-time PCR was performed using the
StepOne Detection System (Applied Biosystems) with TaqMan Fast
Universal PCR Master Mix (Thermo Fisher Scientific) or PowerUp
SYBR Green Master Mix (Thermo Fisher Scientific) as per
manufacturers’ recommendations. Human TaqMan probe sets IL-10
(Hs99999035_m1), CXCL12 (Hs00930455_m1), VCAM1 (Hs01003372_
m1), IGF1 (Hs00153126_m1), TGFB1 (Hs00998133_m1), HGF1
(Hs00300159_m1), MMP2 (Hs01548731_m1), IL-6 (Hs99999032_m1),
IL-4 (Hs00174122_m1), GAPDH (Hs99999905_m1), rat TaqMan Il-10
(Rn00563409_m1), Cxcl12 (Rn01462853_m1), Vcam1 (Rn00563627_
m1), Igf1 (Rn00710306_m1), Tgfb1 (Rn00572010_m1), tumor necrosis
factor alpha (Tnfa; Rn99999017_m1), Il-6 (Rn01410330_m1), fibroblast
growth factor 2 (Fgf2; Rn01462049_m1), Mrc1/Cd206
(rn01487342_m1), Cd86 (Rn00571654_m1), Cd80 (Rn00709368_m1),
Timp1 (Rn00587558_m1), Mmp2 (Rn01538177_m1), Ptges2
(Rn01483828_m1), Il-4 (Rn01456866_m1), and Gapdh (Rn01775763_
g1)werepurchased fromThermoFisherScientific.Humanrat andmouse
SYBR Green primers were designed using Primer3 software and pur-
chased from IDT (the full list of these primers is in Table S1). Each target
gene has a minimum of three biological and three technical replicates.
NTC control was used. For relative gene expression, the 2�DDCT method
was applied usingGAPDH and 18S endogenous species-specific controls.

qPCR assessment of the gene transcript copies

Assessment of the number of gene transcript copies of rat and human
tissue repair-related genes in xenogeneic samples containing hAM-
MSCs and rat cells was carried out as previously described.26,50,51

RNA was extracted from the LV of the hAM-MSC-dressing group
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(n = 5) as described above, and the number of human or rat gene
mRNA copies in 10 ng xenogeneic cDNA was calculated from their
respective CT using the linear equation from a standard curve. Stan-
dard curves were generated using a human or rat gDNA dilution se-
ries containing 1 � 107�1 � 102 gene copies calculated using the
below equation.26,27 The amplification efficiency for each primer set
was determined from the linear slope of each standard curve; only
primers with a standard curve slope between �3.0 and �3.9 were
used for further quantification. The mass of one copy of the genes
of interest was calculated from the following formula: M = Ng �
1.096e�21 g/bp, where M = mass of the haploid genome (in grams
[g]), and Ng = number of base pairs (bp) in the haploid genome. In
order to avoid inter-species variation of primer-binding efficiency,
we performed melting curve analysis and only used pairs of primers
with similar binding efficiencies determined from a dilution curve.
Rat and human GAPDH was used to normalize for loading
differences.

The rat genome is estimated to be 2.87 billion bp (total sequence
length as of NCBI: Rnor_6.0), whereas the human genome is esti-
mated to be 3.09 billion bp (total sequence length as of NCBI:
GRCh38.p13). Thus, one haploid rat DNA is approximately 3.14
pg, whereas one human haploid DNA is approximately 3.39 pg.
qPCR was conducted with 100 ng xenogeneic LV DNA in triplicate
in a 25-mL reaction using the PowerUp SYBR Green Master Mix
(Thermo Fisher Scientific) and the StepOne Real-Time System
(Applied Biosystems). The reaction was initiated by activation of
DNA polymerase at 95�C for 2 min, followed by 40, three-step ampli-
fication cycles consisting of 3 s denaturation at 95�C and 30 s anneal-
ing/extension at 60�C. A final dissociation stage was run to generate a
melting curve for verification of amplification product specificity. We
ensured that the primer pair will specifically amplify the target
sequence by searching for the nucleotide sequences that contain
both primer sequences on opposing strands in the NCBI GenBank
database using BLAST (https://www.ncbi.nlm.nih.gov/BLAST). A
key consideration for using gDNA as an external standard in real-
time PCR is designing target-specific primer pairs that do not span
introns.

Isolation of bone marrow-derived monocytes and M4

Male C57BL/6 mice, 8–10 weeks old (Charles River Laboratories),
were used in all experiments for the generation of monocytes and
M4. The animals were culled by CO2 euthanasia immediately before
the start of the bone marrow isolation procedure. Mouse bone
marrow was harvested as previously described.32 Briefly bonemarrow
was collected by flushing the hind-limb tibia and femur with DMEM
(Gibco) containing 10% FBS (Sigma-Aldrich) and 1% penicillin-
streptomycin (Gibco). Cell suspension was filtered with a 70-mm
cell strainer resuspended in 5 mL cold 1� red blood cell lysis buffer
(BioLegend) before washing in PBS and performing gradient centri-
fugation using Histopaque-1077 (Sigma-Aldrich) and at 400 � g
without brake for 30 min. The interphase was carefully collected as
bone marrow mononuclear cells (BMMNCs). For monocyte collec-
tion, collected BMMNCs were subjected to magnetic sorting with
the Monocyte Isolation Kit (Miltenyi Biotec) and MS Separation Col-
umns (Miltenyi Biotec). For M4 production, isolated BMMNCs were
plated at a density of 4� 103 cells/cm2 and cultured for 6 days in com-
plete DMEM containing mouse macrophage colony stimulating fac-
tor (M-CSF; 20 ng/mL; PeproTech) to differentiate to M4.32

In vitro co-culture model

Mouse M4 were isolated as described above and seeded in 6-well
plates. Medium was replaced with fresh DMEM on day 6 and then
co-cultured with hAM-MSCs separated by a Transwell insert
(0.4 mm pore size; Corning Life Sciences) at a ratio of 1:3 hAM-
MSC:M4 for a further 48 h (n > 10). For blocking or antibody neutral-
ization studies, seeded hAM-MSCs were preincubated for 1 h with
30 mMCOX-2 inhibitor NS-398 (Cayman Chemical) (n = 6); neutral-
izing antibodies from R&D Systems anti-hCXCL12 (10 mg/mL; AF-
310), anti-hIL-10 (5 mg/mL; AF-217), anti-hTGF-b1 (25 mg/mL;
AF-246), anti-hIGF1 (15 mg/mL; AF-291), or anti-hCCL2 (1 mg/
mL; MA5-17040; Invitrogen) before co-culturing with M4 as above
(n > 4 per antibody group). Subsequently, cell culture supernatants,
RNA, and whole cells were collected for enzyme-linked immunosor-
bent assay (ELISA), quantitative real-time PCR, and flow cytometry
analysis.

Immunofluorescence staining of cultured M4

Glass coverslips were placed in the bottom of the wells of the culture
plate and coated with 1% gelatin before cell seeding. Co-culture of
M4 and hAM-MSCs was established as described above before fixing
M4 in 4% PFA. If permeabilization were required, then cells were
incubated in PBS 0.1% Triton X-100 for 10 min. Non-specific binding
was blocked in PBS 1% BSA for 30 min prior to adding primary anti-
body. F4/80 (1:100; MA1-91124; Invitrogen), CD206 (1:150; C-20:
SC-3457), or Ki67 (5 mg/mL; 14-5698; eBioscience) was added over-
night at 4�C. Appropriate Alexa Flour-conjugated secondary anti-
bodies (Thermo Fisher Scientific) were added for 1 h (1:300 dilution),
and nuclei were counterstained with DAPI. Images were captured by
fluorescence microscopy (BZ8000; Keyence;10�, 20�, and 40� ob-
jectives). Five fields were randomly selected per coverslip, and the
average of these was taken as measurement.

Flow cytometry

Cultured and treated mouse bone-marrow-derived M4 were de-
tached from the culture flasks by scraping, counted, and resuspended
in PBS to yield >2.5 � 105 cells/tube. Cells were resuspended in flow
cytometry buffer (5% FBS, 0.002% NaN3 in PBS) and FC receptors
blocked with anti-mouse CD16/32 antibody (IgG2a, 93, monoclonal,
rat; 1:100) for 30 min on ice. Conjugated antibodies CD11b-allophy-
cocyanin (APC; 1:1,000; M1/70; Thermo Fisher Scientific), F4/80-
phycoerythrin (PE; 1:400; BM-8; BioLegend), and CD206-AF488
(1:50; C082C2; BioLegend) were added for 30 min on ice.32 IgG-con-
jugated-APC, PE, and Alexa Flour-488 were used as negative controls
for gating purposes. Cells were resuspended in flow buffer with DAPI
(2 ng/mL). M4 surface marker expression was evaluated using the BD
LSRFortessa cell analyzer, and the acquired data were further exam-
ined with FlowJo software (version [v.]10). In each sample (n > 10),
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a minimum of 10,000 events were recorded. Compensation was
achieved using UltraComp eBeads (Invitrogen) before each experi-
ment. Cellular debris, doublets, and dead cells were excluded during
the processing step (Figure S4).
ELISA

ELISA was performed on conditioned medium from cultured hAM-
MSCs, M4, or cell supernatant from hAM-MSC +M4 co-culture and
analyzed using ELISA kits (Quantikine ELISA kits for mTGF-b1,
mIL-10, and hPGE2 Assay; R&D Systems) according to the manufac-
turer’s instructions (n = 3�4 per group).
Phagocytosis assay

Cultured mouse bone marrow-derived M4 were serum starved for
2 h following 48 h hAM-MSC co-culture, 48 h IL-4 (20 ng/mL stim-
ulation), or 18 h LPS (50 ng/mL) stimulation. Then, mIgG-coated,
fluorescein isothiocyanate (FITC)-labeled beads (FluoShperes-
F8803; Invitrogen) were added to cell cultures (6 particles/M4 in
DMEM containing 1% FBS) and incubated at 37�C for 45 min. Me-
dium-only control was used as baseline. Cells were dissociated,
washed twice, and resuspended in PBS containing 1% FBS. Bead up-
take was quantified by flow cytometry analysis and displayed as mean
fluorescence intensity (MFI) (n = 5�8).
Migration assay of monocytes and M4

Migration of mouse bone marrow-derived monocytes and M4 to-
ward the soluble factors secreted by hAM-MSCs was quantitated us-
ing 24 well Transwell inserts (6.5 mm) with polycarbonate filters
(5 mm and 8 mm diameter pore size, respectively).52,53 hAM-MSCs
were seeded in a 24-well plate and grown to form a confluent mono-
layer before Transwells were inserted into the wells, and mouse
monocytes or M4 were added in the upper chamber of the Transwell
inserts. To avoid false-positive migration toward increased serum
concentrations, this assay was conducted in DMEM containing 1%
FBS. Mouse cells were allowed to migrate through the insert toward
hAM-MSCs for 2 h. Cells that had migrated through the Transwell
membrane and adhered to the lower side of the membrane were fixed
with 4% PFA, whereas non-migrated cells in the upper chamber were
removed with a cotton bud. Transwell membranes containing the
migrated cells were rinsed and stained with DAPI before mounting
onto coverslips and counting stained cells using a fluorescence micro-
scope (10� objective). To assess the role of hAM-MSC-secreted
CCL2 on monocyte and M4 migration, a neutralizing antibody was
used (1 mg/mL) along with a CCL2 recombinant protein control
(50 ng/mL). Conditions were repeated in duplicate for each bone
marrow isolation, and an average >5 frames per insert were captured
(n = 5 for the monocyte study; n = 4 for the M4 study).
Statistical analysis

The statistical analysis was conducted using GraphPad Prism (v.8)
software. Methods of statistical analysis used are stated in each figure
legend. The significance threshold was set at p <0.05.
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