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Abstract Given the established anti-inflammatory pro-
perties of mesenchymal stromal cells (MSCs), we investi-
gated their effect on inflammatory cell infiltration of
ischemic cardiac tissue and cardiac function. We employed
two types of MSCs, human bone marrow-derived (BM)
MSCs and human umbilical cord perivascular cells in an
experimental acute myocardial infarction (MI) model with
the immune-deficient NOD/SCID gamma null mouse.
Cells were infused 48 h after induction of MI and mice
assessed 24 h later (72 h after MI) for bone marrow (BM),
circulating and cardiac tissue-infiltrating monocytes/mac-
rophages. We showed that in the presence of either MSC
type, overall macrophage/monocyte levels were reduced,
including pro-inflammatory M1-type macrophages, while
the proportion of alternatively activated M2-type macro-
phages was significantly increased in the circulation and
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heart but not the BM. Moreover, we found decreased
expression of IL-1f and IL-6, increased IL-10 expression
and fewer apoptotic cardiomyocytes without changes in
angiogenesis in the infarct area. Fractional shortening was
enhanced 2 weeks after cell infusion but was similar to
medium controls 16 weeks after MI. In vitro studies
showed that BM MSCs increased the frequency of alter-
natively activated monocytes/macrophages, in part by
MSC-mediated secretion of IL-10. Our data suggest a new
mechanism for MSC-mediated enhancement of cardiac
function, possibly via an IL-10 mediated switch from
infiltration of pro-inflammatory to anti-inflammatory mac-
rophages at the infarct site. Additional studies are war-
ranted confirming the role of IL-10 and augmenting the
anti-inflammatory effects of MSCs in cardiac regeneration.

Keywords Mesenchymal stromal cells - Human
umbilical cord perivascular cells - Inflammation -
Macrophages - Acute myocardial infarction

Introduction

Mesenchymal stromal cells (MSCs) are increasingly
investigated for the repair of injured tissue [32]. Admin-
istration of MSCs in animal models of myocardial infarc-
tion (MI) and ischemic cardiomyopathy yield variable
degrees of functional improvement [1]. Current explana-
tions favor paracrine mechanisms to account for enhanced
function [32].

BM MSCs have cardiac protective properties that
decrease with increasing donor age [10]. A new type of
MSC with less donor variability and a more rapid dou-
bling time, the human umbilical cord perivascular cell
(HUCPVC) [28], may circumvent this limitation and given
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its abundant availability, may be an alternative for cell
therapy.

Monocytes/macrophages comprise two types, the clas-
sically activated and pro-inflammatory M1 type and alter-
natively activated M2 or anti-inflammatory cells [21]. After
ML, initial infiltration occurs with monocytes/macrophages
that express a predominant pro-inflammatory secretion
profile (classically activated with high levels of IL-1, IL-6
and TNFa) followed by anti-inflammatory monocytes/
macrophages that are alternatively activated and secrete
high levels of IL-10 [11, 23]. No single marker distin-
guishes the two cell types but differential expression of the
surface markers, CD206 (an alternative activation marker)
and Ly6C (a marker of classically activated cells) as well
as gene expression of classically activated (IL-1f, IL-6)
and alternatively activated (TGF-f, IL-10, CD163, Argi-
nase-1) macrophages can help identify the subpopulations
[4, 23, 26].

Human BM MSCs increase macrophage infiltration
during wound healing presumably via a paracrine mecha-
nism, as well as have a role in modulating their activation
state but no study has addressed their role in regulating the
subtype of monocytes/macrophages that infiltrate myocar-
dium after MI, nor the mechanism(s) by which they exert
the phenotype switch [6, 20]. We wished to test the
hypothesis that MSCs mediate a switch in the circulating
and infiltrating monocyte/macrophage phenotype after MI,
thereby influencing short- and long-term functional
outcomes.

We found that both BM MSCs and HUCPVCs, sys-
temically infused 48 h after MI, increased alternatively
activated monocytes/macrophages in the circulation as well
as infiltrating cardiac tissue. These findings were associated
with decreased pro-inflammatory and increased anti-
inflammatory cytokines. MSC-treated animals exhibited
functional improvement 2 and 4 weeks after MI as well as
decreased cardiac remodeling and reduced pulmonary
congestion 16 weeks after MI. We also showed in vitro that
BM MSCs may influence the anti-inflammatory switch by
secreting IL-10.

Materials and methods
Cell preparation

Human BM MSCs were obtained from healthy adult vol-
unteers after informed consent according to a protocol
approved by the University Health Network Research
Ethics Board. Cells were cultured and passaged up to 4
times according to our established methods and charac-
terized before infusion (see Supplemental Data).
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HUCPVCs were obtained and passaged 4 times
according to an established protocol and characterized
before infusion (Figure S1).

Experimental acute MI model in immune-deficient
mice

Procedures conformed to the Guide for the Care and Use of
Laboratory Animals published by the US National Institute
of Health. Female NOD-SCID IL2Rgamma(null) mice
(n = 42) aged 10-12 weeks were used. A 7-0 silk suture
(ETHICON) was passed underneath the left anterior
descending coronary artery 1-3 mm from tip of the left
auricle and ligation was performed. Ischemia was con-
firmed by myocardial blanching and ventricular arrhythmia
(see Supplemental Data).

Infusion of BM MSCs and HUCPVCs

Forty-eight hours after MI, mice were randomly assigned
to one of the following groups (14 per group): (1) Dulbecco
minimum essential medium (DMEM) alone, (2) BM MSC
2 x 10° cells, and (3) HUCPVCs 2 x 10° cells. Cells were
suspended in 200 pl of DMEM medium and infused via tail
vein with a 28G needle. Successful i.v. infusion was
monitored by lack of extravasation at the injection site.

Flow cytometric analysis

BM, blood and cardiac tissue obtained from mice killed
(n = 6) were analyzed 72 h after MI for quantification of
CD206, major histocompatibility complex type II (MHCII),
CD62L and Ly6C monocytes/macrophages. Monocytes and
macrophages were distinguished from other leukocytes by
flow cytometry represented as low orthogonal (side) scatter
and high levels of CD11b expression and are designated as
CD11b+ cells [31] (see Supplemental Data and Figure S2).

Assay of leukocyte infiltration in heart tissue 72 h
after MI

Frozen heart sections of 5 um were stained with anti-
mouse anti-Ly-6G and Ly-6C (BD Pharmingen, cat#
550291) (Gr-1) and F4/80 (Serotec, cat# MCA497GA) as
described in Supplemental Data.

Real-time PCR assays for human Alu sequences
DNA was extracted from mouse heart, lung, spleen, liver,

and bone marrow and subjected to real-time PCR for human
Alu sequences (see Supplemental Data and Figure S3).
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Real-time RT-PCR analysis for selected murine
and human mRNAs

Quantitative RT-PCR was performed using mouse-specific
primers for the quantification of IL-1, IL-6, IL-10, TNFa,
TGF-f, Bax, Bcl2, VEGF, CX3CLI1, CCL2, E-selectin,
ICAM, VCAM, Arginase-1 and CD163 on infarcted car-
diac tissue and in vitro bone marrow-derived macrophages
after co-culture (Table S1). Human-specific primers were
constructed (Fwd: GGCGCTGTCATCGATTTCTT; Rev:
TTGGAGCTTATTAAAGGCATTCTTC) for quantifica-
tion of IL-10 expression in BM MSCs after co-culture with
mouse macrophages.

In situ end-labeling (ISEL) for apoptosis

Heart sections from mice killed 72 h after MI were stained
for apoptotic cardiomyocytes defined by nuclear mor-
phology. The ISEL technique was used as described in
Supplemental data.

Echocardiography

Transthoracic echocardiographic imaging was performed
by a blinded observer using a dedicated Vivid7 (15 MHz
linear epicardial surgical probe, General Electric) machine.
The following measurements were obtained at baseline
(before MI induction), 2, 4 and 16 weeks: fractional
shortening (FS), left ventricular end-systolic and diastolic
diameter and septum thickness (see Supplemental Data).

Microscopic examination of the myocardium

At 16 weeks after M1, heart and lungs were harvested and
weighed. Tissue was stained with Masson’s trichrome to
measure scar area, thickness and septum width and with
CD31 immunostaining for vessel quantification. (see Sup-
plemental data for details).

In vitro co-culture of BM-derived macrophages
and BM MSCs

BM-derived macrophages were obtained as previously
described [18]. BM was extracted from 10- to 12-week old
NOD/SCID gamma null female mice. After centrifugation,
cells were suspended in RPMI 1640 medium supple-
mented with 10% FBS, 1% penicillin/streptomycin and
25 pg/ml M-CSF and plated in 6-well plates at 2 x 10°
cells/ml for 24 h and non-adherent cells were collected,
counted and plated at the concentration above. After
3 days, medium was removed and plates were divided into

5 groups (3 per group): (1) control (DMEM), (2) human
BM MSCs in DMEM (2 x 10° cells/ml), (3) human BM
MSCs conditioned medium obtained after 24 h of totally
confluent BM MSCs, (4) same as (3) but with anti-human
IL-10 (10 pg/ml) and (5) human recombinant IL-10
(100 U/ml) (eBioscience) as previously described [7, 19,
20]. Specificity of anti-human IL-10 was confirmed by dot
blot assay (Figure S4). In each case, fresh RPMI 1640 was
added in a 1:1 ratio.

Proliferation of macrophages was assessed using PKH-
26 (Sigma) (2 uM) (for CD206 macrophages) and CFSE
(for Ly6C macrophages) staining [3, 13]. Different stains
(PKH-26 and CFSE) were used to avoid overlap of fluo-
rescence (anti-CD206 was FITC conjugated and anti-
Ly6C, PE conjugated). For PKH-26 staining, macrophages
were cultured initially for 3 days. Medium was removed
and PKH-26 added at RT for 2-5 min. Inactivation was
done using FBS for 1 minute. BM MSCs or BM MSC-
conditioned medium was added after extensive PBS wash
of stained macrophages. Macrophages were stained with
CFSE (Molecular Probes, Eugene, Oregon, USA) prior to
plating [16]. Cells were suspended in 1 ml of PBS and 1 pl
of prepared CFSE solution (2.5 pM) and incubated at 37°C
for 5 min with gentle agitation. The labeling reaction was
stopped by adding 1 ml of heat-inactivated FBS. Cells
were washed in PBS and plated as described. After 3 days
of culture, BM MSCs or BM MSC conditioned medium
was added.

Flow cytometric analysis of experimental groups was
performed after 3 days of co-culture. Detached cells were
co-stained with APC conjugated anti- mouse CD11b and
FITC conjugated CD206 or PE conjugated Ly6C. Apop-
tosis of Ly6Chi macrophages was determined after co-
culture by co-staining with APC-CD11b, PE-Ly6C and
FITC conjugated anti-Annexin V. Dead cells were exclu-
ded from analysis using propidium iodide (PI). At least
20,000 events were used for analysis.

Statistical analysis

Quantitative data are expressed as mean += SEM. Statisti-
cal analysis was performed by one-way ANOVA, followed
by the Bonferroni test for comparisons between groups at
specific time-points in vivo (72 h or 16 weeks from MI)
and in vitro. Two-way ANOVA, followed by Bonferroni
multiple comparisons, was used to compare groups at dif-
ferent time-points (fractional shortening, left ventricular
dimensions, septum thickness). Survival was analyzed
using the Kaplan—-Meyer product limit estimate and com-
pared with the log-rank test. A value of p < 0.05 was
considered statistically significant.
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Results

BM MSCs and HUCPVCs promote a switch
to alternatively activated circulating and infiltrating
monocytes/macrophages after MI

Experimental MI was generated in NOD/SCID gamma null
mice. BM MSCs, HUCPVCs or medium were infused
intravenously 48 h later. Total number of monocyte/mac-
rophage (CD11b + cells) cells in cardiac tissue was lower
in BM MSC (390 £ 58 cells, p < 0,05) and HUCPVC
groups (564 £ 87 cells, p = ns) than in medium treated
mice (1,134 £ 238 cells) (Fig. 1a). Leukocyte infiltration
in the infarcted myocardial tissue (Ly6G/Ly6C cells) was
significantly lower for BM MSC (584 + 92 cells/mm?,
p < 0.01) and HUCPVC (545 =+ 59 cells/mm?, p < 0.01)
mice compared with medium controls (1,460 £ 238 cells/
mm?) (Fig. 1b). Macrophage (F4/80 + cells) infiltration in
infarcted tissue was significantly higher in the BM MSC
(608 + 108 cells/mm?, p < 0.01) and HUCPVC (538 + 65
cells/mm?, p < 0.01) groups compared with medium con-
trols (29 + 4 cells/mm?) (Fig. 1c). Quantification and the
immunophenotype of monocytes/macrophages (as % of
total cells) 24 h after infusion showed that BM macro-
phages (31.2 + 1.7 vs. 38.5 + 1.8%, p < 0.05), circulating
monocytes (7.3 4+ 0.9 vs. 36.6 + 0.6%, p < 0.001) and
cardiac infiltrating monocytes/macrophages (0.57 4 0.06
vs. 1.65 4+ 0.65%, p < 0.05) were decreased in the BM
MSC group compared with medium controls, respectively
(Fig. 1h, f and d). Infusion of HUCPVCs decreased BM
macrophages (31.2 + 1.8%, p < 0.05) and circulating
monocytes (27 4+ 1.6%, p < 0.001) compared with med-
ium-injected mice.

A higher percentage of CD206+ monocytes/macro-
phages was detected infiltrating the hearts of mice infused
with BM MSCs (77.2 + 2.2%, p < 0.05) and HUCPVCs
81.3 + 2%, p < 0.05) compared with medium controls
(50 + 8%) (Fig. le) The percentage of circulating
CD206+ monocytes was significantly higher in the BM
MSC (21.5 + 1.3%, p <0.01) and HUCPVC (15.7 +
1.2%, p < 0.05) groups compared with medium-injected
mice (4.9 + 2.5%) (Fig. 1g). No difference in the percent-
age of CD206+ macrophages was noted in the BM (Fig. 11).

Representative microphotographs of leukocytes and
macrophages in cardiac tissue are shown in Fig. 2.

No differences were found in the frequency of Ly6Chi
or MHCII-expressing macrophages among groups in BM,
blood or heart (Figure S5, A and B). CD62L-expressing
monocytes/macrophages were similar between groups at
each site (Figure S5, C).

Quantification of cytokine expression by PCR in infarc-
ted tissue showed that BM MSC and HUCPVC-injected
mice had lower expression of IL-15 (3.90 4+ 0.75-fold,
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p < 0.001 and 6.67 + 1.04-fold, p < 0.01) versus controls
(15.05 + 1.85-fold); IL-6 expression was also decreased in
BM MSC (82.04 + 12.90-fold, p < 0.001) and HUCPVC-
treated animals (88.91 + 13.25-fold, p < 0.001) compared
with medium-injected mice (220.70 + 7.66-fold). Higher
expression of IL-10 in mice treated with BM MSCs (9.59 +
0.66-fold, p < 0.001) and HUCPVCs (6.52 + 0.80-fold,
p < 0.05) was found compared with medium controls
(2.79 4 0.22). There were no differences in TNF-o, TGF-f8
and VEGF expression among groups (Fig. 3).

Cardiac expression of vascular adhesion molecules
(VCAM, ICAM and E-Selectin) and chemokines (CX3CL1
and CCL2) was similar among groups (Figure S6).

BM MSCs and HUCPVCs decrease frequency
of apoptotic cells after MI

The frequency of apoptotic cardiomyocytes in the MI area
evaluated by ISEL was decreased in mice injected with BM
MSCs (49 + 13 cells/mm?, p < 0.001) and HUCPVCs
58 +6 cells/mm?, p < 0.001) compared with medium
(152 + 21 cells/mrnz) (Fig. 4a).

Histological determination of apoptosis was confirmed
by molecular assessment of Bax/Bcl2 (an index of whole
tissue cell apoptosis) using PCR in the MI area. The
apoptotic index was lower in the BM MSC (1.27 + 0.21-
fold, p < 0.001) and HUCPVC (1.88 + 0.25-fold, p < 0.01)
groups compared with control mice (3.44 4 0.39-fold)
(Fig. 4b).

Injected cells localize mainly to the lung

Real-time PCR of human Alu sequences, showed that 24 h
after cell injection, most cells were trapped in the lung, as
previously described [14] (Fig. 5). A higher amount of
human DNA was found in the HUCPVC-injected group
compared with BM MSC-treated animals. In both cases,
the amount of human DNA in infarcted and non-infarcted
tissue was very small (from 0.0002 to 0.001% of total
DNA). Human DNA was not detectable in cell-treated
mouse BM or in medium-treated animals.

BM MSCs and HUCPVCs improve short-term cardiac
function and decrease long-term cardiac remodeling

Two weeks after MI, LV fractional shortening (FS) was
significantly better in mice receiving BM MSCs
(43.3 + 0.6%, p < 0.001) and HUCPVCs (39.8 + 0.8%,
p <0.01) compared with medium (34.4 + 1.3%). At
4 weeks, FS was better in BM MSC and HUCPVC-treated
mice versus control animals (p < 0.05) but at 16 weeks
after infusion cell-treated and medium groups had similar
values (Fig. 6a).
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Fig. 1 BM MSCs and
HUCPVCs modulate the
frequency of circulating and
cardiac infiltrating monocytes/
macrophages after 72 h of
experimental MI. a Total
monocyte/macrophage,

b leukocyte and ¢ macrophage
frequency in cardiac tissue.

d Monocyte/Macrophage and

e CD206+ cells as % of total
and CD11b cells, respectively,
in cardiac tissue. f Monocyte
and g CD206+ cells frequency
in blood expressed as % of total
and CD11b cells, respectively.
h Monocyte/Macrophage and

i CD206+ cells frequency in
BM expressed as % of total and
CD11b cells, respectively. Data
represent mean + SEM; n = 6
mice per group. *p < 0.05,

**p < 0.01 and ***p < 0.001
versus medium. hurp < 0.001
versus HUCPVC
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Fig. 3 Real-time RT-PCR of mRNA from the infarcted area (taken
after 72 h of MI) normalized to age-matched non-infarcted NOD/
SCID gamma null mice. Gene expression was quantified from

LVEDD and LVESD were not different among the
groups at all evaluated time-points (Fig. 6b, c). Nonethe-
less, BM MSCs or HUCPVCs decreased septum thickness
compared with medium (p < 0.05) 16 weeks after MI
(Fig. 6d). Myocardial scar area or scar thickness was
similar among groups (Fig. 6e—i). Septum thickness,
however, was significantly greater in the medium-treated
mice (1.8 + 0.1 mm, p < 0.05) than in cell-treated groups
(Fig. 6j) at postmortem. Vessel quantification in the scar
and peri-scar areas showed no differences among groups
16 weeks after MI (Fig. 6k-1).
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myocardial tissue. Normalized data are expressed as mean + SEM;
n =6 per group. *p < 0.05, **p < 0.01 and ***p < 0.001 versus
medium

Total weight of mice in all groups was similar at the
16-week end-point and no difference was detected in LV/
total body weight index among groups (Fig. 7a, b). Pul-
monary congestion measured as lung/total body weight
index was lower in BM MSC (0.0037 4+ 3.6 x 107>,
p < 0.01) and HUCPVC (0.0042 + 8.8 x 107>, p < 0.05)
cohorts compared with medium-treated mice (0.0052 +
20 x 107%) (Fig. 7c¢) [22].

No significant differences in the survival were found
among groups during the follow-up period (Log-rank test,
p = 0.48) (Fig. 7d).
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Fig. 4 Evaluation of apoptosis
by immunohistochemistry and
real-time PCR of infarcted
cardiac tissue after 72 h of MI.
a Quantification of positive cells
stained by ISEL technique from
infarcted cardiac tissue. b Real-
Time RT-PCR for Bax/Bcl2 of
mouse mRNA from infarcted
cardiac tissue. Values are
normalized to age-matched non-
infarcted NOD/SCID gamma
null mice. Cell count expressed/
mm? of tissue expressed as
mean £+ SEM; n = 6 per group.
*#p < 0.01 and ***p < 0.001 c
versus medium.

¢ Representative 2 J
immunohistochemistry
photomicrograph of infarcted
area stained by ISEL. Red-
brownish nuclei are positive.
Arrowhead apoptotic
cardiomyocyte. Scale bar
100 pm ’
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Fig. 5 Lodgement of human cells 24 h after infusion (72 h after MI).
Real-time RT-PCR for human-specific Alu sequences. Values repre-
sent amount of human DNA (ng) in 100 ng of total DNA per organ
sample. Data are expressed as mean + SEM; n = 6 per group.
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Human BM MSCs switch BM-derived macrophages
to an alternatively activated phenotype by secretion
of IL-10
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to complement the in vivo data. The frequency of
Ly6C + macrophages decreased after 3 days of co-culture
with BM MSCs (0.81 + 0.06%, p < 0.01) or MSC-condi-
tioned medium (1.01 + 0.07%, p < 0.05) compared with
controls (1.70 4+ 0.20%). CD206— and MHCII-expressing
macrophages increased after co-culture with BM MSCs
(721 + 1 and 50.7 + 1.6%, p < 0.001 in both cases)
or with BM MSC-conditioned medium (61.1 + 1.2 and
29.6 + 2.3%, p < 0.001 and p < 0.01, respectively) com-
pared with controls (9.6 + 1.5 and 17.0 4 4.1%) (Fig. 8a—c).

While no differences in the frequency of apoptotic
Ly6C + macrophages were observed between groups
(Fig. 8d), proliferation (by CFSE fluorescence) was
slightly decreased in co-cultures of BM MSCs (p < 0.05)
(Fig. 8e). Proliferation of CD206+ macrophages was sig-
nificantly higher (=35%) after co-culture with BM MSCs
(p < 0.001) or BM MSC-conditioned medium (p < 0.001)
(as determined by lower PKH-26 fluorescence) (Fig. 8f).

Gene expression of CD163 (p < 0.01), TGF-f (p < 0.05)
and arginase-1 (p < 0.05) was significantly higher in
macrophages co-cultured with BM MSCs than in the
control group (Fig. 8g—i). IL-10 expression in co-cultured
and conditioned medium-cultured macrophages was higher
than in controls (p < 0.001) (Fig. §8j).

We next cultured BM-derived macrophages with BM
MSC-conditioned medium and an anti-human IL-10 anti-
body and detected a twofold decrease in the up-regulation of
CD206+ macrophages induced by BM MSC-conditioned

@ Springer
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Fig. 6 Functional and histological outcomes after MI. a Fractional
shortening (FS), b left ventricular end-diastolic diameter (LVEDD),
¢ left ventricular end-systolic diameter (LVESD), d septum thickness
measured at the baseline, 2, 4 and 16 weeks after MI. Representative
Masson trichrome stains of heart tissue micrographs in animals
16 weeks after MI injected with e medium, f BM MSCs and
g HUCPVC ML Scar tissue stained in blue. h Scar area quantified as

medium (p < 0.01) (Fig. 8k). Human recombinant IL-10
alone increased the frequency of CD206+ macrophages
eightfold. Moreover, IL-10 expression in human MSCs
increased almost threefold after co-culture with mouse
macrophages (Fig. 8I).

Discussion

We have demonstrated for the first time that systemically
infused human BM MSCs and HUCPVCs increase the
frequency of alternatively activated anti-inflammatory
monocytes/macrophages infiltrating injured myocardium
after acute MI. The presence of increased circulating
alternatively activated monocytes and an unaltered
expression of chemokines and vascular adhesion molecules
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CD31 16 weeks after ML 1 Number of vessels/0.2 mm? of infarcted
and peri-infarcted tissue. Data represent the mean + SEM;
n = 6-8.%*p < 0.05; **p < 0.01 and ***p < 0.001 versus medium.
Scale bar represents 100 pm

in infarct tissue suggest that the increase in alternatively
activated macrophages infiltrating the heart may be due to
a phenotype switch in circulating monocytes. Furthermore,
our in vitro data suggest that the enhanced proportion of
alternatively activated macrophages is in part related to the
MSC-mediated secretion of IL-10.

In our experiments, mice treated with either type of
MSC showed decreased systemic and BM monocytosis.
Absence of human DNA in the marrow of recipient mice
infers a paracrine mechanism of monocyte/macrophage
suppression. We also found that MSCs increased the pro-
portion of CD206+ and MHCII+ circulating monocytes.
Given that no differences were detected in the ratio of
monocyte/macrophage subtypes in the marrow, we pre-
sume the switch occurred either in the circulation and/or
the spleen, although the latter was not tested. An increase
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Fig. 7 Mice weight and A
survival 16 weeks after ML

a Total body weight, b left 40
ventricular (LV)/total body
weight, ¢ lung weight/total body
weight, comparison among
groups at end-point. Values
expressed in grams. d Survival
curve. * and **p < 0.05 and

p < 0.01, respectively
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in M2 monocytes/macrophages was also evident among the
cells infiltrating the injured myocardium. We propose the
increase to be due to a higher proportion of circulating
monocytes in the absence of changes in the expression of
cardiac chemokines, vascular adhesion factors or mono-
cyte/macrophage endothelial adhesion receptors (CD62L)
in the injured myocardium. Both types of MSCs decreased
the total number of infiltrating leukocytes (Ly6G and
Ly6C) while increasing the mature F4-80+4 macrophages
which have been shown to be associated with an anti-
inflammatory response and regenerative action [2, 15].
Reduced absolute numbers of infiltrating monocytes/mac-
rophages as well as an increased proportion of
CD206+ macrophages may also explain the decreased
cardiac expression of IL-1, IL-6, higher levels of IL-10, as
well as the reduced frequency of apoptotic cardiomyocytes
in MSC-treated mice [8, 30]. Our findings are supported by
arecent study from Hu et al. [8] in which mice deficient for
scavenger receptor A (homologous to the CD206 receptor)
have a worse functional outcome as well as higher levels of
M1 macrophage infiltration and IL-1, IL-6 secretion after
AMI compared with wild type. This effect could be
reversed after the transplantation of bone marrow from
wild-type mice [8].

Our data showing an improvement in cardiac function in
MSC-treated mice may therefore be explained, in part, by a
reduction in the negative inotropes, IL-1 and IL-6, and an
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increase in IL-10, known to have a positive inotropic effect
[9, 12, 25]. It has also been shown that cytokines can
induce cardiac stem cells to proliferate and have a role in
Wnt signaling under ischemic conditions and may there-
fore also contribute to the functional improvement [17, 24].
Nevertheless, definitive answers to address the observed
improvements remain unclear.

The infusion of BM MSCs and HUCPVCs was associ-
ated with improved cardiac function 2 and 4 weeks after
MI as well as decreased cardiac remodeling (reduced septal
wall thickness) and reduced pulmonary congestion at
16 weeks. In preliminary experiments, we further delin-
eated the role of macrophages in MSC-mediated cardiac
improvement after MI. We treated mice with liposomal
clodronate in an attempt to remove the cells from the cir-
culation prior to MI and MSC infusion [20]. All mice died
within 24 h of clodronate infusion (data not shown). While
clodronate can successfully remove macrophages in
immunocompetent mice, experiments with this agent in our
highly immuno-deficient NOD/SCID gamma null mouse
model were not feasible and were not part of our meth-
odology [23].

We also evaluated the role of neo-angiogenesis as a
possible explanation for the improvement in cardiac func-
tion but found no differences in VEGF gene expression
levels or vessel density among the groups at early or late
end-points, respectively, as was previously shown [29].
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Fig. 8 Characterization of mouse BM-derived macrophages after
3 days co-culture with human BM MSCs or BM MSC-conditioned
medium. Flow cytometric analysis of a Ly6Chi+ cells, b CD206+
cells and ¢ MHC II+ cells. Values are expressed as percent of live
macrophages. d Ly6Chi macrophage apoptosis after co-culture
relative to apoptosis of CD11b+ cells, e CFSE mean fluorescence
intensity (MFI) of Ly6Chi cells, f PKH-26 MFI of CD206+ macro-
phages. Values are relative to PKH-26 and CFSE MFI of total
macrophage population. Quantification of g CD163+ cells, h TGF-f,
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i Arginase-1 and j IL-10 mouse specific mRNA expression after co-
culture. k Flow cytometric quantification of CD206+ macrophages
after 3 days culture with BM MSC-conditioned medium with or
without anti-human IL-10 and macrophages with human recombinant
IL-10 (rhIL-10); 1) Human BM MSC IL-10 human-specific mRNA
expression after co-culture. Values are normalized to the control
group. All data are expressed as mean = SEM; n = 3 per group.
#p < 0.05; **p < 0.01 and ***p < 0.001 versus control. ''p < 0.01
versus BM MSC CM
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IL-10 is a negative immune regulator involved in the
differentiation of naive T cells into regulatory T cells with
immunosuppressive and anti-inflammatory actions. In mice
after MI, IL-10 reduces macrophage infiltration, myocar-
dial pro-inflammatory cytokine expression and improves
cardiac function [12]. The hemodynamic improvement
after direct injection of BM mononuclear cells in an acute
cardiac ischemia mouse model is related to decreased T
cell accumulation and is not reproduced with IL-10
knockout cells [5]. Rat MSCs retrovirally transduced to
express IL-10 improved lung ischemia—reperfusion injury
and reduced apoptotic cells as well as infiltrating T cells
[20, 33]. Other hematopoietic cytokines such as GM-CSG
have also shown to regulate cardiac repair [27].

We found that BM MSCs or BM MSC-conditioned
medium increased the proportion of CD206+ cells consis-
tent with our in vivo results. After co-culture with BM MSCs,
the absolute number of CD206+4 BM-derived macrophages
increased, inferring proliferation of a CD2064 precursor
population. We obtained similar results with BM MSC-
conditioned medium suggesting a paracrine effect. In addi-
tion, BM MSCs or their conditioned medium decreased
levels of classically activated Ly6C+ macrophages attri-
butable at least partially to inhibition of proliferation.

We further investigated the role of MSCs in increasing
the level of CD206+ macrophages. We confirmed that
human BM MSCs upregulate IL-10 expression when co-
cultured with mouse macrophages. We next tested the
effect of a specific human IL-10 blocking antibody in
cultures of mouse BM macrophages and human BM MSC-
conditioned medium and found a twofold decrease in the
frequency of CD206+4 cells compared with cultures in the
absence of the antibody. The specificity of the antibody
was confirmed in experiments showing lack of cross-
reactivity with mouse IL-10 (Figure S4). These in vitro
data provide preliminary additional evidence for MSC-
mediated IL-10 release underlying the increase in alterna-
tively activated macrophages.

Our data show that BM MSCs and HUCPVCs exert a
similar effect on cardiac function after intravenous infu-
sion, although some differences were observed. For
example, higher levels of human DNA were detected in the
lungs of HUCPVC versus BM MSC-treated mice, possibly
the result of differences in adhesion molecule expression
and the larger size of HUCPVCs, favoring greater entrap-
ment in the pulmonary vasculature.

Infusion of either BM MSCs or HUCPVCs reduced the
infiltration of leukocytes and the expression of IL-1f and
increased IL-10 expression in the MI area. These changes
were greater in the BM MSC-treated mice and may explain
the lower level of apoptotic cardiomyocytes and superior
cardiac function at the same dose 2 weeks after MI.

We recognize several limitations of our model. The first
is inherent to in vivo study of human MSCs in a xenoge-
neic model. We chose the highly immune-deficient NOD
SCID gamma null mouse model which lacks B, T and NK
cells, hence cannot assess the effects on much of the
recipient immune system. The second is that we have only
in vitro data implicating the role of MSC-mediated IL-10 in
driving the switch to M2 macrophages. A definite answer
to this dilemma would be to reproduce these experiments
using IL-10 gene-silenced human MSCs and evaluate
macrophage infiltration.

In summary, we have shown that after MI, BM MSCs
and HUCPVCs mediate a switch of monocytes/macro-
phages to an anti-inflammatory activation state that may be
associated with enhanced cardiac function. Our in vitro
studies showed that BM MSCs activated alternative mac-
rophages by secretion of IL-10. Our results provide new
evidence for a novel mechanism of action of human BM
MSCs and suggest that additional studies are warranted to
further investigate the role of IL-10 secretion by MSCs in
cardiac regeneration after MIL.
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