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Mesenchymal Stromal Cells Modulate Monocytes
Trafficking in Coxsackievirus B3-Induced Myocarditis
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ABSTRACT

Mesenchymal stromal cell (MSC) application in Coxsackievirus B3 (CVB3)-induced myocarditis
reduces myocardial inflammation and fibrosis, exerts prominent extra-cardiac immunomodulation,
and improves heart function. Although the abovementioned findings demonstrate the benefit of
MSC application, the mechanism of the MSC immunomodaulatory effects leading to a final cardio-
protective outcome in viral myocarditis remains poorly understood. Monocytes are known to be a
trigger of myocardial tissue inflammation. The present study aims at investigating the direct effect
of MSC on the mobilization and trafficking of monocytes to the heart in CVB3-induced myocarditis.
One day post CVB3 infection, C57BL/6 mice were intravenously injected with 1 x 10° MSC and sac-
rificed 6 days later for molecular biology and flow cytometry analysis. MSC application reduced
the severity of myocarditis, and heart and blood pro-inflammatory Ly6C"&" and Ly6C™'® mono-
cytes, while those were retained in the spleen. Anti-inflammatory Ly6C'°‘” monocytes increased in
the blood, heart, and spleen of MSC-treated CVB3 mice. CVB3 infection induced splenic myelopoie-
sis, while MSC application slightly diminished the spleen myelopoietic activity in CVB3 mice. Left
ventricular (LV) mRNA expression of the chemokines monocyte chemotactic protein-1 (MCP)—1,
MCP-3, CCL5, the adhesion molecules intercellular adhesion molecule-1, vascular cell adhesion
molecule-1, the pro-inflammatory cytokines interleukin-6, interleukin-12, tumor necrosis factor-a,
the pro-fibrotic transforming growth factorf1, and circulating MCP-1 and MCP-3 levels decreased
in CVB3 MSC mice, while LV stromal cell-derived factor-1a. RNA expression and systemic levels of
fractalkine were increased in CVB3 MSC mice. MSC application in CVB3-induced myocarditis modu-
lates monocytes trafficking to the heart and could be a promising strategy for the resolution of car-
diac inflammation and prevention of the disease progression. STEM CELLS TRANSLATIONAL
MEDICINE 2017;6:1249-1261

SIGNIFICANCE STATEMENT

Mesenchymal stromal cell (MSC) are leading candidates for cardiac cellular therapy due to their
cardioprotective and immunomodulatory properties. Despite their well-recognized immunomo-
dulatory features, the effect of MSC on cardiac trafficking of monocytes has still not been inves-
tigated. The present study reveals that MSC attenuate myocardial inflammation via suppressing
the cardiac infiltration of pro-inflammatory monocytes while promoting cardiac influx of anti-
inflammatory monocytes. The present findings are dedicated to extent the knowledge of the
immunomodulatory effects of MSC, advancing their potential use for cardiac therapies.

blood, and bone marrow [2]. In heart failure, the
splenic microenvironment plays a major role in
the activation and trafficking of innate immune
cells to the heart where they induce immune
cell-mediated injury. Monocytes and macro-
phages have been recognized as key effector cells
after myocardial infarction and in myocarditis [3],
comprising a major proportion of the heart
infiltrating cells and playing a leading role in the
pathogenesis [4, 5]. Monocytes are a heteroge-
neous multifunctional cellular population, of which
CD115" CcD11b ™ Ly6CME"CCR2MENCXC3CR1Y  and
cD1157cD11b*  Lysc™deccr2MeECxC3CR1OY

INTRODUCTION

Inflammation is a major trigger and a dominant
mechanism in the pathogenesis of inflammatory
cardiomyopathy and heart failure, evident by the
finding that extensive inflammation in patients
with acute myocarditis is an independent predic-
tor of a poor outcome [1].

The immune and inflammatory cell network
is emerging as a major inducer of immune cell-
mediated cardiac injury, which is associated with
extreme changes of the mononuclear phagocyte
network of the failing heart, spleen, peripheral
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cells infiltrate to sites of inflammation in response to chemokine
signals and differentiate into inflammatory M1 macrophages secret-
ing pro-inflammatory cytokine, such as tumor necrosis factor-a
(TNF-a) and interleukin-6 (IL-6) and contribute to tissue degrada-
tion and T cell activation [6]. In contrast, the CD115" CD11b ™" Ly6-
C°"CCR2'°“CXC3CR1ME" monocytes are recruited to the inflamed
tissue and are more likely to differentiate into M2 macrophages,
which secrete anti-inflammatory cytokines and contribute to tissue
repair [6].

The chemokine system represents the main regulator of leu-
kocyte recruitment [7], while the spleen, in addition to the blood,
functions as a reservoir of monocytes outside the bone marrow.
Monocytes are released from splenic reservoir, and Ly6C"&"
monocytes are selectively recruited to the injured heart [8].
Monocyte chemotactic protein-1 (MCP-1/CCL2) and its receptor
chemokine (C-C motif) receptor-2 (CCR2) play a leading role in the
recruitment of monocytes/macrophages during inflammatory
processes in the cardiovascular system [9]. Furthermore, MCP-1
and MCP-3 (also known as CCL7) are CC-chemokines that bind to
CCR2 and mediate Ly6C"&" monocyte recruitment [8, 10, 11].
Ly6C"°™ monocytes respond to CX3C-chemokine ligand 1 (CX3CL1;
also known as fractalkine), which governs Ly6C'°W monocyte infil-
tration into the myocardium [11].

There is a growing body of preclinical and early clinical evi-
dence showing great promise of mesenchymal stromal cell
(MSC) therapy in the repair of damaged cardiac tissue [12-14].
We have demonstrated that MSC have the potential to treat
acute coxsackievirus B3 (CVB3)-induced inflammatory cardiomy-
opathy since MSC cannot be infected with CVB3 and exert anti-
viral effects [14]. Moreover, intravenous (i.v.) MSC application in
CVB3-infected mice reduced CVB3-associated cardiomyocyte
apoptosis, myocardial fibrosis and inflammation, and induced
prominent systemic immunomodulatory effects as indicated by
the induction of IL-10 secreting regulatory T cells and increased
CD4* D25 FoxP3™ cells in the spleen as well as in the circula-
tion of CVB3 MSC mice [6-8, 15, 16]. The abovementioned find-
ings clearly demonstrate that MSC application is not only safe
and cardioprotective, but also associated with prominent extra-
cardiac immunomodulatory effects in a model of CVB3-induced
inflammatory cardiomyopathy.

However, the exact mechanism of the MSC-protective effects
in viral myocarditis is still not completely understood. Since mono-
cytes are known to be a marker and trigger of myocardial tissue
inflammation [17], the aim of the present study is to evaluate the
effect of i.v. MSC application on cardiac trafficking of monocytes
in murine CVB3-induced myocarditis. This study could further give
a deeper understanding of the immunomodulatory effects of MSC
leading to a final cardioprotective outcome in viral myocarditis.

MATERIALS AND METHODS

Murine CVB3-Induced Myocarditis and Cell Application

Eight-week-old male C57BL/6 (Charles Rivers, Wilmington, MA,
USA) mice were infected by intraperitoneal injection of 1x10° pla-
que forming units (PFU) of CVB3 virus (Nancy strain). Control mice
received PBS instead of CVB3. One day after CVB3 virus infection,
1 x 10° MSC of passage 5 were i.v. administrated via the tail vein
into C57BL/6 mice. All mice were sacrificed on day seven post-
CVB3 infection. The left ventricle (LV) was harvested and snap-
frozen for molecular biology. For flow cytometry analysis, heart,
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blood, and spleen mononuclear cells (MNCs) were isolated. The
investigation was approved by the ethical committee for the use
of experimental animals of Charité-Medical University, Berlin
(Nr:G0094/11) and was performed, in accordance with the princi-
ples of laboratory animal care and German animal protection law.

MSC Isolation

Human adult MSC were isolated from iliac crest bone marrow
aspirates of eight healthy donors after their written approval
according to Binger et al. [18]. MSC were cultured and expanded
for injection in Dulbecco’s modified Eagle’s medium (Biochrom,
Berlin, Germany) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin, 1% glutamine, 2% HEPES, and 2
ng/ml of basic fibroblast growth factor (Tebu-bio, Offenbach, Ger-
many). Cultivated MSC were triple negative for the markers CD45,
CD34, and CD11b, but stained positively for the markers CD73,
CD29, CD105, CD106, CDIO, and CD44.

MNCs Isolation From Mouse Heart, Blood, and Spleen

Cardiac MNCs were isolated from control PBS, control MSC,
CVB3 and CVB3 MSC mice, 7 days postinfection using the Neo-
natal Heart Dissociation Kit (Miltenyi Biotec, Bergisch Gladbach,
Germany) and gentleMACS Octo Dissociator (Miltenyi Biotec,
Bergisch Gladbach, Germany), according to the manufacturer’s
instructions. Splenocytes were isolated from control PBS, control
MSC, CVB3, and CVB3 MSC mice according to Van Linthout et al.
[16]. Blood MNCs were isolated from whole blood by density
gradient centrifugation using Histopaque-1083 (Sigma, Stein-
heim, Germany). Heart, blood and spleen MNCs were used for
the analysis of CD115"CD11b"LyeC&"cCR2ME"CXC3CR1,
CD115*CcD11b"LyeCc™9decCR2ME"  CXC3CR1Y, and C€D115™
CD11b*Ly6C°"CCR2"°¥CXC3CR1ME" monocytes.

Flow Cytometry Analysis

Flow cytometry analysis of heart, blood, and spleen MNCs was
performed using the directly conjugated monoclonal mouse anti-
bodies anti-CD115 Alexa488, anti-CD11b PerCP/Cy5.5, anti-Ly6C
Brilliant Violet 421, anti-CXC3CR1 PE and anti-CCR2 Alexa647 anti-
body. Spleen MNCs were stained with anti-mouse CD11c PercP
Cy5.5, anti-mouse F4/80 APC, anti-mouse vascular cell adhesion
molecule (VCAM) PE, anti-mouse GM-CSF PE (Biolegend, San
Diego, CA), anti-mouse CD4 vio Blue and anti-mouse IL-3 APC
(Miltenyi, Bergisch Gladbach, Germany). Surface staining was per-
formed according to the manufacturer’s instructions. Sample anal-
ysis was performed on a MACSQuant Analyzer (Miltenyi Biotec,
Bergisch Gladbach, Germany) and flow cytometry data were ana-
lyzed with FlowJo 8.7. software (Flowlo, LLC, RO). Supporting
Information Figure 1 shows representative flow cytometry analy-
sis of monocytes subsets according to Yang et al. [6].

Gene Expression Analysis

Frozen heart tissue was homogenized with an IKA T25D ULTRA
TURRAY homogenisator (Laboratory equipment, Germany) in Tri-
zol, followed by chloroform extraction and isopropanol precipi-
tation. Next, RNA was DNase treated with the NucleoSpin RNA I
Kit (Macherey-Nagel, Diiren, Germany) and subsequently
reverse transcribed via the High Capacity cDNA Reverse Tran-
scription Kit from Applied Biosystems by Thermo Fisher Scien-
tific (Carlsbad, CA, USA). To assess the mRNA expression of the
target genes MCP-1, MICP-3, CCL5, stromal cell-derived factor-1a
(SDF-1a), IL-6, IL-12, TNF-a, transforming growth factor-8 (TGF-
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f), VCAM-1, and intercellular adhesion molecule-1 (/ICAM-1)
mMRNA expression was analyzed via real-time PCR using gene
expression assays for MCP-1 Mm00438270_ml1, MCP-
3 MmO00443113_m1, CCL5 Mm01302428_m1, SDF-la
MmO00445552_m1, IL.-6 Mm00446190_m1, IL-12 Mm00434165_m1,
TNF-cc  Mm00443258 m1, TGF-B1 MmO00441724_m1, VCAM-
1 MmO01320970_m1, and ICAM-1 Mm00516023_m1 from
Applied Biosystems by Thermo Fisher Scientific (Carlsbad, CA),
respectively. mRNA expression was normalized to the house-
keeping gene CDKN1lb MmO00438167_gl and relatively
expressed with the control group set as 1.

ELISA

Plasma from control phosphate buffered saline (PBS), control
MSC, CVB3 and CVB3 MSC mice was collected using EDTA and
centrifuged at 4°C. Circulating chemokine MCP-1, MCP-3, and
SDF-1a levels were measured via MCP-1, MCP-3, and SDF-la
Enzyme-linked Immunosorbent Assay (ELISA) kits (R&D Systems,
Minneapolis, MN) according to the manufacturer’s protocol.
Mouse CX3CL1 levels were determined via the CX3CL1/Fractalkine
ELISA kit (Abcam, Cambridge, U.K.) according to the manufac-
turer’s protocol.

Spreading Assay

Spleen MNCs isolated from all experimental groups were resus-
pended in RPMI 1640 medium containing 10% FBS and 1% penicil-
lin/streptomycin and seeded on CellCarrier 96-well plate coated
with 5 pg/ml recombinant mouse (rm) VCAM-1 (Peprotech, Rocky
Hill, NJ) for 2 hours at 37°C. Cells were fixed with BD Cytofix/Cyto-
perm solution (BD Biosciences, Franklin Lakes, NJ) and stained
with Alexa Fluor 546 Phalloidin (Invitrogen Thermo Fisher Scien-
tific, Waltham, MA). The spreading assay was performed on a rm
VCAM-1 matrix. Phase contrast pictures were taken on Zeiss Axio
Observer Z1 microscope (Carl Zeiss, Oberkochen, Germany), using
AxioVision Rel 4.7 imaging software (Carl Zeiss Microlmaging) and
immunofluorescence images were acquired on Operetta High
Content Imaging System with Harmony High Content Imaging and
Analysis Software (PerkinElmer, MA, USA). Cells with flat morphol-
ogy or lamellipodia were scored positive for spreading.

Myocarditis Score

Hematoxylin and eosin staining was performed on 5 um thick cry-
osections. We used a semiquantitative scale with severity scores
from 0 to 4 to quantify myocardial damage comprising cardiac cell
necrosis, inflammation, and scarring according to Savvatis et al.
[15] (score: O, no inflammatory infiltrates; 1, small foci of inflam-
matory cells between myocytes; 2, foci >100 inflammatory cells;
3, larger foci with an area <5% of cross-section involved; 4, >5%
of a cross-section involved). Analysis was made in a blinded man-
ner by digital image analysis on a Leica DMRB microscope (Leica
Microsystems, Wetzlar, Germany) at X100 magnification.

Figure 1.

Statistical Analysis

Statistical analysis was performed using Prism 6 for Mac OS X
(GraphPad Software, Inc., La Jolla). Ordinary one-way ANOVA was
used for statistical analysis of the data with correction for multiple
comparisons via the Tukey test. Data are presented as mean =
SEM. Differences were considered to be significant when the two-
sided p value was lower than .05.

RESULTS

MSCs Decrease the CVB3-Induced Pro-Inflammatory
Monocyte Subsets, While Promoting Anti-Inflammatory
Monocytes in the Heart

To evaluate the impact of MSC on the cardiac infiltrating mono-
cyte subsets in CVB3-induced myocarditis, flow cytometry analysis
of the pro- and anti-inflammatory monocyte subsets was per-
formed. The analysis revealed a 3.4-fold (p < .0001) and 2.4-fold
(p<.0001) increase in the percentage of pro-inflammatory
Ly6C"&" and Ly6C™?¥"® monocytes defined as CD1157CD11b ™ Ly6-
chehccraMe"cxc3cR1°™  and  €D115'CD11b™LyeCc™edeCCR2-
highcXC3CR'Y, respectively, in CVB3 infected versus control mice.
Supporting Information Figure 1 illustrates the gating strategy in
detail. In contrast, MSC application reduced the percentage of
Ly6C"e" and Ly6C™9%® monocytes in the heart by 2.4-fold
(p<.0001) and 2-fold (p<.0001) compared to CVB3 mice,
respectively, suggesting a decreased influx of pro-inflammatory
monocytes to the heart after i.v. injection of MSC (Fig. 1A, 1B).
With respect to the anti-inflammatory monocyte-subset
CD115*CD11b " Ly6C'°™CCR2'“CXC3CRME", MSC-treated CVB3
mice exhibited a 2.5-fold (p <.05) higher percentage of anti-
inflammatory Ly6C'°W monocytes in the heart versus CVB3 mice
(Fig. 1€, 1D).

MSCs Modulate the Monocyte Subsets in the Blood of
CVB3-Infected Mice

To understand how MSC affect the pro- and anti-inflammatory
monocytes trafficking to the heart, monocyte subsets were ana-
lyzed in the blood. In accordance with the observed induction of
pro-inflammatory monocyte subsets in the heart of CVB3-infected
mice, the percentages of pro-inflammatory Ly6C"e" and Lyec™<de
monocytes were elevated by 13.2-fold (p <.0001) and 2.4-fold
(p<.01) in CVB3-infected mice in comparison to control mice,
respectively (Fig. 2A, 2B). Consistent with the observations in the
heart of CVB3 MSC treated mice, the percentages of the pro-
inflammatory Ly6C"&" and Ly6C™9%'® monocytes declined by 5.4-
fold (p < .0001) and 2.6-fold (p < .01), respectively, while the per-
centage of circulating anti-inflammatory monocytes increased by
2.4-fold (p < .01), compared to CVB3 mice (Fig. 2C, 2D).

(See prior page) MSCs decrease pro-inflammatory monocytes subsets and promote anti-inflammatory monocytes in the heart of

coxsackievirus B3-infected mice. (A): Bar graphs represent the mean*SEM of CD115%CD11b*Ly6C"e"CCR2™E"CXC3CR1'™™ and
CD1157CD11b ™ Ly6C™ ! °CCR2"ENCXC3CR'™ positive cells in the heart of control mice (open bar) and CVB3-infected mice (closed bar) injected
with PBS or MSC, expressed as the percentage of Ly6C"&" and Ly6C™“""® positive cells, respectively, with n = 8-9 per group and *** p <.001.
(B): The panel represents dot plots of cardiac CD115*CD11b" Ly6C"E"CCR2MENCXC3CR1"™™ and CD1157 CD11b™* Ly6C™ ¥'*CCR2"E"CXC3CR"™™
positive cells as percentage of Ly6C"&" or Ly6C™*4® cells, as indicated. (C): Bar graphs represent the mean = SEM of CD115"CD11b™ Ly6-
C°"CCR2"™" CXC3CR"E" positive cells in the heart of control mice (open bar) and CVB3-infected mice (closed bar) injected with PBS or MSC,
expressed as the percentage of Ly6C'°W positive cells with n = 8-9 per group and *, p < .05. (D): The panel represents dot plots of cardiac anti-
inflammatory CD115"CD11b™ Ly6C'*“CCR2'™™ CXC3CRME" positive cells as the percentage of Ly6C'®" cells, as indicated. Abbreviations: CCR2,
chemokine (C-C motif) receptor-2; CVB3, coxsackievirus B3; CX3CL1, chemokine (C-X3-C motif) ligand-1; MSC, mesenchymal stromal cell.
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MSCs Retain Pro-Inflammatory Monocyte Subset in the
Spleen, While Inducing Anti-Inflammatory Ly6C'*"
Monocytes

Given the importance of the spleen as a monocytes reservoir,
by which splenic monocytes are recruited to the heart upon
cardiac injury [8], we next evaluated the percentage of pro-
inflammatory and anti-inflammatory monocytes in the spleen
of CVB3 mice and the impact of MSC administration on splenic
monocyte subsets [2]. The percentage of pro-inflammatory
Ly6CMe" and Ly6C™9® monocytes in CVB3-infected mice was
augmented by 1.9-fold (p < .01) and 2.1-fold (p < .05), respec-
tively, in comparison to control mice (Fig. 3A). Interestingly, the
presence of pro-inflammatory Ly6C"&" and Ly6C™9!'® mono-
cytes was 1.5-fold (p < .05) higher in the spleen of MSC-treated
CVB3 mice compared to CVB3 mice and 1.4-fold (p <.05)
higher versus control mice. In addition, a higher migration
potential of splenic MNCs derived from CVB3 mice compared
to MNCs derived from CVB3 MSC mice was evident in a spread-
ing assay performed on a rmVCAM-1 matrix (Fig. 3C, 3D). Cells,
which exhibited flattened morphology and lamellipodia were
considered positive for spreading. With respect to Ly6C'o™
monocytes, CVB3 MSC mice exhibited a 1.9-fold (p <.01)
higher percentage of anti-inflammatory Ly6C'®" monocytes in
the spleen in comparison to CVB3 mice (Fig. 3B).

MSCs Slightly Modulate Splenic Extramedullary
Myelopoiesis

VCAM-1" macrophages in the splenic red pulp are essential for
the extramedullary myelopoiesis and increase the systemic levels
of inflammatory leukocytes [19]. To investigate the role of splenic
extramedullary myelopoiesis in CVB3-induced myocarditis mice
and to further understand the mechanism of the MSC-mediated
effects in the spleen, the percentage of splenic CD11b"F4/
80" Ly6CVCAM™ macrophages was evaluated. CVB3 infection
resulted in a 1.5-fold (p <.0001) higher percentage of splenic
VCAM™ macrophages, while MSC application in CVB3 mice did
not have any effect on the percentage of splenic CD11b™F4/
80" Ly6C VCAM™ macrophages (Fig. 3E). Myelopoiesis is also
positively regulated by splenic CD4™ T cells that produce myelo-
poietic cytokines GM-CSF and IL-3 [20]. Therefore, we next exam-
ined the frequencies of CD4"GM-CSF* and CD4™ IL-3" cells in
the spleen of control, control MSC, CVB3, and CVB3 MSC mice.
CVB3 infection or MSC treatment of CVB3 mice did not affect
CD4™ cells producing the myelopoietic cytokine GM-CSF* (Fig.
3F). However, the frequency of CD4"IL-3" cells increased by 2-
fold (p < .05) (Fig. 3G) in CVB3-infected mice versus control mice,
while CVB3 MSC mice exhibited a 2.4-fold (p < .01) lower percent-
age of CDA™IL-3" cells.

Figure 2.

MSCs Regulate the Trafficking of Monocyte Subsets
Through Chemokines Modulation

Considering the importance of chemokines for the recruitment
of monocytes [10, 21], mRNA expression of the chemokines
MCP-1, MCP-3, and CCR5, associated with the infiltration of
pro-inflammatory monocytes, was analyzed in the heart. CVB3-
infection led to a 90.5-fold (p <.0001), 124.3-fold (p < .0001)
and 99.5-fold (p < .001) higher LV mRNA expression of MCP-1
(Fig. 4A), MCP-3 (Fig. 4B), as well as of CCR5 (Fig. 4C) versus
control mice, respectively. In contrast, CVB3-infected mice
treated with MSC showed prominent reduction by 51.4-fold (p
< .0001), 225-fold (p <.001), and 71.8-fold (p <.001) of LV
MCP-1, MCP-3, and CCL5 chemokine expression, respectively,
whereas, MSC application in CVB3 mice induced a 3.4-fold
(p <.001 vs. CVB3 mice) higher expression of SDF-1« (Fig. 4D),
known to attract cardiac-reparative monocytes. To investigate
whether the cardiac chemokines expression pattern corre-
sponds with the systemic chemokine levels, MCP-1, MCP-3,
SDF-1a, and CX3CR1 were evaluated in the serum. A similar
trend of chemokine pattern was observed in the serum, CVB3
infection augmented the serum levels of MCP-1 and MCP-3 by
3.9-fold (p <.0001) and 3.2-fold (p <.0001) respectively, in
comparison to control mice, whereas CVB3 MSC mice mani-
fested 3.2-fold (p < .0001) and 2.6-fold (p <.01) lower MCP-1
and MCP-3 serum levels, respectively, compared to CVB3 mice
(Fig. 5A, 5B). The detected SDF-1a did not differ among the
groups, but importantly, MSC application in CVB3 mice resulted
in 1.4-fold (p<.01 vs. CVB3 mice) higher serum levels of
CX3CL1/Fractalkine (Fig. 5C, 5D).

MSCs Abrogate Cardiac Adhesion Molecules Expression
in CVB3-Infected Mice

Expression of adhesion molecules such as ICAM-1 and VCAM-1 on
endothelial cells promotes leucocyte migration via direct binding
to leucocyte cell surface receptors, firm adhesion and guidance of
monocyte homing into the inflamed tissue [6, 22, 23]. Taking the
importance of adhesion molecules expression for monocytes
adhesion and infiltration into account, LV VCAM-1 and ICAM-1
expression was evaluated. As expected, CVB3 infection magnified
the LV VCAM-1 and ICAM-1 expression by 6.3-fold (p < .0001) and
6.8-fold (p < .0001), respectively, in comparison to control mice
(Fig. 6A, 6B), while CVB3 MSC mice exhibited 11.7-fold (p < .0001)
and 5.1-fold (p < .0001) lower expression of VCAM-1 and ICAM-1
versus CVB3 mice, respectively.

MSCs Diminish the Expression of Cardiac Pro-
Inflammatory Cytokines and the Pro-Fibrotic Cytokine
TGF-B1 in CVB3-Infected Mice

To evaluate whether the observed modulation of pro-
inflammatory monocytes in the heart of CVB3 mice upon MSC

(See prior page) MSCs modulate monocyte subsets in the blood of coxsackievirus B3-infected mice. (A): Bar graphs represent the

mean * SEM of CD115%CD11b ™ Ly6C"E"CCR2"E"CXC3CR1" and CD1157CD11b*Ly6C™ ! *CCR2"E"CXC3CR'™ positive cells in the blood of
control mice (open bar) and CVB3-infected mice (closed bar) injected with PBS or MSC, expressed as the percentage of Ly6C"&" and Lysc™dde
positive cells, respectively with n=8-9 per group and **, p< .01, *** p< .001. (B): The panel represents dot plots of blood
CD1157CD11b*Ly6C"E"CCR2™E" CXC3CR1'™™ and CD1157CD11b*Ly6C™ ¥ *CCR2"E"CXC3CR™ positive cells as percentage of Ly6C™E" or
Ly6C™d4'e cells, as indicated. (C): Bar graphs represent the mean = SEM of CD115"CD11b*LyC6'°“CCR2'™" CXC3CRE" positive cells in the
blood of control mice (open bar) and CVB3-infected mice (closed bar) injected with PBS or MSC, expressed as the percentage of Ly6C'®" posi-
tive cells with n=8-9 per group and **, p <.01. (D): The panel represents dot plots of blood anti-inflammatory cD115"CD11b " Ly6-
C'°"CCR2"™CXC3CRMEN positive cells as the percentage of Ly6C'°" cells, as indicated. Abbreviations: CCR2, chemokine (C-C motif) receptor-2;
CVBS3, coxsackievirus B3; CX3CL1, chemokine (C-X3-C motif) ligand-1; MSC, mesenchymal stromal cell.
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Figure 3. MSCs retain pro-inflammatory monocytes subsets in the spleen, induce anti-inflammatory monocytes and slightly affect the spleen
extramedullary myelopoiesis in coxsackievirus B3-infected myocarditis. (A): Bar graphs represent the mean = SEM of cD115"CD11b*Ly6-
C"e"CCR2MENCXC3CR1'™™ and CD115*CD11b* Ly6C™!*CCR2"E"CXC3CR'™™ positive cells in the spleen of control mice (open bar) and CVB3-
infected mice (closed bar) injected with PBS or MSC, expressed as the percentage of Ly6CM&" and Ly6C™9%® positive cells, respectively with
n=28-9 per group and *, p<.05 ** p<.01; *** p<.001. (B): Bar graphs represent the mean = SEM of CD115+CD11b+Ly6C'°W
CCR2"°“CXC3CRME" positive cells in the spleen of control mice (open bar) and CVB3-infected mice (closed bar) injected with PBS or MSC,
expressed as percentage of Ly6C'®" positive cells with n = 8-9 per group and **, p <.01; ***, p < .001. (C): Phase contrast pictures of spleen
mononuclear cell (MNCs) derived from control mice and CVB3-infected mice injected with PBS or MSC, at X100 magnification. Cells with flat
morphology were considered positive for spreading. (D): Phalloiding staining of spleen MNCs derived from control mice and CVB3-infected mice
injected with PBS or MSCs, at X100 magnification. Cells showing lamellipodia were considered positive for spreading. (E): Bar graphs represent
the mean = SEM of VCAM™ macrophages in the spleen of control mice (open bar) and CVB3-infected mice (closed bar) injected with PBS or
MSC, expressed as the percentage of CD11b " F4/807 Ly6C™ cells, with n = 8-9 per group and *, p < .05; **, p < .01; ***, p < .001. (F): Bar graphs
represent the mean = SEM of CD4* GM-CSF" in the spleen of control mice (open bar) and CVB3-infected mice (closed bar) injected with PBS or
MSC, expressed as the percentage of total mononuclear cells (MNCs), with n =5-6 per group and **, p < .01 (G): Bar graphs represent the
mean =+ SEM of CD47IL-3" in the spleen of control mice (open bar) and CVB3-infected mice (closed bar) injected with PBS or MSC, expressed as
the percentage of total MNCs, with n = 5—6 per group and *, p < .05; **, p < .01. Abbreviations: CCR2, chemokine (C-C motif) receptor-2; CVB3,
coxsackievirus B3; CX3CL1, chemokine (C-X3-C motif) ligand-1; MSC, mesenchymal stromal cell; VCAM-1, vascular cell adhesion molecule-1.
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application corresponds with a modulation in cytokine expression,
LV mRNA expression of IL-6, IL-12, TNF-a known to be released by
Ly6C"8" monocytes [24-27] and by inflammatory M1 macro-
phages was analyzed. CVB3 mice exhibited 30.1-fold (p < .005),
18.8-fold (p <.0001), 5.7-fold (p < .0001) and 4.8-fold (p < .01)
upregulated LV mRNA expression of IL-6, TNF-, IL.-12 and TGF-31
(Fig. 6C-6F), in comparison to control mice, respectively. MSC
treatment of CVB3-infected mice downregulated the LV mRNA
expression of the pro-inflammatory cytokines IL-6, TNF-o, IL-12,
and the pro-fibrotic cytokine TGF-B1 by 86.8-fold (p < .01), 30.4-
fold (p < .0001), 7.4-fold (p <.0001) and 5.6-fold (p <.01),
respectively, compared to CVB3 mice.

MSCs Reduce the Severity of Myocarditis

Histological sections were stained with hematoxylin/eosin to
estimate the extent of myocardial damage. The pathological
score of myocardial damage was significantly higher in the
PBS- injected CVB3 mice compared to the MSC-treated CVB3
mice, which displayed a reduced size of inflammatory foci
(Fig. 6G, 6H).
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DiscussioN

The salient finding of the present study is that i.v. MSC application
diminishes trafficking of pro-inflammatory monocyte subsets, pro-
motes the migration of anti-inflammatory monocytes toward the
heart in CVB3 myocarditis mice via modulation of the local and
systemic chemokine pattern, and only mildly affects the splenic
myelopoiesis.

Myocarditis is characterized by a complex manifestation and
pathogenesis associated with a profound inflammatory destruc-
tion of the myocardium [25]. However, several clinical trials apply-
ing immunosuppressive treatment strategies have been largely
disappointing [28-30] emphasizing the need for immunomodula-
tory therapies which could more selectively target the disease.
Our previous studies demonstrated that MSC application in CVB3-
infected mice is safe, leads to anti-apoptotic and anti-fibrotic
effects, reduces myocardial inflammation, and induces prominent
systemic immunomodulation without compromising the virus
clearance, which is all translated into improved heart function [15,
16, 31]. MSC migrate to injured tissues and rapidly disappear after
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Figure 4. Mesenchymal stromal cells modulate cardiac chemokines expression in coxsackievirus B3-infected myocarditis mice. Bar graphs
represent the mean * SEM of (A) MCP-1, (B) MCP-3, (C) CCL5, and (D) SDF-1ac mRNA expression in the LV of control, CVB3, control MSC, and
CVB3 MSC mice, as indicated, with n = 5-6 per group and *, p < .05; ***, p < .001. Abbreviations: CVB3, Coxsackievirus B3; MCP, monocyte
chemotactic protein; MSC, mesenchymal stromal cell; SDF-1«, stromal cell-derived factor-1a.
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Mesenchymal stromal cells regulate systemic chemokines levels in Coxsackievirus B3-infected myocarditis mice. Bar graphs repre-

sent the mean + SEM of serum (A) MCP-1 (pg/ml), (B) MCP-3 (pg/ml), (C) SDF-1a (ng/ml) and (D) CX3CL1/Fractalkine (ng/ml) levels of con-
trol, CVB3, control MSC, and CVB3 MSC mice, with n =4-6 per group and *, p <.05; **, p<.01; *** p<.001. Abbreviations: CVB3,
Coxsackievirus B3; CX3CL1, chemokine (C-X3-C motif) ligand-1; MCP, monocyte chemotactic protein; MSC, mesenchymal stromal cell; SDF-

1w, stromal cell-derived factor-1a.

systemic infusion [32, 33] and mediate protective effects without
a permanent engraftment [15, 34]. Despite the limited engraft-
ment, long-lasting effects of MSC have thus been proposed to be
mediated via paracrine secretion of soluble factors or microve-
sicles, such as exosomes [35]. Factors present at the inflammatory
site are critical determinants of the immunosuppressive activity of
MSCs [16, 36], which includes inhibition of immune cells activa-
tion, suppression of pro-inflammatory cytokines secretion by acti-
vated immune cells, and impairment of the immune cells
migratory potential through inhibition of the adhesion molecules
and receptors that are responsible for immune cell trafficking [37,
38]. MSC mediate immunosuppression via secretion of soluble
molecules and cytokines like indoleamine 2,3-dioxygenase, prosta-
glandin E2, TGF-B3, hepatocyte growth factor, interleukin-10, and
human leukocyte antigen-G [39]. Moreover, MSC have been
shown to directly act on monocytes and induce an immunomodu-
latory phenotype through the secretion of HGF and potentially
factors downstream of the COX2 pathway [40, 41].

Considering the role of monocytes as a marker of myocardial
tissue inflammation [17], and a trigger of disease progression on

www.StemCellsTM.com

the one hand, and the immunomodulatory properties of MSC on
the other hand, we investigated the potential of MSC to specifi-
cally regulate the pro- as well as anti-inflammatory monocyte sub-
sets in a model of CVB3-induced myocarditis.

Systemic monocytosis occurs as a result of an acute or a
chronic inflammation, where monocytes are recruited to the
inflammatory site to exacerbate the immune activation and
inflict tissue damage or to support inflammation resolution
[42]. Ly6C"&" monocytes are rapidly recruited to the heart and
initially exert beneficial effects [6, 42, 43]. However, their per-
sistence is deleterious [44, 45], while Ly6CIOW monocytes have
anti-inflammatory properties supporting healing [6, 46]. Mono-
cytes/macrophages are known to be specifically involved in
CVB3-induced myocarditis by maintaining a chronic inflamma-
tory response [47]. In agreement, the present study demon-
strates the induction of pro-inflammatory monocyte subsets in
the heart, blood, and spleen upon CVB3-infection, which was
associated with a profound cardiac expression of inflammatory
cytokines and chemokines, and cardiac damage. MSC applica-
tion in CVB3-infected mice diminished the infiltration of pro-
inflammatory monocyte subsets toward the heart and induced
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Figure 6. MSCs application abrogates left ventricular expression of adhesion molecules, pro-inflammatory cytokines and the pro-fibrotic cyto-

kine TGF-B1 in coxsackievirus B3-infected mice and improves the pathologic myocarditis score. Bar graphs represent the mean = SEM of (A)
VCAM-1 and (B) ICAM-1, (C) IL-6, (D) TNF-a, (E) IL-12, and (F) TGF-B1 mRNA expression in the LV of control, CVB3, control MSC, and CVB3 MSC
mice, as indicated, with n = 5-6 per group and **, p < .01 and ***, p < .001 (G) Bar graphs represent the mean = SEM of the pathologic score
of myocarditis assessed by hematoxylin/eosin staining of control, CVB3, control MSC, and CVB3 MSC mice, as indicated, with n = 4-5 per group
and *, p < .05. (H): Hematoxylin/eosin-stained heart sections of control mice receiving PBS (upper left panel) or MSC (upper right panel), or of
CVB3 infected mice receiving PBS (lower left panel) or MSC (lower right panel), at a magnification of X100. Abbreviations: CVB3, coxsackievirus
B3; CX3CL1, chemokine (C-X3-C motif) ligand-1; ICAM-1, intercellular adhesion molecule-1; IL, interleukin; MSC, mesenchymal stromal cell;
TGF-B1, transforming growth factor-B1; TNF-o, tumor necrosis factor-a; VCAM-1, vascular cell adhesion molecule-1.

decreasing the mobilization of inflammatory monocytes from
the spleen, their emigration to the blood and subsequent accu-
mulation into the heart, limiting further immune-mediated car-
diac injury. In line with this hypothesis, the spreading and

Ly6C'®" monocytes associated with tissue repair, leading to less
severe myocarditis [6, 46]. In contrast to the decreased Ly6C"'e"
monocytes in the heart and blood after MSC application, the
percentage of Ly6C"®" and Ly6C™“!'® monocytes was higher in

the spleen of CVB3 MSC compared to CVB3 mice. The following
observation suggests that MSC retained the pro-inflammatory
monocytes in the spleen and used it as a site for storage,
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lamellipodia of CVB3 MSC-derived splenocytes was decreased
in comparison to splenocytes from CVB3 mice, indicating that
MSC abrogate the migration potential of splenic MNCs.
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Hypothetical scheme how intravenous MSC application modulates monocytes trafficking to the heart in viral myocarditis. MSC

application abrogated the cardiac expression of the chemokines MCP-1, MCP-3 and CCL5, which attract pro-inflammatory monocytes, and
lowered the levels of MCP-1 and MCP-3 in the circulation of CVB3-infected mice. In the heart, MSC application further reduced the expres-
sion of the adhesion molecules VCAM-1 and ICAM-1 in CVB3 mice. These effects led to diminished trafficking and homing of pro-
inflammatory monocytes to the heart, as indicated by the reduced pro-inflammatory monocytes in the blood and heart, as well as the down-
regulated expression of the pro-infllammatory cytokines IL-6, IL-12, and TNF-a and pro-fibrotic TGF-B in the heart of CVB3-infected mice. In
parallel, MSC injection increased systemic levels of fractalkine, raising the deployment of anti-inflammatory monocytes to the heart. Finally,
MSC retained the pro-inflammatory monocyte subsets in the spleen, preventing their mobilization, emigration to the blood and accumulation
in the heart, limiting further immune-mediated cardiac injury and promoted spleen anti-inflammatory monocytes. Abbreviations: CCR2, che-
mokine (C-C motif) receptor-2; CVB3, coxsackievirus B3; CX3CL1, chemokine (C-X3-C motif) ligand-1; ICAM-1, intercellular adhesion molecule-
1; IL, interleukin; MCP, monocyte chemotactic protein; MSC, mesenchymal stromal cell; TGF-1, transforming growth factor-81; TNF-o, tumor

necrosis factor-o; VCAM-1, vascular cell adhesion molecule-1.

With respect to the increased presence of pro-
inflammatory monocytes in the spleen upon CVB3 infection,
we speculate that this is due to the still active generation of
monocytes in the spleen at this stage of the inflammatory pro-
cess or due to postviral sensitization of the immune system,
knowing that the spleen is a target of CVB3 infection [48]. In
this regard, we have indeed found that CVB3-infected mice
had a high hematopoietic stem cell activity in the spleen, as
shown by an increase in VCAM-1" macrophages and CD4 ™" IL-
37" cells, which are essential for splenic myelopoiesis, retaining
the hematopoietic stem cell activity in the spleen [19]. MSC
application did not affect CVB3-increased VCAM-1* macro-
phages or CD4TGM-CSF" cells in the spleen, but diminished
the percentage of CVB3-induced CD4'IL-3" cells, indicating
that MSC only mildly affect spleen myelopoiesis. We speculate
that the increase of pro-inflammatory monocytes in the spleen
upon MSC application is due to retention and is not associated
with MSC-mediated effects on the spleen myelopoiesis.

Leukocytes trafficking is mainly regulated by the chemokine
system [7]. CVB3 infection stimulates the expression of MCP-1 in
myocardial cells, which subsequently leads to the migration of
MNCs [21]. CCR2 and MCP-1/MCP-3 are critical for monocyte
mobilization and particularly Ly6CM&" monocyte recruitment to
the injured heart [8, 10], while Ly6C'®" monocytes respond to

www.StemCellsTM.com

CX3CL1 guiding their infiltration into the myocardium [11]. CCL5
(RANTES) expression is highly upregulated during infection/inflam-
mation and is also important for the trafficking of Ly6C"&" mono-
cytes expressing its ligand CCR5 [49]. SDF-1a is known to mediate
cardioprotection through mobilization of stem cells, cardiac myo-
cyte survival, heart regeneration [50] and through the recruitment
of anti-inflammatory monocytes enhancing the remodeling of the
microvascular network [51]. MSC application suppressed the viral-
induced cardiac expression of the chemokines MCP-1, MCP-3, and
CCL5 recruiting inflammatory monocytes within inflamed tissues
[10, 49]. In parallel, MSC induced SDF-1a expression in the heart
of CVB3-infected mice.

Besides modulating the cardiac chemokine pattern, MSC
modulated the systemic chemokine levels, reducing the CVB3-
increased circulating levels of MCP-1 and MCP-3, while promoting
the increase in circulating CX3CL1 levels, which regulate the traf-
ficking and mobilization of Ly6C'°" monocytes into the myocar-
dium [11].

The inflammatory response is dependent on the activation of
adhesive interactions between endothelial cells and leukocytes. In
this regard, our data reveal that MSC abrogated the CVB3-induced
expression of the adhesion molecules ICAM-1 and VCAM-1, result-
ing in a blocked adhesion and transmigration into the inflamed tis-
sue of Ly6Chigh monocytes [22, 23] and subsequently, weakened
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expression of pro-inflammatory cytokines in the failing myocar-
dium. Prolonged exposure to inflammatory cytokines exacerbates
adverse heart remodeling and enhances myocardial damage [52].
MSC abrogated the CVB3-induced expression of heart pro-
inflammatory cytokines, which corresponded with a diminished
presence of pro-inflammatory monocytes subsets in the heart of
CVB3 MSC mice Furthermore, LV expression of the pro-fibrotic
cytokine TGF-B1 was significantly downregulated in CVB3 MSC
mice in contrast to CVB3 mice. This finding is in line with our previ-
ous finding revealing the anti-fibrotic effect of MSC in a model of
CVB3-induced viral myocarditis [15].

CONCLUSION

The present study demonstrates that MSC effectively attenu-
ated myocardial inflammation via suppressing the cardiac infil-
tration of pro-inflammatory monocytes while promoting
cardiac influx of anti-inflammatory monocytes. We suggest that
MSC modulate monocytes trafficking via regulation of the car-
diac and systemic chemokine expression pattern (Fig. 7).
Hence, the present study gives deeper insights in how MSC reg-
ulate the mobilization and adhesion of monocyte subsets in a
model of viral myocarditis. This provides new perspectives for
the development of therapeutic strategies for inflammatory

heart diseases via targeting the monocyte response to improve
cardiac repair and healing.
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