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Macrophage influx and galectin 3 production have been suggested as major players driving acute inflammation
and chronic fibrosis in many diseases. However, their involvement in the pathogenesis of viral myocarditis and
subsequent cardiomyopathy are unknown. Our aim was to characterise the role of macrophages and galectin 3
on survival, clinical course, viral burden, acute pathology, and chronic fibrosis in coxsackievirus B3 (CVB3)-in-
duced myocarditis. Our results showed that C3H/HeJ mice infected with CVB3 and depleted of macrophages by
liposome-encapsulated clodronate treatment compared with infected untreated mice presented higher viral ti-
tres but reduced acute myocarditis and chronic fibrosis, compared with untreated infected mice. Increased
galectin 3 transcriptional and translational expression levels correlated with CVB3 infection in macrophages
and in non-depleted mice. Disruption of the galectin 3 gene did not affect viral titres but reduced acute myocar-
ditis and chronic fibrosis compared with C57BL/6J wild-type mice. Similar results were observed after pharma-
cological inhibition of galectin 3 with N-acetyl-D-lactosamine in C3H/HeJ mice. Our results showed a critical
role of macrophages and their galectin 3 in controlling acute viral-induced cardiac injury and the subsequent fi-
brosis. Moreover, the fact that pharmacological inhibition of galectin 3 induced similar results tomacrophage de-
pletion regarding the degree of acute cardiac inflammation and chronic fibrosis opens up the possibility of new
pharmacological strategies for viral myocarditis.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Coxsackievirus B3 (CVB3) is a globally prevalent enterovirus of the
Picornaviridae family [1] frequently associated with viral myocarditis
(VM) [2,3].While acute VM is typically self-limiting inmost individuals,
the development of severe heart muscle injury and/or its persistence
sustained by post-viral immune-mediated responses, may lead to dilat-
ed cardiomyopathy (DCM), and heart failure (HF) in others [3]. DCM is
characterised by left ventricular dilatation, decreased ejection fraction,
and a depressed wall motion. DCM is attributed, among other factors,
to pathological collagen deposition leading to interstitial fibrosis and
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finally to cardiac dysfunction in a process that may take years or even
decades [4]. The mechanisms underlying the pathogenesis of VM, and
the cellular and molecular events that link VM to DCM are not well
established. Furthermore, therapies for VM are not specific and are di-
rected to supportive care of HF [5]. The last stage of inflammatory
heart disease resulting in HF with transplantation as a frequent thera-
peutic option, is a major healthcare burden worldwide [3].

The CVB3-murine model has provided significant insights into the
pathogenesis of VM because it shares many biological parameters of
acute and chronic CVB3-induced heart diseases in humans [2,6]. Signif-
icant morbidity, mortality and acute myocarditis may be observed dur-
ing the first days post-infection (dpi) [3] followed by a remarkable
extracellular matrix remodelling with fibrosis at 30 dpi [7]. A direct
role for virus replication as well as several immune-mediated mecha-
nisms [2,3] have been involved in myocardial disease induced by CVB3.

Although in the steady state most macrophages derive from local
progenitors, tissue inflammation changes the source of macrophages.
During inflammation, most macrophages derive from inflammatory
monocytes that are recruited to the site of inflammation from the
blood pool [8] where, following conditioning by local factors, they dif-
ferentiate into macrophage or dendritic cell populations [9]. In tissues,
macrophages further respond to environmental cues with the acquisi-
tion of distinct functional phenotypes associated either with a Th1
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Fig. 1. Depletion of macrophages results in higher viral titres and reduced acute myocarditis. A) Treatment scheme for intraperitoneal (ip) depletion and infection in all groups (Mock,
Mock + LipClod, CVB3 and CVB3 + LipClod) of C3H/HeJ mice. B) Percentage of survival in all groups of mice (n = 11–12). C) Viral titres in the serum and heart from all groups of
mice at 3 days post-infection (dpi) (n = 6). D) Viral titres in the serum and heart from all groups of mice at 7 dpi (n = 6). E) Representative haematoxylin–eosin staining of the hearts
from all groups ofmice at 7 dpi. Arrows indicate myocarditic foci. F)Myocarditic score of all groups of mice at 7 dpi (n= 6). G) qRT-PCR analysis of CCL-2mRNA in heart samples at 7 dpi
(n=6). H) Immunostainingwith an antibody against F4/80+ cells (macrophages) in heart sections of all groups ofmice at 7 dpi. Arrows indicate positive staining. AU: arbitrary units; ND:
non-detectable; ns: not significant; *P b 0.05; **P b 0.01.
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Fig. 2. Depletion of macrophages results in reduced chronic fibrosis. A) Treatment scheme for intraperitoneal (ip) depletion and infection in (Mock, Mock + LipClod, CVB3 and
CVB3 + LipClod) groups of C3H/HeJ mice. B) Percentage of body weight change in all groups of mice (n = 6). C) Representative RT-PCR analysis of CVB3 persistence in the hearts of
all groups ofmice. Actinwas used as housekeeping control (n=6). D) Picrosirius red for collagen staining of heart sections of all groups ofmice at 30 dpi. Arrows indicate collagen staining.
E) Immunostaining with an antibody against αSMA (myofibroblasts) in heart sections of all groups of mice at 30 dpi. Arrows indicate positive staining. F) Fibrosis score of all 4 groups of
mice at 30 dpi (n = 6). G) qRT-PCR analysis of proCol I mRNA in heart samples from all groups of mice at 30 dpi (n = 6). H) qRT-PCR analysis of αSMAmRNA in heart samples from all
groups at 30 dpi (n = 6). AU: arbitrary units; ns: not significant; *P b 0.05; **P b 0.01; ***P b 0.001.
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response, and strong microbicidal activity in acute infections [10]; or
with the expression of scavenging and other molecules related to a
Th2 response, promotion of tissue remodelling and parasite contain-
ment in the chronic stages [11]. The role ofmonocytes and derivedmac-
rophages in many diseases has been clarified by their specific depletion
using liposome encapsulated clodronate (LipClod) [12], but their role
remains unknown in CVB-induced myocarditis.

Macrophages, cardiac myocytes and fibroblasts can be infected by
CVB3 in vitro. Fibroblasts are more susceptible to infection compared
with myocytes and macrophages, but while myocytes express almost
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no cytokines in response to infection, fibroblasts and macrophages ex-
press many molecules that may modulate the inflammatory process
[13,14]. Interestingly, it has been shown in vitro that macrophages are ca-
pable of promoting cardiac fibroblast differentiation into myofibroblasts
associated with collagen synthesis [15].

Galectin 3 (Gal-3), the only galectin of the chimera-type in the fam-
ily of β galactoside binding animal lectins, is highly expressed and se-
creted by macrophages. It has several associated intracellular and
extracellular pathological roles as a regulator of acute and chronic in-
flammations [16]. It is now known that 30–50% of HF patients have an
inherently progressive form of the disease mediated by high levels of
Gal-3 [17]. Gal-3 expression and secretion by macrophages are major
mechanisms linking macrophage migration to fibroblast activation
and myofibroblast accumulation, as demonstrated by the synthesis of
α-smooth muscle actin (αSMA), and the induction of significant
extracellular matrix remodelling during the progression to cardiac
fibrosis associated with HF, a process that could be pharmacologically
modulated [18,19]. Although Gal-3 has an assigned role in fibrotic dis-
eases [20], its role in VM has not been investigated.

The aim of the present study was to investigate the role of macro-
phages and Gal-3 in CVB3-induced acute myocarditis and subsequent
chronic cardiac fibrosis.
2. Methods

2.1. Cells and virus

HeLa and J774A.1 cells (ATCC, USA) were maintained as monolayers
as previously described [21]. A recombinant CVB3 strainwithmyocarditic
propertieswas used [22]. Viral stocks, propagation and infectivity titration
havebeenpreviously described [21]. For viral infection, cellswerewashed
with PBS twice before incubating with the virus at a multiplicity of infec-
tion (MOI) of 1 in serum free medium. After 1 h of incubation with virus,
cells were washed with PBS twice again and supplemented with a com-
plete culture medium. Mock infection was performed by adding the
same volume of non-infected HeLa cell culture supernatant.
2.2. ELISA of Gal-3

Cell supernatant levels of Gal-3 were determined usingMouse GAL-
3 DuoSet enzyme-linked immunosorbent assay (ELISA) kit (R&D Sys-
tems, USA) for sandwich ELISA, using the standard procedure according
to the manufacturer's instructions.
2.3. Animals

Weanling (4–5 weeks old) male C3H/HeJ mice, used for the mac-
rophage depletion and Gal-3 inhibition experiments and originally
obtained from Jackson Laboratory (USA), were supplied by the
Instituto Biológico Argentino (Buenos Aires). Gal-3-deficient mice
(Lgals3−/−)(B6.Cg-Lgals3tm1Poi/J) and their control littermates from
the C57BL/6J genetic background, originally obtained from Jackson Lab-
oratory (stock 6338), were supplied by the Instituto de Investigaciones
Biotecnológicas (IIB), Universidad Nacional de San Martín (Buenos
Aires).
Fig. 3. Enhanced cardiac Gal-3 expression in CVB3 infection of macrophages and in acute and c
B) Representative immunoblot of Gal-3 from J774A.1 cells at 1 dpi. Actin was used as loading
(n = 6). D) ELISA measurement of Gal-3 protein levels in the supernatants of J774A.1 cells at
groups (Mock, Mock + LipClod, CVB3 and CVB3 + LipClod) of mice at 7 dpi. Arrows indicat
mice at 7 dpi (n = 6). G) Representative immunoblot of Gal-3 from cardiac samples of all gro
Gal-3 density band from all groups of mice at 7 dpi (n = 6). I) Immunostaining of heart sectio
positive staining. J) qRT-PCR analysis of Gal-3 mRNA in heart samples of all 4 groups of mice at
of mice at 30 dpi. Actin was used as loading control. L) Quantitative measurement of Gal-3 dens
2.4. Experimental design

Mice were injected intraperitoneally (ip) with 0.2 ml of
phosphate buffered saline (PBS, Mock) or 0.2 ml of PBS containing
104 plaque-forming units (PFU) of CVB3. For macrophage deple-
tion, mice were injected ip with 10 μl/g of animal weight of LipClod
(clodronateliposomes.org) 2 h before infection and every 5 days
(Mock+LipClod andCVB3+LipClod groups) [12]. For Gal-3 inhibition,
mice were injected ip with 5 μg/g of animal weight of N-acetyl-D-
lactosamine (Gal-3i, Carbosynth, UK) 2 h before infection and every
2 days (Mock + Gal-3i and CVB3 + Gal-3i groups) [23]. Mice were
monitored and weighed daily and euthanized by CO2 overdose at 3, 7
and 30 dpi (6 mice were used for each time point; Supplementary
Fig. 1) and their blood and hearts were collected. Routinely, the hearts
were spliced in half along the long axis, and one part was frozen at
−80 °C for further studies and the other was fixed in 4% paraformalde-
hyde. The animal experiments were conducted under the approval
of the Ethical Research Committee, Facultad de Ciencias Exactas,
Universidad Nacional de La Plata. Very sick animals were euthanized
by CO2 overdose. All animals received water and food ad libitum.

2.5. Histopathology and immunohistochemistry

Heart samples were processed for routine histology and used to cre-
ate a myocarditis score as previously described [21]. The picrosirius red
technique for collagen staining was carried out as previously described
[7]. Digital image analysis was used to quantify the amount of red-
stained collagen using a Nikon E200 microscope with a Tucsen TCC 5.0
digital camera and the software provided by the manufacturer. The im-
munostaining procedure has been previously described [24] using a
mouse monoclonal anti αSMA (Dako, USA), a rat monoclonal anti Gal-
3 (Clone M3/38, ATCC) and a mouse monoclonal anti-macrophage F4/
80 [25] (Novus Biologicals, USA) antibodies.

2.6. Immunoblotting

Immunoblotting was performed as previously described [26]. Tis-
sue or cell samples were processed, separated by SDS-PAGE and
electrotransferred to polyvinylidene fluoride (PVDF) membranes.
Membranes were incubated with mouse monoclonal anti-actin
(GenScript, USA), or the already described anti-Gal-3 and, after
washing, with anti-mouse-HRP (Santa Cruz Biotechnology, USA) or
anti-rat biotinylated (Dako) followed by streptavidin HRP (Dako).
Bands were detected by enhanced chemiluminescence (Amersham,
USA) and quantified using LabWorks™ 4.6 (Image Acquisition and
Analysis Software).

2.7. RNA isolation, RT-PCR and real-time PCR

Total RNAwas isolated from heart samples or cells collected in Tri
Reagent (GenBiotech, Argentina) using a Bio-Gen PRO200
homogeniser, as recommended by the manufacturer. The procedure
for cDNA synthesis was performed as previously described [26]. The
real time PCR (qPCR) studies were performed with a Line-Gene K in-
strument and software (Bioer) as previously described [26]. Each
sample was analysed in triplicate. Normalised expression values
were calculated from absolute quantities of the gene of interest and
a housekeeping gene.
hronic myocarditis. A) qRT-PCR analysis of Gal-3 mRNA in J774A.1 cells at 1 dpi (n = 6).
control. C) Quantitative measurement of Gal-3 density band from J774A.1 cells at 1 dpi

1 dpi (n = 6). E) Immunostaining of heart sections with an antiserum against Gal-3 of all
e positive staining. F) qRT-PCR analysis of Gal-3 mRNA in heart samples of all groups of
ups of mice at 7 dpi. Actin was used as loading control. H) Quantitative measurement of
ns with an antiserum specific to Gal-3 from all groups of mice at 30 dpi. Arrows indicate
30 dpi (n= 6). K) Representative immunoblot of Gal-3 from cardiac samples of all groups
ity band from all groups of mice at 30 dpi (n= 6). AU: arbitrary units; *P b 0.05; **P b 0.01.
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2.8. Statistical analysis

Data were expressed as the mean + S.E.M. and were analysed by
one-way analysis of variance (ANOVA) followed by Bonferronimultiple
comparison test to determine significant differences between groups.
For survival studies data were analysed by Log-rank (Mantel–Cox)
test. P b 0.05 were considered statistically significant.

3. Results

3.1. Macrophage depletion increased viral replication but reduced acute
myocarditis

In order to clarify the role of macrophages in acute viral myocar-
ditis, survival, viral titres and cardiac pathology were studied in in-
fected C3H/HeJ mice depleted or not of macrophages by LipClod
treatment (Fig. 1A). The CVB3 and CVB3 + LipClod mice showed
67% and 61% survival rate, respectively, in contrast with the 100%
rate of survival of the uninfected controls (Fig. 1B, P b 0.01 versus
control mice, n = 11–12). No more deaths were observed after
7 dpi. Viral burden at 3 dpi was significantly increased in the serum
and hearts of CVB3 + LipClod mice compared to the CVB3 group
(Fig. 1C, P b 0.05, n = 6).

At 7 dpi, no virus was detected in serum samples, but the difference
in the hearts persisted (Fig. 1D, P b 0.05, n = 6). The histopathological
analysis (Fig. 1E) showed an absence of abnormalities in uninfected
mice. In contrast, CVB3-infected mice showed typical multifocal myo-
carditis that was significantly reduced in CVB3 + LipClod mice, scoring
3.20 ± 0.36 and 1.44± 0.30, respectively (Fig. 1F, P b 0.05, n= 6), a re-
sult sustained by the mRNA levels of CCL-2, used as an inflammatory
marker (Fig. 1G, P b 0.01 CVB3 versus control mice and P b 0.05 between
CVB3 and CVB3+ LipClodmice, n= 6). The immunostaining of marker
F4/80 revealed no macrophage infiltration in the controls but a signifi-
cant infiltration associated with the myocarditic foci in the CVB3
group that was markedly reduced in CVB3 + LipClod mice (Fig. 1H).

Taken together, our results indicate that macrophage depletion
results in an increased viral cardiac burden but reduced macrophage
cardiac infiltration and myocarditis.

3.2. Depletion of macrophages resulted in reduced fibrosis

To study how macrophage depletion affects the progression of viral
myocarditis, the same experimental design used to study acutemyocar-
ditis was used for chronicity (Fig. 2A). Bodyweight, used as a clinical pa-
rameter, showed progressive increase over time in uninfected controls.
In contrast, the CVB3-infected animal groups showed a marked de-
crease in the first 10 dpi. However, the CVB3-infected mice then started
to gain weight and ended at a weight close to that of the controls, while
no such gain was observed in the CVB3+ LipClod group, whose weight
at the end of the experiment was 75% of the original value (Fig. 2B,
P b 0.05 versus CVB3 infected mice, P b 0.01 versus controls, n = 6). In
order to studywhethermacrophage depletion resulted in viral RNAper-
sistence, CVB3 RNA was analysed in heart tissue samples at 30 dpi. As
shown in Fig. 2C, no viral RNA was detected in any samples suggesting
that macrophages are not essential for the clearance of infected
cardiomyocytes. To analyse whether macrophage depletion modulated
the cardiac fibrosis that follows CVB3-induced myocarditis, heart sam-
ples collected at 30 dpi were stained for collagen with picrosirius red
(Fig. 2D). Neither control groups exhibited collagen deposits. In con-
trast, CVB3-infected mice had several foci of collagen deposits in the
hearts that were lower in number and size in the CVB3 + LipClod
group. The digital analysis confirmed these observations scoring
3.90 ± 0.27, 3.30 ± 0.51, 13.31 ± 1.48 and 9.31 ± 0.435 for Mock,
Mock + LipClod, CVB3 and CVB3 + LipClod, respectively (Fig. 2F,
P b 0.001 and P b 0.05 compared CVB3 to both controls and to
CVB3 + LipClod, respectively, n = 6), assigning a significant role of
macrophages in chronic fibrosis. To determine whether macrophage
depletion modifies the fibroblast activation process, we next studied
the immunostaining of αSMA protein present in activated fibroblasts
(myofibroblasts) (Fig. 2E). As expected, CVB3-infected mice showed
many positive cells, most related to the fibrotic foci, in accordance
with the degree of fibrosis observed. Interestingly, CVB3 + LipClod
mice showed reduced myofibroblast activation. These results were
sustained by qPCR analysis ofmRNA levels of proCollagen type I (proCol
I) (Fig. 2G, P b 0.01 versus control mice and P b 0.05 versus
CVB3+ LipClodmice, n= 6) andαSMA (Fig. 2H, P b 0.01 versus control
mice and CVB3 + LipClod mice groups, n = 6).

These results strongly suggest that macrophages are important for
cardiac fibroblast activation in the progression of CVB3-induced myo-
carditis to chronic fibrosis.

3.3. Gal-3 was highly expressed by macrophages and in acute and chronic
CVB3-induced myocarditis

In order to study Gal-3 induction in macrophages infected with
CVB3, we studied Gal-3 expression levels in the murine macrophage
cell line J774A.1. Results showed increased Gal-3 expression levels at
both transcriptional (Fig. 3A, P b 0.05 versusmock infected cells, n =
6) and translational levels (Figs. 3C–D, P b 0.05 versus mock infected
cells, n = 6). Secretion of Gal-3 measure in the supernatants of mock
and CVB3 infected cells by ELISA showed increased Gal-3 secretion in
CVB3 infected cells (Fig. 3D, P b 0.01 versus mock infected cells, n =
6). Next, we studied Gal-3 expression levels in the acute phase of VM.
The analysis of Gal-3 immunostaining distribution showed many
Gal-3-positive cells in the hearts of the CVB3 group mainly associat-
ed to the cell exudate, which were drastically reduced in the
CVB3 + LipClod mice (Fig. 3E). This result was confirmed at both
transcriptional (Fig. 3F, P b 0.01 versus all groups, n = 6) and trans-
lational levels (Figs. 3G–H, P b 0.01 versus controls and P b 0.05 versus
CVB3+ LipClod mice, n = 6). Taking into account that Gal-3 has also
been associated with tissue repair and remodelling [27], we also
studied Gal-3 expression during chronic myocarditis. The immuno-
staining showed less Gal-3-positive cells than in acute phase, some
with less intensity and not always associated to focal fibrosis in the
CVB3 infected mice, which became minimal in all other groups
(Fig. 3I). Transcript and protein analysis supported these observa-
tions (Figs. 3J–L, P b 0.05 CVB3 versus control and CVB3 + LipClod
groups, n = 6). These data point out that CVB3 infection triggers
Gal-3 expression in macrophages in vitro and cardiac Gal-3 expres-
sion, and strongly suggest that macrophages are the main source of
Gal-3 in acute and chronic myocarditis, but perhaps other cells also
express Gal-3 in the chronic phase of VM.

3.4. Gal-3 disruption reduces acute inflammation

In order to study the role of Gal-3 in CVB3-induced acute myocar-
ditis, C57BL/6J Lgals3−/− and their control littermate mice were used
for a comparative study. There was a survival rate of 75% and 70% in
the wild type (WT)- versus Lgals3−/−-infected mice, respectively
(Fig. 4A, P b 0.01 versus control mice, n = 10–12). No more deaths
were observed after 7 dpi. Gal-3 disruption had no effect on viral
burden in the serum or heart at 3 and 7 dpi (Figs. 4B and C, respec-
tively, n = 6). No viral RNA was detected in the hearts of infected
mice at 30 dpi, indicating that Gal-3 disruption did not affect viral
clearance (data not shown). The histopathological analysis showed
a slightly reduced multifocal myocarditis in CVB3-infected mice
compared with C3H/HeJ mice (in accordance with a previous pub-
lished work [28]), which was even more reduced in the CVB3-
infected Lgals3−/− mice (Fig. 4D), scoring 2.16 ± 0.16 and 1.04 ±
0.16, respectively (Fig. 4E, P b 0.05, n = 6). This result was confirmed
by the mRNA levels of the inflammatory marker CCL-2 (Fig. 4F,
P b 0.05 WT- versus Lgals3−/−-infected mice, n = 6). Similar to the



Fig. 4. Genetic disruption of Gal-3 results in similar viral titres but reduced acute myocardial damage. A) Percentage of survival was registered in all groups (Mock, Mock Lgals3−/−, CVB3
and Lgals3−/−+CVB3) of C57BL/6Jmice (n=10–12). B) Viral titres in the serum andheart from all groups ofmice at 3 dpi (n=6). C) Viral titres in the serumand heart from all groups of
mice at 7 dpi (n= 6). D) Representative haematoxylin–eosin staining of the hearts from all groups of mice at 7 dpi. Arrows indicate myocarditic foci. E) Myocarditic score of all groups of
mice at 7 dpi (n=6). F) qRT-PCRof CCL-2mRNA inheart samples from all groups ofmice at 7 dpi (n=6). G) qRT-PCR analysis of cardiac troponin I (cTnI)mRNA in heart samples from all
groups ofmice at 7 dpi (n=6). H) Immunostaining formacrophageswith an antiserumspecific to F4/80+ on heart sections of all groups ofmice at 7 dpi. Arrows indicate positive staining.
AU: arbitrary units; ND: non-detectable; ns: not significant; *P b 0.05; **P b 0.01.
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results obtained in C3H/HeJ mice, immunostaining showed that
CVB3 infection induced intensive macrophage infiltration, which
was slightly reduced in Lgals3−/− mice (Fig. 4H).
Taken together, our results indicate that Gal-3 has no role in CVB3 rep-
lication but is involved in the heart tissue inflammation and cardiomyo-
cyte damage present in the acute phase of CVB3-induced myocarditis.



Fig. 5. Genetic disruption of Gal-3 results in reduced fibrosis. A) Collagen staining with picrosirius red in the hearts of all groups (Mock, Mock Lgals3−/−, CVB3 and Lgals3−/− + CVB3) of
C57BL/6Jmice at 30 dpi. Arrows indicate collagen staining. B) Fibrosis score of all groups ofmice at 30 dpi (n=6). C) qRT-PCR analysis of proCol ImRNA in heart samples from all groups of
mice at 30 dpi (n= 6). D) qRT-PCR analysis of αSMAmRNA in heart samples from all groups of mice at 30 dpi (n= 6). E) qRT-PCR analysis of natriuretic peptide type A (ANP)mRNA in
heart samples from all groups at 30 dpi (n = 6). F) qRT-PCR analysis of natriuretic peptide type B (BNP) mRNA in heart samples from all groups at 30 dpi (n = 6). AU: arbitrary units;
**P b 0.01; ***P b 0.001.
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3.5. Gal-3 disruption reduced fibrosis

We also characterised the role of Gal-3 in the chronic phase of CVB3-
induced murine myocarditis by analysing fibrosis. WT-infected mice
had high collagen staining, which was significantly reduced in infected
Lgals3−/− mice and minimal in uninfected controls (Fig. 5A), scoring
9.58 ± 1.46, 4.70 ± 0.43, 2.40 ± 0.27, and 2.30 ± 0.51, respectively
(Fig. 5B) (P b 0.001 versus control mice and P b 0.01 between infected
mice, n = 6). These results were confirmed by mRNA expression levels
of proCol I (Fig. 5C) andαSMA (Fig. 5D) (P b 0.01 and P b 0.001 between
WT CVB3 versus all other mice, n = 6). Considering that increased
collagen content results in reduced cardiac contractility, we next decid-
ed to test whether the reduction in fibrosis observed in infected
Lgals3−/−micewould result on improved cardiac outcome. For this pur-
pose, we measured mRNA levels of A and B-type natriuretic peptide
(ANP and BNP, respectively) that are markers of cardiac dysfunction
[29,30]. Results showed increased levels of both markers in the WT-
infected mice that were significantly reduced in Lgals3−/− infected
mice (Fig. 5E, P b 0.001 between WT-infected mice versus all other
mice, n = 6 and Fig. 5F, P b 0.01 between WT-infected mice versus all
other mice, n = 6).

In summary, Gal-3 genetic disruption results in decreased fibrosis
and improved cardiac function.

3.6. Gal-3 inhibition reduced acute myocarditis

To further clarify the role of extracellular Gal-3 in acute VM, mor-
tality, viral titres and cardiac pathology were examined in CVB3-
infected mice treated or not with Gal-3i (Fig. 6A). The CVB3 and
CVB3 + Gal-3i mice showed 70 and 75% of survival, respectively
(Fig. 6B, n = 10–12). As expected, Gal-3 inhibition did not alter
Gal-3 mRNA expression levels (Fig. 6C, n = 6). As shown in
Figs. 6D–E, Gal-3 inhibition had no effect on viral burden in the
serum or hearts of infected mice at 3 and 7 dpi. No viral RNA was de-
tected in the hearts of infected mice at 30 dpi, indicating that Gal-3
inhibition did not affect viral clearance (data not shown). However,
while multifocal myocarditis was observed in CVB3-infected mice,
CVB3+Gal-3i mice showed reduced tissue damage (Fig. 6F), scoring



Fig. 6. Pharmacological inhibition of Gal-3 did not modify viral burden but reduced acute myocarditis. A) Gal-3 inhibitor (Gal-3i) injection and infection scheme in C3H/HeJ mice.
B) Percentage of survival in all groups (Mock, Mock + Gal-3i, CVB3, and CVB3 + Gal-3i) of mice (n = 10–12). C) qRT-PCR analysis of Gal-3 mRNA in heart samples from all groups of
mice at 7 dpi (n = 6). D) Viral titres in the serum and heart from all groups of mice at 3 dpi (n = 6). E) Viral titres in the serum and heart from all groups of mice at 7 dpi (n = 6).
F) Representative haematoxylin–eosin staining of the hearts from all groups of mice at 7 dpi. Arrows indicate myocarditic foci. G) Myocardial damage score of all groups of mice at
7 dpi (n = 6). H) qRT-PCR analysis of CCL-2 mRNA in heart samples from all groups of mice at 7 dpi (n = 6). I) qRT-PCR analysis of cardiac troponin I (cTnI) mRNA in heart samples
from all groups of mice at 7 dpi (n = 6). AU: arbitrary units; ND: non-detectable; ns: not significant; *P b 0.05.
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3.10 ± 0.34 and 2.20 ± 0.36, respectively (Fig. 6G, P b 0.05, n = 6),
and decreased mRNA levels of the inflammatory marker CCL-2
(Fig. 6H, P b 0.05, n = 6).

Thus, pharmacological blockade of Gal-3 does not affect viral rep-
lication, but reduces the heart tissue inflammation and cardiomyo-
cyte damage present in the acute phase of CVB3-induced acute
myocarditis.
3.7. Gal-3 inhibition improved body weight recovery and reduced fibrosis

Finally, we analysed the chronic phase of CVB3 infection in Gal-3i
treated mice (Fig. 7A). Treatment resulted in a significant recovery of
body weight of infected animals (Fig. 7B, P b 0.05, n = 6). In addition,
Gal-3 inhibition reduced the cardiac fibrosis that followed CVB3-
induced myocarditis (Fig. 7C), scoring 3.98 ± 0.27, 3.75 ± 0.31,



Fig. 7. Pharmacological inhibition of Gal-3 reduces fibrosis. A) Gal-3i injection and infection scheme in C3H/HeJ mice. B) Percentage of body weight change in all groups (Mock,
Mock + Gal-3i, CVB3, and CVB3 + Gal-3i) of mice (n = 6). C) Picrosirius red for collagen staining from hearts of all groups of mice at 30 dpi. Arrows indicate collagen staining.
D) Fibrosis score of all groups of mice at 30 dpi (n = 6). E) qRT-PCR analysis of proCol I mRNA in heart samples from all groups of mice at 30 dpi (n = 6). F) qRT-PCR analysis of
αSMA mRNA in heart samples from all groups of mice at 30 dpi (n = 6). G) qRT-PCR analysis of natriuretic peptide type A (ANP) mRNA in heart samples from all groups at 30 dpi
(n = 6). H) qRT-PCR analysis of natriuretic peptide type B (BNP) mRNA in heart samples from all groups at 30 dpi (n = 6). AU: arbitrary units; *P b 0.05; **P b 0.01; ***P b 0.001.
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13.31 ± 1.48 and 8.99 ± 0.10 for Mock, Mock + Gal-3i, CVB3 and
CVB3 + Gal-3i, respectively (Fig. 7D, P b 0.001 and b0.01 CVB3 com-
pared to control and to CVB3 + Gal-3i mice, respectively, n = 6).
These results were confirmed by mRNA levels of proCol I (Fig. 7E,
P b 0.01 and P b 0.05 compared to control or CVB3 + Gal-3i mice,
respectively, n= 6) andαSMA (Fig. 7F P b 0.001 and P b 0.01 compared
to control or CVB3+Gal-3i mice, respectively, n=6). To analyse cardi-
ac outcome we measured ANP and BNP mRNA levels. Results showed
increased levels of bothmarkers in the CVB3 infected mice and a signif-
icant reduction on Gal-3i treated infected mice (Fig. 7G, P b 0.01
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compared to all groups ofmice, andH, P b 0.01 compared to all groups of
mice, n = 6, respectively).

The results demonstrate that Gal-3 inhibition significantly reduces
chronic fibrosis and improves cardiac function in CVB3-induced chronic
myocarditis.

4. Discussion

In this study, we investigated the role of macrophages and Gal-3 in
the CVB3-induced murine myocarditis model. We demonstrated that
macrophages play a critical role in controlling viral replication, acute
cardiac inflammation and chronic fibrosis. In addition we showed that
CVB3 infection triggers acute and chronic enhanced expressions of
Gal-3 in the heart and that genetic disruption or pharmacological inhi-
bition of Gal-3 results in a moderate reduction of acute myocarditis
but in a marked decrease of chronic fibrosis without affecting viral
replication.

Althoughwe did not find differences in the survival rate between in-
fected untreated animals and those depleted of macrophages, previous
work using the CVB3murinemodel showed thatmacrophage depletion
increased mice mortality [31]. However, the fact that macrophage de-
pletion was achieved using silica particles, a procedure associated
with increasedmacrophage activation [32], leads to uncertainty regard-
ing the role of macrophages in that study [33].

Our results showed that macrophage depletion results in increased
viral titres concomitantwith reduced cardiomyocyte necrosis and tissue
inflammation. Macrophages are major components of host defence and
have been associatedwith viral clearance from infected tissues in sever-
almurinemodels of acute viral infection, includingmurine cytomegalo-
virus [34], West Nile virus [35] and influenza virus [36]. Moreover,
macrophage depletion resulted in enhanced influenza virus replication
and lung inflammation, indicating that macrophages control influenza
virus lung infection and limit the development of tissue injury [37]. In
contrast, in myocarditis induced by the picornavirus encephalomyocar-
ditis virus, depletion of macrophages reduced viral burden and pathol-
ogy suggesting that in this case, macrophages are involved in viral
replication and dissemination [38]. In agreement with previous studies
where acute necrotic cardiomyocytes were surrounded predominantly
by natural killer cells (NK cells), macrophages and T lymphocytes [39,
40], our results showed that infiltratingmacrophages aremostly related
to myocarditic foci. In addition, severe combined immunodeficiency
(SCID) mice, which lack functional T and B cells but have functional
NK cells and macrophages, showed overwhelming necrotizingmyocar-
ditis caused not only by CVB3 [41], but also by the picornavirus Theiler's
murine encephalomyelitis virus [42]. However, NK cells seem to play a
role in pancreas resistance to CVB infection [43] but do not alter the car-
diac viral clearance after its depletion [44], or inhibition [45]. Taken to-
gether, it seems that in CVB3-induced myocarditis, cardiac infiltrating
macrophages have a major role in the early clearance of infected
cardiomyocytes in accordance with the assigned dual role of macro-
phages not only limiting tissue injury but also increasing tissue damage
[46]. The fact that macrophage-depleted mice also presented lower
body weight suggests that besides their role in chronic myocarditis,
macrophages might have additional roles, controlling viral replication
and/or tissue damage in other organs.

Persistence of viral RNA has been involved as a pathogenic mecha-
nism linking acute VM to CMD [5,47]. This persistence was observed
only in some strains of mice and was related to the degree of viral bur-
den and the extent of acute necrosis [48]. It involved cardiomyocytes, B
cells and macrophages [49]. Although we observed higher viral titres
(but less pathology) in macrophage depleted mice, there was an ab-
sence of RNA persistence, suggesting that macrophages do not play a
role in this pathogenic mechanism.

Several studies have shownmacrophages to have an important role in
promoting fibrosis [50–52]. Nevertheless, in most of these studies, tissue
damage was achieved by drug treatment or mechanical obstruction, not
after viral infection, where macrophages are first involved in controlling
viral replication and dissemination, a fact that may affect their later
roles. In our model, fibrosis was reduced in macrophage-depleted mice,
suggesting that macrophages play an important role in promoting heart
fibrosis. According to our data, the reduced fibrosis may also be due to
the reduced acute tissue damage and inflammation in macrophage-
depleted mice.

We also demonstrated that CVB3 murine infection resulted in in-
creased Gal-3 expression at both transcript and translational levels in
macrophages and also in the acute and chronic phases of viral myocar-
ditis. We also observed increased Gal-3 secretion by macrophages. The
fact that Gal-3 staining was mainly associated with the cell exudate,
and that macrophage depletion resulted in a significant reduction of
Gal-3 expression strongly suggests that macrophages are the main
source of cardiac Gal-3. These observations are in agreement with find-
ings made in hypertrophied hearts where Gal-3 was not detected in
cardiomyocytes but it was found in infiltrating cells, mostly macro-
phages [53].

Several studies showed that Gal-3 has a major role as an acute
and chronic inflammatory mediator [16] during parasitic [54], viral
[55], or bacterial [56] infections and in chronic fibrosis of the liver
[57], kidney [52] and heart [18]. Our data showing that viral burden
was similar in the acute phase in Lgals3−/− mice compared toWT lit-
termates or mice treated with the Gal-3 inhibitor N-acetyl-D-
lactosamine, suggesting that Gal-3 has no effect on CVB3 dissemina-
tion or replication. These results are in contrast with the reported en-
hanced infection by herpes simplex virus [58] and human T-cell
leukaemia virus [59]. These differences could be associated with
the different nature and replicative cycles of these viruses. Interest-
ingly, Lgals3−/− mice or Gal-3i-treated mice showed reduced acute
inflammation and necrosis, a fact that may be explained by its active
role in recruiting inflammatory cells [60,61], including macrophages
[20]. In addition, because of the reduced acute inflammation and/or
by a more direct role, genetic disruption of Gal-3 or its pharmacolog-
ical inhibition resulted in reduced fibrosis in the chronic phase of
CVB3-induced murine myocarditis. Furthermore, Gal-3 inhibition
also resulted in an improved clinical outcome interpreted as an increase
in bodyweight and reduced HFmarkers. This is in line with the observed
reversion of cardiac remodelling after transverse aortic constriction-
induced hypertrophy and improvement of left-ventricular function with
Gal-3 inhibition [23]. As a limitation of this study, it lacks heart functional
data such as haemodynamics and echocardiography. Further studies re-
gardingheart functionwill be needed in order to confirmour results. Nev-
ertheless, Gal-3 inhibition has been used for fibrosis treatment in several
animal models (reviewed in Refs. [62,63]) and it is under clinical trial for
the treatment of human idiopathic pulmonary fibrosis (US National Insti-
tutes of Health, ClinicalTrials.gov identifier: NCT02257177).
5. Conclusion

Our results show that reduction of CVB3-induced cardiac damage
and inflammatory responses, through inhibition of Gal-3, may be
achieved with the subsequent reduction of chronic fibrosis, opening
the possibility of new therapeutic strategies for human diseases.
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