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Myocarditis poses a severe health problem, can lead to dilated cardiomyopathy (DCM) and death, and is
thought to be triggered by infections. Enteroviruses such as Coxsackie virus B 3 (CVB3) have been
implicated as a culprit, since they can cause acute and chronic heart disease in susceptible mice. CVB was
detected in human cardiac myocytes in some cases, whereas acute CVB infection was thought to have
caused death. Here we studied, whether nasal administration of cardiac myosin (CM) major histocom-
patibility class (MHC) II peptides CM947e960 and CM735e747 and OX40 blockade would be able to
ameliorate immunopathology and heart disease in BALB/C mice infected with CVB3. We found that nasal
CM-peptide prophylactic treatment significantly reduced myocarditis and mortality by enhancing Treg
and IL-10 induction and that blockade of OX40 signaling could reduce heart inflammation when
administered late during pathogenesis. Altogether, these results chart the way for novel prevention and
intervention strategies for viral myocarditis.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Myocarditis is an inflammatory disease of the heart, which may
be the precursor of heart failure due to dilated cardiomyopathy
(DCM) [1e4]. In this study, we selected two coxsackie virus group B
type 3 (CVB3) virally-induced myocarditis (VIM) mouse models, in
which disease occurs after infection with CVB3. In the first model,
acute VIM with significant damage to cardiomyocytes and sudden
deathwithin the first 10 days after infection is induced [5e7]. In the
second model, following infection with heart-passaged CVB3
(hpCVB3), the initial, non-lethal signs of acute myocarditis become
chronic and autoimmune in nature. In both cases, the myocardium
becomes infiltrated by macrophages, B cells, and other lympho-
cytes, and heart damage with fibrosis is often observed [8,9]. The
chronic inflammatory disease in the second model is believed to be
due to an autoimmune response driven by effector T cells
responding to cardiac antigens [10e12]. Interestingly, among the
most common pathogens related to myocarditis development in
humans are enteroviruses and CVB3 in particular [5]. Most mouse
strains including the C57BL/6 strain are resistant to acute
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myocarditis and moreover do not progress in developing the
chronic features of the disease, while a certain proportion of BALB/C
males but not females are susceptible. However, resistance in
C57BL/6 mice can be overcome by treatment with LPS [13]. Herewe
studied the effect of nasal treatment simultaneously with cardiac
myosin (CM) derived major histocompatibility class (MHC) II
epitopes CM947e960 and CM735e747 (CM combo) [14] in male BALB/C
mice in acute and chronic CVB3-induced myocarditis.

The rationale for this study was that CM-specific regulatory T
cells (Tregs) would be induced after nasal treatment with CM
epitopes, a scenario that has been proven to be beneficial in other
autoimmune settings [15e17] and in experimental autoimmune
myocarditis (EAM) in particular [18,19]. Similar to other auto-
antigen-induced autoimmune pathologies, EAM results in suscep-
tible mice after subcutaneous injection of CM in complete Freund’s
adjuvant (CFA) and pertussis toxin. In both EAM and VIM models,
there is evidence that Tregs are involved in disease penetrance
and/or precipitation. For example, induction of acute VIM in
females during the estrus phase of the ovarian cycle seems to
invigorate the function of Tregs, protecting from heart disease and
sudden death [20]. The role of Th1 and Th2 effector cells in the
pathogenesis of both EAM and VIM is still unclear, although tumor
necrosis factor (TNF) [21,22] and more recently IL-6 have been
implicated as important mediators of the disease [23]. Here, we
report that intranasal CM combination peptide treatment protected
male BALB/C mice from acute myocarditis, sudden death, and
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progression to the chronic stage of the disease, through induction
of IL-10 and Tregs, and some downregulation of IFNg production.

In a second, complimentary approach, the pathogenic effector T
cell population was targeted. Of potential significance to myocar-
ditis, OX40 (CD134), a costimulatory receptor of the TNFR super-
family, has been detected on pathogenic effector T cells, coinciding
with increased levels of OX40-ligand (OX40L) expressed on
diseased cardiomyocytes [24e26]. Therefore we reasoned to test
the efficiency of targeting this interaction to protect from
progression to the chronic stage of the disease. Interestingly,
a beneficial effect of targeting OX40eOX40L signaling through anti-
OX40L blockade administration was revealed in halting disease
progression.

2. Materials and methods

2.1. Mice

Male BALB/C mice 6e8 weeks of age were obtained from the
Jackson Laboratories (Bar Harbor, ME). The animal work described
was carried out in accordance with the IACUC of the La Jolla Insti-
tute for Allergy and Immunology.

2.2. Acute and chronic virally-induced myocarditis models

Acute myocarditis model: 103 plaque forming units (PFU) CVB3
(Nancy strain), a sublethal dose, was used for the induction of acute
heart inflammation followed by sudden death and was prepared as
previously described [27].

Chronic myocarditis model: For inducing chronic disease, 103 PFU
heart-passaged viral stocks of CVB3 (hpCB3) were prepared and
used according to [5].

In all cases, viral stocks were stored at �80 �C in Dulbecco’s
Modified Eagle Medium (DMEM). BALB/C mice were infected
intraperitoneally (i.p.).

2.3. Peptide treatments

Nasal administration-acute myocarditis model: Mice were treated
for 3 consecutive days prior to infection with CVB3 (days �3, �2,
�1) with the CM-derived peptides CM947e960 and CM735e747 (CM
combo) after diluting in sterile 1� DPBS and mixing. 40 mg of each
peptide was given in the mouse nostril while anesthetized with
isoflurane. Peptides were purchased from Abgent with more than
90% purity (San Diego, CA).

Nasal administration-chronic myocarditis model: Mice were
treated with the aforementioned CM-peptide mix for 3 consecutive
days: a) prior to infectionwith hpCVB3 (days�3,�2,�1), b) during
the acute phase of the immune response (days 7, 8, 9), and/or c)
during the transition to the chronic phase of the immune response
(days 20, 21, 22).

2.4. Flow cytometry

Flow cytometry antibodies were purchased from BD-Pharmin-
gen, e-Bioscience and Biolegend (all San Diego, CA). Single-cell
suspensions, after a 2.4G2 blocking step, were stained with the
following directly conjugated antibodies: CD4-Pacific Blue or
PECy7, CD69-FITC, CD62L-APC, CD45.2-PerCPCy5.5, CD8-APCCy7 or
FITC, CD44-Pacific Blue, CTLA-4-PE, CD25-APCCy7, CD127-PeCy7
and OX40-PE (isotype controls for all antibodies were included). For
intracellular Foxp3 detection, cells were fixed with Fix/Perm buffer
and stained with anti-Foxp3-APC (e-Bioscience). Cells were
acquired on an LSRII flow cytometer (BD Biosciences) and analyzed
using FlowJo software (Treestar, Ashland, OR).
2.5. Histopathology and scoring

At the indicated time points, hearts were removed and cut
longitudinally into half with a scalpel; one half fixed in 4% PFA
overnight and kept in 70% ethanol until further processing. Tissues
were paraffin embedded with the cut surface down and sections of
5 mm thickness were cut for hematoxylin and eosin (H & E) staining.
Paraffin blocks and sections were prepared and stained by the
Histology and Immunohistochemistry Shared Resource (University
of California, San Diego, Moores Cancer Center, CA). Inflamed hearts
were characterized by the presence of interstitial infiltrate of
usually mononuclear cells associated with focal myocyte necrosis
and in acute cases fibrosis. In some cases, extensive tissue necrosis
was seen in the pericardium (pericarditis). Heart sections were
scored blindly according to the following scoring criteria: grade 1:
0e10% of the total heart tissue shows immune inflammation
(presence of lymphocytic infiltration) or any kind of tissue
pathology i.e. pericarditis, grade 2: 11e25%; grade 3: 26e50%;
grade 4: greater than 50%.

2.6. ELISPOT

IL-10, IL-17 and IFNg (BD-Pharmingen and Biolegend) producing
cytokines were detected by ELISPOTas previously described [28]. In
brief, splenocytes from CM peptide-immunized and control,
hpCVB3-infected mice were diluted by factor of two starting at
106 cells/well down to 0.25�106. Cells were cultured for three days
in the presence of CM-combo peptide and recombinant IL-2 (50 U/
ml) (Roche, Pleasanton, CA). Color was developed with 3-amino-9-
ethylcarbazole (AEC) (SigmaeAldrich, St Louis, MO) and H2O2.
Lastly, plates were rinsed in water, left air dried, and spots repre-
senting cytokine-producing cells were photographed and counted
using a computer-assisted image analysis (Zeiss KS ELISPOT reader).

2.7. Antibody treatments

Mice were treated at the indicated time points with
150 mg/mouse anti-OX40L (clone RM134L, Biolegend) or anti-CD25
(clone PC61, BD-Pharmingen) or anti-IL-10 (clone JES5-2A5) and
isotype antibody controls.

2.8. Adoptive transfer experiments

Splenocytes from CM combo treated, hpCVB3-infected mice
were pooled together. Splenocytes were depleted of CD8 T cells by
using anti-CD8 antibody incubation (BioLegend, San Diego, CA,
USA), followed by incubation with sheep anti-Rat IgG coated
Dynabeads (Invitrogen, San Diego, CA, USA). Following the CD8-
depletion step, cells were resuspended at 10 � 106/ml in 10%vol/vol
RPMI containing 50 U/ml rhIL-2 and 20 mg/ml combo peptide mix,
and cultured for 3 days. Next cells were further purified into
CD4þCD25þ or CD4þCD25� fractions using the CD4þCD25þ Regu-
latory T cell isolation kit (Miltenyi Biotech, Auburn, CA). At least
1 �106 total purified lymphocytes were stained with CFSE [29] and
adoptively transferred intravenously (i.v.) into new BALB/C mice,
which were subsequently infected with hpCVB3.

2.9. Heart infiltrate isolation

Heart infiltrate was prepared as previously described [23]. In
brief, mice were killed with CO2 and immediately perfused with
1� DPBS. One half of the each mouse heart was kept for histology
(described above), whereas the other half was minced and
digested with 0.2% collagenase type II, 0.25% pancreatin (both
from SigmaeAldrich, USA) and 0.1% DNase I (Roche Applied
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Science, Basel, Switzerland) for 7 min at 37 �C. Digestion was
stopped with the addition of 0.1 M EDTA. Following digestion,
single-cell suspensions were prepared by filtering through stain-
less steel mesh 200 gauge.

2.10. Statistics

Unpaired Student’s t-test was implemented for all statistical
analysis apart from differences in disease severity, which were
calculated with the Mann Whitney U test. p values lower than 0.05
(*) were considered significant.

3. Results

3.1. Intranasal CM-combo peptide (CM947e960 and CM735e747)
administration protects male BALB/C mice from sublethal CVB3
infection

Acute myocarditis can be induced in BALB/C male mice after
infection with 103 plaque forming units (PFU) of CVB3 (Nancy
strain). Acute myocarditis is an inflammation of the heart muscle,
which within 10 days after infection typically proceeds into heart
Fig. 1. Prevention from death caused by sublethal CVB3 infection after nasal CM-peptide tre
old male BALB/C mice were infected with 103 PFU CVB3. Mice were immunized nasally for 3
�3, �2, �1) or left untreated. (A) Survival was followed over time post-infection (p.i.) with
fifteenth day after infectionwere subsequently divided in two groups: one that was treated w
that remained untreated (n ¼ 7). Of these, two more mice died, one belonging into the anti-
first antibody infection and one more belonging to the untreated group, which died at 19e2
45 days after infection shown in (BeC). CVB3-infected BALB/C mice treated with anti-OX40L
stained sections from hearts of CVB3-infected and naïve mice treated with CM peptides or
failure and sudden death. Disease is more severe in males than
females and some studies suggest a role of estrogens on the activity
of immunosuppressive Treg populations [20]. Here, we attempted
to induce cardiac-specific Tregs by nasal immunization with the
CM-derived peptides CM947e960 and CM735e747, which were previ-
ously described to induce EAM in BALB/Cmice [14,18].We sought to
combine both epitopes in order to enhance our protective effect
(combination therapy). In order to understand the effect of nasal
CM-combo peptide vaccination in CVB3-induced acute myocarditis,
male BALB/C mice were treated for 3 consecutive days prior to
infection with CVB3. Mice were separated in 2 experimental
groups: 1) nasal CM-peptide treatment (n ¼ 12), and 2) no treat-
ment (n ¼ 16). As shown in Fig. 1A, a significant reduction in the
percentage of mice dying from the sublethal CVB3 infection was
seen. The majority of nasal peptide treated mice survived (11 out
of 12), while 5 out of 16 (31.25%) died in the group not treated with
the CM peptides by the twentieth day after infection. While most of
the untreated mice died in the first 10 days after the infection, few
perished later, one at 17 and one at 20 days after infection
(next section in more detail). However, in both groups of mice,
significant heart inflammation was detectable in those mice that
survived the infection (Fig. 1BeC).
atment, and reduction in cardiac inflammation after anti-OX40L blockade. Seven-week
consecutive days with CM947e960 and CM735e747 (40 mg each) before viral infection (days
CVB3. *p < 0.05. Thirteen mice surviving the infection in the untreated group by the
ith anti-OX40L, 150 mg per mouse on days 15, 17, 19 from infection (n ¼ 6), and a second
OX40L group that was already sick at the time of the treatment and died soon after the
0 days after infection. In the remaining mice, myocarditis severity score was evaluated
displayed the highest reduction in heart inflammation. Hematoxylin and eosin (H & E)
anti-OX40L.
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3.2. Anti-OX40L blockade inhibits myocarditis progression in mice
surviving the lethal CVB3 infection

Given the results described above, we sought to investigate the
effect of anti-OX40 blockade (clone RM134L) treatment in halting
myocarditis severity. To this end, 13 mice in the untreated group
that remained alive by the fifteenth day after infectionwere divided
into two sub-groups: one, which remained untreated (n ¼ 7), and
a second group that received three anti-OX40L blocking antibody
injections (150 mg/mouse) on days 15, 17 and 19 after infection
(n ¼ 6). Of those, one mouse in the anti-OX40L group and already
sick at the time of treatment died after the first antibody injection
on day 17, while one more mouse in the group that remained
untreated died 2e3 days later. We cannot conclude whether anti-
OX40L therapy protected the mice from further lethality to CVB3
infection, however, histological examination of the heart tissue at
day 45 revealed a significant reduction in inflammation after OX40L
blockade treatment, whereas nasal CM-peptide treated and control
mice displayed similar degrees of inflammation (Fig. 1BeC). Alto-
gether, nasal CM-peptide treatment can protect male BALB/C mice
from acute myocarditis acute myocarditis-associated mortality,
while persistent CVB3-driven heart inflammation can be reduced
by anti-OX40L blockade treatment.
3.3. Nasal CM-combo peptide treatment increases Treg frequency in
blood and spleen and protects from autoimmune myocarditis

Since autoimmune myocarditis is more relevant to the human
disease, the majority of our follow-up studies were conducted with
the chronic hpCVB3-induced model. Similarly, we attempted to
induce Tregs by nasal immunizationwith the CM-derived peptides,
following several nasal immunization protocols, since we were not
sure which would deliver the most beneficial effect. In male BALB/C
mice, infection with hpCVB3 virus leads to a peak in myocarditis
around day 7 post-infection (p.i.), which resolves after w21 days
and is followed by a second T cell-driven chronic phase of the
disease, which occurs around day 28e35 p.i. [8]. To this end, three
consecutive daily treatments from the day of infection (d ¼ 0) were
conducted: a) before viral infection (�3, �2, �1), b) during the
acute phase of the immune response [7e9], 3), and/or c) during the
transition to the chronic phase of the immune response [20e22].
We also conducted a combination of a), b) and c). Interestingly, the
best outcome was obtained when immunizations had started prior
to hpCVB3 infection (data not shown). Moreover, the best protec-
tionwas seenwhen immunizations were initiated prior to infection
Fig. 2. Intranasal CM-peptide immunization protocol. A limited number of mouse strains, in
stage after infection with a cardiotropic strain of CVB3. The peak of inflammation of this earl
the figure. The mice usually do not die from the viral myocarditis in this model but rather pr
by the production of antibodies to cardiac myosin (indicated by the second wave, autoimmu
PFU heart-passaged CVB3 (hpCVB3, Nancy strain). Mice were immunized nasally for 3 conse
lines) time points.
and repeated at the peak of the response and again at the transition
to the chronic phase (Fig. 2).

Upon nasal treatment with CM peptides following the scheme
presented in Fig. 2, no effect on heart inflammation (mostly seen as
pericarditis) was seen 11 days after infection with hpCVB3 (Fig. 3).
This time point though coincides with the contraction phase of the
initial response, where minimal residual inflammation can usually
be detected. Histological examination of the heart tissues 35 days
after infection, when the chronic nature of the disease starts to
peak, showed significantly reduced inflammation in the hearts of
the mice treated with the CM peptides (mean score 1.5 � 0.5)
compared to non treated (mean score: 2.5 � 1.5) suggesting that
induction of tolerance toward the targeted autoantigens e CM
peptides e was achieved (Fig. 3). Interestingly, viral titers
predominantly in the heart evaluated on day 11 after infectionwith
plaque assay showed no differences, suggesting that the treatment
did not significantly alter the antiviral immune response (data not
shown).

As disease is thought to be driven by T cells and antagonized by
Treg, CD4þ and CD8þ T cell populations were analyzed in the
spleen, heart and blood by flow cytometry on days 5, 11, and 35
after infectionwith hpCVB3. Since no significant disease-associated
alterations in the markers expressed on CD8þ T cells were observed
(data not shown), the results we obtained in the CD4þ population
are documented. Nasal treatment with CM peptides showed no
difference in the CD4þ effector memory-like population identified
as CD44hiCD62Llow cells (data not shown). Interestingly, upon
examining Treg fluctuation over time, we observed that after CM-
combo peptide immunization, there was a transient and signifi-
cantly higher induction in the blood compared to the control group.
Two days after the last nasal immunization prior to infection with
hpCVB3, Treg frequency in the blood was w7% for the control
group, while the frequency in immunized mice was 9% (Fig. 4A).
However, this difference was lost after CVB3 infection at three time
points analyzed (5, 11 and 35 days after infection). In the spleens of
infected mice that received CM-peptide treatments on the other
hand, the Treg frequency slightly peaked at 35 days after infection,
somewhat correlating with protection from the disease (Fig. 4AeB).
No differences were observed in the Treg frequency within the
heart infiltrate (Fig. 4C).

In order to further demonstrate the involvement of Treg in
mediating tolerance after nasal CM-peptide treatment, CD4þ T cells
from treated and uninfected mice were purified two days after the
last treatment and separated into CD25þ and CD25� fractions. Both
fractions were CFSE labeled and subsequently adoptively trans-
ferred by i.v. injection into recently infected mice (day 6 after
cluding male BALB/C, seem to develop an acute viral myocarditis followed by a chronic
y viral myocarditis is around nine days after the infection indicated by the first wave in
ogress to a chronic myocarditis with generalized mononuclear infiltration accompanied
ne myocarditis). Here, six to eight-week old male BALB/C mice were infected with 103

cutive days with CM947e960 and CM735e747 (40 mg each) at the indicated (vertical small



Fig. 3. Reduced cardiac inflammation after nasal CM-combo peptide vaccination. Seven-week old BALB/C mice were infected with 103 PFU hpCVB3 (Nancy strain). Mice were
treated according to the protocol shown in Fig. 2. (A) Severity scores of individual diseased and control (naïve) BALB/C mice at 11 days (upper panels) or 35 days (lower panels) post-
infection (p.i.) (B) H & E histological heart sections from uninfected, CM-peptide combo immunized and untreated CVB3-infected mice for the same time points after infection.
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infection). We monitored the engraftment of the cells by weekly
blood withdraws and we saw no signs of proliferation, while Foxp3
levels became reduced over time in mice that received the CD25þ

fraction (data not shown). Next, we evaluated for the presence of
heart inflammation in mice receiving these T cells, assessed 35 days
after virus infection. Interestingly, as shown in Fig. 4DeE,
CD4þCD25þ cells from the nasal CM-peptide treated group were
able to halt autoimmune myocarditis progression. While additional
experimentation is necessary to fully reveal their in vivo mecha-
nism of action, the data discussed further below indirectly impli-
cate IL-10 production in tolerance induction.

3.4. Nasal CM-combo peptide treatment increases IL-10 production
in the spleen

In this study, we measured IL-17, IFNg and IL-10 levels with
ELISPOT immunoassay in spleens derived from mice immunized
with CM-combo peptide at 11 and 35 days post-infection (p.i.).
Interestingly, we could not identify clear alterations in the
expression levels of IL-17. Nevertheless, as it is clearly shown in
Fig. 5AeB (and data not shown), an increased expression IL-10 was
seen in mice treated nasally, while IFNg was somewhat but not
statistically significantly dampened 11 days after disease induction.
In order to examine the importance of the elevated IL-10 levels,
anti-IL-10 blocking approaches were conducted simultaneously
with nasal CM-peptide treatments. More specifically, mice that
were nasally immunized following the regimen described in Fig. 2,
were treated intraperitoneally (i.p.) twice with 150 mg anti-IL-10
(clone JES-A25) at days 2 and 22 after infection. As controls, mice
infected with CVB3 but not treated with CM peptides were treated
with anti-IL-10. As shown in Fig. 5CeD, upon in vivo IL-10
neutralization, the majority of CM-peptide nasally treated mice
displayed an enhanced degree of autoimmune myocarditis. These
results provide significant evidence for IL-10 in mediating protec-
tion from the disease after nasal CM-peptide treatment.

Interestingly, upon closer look at bystander cytokine production
(without stimulation) ELISPOT results, an interesting observation
was made: CVB3 viral infection-induced increased levels of IFNg
and IL-10 in splenocytes from mice 11 days after infection (Fig. 5).
While the elevation of IFNg was somewhat expected, we were
startled to observe the elevated of IL-10 levels caused by CVB3.
Interestingly, IL-10 neutralization seemed to somewhat exacerbate
disease progression suggesting that among the mechanisms
controlling excessive immunopathology following CVB3 infection
is through IL-10 production. Following similar cytokine production
analysis at a later time point, 35 days after infection, no such
bystander IL-10 cytokine production was seen (data not shown).

3.5. Anti-CD25 treatment increases bystander IL-10 production and
protects from autoimmune myocarditis

Our results in Fig. 4 implicated a role for CD4þCD25þFoxp3þ

Tregs in tolerance induction after nasal CM-peptide treatment. In
order to further address how this population might be involved in
tolerance induction, we followed an additional approach: Tregs
were depleted concomitantly with CM-peptide treatments. More
precisely, mice vaccinated nasally with CM peptides following the
regimen described in Fig. 2, were concomitantly treated four times
i.p. with 150 mg anti-CD25 (clone PC61), at days �8, �2, 18 and 22
from infection. In the control group, mice infected with CVB3 not
treatedwith CM peptides were included. Interestingly, upon in vivo
CD25 depletion significantly reduced autoimmunemyocarditis was
seen in all of the groups (data not shown). We next examined for
the presence of CD4þCD25þFoxp3þ cells on days 11 and 35 after
infection and for the presence of cytokines by ELISPOT immuno-
assay. Anti-CD25 in vivo administration was effective in depleting
CD4þCD25þFoxp3þ cells in CM-peptide treated and control mice.
Phenotypic analysis conducted in spleen, blood and heart infiltrate
showed great reduction in the frequency of CD4þCD25þFoxp3þ

cells (Fig. 6A and data not shown). Since effectors are also
expressing CD25 upon CVB3 infection, we assume that the
protective effect observed after anti-CD25 depletion was due to
elimination of the auto-reactive effectors and not the Tregs.

Taking our model further, we analyzed the cytokine production
profile inmice after anti-CD25 treatment by ELISPOT analysis. To our
great surprise, an unexpected outcome was revealed: anti-CD25



Fig. 4. Treg frequency increases after nasal CM-peptide immunization. (A) Spleen and or blood derived lymphocytes from CM-peptide-immunized mice were stained and analyzed
with flow cytometry to determine the frequency of Treg (CD25þFoxp3þ). The frequency was determined over time after gating on total CD4þ/CD127low T cells, n ¼ 4 mice per group.
The data are significantly different among CM-peptide treated group and no treatment only for the indicated time points. These can be identified by the asterisk “*”, which
determines a p value �0.05. (B) Representative flow cytometry plots indicating the frequency of Treg in the spleen after gating on CD4þ/CD127low cells, 35 days post-infection (p.i.)
with hpCVB3. (C) Treg frequency in the heart infiltrate at the indicated time points p.i. (D) Histological scoring and representative microphotographs from hearts of mice after
receiving 1 � 106 CFSE-labeled CD4þCD25þ or CD4þCD25� cells from CM-combo peptide-immunized mice.
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blockade increased the bystander IL-10 cytokine production in the
spleens of the anti-CD25-treated mice (Fig. 6B). Based on these
findings, we assume that anti-CD25 treatment abolished the gener-
ation of CD25þ Tregs and but also effectors, while it enhanced the
overall bystander IL-10 production already set in place by the CVB3
infection. These results provide a novel concept regarding the regu-
lation of the antiviral CVB3 response and consequently autoimmune
myocarditis in infected mice. Progression to CVB3-induced myocar-
ditis appears to be controlled to a great extent by an IL-10 circuit that
requires further investigation in order to be fully elucidated.

3.6. OX40 is primarily expressed on CD8þ and Tregs; blockade of
OX40eOX40L signaling reduces CVB3-induced autoimmune
myocarditis

Here, we investigated the effect of blocking OX40eOX40L
interaction in affecting autoimmune myocarditis progression. At
first, we monitored the OX40 levels within the CD4þ and CD8þ

populations in spleen and blood. Within the CD4þ, Treg cells
constitutively high expressed OX40 (Mean Fluorescence Intensity
[MFI]: 180 � 10), which increased over time after CVB3 infection
(Fig. 7AeC and data not shown). While non-Treg cells did not
express neither significantly upregulated OX40, we observed an
increase in CD8þ cells. More precisely, CD8 cells constitutively
expressed low levels of OX40 (MFI: 28 � 2), which increased at the
transition to the chronic stage of myocarditis (MFI: 32 � 2)
(Fig. 7AeC and data not shown). The elevated expression of OX40 on
CD8þ and moreover Tregs further perplexes our second hypothesis,
where anti-OX40L blocking treatments were initially considered.

Mouse Treg constitutively express OX40, and some studies have
suggested that OX40 might regulate the expansion or survival of
Treg. However, whether this is a natural physiological activity of
OX40 for Treg is unclear as other studies have shown that OX40
signaling can prevent the induction of adaptive Foxp3þ (aTreg) or IL-
10þ Treg, and can also downregulate suppressive activity in natural
Foxp3þ Treg. Ultimately, the effect of blocking OX40eOX40L inter-
actions will depend on the balance of OX40 signaling to either an
effector T cell or aTreg. As most studies of OX40L neutralization in
autoimmune and inflammatorymodels have shown reduced disease
and inflammation, this implies that targeting OX40L predominantly



Fig. 5. IL-10 induction in the spleen of nasally CM-combo peptide treated mice. Seven-week old BALB/C mice were treated nasally with CM peptides according to the scheme shown
in Fig. 2. Mice were infected with 103 PFU of hpCVB3 (Nancy strain). On day 11 after infection, mice were killed and assayed for the production of IFNg, IL-10 and IL-17 by ELISPOT.
(A) Representative ELISPOT pictures for IFNg and IL-10 cytokines without (w/o) or after in vitro stimulation with the CM peptides (þpept). As control, untreated and uninfected mice
were included. (B) Cumulative ELISPOT results for IFNg and IL-10, n ¼ 4 mice per group. *p < 0.05, **p < 0.005, ***p < 0.001. (C) Histological scoring for the presence of heart
inflammation in individual diseased BALB/C mice at 35 days p.i. treated with anti-IL-10 blocking antibody. Mice were treated twice i.p. with 150 mg anti-IL-10 mAb (clone JES-A25) at
days 2 and 22 post-infection (p.i.). (D) H & E stained sections from hearts of anti-IL-10 blockade treated mice 35 days after infection. The degree of pericarditis is increased after anti-
IL-10 blockade treatment in CM-peptide treated and control mice.
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affects the effector arm of the T cell response. This is also substan-
tiated by the observation that in murine as well as in human
diseased cardiac myocytes, expression of TNF ligand superfamily
costimulatory molecules was elevated implying a role in cellecell
mediated myocardial damage [24e26]. In addition, targeting
a number of other costimulatory molecules that can also be
expressed on Treg as well as effectors, including CD40eCD40L,
CD28-B7, and 4-1BBe4-1BBL have been proven beneficial in
ameliorating the course of many autoimmune diseases, including
myocarditis [30e32]. Therefore, in order to address this question in
CVB3-induced myocarditis, BALB/C mice infected with CVB3 were
treated with 150 mg of blocking anti-OX40L mAb (clone RM134L) i.p.
three times, at the transition to the chronic phase (days 16, 18 and
20 p.i.) andmonitored for signs of disease. Significantly, the degree of
heart inflammation was decreased as evaluated histologically
(Fig. 7DeE and data not shown) suggesting that while Treg might
express OX40, blocking OX40-OX40L interactions predominantly
suppresses the effector/pathogenic T cells.
Taken together, our results have shown that nasal CM-combo
peptide treatment ameliorates CVB3-myocarditis progression
when initiated at a prophylactic setting. The mechanism involves
invigoration of Foxp3þ Treg and IL-10 production. Interestingly,
endogenous IL-10 production seems to act as a compensatory
mechanism involved in controlling excessive immunopathology
following infection with CVB3. On the other hand, OX40 is
predominantly expressed on CD4þ effector T cells and Treg and
anti-OX40L blockade approaches can provide additional treatment
strategies when conducted late during disease progression.

4. Discussion

Infection with cardiotropic viruses, such as CVB3 (Nancy strain),
can lead to myocardial damage in a limited number of susceptible
mouse strains, which depending on its severity, can lead to sudden
death or progress to autoimmune myocarditis [5,33]. In humans,
infection by viral, bacterial, protozoan and other pathogens can in



Fig. 6. Anti-CD25 treatment depletes Treg and effector cells while it upregulates bystander IL-10 production in the spleen. Mice were treated with anti-CD25 (clone PC61) depleting
antibody four times i.p. with 150 mg at days �8, �2, 18 and 22 p.i., n ¼ 3e4 mice per group. (A) Spleen cells from CM-peptide-immunized treated mice were stained and analyzed for
flow cytometry to determine the frequency CD4þCD25þFoxp3þ (Treg) on days 11 and 35 after infection. The frequency was determined after gating on total CD4þ T cells. (B)
Representative ELISPOT results for IL-10 without or after stimulation with the CM peptides in mice treated or not treated with the anti-CD25 depleting antibody.
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some severe cases cause heart infarction followed by heart failure
and in some rare cases death [34,35]. The most common virus
associated with persisting, chronic inflammation of the myocar-
dium in humans is CVB3. Interestingly, in the majority of these
cases, persistent viral genome can be found, suggesting that the
remaining inflammatory response is due to an ongoing antiviral
immunity [36]. Despite the lack of strong direct evidence in
humans [37], results in mice suggest that autoimmunity as a result
of cardiotropic CVB3 infection can occur [8]. In such cases, cardiac
myosin specific antibodies and T cell clones that persist after viral
clearance can be found that can cause de novo myocarditis upon
adoptive transfer into unmanipulated hosts [10e12]. Here, we took
advantage of a virally-induced myocarditis model, where acute
disease followed by sudden death and progression to autoimmune
myocarditis can be recapitulated in BALB/C male mice following
infection with CVB3. Given the difficulties to fully translate our
findings to humans, we were able to show that nasal CM-peptide
treatment initiated at a prophylactic setting can greatly reduce
acute infection-induced death and inhibit transition to the chronic
phase. Moreover, further targeting the OX40eOX40L costimulatory
pathway during the transition to the chronic stage, strongly halted
myocarditis progression.

Amelioration of disease progression following autoantigen
administration in a tolerogenic manner is known to occur in several
autoimmune settings [38], including diseases induced after path-
ogen infection [39]. Of importance to myocarditis, whole CM nasal
administration or oral CM-peptide (614e629) treatment was able
protect susceptible mice from EAM [18,19]. EAM studies showed
that IL-10 induction and Treg invigorationwas involved, which shut
down the effector Th1 and Th17 response. Recent findings attribute
a detrimental role for IL-23 and IL-17 in EAM. Mice lacking T-bet
expression and thus IFNg responses develop severe EAM, due to
increased IL-17 production in the inflamed heart [40]. In another
study however, IL-17 was found to be important in postmyocarditis
cardiac remodeling and the progression to DCM [33]. However, the
role of IL-17 in CVB3-induced myocarditis is less clear and here we
could not attribute any specific effect on CVB3-induced disease
progression after nasal CM-peptide treatment.

On the other hand, we were able to show that IL-10 and Treg
induction were set in place to achieve tolerance after CM-peptide
combo immunization, where CVB3 myocarditis was induced. More
precisely, Treg identified as CD4þCD25þFoxp3þ cells, were slightly
increased in the blood and spleen of CM-combo immunized mice,
but not in controls. In addition, adoptive transfer of CD4þCD25þ

cells from immunized but uninfected mice into new hosts, was able
to confer protection from CVB3-induced myocarditis. Interestingly,
anti-CD25 depletion following CM-peptide treatment did not
restore progression to autoimmune myocarditis. To our surprise,
disease progression was greatly halted. Interestingly, in another
study, oral administration of antigens coupled to the B subunit of
the cholera toxin (CTB) into mice depleted of CD25þ cells still gave
rise to systemic tolerance [41]. While depletion of effector CD25þ

cells could account for this and our observation, the increased IL-10
levels in the spleens of anti-CD25-treated mice suggest that in
CVB3-infected animals IL-10 plays a significant role in controlling
disease severity per se.

IL-10 seemed to play a role in mediating tolerance induction
after CM-combo peptide treatment; while IL-10 levels increased in
spleens of CM-treated mice, IFNg levels were reduced. The spleen
seems to be a vital organ in long-term tolerance maintenance
induced after mucosal antigen administration in mice involving
Treg and IL-10 (Tr1) induction [42]. In the present study, bystander
IL-10 productionwas increased in CVB3 infected compared to naïve
mice. No direct evidence regarding the source of IL-10 was seen,
however our CD25-depletion studies suggest that IL-10 was
derived from a non-CD25þ T cell source, perhaps Tr1 cells [43]. The
role of IL-10 in CM peptide induced tolerance and CVB3-induced
myocarditis was revealed through an additional approach. When
anti-IL-10 neutralizing antibodies were concomitantly adminis-
teredwith CM-combo peptide treatments, diseasewas significantly
exacerbated. The severity was worse than in the control, non anti-
IL-10-treated mice, suggesting that IL-10 production is among the
mechanisms taking place that control excessive immunopathology
due to CVB3 infection. Interestingly, in studies of lymphocytic
choriomeningitis virus (LCMV) in mice, IL-10 was associated with
viral persistence [44,45]. Moreover, in the acute LCMV infection
model followed by viral clearance, IL-10 production directly
inhibited effector and memory CD4 T cell responses [46]. These and
our observations here suggest that IL-10 production following viral
infection is involved in controlling excessive CD4 T cell immunity.

In addition to enhancing Treg generation, we reveal another
approach to therapy of myocarditis. Costimulatory receptor
signaling to T cells has been found to be important for the full
differentiation of CD4þ cells into Th1, Th2 and more recently Th17
phenotypes [47e49]. Of importance to myocarditis, OX40 (CD134),
a costimulatory receptor of the TNFR superfamily, was detected on
pathogenic effector T cells, coinciding with increased levels of
OX40-ligand (OX40L) expression on diseased cardiomyocytes
[24e26]. Whether increased expression of TNF-superfamily cos-
timulatory molecules on cardiac myocytes represents the cause or



Fig. 7. OX40 is expressed predominantly on Treg and CD8þ cells; Reduced cardiac inflammation after i.p. anti-OX40L blockade treatment. Eight-week old BALB/C mice were infected
with 103 PFU of hpCVB3 (Nancy strain). (A) Representative flow cytometry plot depicting Treg versus non-Treg gating based on which OX40 mean fluorescent intensity (MFI) levels
were analyzed. (B) Histogram overlay showing the levels of OX40 on Treg (blue line), non-Treg (red line) and CD8þ cells (black line) versus isotype control (filled gray line). (C)
Splenocytes from CVB3-infected mice were stained and analyzed with flow cytometry to determine the MFI of OX40 on Treg, non-Treg and total CD8þ T cells for the indicated time
points post-infection (p.i.) with CVB3. n ¼ 3e4 mice per group. (DeE) Mice were treated i.p. with 150 mg of blocking anti-OX40L mAb (clone RM134L) three times, at days 16, 18 and
20 p.i. Severity scores of individual diseased BALB/C mice at 35 days p.i. are shown in (D), while in (E) H & E stained sections from their hearts. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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the result of the disease is not clear. Infiltrating cells producing Th1
cytokines such as IFNg, could induce the expression of cos-
timulatory molecules, while the virus might directly induce their
expression which in turn leads to activation of T cells [26]. Perhaps
fitting with the latter scenario, signaling through OX40-ligand was
shown to induce vascular endothelial cells to produce RANTES/
CCL5 [50] which might selectively facilitate the diapedesis of Th1
pathogenic T cells at the site of inflammation [51]. Interestingly, in
EAM, targeting CD28/CTLA-4/B7, CD40/CD40L, ICOS/ICOSL and 4-
1BB/4-1BBL costimulatory pathways attenuated disease develop-
ment [30,32,52e54]. Therefore we reasoned that targeting the
OX40eOX40L signaling cascade through anti-OX40L blockade
would result in further halting disease progression.

Apart from the potentially indirect role in recruiting effector T
cells at the site of inflammation, OX40 has been shown to directly
mediate the binding of T cells to vascular endothelial cells [47,55].
On the other hand, OX40 costimulation in other systems has been
shown to inhibit the generation of Foxp3þ aTreg from naïve
precursors, suggesting that OX40 can both promote effector T cell
generation while at the same time antagonizing the differentiation
of aTreg [56e58]. Alternatively, some studies have highlighted that
OX40 might also positively aid natural Treg survival or their
response to IL-2 in some situations [59,60]. Given the potential
complexity of blocking OX40L in a situation where both effector T
cells and Treg were responding, we initially monitored the
expression levels of OX40 during the course of CVB3 infection.
While no significant expressionwas detected on CD8þ T cells, CD4þ

T cells and Treg expressed OX40 particularly at the peak of the
antiviral response. Based on these findings, we reasoned to block
the OX40 signaling axes at a window, where the Treg compartment
and the anti-CVB3 responsemight be less affected. To this end, anti-
OX40L blocking antibody was administered in CVB3-infected mice
at the transition phase toward autoimmune myocarditis. Quite
significantly, we found no exacerbation in disease progression as
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might be expected if OX40were supporting Treg activity, but rather
we observed a strong reduction in disease severity implying an
action in blocking the effector/pathogenic response.

Altogether, in the present study wewere able to show that nasal
administration of CM peptides, initiated before CVB3 infection, can
significantly reduce acute and chronic myocarditis in BALB/C male
mice. The key finding was that therapeutic activity is more efficient
when treatment is initiated before the onset of the autoimmune
disease and this activity involves Treg induction and IL-10
increases. How this approach might impact the physiological
antiviral response is not clear, however no significant alterations in
endogenous CVB3 titers were seen. Translating our findings to
clinical setting faces many obstacles posed by the difficulty in
attributing the cause of heart immune pathology to a viral or
autoimmune cause. Interestingly though, in our acute CVB3-
induced myocarditis studies, where immune pathology is mostly
virally-driven, a significant reduction in mortality was seen, sug-
gesting that such an approachwould be beneficial in treating CVB3-
induced myocarditis or other infection associated autoimmune
disorders. In line with these observations, female BALB/C mice are
less susceptible to acute myocarditis, and some studies implicate
estrogens in the activity of Treg [20]. Altogether, our results along
with previous studies suggest that CM-combo peptide treatment
might be proven beneficial in viral-induced myocarditis, since Treg
invigoration could result in reduced damage to the host and control
of excessive immunopathology.
5. Conclusions

Our findings highlight the importance of Treg and IL-10 in
controlling excessive immunopathology following acute CVB3
infection as well as progression to autoimmune myocarditis.
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