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Abstract
Coxsackievirus B3 (CVB3) infection of C57Bl/6 mice shows a sex bias with males developing
more severe cardiac inflammation than females because males develop a Th1 inflammatory
response, whereas females develop a Th2 response. Since their discovery, Toll-like receptors have
been shown to play an important role in the development of the immune response against harmful
pathogens. To assess the role of TLRs in coxsackievirus-induced myocarditis wild type and Toll-
like Receptor 2 −/− male and female mice were infected and assessed for viral replication,
myocarditis, helper T-cell generation, and regulatory T-cell generation. TLR2−/− mice show
reduced Th1 expression compared to controls. Treatment of wild type mice with either
Pam3CSK4 (TLR2) or LPS (TLR4) specific TLR agonists resulted in increased Th1 expression in
male and female mice and a decrease in FoxP3+ regulatory T-cells in male mice. The suppression
of Tregulatory cells by TLR signaling in males but not females correlates with the increased
myocarditis susceptibility of the males.
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Introduction
Myocarditis is a form of inflammatory heart disease that affects men 2:1 over women [1]. In
our model, disease results from antigenic mimicry when infection with coxsackievirus B3
(CVB3) results in an autoimmune disease where autoreactive T-cells recognizing the viral
capsid proteins target infected myocytes, then react with epitopes of cardiac myosin leading
to inflammation in the heart [2]. Male and female mice replicate virus in the heart to similar
levels, however male mice develop myocarditis whereas female mice do not. Several factors
contribute to this sex bias in myocarditis susceptibility including estrogen, Helper T-cell
response, γδ+ T-cells, Regulatory T-cells and more recently, Toll-like receptors [3–8].
Previously studies from this laboratory have shown that male mice infected with CVB3
generate a predominantly Th1 response, whereas female develop a predominantly Th2
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response. This effect can be reversed by the treatment of male mice with estradiol and
female mice with testosterone [9].

In recent years, much attention has been paid to Toll-like receptors (TLR) and their role in
disease. TLRs are a family of proteins that play an important role in the innate immune
response. Unlike the specific nature of the adaptive immune response, TLRs are preformed
receptors that recognize motifs common to microbial pathogens including lipids, nucleic
acids and proteins known as pathogen associated molecular patterns (PAMPs). Currently, 11
mammalian TLRs have been identified, each of which responds to a specific class of PAMP
[10]. TLRs have been shown to be involved in regulation of the T-helper cell response.
Stimulation of TLR2 via PAM3CSK4 has been shown to promote a Th1 response in allergic
airway inflammation [11]. In addition other studies have shown that TLR2 and TLR7
promote Th1 responses [12]. Contrary to the studies which provide a role for TLRs in the
Th1 response, little evidence has been provided to show a role of TLRs in promoting a Th2
response. It has been shown that TLR4 deficient mice develop an attenuated Th2 response
compared to wild-type strains [13]. In addition it has been shown that in allergic asthma
models, low level of inhaled LPS results in Th2 signaling, whereas inhalation of higher
levels of LPS with antigen results in a Th1 response [14].

The goal of this communication is to evaluate what effects TLR2 and 4 have on the
development of the helper T-cell and regulatory T-cell response in CVB3-induced
myocarditis. First, male and female C57Bl/6 mice were infected and evaluated for
myocarditis development and for T-helper cell and regulatory T-cell development. In
addition male and female C57Bl/6 mice were infected and treated with PAM3CSK4, a
specific TLR2 ligand, Ultra-Pure LPS, a specific TLR4 ligand or PBS as a control. In both
male and female mice, TLR2−/− strains show reduced Th1 cell (CD4+/IFNg+) expression
compared to B6 controls. No difference was observed with Th2 cell expression.
Additionally, treatment of male mice with both PAM and LPS resulted in an increase in the
percentage of both Th1 and Th2 cells compared to control animals. Female mice treated
with PAM and LPS resulted in an increase in Th1 cells, whereas only treatment with LPS
resulted in an increase in Th2 cells compared to control animals. Treatment of male mice
with PAM and LPS resulted in a decrease in the number of CD4+FoxP3+ Regulatory T-
cells; however no effect was observed when female mice were treated with either of these
two agonists.

Materials and Methods
Mice

Male and female C57Bl/6, and C57Bl/B6 TLR2−/− mice were purchased from the Jackson
Laboratories, Bar Harbor Maine. Mice were housed at the University of Vermont in sterile
ventilator cages. Adult mice ages 6–8 weeks were used in all experiments. Experiments
consisted of groups of a minimum of 5 mice. All experiments were reviewed and approved
by the University of Vermont Institutional Animal Care and Use Committee.

Virus
The H3 variant of CVB3 was derived from an infectious cDNA clone which has been
described previously [15]. Mice were infected by intra-peritoneal (i.p.) injection of 0.5ml of
phosphate-buffered saline (PBS) containing 102 plaque forming units (PFU) of the virus.

Organ Viral Titers
Hearts were aseptically removed, perfused with PBS, and weighed before being
homogenized in RPMI-1640 media (Mediatech, Manassas, VA) containing 2% fetal bovine
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serum, antibiotic/mycotic, penicillin and streptomycin. Cellular debris was removed by
centrifugation at 300×g for 10 minutes and the supernatants were subjected to a series of 10-
fold serial dilutions in RPMI-1640-2%FBS and titers were determined by plaque-forming
assay on HeLa cell monolayers as described previously [15].

Toll-Like Receptor Agonists
Both the TLR1/2 heterodimer complex ligand Pam3CSK4, a synthetic triacylated,
lipopeptide and the TLR4 ligand Ultrapure LPS isolated from E.coli 0111.B4 were
purchased from Invivogen San Diego, CA. Both ligands were resuspended in endotoxin free
water and diluted in PBS for i.p. injection. PAM3CSK4 was injected at a concentration of
50ug/mouse [16, 17], and UP-LPS was injected at a concentration of 20mg/kg [18, 19].

Lymphocyte Preparation
Spleens were aseptically removed and processed through a fine-mesh screen to produce
single-cell suspensions. Lymphocyte suspensions were centrifuged over Histopaque (Sigma
Chemical Co., St. Louis, MO).

Antibodies
APC-Cy7 or PerCp-Cy5.5 conjugated anti-CD4 (clone RMA-5), Alexa 647 conjugated anti-
IL4 (clone 11B11), and PE conjugated anti-IFNγ (clone XMG1.2) were purchased from BD
Pharmagin, San Diego, CA. PE anti-FoxP3 (clone FJK-16s) was purchased from
eBioscience, San Diego, CA. Antibodies were diluted 1:100 in PBS containing 1% Bovine
Serum Albumen (BSA). Negative controls were anti-rat IgG2a conjugated with the same
fluorochromes used with the antigen-specific antibodies. All antibody mixtures contained
1:100 rat anti-mouse CD16/CD32 (Fc Block; clone 2.4G2).

Flow Cytometry
All cells were analyzed using a BD LSR II flow cytometer using a single excitation
wavelength (488nm) and band filters for PerCp-Cy5.5 (695/40nm), FITC (525nm), PE
(575nm) and APC-Cy7 (633nm). The excitation wavelength for Alexa 647 is 643nm and a
band filter of 660/20nm. The cell population was classified for cell size (forward scatter) and
complexity (side scatter). A minimum of 10,000 cells were evaluated. Positive staining was
determined based on isotype controls. Results were analyzed using FlowJo version 7.6.4,
Tree Star Inc. Ashland, OR.

Intracellular Cytokine staining
1×105 spleen cells were cultured for 4 hours in RPMI-1640 medium containing 10% FBS,
antibiotics, 10ug brefeldin A (BFA: Sigma), 50 ng/ml phorbol 12-myristate 13-acetate
PMA: Sigma) and 500ng/ml ionomycin (Sigma). The cells were washed in PBS-1% bovine
serum albumin (BSA: Sigma) containing BFA (BS-BSA-BFA), incubated on ice in PBS-
BSA-BFA containing 1:100 dilution of FC Block, anti-CD4, and anti-CD8a. Cells were
washed with PBS-BSA-BFA, fixed for 10 minutes in 2% paraformaldehyde (PFA) and
resuspended in PBS-BSA containing 0.5% saponin containing 1:100 dilutions Fc Block,
Normal Rat Serum, anti-IL4, and anti-IFNγ for 15 minutes on ice. Cells were washed with
PBS-BSA-saponin followed PBS-BSA and resuspended in 2% PFA.

Regulatory T-cell staining—Staining was done using the FoxP3 staining kit from
eBioscience (San Diego, CA) according to manufacturer's protocol. Lymphocytes were
washed with 1XPBS-1%BSA and resuspended in PBS-BSA containing 1:100 dilution of Fc
Block, PerCp-Cy5.5 anti-CD25 and Alexa647 anti-CD4, and incubated for 15 minutes on
ice. Cells were washed with PBS-BSA and incubated at 4°C for 2 hours in eBioscience
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Fixation/Permeabilization buffer. Following incubation, cells were washed once with
1XPBS followed by two washes with eBioscience Permeabilization buffer and incubated in
permeabilization buffer containing 1:100 dilution of Fc Block and normal rat serum on ice
for 15 minutes as a blocking step. Cells were then stained with 1:100 dilution of Fc Block,
PE anti-FoxP3 and normal rat serum in permeabilization buffer for 30 minutes on ice
followed by 2 washes with permeabilization buffer and resuspended in 2%PFA.

Histology
Hearts were fixed in 10% formalin, sectioned and stained with hemotoxylin and eosin.
Sections were blindly evaluated by an experienced member of the laboratory on a scale of 0
to 4 where 0 represents no inflammation, 1 represents 1 to 10 lesions per section, 2
represents 11–-20 lesions per sections, 3 represents 21 to 40 lesions per section, and 4
represents greater than 40 lesions per section. Mice with a score of 0 in the pancreas were
assumed to be uninfected and removed from all data analysis.

Statistical Analysis
Wilcoxon ranked-score test was used to determine differences between individual mice for
histology, organ viral titers and flow cytometry using SPSS PASW Statistics 18. Mortality
was measured by the Mantel-Cox Log rank test using GraphPad Prism 5.

Results
Male mice have greater cardiac inflammation despite similar viral titers

As can be seen in Figure 1, there is no significant difference in cardiac viral titers between
male and female mice at Day 6p.i. (Figure 1a). Despite these similarities in viral replication,
male mice have a greater myocarditis score than females at Day 6 (p=<0.001) (figure 1b).
Figure 1c shows representative cardiac micrographs, arrows point to areas of inflammation.
These results show that despite similar levels of viral replication in the hearts of male and
female mice, male mice are more susceptible to developing myocarditis than female mice.

No difference exists in titer or histology between wild type and TLR2−/− mice
Signaling through TLR including TLR2 inhibits cardiomyocyte contractility [20], is
responsible for myocardial ischemic/reperfusion injury [21] and promotes autoimmune
perimyocarditis [22]. Prior studies of this laboratory demonstrated that female C57Bl/6 mice
infected with CVB3 express increased TLR2 mRNA than similarly infected male mice
(Roberts et al., manuscript in revision). To determine if TLR2 differences in expression
determined sex bias in CVB3 myocarditis, male and female TLR2−/− mice were infected
with CVB3. Survival curves are given in Figure 2 and show that mortality was decreased in
both TLR2−/− male and female animals after infection. The trend did not reach significance
in males but due to higher mortality in infected C57Bl/6 females, increased survival in
TLR2−/− females was dramatic (p=0.0297). Hearts were evaluated for myocardial
inflammation and virus titers (Figure 3). Despite increased survival, neither myocarditis or
virus titers were significantly different between wild-type and TLR2−/− animals in either
males or females. To evaluate whether TLR2 signaling impacts Th phenotype bias, spleen
cells from male and female TLR2−/− mice 7 days after CVB3 infection were stimulated
with PMA/ionomycin in the presence of brefeldin A and labeled with antibodies to CD4 and
intracellularly with antibodies to IFNγ (Th1 cells) or IL-4 (Th2 cells)(Figure 4). Both
female and male TLR2−/− mice have reduced Th1 cell expression (Figure 4a,c) compared to
B6 controls of the same sex (p=<0.001), but no difference exists in Th2 cell expression
(Figure 4b,d). Thus, as demonstrated by prior reports [11, 23], stimulating TLR2 directly
influences the development of a Th1 response.
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Treatment of mice with TLR agonist augments T-helper cell expression
A separate approach to evaluating TLR in CVB3 myocarditis involved administering
specific TLR2 (Pam3CSK4; PAM) or TLR4 (ultra-pure LPS) to wild-type C57Bl/6 male
and female mice. Infected PBS control male mice had 55% mortality compared to only 10%
seen in similarly treated female mice (Figure 5). PAM treatment of infected mice resulted in
10% mortality compared to control males (p=0.0261). Males treated with LPS delayed
mortality but did not significantly alter mortality compared to control mice. TLR agonist
treatment of female mice did not affect survival, not significant difference in mortality was
observed in either PAM or LPS treated mice compared to PBS controls. Treatment of male
mice with PAM, but not LPS resulted in reduced myocarditis compared to PBS controls
(p=0.005) (Figure 6a). While there was no change in myocarditis when LPS was
administered, male mice given LPS did have elevated viral titers compared to both PBS and
PAM treatments groups (p=0.003). Both PAM and LPS treatment of female mice resulted in
increased viral titers (p=0.002 and 0.003 respectively) (Figure 6b), however contrary to the
results seen in male mice, treatment of females with either PAM or LPS resulted in elevated
cardiac inflammation p=0.022) (Figure 6a). In both male and female mice, treatment with
either PAM or LPS resulted in an increase in the percentage of Th1 cells compared to the
PBS control group [(p=0.071 and 0.011 for male and female mice treated with PAM
respectively) (p=0.017 and p=0.028 for male and female mice treated with LPS respectively]
(Figure 7a). However, PAM treatment was significantly more effective in promoting Th1
bias in females compared to LPS (p=0.011 vs. 0.028 respectively). Both PAM and LPS
slightly increased Th2 cell percentages in male mice (Figure 7b). Only LPS produced a
small but significant increase in Th2 cells in females (Figure 7b).

Treatment with TLR agonist alters generation of Regulatory T-cells in male but not female
mice

T regulatory cells (CD4+FoxP3+), in addition to Th1 cells, control CVB3 induced
myocarditis susceptibility in CVB3 infected female mice [24]. To determine if TLR
signaling alters Tregulatory response in male and female mice, spleen cells from mice
treated with PAM or LPS were labeled with antibodies to CD4 and FoxP3, the transcription
factors implicated in Tregulatory cell generation (Figure 7). Treating male mice with LPS
significantly decreased the percentage (p=0.039) of Tregulatory cells. Neither PAM nor LPS
treatment had any significant effect on T regulatory cells in female mice.

Discussion
The primary novel observation in the present communication is that while signaling through
TLR4 both increases Th1 cell responses in male and female mice as reported by others
previously in other disease model systems, there is a dramatic sex difference in the effects of
TLR signaling in the Tregulatory cell response. Both male and female TLR2−/− mice have
reduced Th1 cell expression, but not Th2 cell expression compared to wild-type controls. In
addition, treatment of both male and female mice with either a TLR2 or TLR4-specific
agonist results in an increase in the percentage of Th1 cells in the spleen compared to
control animals. Studies from other laboratories have shown that such a relationship exists
between TLR2 stimulation and Th1 responses. Patel et al [11] showed that administration of
PAM3CSK4 to mice previously sensitized with OVA promoted a Th1 cell response and
reduced the inflammatory cell infiltrate in bronchoalveolar lavage fluid during allergic
airway inflammation. Imanishi et at all showed that stimulation of TLR2 with PAM3CSK4
resulted in the direct activation of Th1 cells in the absence of TCR stimulation [25].
Similarly, signaling through TLR4 is capable of promoting a Th1 response. Re and
Strominger stimulated TLR2 and TLR4 on human dendritic cells with PAM and LPS
respectively and found that when stimulated with LPS, hDCs produced IL-12, p70 and IP-10
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which promote IFNg production by Th1 cells. However, in Re's study, PAM stimulation did
not increase Th1 cell response [26]. Helmby and Grencis showed that both C3H/HeJ (which
have a natural mutation in the TLR4 gene) and MyD88−/− mice are resistance to intestinal
nematode infection and that these animals produce a predominantly Th2 response in contrast
to wild-type mice which are susceptible and generate a Th1 response [27]. Why both of
these TLRs can promote a Th1 response is likely due to the shared adaptor protein, MyD88.
In addition to the studies by Helmby and Grencis, Schnare et al showed that MyD88−/−
mice are defective in their ability to activate antigen-specific Th1 responses but not Th2
responses [28].

In addition our data show that treating infected male mice with either UP-LPS or
PAM3CSK4 resulted in a decrease in the percentage of regulatory T-cells define by the
CD4+/FoxP3+ phenotype in male mice, but not in infected female mice. These results are
contrary to those obtained by other groups who saw an increase in Treg activity in response
to TLR2 stimulation. Netea et al who treated female TLR2−/− mice with Candidia albicans
observed a 50% decrease in Treg populations (defined by the CD4+CD25+ phenotype) in
TLR2−/− mice compare to wild-type controls. They confirmed in vitro that survival of Tregs
was induced by TLR2 agonists (peptidoglycan) [29]. Studies by Liu et al further confirmed
that treatment with PAM3CSK4 and anti-CD3 resulted in the proliferation of CD4+/CD25+/
FoxP3+ Tregs in vitro [30]. Why these differences exist is unclear, however the answer may
be found in the differences between our methods. In our experiments, PAM3CSK4 was
administered in vivo at the time of infection. Liu et al however incubated isolated Treg cells
in vitro for three days with PAM3CSK4. Netea et al used similar methods to test the role of
TLR2 agonists on Treg generation. Interestingly, Sutmuller et al showed that while Treg
stimulation with PAM3CSK4 resulted in proliferation, the suppressive nature of Tregs is
abolished indicating that TLR is important for Treg generation, but when stimulated on the
cells themselves, they inhibit their function [31]. One possible explanation as to why we see
a diminished Treg response could be due to the generation of T-cells displaying the T-cell
receptor. While not evaluated in these experiments, previous data from our laboratory have
shown that the H3 CVB3 variant induces γδ+ T-cells which prevent the generation of
regulatory T-cells [32]. Male and female mice preferentially generate different subsets of γδ
+ T-cells resulting in different disease outcomes, males generate Vγ4+ cells and females
generate Vγ1+ cells which promote a Th1 or Th2 response respectively [33]. Some
evidence has been provided to show that TLR2 signaling can affect γδ+ T-cell function.
Deetz et al reported that TLR2 is present on Vγ2 Vδ2 cells in low amounts and that
signaling through TLR2 specifically increases IFNγ release from this γδ+ cell subset [34].

Previous data from this lab has shown that female mice preferentially activate Tregs which
help to confer a resistance to myocarditis whereas male mice do not. Data from our lab also
shows that at Day 3 post infection male mice show an upregulation in TLR4 compared to
similarly treated females (manuscript in revision). Treatment of female mice with either
PAM or LPS does not affect Treg expression; however treatment with either ligand resulted
in reduced Treg expression compared to control animals in males. Why both TLR2 and
TLR4 treated male mice have reduced Treg expression is unclear, however the upregulation
of TLR4 at the early infection time point in males may in part be the reason why these
animals fail to develop the necessary protective response. While we have shown here that
stimulation of male mice with either a TLR2 or a TLR4 ligand reduces the expression of
regulatory T-cells, it should be noted that these same effects have not been evaluated in
humans and one should take care when applying these results to a clinical setting.
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Figure 1.
Male mice have greater myocarditis than females despite similar levels of viral replication.
Male and female C57Bl/6 mice have equivalent levels of viral replication in the heart
(Figure 1a.), however male mice have a greater histology score compared to female mice
(p=<0.001, Figure 1b.). Figure 1c shows a representative histology slide from both male and
female mice.
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Figure 2.
Male TLR2−/− mice show no differences in titer or histology compared to control mice. B6
and TLR2−/− mice show equal levels of both viral replication (Figure 2a) and myocarditis
(Figure 2b). Figure 2c shows representative histology from B6 and TLR2−/− mice.
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Figure 3.
Female B6 and TLR2−/− mice have equal levels of viral replication and myocarditis.
Similar to the results seen with male B6 and TLR2−/− mice, there is no difference in either
viral titers (Figure 3a) or histology (Figure 3b) score seen between female B6 and TLR2−/−
mice. Figure 3c shows representative histology from B6 and TLR2−/− mice.
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Figure 4.
Toll-like receptor 2 contributes to the Th1 response in male and female mice. Male mice
have a greater percentage of Th1 cells compared to TLR2−/− mice (4.44% vs. 0.86%,
p=<0.001) (Figure 4a). Similar results were seen in female mice (3.70% vs. 2.73%, p=0.030)
(Figure 4c). No difference was seen in Th2 expression between B6 and TLR2−/− mice in
either male (Figure 4b) or female (Figure 4d) mice.
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Figure 5.
TLR2 agonist treatment effects mortality in male, but not female mice. Male mice treated
with the TLR2-specific agonist, PAM3CSK4, resulted in 10% mortality compared to 55%
mortality seen with PBS control mice (p=0.0261). LPS treatment had no effect or the
survival of male mice. Neither PAM not LPS treatment had any effect on the survival of
female mice compared to PBS controls.
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Figure 6.
TLR agonist treatment effects myocarditis. Male mice treated with PAM, but not LPS
caused reduced myocarditis compared to PBS control mice (p=0.005). Treating female mice
with either PAM or LPS resulted in elevated levels of cardiac inflammation (p=0.022)
(Figure 6a). LPS, but not PAM treatment of male mice caused increased levels of viral
replication compared to both PBS and PAM treated males (p=0.003). Both PAM and LPS
treatment of female mice caused elevated viral titers compared to PBS controls (p=0.002
and 0.003 respectively) (Figure 6b).
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Figure 7.
TLR agonist treatment augments T-helper cell expression. Treatment of male mice with LPS
(x=15.47) results in an increase in the percentage of Th1 cells over the PBS group (x=1.93)
p=0.017. Both PAM (x=18.69) and LPS (x=8.71) result in an increase in the percentage in
Th1 cells in female mice compared to the PBS group (x=3.38), p=0.011 and 0.028
respectively (Figure 7a). Treatment of male mice with either PAM (x=0.54) or LPS (x=1.23)
results in an in an increase in the percentage of Th2 cells compared to the PBS group
(x=0.16), p=0.020 and 0.017 respectively). Only when given LPS (x=0.61) do we see an
increase in the percentage of Th2 in female mice when compared to the PBS group (x=.22),
p=0.020 (Figure 7b).
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Figure 8.
TLR4 agonist treatment suppresses Regulatory T-cell expression in male mice. Treatment of
male B6 mice with UP-LPS (TLR4 specific agonist) results in the reduction of
CD4+FoxP3+ Regulatory T-cells (10.76% vs., 3.45% respectively p=0.030). Treatment of
male mice with PAM3CSK4, a TLR2-specific agonist had no effect on Treg expression. No
effect was seen on female mice when treated with either UP-LPS or PAM3CSK4 compared
to PBS controls.
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