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Cardiovascular disease is the number one killer of men and women in North America. Male
BALB/c mice infected with coxsackievirus B3 (CVB3) develop more severe inflammatory
heart disease compared to female mice, similar to the increased heart disease that occurs in
men. We show here that increased inflammation in male mice is not due to increased viral
replication in the heart, but associated with increased proinflammatory cytokines IL-1β, IL-
18 and IFN-γ. We have previously reported that IL-12Rβ1 signaling increases CVB3-induced
myocarditis and IL-1β/IL-18 levels in males, while IL-12(p35)/STAT4-induced IFN-γ does not
alter the severity of acute disease. However, whether differences exist between males and
females in these two cytokine signaling pathways is unknown. In this study, we examined
sex differences in 1) IL-12Rβ1 signaling or 2) STAT4/IFN-γ pathways following CVB3
infection in BALB/c mice. We found that male and female mice deficient in IL-12Rβ1 had
decreased inflammation and viral replication in the heart, indicating that IL-12Rβ1 signaling
increases myocarditis in both sexes. In contrast, STAT4 deficiency did not alter the sex
difference in myocarditis, with males maintaining increased inflammation over females.
IFN-γ deficient males, however, had decreased myocarditis and viral replication compared
to females. Thus, IFN-γ increases inflammation in males independent from STAT4. These
results demonstrate that sex differences greatly influence viral replication and the severity
of acute CVB3-induced myocarditis.
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Abbreviations:
CVB3, coxsackievirus B3
DC, dendritic cells
DCM, dilated cardiomyopathy
IL, interleukin
i.p., intraperitoneal
IFN, interferon
MC, mast cells
NK, natural killer
p.i., post-infection
PFU, plaque forming units
R, receptor
STAT, signal transducer and
activator of transcription
Th, T helper
TLR, Toll-like receptor
TNF, tumor necrosis factor
Treg, regulatory T cells
1. Introduction

Cardiovascular disease is the leading cause of death in men
andwomen in theU.S., accounting for 38% of all deaths in 2002
(American Heart Association, 2006; Liu et al., 2003), while 16.6
million people worldwide die of heart disease each year
(Mieres, 2006; Yusuf et al., 2001). Myocarditis, or inflammation
of the heart, is a principal cause of heart failure in young
adults often leading to chronic heart disease and dilated
cardiomyopathy (DCM) (Dec, 2003; Feldman and McNamara,
2000). Recent studies have reinforced sex-related differences
in the pathology of cardiovascular disease, with an increased
incidence and mortality in men (American Heart Association,
2006; Fabre and Sheppard, 2006; Liu et al., 2003; Mieres, 2006).
The lower incidence of heart disease in women has been
attributed to the cardioprotective effects of estrogen (Mendel-
sohn and Karas, 1999). However, recent clinical trials of
hormone replacement therapy found an increased risk of
heart disease with estrogen and progestin treatment (Ros-
souw et al., 2002), indicating that many of the effects of sex
hormones on the pathogenesis of heart disease remain
unclear. In previous experiments, we found that gonadectomy
reduces CVB3-induced myocarditis in males and females,
indicating that both testosterone and estrogen can increase
inflammation in the heart (Fairweather and Rose, 2004a).

Coxsackievirus B3 (CVB3) infection is believed to be a
principle etiologic agent in human myocarditis (Dec, 2003;
Feldman and McNamara, 2000). CVB3 infection of susceptible
A/J or BALB/c mice results in a disease similar to that observed
in humans, with the development of acute myocarditis from
days 7 to 14 after infection that progresses to chronic
myocarditis and DCM from day 28 after infection (Fairweather
et al., 2005a; Rose et al., 1986). Both viral replication and
immune-mediatedmechanisms increase inflammation in the
heart (Fairweather et al., 2003, 2004a, 2005a,b). Immune
mechanisms include cell-mediated and antibody-mediated
pathology (Huber and Lodge, 1986; Rose, 2002). For example,
immunoglobulin (Ig)G and complement are deposited in the
hearts of patients with DCM and in A/J mice inoculated with
CVB3 (Fairweather et al., 2006; Neumann et al., 1990, 1994).
Proinflammatory cytokines are critical for the development of
myocarditis. Increased interleukin (IL)-1β and IL-18 levels in
the heart directly correlate with increased inflammation in
susceptible strains ofmice (Fairweather et al., 2003, 2005a).We
have shown previously that Toll-like receptor (TLR)4 and IL-12
receptor (R)β1 signaling increase inflammation and IL-1β/IL-
18 levels in the heart of males (Fairweather et al., 2003, 2005a).
In contrast, IL-12p35, signal transducer and activator of
transcription (STAT)4 or interferon (IFN)-γ deficiency, does
not alter the severity of acute CVB3-induced myocarditis
(Fairweather et al., 2003, 2005b; Fairweather and Rose, 2005),
indicating that IL-12Rβ1 signaling and IL-12-induced IFN-γ
have separate effects on inflammation in the heart.

To investigate the mechanisms leading to increased
inflammatory heart disease in males, we examined sex
differences in the development of CVB3-induced myocarditis
in IL-12Rβ1, STAT4 or IFN-γ deficient male and female BALB/c
mice. We found that increased inflammation in WT BALB/c
males was not due to increased viral replication in the heart
since CVB3 replicated at the same level in males and females.
IL-12Rβ1 deficiency reduced inflammation and viral replica-
tion in the heart of both sexes. STAT4 deficiency did not alter
the sex difference in myocarditis, but increased viral replica-
tion in males, while IFN-γ deficient males had decreased
myocarditis and viral replication compared to females. Thus,
sex differences greatly influence viral replication and inflam-
mation in the heart, with IL-12Rβ1 signaling and IFN-γ
increasing acute CVB3-induced myocarditis in males.
2. Results

2.1. BALB/c males develop increased CVB3-induced
myocarditis

Male BALB/c mice develop more severe CVB3-induced myo-
carditis compared to females (Huber and Pfaeffle, 1994), but
the reasons inflammation is increased in males are unclear.
To investigate the mechanisms responsible for increased
heart disease in males, we examined the cellular infiltrate of
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male and female BALB/c mice after CVB3 infection. We
confirmed by histological (Figs. 1A, C, D) and FACS (Fig. 1B)
analyses that BALB/c males develop significantly increased
acute myocarditis compared to females (Mann–Whitney U
test, p=0.0001). Thus, we confirmed that male BALB/c mice
respond to CVB3 infection with an increased inflammatory
infiltrate in the heart.
Fig. 1 – Males develop increased acute CVB3-induced
myocarditis. Female BALB/c mice (A, B, C) were compared to
males (A, B, D) for the development of acute myocarditis by
histological (A, C, D) or FACS (B) analysis. Mice received 103

PFU of CVB3 i.p. on day 0, and hearts were collected on day 8
(B) or 12 (A, C, D) p.i. Myocardial sections were stained with
H&E to detect inflammation and assessed as the percentage
of the heart section with inflammation compared to the
overall size of the heart section, with representative sections
shown for each group (originalmagnification ×64) (C, D). Data
are presented as the mean±SEM, ***p=0.0001 (A). Total
lymphocytes (CD45+ cells) were isolated from the heart at day
8 by enzymatic digestion. Females (dotted line) were
compared to males (solid line) by FACS for CD45+ cells (B).
Similar results were obtained in three separate experiments
for histology and three separate experiments for FACS using
7 to 10 mice per group.

Fig. 2 – Viral replication is not increased in the heart of
males. BALB/c males and females received 103 PFU of CVB3
i.p. on day 0 and were compared for the level of viral
replication in the heart during the innate immune response
at day 2 (A) or during acute myocarditis at day 8 (B) or day 12
(C) p.i. Data are presented as the mean PFU/g±SEM of 7 to 10
mice per group.
2.2. Viral replication is not increased in the heart of males

Since increased myocarditis in males could be due to
increased viral replication in the heart (Fairweather et al.,
2005b; Huber, 2005), we examined the level of viral replication
in the heart of males and females at day 2, 8 and 12 p.i. by
plaque assay. We did not find a significant difference in viral
replication in the heart between the sexes at any time-point
examined by the Mann–Whitney U test for non-parametric
data at day 2 p=0.38 (Fig. 2A), day 8 p=0.32 (Fig. 2B) or day 12
p=0.42 (Fig. 2C). Thus, increased inflammation in the heart
of males in our model of CVB3-induced myocarditis is not due
to increased viral replication in the heart, indicating that other
factors contribute to increased myocarditis in males.

2.3. Males develop a proinflammatory, Th1 response to
CVB3 infection, while females develop a Th2 response

Male BALB/cmice are known to develop a T helper (Th)-type 1,
IFN-γ response to CVB3 infection, while females develop a
Th2, IL-4 response (Huber and Pfaeffle, 1994). We confirmed
increased IFN-γ in males (Student's t test, p=0.02) and
increased IL-4 in females (Student's t test, p=0.0007) (Fig. 3A).
We found that male BALB/c mice also have significantly



Fig. 3 – Males produce increased IFN-γ, IL-1β and IL-18
during acutemyocarditis. Male and female BALB/cmice were
compared for the level of Th1/Th2 cytokines (A) or
proinflammatory cytokines (B) in the heart during acute
myocarditis. Mice received 103 PFU of CVB3 i.p. on day 0, and
hearts were collected on day 12 p.i. for analysis of cytokine
levels by ELISA. Individual experiments were conducted at
least three times using 7 to 10 mice per group. Data are
shown as the mean±SEM. *p<0.05; **p<0.01.

Fig. 4 – Effect of IL-12Rβ1, STAT4 or IFN-γ deficiency on acute
myocarditis in male and female BALB/c mice. Mice received
103 PFU of CVB3 i.p. on day 0, and hearts were collected on
day 12 p.i. as previously. Data are shown as the mean±SEM
of 7 to 10 mice per group. *p<0.05, ***p<0.001.

Fig. 5 – Effect of IL-12Rβ1, STAT4 or IFN-γ deficiency on viral
replication in the heart of males and females. Mice received
103 PFU of CVB3 i.p. on day 0, and hearts were collected on
day 12 p.i. for plaque assay. Data are presented as the mean
PFU/g±SEM of 7 to 10 mice per group. *p<0.05.
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increased levels of IL-1β and IL-18 in the heart compared to
females (Student's t test, IL-1β p=0.006, IL-18 p=0.009) (Fig.
3B). Since tumor necrosis factor (TNF)-α and IL-12 levels were
not increased in male hearts (Student's t test, TNF p=0.14, IL-
12 p=0.09) (Fig. 3B), these cytokines are not likely to directly
contribute to the raised IFN-γ levels inmales (Fig. 3A). IL-1 and
IL-18 are known to increase IFN-γ via MyD88 signaling (IL-18
was previously known as IFN-γ-inducing factor) (Kanda et al.,
2000; Suzuki et al., 2003) and so could be responsible for the
elevated IFN-γ levels and Th1-type response observed in
males during acute myocarditis.

2.4. Myocarditis in IL-12Rβ1, STAT4 and IFN-γ deficient
males and females

We have shown previously that IL-12Rβ1 signaling (a receptor
for IL-12 and IL-23) increases viral replication and inflamma-
tion in the heart during acute CVB3-induced myocarditis in
males (Fairweather et al., 2003). In contrast, IL-12/STAT4-
induced IFN-γ does not alter the severity of myocarditis in
males during acutemyocarditis but reduces viral replication in
the heart (Fairweather et al., 2003, 2005b). IFNs, including IFN-
α/β and IFN-γ, are essential for the effective clearance ofmany
viral infections, including CVB3 (Guidotti and Chisari, 2001;
Horwitz et al., 2000). Thus, we have shown previously that IL-
12Rβ1 signaling increases CVB3-inducedmyocarditis while IL-
12/STAT4-induced IFN-γ reduces viral replication. Since these
two cytokine signaling pathways critically influence the
severity of myocarditis and viral replication in the heart of
males, we wanted to examine whether sex differences existed
in IL-12Rβ1 and STAT4/IFN-γ deficientmice. We found that IL-
12Rβ1 deficiency (−/−) decreased inflammation in the heart
compared toWTBALB/cmice regardless of sex (Student's t test,
BALB/c vs. IL-12Rβ1−/− females, p=0.05; BALB/c vs. IL-12Rβ1
males, p=0.003) (Fig. 4). However, there was no significant
difference in the severity of inflammation in IL-12Rβ1 deficient
males and females (Student's t test, p=0.31). STAT4 deficient
males had significantly increased myocarditis compared to
female STAT4 deficient mice (Mann–Whitney U test, p=0.05)
(Fig. 4), similar toWT BALB/cmales and females (Figs. 1 and 4).
In contrast, the sex difference was reversed in IFN-γ deficient
mice, with males developing significantly lower myocarditis
compared to females (Mann–Whitney U test, p=0.04) (Fig. 4).
Thus, conclusionsmade regarding the effects of deficiencies in
Th1 cytokine signaling pathways on myocarditis depend on
the sex of the animal used for the experiments.

2.5. Viral replication in IL-12Rβ1, STAT4 and IFN-γ
deficient males and females

Viral replication in the heart of IL-12Rβ1, STAT4 or IFN-γ
deficient males and females during acute myocarditis (Fig. 5)
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was similar to the severity of inflammation in cytokine
deficient mice (Fig. 4). There was no detectable infectious
virus in the hearts of IL-12Rβ1 deficient males and females
(Fig. 5). Thus, CVB3 appeared to be cleared more quickly from
the heart in IL-12Rβ1 deficient mice (CVB3 is usually cleared
by day 16 p.i.) (Fairweather et al., 2003). STAT4 deficient
males had significantly increased viral replication at day 12
p.i. compared to STAT4 deficient females (Student's t test,
p=0.029) (Fig. 5), suggesting that STAT4 is more important for
viral clearance in males than in females. However, IFN-γ
deficiency did not increase, but decreased, viral replication in
IFN-γ deficient males compared to IFN-γ deficient females
(Student's t test, p=0.048) (Fig. 5), indicating that factors other
than IFN-γ can reduce viral replication inmales that are either
not present or reduced in females (Fairweather et al., 2005b).
Although female BALB/c mice respond to CVB3 infection with
a more Th2-type (IL-4) response, they also produce Th1-type
cytokines (e.g. IL-12, IFN-γ) (Fig. 3). Thus, females are able to
clear CVB3 from the heart similar to males (Fig. 2) unless they
are deficient in IFN-γ (Fig. 5). These results show that sex
differences in cytokine production following CVB3 infection
greatly influence viral replication in the heart.

2.6. Viral replication in IL-12Rβ1, STAT4 and IFN-γ
deficient males and females during innate immunity

In order to determine whether IL-12Rβ1, STAT4 and IFN-γ
deficiency alter viral replication during the innate immune
response to CVB3 infection, we examined cytokine deficient
males and females at day 2 p.i. for the level of viral replication
in the heart. Although viral replication was increased in IL-
12Rβ1, STAT4 and IFN-γ deficient females compared to males,
the increaseswere not statistically significant (Mann–Whitney
U test, IL-12Rβ1−/− p=0.22; STAT4−/− p=0.18, IFN-γ−/− p=0.13)
(Fig. 6). Thus, sex differences in IL-12Rβ1 signaling and STAT4/
IFN-γ cytokine pathways influence viral replication in the
heart more profoundly during the adaptive immune response.

2.7. Cytokine profiles in the heart of IL-12Rβ1, STAT4 and
IFN-γ deficient males and females

Cytokine profiles in the heart reflect the influence of (1) the
inflammatory infiltrate (increased IL-1β and IL-18 levels
correlate with increased inflammation) and (2) viral replica-
Fig. 6 – Effect of IL-12Rβ1, STAT4 or IFN-γ deficiency on viral
replication in the heart during innate immunity. Mice
received 103 PFU of CVB3 i.p. on day 0, and hearts were
collected on day 2 p.i. for plaque assay. Data are presented as
the mean PFU/g±SEM of 7 mice per group.
tion (increased levels of TNF-α and IL-12/STAT4-induced IFN-γ
are associatedwith decreased viral replication) (Fairweather et
al., 2003, 2005a,b). For this reason, we examined the cytokine
profile in IL-12Rβ1, STAT4 or IFN-γ deficientmice during acute
CVB3-induced myocarditis. IL-12Rβ1 deficient males had
significantly reduced IL-12 (Student's t test, p=0.009) and IL-4
(Student's t test, p=0.04) levels compared to females (Fig. 7A).
There was no significant difference between inflammation in
IL-12Rβ1 deficient males and females (Fig. 4) and no signifi-
cant difference in IL-1β, IL-18 or IFN-γ levels in the heart of IL-
12Rβ1 deficient males or females (Fig. 7A). Thus, deficiency in
IL-12Rβ1 signaling reduced IL-1β, IL-18 and IFN-γ in the hearts
of males (Figs. 3 and 7A), indicating that IL-12Rβ1 signaling is
important in increasing the characteristic male cytokine
profile (i.e. elevated IL-1β, IL-18 and IFN-γ).

In contrast, STAT4 deficient males retained a male
cytokine profile with elevated IL-1β, IL-18 and IFN-γ levels
compared to STAT4 deficient females (Student's t test, IL-1β
p=0.03, IL-18 p=0.02, IFN-γ p=0.0007) (Figs. 3 and 7B) and
increased myocarditis (Fig. 4). The only change in STAT4
deficient (Fig. 7B) compared toWT cytokine profiles (Fig. 3) was
that STAT4 deficient females had similar IL-4 levels compared
to males (Fig. 7B), indicating that STAT4 deficiency decreased
IL-4 levels in females. Thus, STAT4 deficiency does not appear
to alter the sex difference in the severity of myocarditis (Fig. 4)
or the cytokine profile in males, but decreases IL-4 in females
(Fig. 7B). IFN-γ deficient males had significantly increased
levels of TNF-α in the heart (Mann–Whitney U test, p=0.002)
(Fig. 7C). TNF is an important antiviral agent that recruits
neutrophils, which then release an array of antimicrobial
agents (Fairweather et al., 2005b; Nathan, 2006). Thus,
increased TNF-α in male IFN-γ deficient mice (Fig. 7C) may
reduce viral replication in males (Fig. 5). There was no
significant difference in the other cytokines that we examined
in IFN-γ deficientmales or females (Fig. 7C). Thus, deficiencies
in Th1-type cytokines affect male and female BALB/c mice
differently following CVB3 infection, impacting the severity of
acute inflammatory heart disease.
3. Discussion

In this study, we show thatmale BALB/cmice respond to CVB3
infection with increased inflammation and proinflammatory
cytokines in the heart, and this increase is not due to
increased viral replication. In the 1970s, Woodruff reported
that male BALB/c mice develop greater CVB3-induced myo-
carditis (Wong et al., 1977). In studies using the Woodruff
strain of CVB3, also called the H3 variant, CD8+ T cells are the
major mediator of cardiac damage during acute myocarditis,
killing virus infected myocytes resulting in widespread
myocyte necrosis and mortality (Guthrie et al., 1984; Huber
et al., 2002; Huber, 2005). There are important differences
between H3-CVB3-induced myocarditis and the Nancy strain
of CVB3 used to induce myocarditis in these studies (Fair-
weather and Rose, 2004b). Male BALB/c mice in both models
have increased myocarditis and an IFN-γ, Th1-type response
(Huber and Pfaeffle, 1994). However, IFN-γ is pathogenic in the
H3 model; that is, IFN-γ deficient mice do not develop
myocarditis and Vγ4+ T cells require IFN-γ to activate



Fig. 7 – IL-12Rβ1 (A), STAT4 (B) or IFN-γ (C) deficiency alters cytokines in the heart ofmale and female BALB/cmice during acute
CVB3-induced myocarditis. Mice received 103 PFU of CVB3 i.p. on day 0, and hearts were collected on day 12 p.i. for analysis of
cytokine levels by ELISA. Data are shown as the mean±SEM of 7 to 10 mice per group. *p<0.05; **p<0.01, ***p<0.001.
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pathogenic CD8+ T cells (Huber et al., 2002). In contrast, we,
and others, have shown that IFN-γ protects against acute
CVB3-inducedmyocarditis by reducing viral replication during
the innate and adaptive response to CVB3 infection (Horwitz
et al., 2000; Fairweather et al., 2005b) and protects against
chronic myocarditis by reducing fibrosis and DCM (Fair-
weather et al., 2004a; Fairweather and Rose, 2005). Thus, the
role of a Th1 response in the progression of CVB3-induced
myocarditis depends not only on the sex of themouse but also
on the strain of CVB3 used for the studies.

In this study, we found that males compensate for the loss
of IFN-γ by increasing TNF-α in the heart (Fig. 7C), a potent
antiviral agent (Guidotti and Chisari, 2001), whereas loss of
IFN-γ in females leads to increased viral replication and
myocarditis (Figs. 4 and 5). Although females respond to CVB3
infection with increased IL-4, IFN-γ is also present in the heart
indicating a mixed Th1/Th2 response (Fig. 3A). A number of
viruses in addition to CVB3 produce a mixed Th1/Th2
response including respiratory syncytial virus, influenza
virus, hepatitis C virus, Sindbis virus, Sendai virus, lympho-
cytic choriomengingitis virus and murine cytomegalovirus
(Fairweather et al., 2004b). Compared to WT males and
females (Figs. 2 and 5), IFN-γ deficient males and females
have increased viral replication in the heart (Fig. 5) (Fair-
weather et al., 2003, 2005b). Thus, IFN-γ inhibits CVB3
replication regardless of sex.

Women respond to infection or trauma with less inflam-
mation in the heart compared to men (Kher et al., 2005; Styrt
and Sugarman, 1991). Likewise, animal studies have consis-
tently shown that females are protected from acute myocar-
dial injuries such as ischemia, burn and sepsis (Kher et al.,
2005). Estrogen decreases proinflammatory cytokines via
effects on NFκB and enhances B cell maturation resulting in
higher antibody titers in females compared to males (Fox et
al., 1991; Schuster and Schaub, 2001; Styrt and Sugarman,
1991; Rossouw et al., 2002). Consistent with these reports, we
observed increased B cell numbers (unpublished results,
S. Frisancho-Kiss and D. Fairweather) and reduced IFN-γ
levels (Fig. 3) in the hearts of females. However, viral
replication was not significantly increased in males (Fig. 2),
as is observed with the H3-CVB3 variant. Infection with the
H3-CVB3 variant results in relatively high virus replication in
male hearts (107), little inflammation (3%) and widespread
necrosis and death (Huber, 2005), while infection with the
Nancy strain of CVB3 results in relatively low viral replication
in the heart (105), high inflammation (30–50%) and little or no
necrosis or death (Fairweather et al., 2003, 2004a, 2005b). Thus,
different pathogenic mechanisms exist between models of
CVB3-induced myocarditis (Fairweather and Rose, 2004b). It is
interesting to note that two outbreaks of CVB3 infection in
humans found no sex difference in the rate of infection
(Schoub et al., 1985; Dechkum et al., 1998) even though a clear
increase in incidence and mortality of heart disease occurs in
men (Fabre and Sheppard, 2006; Liu et al., 2003). Further
evidence that viral replication itself does not increase
inflammation in males comes from the finding that myocar-
ditis is increased in male mice in the adjuvant/cardiac
myosin-induced model of experimental myocarditis (unpub-
lished results, N.R. Rose) and in men receiving a smallpox
vaccination (Feery, 1977; Halsell et al., 2003). Overall, these
results suggest that the robust proinflammatory immune
response to CVB3 infection in males further increases
inflammation in the heart over what is induced by viral
replication alone (Fairweather et al., 2005a).

In this study, we found that IL-12Rβ1 signaling increased
inflammation and viral replication inmales and females. Since
IL-12Rβ1 signaling increases IL-1β and IL-18, but not IL-12 or
IFN-γ, during acute CVB3-inducedmyocarditis (Fairweather et
al., 2003), this signaling pathway is critical for the development
of acutemyocarditis in both sexes.We showed previously that
IL-12/STAT4-induced IFN-γ does not increase myocarditis in
males (Fairweather et al., 2003; 2005b). We found here that
STAT4 deficiency did not alter the sex difference in myocardi-
tis, with males maintaining increased inflammation over
females (Figs. 1 and 4). Reduced IL-4 levels in the heart of
STAT4 deficient females suggest that STAT4may influence IL-
4 production (Fig. 7B). In fact, STAT4 has been shown to be
expressed in Th2 cells (IL-4 producing cells), although the
precise role for STAT4 in Th2 cells is unclear (Watford et al.,
2004). In previous studies of adjuvant/cardiacmyosin-induced
myocarditis, STAT4 deficient mice were shown to develop
significantly reduced acute myocarditis indicating a patho-
genic role for STAT4 (Afanasyeva et al., 2001a). However,
female BALB/c mice (which develop lower myocarditis) were
used in those studies, which may account for the different
results in the two models. Alternatively, decreased IL-4 levels
in STAT4 deficient mice may reduce inflammation in that
model, which depends on IL-4 (Afanasyeva et al., 2001b).
Interestingly, the roles for IL-12Rβ1 signaling and IFN-γ are the
same in the adjuvant/cardiac myosin- and CVB3-induced
myocarditis models suggesting that common mechanisms of
disease pathogenesis occur between the two models (Afana-
syeva et al., 2001a, 2005; Fairweather and Rose, 2005; Fair-
weather et al., 2003, 2004a, 2005b).

In this study, we show that differences in the severity of
myocarditis between sexes are not due to the level of viral
replication in the heart but due to differences in the immune
response to infection. Treatment of acute myocarditis and
chronic heart disease with antiviral agents and/or immuno-
suppressive therapies has often produced disappointing
results (Frustaci et al., 2006; Hia et al., 2004; Liu et al., 2005).
Regulating viral replication and inflammation is further
compounded by differences in the immune response to
infection in males and females. In order to develop better
therapies to treat, or possibly even prevent, inflammatory
heart disease, a better understanding of differences in the
immune response of males and females is needed.
4. Experimental procedures

4.1. Mice

Male and female BALB/c mice or BALB/c mice deficient in IL-
12Rβ1, STAT4 or IFN-γ were obtained from the Jackson
Laboratory (Bar Harbor, ME). At least three separate experi-
ments using 7 to 10 mice per group were conducted for each
procedure and time-point. Mice were maintained under
pathogen free conditions in the animal facility at Johns
Hopkins School of Medicine, and approval was obtained
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from the Animal Care and Use Committee of the Johns
Hopkins University for all procedures. Mice determined to be
suffering from pain or discomfort at any time during daily
observations were immediately euthanized.

4.2. Myocarditis

Mice, 6 to 8 weeks of age, were inoculated with an intraper-
itoneal (i.p.) injection of a heart-passaged stock of CVB3
(Nancy strain) originally obtained from the American Type
Culture Collection (ATCC, Manassas, VA) and grown in Vero
cells (ATCC, Manassas, VA). CVB3 was diluted in sterile saline
and 103 plaque forming units (PFU) injected i.p. on day 0 and
tissues or cells collected at day 2 post-infection (p.i.) (innate
response) or on day 8 or 12 p.i. (acute myocarditis). No deaths
occurred in male or female BALB/c mice during acute
myocarditis (data not shown). Mice inoculated i.p. with PBS
or uninfected tissue homogenate did not develop myocarditis
(data not shown). Hearts were cut longitudinally and fixed in
10% phosphate-buffered formalin and embedded in paraffin.
Sections 5 μm thick were cut at various depths in the tissue
section and stained with H&E to determine the level of
inflammation. Sections were examined by two independent
investigators in a blinded manner, and myocarditis was
assessed as the percentage of the heart section with inflam-
mation compared to the overall size of the heart section, with
the aid of a microscope eyepiece grid.

4.3. Cytokine measurement

Hearts were frozen in dry ice immediately and stored at −80 °C
until homogenized. Tissues were homogenized at 10% weight/
volume in 2% MEM, and supernatants were stored at −80 °C
until used in ELISA or plaque assays. Cytokines were measured
in heart supernatants using Quantikine cytokine ELISA kits
(R&D Systems, Minneapolis, MN), as previously (Fairweather et
al., 2003). Cytokineswere below detectable levels in the 2%MEM
used to homogenize samples (data not shown). Cytokines were
expressed as pg/g of heart tissue±SEM.

4.4. Plaque assay

The level of infectious virus was determined in individual
homogenates by plaque assay, according to standard proce-
dures (Fairweather et al., 2003). Samples were processed in the
same manner as for cytokine analysis. Virus titers were
expressed as the mean PFU/g±SEM, and the limit of detection
was 10 PFU/g of heart tissue.

4.5. Heart digestion and FACS analysis

The heart was perfused at a constant flow of 14 ml/min with
cold PBS (Biofluids, Rockville, MD) for 2 min, as previously
(Fairweather et al., 2005b, 2006). Individual cell suspensions
from 7micewere pooled by group and immune cells separated
from heart cells using a magnetic column and anti-CD45
paramagnetic beads (30F11.1; Miltenyi Biotec, Auburn, CA).
Cell fluorescence was measured using a FACScalibur flow
cytometer (BD BioSciences, San Jose, CA), and data analyzed
using Cell Quest software (BD BioSciences, San Diego, CA).
4.6. Statistical analysis

Individual experiments were conducted at least three times
with 7 to 10 mice per group. Normally distributed data
were analyzed by the Student's t test. The Mann–Whitney
U test was used to evaluate non-parametric data. Differ-
ences between male and female WT or deficient mice were
considered significant if p≤0.05. Comparisons of IL-12Rβ1,
STAT4 and IFN-γ deficient to WT BALB/c mice are
previously published (Fairweather et al., 2003, 2004a,
2005b).
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