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Inflammatory fibrosis is a characteristic feature of
myocarditis, dilated cardiomyopathy (DCM), and
congestive heart failure. Th1-type immune responses,
mediated by interleukin (IL)-12-induced interferon
(IFN)-� , are believed to exacerbate autoimmune dis-
eases including myocarditis. In this study, we exam-
ined the effect of IL-12R�1 and IFN-� deficiency on the
development of chronic CB3-induced myocarditis us-
ing knockout mice. We found increased chronic CB3-
induced myocarditis (14.1 to 43.1%, P < 0.001); peri-
carditis (1.5 to 7.6%, P < 0.001); fibrosis (9.7 to
27.4%, P < 0.05); and the profibrotic cytokines trans-
forming growth factor-�1, IL-1� , and IL-4 in the
hearts of IFN-�-deficient mice. All mice infected with
CB3 developed DCM, but IFN-�-deficient mice devel-
oped a fibrous, adhesive pericarditis associated with
increased numbers of degranulating mast cells (MCs)
in the pericardium (26.6 to 45.9%, P < 0.01), in-
creased histamine levels (716 to 1930 ng/g of heart,
P < 0.01), and reduced survival (100 to 43%). In
contrast, IL-12R�1 deficiency did not significantly al-
ter the development of chronic myocarditis. Thus,
IFN-� protects against the development of severe
chronic myocarditis, pericarditis, and DCM after CB3
infection by reducing MC degranulation, fibrosis, and
the profibrotic cytokines transforming growth factor-
�1, IL-1� , and IL-4 in the heart. (Am J Pathol 2004,
165:1883–1894)

The development of chronic fibrosis is an important fea-
ture of a number of pathological conditions such as pul-
monary or hepatic disease and rheumatoid arthritis
(RA).1 Fibrosis also contributes significantly to the devel-
opment of congestive heart failure. Cytokines play an
essential role in tissue remodeling by stimulating fibro-
blast proliferation and collagen deposition. Transforming
growth factor-� (TGF-�) increases fibrosis by stimulating
fibroblast proliferation and the production of collagen
while at the same time inhibiting matrix metalloprotein-
ase-induced degradation of collagen.1–4 Angiotensin II
(AngII), a component of the cardiac renin-angiotensin-
aldosterone system, indirectly increases TGF-� levels in
response to mechanical stretch or damage.3,5 Other pro-
fibrotic cytokines including tumor necrosis factor-� (TNF-
�), interleukin (IL)-1�, and IL-4 also increase fibroblast
proliferation resulting in greater collagen synthesis and
fibrosis.2,6,7

Regardless of the origin, injury to the heart can result in
cardiomyocyte hypertrophy, fibroblast proliferation, fibro-
sis, and cell death.6 Inflammatory cardiomyopathy be-
cause of viral infection is a frequent cause of sudden
death in young adults and often progresses to dilated
cardiomyopathy (DCM), a major cause of heart failure.8

Coxsackievirus B3 (CB3) infection of susceptible mice
results in disease similar to that observed in humans, with
the development of acute myocarditis from days 7 to 14
after infection, which later progresses to a chronic phase
of disease from day 28 to at least day 58 after infection.9

During the chronic phase, no infectious virus can be
recovered from the heart.9 Cytokines released during the
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innate response to CB3 infection are critical in the pro-
gression to chronic autoimmune disease, because exog-
enous administration of TNF-� or IL-1� along with CB3
induces chronic myocarditis in resistant strains of
mice.10,11 We have recently shown that increased IL-1�
and IL-18 levels in the heart directly correlate with in-
creased acute myocardial inflammation after CB3 infec-
tion, and that these cytokines are modulated via IL-12
receptor (R) �1 and toll-like receptor 4 signaling.12 In
contrast, we found that interferon (IFN)-� is important in
protecting against viral replication but does not signifi-
cantly alter acute myocardial inflammation after CB3 in-
fection.12 However, the role of IL-12-induced IFN-� in the
progression to chronic myocarditis after CB3 infection
has not been previously examined.

IL-12 produced during the early phase of a bacterial or
viral infection promotes the differentiation of T cells to a
Th1 phenotype, which supports cell-mediated immunity,
cytotoxic T cell generation, activation of phagocytic cells,
and eventual eradication of intracellular pathogens.13

Th1-mediated immune responses are also associated
with a number of autoimmune diseases, such as inflam-
matory bowel disease, type I diabetes, multiple sclerosis,
RA, and myocarditis.14–16 Signaling by IL-12 requires
co-expression of the IL-12R�1 and IL-12R�2 chains for
high-affinity IL-12p70 binding and maximal IFN-� produc-
tion. In the mouse, IL-12R signaling activates signal
transducer and activator of transcription (STAT)1, STAT3,
and STAT4, with STAT4 being responsible for most of the
biological activities of IL-12p70 through the production of
IFN-�.17,18 Although IFN-� has been shown to exacerbate
some Th1-mediated autoimmune diseases by expanding
autoreactive T cells, IFN-� also prevents chronic fibrosis
by inhibiting the activation of fibroblasts and by antago-
nizing the effects of TGF-�.19–22 Thus, a better under-
standing of the mechanisms involved in the development
of chronic myocarditis and DCM after viral infection is
needed to treat or prevent chronic inflammatory heart
disease.

In this study, we examined the role of IL-12-induced
IFN-� on the development of chronic, autoimmune myo-
carditis triggered by CB3 infection using mice deficient in
IL-12R�1 or IFN-�. We found that IFN-� was crucial in
protecting mice from the development of severe chronic
myocarditis, pericarditis, and fibrosis. Increased cardiac
fibrosis in IFN-�-deficient mice was associated with areas
of increased inflammation, pericardial thickening, and
increased TGF-�1, IL-1�, and IL-4 levels in the heart.
Although all wild-type and knockout mice infected with
CB3 developed DCM, disease in IFN-�-deficient mice
was more severe and accompanied by increased num-
bers of degranulating pericardial mast cells (MCs), in-
creased histamine levels, and reduced survival. In con-
trast, IL-12R�1 deficiency did not alter chronic
inflammation or fibrosis. Thus, rather than exacerbating
chronic myocarditis, IFN-� was found to protect against
the development of severe myocardial inflammation, peri-
cardial thickening, and DCM after CB3 infection by re-
ducing fibrosis, MC degranulation, and the profibrotic
cytokines TGF-�1, IL-1�, and IL-4 in the heart.

Materials and Methods

Mice

IL-12R�1- and IFN-�-deficient mice on a BALB/c genetic
background and wild-type BALB/c controls were ob-
tained from the Jackson Laboratory (Bar Harbor, ME).
Mice were maintained under pathogen-free conditions in
the animal facility at Johns Hopkins School of Medicine,
and approval was obtained from the Animal Care and
Use Committee of the Johns Hopkins University for all
procedures.

Histology

Individual experiments were conducted three to five
times with 7 to 10 mice per group. Mice, 6 to 8 weeks of
age, were inoculated intraperitoneally with a heart-pas-
saged stock of CB3 (Nancy strain) originally obtained
from the American Type Culture Collection (Manassas,
VA). CB3 was diluted in sterile phosphate-buffered saline
(PBS) and 103 plaque-forming units (PFU) injected intra-
peritoneally on day 0 and tissues collected on days 12,
21, 28, 35, or 45 after infection. Age-matched, mock-
treated (PBS or uninfected heart homogenate), unin-
fected BALB/c, IL-12R�1-deficient, or IFN-�-deficient
mice were inoculated on day 0 and analyzed at days 35
or 45 after inoculation. Hearts were cut longitudinally and
fixed in 10% phosphate-buffered formalin and embed-
ded in paraffin. Five-�m- thick sections were cut at vari-
ous depths in the tissue section and stained with hema-
toxylin and eosin (H&E) to determine the level of
inflammation and DCM, and with Masson’s trichrome to
detect collagen deposition. Sections were examined by
two independent investigators in a blinded manner and
myocarditis with necrosis, pericarditis, or fibrosis was
assessed as the percentage of the heart section with
inflammation or fibrosis compared to the overall size of
the heart section, with the aid of a microscope eyepiece
grid. The development of DCM was assessed by gross
observation at low magnification from histology sections.
Heart sections were stained with toluidine blue to detect
MC granules. The number of MCs in 50 fields of view was
counted with the aid of a microscope eyepiece grid. MCs
were assessed as degranulating when purple-stained
granule droplets could be observed adjacent to MCs
under the microscope at high power.

Cytokine and Histamine Measurements

Splenocyte cultures were performed essentially as previ-
ously described.23 Briefly, viable splenocytes from indi-
vidual mice were cultured at 1 � 107 cells/well of a
24-well plate in RPMI 1640 medium supplemented with
10% fetal bovine serum, 15 mmol/L HEPES, 1% L-glu-
tamine, 1% minimum essential medium vitamins, 1% non-
essential amino acid, 0.1 mmol/L �-mercaptoethanol, 1%
sodium pyruvate, and 100 U/ml of penicillin-streptomycin
(Life Technologies, Inc., Carlsbad, CA) for 48 hours with-
out stimulation. Two days in culture is not the optimal time
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point for all cytokines, but was chosen as a time when the
cytokines of interest could be detected.

Heart samples were weighed and frozen with dry ice
immediately after collection and stored at �80°C until
homogenized. Both homogenized and culture superna-
tants were stored at �80°C until used in enzyme-linked
immunosorbent assays (ELISAs). Cytokine levels were
measured in homogenized heart supernatants or cul-
tured spleen supernatants using Quantikine cytokine
ELISA kits purchased from R&D Systems (Minneapolis,
MN), according to the manufacturer’s instructions. Ac-
tive, rather than latent, TGF-�1 levels were assessed. The
limit of detection for the cytokine kits was as follows:
IFN-�, 2 pg/ml; TGF-�1, 1.6 pg/ml; TNF-�, 5.1 pg/ml;
IL-1�, 3 pg/ml; and IL-4, 2 pg/ml. Histamine levels were
measured in homogenized heart supernatants using his-
tamine ELISA kits purchased from ImmunoBiological
Laboratories (RE59221; Hamburg, Germany), according
to the manufacturer’s instructions. Heart cytokine and
histamine levels were expressed as pg/g of heart tissue.

Plaque Assay

The level of infectious virus was determined in individual
homogenates by plaque assay according to standard
procedures.24,25 Briefly, samples were frozen with dry-
ice immediately after collection and stored at �80°C until
homogenized. Tissues were homogenized at 10% w/v in
2% minimal essential medium and supernatants were
stored at �80°C until used in the plaque assay. Dilutions
of tissue supernatants were incubated on confluent Vero
cell (American Type Culture Collection) monolayers for 1
hour at 37°C and 5% CO2 to allow viral attachment and
then incubated for 3 days to allow plaque formation. Virus
titers are expressed as the mean PFU/g tissue � SEM
and the limit of detection was 10 PFU/g of tissue.

Statistical Analysis

Normally distributed data were analyzed by the Student’s
t-test, otherwise the Mann-Whitney U-test was used. Sig-
nificant differences were obtained by comparing CB3-
infected knockout mice with infected BALB/c controls.
Test values with a P � 0.05 were considered significantly
different from control values (*, P � 0.05; **, P � 0.01; ***,
P � 0.001).

Results

Chronic Myocarditis Is Increased in IFN-�-
Deficient Mice after CB3 Infection

IFN-�-mediated Th1 responses are believed to exacer-
bate many autoimmune diseases, including myocardi-
tis.16 We previously found that IFN-� protects CB3-in-
fected mice by reducing viral replication in the heart
during acute myocarditis (day 12 after infection), but that
IFN-� does not significantly alter myocardial inflammation
during acute myocarditis.12 However, the role of IFN-� in

the development of the chronic phase of CB3-induced
myocarditis has not been studied. To investigate the
effect of IFN-� on the development of chronic CB3-in-
duced myocarditis, we examined BALB/c mice deficient
in IL-12R�1 or IFN-� and compared the level of myocar-
ditis at days 35 and 45 after CB3 infection, during the
peak of chronic myocarditis,9 to wild-type BALB/c con-
trols. IL-12R�2-deficient mice were not available on a
BALB/c genetic background, and so were not examined
in this study.

We found that IL-12R�1 deficiency did not significantly
alter the level of chronic myocarditis (inflammation and
necrosis) at day 35 after infection (Figure 1A) or 45 after
infection (data not shown) compared to wild-type BALB/c
mice. On the other hand, IFN-� deficiency resulted in a

Figure 1. Chronic myocarditis and fibrosis is increased in IFN-�-deficient
mice. Mice deficient in IL-12R�1 (IL12R�/�) or IFN-� (IFNg�/�) were
compared to wild-type BALB/c control mice for the level of myocarditis and
fibrosis in the heart 35 days after CB3 infection. Mice received 103 PFU of CB3
or PBS intraperitoneally on day 0 and hearts were collected on day 35 after
infection. Myocarditis or fibrosis were not observed in the heart at day 35 of
age-matched uninfected, mock PBS-treated BALB/c, IL-12R�1-deficient, or
IFN-�-deficient mice, or in BALB/c mice inoculated with uninfected heart
homogenates. Myocarditis was assessed as the percentage of the heart with
inflammation and necrosis compared to the overall size of the heart section.
Fibrosis was assessed as the percentage of the heart section with collagen
deposition, which stains bright blue with Masson’s trichrome stain. Data
show one representative experiment of five conducted with 7 to 10 mice per
group. Data are presented as the mean � SEM. *, P � 0.05; ***, P � 0.001.
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significant increase in chronic myocarditis compared to
controls (Figure 1A). The level of inflammation at day 45
was very similar to day 35 (Figure 1A) in IFN-�-deficient
hearts, but with increased areas of necrosis at day 45
after infection (data not shown). Inflammation or necrosis
was not observed in the hearts at day 35 in age-matched,
mock PBS-treated, uninfected BALB/c, IL-12R�1-defi-
cient, or IFN-�-deficient mice, or in BALB/c mice inocu-
lated with uninfected heart homogenates (data not
shown). Thus, IFN-� was found to protect against the
development of chronic CB3-induced myocarditis result-
ing in reduced inflammation and necrosis in the heart
independently of IL-12R�1 signaling.

Infectious Virus Is Not Reactivated in the Heart
or Pancreas of IL-12R�1- or IFN-�-Deficient
Mice

Detection of infectious virus by plaque assay occurs as
early as 12 hours to day 10 after infection in the pancreas,
and from 24 hours to day 14 after infection in the hearts of
CB3-infected BALB/c mice.9,26 After day 14 after infec-
tion, infectious virus cannot be detected by plaque assay
in the heart or pancreas.9 Because IFN-� is important in
protecting against CB3 replication,12,27 we wanted to
know whether removing IFN-� would prevent clearance
or allow reactivation of virus during the chronic phase,
thus potentially accounting for the increased chronic
myocarditis observed in IFN-�-deficient mice (Figure 1A).
Therefore, we examined the heart and pancreas of IL-
12R�1-deficient and IFN-�-deficient and wild-type
BALB/c mice for the presence of virus by plaque assay at
days 21, 28, 35, and 45 after CB3 infection. No plaques
were detected in the heart or pancreas of knockout or

control mice at any time point (data not shown), indicat-
ing that infectious virus was not present. These results
show that the increased inflammation observed in IFN-�-
deficient hearts is because of factors other than active
viral replication. Although the possibility exists that the
presence of latent, nonreplicating virus in the heart may
be recognized by the immune system leading to chronic
inflammation,25 the best evidence that persistent virus is
not necessary for the progression to chronic myocarditis is
the fact that susceptible mice develop chronic myocarditis
after inoculation with only cardiac myosin and adjuvant.
Thus, active infection is likely to be needed only to release
cardiac myosin (self) during the acute response.

Cardiac Fibrosis Is Increased in IFN-�-Deficient
Mice during Chronic Myocarditis

Fibrosis involves proliferation of fibroblasts and deposi-
tion of extracellular matrix proteins such as collagen.

Figure 2. Increased fibrosis is associated with areas of inflammation in the
heart. Uninfected, mock-treated BALB/c (A), IL-12R�1-deficient, or IFN-�-
deficient mice did not develop cardiac fibrosis. Mice deficient in IL-12R�1 (C)
or IFN-� (D) were compared to wild-type BALB/c (B) mice for the level of
fibrosis and inflammation in the heart 35 days after CB3 infection. Mice
received 103 PFU of CB3 or PBS intraperitoneally on day 0 and hearts were
collected on day 35 after infection. Fibrosis was assessed as the area of the
heart section with collagen deposition, which stains bright blue with Mas-
son’s trichrome stain. Individual experiments were conducted five times with
7 to 10 mice per group, with one representative heart shown for each group.
Original magnifications, �64.

Figure 3. Pericarditis is increased in IFN-�-deficient mice after CB3 infection.
Mice deficient in IL-12R�1 (IL12R�/�) (A, D) or IFN-� (IFNg�/�) (A, E)
were compared to wild-type BALB/c mice (A, C) for the level of pericarditis
(A) and pericardial fibrosis (B–E) in the heart 45 days after CB3 infection.
Mice received 103 PFU of CB3 or PBS intraperitoneally on day 0 and hearts
were collected on day 45 after infection. Uninfected, mock-treated BALB/c
(B), IL-12R�1-deficient, or IFN-�-deficient mice did not develop pericarditis.
Pericarditis was assessed as the percentage of the heart with pericarditis and
pericardial fibrosis compared to the overall size of the heart section. Fibrosis
was assessed as the area of the heart section with collagen deposition, which
stains bright blue with Masson’s trichrome stain. Data show one representa-
tive experiment of three conducted with 7 to 10 mice per group. Data are
presented as the mean � SEM. ***, P � 0.001. Original magnifications: �64
(B and E); �40 (C and D).
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Even though myocytes account for more than 90% of the
volume of the heart, they comprise only �25% of the total
number of cardiac cells, with the remainder being primar-
ily fibroblasts.6,22 Thus, it is not surprising that fibrosis is
an important contributor to the development of conges-
tive heart failure and DCM, and a key determinant of the
clinical outcome of chronic heart disease.6 However, the
role of fibrosis in the progression to chronic myocarditis
and DCM after CB3 infection has not been previously
investigated.

To study the role of IL-12-induced IFN-� on the devel-
opment of cardiac fibrosis, heart sections from CB3-
infected IL-12R�1- or IFN-�-deficient mice were stained
with Masson’s trichrome to detect collagen deposition
and fibrosis and compared to wild-type BALB/c controls
(Figure 1B and Figure 2). Fibrosis was not observed in
the heart at days 35 or 45 in age-matched, mock PBS-
treated, uninfected BALB/c (Figure 2A), IL-12R�1-defi-
cient, or IFN-�-deficient mice (data not shown), or in
BALB/c mice inoculated with uninfected heart homoge-
nates (data not shown). Similar to the role for IL-12R�1
signaling in chronic inflammation (Figure 1A), IL-12R�1
deficiency did not significantly alter the development of
fibrosis after CB3 infection compared to wild-type
BALB/c controls (Figure 1B; Figure 2, B and C). We found
that fibrosis was significantly increased in IFN-�-deficient
hearts compared to wild-type BALB/c mice at day 35
after infection (Figure 1B) as indicated by bright blue
staining for collagen deposition (Figure 2D). Areas of
fibrosis were predominantly associated with regions of
inflammation and necrosis for all strains of mice infected
with CB3 (Figure 2). These results indicate that the pro-
tective effect of IFN-� in reducing the development of
chronic CB3-induced myocarditis relates to the role of
IFN-� in reducing fibrosis in the heart.

Pericarditis Is Increased in IFN-�-Deficient Mice
during Chronic Myocarditis

Pericarditis usually develops subsequent to other cardi-
ac-associated diseases such as rheumatic fever, sys-
temic lupus erythematosus, systemic sclerosis, and bac-
terial or viral myocarditis.22 Most causes of pericarditis
result in an acute, serous pericarditis, while the chronic,
fibrous form of pericarditis is less common. We have
found that pericarditis develops after infection with either
murine cytomegalovirus or CB3.9 However, the role of
IFN-� in the development of chronic pericarditis after CB3
infection has not been previously examined. Uninfected
BALB/c (Figure 3B), IL-12R�1-deficient, or IFN-�-defi-
cient mice (data not shown) did not develop pericarditis
unless they were infected with virus. We found that IL-
12R�1 deficiency did not alter the development of
chronic pericarditis, which was present at low levels in
both IL-12R�1-deficient and wild-type BALB/c controls
after infection (Figure 3; A, C, D). However, IFN-�-defi-
cient mice developed increased pericarditis at day 35
after infection (data not shown) and day 45 after infection
compared to BALB/c mice as assessed by H&E staining
(data not shown) and Masson’s trichrome to detect fibro-

sis (Figure 3; A, C, E). IFN-�-deficient mice developed a
thickened fibrous pericarditis after CB3 infection that was
associated with calcification (Figure 3E). The pericarditis
induced in IFN-�-deficient hearts was particularly severe
and associated with obliteration of the pericardial sac
and fibrous adhesion to the surrounding structures. Thus,
IFN-� is important in preventing the development of the
adhesive, fibrous form of pericarditis after CB3 infection.

IFN-� Deficiency Increases DCM and Mortality
during Chronic CB3-Induced Myocarditis

DCM is characterized by progressive cardiac hypertro-
phy, dilation, and contractile (systolic) dysfunction often
developing subsequent to myocarditis.8,22 Because the
majority of mice that are infected with CB3 develop DCM
during the chronic phase of myocarditis,28 we were in-
terested in the role of the IL-12R/IFN-� pathway in this
process. DCM is not usually observed in BALB/c mice at
day 12 after infection, during acute CB3-induced myo-
carditis, but develops by day 35 after infection.28 How-
ever, hypertrophy of the myocardium, which is often a
precursor to the development of DCM, can be observed
during acute CB3 myocarditis in BALB/c mice (day 12
after infection) (Figure 4A). Age-matched, uninfected
BALB/c, IL-12R�1-deficient (data not shown), or IFN-�-

Figure 4. IFN-� deficiency increases DCM and mortality during chronic
myocarditis. A: Hypertrophy of the myocardium is observed in CB3-infected
BALB/c mice during acute myocarditis at day 12 after infection. B: Age-
matched, uninfected, mock-treated BALB/c, IL-12R�1-deficient, or IFN-�-
deficient mice do not develop DCM at day 35. CB3-infected mice deficient in
IL-12R�1 (D) or IFN-� (E) were compared to control BALB/c (C) mice for the
level of DCM in the heart 35 days after infection. F: Survival was assessed in
CB3-infected and uninfected mouse strains by observing mice from day 0 to
day 45 after infection. No deaths were observed in uninfected, mock-treated
IFN-�-deficient, or CB3-infected BALB/c, or IL-12R�1-deficient mice. Mice
received 103 PFU of CB3 or PBS intraperitoneally on day 0 and hearts were
collected on day 12 or 35 after infection. Hearts were cut longitudinally and
assessed for dilation by gross inspection of H&E-stained sections at low
power. Individual experiments were conducted five times with 7 to 10 mice
per group, with one representative heart shown for each group. Original
magnifications, �2.5.
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deficient mice (Figure 4B) did not develop a dilated phe-
notype. However, all strains of mice infected with CB3,
including wild-type and knockout mice, developed
chronic DCM with increased chamber dilation, and either
hypertrophy or thinning of the ventricular walls (Figure 4;
C to E). However, DCM was generally more severe in
IFN-�-deficient mice (Figure 4E). All mouse strains ex-
cept for IFN-�-deficient mice survived the development of
chronic CB3-induced myocarditis, but deaths occurred
in IFN-�-deficient mice during the chronic phase of myo-
carditis from day 28 onwards (Figure 4F), suggesting
progression to congestive heart failure in this strain. Be-
cause IFN-� deficiency resulted in the development of a
fibrous, adhesive form of pericarditis (Figure 3E), these
mice may have developed more severe DCM because of,
at least in part, the increased strain placed on the heart
by adhesion of the pericardium to the surrounding tis-
sues. Thus, wild-type BALB/c mice develop DCM with a
100% prevalence after CB3 infection that is not pre-
vented by IL-12R�1 or IFN-� deficiency. However, IFN-�
reduces the development of severe DCM, heart failure,
and death by preventing the fibrous, adhesive form of
pericarditis.

TGF-�1 and IL-4 Are Increased in Splenocyte
Cultures from IFN-�-Deficient Mice during
Chronic Myocarditis

Collagen accumulation during fibrosis depends on the
balance between stimulation of collagen synthesis and
degradation by matrix metalloproteinase, and is regu-
lated by cytokines and growth factors such as platelet-
derived growth factor, fibroblast growth factor, TGF-�1,
IFN-�, TNF-�, IL-1�, and IL-4.1,6 We therefore examined
the levels of IFN-�, TGF-�1, TNF-�, IL-1�, and IL-4 pro-
duction from splenocytes (Figure 5) and the heart (Figure
6) of CB3-infected IL-12R�1- and IFN-�-deficient mice
compared to uninfected and CB3-infected controls.

IFN-�-deficient mice developed splenomegaly during
the chronic phase of CB3-induced myocarditis (data not
shown), indicating that deficiency in IFN-� results in in-
creased proliferation of splenocyte populations. How-
ever, the same number of splenocytes was used for
analysis of cytokines in all strains of mice. We found that
IFN-� production from splenocytes was significantly re-
duced after CB3 infection of IL-12R�1- or IFN-�-deficient
mice compared to infected BALB/c controls (Figure 5A),
as has been previously reported for these mouse
strains.14,29,30 As expected, IFN-� was not detected in
IFN-�-deficient splenocyte cultures after CB3 infection
(Figure 5A). We found that active levels of TGF-�1 were
significantly increased in IFN-�-deficient splenocytes
(Figure 5B), although at very low levels. IL-1� was not
detected in splenocyte culture supernatants during
chronic myocarditis (data not shown). Although we found
no differences between strains in TNF-� levels (Figure
5C), we did observe significantly greater levels of IL-4 in
IFN-�-deficient splenocyte cultures (Figure 5D). Although
IFN-� levels were decreased in IL-12R�1-deficient cul-
tures, this did not result in increased TGF-�1 or IL-4 levels

in this strain (Figure 5), suggesting that the effects of
IFN-� on the production of these profibrotic cytokines in
the spleen were not mediated through IL-12R�1. These
results indicate that a profibrotic environment exists in the
spleen that may be characteristic of the inflammatory
cells in the heart that lead to fibrosis.

TGF-�1, IL-1�, and IL-4 Are Increased in the
Heart of IFN-�-Deficient Mice during Chronic
Myocarditis

Because the local cytokine environment is key in deter-
mining whether fibrosis develops, we examined the levels
of IFN-�, TGF-�1, TNF-�, IL-1�, and IL-4 production in the
hearts of IL-12R�1- and IFN-�-deficient mice infected
with CB3 35 days earlier compared to BALB/c controls
(Figure 6). We also examined the level of these cytokines
in the heart of uninfected BALB/c or IFN-�-deficient mice
for comparison of pre-existing cytokine levels (Figure 6).
TGF-� occurs in three isoforms, TGF-�1, TGF-�2, and
TGF-�3, with TGF-�1 being the most important for medi-
ating fibrosis.31,32 TGF-�1 is released from many different
cells such as macrophages and cardiomyocytes in an
inactive latent form that must be activated to mediate the
effects of the TGF-R.33,34 We were surprised to find that
bioactive TGF-�1 was present at relatively high levels in
the hearts of uninfected BALB/c mice, but there was no
significant difference in the level of TGF-�1 in the hearts
of uninfected mice deficient in IFN-� compared to unin-
fected BALB/c mice (Figure 6A). However, during
chronic myocarditis we found that TGF-�1 levels were
significantly increased in the hearts of IFN-�-deficient
mice compared to CB3-infected BALB/c controls (Figure
6A), consistent with the increase we observed in fibrosis

Figure 5. TGF-�1 and IL-4 levels are increased in splenocyte cultures from
IFN-�-deficient mice during chronic myocarditis. Mice deficient in IL-12R�1
(IL12R�/�) or IFN-� (IFNg�/�) were compared to wild-type BALB/c mice
for the level of IFN-� (A), active TGF-�1 (B), TNF-� (C), or IL-4 (D) in
unstimulated splenocyte cultures during CB3-induced chronic myocarditis.
Unstimulated splenocyte cultures from uninfected, mock-treated BALB/c
mice were evaluated for comparison of uninfected cytokine levels. Mice
received 103 PFU of CB3 or PBS intraperitoneally on day 0 and splenocytes
were collected on day 35 after infection and culture supernatants analyzed
using cytokine ELISA kits. Individual experiments were conducted three
times and data presented as the mean � SEM of pg/ml of 7 to 10 mice per
group. Significant differences were obtained by comparing CB3-infected
knockout mice with infected BALB/c controls. *, P � 0.05; **, P � 0.01; ***,
P � 0.001.
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in this strain (Figure 1B and Figure 2D). TGF-�1 is closely
associated with increased fibrosis because of its ability to
inhibit matrix metalloproteinase while increasing collagen
deposition.2,4 TNF-�, IL-1�, and IL-6 can also contribute
to increased fibrosis by augmenting AngII and AngII
receptors in the heart.7,35,36 In contrast to splenocytes
(Figure 5), neither TNF-� nor IFN-� was detected in the
heart during chronic myocarditis (data not shown). How-
ever, the hearts of IFN-�-deficient mice had significantly

elevated levels of the profibrotic cytokines IL-1� and IL-4
(Figure 6, B and C). Thus, IFN-� protects against the
development of severe chronic fibrosis by influencing the
production of the profibrotic cytokines TGF-�1, IL-1�, and
IL-4 in the heart.

MC Degranulation Is Increased in the
Pericardium of IFN-�-Deficient Mice during
Chronic Myocarditis

There is increasing evidence that MCs participate in an-
giogenesis as well as tissue remodeling and fibrosis.
Mediators released from degranulating MCs such as his-
tamine, tryptase, chymase, and cytokines stimulate vas-
cular tube formation, fibroblast proliferation, collagen
deposition, and matrix metalloproteinase degrada-
tion.37–40 MCs are found in the human heart in increased
numbers during cardiovascular disease and congestive
heart failure.41–43 Furthermore, studies using MC-defi-
cient mice have confirmed a role for MCs in increasing
fibrosis leading to heart failure.44 Since we had observed
elevated levels of TGF-�1, IL-1�, and IL-4 in IFN-�-defi-
cient hearts (Figure 6), cytokines that are produced by
MCs,38 we looked for MCs in the hearts of IFN-�-deficient
mice compared to BALB/c controls at day 35 after infec-
tion using toluidine blue staining for MC granules. We
found abundant, but similar numbers of, MCs in the heart
during chronic myocarditis (Figure 7A). A similar number
of MCs was also present in uninfected, mock-treated
BALB/c or IFN-�-deficient hearts (Figure 7A). Interest-
ingly, IFN-�-deficient mice had significantly increased
numbers of degranulating MCs compared to the total
number of degranulating and intact MCs (Figure 7B).
Intact and degranulating MCs were primarily observed
surrounding vessels and the pericardium, but could also
be found dispersed within the myocardium (Figure 7C).
However, degranulating MCs were almost exclusively lo-
cated in the pericardium (92.5 � 5.5%) compared to the
myocardium. The high number of degranulating MCs in
the pericardium of IFN-�-deficient mice suggests that
increased levels of mediators released from MCs may be
responsible for the fibrous, adhesive form of pericarditis
and increased DCM observed in this strain. To confirm
that MCs were degranulating at higher levels in the hearts
of IFN-�-deficient mice, we examined the level of hista-
mine in the heart. We found that histamine levels were
significantly increased in the hearts of IFN-�-deficient
mice during chronic myocarditis compared to wild-type
BALB/c controls (Figure 7D). These results suggest a role
for IFN-� in regulating MC degranulation after viral infection
and provide a mechanism to explain how MCs can exac-
erbate cardiovascular disease leading to heart failure.

Discussion

In this study, we examined the role of IL-12-induced
IFN-� on the development of chronic CB3-induced myo-
carditis. We report here that, rather than increasing au-
toimmune inflammation, IFN-� protects against the devel-

Figure 6. TGF-�1, IL-1�, and IL-4 levels are increased in the hearts of
IFN-�-deficient mice during chronic myocarditis. Mice deficient in IL-12R�1
(IL-12R�/�) or IFN-� (IFNg�/�) were compared to wild-type BALB/c mice
for the level of active TGF-�1 (A), IL-1� (B), or IL-4 (C) in the heart during
chronic CB3-induced myocarditis. Uninfected, mock-treated BALB/c and
IFN-�-deficient mice were evaluated for comparison of uninfected cytokine
levels in the heart. Mice received 103 PFU of CB3 or PBS intraperitoneally on
day 0 and hearts were collected on day 35 after infection and homogenized
supernatants analyzed for cytokine levels using ELISA kits. Individual exper-
iments were conducted three times and data presented as the mean � SEM
of pg/g of heart tissue of 7 to 10 mice per group. Significant differences were
obtained by comparing CB3-infected knockout mice with infected BALB/c
controls. *, P � 0.05; **, P � 0.01.
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opment of severe chronic myocarditis triggered by CB3
infection by reducing cardiac inflammation, fibrosis, and
the profibrotic cytokines TGF-�1, IL-1�, and IL-4 in the
heart. Infectious virus is not present during the develop-
ment of chronic myocarditis, and is not reactivated by
IFN-� deficiency. MCs are abundantly present in the
heart during chronic CB3 myocarditis and may contribute
to fibrosis by releasing the profibrotic mediators hista-
mine, IL-4, and bioactive TGF-� and IL-1� (Figure 8).
Importantly, IFN-� may protect against the development
of DCM, heart failure, and death by reducing MC degran-
ulation in the pericardium and preventing the adhesive,
fibrous form of pericarditis (Figure 8). Furthermore, defi-
ciency in IL-12R�1 did not influence chronic CB3 myo-
carditis or DCM, indicating that the effect of IFN-� on
chronic heart disease is not mediated through IL-12R�1
signaling. Overall, these results show the important role
for IFN-� in preventing the development of severe chronic
myocarditis and DCM by reducing MC degranulation,
profibrotic cytokine production, and fibrosis in the heart.

IL-12-mediated Th1 responses are believed to aug-
ment inflammatory autoimmune diseases such as inflam-
matory bowel disease, type I diabetes, and RA.15 Phago-
cytic and antigen-presenting cells produce IL-12, which
promotes the differentiation of T cells to a Th1 phenotype
associated with IFN-� production. IL-12 receptors are
primarily expressed on activated NK and T cells, and

signaling requires co-expression of the IL-12R�1 and
IL-12R�2 chains for the generation of high-affinity IL-
12p70 binding and maximal IFN-� production.29 Re-
cently, we examined the role of IL-12-induced IFN-� on
the development of acute myocarditis (day 12) after CB3
infection.12 We found that mice lacking IL-12R�1 had
decreased levels of IL-1� and IL-18 in the heart, which
was directly associated with decreased myocarditis.
However, there was no alteration in the severity of acute
myocarditis in IFN-�-deficient mice after CB3 infec-
tion.12,28 Overall, our studies show that while IL-12R�1
exacerbates acute myocarditis by increasing the proin-
flammatory cytokines IL-1� and IL-18,12 IFN-� protects
against acute and chronic CB3 myocarditis by reducing
viral replication and fibrosis, respectively.28

We found a similar role for IL-12R�1 and IFN-� in the
cardiac myosin-induced experimental autoimmune myo-
carditis model.28,30 In experimental autoimmune myocar-
ditis, in which virus is not involved in the pathogenesis of
disease, IL-12R�1-deficient mice do not develop myo-
carditis and have significantly reduced levels of IL-1� in
splenocyte cultures,30 indicating the importance of IL-
12R�1 signaling in promoting the development of auto-
immune myocarditis. In contrast, using the experimental
autoimmune myocarditis model IFN-�- or IFN-�R-defi-
cient mice or mice treated with antibody to neutralize
IFN-� develop large, inflamed hearts and congestive

Figure 7. MC degranulation is increased in the pericardium of IFN-�-deficient mice during chronic myocarditis. Mice deficient in IFN-� (IFNg�/�) were
compared to wild-type BALB/c mice for the total number of MCs (A) or the percentage of degranulating MCs compared to total degranulating and intact MCs (B).
C: Degranulating MCs (arrows) observed in IFN-�-deficient heart. D: Increased histamine levels in the heart of IFN-�-deficient mice confirmed MC degranulation.
Uninfected, mock-treated BALB/c, and IFN-�-deficient mice were evaluated for comparison to infected mice. Heart sections were stained with toluidine blue to
detect MC granules. The number of MCs in 50 fields of view was counted with the aid of a microscope eyepiece grid. MCs were assessed as degranulating when
purple-stained granule droplets (by toluidine blue stain) could be observed adjacent to MCs under the microscope. Histamine levels were measured using ELISA
kits and data presented as the mean � SEM of pg/g of heart tissue of 7 to 10 mice per group. Significant differences were obtained by comparing CB3-infected
knockout mice with infected BALB/c controls. **, P � 0.01. Original magnifications, �140 (C).
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heart failure.30,45,46 Thus, the role for IL-12-induced IFN-�
and a Th1-type immune response in exacerbating auto-
immune disease needs to be re-evaluated.28,47

It may be that the ability of IL-12R�1 signaling to in-
crease proinflammatory cytokines such as TNF-�, IL-1�,
and IL-18 has been mistakenly attributed to a Th1-type
response. Increased IFN-� is used as the hallmark for a
Th1 response, and yet TNF-�, IL-1�, and IL-18 can in-
crease IFN-� levels independent of classical IL-12R sig-

naling.12,28 Furthermore, it has recently been shown that
other cytokines that also bind to IL-12R�1, such as IL-23,
may be more important than IL-12p70 in promoting au-
toimmune disease.12,28,48–51 Similarly, we have found
that acute CB3 myocarditis is unaltered in IL-12p35-de-
ficient mice, which lack IL-12p70, compared to wild-type
BALB/c controls.28 We did not examine the effect of
IL-12R�2 signaling in this study because this strain is not
yet available on a BALB/c genetic background. However,
we have previously shown that the proinflammatory cyto-
kines TNF-� or IL-1� are all that is needed to induce
chronic autoimmune disease after CB3 infection in mice
that normally do not develop chronic myocarditis after
infection.9–11 We also observe significantly increased
levels of TNF-� and IL-1� in the heart of susceptible
BALB/c mice compared to resistant C57BL/6 mice during
acute CB3-induced myocarditis (day 12 after infection).52

Furthermore, the role for proinflammatory cytokines in
exacerbating other autoimmune diseases such as inflam-
matory bowel disease, experimental allergic encephalo-
myelitis, and RA is well established.14,48,53,54 The fact
that studies comparing IL-12p35- or IL-12p40-deficient
mice have shown that these cytokines have unique func-
tions28,48,55 further suggests that cytokines other than
IL-12p70 critically impact the development of autoim-
mune disease. In this study, we also found a distinct role
for IL-12R�1 compared to IFN-� in the development of
chronic myocarditis, DCM, and fibrosis after CB3 infec-
tion. Because the proinflammatory cytokines TNF-�, IL-
1�, and IL-18 are known to play critical roles in angio-
genesis and fibrosis after injury, their increased levels in
susceptible mice after CB3 infection has important impli-
cations for the development of chronic, autoimmune
heart disease in susceptible individuals.

Fibrosis is a complication of the wound-healing pro-
cess observed in many chronic inflammatory conditions
including autoimmune diseases. The development of
chronic fibrosis is key in determining whether a patient
will recover from inflammatory heart disease.6 Accumu-
lation of collagen stiffens the ventricles and impedes both
contraction and relaxation. A number of factors are
known to increase fibroblast proliferation, collagen dep-
osition, and cardiac fibrosis including TGF-�1, fibroblast
growth factor, AngII, TNF-�, IL-1�, and IL-4. AngII pri-
marily increases fibrosis by indirectly increasing TGF-�1

levels,5 while IL-1� and TNF-� have long-lasting effects
by up-regulating and maintaining TGF-�1 transcription
for as long as 6 to 10 weeks.6,22 Perhaps the higher level
of TNF-� and IL-1� that we observe in the heart of sus-
ceptible mice during acute CB3 myocarditis52 leads to
long-term activation of TGF-�1 and the progression to
chronic myocarditis in susceptible mice. This is plausible
because administration of TNF-� or IL-1� after CB3 in-
fection induces chronic myocarditis in resistant mouse
strains.10,11 Although we did not observe increased lev-
els of TNF-� in splenocyte cultures of IFN-�-deficient
mice (Figure 5C), we did observe significant increases in
IL-1� levels in the heart (Figure 6B) suggesting that IL-1�
levels may be influenced by IFN-� levels in the heart
during chronic CB3-induced myocarditis.

Figure 8. Possible mechanisms involved in the reduction of chronic CB3-
induced fibrosis and pericarditis by IFN-�. Th1 (IFN-�) and Th2 (IL-4)
cytokines are elevated in the heart after CB3 infection.26 Elevated levels of
IL-4 (and IL-1�) in susceptible mouse strains may stimulate release of pro-
fibrotic mediators such as histamine, TGF-�1, IL-1�, and IL-4 from MCs in the
heart during chronic myocarditis. Release of these profibrotic mediators from
MCs and macrophages during chronic CB3 myocarditis stimulates cardiac
fibroblast proliferation, collagen deposition, and fibrosis. IFN-� directly
and/or indirectly regulates the severity of chronic fibrosis and pericarditis by
transcriptionally inhibiting IL-4 production from Th2 cells and MCs, by
down-regulating MC activation and mediator production, and by down-
regulating fibroblast proliferation and collagen production. By reducing MC
degranulation in the pericardium IFN-� may prevent development of the
fibrous, adhesive form of pericarditis that leads to heart failure.
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TGF-�1, on the other hand, is the primary factor re-
sponsible for exacerbating fibrosis. TGF-� is important
for growth and development, inflammation and repair,
and host immunity.32 At least 23 distinct genes code for
the TGF-� superfamily and there are at least five TGF-�
isoforms, with TGF-�1 being the most important in the
heart.31,32 TGF-�1 is produced by all types of leukocytes
including lymphocytes, macrophages, dendritic cells,
and MCs.33 Activation of latent TGF-�1 has been linked to
the fibrotic complications associated with chronic disor-
ders including autoimmune diseases.33 Macrophages
and MCs, in particular, are associated with exacerbating
fibrosis because of release of profibrotic cytokines.33,56

In addition to cytokines such as TNF-�, IL-1�, IL-4, and
TGF-�1, MC degranulation releases enzymes such as
tryptase and chymase, and histamine that stimulate fibro-
blast proliferation and collagen synthesis.37–40 Further-
more, MCs have been shown to contribute to a number of
chronic inflammatory conditions such as RA, Crohn’s
disease, scleroderma, and multiple sclerosis in addition
to heart failure.2,41,43,44,57–60 Recently, we found that sus-
ceptible BALB/c mice have significantly more MCs and
increased TNF-�, IL-1�, and IL-4 levels in the heart and
spleen early after CB3 infection compared to resistant
C57BL/6 mice.26 In the current study, we observed abun-
dant numbers of degranulating MCs in the pericardium
(Figure 7) that were associated with increased histamine
levels (Figure 7D) and increased levels of TGF-�1, IL-1�,
and IL-4 (Figure 6) in the hearts of IFN-�-deficient mice
compared to infected BALB/c controls. Because de-
granulating MCs are an important source of profibrotic
mediators they may therefore contribute directly to the
fibrosis observed after CB3 infection. This study shows
that direct or indirect regulation of MC degranulation by
IFN-� is particularly important in preventing fibrous, ad-
hesive pericarditis and the progression to heart failure.

IFN-� not only reduces viral replication after CB3 in-
fection,12 but also reduces TGF-�1, IL-1�, and IL-4 in-
flammation and fibrosis well after infectious virus has
been cleared from the heart. IFN-� inhibits transcription
of TGF-�1 and IL-4 by direct transcriptional modification,
via STAT1 for example.21 IL-4 and IL-1� are known to
increase activation and degranulation of MCs,60–62 and
thus the regulation of MC degranulation by IFN-� re-
ported in this study may also occur indirectly by tran-
scriptional reduction of IL-4 levels from Th2 or MCs in the
heart (Figure 8). In vitro exposure of MCs to IFN-� inhibits
proliferation and activation, resulting in the expression of
the high-affinity receptor for IgG (Fc�RI) on MCs.63,64

IFN-� also prevents fibrosis directly by inhibiting fibro-
blast proliferation and collagen synthesis (Figure 8), and
facilitates wound healing by increasing integrin expres-
sion.20,65,66 The absence of IFN-� in knockout mice and
increase in TGF-�1, IL-1�, IL-4, and fibrosis in this study
indicates a similar mechanism of action for IFN-� during
the development of chronic CB3-induced myocarditis
and pericarditis as in other fibrotic diseases.

Sustained activation of autoreactive T cells has been
put forward as an explanation for the role of IFN-� in
initiating autoimmune disease.67 The increased level of
inflammation in the heart in the absence of IFN-� in this

study (Figure 1A) argues against that explanation after
CB3 infection. IFN-� has also been shown to regulate
apoptosis in T cells,68 which may explain why autoreac-
tive T-cell populations were expanded in splenocytes
from IFN-�-deficient mice in experimental autoimmune
myocarditis30 and experimental allergic encephalomyeli-
tis.69 Because lymphocyte populations are not increased
in the heart during acute CB3 myocarditis (day 12 after
infection) in IFN-�-deficient mice,12 the affect of IFN-� on
regulating T-cell populations appears to occur later dur-
ing the pathogenesis of chronic disease. The findings of
this study show that a primary role for IFN-� in protecting
against the development of severe chronic myocarditis
and DCM after CB3 infection is to inhibit MC degranula-
tion and reduce fibrosis (Figure 8). Although IFN-� was
not detected in the hearts of infected BALB/c mice (Fig-
ure 6), systemic IFN-� (possibly from the spleen; Figure
5A) could readily influence perivascular MCs located in
the heart, similar to previous findings.70 Overall, we found
that IFN-� protects against the development of severe
chronic CB3-induced myocarditis and pericarditis, sug-
gesting that IFN-� may be a good therapeutic agent in
preventing the development of severe fibrosis, DCM, and
heart failure. However, administration of IFN-� to mice and
in clinical trials to humans has shown that IFN-� therapy can
induce adverse side affects that ultimately exacerbate dis-
ease or even lead to death.66,71 Thus, a greater under-
standing of the role of IFN-� in the development of chronic
autoimmune disease and fibrosis after viral infection is
needed before successful treatments can be developed.
This study broadens our understanding of the mechanisms
by which IFN-� protects against the development of severe
chronic fibrosis and heart failure by regulating cytokine
production and MC degranulation.
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