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Myocarditis in humans is often associated with an
autoimmune process in which cardiac myosin (CM) is
a major autoantigen. Experimental autoimmune myo-
carditis (EAM) is induced in mice by immunization
with CM. We found that EAM in A/J mice exhibits a
Th2-like phenotype demonstrated by the histological
picture of the heart lesions (eosinophils and giant
cells) and by the humoral response (association of
IgG1 response with disease and up-regulation of total
IgE). Blocking interleukin (IL)-4 with anti-IL-4 mono-
clonal antibody (mAb) reduced the severity of EAM.
This reduction in severity was associated with a shift
from a Th2-like to a Th1-like phenotype represented
by a reduction in CM-specific IgG1; an increase in
CM-specific IgG2a; an abrogation of total IgE re-
sponse; a decrease in IL-4, IL-5, and IL-13; as well as a
dramatic increase in interferon (IFN)-g production in
vitro. Based on the latter finding, we hypothesized
that IFN-g limits disease. Indeed, IFN-g blockade with
a mAb exacerbated disease. The ameliorating effect of
IL-4 blockade was abrogated by co-administration of
anti-IFN-g mAb. Thus, EAM represents a model of an
organ-specific autoimmune disease associated with a
Th2 phenotype, in which IL-4 promotes the disease
and IFN-g limits it. Suppression of IFN-g represents at
least one of the mechanisms by which IL-4 promotes
EAM. (Am J Pathol 2001, 159:193–203)

Myocarditis is a major cause of heart failure and sudden
death among adolescents and young adults.1 Although
some myocarditis patients recover, many progress to
dilated cardiomyopathy, an often fatal condition and a
frequent reason for cardiac transplantation.2 Many cases
of myocarditis in humans are associated with an autoim-
mune process in which cardiac myosin (CM) is a major
autoantigen.3,4 Treatment of autoimmune myocarditis is
challenging, with immunosuppressive therapies giving

mixed results.5 The design of better treatment regimens
depends on understanding the mechanisms leading to
the immune-mediated damage to the heart. To study
these mechanisms, we have previously established a
murine model of experimental autoimmune myocarditis
(EAM) induced by immunization with CM.6 In susceptible
mouse strains, such as A/J and BALB/c, EAM represents
a model of acute myocarditis with the peak of inflammation
in the heart corresponding to day 21 after immunization.

Cytokines, such as tumor necrosis factors and inter-
leukin (IL)-1, have been shown to play a key role in the
development of EAM.7–9 The role of other cytokines, in-
cluding those characteristic of Th1 and Th2 immune re-
sponses, is unclear. Depending on the cytokine milieu,
T-helper lymphocytes can differentiate into two subsets,
Th1 and Th2, which represent functionally polarized and
mutually antagonistic immune responses.10,11 Interferon
(IFN)-g and IL-4 are prototypic Th1- and Th2-type cyto-
kines, respectively. IFN-g stimulates Th1 T-cell develop-
ment, activates macrophages, induces MHC class I and
II expression, promotes delayed-type hypersensitivity re-
actions, induces Ig class switching to IgG2a in mice,
recruits Th1 T cells to the site of the inflammation, plays
an important role in clearing intracellular bacteria and
intracellular parasites, and exhibits antiviral activity.12,13

IL-4, on the other hand, stimulates Th2 T-cell develop-
ment, activates B cells, induces MHC class II expression
on B cells, promotes allergic reactions, induces Ig class
switching to IgE and IgG1 in mice, recruits eosinophils
and Th2 cells to the site of inflammation, and is important
in clearing extracellular parasites.13–15 Extensive studies
using other models of autoimmune disease have led to the
conclusion that Th1 responses promote autoimmune pro-
cesses whereas Th2 responses may suppress them.10,11

The goal of this study was to investigate the balance of
Th1 and Th2 responses in the development of EAM. We
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found that EAM exhibits a Th2-like phenotype both in
terms of the histological composition of the heart infiltrate
and of the humoral response. Based on these findings,
we hypothesized that IL-4 plays a critical role in promot-
ing EAM. Indeed, neutralization of IL-4 with anti-IL-4
monoclonal antibody (mAb) during the course of EAM
induction significantly reduced the severity of disease as
well as the markers of a Th2 response, and enhanced the
production of IFN-g by splenocytes in vitro. Blocking
IFN-g with a mAb markedly exacerbated disease provid-
ing evidence for a limiting effect of IFN-g on the disease
process. We conclude that the suppression of a disease-
limiting factor, IFN-g, represents a plausible pathogenetic
mechanism of IL-4 action.

Materials and Methods

Induction of Myocarditis by Immunization

Myocarditis was induced in 5- to 7-week-old female A/J
mice obtained from The Jackson Laboratory (Bar Harbor,
ME) and maintained in The Johns Hopkins University
School of Medicine conventional animal facility. CM was
purified from murine hearts according to the procedure
by Shiverick and colleagues.16 On days 0 and 7, mice
received subcutaneous injections of either 250 mg of CM
or 100 nmol of a peptide from cardiac a-myosin heavy
chain [myhca(334-352), synthesized by Macromolecular
Resources, Colorado State University, Department of Bio-
chemistry, Fort Collins, CO] emulsified in Complete
Freund’s Adjuvant (CFA) (Sigma Chemical Co., Saint
Louis, MO) supplemented with 5 mg/ml of Mycobacterium
tuberculosis strain H37Ra (Difco, Detroit, MI). On day 0,
mice received an intraperitoneal injection of 500 ng of
pertussis toxin (List Biological Laboratories, Campbell,
CA). Mice were sacrificed on day 21. All animal work was
approved by the Animal Care and Use Committee of The
Johns Hopkins University.

Induction of Myocarditis by Splenocyte Transfer

Donor A/J mice were immunized with either CM or
myhca(334-352) as described above. On day 21,
spleens were aseptically removed and splenocytes were
collected. Red blood cells were lysed by incubation with
a lysing buffer (Quality Biological Inc., Gaithersburg, MD)
for 5 minutes. Splenocytes were cultured for 3 days in
RPMI 1640 (Life Technologies, Rockville, MD) with addi-
tional supplementation, as we have previously de-
scribed,17 in the presence of 10 mg/ml of CM. After
stimulation, splenocytes were washed in phosphate-buff-
ered saline (PBS) and counted by trypan blue exclusion.
Recipient female 5- to 7-week-old A/J mice were irradiated
(500 rads) 1 day before the transfer. Splenocytes were
injected into a tail vein in a dose of 5 3 107 cells/mouse.
Control mice received similarly stimulated splenocytes from
donors that received adjuvants without CM immunization.
Mice were sacrificed on day 14 after transfer.

Histological Assessment of Myocarditis

Immediately after euthanasia, mouse hearts were ex-
cised, fixed in 10% phosphate-buffered formalin, and
embedded in paraffin. Five-mm-thick sections were cut
from base to apex and stained with hematoxylin and
eosin (H&E). Every fifth section (a total of five sections
from each heart) was examined by two independent in-
vestigators in a blinded manner. Severity of myocarditis
was assessed on a scale from 0 to 5 based on the
percentage of the heart section involved: grade 0, no
disease; grade 1, up to 10% of the heart section; grade 2,
11 to 30%; grade 3, 31 to 50%; grade 4, 51 to 90%; and
grade 5, 90 to 100%. A microscope with a grid was used
to estimate the percentage of the heart section involved.

Congo Red Staining for Eosinophils

Five-mm-thick sections of paraffin-embedded hearts
were stained with 0.5% Congo Red in 50% glycine buffer
(pH 10)/ethanol for 30 minutes and counterstained with
hematoxylin.

Immunohistochemical Staining for Antibody
Deposition in the Heart

Murine hearts were collected on day 21 after immuniza-
tion, embedded in Tissue-Tek OCT (Miles Inc., Elkhart,
IN), and frozen at 270°C. Five-mm-thick sections were
dehydrated in a desiccator at 37°C for 1.5 hours and then
fixed in chilled acetone for 10 minutes. Fixed sections
were washed for 5 minutes in each of the three solutions
in the following order: 1) PBS; 2) PBS containing 1%
normal goat serum and 1.5% hydrogen peroxide; and 3)
PBS containing 1% bovine serum albumin. Staining was
performed as described.17 Incubation with each anti-
body was for 1 hour at room temperature. An anti-mouse
IgG1 mAb (a rat IgG2a isotype) (clone G1-6.5; BD
PharMingen, San Diego, CA) was used as a detection
antibody. As an isotype control, heart sections were in-
cubated with a rat IgG2a mAb of irrelevant specificity
(clone R35-95, BD PharMingen). Peroxidase-conjugated
streptavidin (P 0397; DAKO, Carpinteria, CA) in 1:500
dilution in PBS was used as a tertiary antibody. The
positive stain was visualized by incubation with 3-amino-
9-ethyl-carbazole (no. A-5754; Sigma Chemical Co.) sub-
strate solution for 20 minutes.

Detection of IgG and IgE in Sera

Mice were bled on days 0, 9, 16, and 21 from the retro-
orbital venous plexus using heparinized tubes. Serum
levels of CM-specific IgG and its subclasses were deter-
mined using CM-coated microtiter plates as we previ-
ously described.17 Adjusted optical density (OD) was
calculated as follows: adjusted OD 5 (mean OD of a
sample 2 mean OD of a negative control)/(mean OD of a
positive control 2 mean OD of a negative control). Total
serum IgE was determined by a specific sandwich en-
zyme-linked immunosorbent assay (ELISA) using micro-
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titer plates precoated with anti-mouse IgE capture mAb
(clone R35-72, BD PharMingen).

Treatment with Anti-Cytokine Antibodies

Rat anti-mouse IL-4 mAb 11B.11 (IgG1) was obtained as
a gift from the National Cancer Institute, Frederick, MD. A
hybridoma cell line producing rat anti-mouse IFN-g mAb
R4-6A2 (IgG1) was purchased from the American Tissue
Culture Collection (Manassas, VA). Rat anti-Escherichia
coli (E. coli) b-galactosidase mAb GL113 (IgG1) (the hy-
bridoma cell line was kindly provided by Fred Finkelman,
University of Cincinnati, Cincinnati, OH) was used as an
isotype control. Hybridoma cell lines were grown by the
Core Facility of The Johns Hopkins University. Monoclo-
nal Abs were purified from the concentrated hybridoma
supernatants using a HiTrap protein G column (Supelco
Chromatography, Bellefonte, PA). Mice were immunized
with CM and received anti-IL-4 mAb in a dose of 4 mg of
mAb on days 21 and 6 (1 day before each CM injection)
and in a dose of 2 mg of mAb on days 2, 9, 12, 15, and
18. Anti-IFN-g mAb was administered in a dose of 1 mg
on days 21, 6, and 12. GL113 mAb was used as an
isotype control for both anti-IL-4 and anti-IFN-g mAbs. All
Abs were administered intraperitoneally. Monoclonal Abs
were dissolved in a vehicle buffer (50 mmol/L sodium phos-
phate, 300 mmol/L sodium chloride, pH 6.8, for anti-IL-4
mAb and PBS for anti-IFN-g and isotype control mAbs).

Detection of Cytokines in Splenocyte Culture

On day 21 after immunization, spleens were removed
aseptically. Splenocytes were cultured at the initial cell
density of 5 3 106 cells/ml for 48 hours in RPMI 1640
medium (Life Technologies, Inc.) with additional supple-
mentation in the presence of media alone, different con-
centrations of CM, or Con A (Sigma Chemical Co.) as we
previously described.17 Levels of IL-4, IL-5, IL-10, IL-12,
IL-13, and IFN-g in the splenocyte culture supernatants
were measured using Quantikine murine cytokine ELISA
kits (R&D Systems, Minneapolis, MN).

Statistical Analyses

Antibody and cytokine data were analyzed using the
Student’s t-test. The Mann-Whitney nonparametric test
was used to compare EAM severity scores between dif-
ferent treatment groups. The strength of the association
between CM-specific IgG1 levels and EAM severity was
assessed by regression analysis (Statview software, Aba-
cus Concepts, Inc., Berkeley, CA). P values of ,0.05
were considered statistically significant.

Results

Cellular Composition of the Heart Infiltrate

A/J mice were immunized with CM on days 0 and 7. At
sacrifice on day 21, hearts were removed for histological

examination. Depending on the experiment, the preva-
lence of myocarditis varied from 50 to 100%. Histologi-
cally, myocarditis was characterized by the presence of
foci of myocardial infiltration and cardiomyocyte death,
involving mainly the subepicardial regions of the myocar-
dium in mild to moderate cases and affecting the full
thickness of the myocardium in more severe disease.
Myocardial infiltrate often involved the apical area and
was frequently accompanied by pericardial infiltration.

The heart infiltrate in EAM consisted of many macro-
phages and CD41 T cells with some CD81 T cells and
B2201 B cells, as we have previously demonstrated by
immunohistochemistry.17 Additionally, the heart infiltrate
contained many eosinophils (Figure 1, B and C) with a
typical eosinophilic cytoplasm and a donut-shaped nu-
cleus (characteristic of mouse eosinophils). The abun-
dance of eosinophils was more prominent in severe
cases of myocarditis (lesion scores $3). We observed a
large number of eosinophils in EAM induced either by
active immunization (Figure 1, B and C) or by splenocyte
transfer (Figure 1, G and H). Furthermore, EAM induced
by immunization with a 19 amino acid peptide from car-
diac a-myosin heavy chain [myhca(334-352)]18 was
characterized by the presence of eosinophils in the heart
lesions. A similar histological picture characterized by
many eosinophils was observed in a different strain of
mice, BALB/c, on CM immunization (data not shown).
Another striking feature of the myocardial infiltrate in EAM
was the presence of multinucleated giant cells (Figure
1D). Giant cells were typically seen in more severe cases
of EAM. The presence of eosinophils suggests a Th2-like
phenotype of the disease.19–21 Furthermore, macrophage
fusion leading to the formation of multinucleated giant cells
is induced by IL-4 in both humans22 and mice.23

Antibody Responses in EAM

To further examine the immune response to CM, we
measured serum levels of CM-specific antibody. We
found that CM-specific IgG (all subclasses) response
was positively associated with disease (P , 0.0001).
Further, by examining the IgG subclasses we found that
CM-specific IgG1 (Figure 2, A and C) but not IgG2a
(Figure 2, B and D), or any other IgG subclass (data not
shown) correlated with the presence of disease on CM
immunization. Day 9 is the earliest time point at which we
could detect CM-specific antibody responses. On day 9,
IgG2a, IgG2b, and IgG3 responses were still absent
whereas the IgG1 response was already detectable in
those mice that developed disease (Figure 2, A and B).
IgG1 levels were also positively associated with the se-
verity of disease (Figure 2E) (P value for the regression
coefficient was 0.003). On the other hand, CM-specific
IgG2a tended to be lower in mice with more severe
disease (data not shown). A positive association between
disease and CM-specific IgG1 was present when EAM
was induced using a smaller dose of CM, 100 instead of
250 mg (data not shown).

It has been reported that IgG1 production in mice is
enhanced by IL-4, whereas IgG2a response is associ-
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ated with IFN-g production.13 As a surrogate measure of
a Th2 to Th1 ratio, we examined an IgG1 to IgG2a ratio
and found that it correlated with both the presence and
severity of EAM (P value for the regression coefficient
was 0.003). The addition of pertussis toxin to the treat-
ment regimen may skew the immune response toward
Th2. To exclude the possibility that the predominance of
IgG1 response in our model was simply a pertussis toxin-
associated phenomenon, we repeated the experiment
omitting pertussis toxin from the treatment regimen. His-
tologically identical EAM was still induced in the absence

of pertussis toxin, although the disease was less severe.
Most important, the IgG1 response remained the pre-
dominant response and was associated with disease
(Figure 2F). By examining Ab responses in mice immu-
nized with myhca(334-352) peptide, we found that dis-
ease is associated with both CM-specific IgG1 (Figure
2G) and myhca(334-352)-specific IgG1 (Figure 2H). In
these mice there was no association of disease with other
IgG subclasses. We also found the same association of
CM-specific IgG1 with disease in EAM induced by

Figure 1. Th2-like characteristics of the heart infiltrate in EAM. A/J mice
immunized with CM were sacrificed on day 21 and their hearts were removed
for histological examination. A: Normal heart. B and C: Heart infiltrate in
EAM is characterized by the presence of abundant eosinophils. D: Heart
infiltrate contains giant cells (arrows); eosinophils are seen in the vicinity of
giant cells. E: IgG1 deposition and IgG1-positive cells in EAM were detected
by immunohistochemistry. The positive stain was visualized with 3-amino-
9-ethyl-carbazole substrate solution. Shown heart has a grade 3 lesion. F:
Background staining of the same heart using a rat IgG2a isotype control mAb.
G and H: Eosinophils in heart lesions in a splenocyte transfer model of EAM.
Donor mice were immunized with either CM (G) or with myhca(334-352)
peptide (H). Their splenocytes were collected on day 21 after immunization,
stimulated in culture for 3 days with 10 mg/ml of either CM (G) or the peptide
(H), and transferred into the recipient mice in a dose of 5 3 107 cells.
Recipients were sacrificed on day 14 after transfer and their hearts were
assessed for the presence of myocarditis. H&E stain (A–D, G, and H); Congo
Red (C). Scale bars: 25 mm (A–D), 100 mm (E and F), and 20 mm (G and H).

Figure 2. Association of EAM with CM-specific IgG1 response. Treated A/J
mice received immunization with CM in CFA plus pertussis toxin. Control
mice received the vehicle buffer in CFA plus pertussis toxin. On day 21 after
immunization, mice were sacrificed and their hearts were removed for
histological examination. Antibody levels were assessed by ELISA and pre-
sented as adjusted OD. A: CM-specific IgG1 on day 9. B: CM-specific IgG2a
on day 9. C: CM-specific IgG1 on day 21. D: CM-specific IgG2a response on
day 21. E: CM-specific IgG1 response on day 21. F: CM-specific IgG1
response on day 14 in mice that received CM immunization without pertussis
toxin. G and H: CM-specific and myhca(334-352)-specific IgG1 responses on
day 21 in mice immunized with myhca(334-352) peptide. A–D and F–H:
Each data point represents a value from an individual mouse. E: Data are
presented as mean value 6 SEM of at least six individual mice per disease
severity group. A–E: Data are representative of five experiments. F–H: Data
are representative of two experiments. P values were calculated using the
Student’s t-test.
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splenocyte transfer, in which recipients received no ad-
juvants (data not shown). This further supports the con-
clusion that the predominance of IgG1 response in EAM
is not dependent on adjuvants.

We found that IgG1 is deposited along the cardiomy-
ocytes in the diseased heart (Figure 1, E and F) but not in
the normal heart. In addition, IgG1-positive cells were
found in the cardiac lesions. These cells, which are most
likely to be IgG1-producing plasma cells, were present in
clusters throughout the heart infiltrate. By contrast, there
was a very little deposition of IgG2a in the heart in EAM
(data not shown).

Because IL-4 also drives IgE response,13 we mea-
sured the serum levels of total IgE in EAM and found that
they are increased on CM immunization (Figure 4A, day
21 versus day 21 and day 9). Total IgE response started
rising after day 9, was present on day 16, and further
increased until day 21 when the experiment was termi-
nated. However, total IgE response did not significantly
correlate with the presence of disease (data not shown).
Measurement of CM-specific IgE production was not
possible because of the lack of sensitivity of our ELISA
method. Thus, both the histological findings and the hu-
moral immune response in EAM are consistent with a Th2
type of immune response, implicating IL-4 as a pathoge-
netic factor in this disease.

Anti-IL-4 Treatment Reduces the Severity of
EAM

Based on the presence of eosinophils and giant cells in
the heart infiltrate, the strong association of CM-specific
IgG1 with disease, and the up-regulation of the IgE re-
sponse, we hypothesized that IL-4 is involved in the
development of EAM. Therefore, we examined the role of
IL-4 in EAM by treating mice with anti-IL-4 mAb during the
course of disease induction. A/J mice were immunized
with CM as described previously. In addition, mice re-
ceived anti-IL-4 mAb (11B.11) intraperitoneally on days
21, 2, 6, 9, 12, 15, and 18. A control group received
equivalent amounts of isotype control mAb (GL113). Ad-
ditionally, we included a control group that received the
equivalent volumes of a vehicle buffer and a control
group that received CM immunization alone. All mice
were sacrificed on day 21. We found that the anti-IL-4
treatment significantly reduced the severity of myocardi-
tis (Figure 3 and also see Figure 7A). The prevalence of
severe disease (grade $ 3) was 20% in the anti-IL-4-
treated group and 80% in the isotype control group. In
repeated experiments, the severity grade of 4 or higher
was never observed in any of the anti-IL-4-treated mice.
All of the control groups (isotype control, vehicle buffer
control, and the group that received CM without any other
treatment) did not differ in terms of disease prevalence or
severity. The reduction in severity observed in the anti-
IL-4-treated group was associated with smaller numbers
of eosinophils present in the heart infiltrate.

Anti-IL-4 Treatment Abrogates IgE, Reduces
IgG1, and Enhances IgG2a Antibody
Responses

We examined the humoral immune response for changes
associated with the reduction in severity of EAM on anti-
IL-4 treatment. First, we measured the levels of total IgE
and found that anti-IL-4 treatment abrogated the total IgE
response (Figure 4A). This result confirmed the effective-
ness of the blockade of IL-4 because there is a very
strong association between the IgE levels and IL-4 activ-
ity. Next, we examined IgG subclasses and found that
anti-IL-4 treatment significantly suppressed CM-specific
IgG1 levels early during the course of EAM (day 9), but
this suppression became nonsignificant later (day 21)
compared to the control groups (Figure 4B). The fact that
the anti-IL-4-treated group had a substantial IgG1 re-
sponse on day 21 was consistent with incomplete abro-
gation of the disease by anti-IL-4 treatment; there was still
a positive correlation between the severity of disease and
IgG1 levels (P value for the regression coefficient was
0.007).

Anti-IL-4-treated mice had higher levels of CM-specific
IgG2a on day 21 compared to the control groups (Figure
4C). Anti-IL-4-treated mice also had higher levels of spe-
cific IgG2b and IgG3 but the differences were not statis-
tically significant (data not shown). This increase in the
IgG2a response can be explained by the fact that IL-4
and IFN-g have an antagonistic relationship. Neutraliza-
tion of IL-4 leads to the up-regulation of IFN-g and there-
fore enhances IFN-g-mediated effects such as the pro-
duction of IgG2a antibody.

Figure 3. IL-4 blockade reduces the severity of EAM. Mice immunized with
CM received anti-IL-4 mAb (11B.11 rat IgG1 anti-mouse IL-4) in a dose of 4
mg of the mAb on days 21 and 6 (one day before each CM injection) and in
a dose of 2 mg of the mAb on days 2, 9, 12, 15, and 18. The isotype control
group received the same regimen (same time and dose) of GL113 rat IgG1
anti-E. coli b-galactosidase mAb. The buffer controls received the same
regimen of a vehicle buffer for anti-IL-4 mAb. Mice were sacrificed on day 21.
Data points represent individual mice and are plotted against percentages of
myocardial involvement representing the midpoints of intervals that corre-
spond to the assigned severity scores (right vertical axis) (score 0, 0%; score
1, 5%; score 2, 20%; score 2.5, 25%; score 3, 40%; score 3.5, 45%; score 4, 70%;
score 4.5, 80%; and score 5, 95%). Data are representative of three experi-
ments. P values were calculated using the Mann-Whitney nonparametric test.
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Effects of Anti-IL-4 Treatment on Cytokine
Production by Cultured Splenocytes

To examine the effect of anti-IL-4 treatment on cytokine
production, we collected splenocytes from the individual

mice on day 21 after immunization and cultured them for
48 hours in the presence of CM. Splenocyte supernatants
were examined for the presence of different cytokines.
Anti-IL-4 treatment decreased IL-4, IL-5, and IL-13 pro-
duction by splenocytes in response to CM (Figure 5,
A–C) and dramatically enhanced the ability of the spleno-
cytes to produce IFN-g (Figure 5D) as compared to the
control groups. We also looked at levels of IL-10 and
IL-12 in the supernatants and found no difference be-
tween the anti-IL-4-treated group and the control groups
(data not shown). IL-12 levels were below the lower limit
of detection in the majority of mice. Taken together, our
findings demonstrate that anti-IL-4 treatment resulted in
diminished total IgE and CM-specific IgG1 responses as
well as decreased production of IL-4, IL-5, and IL-13 by
cultured splenocytes, indicating a suppression of a Th2
response. Additionally, the reduction in severity of EAM
on the anti-IL-4 treatment was associated with both in-
creased levels of CM-specific IgG2a antibody and en-
hanced ability of splenocytes to produce IFN-g in response
to CM stimulation, indicating a greater Th1 response.

Anti-IFN-g Treatment Exacerbates EAM

We hypothesized that the switch to a Th1 response and a
greater production of IFN-g may account for the amelio-
rating effect of the anti-IL-4 treatment. To study the role of
IFN-g in EAM we blocked IFN-g with mAb R4-6A2 during
the course of EAM induction. Control groups received
either isotype control mAb GL113 or a vehicle buffer.
Mice were sacrificed on day 21 and the hearts were
removed for histological examination. Anti-IFN-g treat-
ment markedly exacerbated disease compared to the

Figure 4. Effects of IL-4 blockade on antibody responses. All mice received
CM immunization on days 0 and 7. Anti-IL-4 and the isotype control mAbs
were given as described in Figure 3. Sera were collected on days 21, 9, 16,
and 21. A: Total IgE levels on days 21 (1 day before the first CM injection),
9, and 21 as measured by a sandwich ELISA (described in Materials and
Methods). B: CM-specific IgG1 response on days 9 and 21. C: CM-specific
IgG2a response on days 9 and 21. Both CM-specific IgG1 and IgG2a re-
sponses were measured using ELISA. All data points represent values from
individual mice. Data are representative of three experiments. P values were
calculated using the Student’s t-test.

Figure 5. IL-4 blockade decreases IL-4, IL-5, and IL-13 but enhances IFN-g
production by cultured splenocytes. Mice were sacrificed on day 21; spleno-
cytes were cultured for 48 hours in the presence of 10 mg/ml of CM.
Supernatants were tested for the presence of IL-4 (A), IL-5 (B), IL-13 (C), and
IFN-g (D) by ELISA. Cytokine levels in supernatants from mice treated with
anti-IL-4 are compared to those from mice treated with the isotype control
mAb. Data are presented as mean value 6 SEM for four individual mice per
group, and are representative of two experiments. P values were calculated
using the Student’s t-test.
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control mice (Figures 6 and 7A) with extensive heart
lesions rich in eosinophils. Some mice from the anti-IFN-
g-treated group had a histological score of 5, indicating
involvement of 90 to 100% of the heart. The exacerbation
of disease in anti-IFN-g-treated mice was also obvious on
gross examination of the hearts. The hearts from anti-IFN-
g-treated mice had an intense white discoloration and
were grossly enlarged indicating progression to dilated
cardiomyopathy (Figure 7B). Such severe pathology,
both gross and microscopic, has never been observed in
our laboratory on the standard CM immunization regimen.

Simultaneous Blockade of IL-4 and IFN-g Does
Not Alter the Disease Severity

Because anti-IL-4 and anti-IFN-g treatments had oppos-
ing effects on the severity of EAM, we examined the effect
of a simultaneous blockade of both cytokines on EAM.
The following four treatment groups were run in parallel: a
group that received both anti-IL-4 and anti-IFN-g mAbs,
anti-IL-4 mAb alone group, anti-IFN-g mAb alone group,
and isotype control group. Consistent with our previous
results, we found that anti-IL-4 treatment reduced the
severity of EAM and anti-IFN-g exacerbated EAM. When
we blocked both cytokines together, mice exhibited the
same severity of disease as the control mice (Figure 6B).
This further confirmed the finding that IL-4 and IFN-g
have opposing effects on EAM and suggested that at
least one of the mechanisms by which anti-IL-4 treatment
can reduce disease is through the enhancement of a
protective IFN-g response.

Discussion

In this report, we demonstrate that IL-4 mediates the
development of EAM in A/J mice and is critical for the
progression to severe forms of acute myocarditis. Anti-
IL-4 treatment markedly reduced the severity of EAM and
this reduction in severity was associated with a switch

from a Th2-like to a Th1-like phenotype. These effects of
anti-IL-4 seem to be dependent on increased levels of
IFN-g. Indeed, the blockade of IFN-g exacerbated the
disease. Taken together, these data support a pathoge-
netic role of the defining Th2 cytokine, IL-4, and a pro-
tective role of the prototypic Th1 cytokine, IFN-g, in EAM.

These results are somewhat surprising in view of the
prevailing opinion that organ-specific autoimmunity is a
Th1-driven process whereas Th2 responses play a pro-
tective role.10–12 The results of our cytokine-blocking ex-
periments become less surprising if one takes into ac-
count the Th2-like phenotype associated with EAM. In
this study, we demonstrate that the disease is associated
with the presence of eosinophils and giant cells in the

Figure 6. Administration of anti-IFN-g mAb exacerbates EAM. All mice re-
ceived CM immunization on days 0 and 7. The anti-IFN-g group received 1
mg of R4-6A2 rat IgG1 anti-mouse-IFN-g mAb on days 21, 6, and 12. Isotype
control group received the same regimen of GL113 rat IgG1 anti-E. coli
b-galactosidase mAb. Anti-IL-4 group was treated as described in Figure 3.
The control group in B received the isotype control mAb simulating the
anti-IL-4 mAb regimen. The anti-IL-4 1 anti-IFN-g group received a combi-
nation of the anti-IL-4 and anti-IFN-g mAb regimens. All mice were sacrificed
on day 21. Data points represent individual mice and are plotted against
percentages of myocardial involvement representing the midpoints of inter-
vals that correspond to the assigned severity scores (right vertical axis) as
described in Figure 3. Data are representative of two experiments. P values
were calculated using the Mann-Whitney test.

Figure 7. IL-4 blockade reduces and IFN-g blockade exacerbates the severity
of EAM. A: Normal heart is from an untreated A/J mouse. CM-immunized
mice received anti-IL-4 (11B.11 rat IgG1 anti-mouse IL-4 mAb), or anti-IFN-g
(R4-6A2 rat IgG1 anti-mouse IFN-g mAb), or the isotype control mAb (GL113
rat IgG1 anti-E. coli b-galactosidase mAb) as described in Figures 3 and 6.
Mice were sacrificed on day 21. Hearts shown have EAM severity grades that
correspond to the median grade from each group (anti-IL-4 heart has grade
1, isotype control heart has grade 3, and anti-IFN-g heart has grade 4).
Original magnification, 315. H&E stain. B: A representative heart from the
anti-IFN-g-treated group (left) compared to a control mouse heart with no
disease (right).
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heart infiltrate, elevation of total IgE levels, and predom-
inance of an IgG1 response that strongly correlates with
both the presence and severity of disease. In addition,
the IgG1 to IgG2a ratio correlates with both the presence
and severity of EAM, serving as a surrogate for a Th2 to
Th1 ratio. The presence of the Th2-like phenotype was
independent of the protocol used to induce EAM. The
omission of pertussis toxin from the treatment regimen,
induction of EAM with a splenocyte transfer, the use of
porcine CM17 or a pathogenic CM peptide instead of
intact murine CM, did not alter the Th2-like phenotype.
The reduction in disease severity on anti-IL-4 treatment
was associated with a decrease in Th2 markers. This was
manifested by the reduction in CM-specific IgG1 anti-
body production early in the course of disease, abroga-
tion of total IgE antibody response, a decrease in the
number of eosinophils in the heart infiltrate, and a dimin-
ished in vitro production of IL-4, IL-5, and IL-13 by spleen
cells. The reduction in disease severity on anti-IL-4 treat-
ment was also associated with up-regulation of Th1 mark-
ers such as CM-specific IgG2a antibody response and
IFN-g production by splenocytes in vitro. Cytokine pro-
duction by splenocytes may not reflect the cytokine pro-
file in the heart. However, we were unable to look at the
cytokine production by the cells infiltrating the heart be-
cause of the difficulty in obtaining a sufficient number of
viable lymphocytes. The exacerbation of EAM on IFN-g
blockade demonstrates that IFN-g has a disease-limiting
role. The ameliorating effect of IL-4 blockade was abro-
gated by co-administration of anti-IFN-g mAb further con-
firming the opposing roles of these two cytokines in EAM.
These results demonstrate that the balance between IL-4
and IFN-g determines the progression of the disease
process.

Here, we present a definitive report that the prototypic
Th2 cytokine, IL-4, plays a disease-promoting role in an
autoimmune process directed against an organ-specific
antigen in an immunocompetent host. As mentioned ear-
lier, a great deal of evidence in recent literature points to
a Th1 response, and Th1 cytokines in particular, as
pathogenic in organ-specific autoimmunity. Th2 cyto-
kines, on the other hand, are considered to be protective.
These conclusions come mainly from the studies on ex-
perimental autoimmune encephalomyelitis24–26 and mu-
rine models of type 1 diabetes.27,28 Few reports suggest
that a Th2 response, and IL-4 in particular, can promote
an immune-mediated disease. Disease-promoting abili-
ties of IL-4 have been shown in a murine model of oxas-
olone-induced colitis,29 and in a murine model of arthritis
induced by an irrelevant antigen.30 IL-4 has been re-
ported to promote disease in a rat model of experimental
autoimmune uveoretinitis induced by the administration
of bovine S antigen.31 Surprisingly, the authors demon-
strated that IL-4 enhanced IFN-g production in their
model and suggested that this increase in IFN-g was
responsible for the proinflammatory activity of IL-4. How-
ever, Caspi and colleagues32 have demonstrated a pro-
tective role of IFN-g in experimental autoimmune uveo-
retinitis. IL-4 has been shown to play a critical role in the
induction of collagen-induced arthritis, but this effect was
only present when anti-IL-4 mAb was administered early

during the course of the disease induction; administration
of anti-IL-4 mAb for a longer period of time exacerbated
disease.33 Additionally, Th2 cells were able to transfer
experimental autoimmune encephalomyelitis34 and acute
pancreatitis with diabetes19 in immunocompromised re-
cipient mice.

In this report, we demonstrate that IL-4 inhibits the
disease-limiting factor, IFN-g, providing a likely mecha-
nism for the pathogenic activity of IL-4. There have been
conflicting reports on the action of IFN-g in organ-specific
autoimmune diseases. Some reports demonstrated a dis-
ease-promoting role of IFN-g,35–37 whereas others re-
ported that IFN-g plays a protective role.32,38,39 IFN-g
exerts well-established proinflammatory activities, includ-
ing up-regulation of MHC class II, recruitment of Th1 T
cells to the site of inflammation, and enhancement of
IL-12 production.12 Despite these proinflammatory ef-
fects, IFN-g has potent abilities to limit an autoimmune
response.40 The exact mechanisms of this disease-limit-
ing action of IFN-g are not known. The anti-inflammatory
actions of IFN-g that may explain its disease-limiting role
in EAM include suppression of IL-4-induced activation of
B cells,12 inhibition of eosinophil and Th2 T-cell recruit-
ment to the site of inflammation,41 and suppression of
Th2 T-cell proliferation.42 Preferential suppression of Th2
T cells by IFN-g has been explained by the presence of
IFN-g receptor b chain on Th2 but not on Th1 T cells.43

Th2 T cells do not seem, however, to be the exclusive
target of the suppressive effect of IFN-g because IFN-g
was shown to induce cell death in a Th1 T-cell clone.44

Albina and colleagues45 proposed that so-called “sup-
pressor” macrophages could inhibit T-cell proliferation
through IFN-g-induced nitric oxide that possesses potent
cytotoxic and anti-proliferative effects. It has been re-
cently demonstrated that IFN-g eliminates activated
CD41 as well as CD81 T cells that expand during im-
mune responses.46–48 Studies using IFN-g knockout
mice are underway in our laboratory and the preliminary
results are consistent with the findings described in this
report. Furthermore, reports by Smith and colleagues8

and by Eriksson and colleagues49 support the protective
role of IFN-g in EAM.

Another potentially important mechanism of IL-4 action
is the recruitment of eosinophils and Th2 cells to the site
of inflammation via up-regulated endothelial expression
of VCAM-114 and increased production of eotaxin.50 In
this regard, we have previously reported an up-regulation
of VCAM-1 on cardiac endothelium in EAM.17 Recruited
through binding to VCAM-1, activated eosinophils can
mediate cardiomyocyte destruction by releasing the cy-
totoxic contents of their intracellular granules, including
eosinophilic cationic protein, major basic protein, eosino-
phil-derived neurotoxin, and eosinophil peroxidase. In
fact, IL-4-induced tumor eradication was mediated by
activated eosinophils.51,52 Eosinophilia in humans is as-
sociated with endomyocardial damage mediated by eo-
sinophil degranulation.53

IL-4 may contribute to disease by activating B cells
and thereby enhancing IgG1 and IgE production.13,54

Here, we demonstrate that the IgG1 response is the
predominant antibody response that correlates with the
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severity of EAM. The fact that IgG1 is deposited locally in
the heart and that IgG1-positive cells are present in the
infiltrate further substantiates the potential ability of IgG1
antibody to mediate local damage in the heart. Locally
deposited IgG1 may contribute to cardiomyocyte de-
struction by triggering antibody-dependent cell-medi-
ated cytotoxicity reactions via the Fcg receptor III on
cytotoxic cells.55 Cardiomyocyte-bound IgG1 may in-
duce eosinophil degranulation and subsequent cardio-
myocyte destruction.56,57 De Andres and colleagues58

have shown that activated murine eosinophils express
Fcg receptor III on their surface providing a link through
which IgG1 and eosinophils may come together to de-
stroy the cardiomyocytes. Transfer of IgG antibody
caused myocarditis in some strains of mice but not in
others.59,60 In a pilot experiment using A/J mice, we
found that purified IgG1 from mice with myocarditis trans-
ferred pericardial lesions with infiltrating cells and calci-
fication (unpublished observations). These lesions, how-
ever, differed in distribution from those induced by active
immunization. Future experiments are needed to prove
the ability of IgG1 antibody to initiate a disease identical
to that induced by active immunization. Finally, IgE anti-
body may contribute to the local tissue damage. The role
of IgE in EAM should be investigated in the future.

IL-4 blockade significantly reduced the severity of
EAM, but it did not completely abrogate the disease. One
possible explanation is that the anti-IL-4 mAb could not
completely block all of the actions of IL-4 particularly
those mediated in an autocrine and paracrine manner.
We did show, however, that the blockade was effective in
abrogating the total IgE response. In addition, it caused a
significant reduction in CM-specific IgG1 antibody pro-
duction on day 9, increased CM-specific IgG2a antibody
levels, diminished production of Th2 cytokines, and a
dramatic enhancement of IFN-g production. All these
actions support the effectiveness of the anti-IL-4 block-
ade but do not prove that the blockade was complete.
Another possible explanation is that IL-4 only partially
mediates the disease and some other cytokine or cyto-
kines may promote the disease in the absence of IL-4. It
is plausible that such Th2-type cytokines as IL-13 and
IL-5 could compensate for the absence of IL-4. IL-13
closely resembles IL-4 in many of its actions.61 The ab-
sence of either IL-4 or IL-13 significantly impairs Th2
responses, but only the absence of both cytokines has
been shown to completely abrogate IgE and IgG1 re-
sponses and abolish pulmonary granuloma formation
and eosinophil infiltration in response to Schistosoma
mansoni egg immunization.62 IL-5 is important for eosin-
ophilic responses63 and may contribute to the pathogen-
esis of EAM via activation and recruitment of eosinophils
to the heart. Further studies are in progress to determine
the role of these cytokines in EAM.

Another potential candidate that may mediate disease
in the absence of IL-4 is tumor necrosis factor (TNF)-a,
which has been suggested as an important pathogenic
factor in EAM.8,9 The in vitro production of TNF-a corre-
lates with the presence of disease on CM immuniza-
tion.17,64 Smith and colleagues8 have demonstrated that
anti-TNF mAb reduced the severity of EAM but did not

completely abrogate the disease. TNF-a and IL-4 syner-
gize in the up-regulation of VCAM-1 expression on endo-
thelium that is important for the T cell and eosinophil
recruitment.65,66 Both cytokines are important for the mat-
uration of dendritic cells,67 which may be important anti-
gen-presenting cells in EAM. The presence of resident
dendritic cells in normal myocardium has been report-
ed.68 A molecular basis for the synergism between TNF-a
and IL-4 has been demonstrated by Shen and Stavnezer.69

TNF-a can be associated not only with Th1 but also with Th2
immune responses.11 It has been shown to promote the
development of asthma, a Th2-mediated disease.70

EAM may not be a purely Th2-driven disease; a com-
bination of Th1 and Th2 factors may be necessary for a
full-blown disease. These factors may work synergisti-
cally or their actions may be temporally and/or spatially
distinct. One potential disease-promoting Th1-type cyto-
kine is IL-12. The importance of IL-12 for the induction of
autoimmune disease has been demonstrated in a num-
ber of animal models.71 The role of IL-12 in EAM is still
unclear. Okura and colleagues72 have demonstrated that
the addition of IL-12 to the cell culture of CM-specific T
cells increased their pathogenicity in a T-cell transfer
model of EAM in rats. Our preliminary results using IL-12
receptor b1 knockout mice on a BALB/c background
demonstrate the importance of IL-12 receptor signaling
for the development of EAM. Further in vivo studies are
necessary to determine the role of IL-12 in EAM, especially
in A/J mice that are known to be poor producers of IL-12.73

Myocarditis depends on the genetics of the host, with
different strains of mice exhibiting different levels of sus-
ceptibility to EAM.6 It has also been shown that even
among susceptible strains immunopathogenic factors
contributing to the development of myocarditis vary de-
pending on the mouse genetic background in both the
Coxsackievirus B3-induced74 and CM-induced mod-
els.59 Our results are based on studies using highly sus-
ceptible A/J mice, which are known to produce relatively
strong Th2 responses,75 are prone to develop experi-
mental allergic asthma, and are partially deficient in IL-12
production.73 It is plausible that, given their genetic pre-
disposition toward Th2 responses, A/J mice develop a
Th2-driven autoimmune myocarditis, whereas a different,
more Th1-prone strain of mice might develop a Th1-
driven disease. We have found, however, that BALB/c
mice also mount a predominant CM-specific IgG1 re-
sponse, which correlates with disease, and have abun-
dant eosinophils in the heart lesions. Our preliminary
studies using IFN-g knockout mice on a BALB/c back-
ground demonstrated that IFN-g limits disease in this
strain as well.

Myocarditis in humans has different forms, ranging
from a very acute disease, such as fulminant myocardi-
tis,76 to a chronic indolent disease that progresses to
dilated cardiomyopathy. The murine model described in
this report best reflects an acute disease in humans. It is
possible that acute and chronic forms of myocarditis are
driven by different immunopathological mechanisms. In
our IFN-g blocking experiments, we found that the Th2
phenotype of disease is present as late as day 29 after
immunization (unpublished observations). Because we
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have not looked beyond day 29, our findings may not
necessarily represent what happens during later stages
of disease or, most importantly, what happens during
chronic human myocarditis.

Some investigators have suggested treating autoim-
mune diseases by deviating the immune response from
Th1 to Th2. Yet our findings demonstrate that factors
associated with a Th2 response can promote organ-
specific autoimmune disease, whereas factors associ-
ated with a Th1 response can be protective. This stresses
that caution is necessary when applying a Th1/Th2 par-
adigm in a context of autoimmune disorders.
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