
of June 26, 2022.
This information is current as

Signaling in Autoimmune Myocarditis
Mimicry and Antibody-Mediated Cell

Kosanke and Madeleine W. Cunningham
Ya Li, Janet S. Heuser, Luke C. Cunningham, Stanley D.

http://www.jimmunol.org/content/177/11/8234
doi: 10.4049/jimmunol.177.11.8234

2006; 177:8234-8240; ;J Immunol 

References
http://www.jimmunol.org/content/177/11/8234.full#ref-list-1

, 11 of which you can access for free at: cites 39 articlesThis article 

        average*
   

 4 weeks from acceptance to publicationFast Publication! •  
   

 Every submission reviewed by practicing scientistsNo Triage! •  
   

 from submission to initial decisionRapid Reviews! 30 days* •  
   

Submit online. ?The JIWhy 

Subscription
http://jimmunol.org/subscription

 is online at: The Journal of ImmunologyInformation about subscribing to 

Permissions
http://www.aai.org/About/Publications/JI/copyright.html
Submit copyright permission requests at: 

Email Alerts
http://jimmunol.org/alerts
Receive free email-alerts when new articles cite this article. Sign up at: 

Print ISSN: 0022-1767 Online ISSN: 1550-6606. 
Immunologists All rights reserved.
Copyright © 2006 by The American Association of
1451 Rockville Pike, Suite 650, Rockville, MD 20852
The American Association of Immunologists, Inc.,

 is published twice each month byThe Journal of Immunology

 by guest on June 26, 2022
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 
 by guest on June 26, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/cgi/adclick/?ad=56316&adclick=true&url=https%3A%2F%2Fbxcell.com%2Fimmune-checkpoint-antibodies%2F%3Futm_source%3DJI-banner%26utm_medium%3Dbanner%26utm_campaign%3Dimmune-checkpoint%26utm_id%3DJI-banner-immune-checkpoint
http://www.jimmunol.org/content/177/11/8234
http://www.jimmunol.org/content/177/11/8234.full#ref-list-1
https://ji.msubmit.net
http://jimmunol.org/subscription
http://www.aai.org/About/Publications/JI/copyright.html
http://jimmunol.org/alerts
http://www.jimmunol.org/
http://www.jimmunol.org/


Mimicry and Antibody-Mediated Cell Signaling
in Autoimmune Myocarditis1

Ya Li,*† Janet S. Heuser,* Luke C. Cunningham,* Stanley D. Kosanke,*
and Madeleine W. Cunningham2*

The mechanisms by which autoantibodies against cardiac myosin (CM) may lead to heart dysfunction is unknown. We show that
autoantibodies to CM in anti-CM sera and mAbs derived from experimental autoimmune myocarditis targeted the heart cell
surface and induced Ab-mediated cAMP-dependent protein kinase A activity. Ab-mediated cell signaling of protein kinase A was
blocked by CM, anti-IgG, or by specific inhibitors of the �-adrenergic receptor (�-AR) pathway. mAbs confirmed mimicry
between CM and the �-AR. Passive transfer of purified Ab (IgG) from CM-immunized rats resulted in IgG deposition and
apoptosis in the heart, leading to a cardiomyopathic heart disease phenotype in recipients. Our novel findings link anti-CM Ab
with the �-AR and subsequent Ab-mediated cell signaling in the heart. The Journal of Immunology, 2006, 177: 8234–8240.

I mmunity leading to heart disease is not well understood due
to the heterogeneity of immune-mediated heart diseases as
well as the lack of knowledge about specific immune mech-

anisms in the heart. Myocarditis is an inflammatory heart disease
that can result in dilated cardiomyopathy (DCM)3 and heart failure
(1–4). Although myocarditis may be initiated by viral infection, it
is also accompanied by exposure of myocarditic Ags, such as car-
diac myosin (CM) (5–8). It has been demonstrated that in myo-
carditis patients the prevalence of Abs against CM are elevated and
associated with the deterioration of cardiac function in patients
with chronic myocarditis and cardiomyopathy (9–13). Although
autoantibodies against CM may be present in patients with cardio-
myopathy and experimental animals with myocarditis, the mech-
anism of pathogenesis and significance of the anti-CM autoanti-
bodies is unknown.

The clinical manifestations in myocarditis and subsequent car-
diomyopathy suggest that the disease may be mediated by both
cellular and humoral immune responses directed against CM. Nu-
merous studies have shown that cellular immunity is an important
pathogenic determinant in autoimmune myocarditis (14–17).
However, immunoadsorption of circulating autoantibodies has
been shown to improve the cardiac function of patients with DCM
(18). Occurrence of cardiomyopathy in the absence of a T cell

infiltrate would implicate the potential role of Ab in the pathogen-
esis of disease.

In animal models of myocarditis, CM has emerged as the
dominant autoantigen in genetically susceptible animals (19 –
22). Although the induction of myocarditis by CD4� T cells is
well established, very little is known about how Abs may affect
the heart. Transfer of anti-CM mAbs led to myocarditis in cer-
tain strains of mice (23–25), and the induction of circulating
anti-CM autoantibody and IgG deposition in the myocardium
was shown to be concomitant with the onset of myocarditis (23,
26). It has been unclear how Abs against an intracellular protein
such as CM can affect the heart. Deposition of anti-myosin Ab
occurs in damaged tissue where myosin is exposed, but our
hypothesis is that the anti-CM Abs recognize molecules ex-
pressed on the surface of cardiomyocytes and directly affect the
heart. In an effort to understand the potential role and mecha-
nism of autoantibodies against CM in the heart, we investigated
whether autoantibody against CM can directly target cardiac
myocytes and have a direct role in pathogenesis of heart
disease.

Our study shows that anti-CM Abs induced by immunization
with CM or its pathogenic peptide S2-16 target the �-adrenergic
receptor (�-AR) on the heart cell surface and specifically induce
cAMP-dependent protein kinase A (PKA) activity in heart cells.
It is well known that binding of the �-AR triggers the major
signaling pathway controlling heart rate and contractility (27).
Activation of PKA through �-AR induces apoptosis during de-
velopment of heart failure (28, 29). The effect of anti-CM Ab on
the �-AR suggests that CM Abs can modulate myocardial func-
tion and severity of cardiomyopathy and heart failure. Recent
studies have shown that Abs generated to peptides of the �-AR
induce cardiac dysfunction and cardiomyopathy (30). To further
support our conclusions, we found that anti-CM Ab-mediated
cell signaling of PKA was inhibited by either CM, anti-IgG, or
by specific inhibitors of the �-AR pathway. mAbs specific for CM
confirmed the cross-reactive mimicry between CM and the �-AR.
Finally, passive transfer of purified IgG from CM-immunized rats
resulted in IgG deposition, leading to dilated cardiomyopathic
changes in the hearts of recipients. Our novel findings implicate
anti-CM autoantibody-mediated cell signaling in myocarditis
and cardiomyopathy where Abs against CM target the �-AR,
alter signal transduction, and lead to cardiomyopathy.
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Materials and Methods
Antigens

Purified human CM and S2-16 peptide were prepared as previously de-
scribed (21). Recombinant human �2a-, �1-, and �2-adrenergic receptors
(r�2-AR) were purchased from Sigma-Aldrich.

Heart cell line

Rat primary heart cell line H9c2 was obtained from the American Type
Culture Collection. Cells were cultured in IMDM (Invitrogen Life Tech-
nologies) containing 10% FCS, 1% penicillin and streptomycin, and 0.1%
gentamicin at 37°C in 5% CO2.

Sera and mAbs from experimental autoimmune myocarditis
(EAM)

Sera from CM-, S2h16-, or PBS-immunized rats were collected and stored
as described previously (22). Splenic mononuclear cells were isolated from
Lewis rats 2 wk after primary immunization, fused with the K6H6/B5 cell
line (CRL 1832; American Type Culture Collection), and selected with
hypoxanthine, aminopterin, and thymidine as previously described (31).
Hybridomas secreting mAbs reactive to CM and r�2-AR were produced by
limiting dilution. Concentration and isotype of mAbs were determined by
using goat anti-rat Ig specific for different classes and subclasses (Jackson
ImmunoResearch Laboratories) in ELISA. All experiments on animals
were performed in accordance with relevant institutional (National Insti-
tutes of Health and University of Oklahoma Health Sciences Center) guide-
lines and regulations as set by the University of Oklahoma Health Sciences
Center Institutional Animal Care and Use Committee.

Passive transfer of IgG Abs from EAM

IgG Abs were purified from sera by affinity chromatography using rec-
Protein G-Sepharose (Zymed Laboratories). The titers of anti-CM IgG
were measured by ELISA and range from 1/6400 to 1/12800. Concentra-
tions of Abs were measured by Bio-Rad protein assay (Bio-Rad) and an
ELISA for rat IgG. Purified IgG was i.v. transferred to 6- to 8-wk-old naive
Lewis rats. Each rat was given 0.5 mg Ab once a week for 18 wk. One
group of age-matched naive rats was used as nontransferred controls. Rats
were sacrificed after 18 wk and hearts were removed, weighed, and fixed
in 10% buffered Formalin. Paraffin sections were prepared from hearts
dissected in the atrial-apical axis to produce two halves in which four
chambers could be seen. H&E-stained 5-�m sections were prepared for
microscopic histological examination. The morphometric parameters of

each heart were determined by an Olympus BX40 microscope with a mi-
crometer (Olympus).

ELISA and competitive-inhibition ELISA

ELISA was conducted as described elsewhere (22). Inhibitor solution was
prepared in PBS and tested at 500 to 4 �g/ml. Inhibitors were mixed with
an equal volume of Ab dilution (1/250 for rat sera, 1/400 for human sera,
and 5–10 �g/ml for mAbs) and incubated at 37°C for one-half hour and
overnight at 4°C. Fifty microliters of serum-inhibitor mixtures was added
to 96-well microtiter plates coated with 10 �g/ml CM or �2-AR and in-
cubated overnight at 4°C. The remainder of the assay was performed as
described in the ELISA procedure.

Western immunoblot

Twenty micrograms per milliliter of Ags was separated by SDS-PAGE in
10% gradient slab gels. The gel was overlaid with a sheet of Immobilon-
polyvinylidene difluoride transfer membrane (Millipore). The blot was in-
cubated with serum at a 1/100 dilution, mAbs at 5–10 �g/ml, or Ab specific
for Ser16-phosphorylated phospholamban (PLB; Badrilla) at 1/5000 over-
night at 4°C. A Western blotting luminol reagent (Santa Cruz Biotechnol-
ogy) was used to develop the blots. The immunoreaction was quantified
with a scanning photodensitometer.

Immunostaining of tissues and H9c2 cells

Mouse anti-rat IgG (10 �g/ml), anti-rat IgG1 (1/100), anti-rat IgG2a
(1/100), or isotype-control mouse IgG Ab (10 �g/ml; Sigma-Aldrich)
was incubated on deparaffinized tissue sections for 2 h at room tem-
perature. Biotin-conjugated goat anti-mouse IgG Ab or rabbit anti-goat
IgG (1/500; Jackson ImmunoResearch Laboratories) was incubated on tis-
sues for 30 min. Alkaline phosphatase-conjugated streptavidin (Jackson
ImmunoResearch Laboratories) was incubated on tissues at 1 �g/ml for 30
min at room temperature. Ab binding was detected with Fast Red substrate
(BioGenex) against a counterstain of Mayer’s hematoxylin (BioGenex).
For H9c2 cell staining, 5 � 104 H9c2 cells were plated to 4-well chamber
slides and incubated overnight at 37°C in 5% CO2. Sera (1/100 dilution) or
mAbs (5–10 �g/ml) were added to cell culture chambers and incubated for
1 h followed by addition of buffered Formalin. Cell surface-bound Abs
were detected with specific biotin-conjugated secondary Ab (1/500;
Sigma-Aldrich).

For detection of apoptosis in heart tissues, we used anti-active caspase
3 to determine the presence of active caspase 3 in tissues from Lewis rats
passively transferred with control and anti-CM or anti-S2-16 IgG. The
presence of caspase 3 indicates apoptosis in tissues. To test for the presence

FIGURE 1. In vivo deposition of IgG2a Abs in
EAM. Lewis rats were immunized with S2-16 or CM
emulsified in CFA (a) or PBS in CFA (b) as a control
treatment. Myocardial tissue-bound IgG (left), IgG2a
(middle), and IgG1 (right) were detected by immuno-
staining. IgG1 deposition in spleen (b, right panel) is a
positive control for IgG1 immunostaining.

FIGURE 2. Anti-CM and anti-CM peptide S2-16
sera recognized heart cell surface. H9c2 rat heart cells
were reacted with anti-S2-16 sera (left), anti-CM sera
(middle), or sera from PBS/CFA-immunized control
rats (right) and tested for cell surface binding of rat IgG
by immunostaining.
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of caspase 3, Formalin-fixed, paraffin-embedded tissues were deparaf-
finized 3:1 xylene to heme D for 90 s and rehydrated through a graded
ethanol wash. Tissue slides were immersed in a 0.1 M citrate buffer (pH
6.0) and subjected to microwaves three times at 1300 W/s for 90 s with a
60-s break between each microwave session. Slides were washed twice
with PBS (pH 7.2). Tissues were then treated for 15 min with crystal violet
(2 mg/ml) to block autofluorescence. To detect active caspase 3, an Apo
Active 3 kit was used (Cell Technology). Slides were washed three times
for 5 min each in PBS plus 0.1% Triton X-100. Tissues were incubated
with 100 �l of rabbit anti-active caspase 3 Ab for 1 h at room temperature.
Slides were washed in PBS plus 0.1% Triton X-100 three times for 10 min
each. To block tissues, slides were incubated for 20 min in 2% BSA in PBS
and then washed and incubated at room temperature for 1 h with 50 �l of
goat anti-rabbit FITC-labeled Ab. Slides were washed three times in PBS,
coverslipped, and viewed in an Olympus BX41 microscope equipped with
fluorescence.

Protein kinase assays

H9c2 cells (1 � 107) were plated in T75 cell culture flasks overnight. Sera
(1/100 dilution) or mAbs (5–10 �g/ml) were incubated with cells in a final
volume of 15 ml of medium for 1 h before reactions were stopped by

ice-cold PBS. Cells were mechanically dislodged from flasks, centrifuged, and
solubilized in 0.3 ml of protein extraction buffer before homogenization. Pro-
tein kinase activity of H9c2 cells was measured using a SignaTECT PKA
assay system (Promega). For inhibition of Ab-induced PKA activity, �
blocker propranolol (10 �M), �1 blocker CGP 20712A (3 �M), and �2
blocker ICI 188.551 (2 �M) were added. �-AR agonist isoproterenol (10
�M) was used to induce PKA activity in the heart cells. For competitive
inhibition of Ab reactivity, 500 �g/ml inhibitor CM or BSA was mixed
with the serum dilution and incubated as described in the competitive-
inhibition ELISA above. The Abs and inhibitor mixtures were added into
reaction with H9c2 cells for the PKA assay as described above. Calculation
of the units of PKA per microgram of protein was determined and com-
puted in the formula used in the assay kit purchased from Promega. We
determined the specific activity of the enzyme in picomoles per minute per
microgram for each sample and presented the results as percentages of the
basal rate. The PKA activity was then reported as percent above the basal
level.

Statistical analysis

Means, SEMs, and unpaired Student’s t test and the Mann-Whitney U test
were used to analyze data using GraphPad Prism (GraphPad). Groups were

FIGURE 3. Anti-CM and anti-S2-
16 IgG Abs induce PKA through
�-AR. a, Anti-S2-16 and anti-CM sera
induced PKA activity above the basal
rate. �, p � 0.05 vs sera from PBS/
CFA-immunized control rats. b, CM
butnotBSAabolishedanti-CMandanti-
S2-16 sera-induced PKA activity. Ad-
sorption with anti-rat IgG also inhibited
anti-CM and anti-S2-16 sera-induced
PKA activity, whereas adsorption with
anti-BSA did not. c, Anti-S2-16, anti-
CM, and �-AR agonist isoproterenol-
induced PKA activity was inhibited by
�-AR antagonist propranolol. d, Anti-
S2-16 sera-induced PKA activity was
inhibited by �1 blocker CGP 20712A
and �2 blocker ICI188.551. �, p � 0.05
vs anti-S2-16 sera treated only. Values
of p were calculated using the unpaired
Student’s t test.

Table I. Monoclonal and serum anti-cm Ab react with �-AR and induce PKA activity

mAb
Reaction with
r�2-AR/CMa

% Inhibition of mAb by Inhibitor b PKA Activity
% Increasec

(over basal level)CM r�2-AR r�2a-AR BSA

9B6-3E6 0.91/1.42 36.2 23.4 0 1.9 15
3A5-2E10 0.95/1.41 87.5 41.3 0 0 21
2C3-2B6 0.71/1.06 69.7 67.7 3.2 0 30
2C3-2B9 0.93/1.41 89 38 6.3 0 21
Anti-CM sera 0.85/2.1 63.2 82.8 10.7 10 64
Anti-S2-16 sera 0.91/1.82 51.8 83.7 7.9 13.4 56
Sera controld 0.15/0.13 4
Isotype controld 0.07/0.15 5

a The reactivities of mAbs with CM and r�2-AR were examined by direct ELISA. Results represent OD reading for
each mAb.

b Competitive-inhibition ELISA of serum (1/250) and mAb reactivity to r�2-AR. Five hundred micrograms per milliliter of
inhibitors was used, and percent inhibition was calculated by using OD reading with and without inhibitor. Inhibition assay was
not performed on sera and isotype controls.

c Data represent percentage of increase relative to the basal rate.
d Sera control, sera from PBS/CFA-immunized rats; isotype control, rat IgM.
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considered statistically different if p � 0.05. The Mann-Whitney U test was
used to analyze the data in Table II, whereas the Student’s t test was used
to analyze the data shown in Fig. 3.

Results
Anti-CM Abs from EAM target the heart cell surface and �-AR

CM and its pathogenic peptide epitope, S2-16, which is derived
from the CM S2 rod region, are capable of inducing myocarditis in
Lewis rats when injected with CFA (22). As shown in our previous
study, IgG Ab against CM was induced in sera of rats after im-
munization with S2-16 or CM (22). In addition, Abs (IgG and
IgG2a) deposited in the myocardium of rats developing myocar-
ditis (Fig. 1a), both in regions of cellular infiltration and along
intact muscle fibers (Fig. 1). Control rats receiving only adjuvants
did not demonstrate any deposition of IgG (Fig. 1b). Deposition of
Abs in the intact myocardium suggested that anti-CM autoanti-
bodies may directly target the surface of normal cardiomyocytes.
To assess cardiomyocyte surface binding of Ab from rats immu-
nized with S2-16 peptide or CM, we reacted anti-S2-16 and anti-
CM sera from S2-16 and CM-immunized Lewis rats with rat heart
cell line H9c2. Binding of Abs to rat heart cells was fixed and then
detected by immunostaining of rat IgG. We found both anti-S2-16
(Fig. 2, left) and anti-CM Abs (Fig. 2, middle) deposited on the
surface of H9c2, which suggested a heart cell surface-specific re-
action. PBS/CFA-immunized rat sera were tested as a negative
control and showed no staining (Fig. 2, right). Sera against control
S2 peptide, such as S2-18, from S2-18/CFA-immunized rats was
also negative in H9c2 cell staining (data not shown).

Binding of Abs from S2-16- and CM-immunized rats to the
heart cell surface suggested that Abs may contribute to tissue in-
jury. In the heart, cAMP-dependent PKA signaling activated by
stimulation of the �-AR is the most powerful mechanism to en-
hance myocardial performance in response to stress or exercise. To
determine whether PKA activity was induced by autoantibodies
from EAM, we analyzed Ab-mediated activation of PKA in the rat
heart cell line H9c2. As shown in Fig. 3a, pooled anti-S2-16 and
anti-CM sera but not sera from PBS/CFA-immunized control rats
increased PKA activity to 50–70% above the basal level. In con-
trast, we did not detect calcium/calmodulin-dependent protein ki-
nase II activation by anti-S2-16 and anti-CM sera (data not
shown).

To confirm that CM plays a role in Ab-induced heart cell sig-
naling, we demonstrated that anti-S2-16 and anti-CM sera-induced
PKA activity was inhibited by CM but not BSA adsorption (Fig.

3b). The data suggested that CM-reactive Ab was responsible for
Ab-induced PKA activity. In addition, the induction of PKA ac-
tivity was inhibited when IgG was absorbed from anti-S2-16 and
anti-CM sera (Fig. 3b). Anti-BSA adsorption, as a control, did not
affect PKA activity induced by sera (Fig. 3b). These results sug-
gested that the induction of PKA activity was mediated by CM-
reactive IgG Ab in anti-S2-16 and anti-CM sera.

To demonstrate that Ab-induced heart cell signaling was medi-
ated by the �-AR, propranolol, a �-AR antagonist, effectively in-
hibited �-AR agonist isoproterenol-induced PKA activity as well
as anti-CM or anti-S2-16 sera-induced PKA activity (Fig. 3c).
Therefore, anti-CM Abs act as an agonist of �-AR. Furthermore,
anti-S2-16 sera-induced PKA activation was inhibited by both �1
blocker CGP and �2 blocker ICI (Fig. 3d), which suggested that
both �1- and �2-AR were stimulated by anti-CM Abs and con-
tributed to Ab-induced PKA activation. The data are consistent
with the fact that stimulation of �1- and �2-AR can both increase
levels of secondary messenger cAMP and PKA activity and that
�1- and �2-AR share �50% amino acid sequence identity.

Anti-CM Abs cross-react with �-AR

Because anti-CM Ab-induced PKA activity was inhibited by CM
and �-AR antagonists, CM-reactive Abs may recognize the �-AR
and function as an agonist. To further assess the potential cross-
reactivity of anti-CM Abs, rat hybridomas were established from
the fusion of splenic mononuclear cells of CM-immunized rats

FIGURE 4. Anti-CM mAbs and sera react with �-AR. Western immu-
noblot of r�2-AR, H9c2 cell lysate, and CM (each Ag was loaded in du-
plicated lanes) was probed with anti-S2-16 sera, PBS/CFA-immunized
control rat sera, mAb 9B6-3E6, isotype control Ab, and anti-�2-AR Ab.
Anti-CM sera and other anti-CM mAbs gave similar results as the anti-
S2-16 sera and 9B6-3E6 (data not shown).

FIGURE 5. Passive transfer of anti-S2-16 sera into naive Lewis rats
leads to in vivo IgG deposition in the heart. Control rats receiving serum
from PBS/CFA-immunized control rats (a and b) did not show IgG dep-
osition, whereas rats treated with anti-CM or anti-S2-16 serum (c and d)
demonstrated IgG deposition in the myocardium.

Table II. Morphology and IgG deposition in hearts of rats treated
with Aba

Naive (n � 3)

Control IgG-
Transferred

Rats (n � 3)

Anti-CM IgG-
Transferred

Rats (n � 4)

HW � 100/BW 0.29 � 0.01 0.28 � 0.003 0.31 � 0.009
LVCD (mm) 58.7 � 1.3** 61 � 12.1* 90.8 � 3.3
RVCD (mm) 12.7 � 1.3 13.7 � 2 16.7 � 3.5
LVPW (mm) 41.3 � 2.9* 36.3 � 0.7* 32 � 1.4
LVS (mm) 34.3 � 0.3* 33 � 0.6* 27.2 � 1.1
IgG depositionb 0* 0.2 � 0.1* 1.8 � 0.4

a HW, heart weight; BW, body weight; LVCD, left ventricular cavity diameter;
RVCD, right ventricular cavity diameter (magnification, �4); LVPW, left ventricular
posterior wall; LVS, left ventricular septum. Values are mean � SEM. �, p � 0.05;
��, p � 0.001 vs the anti-CM IgG-transferred rats group as calculated by the Mann
Whitney U test.

b The staining reaction was graded from no staining (0�) to maximum.
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with the K6H6/B5 cell line. Thirteen hybridomas were selected,
cloned, and expanded for production of mAbs reacting with CM
and r�2-AR. Table I shows four representative mAbs (9B6-3E6,
3A5-2E10, 2C3-2B6, and 2C3-2B9) which reacted strongly with
both CM and r�2-AR. Anti-CM and anti-S2-16 sera also reacted
with both CM and r�2-AR, whereas sera from PBS/CFA-immu-
nized rats (sera control) and isotype control Ab rat IgM did not.
mAbs were not reactive to control Ags such as tropomyosin and
laminin (data not shown). When Ab-induced PKA activity in H9c2
heart cells was tested, mAbs induced PKA activity 15–30% above
the basal level. Anti-CM and anti-S2-16 sera increased PKA ac-
tivity 50–70% above basal level, whereas control sera and rat IgM
isotype control did not induce PKA activity (Table I). The weaker
PKA reactivity induced by the cross-reactive mAbs was not un-
expected compared with the stronger sera.

The reaction of anti-CM mAbs and sera from rats immunized
with CM peptide S2-16 or CM with the �-AR was confirmed by
Western immunoblot. Anti-S2-16 sera, anti-CM sera (data not
shown), and CM-reactive mAbs (9B6-3E6 as a selected sample)
reacted with both the H chain of CM (200 kDa) and r�2-AR (67
kDa), and a protein in H9c2 cell lysates that had the same molec-
ular mass as the �2-AR (Fig. 4). Control sera from PBS/CFA-
immunized rats and an IgM isotype control for mAbs did not have
such reactivity (Fig. 4). As a positive control, purified anti-�2-AR
Ab recognized both r�2-AR and the 67-kDa protein in H9c2 cells
but not CM in Western blots (Fig. 4).

To further confirm the reactivity of the anti-CM Abs with the
�-AR, we performed a competitive-inhibition ELISA. CM, r�2-
AR, recombinant �2a-adrenergic receptor, and BSA were tested to
determine their capacity to inhibit the reaction of anti-CM Abs
with r�2-AR. As shown in Table I, the reaction of anti-CM mAbs
or sera with r�2-AR was markedly inhibited when r�2-AR or CM
was used as an inhibitor, whereas neither r�-AR nor BSA inhibited
the sera or mAb binding to �-AR (Table I). In competitive inhi-
bition ELISA, a dose-dependent inhibition was observed with
mAbs (500 to 4 �g/ml) and sera (500 to 15.6 �g/ml; data not
shown).

Taken together, these results suggested that the immunological
cross-reactivity between CM and �-AR may be a potential mech-
anism leading to recognition of the �-AR and subsequent Ab-
induced PKA activity in cardiomyocytes.

In vivo effects of cross-reactive anti-CM Ab

We also examined the possible effects of CM and �-AR cross-
reactive Ab in vivo by passive transfer. As shown in Fig. 5, a and
b, repeated i.v. injection for 2 wk of purified high-titer anti-CM/
�-AR IgG Ab (6.75 mg total) from CM- or S2-16-immunized rats

resulted in Ab deposition in the myocardium as shown in Fig. 5, c
and d. In contrast, i.v. injection of control anti-PBS IgG did not
lead to IgG deposition (Fig. 5, a and b). Therefore, when we trans-
ferred 0.5 mg purified IgG once every week for 18 wk, Ab dep-
osition was evident in hearts of the recipients (Table II and Fig. 5,
c and d). In anti-CM IgG-transferred rats, the left ventricular cavity
diameter was significantly increased and was accompanied by a
decrease in thickness of the septum and posterior wall, compared
with naive rats receiving no IgG and rats receiving control PBS/
CFA-immunized rat IgG. The ratio of heart weight to body weight
also tended to be higher in the CM-IgG-transferred group, but it
failed to reach statistical significance (Table II). Histological ex-
amination did not reveal any cellular infiltration or necrosis in the
anti-CM-IgG-transferred rats as well as control recipients. These
results suggested that cross-reactive anti-CM autoantibodies do not
directly cause histological inflammatory effects but may induce a
cell-signaling cascade and myocardial changes leading to heart
dysfunction and cardiomyopathy. In further studies, we found ap-
optosis in the hearts of animals receiving anti-CM IgG as shown in
Fig. 6. Rats treated with anti-CM IgG (Fig. 6c) demonstrated bind-
ing of anti-caspase 3 and apoptosis. Control tissues from animals
receiving IgG from adjuvant-immunized rats did not show the
presence of caspase 3 and were not apoptotic (Fig. 6b). Further
control rats, including hearts from naive animals (Fig. 6a), also did
not show any apoptosis. Control tissues stained only with the anti-
rabbit IgG FITC-conjugated Ab were also negative as shown in
Fig. 6, d–f. Therefore, the data suggest that passively transferred
anti-CM IgG may lead to apoptosis and thinning of the myocar-
dium as shown in Table II.

Discussion
The role of humoral immunity in autoimmune heart disease has not
been established. Although immunization with CM leads to myo-
carditis and cellular infiltration in the heart, the mechanisms by
which Ab may affect the heart have not been determined. Our
novel findings show that anti-CM autoantibodies in experimental
autoimmune myocarditis cross-react with the �-AR and induce
signal transduction in heart cells. Our data support the hypothesis
that anti-CM autoantibody in myocarditis may have pathophysio-
logical effects on heart cells due to Ab cross-reactivity. Therefore,
molecular mimicry and cross-reactivity of cardiac autoantibodies
may be an important mechanism by which Ab may contribute to
heart disease.

Circulating cardiac autoantibodies to CM and other heart-spe-
cific autoantigens are markers of autoimmunity in human myocar-
ditis (11, 12, 32–36). In mice, deposition of CM-reactive Abs in
the myocardium was detected after immunization with CM (26). In

FIGURE 6. Anti-caspase 3 FITC-stained cardiac
sections demonstrate apoptosis in rats treated with anti-
CM Ab. a, Control tissues from naive Lewis rats did not
show binding of the anti-caspase 3. b, Rats passively
transferred with serum from rats immunized with PBS/
CFA also did not show binding of the anti-caspase 3. c,
However, rats treated with anti-CM IgG demonstrated
binding of anti-caspase 3, suggesting the presence of
apoptosis. Caspase 3 was imaged using rabbit anti-
caspase 3 and anti-rabbit FITC-conjugated Ab to detect
anti-caspase 3 binding and apoptosis. Control tissues
stained with both Abs are shown in a and b, and match-
ing control tissues (d–f ) were stained with only anti-
rabbit FITC-conjugated Ab.
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this study, we observed Ab deposition in the hearts of Lewis rats
immunized with CM and the pathogenic CM peptide S2-16. When
the Ab subclass deposition pattern was defined, IgG and the IgG2a
subclass but not IgG1 Abs were identified in the heart tissues in
Lewis rat EAM (data not shown). This result may reflect a Th1
inflammatory and pathogenic Ab response. Ab recognition of heart
tissue may also be mediated by exposed CM after myocardial in-
jury. However, cardiac Ab deposition was observed in both in-
flammatory lesions of heart as well as in normal heart tissues.
Although Ab binding to heart tissue might be explained by an
aberrant expression of CM on heart cells (23), alternatively, the
binding of CM-reactive Abs to heart tissue may be mediated by
other heart cell surface molecules. In this study, we demonstrated
heart cell surface binding by anti-CM Abs that recognized the
�-AR on heart cells. Our report suggests that the potential patho-
genic effects of anti-CM autoantibodies are related to heart cell
surface recognition.

In the heart, one of the most important signaling receptors is the
�-AR (27). PKA activation induced by �-AR stimulation is an
important mechanism to enhance myocardial performance in re-
sponse to stress or exercise (27). In this study, Ab-mediated acti-
vation of PKA was identified in a rat heart cell line and was shown
to be mediated by both �1- and �2-AR. These results are consis-
tent with previous reports suggesting that sera from myocarditis
and cardiomyopathy patients contain agonistic autoantibodies that
bind to �-AR (34, 37). Adrenergic receptors, especially �1 sub-
type, not only function to generate second messengers to control
the heart contractility, but also to regulate other cardiac functions,
myocyte growth, and programmed cell death. Similar mechanisms
may be responsible for signal transduction by cardiac autoantibod-
ies in human and animal myocarditis.

Heart cell signaling induced by anti-CM autoantibodies sug-
gested that Abs deposited in myocarditic hearts may have patho-
genic effects physiologically rather than histologically. This is
demonstrated by our Ab passive transfer experiment. Although we
did not examine the physiological function of rat hearts after Ab
transfer, morphometric analysis showed that hearts from anti-CM
IgG-transferred rats had enlarged left ventricular chambers and
thinner septum and posterior walls than those of control-transferred
rats. An enlarged left ventricular chamber and thinning septum and
wall are all features of DCM (3). These results are consistent with a
recent report by Jahns et al. (30), where immunization against the
�1-AR second extracellular loop peptide resulted in anti-�-AR Ab,
which induced cardiomyopathy by both immunization and passive
transfer.

In this study, anti-CM autoantibody-induced PKA activity was
shown to be inhibited by either CM or �-AR antagonists. Our
observation suggested a potential Ab cross-reaction between CM
and �-AR. To further confirm the cross-reaction between CM and
�-AR, we derived hybridomas from rats immunized with CM.
mAbs and sera from CM- or S2-16-immunized rats reacted
strongly to the 200-kDa H chain of CM and the 67-kDa r�2-AR in
both ELISA and in Western blot analysis. In addition, r�2-AR was
shown to be a potent inhibitor of anti-CM Ab reactivity with CM
and vice versa. r�2-AR was used in this study because of its avail-
ability. Both �1- and �2-AR have the same molecular mass and
have �50% amino acid sequence identity. Our data indicated
mimicry between two cardiac Ags, CM and �-AR, which lead to
a humoral mechanism for induction of PKA activity in heart cells.
This is the first time that the �-AR has been linked with immune
responses against CM, the dominant autoantigen in autoimmune
myocarditis. Mimicry between CM and �-AR may not be appar-
ent, although both of these two proteins have � helical structure.
CM has coiled-coil � helical conformation, whereas �-AR is a

seven-transmembrane-spanning receptor. Protein sequence align-
ment between CM and �1-AR showed a 30% identity and a 56%
homology in a 57 aa overlap (CM, 98-154:�1-AR, 300–348), and
alignment between CM and �2-AR showed a 25% identity and a
57% homology in an 85 aa overlap (CM, 543-624: �2-AR, 131–
213). Most sequence homology alignment was within surface-
exposed regions of the �-AR. The defined S2-16 epitope of CM that
induced Ab cross-reactive with �-AR demonstrated a 44% identity
and a 78% homology with �1-AR in a 9 aa overlap (S2-16, 5–13:
�1-AR, 48–56) and a 34% identity and a 67% homology with
�2-AR in a 12 aa overlap (S2-16, 12–23: �2-AR, 396–407). How-
ever, it can be difficult to define Ab-reactive sites in the molecules
because the Abs most likely react with conformational epitopes. It
has been shown that a single Ab is capable of adopting different
binding site conformation and can bind unrelated Ags (38, 39). In
mimicry and cross-reactivity by an Ab, conformational diversity
increases the Ab repertoire but also reduces Ab specificity and
avidity.

We believe that the major contribution of this study is the dem-
onstration that anti-CM Abs cross-react with and signal the �-AR
and therefore might lead to cardiomyopathy in animals or humans.
Chronic or excessive stimulation of the �-AR has been shown to
promote cardiomyocyte apoptosis through PKA (28, 29). Our
novel data demonstrate how anti-CM Abs might alter cardiac func-
tion. The data in this report provide an important mechanistic ad-
vance previously unknown about anti-myosin Ab responses. Al-
though we were unable to provide data showing impaired cardiac
function in our animals, our data show that hearts treated with
passively transferred Ab appear to undergo apoptosis. Further pre-
liminary studies suggested that passively transferred anti-CM or
anti-S2-16 IgG for 18 wk caused increased PLB at Ser16 in the
myocardium, a result of PKA activation. Continued signaling of
PKA may lead to apoptosis in the heart, over time leading to a
decrease in myocardial mass. These data could explain the devel-
opment of a cardiomyopathic heart disease phenotype in animals
receiving anti-CM IgG.

In summary, this study links anti-CM Ab to the heart cell sur-
face �-AR and the induction of PKA activity. Molecular mimicry
and Ab cross-reactivity appear to serve as humoral mechanisms
that may play an important role in the pathogenesis of myocarditis
and cardiomyopathy. In addition, cross-reactive autoantibody-me-
diated cardiomyocyte signaling may contribute to the confounding
and often histologically silent clinical manifestations in myocar-
ditis. The finding that anti-CM Abs can modulate cardiomyocyte
physiology provides a more complete understanding of the immu-
nopathogenesis of autoimmune myocarditis and DCM.
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