INFECTION AND IMMUNITY, June 2001, p. 4072-4078
0019-9567/01/$04.00+0 DOI: 10.1128/1AI.69.6.4072-4078.2001

Vol. 69, No. 6

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Induction of Autoimmune Valvular Heart Disease by
Recombinant Streptococcal M Protein

ANTHONY QUINN,'# STANLEY KOSANKE,? VINCENT A. FISCHETTI,?
STEPHEN M. FACTOR,* axo MADELEINE W. CUNNINGHAM'#

Departments of Microbiology and Immunology" and Department of Pathology,? University of Oklahoma
Health Sciences Center, Oklahoma City, Oklahoma, and Laboratory of Bacterial Pathogenesis,
Rockefeller University, New York,® and Department of Pathology, Albert Einstein
College of Medicine and Jacobi Medical Center, Bronx,* New York

Received 9 November 2000/Returned for modification 10 January 2001/Accepted 19 March 2001

Rheumatic heart disease is an autoimmune sequela of group A streptococcal infection. Previous studies have
established that streptococcal M protein is structurally and immunologically similar to cardiac myosin, a
well-known mediator of inflammatory heart disease. In this study, we investigated the hypothesis that strep-
tococcal M protein could produce inflammatory valvular heart lesions similar to those seen in rheumatic fever
(RF). Fifty percent (3 of 6) of Lewis rats immunized with recombinant type 6 streptococcal M protein (rM6)
developed valvulitis as well as focal lesions of myocarditis. Valvular lesions initiated at the valve surface
endothelium spread into the valve. Anitschkow cells and verruca-like lesions were present. T cells from
rMé6-immunized rats proliferated in the presence of purified cardiac myosin, but not skeletal myosin. A T-cell
line produced from rM6-treated rats proliferated in the presence of cardiac myosin and rM6 protein. The study
demonstrates that the Lewis rat is a model of valvular heart disease and that streptococcal M protein can
induce an autoimmune cell-mediated immune attack on the heart valve in an animal model. The data support
the hypothesis that a bacterial antigen can break immune tolerance in vivo, an important concept in autoimmunity.

Rheumatic fever (RF) is an inflammatory disease that may
result in immune attack of the heart following group A strep-
tococcal pharyngitis (18, 26). In susceptible individuals, an
immune response to a streptococcal antigen appears to initiate
events that result in development of RF. Reports of increased
incidence of RF continue in the United States (3, 28, 29; E. L.
Kaplan, Editorial, Eur. J. Clin. Microbiol. Infect. Dis. 10:55-
57, 1991), and it remains a major cause of heart disease in
children worldwide (14). The new and continued outbreaks of
RF have kindled new interest in elucidating mechanisms in-
volved in the pathogenesis of the disease. The pathogenesis of
rheumatic valvular heart disease is thought to be mediated by
autoimmune mechanisms induced by streptococcal compo-
nents, such as streptococcal M proteins and group A carbohy-
drate. The streptococcal antigens immunologically mimic heart
antigens, such as cardiac myosin (1, 5, 6, 8, 10, 11, 21-23). Our
previous work suggests that antibodies against cardiac myosin
and N-acetyl-glucosamine, the dominant epitope of the group
A carbohydrate, may play a role in injury to the valve surface
endothelium (9). However, the valve lesions observed in RF
contain large numbers of T cells infiltrating through the valve
endothelium (20), and T cells from RF valves have been shown
to proliferate in the presence of peptides from the A and B
repeat regions of streptococcal M protein (11). In our study,
evidence suggests that the Lewis rat is a model of valvular
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heart disease and supports the hypothesis that M protein-
responsive T cells may be responsible in part for the patho-
genesis of valvular heart disease in RF.

Although it is well established that the streptococcal M pro-
tein extends from the surface of the streptococcal cell as an
alpha-helical coiled-coil dimer with structural homology to my-
osin and other alpha-helical coiled-coil molecules (16, 17), no
studies have investigated the role of M protein in an animal
model of valvular heart disease, the most serious sequela of
RF. To our knowledge, no animal models of valvular heart
disease have been reported. For these reasons, we investigated
whether intact streptococcal rM6 protein could induce rheu-
matic-like inflammatory heart disease in the Lewis rat, an
established model of cardiac myosin-induced myocarditis (15).
In Lewis rats, streptococcal rM6 protein was shown to induce
valvular heart lesions similar to those observed in rheumatic
heart disease. Study of concomitant T-lymphocyte responses
and a T-cell line from the M protein-immunized rats suggested
that T cells responsive to M protein and cardiac myosin were
present in the model and may be responsible for lymphocytic
infiltration of the heart.

MATERIALS AND METHODS

Antigens. Rabbit skeletal myosin , mouse laminin, rabbit skeletal tropomyosin,
actin, and lysozyme were all purchased from Sigma Chemical Co., St. Louis, Mo.

Preparation of purified human cardiac myosin. Cardiac myosin was purified
from human heart tissue according to the method of Tobacman et al. (27), with
slight modifications. Briefly, heart tissue was homogenized in a low-salt buffer (40
mM KCl, 20 mM imidazole [pH 7.0], 5 mM EGTA, 5 mM dithiothreitol [DTT],
0.5 mM phenylmethylsulfonyl fluoride [PMSF], 1 ug of leupeptin per ml) for 15 s
on ice. The washed myofibrils were collected by centrifugation at 16,000 X g for
10 min. The pellet was then resuspended in high-salt buffer (0.3 M KCl, 0.15 M
K,HPO,, 1 mM EGTA, 5 mM DTT, 0.5 mM PMSF, 1 ug of leupeptin per ml)
and homogenized for three 30-s bursts on ice. The homogenized tissue was
further incubated on ice with stirring for 30 min to facilitate actin-myosin ex-
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FIG. 1. Illustration of myocarditis in Lewis rat heart sections stained with hematoxylin and eosin. (A) Myocarditis is shown in rats immunized
with streptococcal rtM6 protein (magnification, X400). Focal lesions were observed scattered throughout the rat myocardium, which contained
interstitial accumulations of mononuclear cells intermixed with a lesser number of neutrophils. Myocyte necrosis (arrow) is noted in the central
lesion. (B) Heart tissue sections from control rats immunized with PBS and adjuvants contained no lesions (magnification, X400). Although not

shown, lesions were not found in kidneys and livers of any of the animals.

traction. Following clarification by centrifugation, actin-myosin was precipitated
by addition of 10 volumes of cold water, followed by a pH adjustment to 6.5. DTT
was added to 5 mM, and the precipitation was allowed to proceed for 30 min.
The acto-myosin was then pelleted by centrifugation at 16,000 X g. The actin-
myosin pellet was then resuspended in high-salt buffer, ammonium sulfate was
increased to 33%, and the KCI concentration was increased to 0.5 M. After the
actin-myosin pellet and salts were dissolved, ATP was added to 10 mM and
MgCl, was added to 5 mM, and then the solution was centrifuged at 20,000 X g
for 15 min to remove actin filaments. The supernatant was removed and stored
at 4°C in the presence of the following inhibitors: 0.5 mM PMSF, 5 pg of TLCK
(No-p-tosyl-L-lysine chloromethyl ketone) per ml, and 1 pg of leupeptin per ml.
Human skeletal myosin was also purified by a similar procedure.

Immunization of Lewis rats. Eight-week-old Lewis rats (Harlan Sprague-
Dawley, Indianapolis, Ind.) were immunized intraperitoneally with 500 pg of
purified recombinant type 6 M protein (provided by V. A. Fischetti) in complete
Freund’s adjuvant supplemented with 5 mg of heat-killed mycobacteria H37RA
per ml as previously described for cardiac myosin-induced myocarditis (15). The
rats received an intraperitoneal injection of 2 X 10'° B. pertussis cells as an
additional adjuvant (15). Seven days later, the rats were boosted with 500 wg of
the rM6 antigen in incomplete Freund’s adjuvant. Negative control animals were
immunized with phosphate-buffered saline (PBS) plus adjuvants. All rats were
sacrificed 17 days after the initial immunization.

Histological examination of tissues. Heart, liver, and kidneys were fixed in
10% buffered formalin and imbedded in paraffin. Five-micrometer sections were
cut and stained with hematoxylin and eosin for microscopic histological exami-
nation. Myocarditis and valvulitis lesions were scored as 1+ for 10% of tissue
affected with focal lesions, 2+ for 25% of tissue affected with focal lesions, 3+ for
50% of tissue affected with lesions, or 4+ for confluent lesions affecting the
majority of the tissue.

Lymphocyte proliferation assays. The proliferative response of lymphocytes
was measured in a tritiated [*H]thymidine incorporation assay as described
previously (4). Lymphocytes were cultured in 96-well flat-bottom plates at 5 X
10° cells per well with 25 g of antigen per ml and 2.5 X 10° mitomycin-treated
spleen cells or 5 pg of phytohemagglutinin (PHA) per ml for 3 days. Lymphocyte
samples were tested in triplicate, and the results were recorded as cpm with the
background subtracted. Proliferation medium consisted of Iscoves’s modified
Dulbecco’s medium (IMDM), 2% rat serum, 50 mM 2-mercaptoethanol, 100 U
of penicillin per ml, and 100 mg of streptomycin per ml. Wells were pulsed with
1.0 nCi of tritiated thymidine (ICN, Irvine, Calif.) 18 h before being harvested
onto filters with a cell harvester. Tritiated thymidine incorporation was measured
in a liquid scintillation counter. Values represent the stimulation index (SI =
mean of test cpm/mean of media control cpm). Medium controls in the prolif-
eration assays ranged from 2,000 to 5,000 cpm.

Production and proliferation of T-cell lines. Seventeen days after the initial
immunization, popliteal and inguinal lymph nodes were asceptically removed
and minced into a single-cell suspension. The cell suspension was washed and

cultured for 3 days (2 X 10° cells/ml) with 25 pg of human cardiac myosin per ml
in proliferation medium. Lymphocytes were recovered and resuspended in me-
dium with 10% fetal bovine serum and 20 U of recombinant human interleukin-2
(IL-2) per ml (Cetus). The T-cell line was maintained by repeated cycles with
antigen stimulation utilizing either rM6 protein or human cardiac myosin as the
antigen and mitomycin C-treated syngeneic spleen cells. The T-cell line was
cloned by limiting dilution at 0.5 cell/well in 96-well round-bottom plates. To
measure the proliferative response of rat T-cell line M6.8, it was cultured at 5 X
10* cells per well in 96-well round-bottom plates with 20 ug of antigen and
mitomycin C-treated spleen cells. Forty-eight hours later, tritiated thymidine was
added, and the plates were harvested as described above for the lymph node
assay.

RESULTS

Lewis rats develop focal myocarditis and valvulitis following
immunization with streptococcal recombinant M6 protein
(rM6). Examination of heart sections from the rM6-immu-
nized rats revealed regions of focal myocarditis in 3 of 6 ani-
mals (Fig. 1A and Table 1). Figure 1 illustrates an example of
a focal lesion with cellular infiltrate in a section of rat myocar-
dium stained with hematoxylin and eosin. Focal lesions were
scattered throughout the rat myocardium containing interstitial
accumulations of mononuclear cells intermixed with a lesser
number of neutrophils. Myocyte necrosis (arrow in Fig. 1A) is
noted in the central lesion. Heart tissue sections from control
rats immunized with PBS and adjuvants had no cellular infil-
trate and illustrate normal myocardium (Fig. 1B).

TABLE 1. Myocarditis and valvulitis in Lewis rats immunized
with streptococcal M6 protein®

No. of rats with/no. tested

Antigen
Myocarditis Valvulitis
rM6” 3/6 3/6
PBS 0/6 0/6
Cardiac myosin 6/6 10/23

“ All rats were sacrificed on day 17.
® Recombinant type 6M protein.
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Most interesting was the observation of valvulitis in the
mitral valves of rM6-immunized rats. Sections of rat hearts
were stained with hematoxylin and eosin and microscopically
evaluated for cellular infiltrates in the valves. Cardiac valvulitis
seen in 3 of 6 rats was characterized by infiltrating mononu-
clear cells and neutrophils (Fig. 2A to F and Table 1). Figures
2A and B demonstrate valvulitis in the base of the mitral valve
(V) adjacent to myocardium, which did not contain lesions.
Figure 2A illustrates a lower magnification for the orientation
of the valve and myocardium. The enlargement in Fig. 2B
shows the presence of mononuclear and Anitschkow cells (ar-
rows). Anitschkow cells are characteristically seen in hematox-
ylin- and eosin-stained sections of rheumatic hearts, and they
are termed “owl-eye” cells because of their appearance due to
a condensed nucleus. Figure 2C shows the infiltration of the
mitral valve through the endothelium at the valve surface.
Apparently, lymphocytes and neutrophils infiltrated the valve
through the endothelial surface and not from the myocardium,
since no lesions were found in the myocardium adjacent to the
valve. Figure 2D illustrates a verruca-like nodule on the valve
surface, while Fig. 2E shows Anitschkow cells (arrows). Ver-
rucae are raised nodular lesions seen around the base of the
valve in rheumatic carditis. Figure 2F shows a hematoxylin-
and eosin-stained heart valve tissue section from control rats
immunized with PBS and adjuvants. Figure 2F shows that the
valve from adjuvant-immunized rats was normal with no cel-
lular infiltrates. The myocardial and valve lesions appeared to
be heart specific, since no lesions were present in hematoxylin-
and eosin-stained tissue sections from livers and kidneys of
rM6-immunized rats. In the histopathologic evaluation, it was
noted that only the mitral valve was affected and that the other
valves viewed were normal. Due to the small size of the rat
hearts, it was impossible to view all valves in a single animal.

In summary, 50% of the rats immunized with rM6 protein
developed myocardial and valvular lesions, while no histolog-
ical changes were observed in any tissues of the PBS-adjuvant
control animals (Fig. 1B and 2F and Table 1). As a positive
control, Lewis rats immunized with 500 pg of human cardiac
myosin and adjuvants developed 3+ to 4+ myocarditis in
100% of the immunized animals (Table 1).

In a separate study, we found that valvulitis occurred in 10 of
23 and 6 of 13 (approximately 45%) Lewis rats immunized with
human or rat cardiac myosin, respectively. The valvulitis
caused by cardiac myosin was locally severe in the valve, with
an average of grade 3+ lesions containing mononuclear cells
and macrophages. However, Lewis rats immunized with hu-
man skeletal myosin or rabbit skeletal tropomyosin did not
develop myocarditis or valvultitis in 0 of 6 rats. In addition, 0
of 3 rats given murine laminin did not develop myocarditis or
valvulitis. The data show that only human and rat cardiac
myosins and recombinant streptococcal M protein produced
inflammatory heart disease. Other alpha-helical coiled-coil
proteins, such as human skeletal myosin, rabbit skeletal tropo-
myosin, or mouse laminin, did not produce inflammatory heart
disease in the Lewis rat model. Therefore, the disease-produc-
ing factor was not the alpha-helical coiled-coil structure, but
epitopes related to the heart in cardiac myosins and strepto-
coccal M protein.

Proliferative responses of lymphocytes from rMé6-immu-
nized rats to cardiac myosin and rM6 protein. Cardiac myosin-
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reactive lymphocytes were present in Lewis rats after immuni-
zation with streptococcal M6 protein. Lymph node cells of
rM6-immunized rats were reacted with human cardiac myosin,
and the proliferative response was measured with the tritiated
thymidine incorporation assay. The lymphocytes from rMo6-
immunized rats proliferated in response to human cardiac my-
osin, but not to rabbit skeletal myosin or to actin (Fig. 3).
Lymphocytes from adjuvant control animals did not proliferate
in response to any of the three antigens. Interestingly, cardiac
myosin and skeletal myosin share extensive regions of se-
quence identity, but only cardiac myosin has been shown to
induce myocarditis in animals (19, 25).

Characterization of T cells from rMé6-immunized Lewis
rats. To further demonstrate that streptococcal M protein and
cardiac myosin-responsive T cells were present in the rMo6-
immunized rats, a T-cell line was produced from lymph node T
cells of rats immunized with M6 protein. T-cell line M6.8 was
maintained in culture by cycles of antigenic stimulation with
human cardiac myosin or rM6 protein followed by expansion in
IL-2-containing medium. The line was subcloned and kept in
culture for more than 6 weeks before being characterized.
T-cell line M6.8 proliferated in the presence of streptococcal
rM6 protein and human cardiac myosin, but was not stimulated
by lysozyme or medium alone (Fig. 4). In further experiments,
T-cell line M6.8 was shown to proliferate to cardiac myosin in
a dose-dependent fashion (data not shown). Analysis by flow
cytometry revealed that line M6.8 was CD3 ™, alpha-beta T-cell
receptor positive (TCR-aB™) and CD4" (Table 2). In conclu-
sion, a CD4™" T-cell line from rM6-immunized rats was respon-
sive to both M protein and cardiac myosin.

DISCUSSION

Our report describes an animal model of valvular heart
disease, which to our knowledge has not been described pre-
viously. In addition, our novel observations in the Lewis rat
show that streptococcal M protein induced valvular heart dis-
ease that strongly resembled valve disease in RF. Following
immunization with rM6 protein, striking cellular infiltration of
the valve was observed with focal lesions in myocardium. The
cellular infiltrate entered through the valve surface (Fig. 2C),
suggesting that the valve endothelium is an important location
for entry of inflammatory cells rather than entry from myocar-
dium. The sensitivity of Lewis rats to valvular heart disease is
novel and will be a potentially useful and powerful tool with
which to study rheumatic and immune-mediated valvular heart
disease.

Histologic evaluation of rat myocardium in valvular heart
disease revealed normal myocardium adjacent to the diseased
valve as shown in Fig. 2A. In human rheumatic heart disease,
entry through the valve surface was also seen, as shown in Fig.
5 and reference 20, and it was comparable to that seen in our
study of the Lewis rat model. In Fig. 5, a human rheumatic
heart valve section was reacted with anti-CD4 " antibody and is
shown for comparison with the rat valve sections. The human
rheumatic valve section illustrates the infiltration of CD4"
lymphocytes (stained with fast red) through the endothelium
into the valve and the presence of a necrotic Aschoff body in
the valve tissue. We have found CD4" and CD8" T cells
present in valves in PepM5-induced rat valvulitis (unpublished
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FIG. 2. Illustration of valvulitis and cellular infiltration in hematoxylin- and eosin-stained mitral valves from Lewis rats immunized with
streptococcal rM6 protein. (A and B) Valvulitis in the base of the mitral valve (V) adjacent to myocardium, which did not contain lesions. The
lower magnification in panel A orients the valve (V) adjacent to the myocardium. The enlargement in panel B shows the presence of mononuclear
and Anitschkow (arrows) cells. (C) Arrows indicate disruption of endocardial (endothelial) surface with infiltrating cells. (D) Verruca-like nodule
(arrow) on the valve surface. (E) Anitschkow cells (arrows). (F) Hematoxylin- and eosin-stained normal heart valve tissue section from control rats
immunized with PBS and adjuvants. Magnifications, X200 and X400.
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FIG. 3. Lymphocytes from rM6-immunized rats proliferate in the
presence of human cardiac myosin. Lymphocytes from inguinal and
popliteal lymph nodes of rats immunized and boosted with 500 pg of
rM6 were reacted with human cardiac myosin (HCM), rabbit skeletal
myosin (RSM), and actin in the tritiated thymidine incorporation assay
as described in Materials and Methods. Values represent the SI (mean
of test cpm/mean of medium control cpm). Medium controls in the
proliferation assays ranged from 2,000 to 5,000 cpm.

data). We wanted to examine the CD4" and CD8" lympho-
cytes in rM6-induced rat valvulitis. However, limitations due to
formalin-fixed tissues in the rM6 study prevented this analysis.

Our data continue to confirm a relationship between epitopes
of streptococcal M protein and cardiac myosin. The similarity
between M protein and cardiac myosin is significant enough to
produce inflammatory heart disease in the Lewis rats. In a
separate study in our laboratory, we have identified A repeat
region sequences that produce valvulitis in Lewis rats, while B
and C repeat region sequences did not produce valvular heart
disease (manuscript in preparation). Furthermore, in studies
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FIG. 4. Response of rat T-cell line M6.8 to rM6 protein and human
cardiac myosin. The proliferative response of line M6.8 was measured
with a tritiated [°H] thymidine uptake assay. T-cell line M6.8 was
cultured as 5 X 10* cells per well with 20 ug of antigen per ml. rM6,
purified type 6 M protein; HCM, human cardiac myosin; Lyso, lyso-
zyme plus 2.5 X 10° mitomycin-treated spleen cells. Samples were
tested in triplicate, and the results were recorded as cpm with the
background subtracted. Error bars are shown.
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TABLE 2. Characterization of T-cell line M6.8

Surface phenotype % Positive”

Immunoglobulin control 0.0

“ Flow cytometry.

by Guilherme et al., sequences in the A and B repeat regions
of M5 protein were reported to stimulate T cells from rheu-
matic valves (11). Conclusions from tests of M protein se-
quences indicate that only A and B repeat regions contain
pathogenic epitopes responsible for valvular or myocardial dis-

ease.
Previous studies with mice have also identified myocarditic
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FIG. 5. Human rheumatic heart valve section reacted with anti-
CD4" antibody shown for comparison with the rat valve sections. The
human rheumatic valve section (A) illustrates the infiltration of CD4*
lymphocytes (stained with fast red) through the endothelium into the
valve and the presence of a necrotic Aschoff body in the valve tissue.
A rheumatic valve section was reacted with a control immunoglobulin
G1 antibody and did not show any reactivity (B). Arrows point to
CD4™" T lymphocytes entering the valve.
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epitopes of M5 protein in the A and B repeat regions of M
protein (8). Mice developed focal myocarditis but no valvular
heart disease from immunization with specific M5 peptides
located within the A and B repeat regions of the M5 protein
molecule. However, C repeat region sequences of the strepto-
coccal M protein did not produce myocardial lesions, most
likely due to the protein’s homology with skeletal myosins,
which do not produce heart disease (8). Although many M
protein epitopes have been shown to be cross-reactive with
myosin, only peptides sharing sequence homology with cardiac
myosins produced myocardial lesions in mice (8, 12). Repeated
regions of M proteins that share homology with only cardiac
myosins may break tolerance to cardiac myosin and induce
myocardial disease (12).

In the Lewis rat model of M protein-induced heart disease,
we were able to establish a T-cell line that proliferated in
response to both human cardiac myosin and M protein. The
T-cell line gives an important demonstration of potential T-cell
cross-reactivity between M protein and cardiac myosin and its
link with production of heart disease by group A streptococci.
In support of cross-reactive T cells in valve lesions, T cells from
valves of RF patients have been shown to proliferate in the
presence of peptides of streptococcal M5 protein and heart
tissue antigens (11).

Since cardiac myosin is not thought to be present in the
valve, how mimicry between M protein and cardiac myosin
produces valvular heart disease is an important question. Our
studies suggest that laminin links myosin with the valve. Re-
cently, a cytotoxic antimyosin and antistreptococcal monoclo-
nal antibody from rheumatic carditis was shown to recognize
laminin, an extracellular matrix alpha-helical coiled-coil pro-
tein that is an integral part of the valve structure (2, 7, 9).
Evidence presented in previous work supports the hypothesis
that laminin, present in the basement membrane of the valve
and secreted by endothelial cells, is a target of cross-reactive
antimyosin, antistreptococcal antibody. Laminin present in
valves may cross-react with antimyosin T cells and antibody
that recognizes M protein, myosin, and laminin. Because car-
diac myosin is an intracellular molecule, peptides of it may be
presented to T cells during turnover in cardiac tissues (24).

In summary, this work is important in establishing a model
of autoimmune valvulitis whereby rheumatic heart disease and
its parameters can be investigated. The evidence supports mo-
lecular mimicry as a potential model of inflammatory heart
disease following group A streptococcal infection. Finally, the
investigation of an animal model of rheumatic carditis and
molecular mimicry is vital to our understanding of how infec-
tious agents contribute to autoimmune disease.
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