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1. ABSTRACT

Molecular mimicry between pathogen and host
has been proposed as a mechanism for the development of
autoimmune  diseases. Evidence suggests that
microorganisms contain proteins which are similar enough
to host proteins that they can stimulate existing B and T
cells to respond to self proteins. The loss of immune
regulation during responses against microbial antigens
may explain development of pathogenic B and T cell
responses in autoimmune diseases associated with
infections. The study of B and T cell responses against the
group A streptococcal antigens, N-acetyl-glucosamine, M
protein and the autoantigen cardiac myosin has led to a
better understanding of how molecular mimicry may play a
role in disease. Studies of human monoclonal antibodies, T
cell responses and animal models in comparison with the
immunopathology in the human disease has provided
information about the steps leading to inflammatory heart
disease in autoimmune post-streptococcal rheumatic
carditis. The new data indicate that the steps in
pathogenesis of rheumatic heart disease following group A
streptococcal infection include the following events. First,
the development of crossreactive autoantibodies against the
group A streptococcal carbohydrate antigen N-acetyl-
glucosamine and cardiac myosin. Second, these antibodies
react with valvular endothelium which becomes inflamed
with expression of vascular cell adhesion molecule-1
(VCAM-1). After this event, T cells, CD4+ and CD8+,
infiltrate through the endothelium/endocardium into the
valve which is an avascular structure. Aschoff bodies or
granulomatous lesions may form containing macrophages
and T cells underneath the endocardium. The T cells are
responsive to streptococcal M protein antigen sequences.
The valve becomes scarred  with  eventua
neovascularization and progressive, chronic disease in the
valve. In the host, the mimicking antigens cardiac myosin
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and laminin have been involved in the myocardium and
valve, respectively. As in other autoimmune diseases, both
environmental and genetic factors are involved in the
development of rheumatic carditis and inflammatory heart
disease, a result of mimicry between the group A
streptococcus and heart.

2. INTRODUCTION

Molecular mimicry between pathogen and host
has been proposed as a mechanism for the development of
autoimmune  diseases(1-3). Evidence suggests that
microorganisms contain proteins which are similar enough
to host proteins that they can stimulate existing B and T
cells to respond to self proteins. The loss of immune
regulation during responses against microbial antigens may
explain development of pathogenic B and T cell responses
in autoimmune diseases associated with infections. The
pathogenic response by a susceptible host most likely
involves induction of crossreactive autoantibodies and the
recognition of microbial epitopes by the maor
histocompatibility complex (MHC) proteins which present
these epitopes to inflammatory (Thl, CD4+) and
cytotoxic(CD8+) T cell subsets.

Production of large quantities of crossreactive
antibodies by B lymphocytes may be important in antibody
and complement deposition in tissues which may initiate
inflammation in the target tissue. In some cases, the disease
may solely be produced by antibody deposition, usually as
aresult of binding to the surface of the target cell in tissues
and inducing changes in or death of the target cell. This
may be through mechanisms such as complement mediated
destruction of the target cell, cell signaling at the surface of
the target cell, alteration of the nerve impulse transmission
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or some other cell activity, cytokine induction by the target
cell or upregulation of the cell adhesion molecules which
attract T cells into the target tissue. The avidity and
quantity of antibody may be important in the overal
clinic manifestations of diseases produced by
autoantibodies generated from infections(4).

Microbial components can induce production of
large quantities of influential cytokines that will upregulate
expression of MHC class | and Il molecules in tissues and
will determine the T cell subsets involved in the immune
response in the susceptible host. In the case of an
inflammatory and cell mediated immune response,
activated T cells migrate into target tissues by infiltration
through activated vascular endothelium(5). Activation of
autoreactive T cells may be affected by microbia
superantigens and other mitogens produced by the infection
(6-9). Activated lymphocytes which enter and affect target
tissues in inflammatory conditions are usually the CD4+
Thl subset and the CD8+ cytotoxic subset, although CD4+
Th2 responses can be manifested in an eosinophilic
infiltrate in tissues(10, 11). The inflammatory CD4+ T cells
(Thl) produce tissue inflammation and scarring while the
cytotoxic CD8+ T cell subsets are important in destruction
of target tissues. CD8+ T cell subsets may also be involved
in regulatory functions (12, 13). The inflammatory CD4+
Thl lymphocytes produce cytokines such as gamma
interferon which may influence the CD8+ T cells to
become more effective cytotoxic lymphocytes. Eventualy,
the CD4+ Thl response leads to scarring of the target
tissue(11).

In studies to understand the mechanisms and
microbial and host antigens of autoimmune and post-
infectious sequelae, production of both monoclona
antibodies and T cell clones have been utilized(14-18).
Animal models of autoimmune and infectious disease are
important in understanding the mechanisms of disease as
well as defining pathogenic epitopes of the autoantigens
and microbial antigens involved. The use of animal models
can lead to a better understanding of the human disease in
some instances. However, animal models are not a
substitute for work in humans and should be a guide only to
investigation of the human disease. This review explores
how the pathogenesis of rheumatic heart disease is related
to mimicry between the group A streptococcus and cardiac
myosin in the heart and to both antibody and T cell
responses against the group A streptococcus.

3. RHEUMATIC FEVER AND RHEUMATIC HEART
DISEASE

Group A streptococci are important human
pathogens responsible for a number of suppurative
infections in man, including pharyngitis, which can lead to
acute rheumatic fever (ARF) and rheumatic heart disease
(RHD) in a susceptible host (19). ARF is a leading cause
of heart disease in children world-wide (19), and since
1985 a resurgence of ARF has been observed in the United
States (20-22). The pathogenesis of ARF is complex and
may depend on a number of streptococcal and host factors,
particularly autoimmune and inflammatory responses in
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host tissues. Immune crossreactivity or molecular mimicry
between group A streptococca M protein, N-acetyl-
glucosamine, the dominant group A carbohydrate epitope,
and cardiac myosin may in part lead to tissue destruction in
ARF (23, 24). Host susceptibility is also an important
factor in the development of ARF (25, 26). Expression of
certain class Il MHC molecules (27-29) and/or the D8/17
alloantigen (26, 30) are associated with increased risk for
development of ARF. Both hereditary and environmental
factors influence susceptibility to ARF (28, 30-32).
Extensive reviews have recently been written on the
pathogenesis of group A streptococcal infections and their
sequelae (1, 33).

Autoimmune or rheumatic diseases may be
associated with particular major histocompatibility antigen
phenotypes. Presentation of streptococcal epitopes to T
cells is controlled by the MHC antigens of the host. In
previous studies, Ayoub reported a higher incidence of
ARF in DR4 caucasian populations and in DR2 African-
American populations (28). Interestingly, these associations
have not been confirmed using HLA typing by molecular
techniques (34). In South African populations with
rheumatic fever, HLA DR1 and DRw6 were frequently
associated with the disease (35). Different HLA class | and
class Il phenotypes were associated with ARF and with
different ethnic groups. The reason for this confusing
situation may be duein part to the fact that the studies were
performed by serological methods and not by the more
current molecular methods for detection of the MHC class
Il type. However, different ethnic groups may have
different haplotypes which are important risk factors for
disease. Guedez and Kotb (29) have grouped rheumatic
heart disease patients into a more defined group with mitral
valve disease such as mitral regurgitation and mitral
stenosis. The frequency of DRB1*0701 and DQA1* 0201
aleles and the DRB1*0701-DQA1*0201 and DRB1*13-
DQA1*0501-3-DQB1*0301 haplotypes were found more
often in the rheumatic heart disease patients than in ethnic
controls. The data suggested that a stronger association
with MHC class |l type appeared more consistent when
analyzed in patients with more homogeneous clinica
manifestations. The results from the study (29) suggested
that DRB1*0701, DR6, and DQB1*0201 confer
susceptibility to rheumatic fever and are in agreement with
those reported for Turkish (36), Mexican (37), South
African (35), and Japanese rheumatic fever patients (38)
where >50% of the cases evaluated were from mitral valve
disease.

Aberrant immune responses in ARF patients
could predispose them to the disease. Cunningham and
colleagues have searched for unique antibody idiotypes in
ARF. Purified anti-myosin antibodies from ARF were used
to immunize rabbits and develop an anti-idiotypic serum
which recognized antibodies present in ARF. The idiotype
associated with ARF was named Myl and was found
highly elevated in serafrom ARF, acute glomerul onephritis
(AGN), systemic lupus erythematosus, and Sjogren's
syndrome (39). Normal levels of idiotype were found in
sera from group A streptococcal pharyngitis, Chagas
disease, myocarditis, IgA nephropathy., and rheumatoid
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Figure 1. Reactivity of anti-streptococcal/anti-myosin mAb
3.B6 with norma human vave endothelium and
myocardium. Formalin fixed human mitral valve (A) and
myocardium (B) were reacted with mAb 3.B6 at 10 ug/ml.
mAb 3.B6 binding was detected using biotin conjugated
anti-human antibodies and akaline phosphatase labeled
streptavidin followed by fast red substrate.  Control
sections did not react with human IgM at 10 ug/ml (panels
C and D) (With permission from Lippincott Williams and
Wilkins)

arthritis. The data suggest that the Myl idiotype was
associated with streptococcal sequelae ARF and AGN, but
not with uncomplicated pharyngitis (39).

The major clinical manifestations of ARF include
carditis’valvulitis,  chorea,  polyarthritis,  erythema
marginatum and subcutaneous nodules (40). Polyarthritis
occurs as the most common manifestation of the disease,
while carditis is the most serious(41, 42). The clinical
signs of carditis include development of organic heart
murmurs, cardiac enlargement, pericardial friction rubs,
signs of effusion, and congestive heart failure. Pathologic
signs of rheumatic carditis which include Anitshkow
myocytes (43) and Aschoff's nodules may develop in heart
tissues of ARF patients (42). In vavular injury, verrucae
or nodules form on the mitral valve with edema and cellular
infiltration of the leaflets(44) . Valves are damaged
resulting in valvular stenosis or regurgitation.

ARF is an important model to study autoimmune
disease following a confirmed bacterial infection, and is an
excellent example of molecular mimicry between host and
pathogen (23, 45-49). Sera of patients with ARF contain
heart-reactive or myosin-reactive antibodies, frequently in
high titers (15, 16, 46). Previous studies have demonstrated
the presence of both CD4+ and CD8+ T-cell subsets within
ARF valves (50-53), and MHC class Il antigen expression
on vessel endothelium and valvular fibroblasts (52, 54).

3.1. Antibodies against streptococcal carbohydrate n-
acetyl-glucosamine and cardiac myosin recognize
valvular endothelium and laminin

The first important event following streptococcal
infection is the production of the crossreactive
autoantibodies against myocardium and valve tissues.
Studies suggest that immune responses against group A
streptococci and the autoantigen cardiac myosin may play a
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significant role in pathogenesis of ARF (15, 55-57). The
importance of cardiac myosin surpasses al other apha
helical coiled-coil antigens due to its prime role in
producing inflammatory heart disease(58). Since the early
work of Kaplan, antibodies and complement have been
observed deposited in the myocardium and valves of ARF
patients (59). Studies of anti-streptococcal/anti-heart
monoclonal antibodies (mAbs) from rheumatic carditis (60-
62) have revealed that cardiac myosin , and N-acetyl-
glucosamine, the immunodominant epitope of the group A
carbohydrate antigen, are the crossreactive antigens
involved in antibody deposition on the valve (63).
Furthermore, in a reverse experiment, anti-myosin mAbs
have been shown to react with N-acetyl-glucosamine and to
passively transfer inflammatory heart disease in
mice(64).The reactivity of the human crossreactive mAbs
with N-acetyl-glucosamine, the immunodominant epitope
of the group A streptococcal carbohydrate, is an important
feature because previous work by Dudding and Ayoub
demonstrated the persistence of increased levels of anti-
group A carbohydrate antibody in rheumatic valvular heart
disease and their association with a poor prognosis (65).

Further studies by Shikhman and colleagues have
shown that peptides from coiled-coil molecules actually
mimic the N-acetyl-glucosamine molecule in reactivity
with anti-GIcNAc antibodies and specific lectins(60-62).
Immunization of animals with the peptide mimic resulted in
production of anti-GIcNAc antibodies (60). These
investigations shed light on the molecular basis of
polyreactivity and suggest that some of the crossreactive
antibodies may behave like lectins and bind peptide mimics
and GIcNAc. The studies aso link together the
crossreactivity of the group A carbohydrate epitope,
GlcNAc, human cardiac myosin, and streptococcal M
protein. Antigenic redundancy due to crossreactivity among
several molecules may also be important in triggering
disease in a susceptible host.

Most important in the disease process is the
attachment of anti-streptococcal carbohydrate antibodies to
vavular endothelium which may serve as an inflammatory
signal to upregulate expression of adhesion molecules on
valvular surface endothelium, an infiltration site for
lymphocyte extravasation into the valve. Human anti-
streptococcal/anti-myosin - antibodies  from  rheumatic
carditis which recognize group A carbohydrate and human
valve endothelium and basement membrane support such a
hypothesis (63). It was shown that human anti-
streptococcal  carbohydrate mAb 3B6 from rheumatic
carditis recognized a site both on the valve surface
endothelium as well as the myocardium. The study
demonstrated that the mAb 3B6 recognized both cardiac
myosin in the myocardium and laminin at the valve surface
and within the basement membrane as shown in Figure 1.

Laminin is a large 900kD molecule composed of
three chains, A, B1 or B2, which contain apha-helical
coiled-coil domains which are highly homologous with
streptococcal M proteins and cardiac myosins. The laminin
sequence HTQNT, shared between cardiac myosin and
laminin, was located, synthesized and shown to inhibit the
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Potential Mechanisms of Pathogenic
Antibodies in Acute Rheumatic Fever

Figure 2. Diagram illustrates the potential mechanism of
antibody in the pathogenesis of rheumatic heart disease.
Crossreactive antibody is shown binding directly to
endothelium (top diagram) or binding to basement
membrane of the valve (bottom diagram) exposed due to
shear stress or damage by antibody and complement. (With
permission from ASM press)
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Figure 3. Adhesion and extravasation of T lymphocytes
into ARF valve in valvulitis. Figures A and B (origina
magnification 200X and 400X, respectively) demonstrate
extravasation of CD4+ lymphocytes (stained red) while
figure C (magnification 200X) illustrates extravasation of
CD8+ lymphocytes (stained red) into the valve through the
valvular endothelium. An 1gG 1 isotype control mAb (1gG 1)

did not react with the same valve (not shown)
(magnification 400X) (With permission from the Journal of
Infectious Diseases, Chicago Press)

reactivity of the anti-streptococcal/anti-myosin antibody
with the valve endothelium and basement membrane (63).
The mechanism for antibody deposition on the valve would
indicate that laminin or some other similar crossreactive
protein exposed at the valve surface and within the
basement membrane may trap antibody on the valve
surface. Laminin or other crossreactive proteins on the
vave surface and in the basement membrane would
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contribute to the collection of antibody on the valve as well
as enhance the upregulation of inflammatory signals by the
endothelium. Figure 2 shows a diagram of the mechanism
by which antibody binds to valve surface directly to
endothelial cells or to valvular basement membrane
exposed during valve stress.

3.2. Lymphocytesinvade the valve through the valvular
surface endothelium in rheumatic car ditis

Since valvular injury is the most serious
consequence of rheumatic carditis, the understanding of
pathogenic mechanisms in valvular inflammation is crucia
to understanding the basis of rheumatic heart disease.
Studies of the valve surface endothelium in humans with
ARF suggested that it becomes inflamed by some
mechanism, such as by antibody and complement binding.
T cel infiltration would take place through an activated
valvular surface endothelium. Since the valve is originaly
an avascular tissue, the entrance of the T cells into the
valve would either be through the surface endothelium or
from adjacent myocardium. Studies in our laboratory
suggest that the infiltration of T cells is through the
inflamed endothelial cells at the surface of the valve, the
endocardium. Once inflammation is initiated, the exposure
of the valve surface may ensure further binding of
crossreactive antibody to the valve. Endocarditis is a
common feature in the pathology of rheumatic heart
disease.

Evidence supports the hypothesis that the surface
endothelium of the valve is the initial site of entry of
lymphocytes in rheumatic heart disease (5). Since the valve
is considered to be an avascular tissue, the most logical
explanation or hypothesis is that the valve is traumatized
and inflamed by antibody deposition and subsequent
lymphocytic infiltration. The evidence in support of this
hypothesis comes from studies of rheumatic valves from
young children (5). Immunochemical staining of rheumatic
valves demonstrated the attachment and infiltration of
valve surface endothelium with CD4+ or CD8+ T cells as
shown in Figure 3.

3.3. Vascular cell adhesion molecule-1 (VCAM-1) is
upregulated on the surface valvular endothelium in
rheumatic carditis

Further evidence shows that vascular cell
adhesion molecule-1 was upregulated on the valve surface
endothelium as shown in Figure 4. Upregulation of
VCAM-1 promotes lymphocyte adhesion to the
endothelium. Theinfiltration of the valve with lymphocytes
may alow for the formation of the Aschoff nodule in the
valve which is most likely a granulomatous lesion
containing both lymphocytes and macrophages which are
characteristic of chronic inflammatory lesions. Figure 5
shows the formation of the Aschoff lesion underneath
activated valvular endothelium. CD4+ T cells are shown to
be entering through the endothelium in waves.

3.4. T lymphocytes in rheumatic heart lesions react
with streptococcal M protein sequences

Historically, T lymphocytes from ARF patients
were found highly responsive to streptococcal cell wall or
membrane antigens (66-68). T cells are important in the
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Figure 4. Expresson of VCAM-1 by ARF valvular
endothelium (stained red) in vavulitis(panel A) Anti-
VCAM-1 mAb reacted with rheumatic valvular
endothelium but not with normal valve (not shown) An
IgG4 isotype control did not react with rheumatic valve
(panel B) Original magnification 400X (With permission
from the Journal of Infectious Diseases, Chicago Press)

development of valvular heart disease in ARF since they
may lead to development of granulomatous lesions in the
valve and subsequent scarring. Studies by Zabriskie and
colleagues demonstrated CD4+ and CD8+ T cells present
in heart valves from ARF (51, 52), and aberrant expression
of HLA-DR antigen on vavular fibroblasts from patients
with active rheumatic carditis were reported (51, 52).
Aschoff nodules in valves have been shown to express
cytokines IL-1 and TNF (69). The Thl cytokine gamma-
IFN may play a pivotal role in the inflammatory responses
in heart valves.

The specificity of lymphocytes within the lesions
has been investigated by Guilherme and colleagues (53)
who determined that the vave-infiltrating lymphocytes
were specific for M protein and heart antigens. The study
suggested that the T lymphocytes which infiltrated the
valve were reactive with streptococcal M protein. Studies
in mice have suggested that streptococcal M protein
sequences in the A and B repeat regions that are similar to
sequences of the heart protein cardiac myosin are the most
likely involved in the disease (23, 70). Although the class |
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epitope of M proteins has been shown to crossreact with
myosins, its sequence is more homologous to a sequence
present in skeletal myosins which are not involved in
production of inflammatory heart disease (58, 71, 72).

4. ANIMAL MODEL OF RHEUMATIC/VALVULAR
HEART DISEASE DEMONSTRATED IN LEWIS
RATS IMMUNIZED WITH STREPTOCOCCAL M
PROTEIN OR CARDIAC MYOSIN

Development of an anima model for rheumatic
heart disease has been a chalenge. No anima model has
been accepted as the gold standard animal model of
rheumatic fever. Futhermore, man is the primary host and
reservoir for group A streptococci. One of the underlying
complications of developing a model of ARF is that an
infection model which displays all of the symptoms of the
disease has not easily been attained due to the difficulty in
infecting an animal model. Models have relied on
immunization with adjuvants and streptococcal cell wall
components in the past, and more recently purified
recombinant streptococcal or host antigens have been
utilized to substitute for disease in the animal. Animal
models described in the 1950s and 1960s reported lesions
using various crude streptococcal cell wall components or
whole streptococci (43, 73-78). Unny and Middlebrook
have reviewed many of the older studies which utilized
crude streptococcal antigens to induce lesions in animals
(79). In early studies crude streptococcal preparations and
equivocal results made the experiments difficult to interpret
and were discouraging for the field in general. Murphy and
Swift immunized rabbits with whole streptococci and
reported heart lesions in rabbits (73, 74). Schwab and
colleagues have utilized group A  streptococca
peptidoglycan-polysaccharide complexes in mice and rats
to establish carditis in animals (75-78, 80, 81). The
evidence suggested that the peptidoglycan-polysaccharide
complexes persisted in the tissues and acted to continually
stimulate tissue injury and immune complex deposition.
The persistence of antigen may be an important feature in
diseasein man.

More recent models include the DBA/2 mouse
model where anti-myosin antibody deposition led to
devdopment of inflanmatory heart disease(64). It was
postulated that the DBA/2 mice may have a target organ
sensitivity sincein other strains of mice the anti-myosin mAbs
did not deposit or lead to disease. In another modd,
autoimmune prone MRL/++ mice immunized with the NT4
peptide of streptococcal M5 protein developed myocarditis
(70). NT4isacardiac myosin mimicking peptide. Inthe MRL
model, disease was shown to be caused by CD4+ T cells and
MHC classI-IAd. In BALB/c micewhich aredso MHC class
[1-IAd, immunization with peptides of streptococca M5
protein which mimic cardiac myosin produced inflammatory
heart lesions (23). The data support the mimicry hypothesis
that unique sequences in streptococcal M proteins which
mimic epitopes in cardiac myosin may bresk tolerance and
induce an immune attack on the heart. Although animal
models support the molecular mimicry hypothesis, multiple
factors including host susceptibility must be considered in any
animal model of ARF.
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Figure 5. Extravasation of CD4+ lymphocytes (stained red) int
vave above Aschoff's body in the subendocardium of the left
arid appendage (panel A Similar results were seen with anti-
CD8 mAb daining of the vave, but there were fewer CD8+ T-
cdls observed (not shown) I sotype control 1IgG1 mAb did not react
with valve tissue panel B Origind magnification 200X (With
permission from the Journa of Infectious Diseases, Chicago Press)
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Figure 6. lllugration of vavulitis and cdlular infiltration in
hematoxylin and eosin stained mitrd vave from Lewis ras
immunized with dgreptococcd M6 proteéin.  The  figure
demongrates vavulitisin the mitrd vave and shows disruption of
endocardid (endothdium) surface of the vave with infiltrating
cdls (arows) Magnification 200X. (With permisson from
Infection and Immunity, ASM Press)
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Recently, the Lewis rat has been used most
extensively and successfully to develop a model with the
characteristic lesions of rheumatic heart disease(58, 82).
Rats are immunized with antigens recombinant
streptococcal M protein or cardiac myosin or their peptides
in adjuvants which affect the immune system by elevating
inflammatory cytokines to levels expected in disease. The
immunization scheme with the elevated cytokines
presumably activates endothelium so that T cells can enter
the target tissues in the susceptible rat strain. The
streptococcal or host antigen breaks tolerance against the
heart and induces specific T cells which infiltrate the target
tissue through endothelium and play arolein the disease.

4.1. Streptococcal M protein and cardiac myosin
induced rheumatic lesionsin lewisrats

In studies in the Lewis rat, recombinant
streptococcal M6 protein was administered with adjuvants
and induced rheumatic heart disease in 50 percent of the
animals tested (3 out of 6 rats developed vavular heart
lesions) (82). The lesions demonstrated cellular infiltration
through the valvular endothelium similar to that seen in the
human disease. Figure 6 illustrates the cellular infiltration
of the valve in the Lewis rat model of valvulitis after
immunization with recombinant M protein. Other lesions
suggestive of rheumatic heart disease were verrucae which
were seen on the valve leaflet in the Lewis rat as shown in
Figure 7. In this model, Anitschkow cells were also present.
Lymphocytes from the recombinant M protein immunized
rats proliferated in the presence of cardiac myosin and not
skeletal myosin. Data from experiments in mice have
suggested that the cardiac myosin-like sequences within the
A and B sequence repeats of the streptococcal M protein
are responsible for the development of heart-specific T
cells that penetrate the valve(23). Similar experiments have
been performed in the rat model which support this
hypothesis. M protein regions which induce cardiac myosin
reactive T cells are located in the A and B repeat regions of
theM protein(23).

Most important are the data from studies of T
cells collected from rheumatic hearts which indicate that
the heart infiltrating T cells in rheumatic carditis responded
to M protein peptides from the A and B repeat regions of
the molecule and contained sequences more homol ogous to
cardiac rather than skeletal myosins (23, 53). Cardiac
myosin has been shown to induce both myocarditis and
valvulitisin the Lewis rat model while skeletal myosin and
other apha helica molecules do not (58). Recombinant
streptococcal M protein can also cause focal myocarditic
lesions characteristic of those seen in rheumatic fever, but it
does not produce a fulminating myocarditis that can be
seen in rats immunized with cardiac myosins.

A rat T cel line specific for M protein and
cardiac myosin suggested that crossreactive T cells were
important in the production of disease (82). Most recently,
we have produced highly specific M protein reactive T cell
clones from humans with rheumatic heart disease which are
crossreactive with sequences in streptococcal M protein
and cardiac myosin (Mertens et al, manuscript in
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Figure 7. The figure illustrates a verrucae-like nodule
on the valve surface following immunization of the
Lewis rat with group A streptococcal recombinant M6
protein. Anitschow cells were present in valves (not
shown), and hematoxylin and eosin stained heart valve
tissue sections from control rats immunized with PBS
and adjuvants were normal with no verrucae or cellular
infiltrates. (With permission from Infection and
Immunity, ASM Press)

MMUNE INJURY IN RHEUMATIC CARDITIS
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Figure 8. Diagram representing
immunopathogenesis of post streptococcal heart disease.
Initially, B and T cells are activated by specific
streptococcal antigens and superantigens leading to
strong responses against streptococcal and host antigens.
The development of pathogenic clones of B and T
lymphocytes are important in development of the
disease. The antibodies against the group A
carbohydrate, which is crossreactive with the valve
surface, bind to the valve surface endothelium
(endocardium) and lead to damage and/or upregulation
of cell adhesion molecules such as VCAM-1 on
activated surface endothelium of the valve. M protein-
reactive T cells enter the valve through the surface
endothelium by binding to cell adhesion molecules such
as VCAM-1 and extravasate into the valve. The
formation of scar tissue in the valve followed by
neovascularization allows for the disease to continue in
the valve. The specificity of the T cells entering the
valve has been shown to be M protein (38)

the
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preparation). These data strongly support the hypothesis
that the T cells which infiltrate the valve are reactive with
the streptococcal M protein and its cardiac myosin like
peptide sequences.

5. CONCLUSIONS AND PERSPECTIVES

The data support the hypothesis that mimicry
between alpha-helica cardiac myosins and the group A
carbohydrate and the alpha-helical streptococcal M protein
are important in producing rheumatic heart disease.
Elevated antibody titers against the group A carbohydrate
have been implicated in the prognosis of valvular heart
disease in the past (65) and the investigation of anti-
streptococcal/anti-myosin monoclonal antibodies led to the
discovery that the anti-group A carbohydrate epitope, N-
acetyl-glucosamine, crossreacted immunologically with
cardiac myosins and reacted with both myocardium and
valve (61, 63). Antibody has been found deposited on both
valve and myocardium in rheumatic fever (59). However,
the reaction with the valve is now linked to the reactivity of
the antibody with laminin on the surface of the valve(63).
Further evidence supports the hypothesis that the disease
begins by inflammation at the endothelium of the valve
where VCAM-1 is upregulated in the disease and leads to
infiltration of the valve by lymphocytes reactive with the
streptococcal M protein (5, 53). Therefore, there is a role
for both M protein and group A carbohydrate in the
development of rheumatic heart disease. The anti-group A
carbohydrate antibody would initiate the disease by
reacting with the valvular endothelium, and the T cells
specific for M protein and cardiac myosin shared
sequences infiltrate the valve and lead to the scarring. A
diagram in Figure 8 illustrates this hypothesis.

Although cardiac myosin is a profound
autoantigen in anima models of myocarditis and
valvulitis(58), this may not exclude other cardiac proteins
which may yet be found to be involved in the disease. In
addition, the endothelium of the valve may be activated by
a variety of mechanisms which include immune complexes
or cytokine influence on the valve in addition to anti-group
A carbohydrate antibodies. T cells entered the valve
through surface endothelium both in humans and in animal
models. The data strongly suggest that the only entrance
into the avascular valve tissue is through the surface
endothelium which must become activated by antibody in
order to alow cellular infiltration into the valve. Once the
endothelium is activated, T cells infiltrate and
inflammatory Thl cytokines would be produced in the
valve and scarring occurs. The scarred tissue eventualy
becomes neovascularized with vessels developing in the
previoudy avascular valve tissue. The neovascularization
within the scarring allows the disease to progress within the
valve. Figure 9 illustrates the cycle in the vave in
rheumatic heart disease. The valve is initialy damaged at
the surface endothelium alowing cellular infiltration which
would subsequently continue after the initial insult at the
vavular endothelia surface. Scarring and
neovascularization in the valve tissues leads to endstage
disease or irreversible deformation of the valve and its
malfunction in rheumatic heart disease.
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Initial
Cellular Infiltration
Valve Surface Endothelinm

Cellular- Infiliration Fibrosis/Scarring

Meovacularization
New Vessels
Figure 9. Diagram illustrating the cycle of cellular
infiltration, scarring and neovascularization and continual
cellular infiltration through the neovascularized valve.

6. ACKNOWLEDGEMENTS

This work was supported by grants HL 35280 and
HL56267 from the Nationa Heart Lung and Blood
Ingtitute. MWC is the recipient of an NHLBI MERIT
Award. Appreciation is expressed to all of the students,
staff, fellows and colleagues who have contributed over the
yearsto the production of thiswork.

7. REFERENCES

1. Cunningham M.W: Group A streptococcal sequelae and
molecular mimicry. first ed Philadelphia, PA: Lippincott,
Williams and Wilkins; 2000. (Cunningham MW, Fujinami
RS, eds. Effects of Microbes on the Immune System)

2. Oldstone M: .Molecular mimicry and immune mediated
diseases. FASEB J 12, 1255-1265 (1998)

3. Barnett L.A. & R.S. Fujinami: Molecular mimicry: a
mechanism for autoimmune injury. FASEB J 6, 840-844
(1992)

4. Mertens N.M.J.,, JE. Galvin & M.W.  Cunningham:
Molecular analysis of anti-streptococcal/anti-myosin mouse
monoclona antibodies. Mol Immunol. 37, 901-913(2000)

5. Roberts S, S. Kosanke, S.T. Dunn, D. Jankelow, C.M.G.
Duran & M.W. Cunningham: Immune mechanisms in
rheumatic carditis: Focus on valvular endothelium. J Infect
Dis 183, 507-511 (2001)

6. Kappler JW., B. Kotzin, L. Herron, E. Gelfand, R.
Bigler, A. Boyston, S. Carrell, D. Posnett, & P. Marrack:
Vb-specific stimulation of human T cells by staphylococcal
toxins. Science 244, 811-813 (1989)

7. Kotzin BL, Leung DY, Kappler J, Marrack P.
Superantigens and their potential role in human disease.
Adv Immunol 54, 99-166 (1993)

8. Marrack P.C. & JW. Kappler: The staphylococcal
enterotoxins and their relatives. Science 248, 705-708
(1990)

9. Kotb M: Role of superantigens in the pathogenesis of
infectious diseases and their sequelae. Curr Opin Infect Dis
5, 364-374 (1992)

10. Afanasyeva M, Y. Wang, Z. Kaya, S. Park, M.J.
Zilliox, B.H. Schofeld, S.L. Hill, & N.R. Rose
Experimental autoimmune myocarditis in A/J mice is an
interleukin-4-dependent disease with a TH2 phenotype. Am
J Pathol 159, 193-203 (2001)

11. Cunningham M.W: Cardiac myosin and the TH1/Th2
paradigm in autoimmune myocarditis. Am J Pathol 159, 5-
12 (2001)

12. Shevach E.M: Commentary: Certified professionals:
CD4+CD25+ suppressor cells. J Exp Med 193, F41-F45
(2001)

13. Shevach E. M: Regulatory T cells in autoimmunity.
Annu. Rev. Immuno 18, 423-449 (2000)

14. Krisher K & M.W. Cunningham: Myosin: a link
between streptococci and heart. Science. 227, 413-415
(1985)

15. Cunningham M.W., JM. McCormack, L.R. Taaber,
J.B. Harley, E.M. Ayoub, R.S. Muneer, L.T. Chun, & D.V.
Reddy: Human monoclonal antibodies reactive with
antigens of the group A Streptococcus and human heart. J
Immunol 141, 2760-2766 (1988)

16. Cunningham M.W., J.M. McCormack, P.G. Fenderson,
M.K. Ho, E.H. Beachey & JB. Dae: Human and murine
antibodies cross-reactive with streptococcal M protein and
myosin recognize the sequence GLN-LYS-SER-LYS-GLN
in M protein. J Immunol 143, 2677-2683 (1989)

17. Cohen |.R., J. Holoshitz, W. van Eden, & A. Frenkel: T
lymphocyte clones illuminate pathogenesis and effect
therapy of experimental arthritis. Arthr Rheum 28, 841-845
(1985)

18. Cohen |.R. & D.B. Young: Autoimmunity, microbia
immunity, and the immunological homunculus. Immunol
Today 12, 105-110 (1991)

19. Bisno A.L: Non-Suppurative  Poststreptococcal
Sequelae: Rheumatic Fever and Glomerulonephritis. In:
Mandell GL, J. E. Bennett, R. Dalin, ed. Principles and
Practice of Infectious Diseases. New York: Churchill
Livingstone; 1799-1810 (1995)

20. Veassy L.G, SE. Wiedmder & G.S. Orsmond:
Resurgence of acute rheumatic fever in the intermountain area
of the United States. New Engl J Med. 316, 421-427 (1987)

21. Ayoub E.M: Resurgence of rheumatic fever in the
United States. Post Grad Med 92 ,133-142 (1992)

22.Veasy L.G., L.Y. Tani & H.R. Hill: Persistence of acute
rheumatic fever in the intermountain area of the United
States. J Pediatrics 124, 9-16 (1994)



Post-Streptococcal Heart Disease

23. Cunningham M.W, SM. Antone, M. Smart, R. Liu, &
S. Kosanke: Molecular analysis of human cardiac myosin-
cross-reactive B- and T-cell epitopes of the group A
streptococcal M5 protein. Infect Immun 65, 3913-3923
(2997)

24. Adderson E.E., A.R. Shikhman, K.E. Ward & M.W.
Cunningham: Molecular analysis of polyreactive
monoclona antibodies from rheumatic carditis: human
anti-N-acetyl- glucosamine/anti-myosin antibody V region
genes. J Immunol 161, 2020-2031 (1998)

25. Ayoub E.M. & E. Kaplan: Host-parasite interaction in
the pathogenesis of rheumatic fever. J Rheumatol 18, 6-11
(1991)

26. Patarroyo M.E., R.J. Winchester, A. Vejerano, A.
Gibofsky, F. Chaem, JB. Zabriske, & H.G. Kinkel:
Association of a B-cell aloantigen with susceptibility to
rheumatic fever. Nature278, 173-174 (1979)

27. Weidebach W, A. Goldberg, J. Chiarella, L. Guilherme,
R. Snitcowsky, F. Pileggi, & J. Kalil: HLA class I antigens
in rheumatic fever: analysis of the DR locus by restriction
fragment polymorphism and oligotyping. Hum Immunol 40,
253-258 (1994)

28. Ayoub E.M., D.J. Barrett, N.K. Maclaren & J.P.
Krischer: Association of class II human histocompatibility
leukocyte antigens with rheumatic fever. J Clin Invest 77,
2019-2026 (1986)

29. Guedez Y, A. Kaotby, M. El-Demédlawy, A. Gaal, G.
Thomson, S. Zaher, S. Kassen, & M. Koth: HLA class Il
associations with rheumatic heart disease are more evident
and consistent among clinically homogeneous patients.
Circulation.99, 2784-2790 (1999)

30. Khanna A.K., D.R. Buskirk, R.C. Williams Jr., A.
Gibofsky, M.K. Crow, A. Menon, M. Fotino, H.M. Reid, T.
Poon-King, P. Rubinstein, & J.B. Zabriskie: Presence of a
non-HLA B cell antigen in rheumatic fever patients and
their families as defined by a monoclona antibody. J Clin
Invest 83,1710-1716 (1989)

31. Ayoub EM: Acute rheumatic fever. In: Adams FH,
Emmanouilides GC, Riemenschneider TA, eds. Moss' heart
disease in infants, children and adolescents. 4th ed.
Baltimore: Williams and Wilkins 692-704 (1989)

32. Gibofsky A, S. KerwarS & J.B. Zabriskie: Rheumatic
Fever: the relationships between host, microbe and
genetics. Rheumatic Disease Clinics of North America 24,
237-259 (1998)

33. Cunningham M.W: Pathogenesis of Group A
Streptococcal Infections. Clinical Microbiol Rev 13, 470-
511 (2000)

34. Ahmed S, E.M. Ayoub, J.C. Scornik, C-Y Wang & J-X
She:  Poststreptococcal  reactive  arthritis:  clinical

541

characteristics and association with HLA-DR alleles.
Arthritis Rheumat. 41, 1096-1102 (1998)

35. Maharg) B, M.G. Hammond, B. Appadoo, W.P. Leary
& D.J. Pudifin: HLA-A, B, DR, and DQ antigens in black
patients with severe chronic rheumatic heart disease.
Circulation 76, 259-261(1987)

36. Ozkan M, M. Carin, G. Sonnez, M. Senocak, M.
Ozdemin & C. Yokut: HLA antigens in turkish race with
rheumatic heart disease. Circulation 87, 1974-1978 (1993)

37. Debaz H, A. Olivo, E. Perez-Luque, M.N. Vasquez-
Garcia, A. Burguete, A. Chavez-Negrete, C. Velasco, R.
Arguero, & C. Gorodeszky: DNA analysis of HLA class ||
aleles in rheumatic heart disease in mexicans. Human
Immunol 49 (1 Suppl), 63 (1996)

38. Koyanagi T, Y. Koga, H. Nishi, H. Toshima, T.
Sasazuki, T. Imaizumi, & A. Kimura: DNA typing of HLA
class Il genes in Japanese patients with rheumatic heart
disease. J Mol Cell Cardiol 28, 1349-1353 (1996)

39. McCormack JM., C.A. Crossley, E.M. Ayoub, JB.
Harley & M.W. Cunningham: Poststreptococcal anti-
myosin antibody idiotype associated with systemic lupus
erythematosus and Sjogren's syndrome. J Inf Dis 168, 915-
921 (1993)

40. Dgjani AS: Guidelines for the diagnosis of rheumatic
fever (Jones criteria, 1992 update) JAMA 268,2069-2073
(1992)

41. Stollerman GH: Rheumatic Fever. Lancet 349, 935-
942 (1997)

42. Stollerman GH: Rheumatic fever and streptococcal
infection New York: Grune and Stratton (Stollerman GH,
ed (1975)

43. Murphy G: The characteristic rheumatic lesions of
striated and of non-striated or smooth muscle cells of the
heart. Medicine (Baltimore) 42, 73-118 (1963)

44. Stollerman GH: Rheumatic and heritable connective
tissue diseases of the cardiovascular system. In: Brunwald

E, ed. Heart disease: atextbook of cardiovascular medicine.
Vol. 11. Philadelphia: W.B. Saunders; 1706-1734 (1988)

45. Zabriskie JB. & E.H. Freimer: An immunological
relationship between the group A streptococcus and
mammalian muscle. J Exper Med. 124, 661-678 (1966)

46. Zabriskie JB., K.C. Hsu & B.C. Seegal: Heart-reactive
antibody associated with rheumatic fever: characterization
and diagnostic significance. Clin Exper Immunol. 7, 147-
159 (1970)

47. Cunningham M.W: Bacteria antigen mimicry. In: Bona
C, Siminovitch K, Zanetti M, Theofilopoulos A, eds. The
Molecular Pathology of Autoimmune Diseases. Chur,



Post-Streptococcal Heart Disease

Switzerland: Harwood Academic Publishers 245-261
(1993)

48. Dale JB. & E.H. Beachey: Epitopes of streptococcal M
proteins shared with cardiac myosin. J Exper Med 162,
583-591 (1985)

49. Dae JB. & E.H. Beachey: Sequence of myosin-
crossreactive epitopes of streptococcal M protein. J Exper
Med 164, 1785-1790 (1986)

50. Marboe C.C., D.M. Knowles, M.B. Weiss, P.C. Ursdll
& JJ. Fenoglio Jr: Monoclonal antibody identification of
monoculear cells in endomyocaridal biopsy specimens
from a patient with rheumatic carditis. Hum Pathol 13,
332-338 (1985)

51. Raizada V, R.C. Williams, P. Chopra, N. Gopinath, K.
Prakash, K.B. Shara, K.M. Cherian, S. Panday, R. Arora,
M. Nigam, J. B. Zabriskie, & G. Husby: Tissue distribution
of lymphocytes in rheumatic heart valves as defined by
monoclonal anti-T cell antibodies. Am J Med 74, 90-96
(1983)

52. Kemeny E, T. Grieve, R. Marcus, P. Sareli & JB.
Zabriskie: Identification of mononuclear cells and T cell
subsets  in  rheumatic  vavulitis.  Clin  Immunol
Immunopathol 52, 225-237 (1989.

53. Guilheeme L, E. CunhaNeto, V. Coeho, R.
Snitcowsky, P.M.A. Pomerantzeff, R.V. Assis, F. Pedra, J.
Neumann, A. Goldberg, M.E. Patarroyo, F. Pileggi, & J.
Kadil: Human heart-filtrating T cell clones from rheumatic
heart disease patients recognize both streptococcal and
cardiac proteins. Circulation 92, 415-420 (1995)

54. Amoils B, R.C. Morrison, A.A. Wadee, R. Marcus, D.
Ninin, P. King, P. Sareli, S. Levin, & A.R. Rabson:
Aberrant expression of HLA-DR antigen on vavular
fibroblasts from patients with active rheumatic carditis.
Clin Exper Immunol. 66, 88-94 (1986)

55. Cunningham M.W. & R.A. Swerlick: Polyspecificity of
antistreptococcal murine monoclonal antibodies and their
implications in autoimmunity. J Exper Med 164, 998-1012
(2986)

56. Cunningham M.W., SM. Antone, JM. Gulizia, B.M.
McManus, V.A. Fischetti & C.J. Gauntt: Cytotoxic and
viral neutralizing antibodies crossreact with streptococcal
M protein, enteroviruses, and human cardiac myosin. Proc
Natl Acad ci U.SA. 89, 1320-1324 (1992)

57. Cunningham M.W: Streptococci and rheumatic fever.
In: Rose NR, Friedman H, eds. Microorganisms and
autoimmune disease. New York: Plenum Publishing
Corp.13-66 (1996)

58. Galvin J.E., M.E. Hemric, S.D. Kosanke, S.M. Factor,
A. Quinn & M.W. Cunningham: Induction of myocarditis
and valvulitisin Lewis rats by different epitopes of cardiac

542

myosin and its implications in rheumatic carditis. Am J
Pathol 160, 297-306 (2002)

59. Kaplan M.H., R. Bolande, L. Rakita & J. Blair:
Presence of bound immunoglobulins and complement in
the myocardium in acute rheumatic fever. Association with
cardiac failure. New Engl J Med 271,637-645 (1964)

60. Shikhman A.R., N.S. Greenspan & M.W.
Cunningham: Cytokeratin peptide SFGSGFGGGY mimics
N-acetyl-beta-D-glucosamine in reaction with antibodies
and lectins, and induces in vivo anti-carbohydrate antibody
response. J Immunol. 153, 5593-5606 (1994)

61. Shikhman A.R., N.S. Greenspan & M.W. Cunningham:
A subset of mouse monoclonal antibodies cross-reactive
with cytoskeletal proteins and group A streptococcal M
proteins  recognizes N-acetyl-beta-D-glucosamine.  J
Immunol 151, 3902-3913 (1993)

62. Shikhman A.R. & M.W. Cunningham: Immunological
mimicry  between  N-acetyl-beta-D-glucosamine and
cytokeratin peptides. Evidence for a microbially driven
anti-keratin antibody response. J Immunol 152, 4375-4387
1994)

63. Gavin JE., M.E. Hemric, K. Ward & M.W.
Cunningham:  Cytotoxic monoclonal antibody from
rheumatic carditis reacts with human endothelium:
implications in rheumatic heart disease. J Clin Invest 106,
217-224 (2000)

64. Liao L, R. Sindhwani, M. Rojkind, SM. Factor, L.
Leinwand & B. Diamond: Antibody-mediated autoimmune
myocarditis depends on genetically determined target organ
sensitivity. J Exper Med 187, 1123-1131 (1995)

65. Dudding B.A. & E.M.Ayoub: Persistence of
streptococcal group A antibody in patients with rheumatic
valvular disease. J Exper Med 128:1081 (1968)

66. Read S.E., JB. Zabriske, V.A. Fischetti, V.
Utermohlen & R. Fak: Cellular reactivity studies to
streptococcal  antigens in patients with  streptococcal
infections and their sequelae. J Clin Invest 54, 439-450
(2974)

67. Read SEE., H.F. Reid, V.A. Fischetti, T. Poon-King, R.
Ramkissoon, M. McDowell, & JB. Zabriskie: Serid
studies on the cellular immune response to streptococcal
antigens in acute and convalescent rheumatic fever patients
in Trinidad. J Clin Immunol 6, 433-441 (1986)

68. Reid H.GM., SE. Read, T. Poon-King & JB.
Zabriske: Lymphocyte response to streptococcal antigensin
rheumatic fever patientsin Trinidad. In: Read SE, Zabriskie
JB, eds. Streptoccal diseases and the immune response.
New Y ork: Academic Press 681-693 (1980)

69. Fraser W, Z. Haffgjee, D. Jankelow, A. Wadee & K.
Cooper: Rheumatic Aschoff nodules revisited. 11: Cytokine



Post-Streptococcal Heart Disease

expression corroborates recently proposed sequentia
stages. Histopathol 31, 460-464 (1997)

70. Huber SA & M.W. Cunningham: Streptococcal M
protein peptide with similarity to myosin induces CD4+ T
cell-dependent myocarditis in MRL/++ mice and induces
partial tolerance against coxsakieviral myocarditis. J
Immunol 156, 3528-3534 (1996)

71. Neu N, N.R. Rose, K.W. Beisel, A. Herskowitz, G.
Gurri-Glass & SW. Craig: Cardiac myosin induces
myocarditis in geneticaly predisposed mice. J Immunol
139, 3630-3636 (1987)

72. Cunningham M.W. & A. Quinn: Immunologica
crossreactivity between the class | epitope of streptococcal
M protein and myosin London: Plenum Press (Horaud T,
Bouvet A, Leclercqg R, de Montclos H, Sicard M, eds.
Streptococci and the host) (1997)

73. Murphy G.E. & H.F. Swift: Induction of cardiac
lesions closely resembling those of rheumatic fever in
rabbits, following repeated skin infections with group A
streptococci. J Exper Med 89, 687-698 (1949)

74. Murphy G.E. & H.F. Swift: The induction of
rheumatic-like cardiac lesions in rabbits by repeated focal
injections with group A streptococci. Comparison with the
cardiac lesions of serum disease. J Exper Med 91, 485-498
(1950)

75. Schwab JH: Analysis of the experimental lesion of
connective tissue produced by a complex of C
polysaccharide from group A streptococci. |. In vivo
reaction between tissue and toxin. J Exper Med. 116, 17-
28 (1962)

76. Schwab JH: Analysis of the experimental lesion of
connective tissue produced by a complex of C
polysaccharide from group A streptococci.  1I. Influence
of age and hypersensitivity. J Exper Med 119, 401-408
(1964)

77. Schwab JH: Biological properties of streptococcal cell
wall particles. |. Determinants of the chronic nodular lesion
of connectivetissue. J Bacteriol 90, 1405-1411 (1965)

78. Cromartie W.J. & JG. Craddock: Rheumatic like
cardiac lesions in mice. Science 154, 285-287 (1966)

79. Unny SK. & B.L. Middlebrooks: Streptococcal
rheumatic carditis. In: Rickenberg HV, ed. Microbiological
Reviews; (1983)

80. Schwab JH., J. Allen, S. Anderle, F. Dalldorf, R.
Eisenberg & W.J. Cromartie: Relationship of complement
to experimental arthritis induced in rats with streptococcal
cell walls. Immunology 46, 83-88 (1982)

81. Cromartie W, J. J. Craddock, JH. Schwab, S. Anderle
& C. Yang: Arthritis in rats after systemic injection of

streptococcal cells or cell walls. J Exper Med 146, 1585-
1602 (1977)

82. Quinn A, S. Kosanke, V.A. Fischetti, SM. Factor &
M.W. Cunningham: Induction of autoimmune vavular
heart disease by recombinant streptococcal M protein.
Infect Immun 69, 4072-4078 (2001)

Key Words: Autoimmunity; Streptococcus, Rheumatic
Fever, Myosin, Review

Send correspondence to: Dr. Madeleine W. Cunningham,
Professor of Microbiology and Immunology, University of
Oklahoma Health Sciences Center, Biomedical Research
Center, Oklahoma City, OK 73104, USA, Tel: 405-271-
3128, Fax: 405-271-2217, E-mail: madeleine-
cunningham@ouhsc.edu



