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Introduction
Streptococcus pyogenes, the group A streptococcus, and its link to rheumatic fever, rheumatic heart disease, 
arthritis, and St Vitus dance are reported in the earliest historical accounts of post-streptococcal sequelae that 
occur anywhere from several weeks to several months after group A streptococcal infection (Stollerman, 2011; 
Stollerman, 1997; Wannamaker, 1973; Jones, 1944; Special Writing Group of the Committee on Rheumatic 
Fever, Endocarditis, and Kawasaki Disease of the Council on Cardiovascular Disease in the Young of the 
American Heart Association, 1992; Danjani, et al., 1988). Prior to the discovery of penicillin, hospital wards 
were filled with cases of children with rheumatic heart disease, which could be associated with polymigrating 
arthritis, the most common manifestation of rheumatic fever; or with Sydenham chorea, which is also known as 
St. Vitus dance in the early literature. The Jones criteria, which describe the onset and diagnosis of rheumatic 
fever, include major manifestations of the heart, brain, joints, and skin. Polymigrating arthritis, carditis 
associated with a heart murmur, erythema marginatum, a circinate skin rash, subcutaneous nodules, and the 
neurologic manifestation (Sydenham chorea) are all inflammatory reactions that may occur in acute rheumatic 
fever (Jones, 1944; Gerber, et al., 2009). Rheumatic fever or other sequelae generally follow group A streptococcal 
pharyngitis or other mucosal infections, and diagnosis requires elevated anti-streptolysin O and/or anti-DNAse 
B antibody titers that are increased over normal levels, or a positive throat culture or positive quick strep test for 
group A streptococci (Gerber, et al., 2009). Streptococcal infection of the throat, skin, or mucosa precedes 
autoimmune or inflammatory sequelae that are observed in acute rheumatic fever (Steer, Carapetis, Nolan, & 
Shann, 2002; Cunningham, 2000; Cunningham, 2012).

Post-streptococcal sequelae, such as rheumatic fever (Bisno, Brito, & Collins, 2003; Bisno, 2001; Bisno & Stevens, 
1996; Bisno, Pearce, Wall, Moody, & Stollerman, 1970), occur primarily in childhood and adolescence. The 
primary age group most affected are children between the ages of 5 and 15 years old. Rheumatic fever is a global 
disease (Steer, Carapetis, Nolan, & Shann, 2002; McDonald, Currie, & Carapetis, 2004; Carapetis, Robins-
Browne, Martin, Shelby-James, & Hogg, 1995; Carapetis, Currie, & Good, 1996; Carapetis, Walker, Kilburn, 
Currie, & MacDonald, 1997), and a resurgence of rheumatic fever in the United States has occurred since 
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approximately 1983 in the intermountain region, specifically in Utah near Salt Lake City and the surrounding 
area (Kaplan, Johnson, & Cleary, 1989; Veasy, Tani, & Hill, 1994; Veasy, et al., 1987; Veasy, et al., 2004).

Some of the earliest reports of the immunology of rheumatic fever in humans reported that antibodies were 
bound to heart tissues, including valves and myocardia from rheumatic hearts (Kaplan & Dallenbach, 1961; 
Kaplan, Bolande, Rakita, & Blair, 1964; Zabriskie & Freimer, 1966), and animal studies suggested that antibodies 
against group A streptococcus might cross-react with the heart (Kaplan & Svec, 1964; Kaplan & Meyerserian, 
1962; Kaplan & Suchy, 1964; Zabriskie, 1967). Heart-reactive antibodies were found in patients with rheumatic 
fever (Zabriskie, Hsu, & Seegal, 1970), and these antibodies would later be recognized to react with cardiac 
myosin (Galvin, Hemric, Ward, & Cunningham, 2000; Krisher & Cunningham, 1985). In Sydenham chorea, the 
neurologic manifestation of rheumatic fever, anti-neuronal antibodies were found in neurons in the basal 
ganglia of the brain (Husby, van de Rijn, Zabriskie, Abdin, & Williams, 1976). Both rheumatic carditis and 
Sydenham chorea have been extensively investigated for autoantibodies found in the blood against the heart and 
brain (Cunningham, 2000; Cunningham, 2012; Kaplan & Dallenbach, 1961; Husby, van de Rijn, Zabriskie, 
Abdin, & Williams, 1976; Dudding & Ayoub, 1968; Kaplan, Bolande, Rakita, & Blair, 1964). Pathogenic 
mechanisms of autoimmunity and inflammation, including both humoral and cellular autoimmunity, are 
continually under investigation in these streptococcal sequelae.

Both of these streptococcal sequelae rheumatic carditis and Sydenham chorea may occur due to molecular 
mimicry (Galvin, Hemric, Ward, & Cunningham, 2000; Kirvan, Swedo, Heuser, & Cunningham, 2003). 
Molecular mimicry is part of the normal immune response, including the response of the host to the group A 
streptococcus. Mimicry is the response against infectious microbes, which cross-react with host antigens and 
potentially lead to autoimmunity, which may produce inflammation in host tissues and lead to disease 
pathogenesis in susceptible hosts (Zabriskie & Gibofsky, 1986; Zabriskie, 1985). Mimicry and production of 
cross-reactive antibodies as well as cross-reactive T cells provide a “survival of the fittest” advantage to the host 
through immune recognition and immune responses against pathogens, due to the production of antibodies or 
responsive T cells that recognize both host and microbial antigens. In reference to T cell cross-reactivity, T cell 
receptor cross-reactivity between similar self and foreign peptides can reduce the size of foreign peptide-specific 
T cell populations and lead to the emergence of T cell populations that are specific for tissue restricted self-
peptides, which can lead to autoimmunity and potentially disease following infection (Nelson, et al., 2015).

The determination of disease in humoral immunity and cross-reactivity is most likely related to the increasing 
avidity of the antibody, which must cause a cytotoxic reaction or a reaction that leads to inflammation or 
signaling to produce disease. The avidity of the antibody has also been shown to be important in germinal center 
reactions, in that antibody feeds back on the germinal center to shut down the production of a high avidity 
antibody (Zhang, et al., 2013). However, if such antibodies were trapped in immune complexes that were not 
cleared from the host either normally or quickly, they would prevent the attenuation of a high avidity antibody 
response, which may damage tissue. It has been known for some time that rheumatic fever is a disease with 
immune complexes that are probably not cleared normally (Read, Reid, Poon-King, Fischetti, Zabriskie, & 
Rapaport, 1977; Read, et al., 1986; Read & Zabriskie, 1977; Reddy, et al., 1990), and HLA B5 has been associated 
with immune complexes in acute rheumatic fever (Yoshinoya & Pope, 1980).

Evidence supports the hypothesis that molecular mimicry between the group A streptococcus and the heart or 
brain is important in the immune responses in rheumatic fever (Zabriskie & Freimer, 1966; Zabriskie, 1967; 
Galvin, Hemric, Ward, & Cunningham, 2000; Krisher & Cunningham, 1985; Kirvan, Swedo, Heuser, & 
Cunningham, 2003; Ellis, et al., 2010). Anti-streptococcal antibodies that are cross-reactive with the heart or 
brain that could recognize several types of epitopes that have already been defined (Cunningham, 2000; Krisher 
& Cunningham, 1985; Cunningham, 2003; Cunningham, 2014; Cunningham, Antone, Gulizia, McManus, 
Fischetti, & Gauntt, 1992). Other mechanisms may involve collagen or anti-collagen antibodies, and have 
recently been reviewed (Cunningham, 2014; Tandon, Sharma, Chandrasekhar, Kotb, Yacoub, & Narula, 2013). 
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Collagen has not been found to play a direct role in molecular mimicry, but anti-collagen antibodies could be 
important in attacking collagen in host tissues—especially after a valve is damaged or exposed.

Rheumatic valvular heart disease is the most serious manifestation of rheumatic fever, and has been the focus of 
decades of research (Cunningham, 2000; Cunningham, 2012; Zabriskie, Hsu, & Seegal, 1970; Zabriskie, 1985; 
Reddy, et al., 1990; Veasy, 2004). Studies of Sydenham chorea (Kirvan, Swedo, Heuser, & Cunningham, 2003) 
and its related sequelae, such as pediatric autoimmune neurologic disorder associated with streptococci 
(PANDAS), have been investigated for anti-neuronal autoantibodies against the brain (Snider & Swedo, 2004; 
Swedo, 1994; Swedo, et al., 1998; Swedo, et al., 1997; Murphy, et al., 2007; Murphy, Storch, Lewin, Edge, & 
Goodman, 2012). The first 50 cases of PANDAS were described by Swedo and colleagues in children that 
presented with tics or obsessive compulsive symptoms and often particularly display small piano-playing 
choreiform movements of the fingers and toes (Swedo, 2002; Swedo, et al., 1998). A group of youth and young 
adults with infections, as well as with acute and chronic tic and obsessive compulsive disorders (OCD), has also 
been investigated (Singer, Gause, Morris, Lopez, & Tourette Syndrome Study Group, 2008). The group of 
children with OCD/tics who demonstrate small choreiform movements, such as piano-playing movements of 
the fingers and toes, is immunologically similar to Sydenham chorea and is termed with the acronym PANDAS 
(Swedo, 1994; Swedo, 2002; Cox, et al., 2013). Acute onset tic and OCD symptoms can also follow other non-
streptococcal infections and are considered to be pediatric acute onset neuropsychiatric syndrome, or PANS 
(Swedo, Leckman, & Rose, 2012). Another clinical research group has called for a broader concept of childhood 
acute neurologic symptoms, or CANS (Singer, Gilbert, Wolf, Mink, & Kurlan, 2012). The PANDAS subgroup is 
known to have the small choreiform movements, particularly of the fingers and toes that are usually not present 
in some of the other groups with acute or chronic tics, and OCD, which would be called PANS. Studies of anti-
neuronal autoantibodies in Sydenham chorea and PANDAS with choreiform movements clearly identified a 
specific group of anti-neuronal antibodies that are present in both Sydenham chorea and PANDAS and 
identified specific antibody mediated neuronal cell-signaling mechanisms, which may partially lead to disease 
symptoms (Kirvan, Swedo, Snider, & Cunningham, 2006b; Kirvan, Swedo, Heuser, & Cunningham, 2003; 
Kirvan, Cox, Swedo, & Cunningham, 2007; Brimberg, et al., 2012; Ben-Pazi, Stoner, & Cunningham, 2013). The 
group of diseases associated with Sydenham chorea and the small choreiform movements generally seem to be 
related to antibodies against the dopamine receptors D1 and D2. Thus far, anti-D2 receptor antibodies are 
exclusively seen in Sydenham chorea and PANDAS with the small piano-playing choreiform movements of the 
fingers and toes (Cox, et al., 2013; Ben-Pazi, Stoner, & Cunningham, 2013). The combination of autoimmunity 
and behavior is a relatively new concept that links brain, behavior, and neuropsychiatric disorders to 
streptococcal infections.

Rheumatic Carditis: Anti-Streptococcal Humoral and Cellular 
Immunity against the Heart
Evidence supports mimicry and cross-reactivity between the group A streptococcal antigens and heart antigens 
(Zabriskie, 1967; Galvin, Hemric, Ward, & Cunningham, 2000; Kirvan, Swedo, Heuser, & Cunningham, 2003; 
Kaplan, 1963). Originally, mouse monoclonal antibodies (mAbs) produced against group A streptococci and 
heart reacted with striations in myocardium or mammalian muscle (Zabriskie, Hsu, & Seegal, 1970), as 
previously reported for human acute rheumatic fever sera or sera from animals immunized with group A 
streptococcal antigens (Kaplan, Bolande, Rakita, & Blair, 1964; Zabriskie & Freimer, 1966; Zabriskie, 1967; 
Zabriskie, Hsu, & Seegal, 1970). Early experiments were performed using human and animal sera that contain 
thousands of antibodies, and led to complicated studies that were difficult to interpret in order to determine 
cross-reactivity and molecular mimicry between the host and streptococcus. Mouse and human anti-
streptococcal mAbs were developed soon after the discovery of B cell hybridoma production (Galvin, Hemric, 
Ward, & Cunningham, 2000; Krisher & Cunningham, 1985; Cunningham, Antone, Gulizia, McManus, Fischetti, 
& Gauntt, 1992; Cunningham & Swerlick, 1986; Shikhman & Cunningham, 1994; Shikhman, Greenspan, & 
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Cunningham, 1994). The anti-streptococcal mAbs reacted with heart cells and identified cardiac myosin as one 
of the major proteins in heart cells, which was later found to cross-react with the dominant group A 
carbohydrate epitope, N-acetyl-beta-D-glucosamine (GlcNAc) or streptococcal M protein antigens 
(Cunningham, 2000; Galvin, Hemric, Ward, & Cunningham, 2000; Krisher & Cunningham, 1985). GlcNAc, the 
immunodominant epitope of the group A carbohydrate, is composed of a polyrhamnose backbone with side 
chains of N-acetyl-beta-D-glucosamine (GlcNAc) as the group A carbohydrate specificity that is recognized by 
many of the human cross-reactive anti-streptococcal antibodies directed against heart cells (Galvin, Hemric, 
Ward, & Cunningham, 2000). Responses against GlcNAc are strongly linked to antibody responses against 
cardiac myosin and other alpha helical coiled coil proteins (Shikhman & Cunningham, 1994; Shikhman, 
Greenspan, & Cunningham, 1994; Shikhman, Greenspan, & Cunningham, 1993; Malkiel, Liao, Cunningham, & 
Diamond, 2000).

Inflamed endothelium surrounding the valve allows T cells to enter the valve tissue and proliferate to produce 
inflammation and a damaged valve. Human mAb 3B6 derived from acute rheumatic carditis reacted with 
cardiac myosin, as well as with myocardium and valve endothelium (Figure 1), which may explain the reactivity 
of rheumatic carditis sera with striations in heart muscle as well as reactivity with the valve (Galvin, Hemric, 
Ward, & Cunningham, 2000). See Figure 1, which shows the reaction of mAb 3B6 with both myocardium 
striations as well as with the valvular endothelium. The rheumatic carditis derived mAb 3B6 antibody 
recognized laminin at the laminar basement membrane, as well as specific laminin peptide epitopes, as shown in 
Figure 2. The antibody cross-reacted with laminin epitopes, as well as with peptide epitopes, in human cardiac 
myosin (Figure 2), and similar anti-cardiac myosin antibodies were found in the sera of rheumatic heart disease 
(Galvin, Hemric, Ward, & Cunningham, 2000). Specifically, glycosylated proteins such as laminin or other 
extracellular matrix proteins glycosylated at the valve surface may also play a role in trapping antibodies at the 
surface of the valve and activating the endothelium and upregulating VCAM-1. Previous evidence demonstrated 
that glycosylated proteins and carbohydrate epitopes on the valve did, in fact, cross-react with the group A 
carbohydrate (Goldstein, Halpern, & Robert, 1967). Most important for the linkage between the group A 
carbohydrate and valvular heart disease in rheumatic fever, persistence of elevated antibody responses against 
the group A carbohydrate was correlated to a poor prognosis of valvular heart disease (Dudding & Ayoub, 1968). 
The evidence strongly links rheumatic valvular heart disease with the group A carbohydrate. Many human mAbs 
derived from rheumatic fever in humans recognized the group A carbohydrate epitope GlcNAc (Adderson, 
Shikhman, Ward, & Cunningham, 1998). Antibodies or immune complexes would generally be targeted to the 
valve surface and can lead to cellular infiltration of the valve.

Inflammation is often directly observed at the valve endothelium with upregulation of vascular cell adhesion 
molecule-1 (VCAM-1), as shown in valves from rheumatic heart disease (Roberts, et al., 2001) (Figure 3). 
Activation of VCAM-1 on the endothelium is an important first step that leads to valvular injury, edema, and 
infiltration of T cells that are reactive with the streptococcal M protein, as well as other streptococcal and host 
proteins. The valve is vulnerable to attack by the immune system following the activation of VCAM-1 on the 
valve endothelium that promotes subsequent cellular infiltration (Cunningham, 2012; Roberts, Kosanke, 
Terrence Dunn, Jankelow, Duran, & Cunningham, 2001). A diagram in Figure 4 shows the initial production of 
cross-reactive antibodies against the group A carbohydrate that attacks the valve endothelium with upregulation 
of VCAM-1 and subsequent infiltration of T cells from rheumatic carditis, which are specific for the 
streptococcal M protein and cardiac myosin, as well as other homologous epitopes (Ellis, Li, Hildebrand, 
Fischetti, & Cunningham, 2005).

In rheumatic carditis, cross-reactive antibodies may initially cause damage that leads to edema, annular dilation 
and chordal elongation. This prevents adequate surface coaptation of the valve leaflets (Veasy & Tani, 2005), 
which by itself does not directly impair myocardial function. Fibrinous vegetations in the rough zone of the 
anterior leaflet may be observed. After chordal elongation, the scarring of leaflets appears, which is the initial 
insult that leads to mitral regurgitation, and is then heard as a heart murmur.
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Alpha helical coiled-coil protein structures such as the streptococcal M proteins, cardiac myosin, keratin, and 
laminin are responsible for some of the cross-reactivity between the group A carbohydrate epitope N-acetyl-
beta-D glucosamine and the myocardium, skin, or valve (Cunningham, 2000; Shikhman & Cunningham, 1994; 
Shikhman, Greenspan, & Cunningham, 1994). Some of the cross-reactive antibodies found in rheumatic fever 
recognize the GlcNAc epitope and react with the myocardium and with valves. Human mAbs, which target the 
group A carbohydrate epitope GlcNAc, also react with well-defined peptide epitopes taken from alpha-helical 
coiled-coil proteins, and amino acid substitution experiments show that hydrophobic and aromatic amino acids 
are important to the interactions between cross-reactive antibody molecules (Shikhman, Greenspan, & 
Cunningham, 1994). Peptides from alpha-helical coiled-coil molecules have been described that mimic the 
group A carbohydrate epitope (Shikhman, Greenspan, & Cunningham, 1994).

Analysis of crystallized group A streptococcal M1 protein fragments leads to an explanation of how the alpha-
helical coiled-coil structures and epitopes are recognized in alpha-helical proteins as a basis for molecular 
mimicry and cross-reactivity between streptococcal M proteins and cardiac myosin (McNamara, et al., 2008). 
Streptococcal M proteins are well known for their alpha-helical coiled-coil cross-reactive properties and cross-
reactivity with cardiac myosin (Cunningham, 2000). M1 protein exhibited substantial irregularities and 
instabilities demonstrating a non-idealized alpha helix (McNamara, et al., 2008) similar to that seen in cardiac 
myosin and tropomyosin. When the coiled-coil alpha helix was idealized and had much fewer splayed regions 
that could interact with immune molecules such as antibodies, it had much less cross-reactivity with our cross-
reactive mAbs (McNamara, et al., 2008). Mutations in M1 protein encoding an idealized alpha helix, stabilized 
the alpha-helical structure and diminished cross-reactive properties of the streptococcal M1 protein 
(McNamara, et al., 2008).

The aggregation of collagen by certain streptococcal serotypes, such as the M3 protein identified as a collagen-
binding factor of M3 streptococci (Tandon, et al., 2013; Dinkla, et al., 2003a; Dinkla, et al., 2003b), may lead to 
autoantibodies against collagen I that are observed in human sera and are produced along with responses against 
cardiac myosin (Martins, et al., 2008). Immune responses against collagen I may also be due to the release of 
collagen from damaged valves during rheumatic heart disease (Cunningham, 2012). Antibody responses against 
collagen I are not cross-reactive, which suggests that the release of collagen from the valve could potentially be a 
source of exposure of collagen to the human immune system in rheumatic carditis. Streptococcal proteins with 
similarity to collagen have been reported (Lukomski, et al., 2000; Lukomski, et al., 2001), but apparently, cross-
reactivity has not been reported in rheumatic heart disease. The collagen hypothesis as a possibility for the 
pathogenesis of rheumatic heart disease has been previously reviewed and discussed (Cunningham, 2014; 
Tandon, Sharma, Chandrasekhar, Kotb, Yacoub, & Narula, 2013). If the valve is damaged and a loss of collagen 
structure is observed, then collagen is clearly affected (Chopra & Narula, 1991). A loss of collagen structure in 
the damage to the valve does not preclude immune mediated damage by cross-reactive antibodies and T cells or 
the exposure of collagen to the immune system after the initial attack, due to cross-reactive immune responses.

There is no cardiac myosin directly in a valve that is attached in papillary muscle that contains cardiac myosin 
and is affixed to the myocardium (Tandon, et al., 2013; Roberts, et al., 2001). The cross-reactivity of cardiac 
myosin with a valve is due to the recognition of laminin or related proteins by autoantibodies against group A 
streptococci and cardiac myosin. Injury to the valve initially is proposed to be by the autoantibody response 
directed at valve endothelium and laminar basement membrane. Initially, chordae tendinae become edematous 
and elongated, which leads to abnormal valve leaflet coaptation and closure. Once VCAM-1 is elevated on the 
activated valve endothelium, lymphocytes and other immune cells extravasate into the valve (Roberts, et al., 
2001).

Studies by Chopra et al. have shown that the endomyocardium was primarily infiltrated by T cells and that 56 
percent of the specimens demonstrated characteristic Aschoff nodules (Chopra P. , Narula, Kumar, Sachdeva, & 
Bhatia, 1988) and electron microscopy showed a loss of normal arrangement of endothelial cells and 
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architectural modifications of the valvular collagen (Chopra & Narula, 1991). In studies by Roberts et al., both 
CD4+ and CD8+ T cells infiltrated the valves in rheumatic fever (Roberts, et al., 2001), but the CD4+ T cell 
subset predominated over the CD8+ T cell subset in the rheumatic valve (Roberts, et al., 2001)(Figure 5). The 
granulomatous Th1 reaction is evident and the presence of gamma IFN has been reported in rheumatic valves 
(Guilherme, et al., 2004). Although less is known about Th17 responses in rheumatic heart disease, Th17 cells are 
important in group A streptococcal infections and have been identified in nasopharyngeal and tonsillar 
lymphoid tissues in streptococcal infection animal models (Dileepan, Linehan, Moon, Pepper, & Jenkins, 2011; 
Pepper, et al., 2010; Carapetis & Steer, 2010). The balance between T regulatory cells and Th17 cells was 
abnormal, which suggests that Th17 cells were increased in rheumatic heart disease.

The valve endocardium is the site of CD4+ T cell infiltration into the valve (Roberts, et al., 2001) (Figure 5). As 
Figure 2 shows, subendocardial infiltration is present and is shown near the papillary muscle attachment of the 
valve into the myocardium. Studies of T lymphocytes from both humans and Lewis rats (Lymbury, et al., 2003; 
Quinn, Kosanke, Fischetti, Factor, & Cunningham, 2001; Kirvan, Galvin, Hilt, Kosanke, & Cunningham, 2014) 
suggest a strong cross-reactivity between cardiac myosin and streptococcal M protein by the T lymphocytes 
isolated and cloned from blood (Ellis, Li, Hildebrand, Fischetti, & Cunningham, 2005) or heart valve (Ellis, Li, 
Hildebrand, Fischetti, & Cunningham, 2005; Guilherme, et al., 2004; Faé, Kalil, Toubert, & Guilherme, 2004; Faé, 
et al., 2006; Guilherme, Weidebach, Kiss, Snitcowsky, & Kalil, 1991; Guilherme, et al., 2000). Guilherme et al. 
reported that T cells cloned from peripheral blood in human rheumatic heart disease reflect similar specificities 
as T cells cloned from heart valves in rheumatic carditis (Guilherme, et al., 2001). Immunization with 
streptococcal recombinant M6 protein and the pepsin fragment of M protein (PepM5), as well as immunization 
with peptides from the A, B, and C repeat regions of the streptococcal M5 protein molecule, induced valvular 
heart disease in the Lewis rat model of valvulitis (Lymbury, et al., 2003; Kirvan, Galvin, Hilt, Kosanke, & 
Cunningham, 2014; Gorton, Blyth, Gorton, Govan, & Ketheesan, 2010; Gorton, Govan, Olive, & Ketheesan, 
2009).

More detailed studies of T cell lines produced from Lewis rats immunized with streptococcal PepM5 protein 
induced valvulitis, and were strongly stimulated by specific M5 peptides (Kirvan, Galvin, Hilt, Kosanke, & 
Cunningham, 2014). Passive transfer of the M5 protein specific T cell lines transferred valvulitis as shown by 
infiltration of CD4+ T cells and upregulation of VCAM-1 on the valve endothelium (Kirvan, Galvin, Hilt, 
Kosanke, & Cunningham, 2014). It was notable that the passive transfer of a potentially pathogenic T cell line 
led to upregulation of the VCAM-1, while a control T cell line did not, and therefore did not infiltrate the valve. 
M protein-specific T cells may be important mediators of valvulitis in the Lewis rat model of rheumatic carditis 
(Quinn, Kosanke, Fischetti, Factor, & Cunningham, 2001). Mononuclear cells were infiltrated at the valve 
surface and inner valve in Lewis rats that were immunized with the group A streptococcal M5 serotype amino 
acid sequence residues 1–76 in the A repeat region (Kirvan, Galvin, Hilt, Kosanke, & Cunningham, 2014). 
Figure 6A shows infiltrated edematous valves from Lewis rats immunized with a peptide from a group A 
streptococcal M5 serotype, amino acid sequences in residues 59–115 found in the A repeat region of the M5 
protein (Kirvan, Galvin, Hilt, Kosanke, & Cunningham, 2014). Edema of the valve structure at the chordae 
tendinae leads to loss of valve coaptation, regurgitation, and disease of the valve. Figure 6B illustrates a 
verrucous-type lesion, and Figure 6C shows an example of the cellular infiltration in a valve from Lewis rat 
immunized with recombinant M6 protein where 50% of the rats developed rheumatic valvulitis (3/6 rats 
studied) (Shikhman & Cunningham, 1994). In rheumatic heart disease, verrucae are seen in tissue sections of 
the valve (Stollerman, 2011; Stollerman, 1997; Wannamaker, 1973; Jones, 1944; Special Writing Group of the 
Committee on Rheumatic Fever, Endocarditis, and Kawasaki Disease of the Council on Cardiovascular Disease 
in the Young of the American Heart Association, 1992; Danjani, et al., 1988). VCAM-1 was observed on 
activated endothelium in the Lewis rat after administration of pathogenic T cell lines that targeted the valve and 
led directly to upregulation of VCAM-1 at the valve surface, which allowed for penetration of the T cell lines 
after their passive transfer (Kirvan, Galvin, Hilt, Kosanke, & Cunningham, 2014). VCAM-1 appeared on the 
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Lewis rat valve (Kirvan, Galvin, Hilt, Kosanke, & Cunningham, 2014) (not shown), similar to that seen in 
human rheumatic valves, as shown in Figure 3.

Lewis rat T cells that recognize the M5 protein T cell peptide epitope DKLKQQRDTLSTQKETLE (NT5/6 ~ M5 
peptide amino acid sequence from the A repeat region of M5 protein serotype of Streptococcus pyogenes) were 
reported to target the valve in the T cell passive transfer studies in the Lewis rat (Kirvan, Galvin, Hilt, Kosanke, 
& Cunningham, 2014). Most importantly, in studies of human rheumatic valves by Guilherme and colleagues, 
cloned T cells from the valves also recognized the DKLKQQRDTLSTQKETLE peptide sequence (Guilherme, et 
al., 2004; Faé, et al., 2006). Other T cell lines in the Lewis rat that recognized other epitopes were not pathogenic, 
and did not target the valve (Kirvan, Galvin, Hilt, Kosanke, & Cunningham, 2014). Guilherme et al. have shown 
the importance of the cytokines, such as gamma IFN production, in the valve, which would be associated with 
the CD4+ cellular infiltrate (Guilherme, et al., 2004). Heart-infiltrating T cell clones from humans recognized 
both streptococcal and heart proteins in studies of human T cell clones isolated from rheumatic valves 
(Guilherme, et al., 2000; Guilherme, et al., 1995; Guilherme & Kalil, 2004).

The Lewis rat model suggests that the more pathogenic T cell clones releasing cytokines that affect the valve may 
actually lead to the activation of the VCAM-1 on the valve endothelium, which promotes the infiltration of 
particular clones (Kirvan, Galvin, Hilt, Kosanke, & Cunningham, 2014). Antibodies or immune complexes that 
bind the valve surface affect the surface endothelium, and lead to activation of the endothelium/endocardium on 
the valve and upregulation of VCAM-1. Antibodies against the valve, including those human mAbs derived 
from human rheumatic carditis, react with streptococcal group A carbohydrate and glycosylated proteins or 
cross-reactive sequences in alpha helical matrix proteins in the laminar basement membrane, such as laminin 
(Galvin, Hemric, Ward, & Cunningham, 2000). Once the valve endothelium is activated and collagen is exposed, 
the valve may continually be damaged by antibodies against laminin, as well as antibodies against collagen and 
other immunogenic valvular proteins (Martins, et al., 2008) (Figure 7). Anti-collagen antibodies can bind to M 
proteins or other collagen-binding proteins on the group A streptococcus and induce an immune response 
against the valve (Cunningham, 2014; Tandon, Sharma, Chandrasekhar, Kotb, Yacoub, & Narula, 2013). Initial 
damage of the valve chordae tendinae lead to annular dilation and chordal elongation, which prevents adequate 
surface coaptation of the valve leaflets (Veasy & Tani, 2005). Elevated troponin levels are not seen in rheumatic 
carditis, as the main damage is at and within the valve rather than in the myocardium.

Although cardiac myosin is not present in the valve, it serves as a biomarker of streptococcal cross-reactivity 
against the heart and is cross-reactive with other alpha-helical proteins in the valve, such as laminin and 
vimentin (Galvin, Hemric, Ward, & Cunningham, 2000; Goldstein, Halpern, & Robert, 1967; Galvin, Hemric, 
Kosanke, Factor, Quinn, & Cunningham, 2002; Guilizia, Cunningham, & McManus, 1992). Amino acid 
sequence homology between cardiac myosin and alpha-helical coiled coil proteins in the valve may be partially 
responsible for cross-reactivity with the valve (Gulizia, Cunningham, & McManus, 1991). Mimicry between the 
streptococcus and heart may result in initial damage to the valve, while more chronic disease could be related to 
the release of collagen I and other valvular proteins from damaged valves (Martins, et al., 2008). Cross-reactive 
anti-cardiac myosin antibodies may lead to initial valve inflammation at the endothelium, leading to edema, 
cellular infiltration, and fibrinous vegetations in the rough zone of the anterior leaflet. Scarring of the leaflets 
appears after chordal elongation, which is the initial cause of mitral regurgitation.

Repetitive streptococcal infections in children may lead to increased scar formation in the valve, and are 
responsible for recurrent rheumatic heart disease. Once the valve is infiltrated by T cells, scarring occurs, where 
neovascularization leaves the valve susceptible to subsequent attack. Elevated antibodies against the group A 
carbohydrate have long been associated with a poor prognosis and poor recovery from of rheumatic carditis 
until the diseased valve is replaced (Dudding & Ayoub, 1968).

In rheumatic carditis, disease activity is associated with immune responses against specific peptide epitopes of 
the human cardiac myosin heavy chain (Ellis, et al., 2010). Disease progression and monitoring effective 
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treatment can potentially be followed by responses against human cardiac myosin peptides in the S2 hinge 
region of human cardiac myosin (Gorton, et al., 2011). The reactivity against cardiac myosin epitopes in 
rheumatic carditis were similar in children from different global regions, such as the US, India, and Hawaii. The 
underlying basis for the recognition of similar cardiac myosin epitopes in rheumatic carditis suggests that 
antigen-specific B cells are allowed to proliferate in susceptible individuals and pathogenic B cells are not 
eliminated by clonal deletion, receptor editing, or anergy. T cell clones were found in human rheumatic carditis 
that demonstrated strong avidity to cardiac myosin. Cardiac-myosin–specific T cells would normally be deleted 
or rendered anergic by normal tolerance mechanisms, but may be stimulated by streptococcal M proteins during 
infections. The T cell clones with the highest avidity for cardiac myosin, as compared to other host proteins, were 
isolated from rheumatic carditis (Ellis, Li, Hildebrand, Fischetti, & Cunningham, 2005) and were strongly 
stimulated by peptides of streptococcal M protein and cardiac myosin. T cells isolated from human rheumatic 
valves were similar to those found in peripheral blood, and also proliferated to peptides of streptococcal M 
protein and cardiac myosin (Faé, et al., 2006).

Guilherme has proposed several other antigens in the valve that are of importance, such as vimentin, which are 
recognized by T cells cloned from valves (Guilherme, Köhler, Postol, & Kalil, 2011). Vimentin in human valve 
tissues was previously reported to be recognized by the mouse cross-reactive anti-streptococcal mAbs (Gulizia, 
Cunningham, & McManus, 1991), and the mouse mAbs were also reactive with DNA, similar to antibodies in 
systemic lupus erythematosus (Cunningham & Swerlick, 1986). Studies of anti-idiotypic antibodies developed 
against the anti-cardiac myosin idiotype My1 in rheumatic fever demonstrated the presence of the rheumatic 
fever idiotype My1 in rheumatic fever and acute glomerulonephritis, and also in systemic lupus erythematosus 
and Sjogrens syndrome (McCormack, Crossley, Ayoub, Harley, & Cunningham, 1993).

Human antibody responses against human cardiac myosin have identified peptide epitopes in acute rheumatic 
carditis (Ellis, et al., 2010). Immune responses to cardiac myosin were similar among a small sample of 
worldwide populations, in which immunoglobulin G targeted the S2 subfragment hinge region within S2 
peptides that contained human cardiac myosin heavy chain amino acid residues 842–992 and 1164–1272. The 
human cardiac myosin S2 fragment epitopes were also found to be similar among populations with rheumatic 
carditis worldwide, regardless of the infecting group A streptococcal M protein serotype. Homologous epitopes 
shared among different rheumatogenic streptococcal M protein serotypes could prime the immune system 
against the heart during repeated streptococcal infections, and eventually lead to breaking tolerance, epitope 
spreading, and initiating rheumatic heart disease in susceptible individuals.

Susceptibility to ARF and RHD may result from variations in host genes, which may be potential risk factors for 
disease. Thus, identifying genetic associations may be important in understanding the immune responses which 
can be misdirected toward heart, joints, or the brain, and that lead to carditis, arthritis, or Sydenham’s chorea. In 
some studies of ARF, familial associations were found to be inherited with limited penetrance and concordance 
among dizygotic twins, which suggests an inherited susceptibility, but not classical Mendelian genetics (Bryant, 
Robins-Browne, Carapetis, & Curtis, 2009). Genetic associations and polymorphisms have been found in several 
immune related genes, as described herein. It is likely that ARF is immunologically related to systemic lupus 
erythematosus and Sjogren’s syndrome, since the My1 idiotype, identified in rheumatic fever, was present only 
on antibodies in these two diseases, but not in others, such as rheumatoid arthritis or IgA nephropathy 
(McCormack, Crossley, Ayoub, Harley, & Cunningham, 1993).

In ARF and RHD, susceptibility to disease may be linked to HLA predisposition, as is the case for many 
autoimmune-related diseases. In rheumatic heart disease, the DR-7 haplotype has been associated with mitral 
valve disease in a large Latvian population (>1200 children), along with several other haplotypes that conferred 
risk or protection (Stanevicha, et al., 2003), and HLA haplotype DR-7 has been linked to rheumatic heart disease 
in the Brazilian population (Guilherme, Weidebach, Kiss, Snitcowsky, & Kalil, 1991; Guilherme, Kalil, & 
Cunningham, 2006) as well as in the Egyptian and Turkish populations (Guilherme, Köhler, Postol, & Kalil, 
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2011). Other genes such as polymorphisms in cytokine genes, which have been associated with rheumatic fever 
and rheumatic heart disease, and a more detailed discussion of HLA haplotypes has been performed by 
Guilherme et al. (Guilherme, Köhler, Postol, & Kalil, 2011). Genes that were associated with rheumatic fever 
included a TLR 2 polymorphism. Berdeli et al. reported that the common TLR-2 Arg to Gln polymorphism at 
position 753 was significantly (p<0.0001) associated with acute rheumatic fever in Caucasian Turkish population 
compared to controls. It is interesting that our recent study in humans reported the tendency of human cardiac 
myosin or its fragments to bind to human TLR 2, which stimulated monocytes to produce proinflammatory 
cytokines (Zhang, Cox, Alvarez, & Cunningham, 2009). Human cardiac myosin epitopes may link innate and 
adaptive immunity, which leads to chronic inflammation in the heart (Zhang, Cox, Alvarez, & Cunningham, 
2009).

Additional genes linked to rheumatic fever include the mannose-binding lectin gene O allele, which was 
associated with aortic regurgitation in rheumatic heart disease. The mannose binding lectin allele encodes for a 
lower production of the protein and is associated with increased risk of rheumatic fever and rheumatic heart 
disease (Guilherme, Köhler, Postol, & Kalil, 2011; Ramasawmy, et al., 2008). Mannose-binding lectin is 
important in clearance of bacteria and is associated with the complement system (Guilherme, Köhler, Postol, & 
Kalil, 2011). The FcRγIIA receptor gene may express a polymorphism, which causes differences in binding of 
IgG2 in humans. Turkish children with a high risk of developing rheumatic fever possessed the 131R/R genotype 
of FcRγIIA, and the 131H/R allele of the FcRγIIA was associated with an intermediate risk (Berdeli, Celik, 
Ozyürek, & Aydin, 2004). Failure to clear immune complexes from the blood may potentially lead to the 
continued development of high-affinity antibodies (Zhang, et al., 2013) that would attack the heart, brain, or 
other tissue sites in rheumatic fever. HLA B5 has been associated with immune complexes in acute rheumatic 
fever (Yoshinoya & Pope, 1980). These genetic associations are important to note as they are involved in 
inflammatory and immune responses against the streptococcus, and potentially predispose those who possess 
them to rheumatic heart disease.

Although host susceptibility may be a result of host genetic predisposition, the environmental influence exerted 
by S. pyogenes on host-streptococcal interactions is important in the development of rheumatic fever and RHD. 
Although the role of specific streptococcal strain variations in acute rheumatic fever may not be well 
characterized in epidemics of rheumatic fever, there have been reports of a relationship between rheumatic-
fever–associated strains that were isolated from the great acute rheumatic fever epidemics of the World War II 
era where the S. pyogenes were rich in M protein, heavily encapsulated by hyaluronic acid, and highly virulent in 
mice (Stollerman, 2001). These highly mucoid strains primarily infected the throat rather than the skin and were 
also seen with the rheumatic fever outbreak in Utah in the United States (Veasy, et al., 2004). In the past, certain 
M protein serotypes were associated with rheumatic fever outbreaks, such as the well-known M5 protein 
serotype (Bisno, 1995; Bisno, Pearce, Wall, Moody, & Stollerman, 1970). S. pyogenes strains isolated in more 
tropical climates do not have the characteristics of these earlier strains isolated in North America. The 
epidemiology suggests a greater diversity of S. pyogenes strains, and skin-associated strains may dominate in 
ARF in the more tropical regions (Bryant, Robins-Browne, Carapetis, & Curtis, 2009). Both skin and throat 
strains are evident in rheumatic fever in the tropics, and there is increasing evidence of skin-associated strains 
linked to cases of rheumatic fever (Bryant, Robins-Browne, Carapetis, & Curtis, 2009).

The host-streptococcal interaction may have evolved from years of penicillin therapy and prophylaxis, which 
might lead to rheumatic fever outbreaks which do not have the same characteristic “rheumatogenic” strains that 
have been reported in previous outbreaks in the United States over the past 50 years (Bisno, 1995). Children in 
the great rheumatic fever epidemics who did not survive also did not transfer the most severe genetic 
predisposition to rheumatic fever to another generation. Changes in both the streptococcus and host over the 
past 100 years may have attenuated the host and the streptococcus such that we may not see severe ARF 
outbreaks, similar to those reported in the preantibiotic era.
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Sydenham Chorea and Pediatric Autoimmune Neuropsychiatric 
Disorder Associated with Streptococci (PANDAS): Anti-
Streptococcal Humoral Immunity against the Brain
Sydenham chorea is well established as the primary neurologic manifestation of acute rheumatic fever (Taranta 
& Stollerman, 1956). The symptoms of Sydenham chorea include involuntary movements and neuropsychiatric 
behaviors that predate the involuntary movements. Initially in Sydenham chorea, IgG was observed to be 
associated with neurons in caudate and putamen regions of the basal ganglia (Husby, van de Rijn, Zabriskie, 
Abdin, & Williams, 1976). In later studies, human mAbs were derived from Sydenham chorea (Kirvan, Swedo, 
Heuser, & Cunningham, 2003) and were shown to cross-react with the group A streptococcal carbohydrate 
epitope N-acetyl-beta-D-glucosamine (GlcNAc) and brain antigens lysoganglioside (Kirvan, Swedo, Heuser, & 
Cunningham, 2003) and tubulin (Kirvan, Cox, Swedo, & Cunningham, 2007), which are both enriched in the 
brain. Evidence for the autoantibody cross-reactivity between streptococci and brain is shown by the reaction of 

Figure 1. Reactivity of rheumatic carditis-derived human IgM monoclonal antibody (mAb) 3.B6 with a normal human valve. 
Formalin-fixed human mitral valves were treated with human mAb 3.B6 at 10 μg/mL. mAb 3.B6 binding was detected using secondary 
biotin-conjugated anti-human IgG antibody and alkaline phosphatase-labeled streptavidin, followed by phosphatase substrate Fast 
Red. (b) Control valve sections were negative after reaction with human IgM and secondary antibody conjugate at 10 μg/mL. The figure 
is from Galvin et al. (Galvin J. E., Hemric, Ward, & Cunningham, 2000) and is used with permission.
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the chorea-derived human mAbs with group A streptococcal wall-membranes, as well as the group A 
carbohydrate epitope GlcNAc and the brain (Kirvan, Swedo, Heuser, & Cunningham, 2003; Kirvan, Cox, Swedo, 
& Cunningham, 2007; Kirvan, Swedo, Kurahara, & Cunningham, 2006a). IgG antibodies in sera or cerebrospinal 
fluid or the chorea-derived mAbs from Sydenham chorea reacted with human neuronal cells (SKNSH cell line) 
at the cell membrane and also activated the calcium calmodulin-dependent protein kinase II (CaMKII) (Kirvan, 
Swedo, Heuser, & Cunningham, 2003) in human neuronal cells. The activation of CaMKII led to increased 
dopamine release from the human neuronal cell line, as shown in experiments using tritiated dopamine (Kirvan, 
Swedo, Kurahara, & Cunningham, 2006a). In addition, intrathecal transfer of the chorea-derived mAb 24.3.1 
into brains of Lewis rats induced elevated tyrosine hydroxylase activity in dopaminergic neurons (Kirvan, 
Swedo, Heuser, & Cunningham, 2003; Kirvan, Swedo, Kurahara, & Cunningham, 2006a). CaMKII activation 
and signaling activity by Sydenham chorea sera was abrogated by removal of IgG from the sera (Kirvan, Swedo, 
Heuser, & Cunningham, 2003; Brimberg, et al., 2012), and plasmaphoresis led to improvement of symptoms 
(Perlmutter, et al., 1999; Garvey, Snider, Leitman, Werden, & Swedo, 2005). Antibody-mediated neuronal cell 
CaMKII activation and signaling by IgG antibodies in serum or cerebrospinal fluid from Sydenham chorea was 
also associated with symptoms (Kirvan, Swedo, Heuser, & Cunningham, 2003; Ben-Pazi, Stoner, & 
Cunningham, 2013). Antibody-mediated neuronal cell signaling in Sydenham chorea is a novel pathogenic 
mechanism, which may lead to symptoms of involuntary movements with associated neuropsychiatric behaviors 
in acute rheumatic fever (Kirvan, Swedo, Heuser, & Cunningham, 2003). Sydenham chorea may serve as a 

Figure 2. Amino acid sequence alignment of laminin A chain and human cardiac myosin LMM peptide demonstrating sequence 
homology with epitopes that are recognized by human mAb 3B6 derived from rheumatic heart disease. Amino acid sequence 
designations of two homologous regions in the laminin A chain and human cardiac myosin (HCM). The sequences shown are 64% 
identical and 91% homologous. (:), Identity; (.), conserved amino acid substitution. The figure is from Galvin et al. (Galvin J. E., 
Hemric, Ward, & Cunningham, 2000) and is used with permission.
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model for other movement and neuropsychiatric disorders, such as pediatric autoimmune neuropsychiatric 
disorder associated with streptococcal infections, or PANDAS (Swedo, et al., 1998).

To investigate the in vivo targets of the human mAbs derived from Sydenham chorea, the antibody V genes of 
Sydenham chorea mAb 24.3.1 (Cox, et al., 2013) were expressed in transgenic (Tg) mice. The Tg mice 
demonstrated chorea antibody V gene expression in serum, and upon breaking the blood brain barrier, the 
human-mouse chimeric IgG antibody targeted dopaminergic tyrosine hydroxylase positive neurons in the basal 
ganglia (Cox, et al., 2013) as shown in merged Figure 8. mAb 24.3.1 derived from Sydenham chorea was shown 
to react with and signal the human dopamine D2 receptor (Cox, et al., 2013). Evidence suggested that chorea-
derived human mAb reacted with the dopamine receptor D2. mAb 24.3.1 reacted with a flag-tagged dopamine 
D2 receptor and functionally signaled the human D2 receptor that was expressed in transfected cell lines. The 
data show that the human mAb and human Sydenham chorea sera IgG targeted the dopamine D2 receptor 
(Cox, et al., 2013). Symptoms measured by the USCRS Sydenham chorea rating scale were correlated to the ratio 
of anti-D1R/D2R antibodies (Ben-Pazi, Stoner, & Cunningham, 2013). Cox et al. further described that anti-D1 
receptor and anti-D2 receptor antibodies (IgG) were significantly elevated in serum from Sydenham chorea, as 
well as from PANDAS (Cox, et al., 2013).

Figure 3. Vascular cell adhesion molecule-1(VCAM-1) expressed on rheumatic valve. Tissue stained with anti-human IgG conjugated 
to alkaline phosphatase and developed using Fast Red. The figure is from Roberts et al. (Roberts, et al., 2001) and is used with 
permission.
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For years, little attention was given to neuropsychiatric obsessive-compulsive symptoms, which can predate 
chorea as the primary neurologic manifestation of acute rheumatic fever (Ben-Pazi, Stoner, & Cunningham, 
2013). Small choreiform piano-playing movements of the fingers and toes were reported in the first 50 cases of 
PANDAS reported by Swedo et al. (Swedo, et al., 1998). PANDAS, which has similarities to Sydenham chorea 
(including a similar immunologic profile of anti-neuronal antibodies), is characterized by the abrupt onset of tics 
and obsessive-compulsive disorder (OCD). The fine choreiform movements in PANDAS are not as obvious as 
the choreoathetoid involuntary movements seen in Sydenham chorea (Garvey, Snider, Leitman, Werden, & 
Swedo, 2005; Garvey & Swedo, 1997). The fine choreiform movements may go unnoticed in PANDAS, and cause 
a child to have poor handwriting skills (which are generally associated with learning and behavioral regression), 
enuresis, separation anxiety and night-time fears; anorexia may appear in approximately 17 percent of cases 
(Swedo, et al., 1998). PANDAS symptoms and pathogenesis, which is also covered in great detail in a separate 
chapter in this book, may be observed in other types of infections and are not always associated with group A 
streptococcal infections. In the presence of other infections or in the absence of streptococcal infection, the 

Figure 4. Diagram illustrating the B cell and T cell responses against the group A streptococcal antigens and superantigens and the 
proposed pathogenesis in rheumatic carditis. Antibodies against the dominant group A carbohydrate epitope N-acetyl-beta-D-
glucosamine (GlcNAc) are shown to target the valve endothelium, as shown. The valve endothelium becomes inflamed and activated 
and expresses vascular cell adhesion molecule 1 (VCAM-1), as shown in Figure 3, and activated T cells cross-reactive to group A 
streptococcal M protein and human cardiac myosin epitopes extravasate through the endothelium into the valve. The figure is from 
(Cunningham M. W., 2012) and is used with permission.
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disease is referred to as pediatric acute onset neuropsychiatric syndrome, or PANS (Swedo, Leckman, & Rose, 
2012). The clinical evaluation consensus of PANDAS and PANS has recently been published (Chang, et al., 
2015). More chronic types of tics and OCD may or may not be associated with streptococcal infections, and may 
be associated with Mycoplasma infections, influenza, or Lyme disease, but few studies have methodically 

Figure 5. Extravasation of CD4+ lymphocytes (arrows) into valve above Aschoff’s body in the subendocardium of the left atrial 
appendage. A) Tissue stained with anti-CD4+ monoclonal antibody reagent and developed with the alkaline phosphatase and Fast Red 
to detect the binding of the antibody reagent to the CD4+ T cells entering the valve. B) Control valve tissue shown did not react with 
the secondary antibody conjugate. Figure is from Quinn et al. (Quinn, Kosanke, Fischetti, Factor, & Cunningham, 2001) with 
permission.
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considered the infections that may exacerbate PANS. More chronic tics and OCD do not appear to display the 
small choreiform piano-playing movements of the fingers and toes, and are not similar to Sydenham chorea in 
their anti-neuronal antibody patterns of antibodies against the dopamine D2 receptor. Chronic forms of tics and 
OCD do not appear to have the IgG antibodies against the D2 receptor (Cox, et al., 2015; Singer, et al., 2015). 
The PANDAS cases that have the small choreiform piano-playing movements of the fingers and toes appear to 
share antibodies against both D1 and D2 receptors, and may also have elevated antibodies against tubulin and 
lysoganglioside (Kirvan, Cox, Swedo, & Cunningham, 2007; Cox, et al., 2013; Brimberg, et al., 2012; Ben-Pazi, 
Stoner, & Cunningham, 2013). Studies suggest that more chronic forms of tics and OCD appeared to have anti-
neuronal antibodies that were significantly elevated against only the dopamine D1 receptor and/or antibodies 
against lysoganglioside (Cox, et al., 2015; Singer, et al., 2015). Most cases of PANDAS and/or PANS notably 
appeared to have elevated serum CamKII activation and signaling of a human neuronal cell line (SKNSH), 
regardless of the presence of one or both of the anti-D2 or anti-D1 receptor antibodies (Cox, et al., 2015).

Animal models of Sydenham chorea and PANDAS have been successful in showing that immunization with 
group A streptococcal antigens or passive transfer of purified anti-streptococcal IgG antibodies in both a mouse 
model (Yaddanapudi, et al., 2010; Hoffman, Hornig, Yaddanapudi, Jabado, & Lipkin, 2004) and a Lewis rat 
model (Brimberg, et al., 2012; Lotan, et al., 2014) are associated with behavioral changes. To be more specific, 
immunization of a mouse model (Hoffman, Hornig, Yaddanapudi, Jabado, & Lipkin, 2004) with a streptococcal 
antigen led to antibody deposits in several brain regions, including deep cerebellar nuclei (DCN), globus 
pallidus, and the thalamus, and led to a display of behavioral alterations, such as increased rearing behavior and 
obsessive responses (Hoffman, Hornig, Yaddanapudi, Jabado, & Lipkin, 2004). Evidence suggested that immune 
responses against group A streptococci were associated with motoric and behavioral disturbances, and also 
suggested that anti-streptococcal anti-neuronal antibodies that are potentially cross-reactive with brain 
components may lead to movement and obsessive behaviors following streptococcal infections (Hoffman, 
Hornig, Yaddanapudi, Jabado, & Lipkin, 2004). Passive transfer of purified IgG anti-streptococcal antibodies 
from the immunized mice into naïve recipients led to behavior changes and antibody deposits in brain tissues 
(Yaddanapudi, et al., 2010).

Studies in the Lewis rat model (Brimberg, et al., 2012) demonstrated that exposure to group A streptococcal 
antigens led to the inability of the rats to hold a food pellet for a normal length of time, and immunized rats 
could not traverse a narrow beam as well as control rats (Brimberg, et al., 2012). Group A streptococcal 

Figure 6. A) Induction of valvulitis, edema and cellular infiltration (arrows) in hematoxylin and-eosin-stained heart valves from Lewis 
rats immunized with group A streptococcal M5 peptides as a group including peptides NT1-NT4/5 [AVTRGTINDPQRAKEALD 
amino acid (aa) residues 1–18; NT-2 KEALDKYELENHDLKTKN aa residues 14–31; NT-3 LKTKNEGLKTENEGLKTE aa residues 
27–44;NT-4 GLKTENEGLKTENEGLKTE aa residues 40–58; NT-4/5 GLKTEKKEHEAENDKLK aa residues 54–70. Figure is from 
Kirvan et al. (Kirvan, Galvin, Hilt, Kosanke, & Cunningham, 2014) with permission. B) Verrucous nodule (arrow) observed on valve 
and C) cellular infiltration (arrows) after immunization with group A streptococcal rM6 protein. Tissues stained with hematoxylin and 
eosin. Figures B and C are from Quinn et al. (Quinn, Kosanke, Fischetti, Factor, & Cunningham, 2001) with permission.
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immunized rats demonstrated compulsive grooming behavior, as compared to normal rats, after spray treatment 
with a water mist (Brimberg, et al., 2012). Deposits of IgG were found in the striatum, thalamus, and frontal 
cortex of group A streptococcal immunized rats. Study of the cortex and basal ganglia revealed alterations in 
dopamine and glutamate levels, which is consistent with the pathophysiology of Sydenham chorea and its related 
neuropsychiatric disorder. Anti-streptococcal sera from rats immunized with S. pyogenes antigen activated 
CaMKII in SKNSH human neuronal cells (Brimberg, et al., 2012), in a manner similar to sera from Sydenham 
chorea (Kirvan, Swedo, Heuser, & Cunningham, 2003; Kirvan, Swedo, Snider, & Cunningham, 2006b). Antibody 
removal with anti-igG beads removed the signaling activity of the sera (Brimberg, et al., 2012), which further 
demonstrated its association with IgG antibodies. The fact that plasmaphoresis improves the symptoms in 
Sydenham chorea and in PANDAS is consistent with the hypothesis that antibodies are mediating the symptoms 
of disease (Perlmutter, et al., 1999; Perlmutter, et al., 1998).

To summarize, the antineuronal antibodies found in Sydenham chorea, PANDAS and PANS, anti-
lysoganglioside (Kirvan, Swedo, Snider, & Cunningham, 2006b), anti-tubulin (Kirvan, Cox, Swedo, & 
Cunningham, 2007), anti-dopamine D2 receptor (Cox, et al., 2013; Brimberg, et al., 2012; Ben-Pazi, Stoner, & 
Cunningham, 2013), and anti-dopamine D1 receptor (Ben-Pazi, Stoner, & Cunningham, 2013) antibodies have 

Figure 7. Multistep hypothesis of development of rheumatic carditis and heart disease. Diagram illustrates the process of initial 
mimicry that leads to granuloma formation, gamma interferon production and fibrosis/scarring in the valve. After the initial process of 
inflammation has developed in the valve, other proteins in the valve may then be recognized by the immune cells leading to epitope 
spreading and additional responses against other valve proteins such as vimentin and collagen. The figure is from (Cunningham M. W., 
2012; Guilherme, Kalil, & Cunningham, 2006; Cunningham M. W., 2006) and is used with permission.
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all been reported and studied. The anti-dopamine D2 receptor/anti-dopamine D1 receptor antibody ratio was 
correlated with the UFMG-Sydenham-Chorea-Rating-Scale (USCRS) of neuropsychiatric symptoms (Ben-Pazi, 
Stoner, & Cunningham, 2013). Most importantly, the functional signaling activity of the anti-neuronal 
antibodies was observed when human chorea derived mAbs or sera from Sydenham chorea or PANDAS was 
reacted with dopamine D2 receptor-expressing transfected cell lines (Cox, et al., 2013). Further evidence that 
Sydenham chorea is antibody-mediated includes the study of human Sydenham chorea-derived mAbs, which 
activated CaMKII signaling in human neuronal cells (Cox, et al., 2013). The signaling activity in the human 
neuronal cell line also led to the overproduction of dopamine (Kirvan, Swedo, Kurahara, & Cunningham, 
2006a), which would affect central dopamine pathways.

A model diagram of the potential immunological and physiological mechanism of Sydenham chorea, the major 
neurologic manifestation of rheumatic fever, is shown in Figure 9 (Cunningham, 2012). In theory, this 
mechanism may also apply to PANDAS and PANS. The effects of antineuronal antibodies on the brain may 
include: 1) the binding of antibody to the D1 and D2 dopamine receptors with subsequent signaling of the 
receptors, which are often found as heterodimers with each other or with other G protein coupled receptors in 
the membrane; 2) the potential effects of binding to lysoganglioside in the membranes of neurons; and 3) the 
release of excess dopamine, which can affect receptor density and potentially sensitivity, as well as the possible 
effects of the excess dopamine and CaMKII signaling on other receptors expressed in the membranes of the 
neurons and their projections. Excess dopamine released from the SKNSH cell line was observed when treated 
with a human mAb 24.3.1 or acute Sydenham chorea sera (Kirvan, Swedo, Kurahara, & Cunningham, 2006a). As 
described above, evidence in animal models and humans strongly suggests that antibodies mediate 
inflammatory consequences in Sydenham chorea, PANDAS, and PANS (Perlmutter, et al., 1999). It is highly 
possible that other brain antigens are targeted by autoantibodies in PANDAS/PANS or other related 
autoimmune neuropsychiatric and mental disorders that may affect memory, learning, and behavior 
(Yaddanapudi, et al., 2010; Hoffman, Hornig, Yaddanapudi, Jabado, & Lipkin, 2004; Huerta, Kowal, DeGiorgio, 
Volpe, & Diamond, 2006; Kowal, et al., 2004; DeGiorgio, et al., 2001).

Summary and Perspective
Molecular mimicry between the group A streptococcus, heart, and brain is supported by evidence from studies 
of human mAbs, human T cell clones, and serum IgG antibodies derived from streptococcal sequelae and 
rheumatic fever (Galvin, Hemric, Ward, & Cunningham, 2000; Kirvan, Swedo, Heuser, & Cunningham, 2003). 
Human mAbs derived from rheumatic carditis and Sydenham chorea have supported the hypothesis that 
antibodies against the group A streptococcal carbohydrate epitope GlcNAc recognize cross-reactive structures in 
the heart and brain, which can lead to rheumatic carditis/rheumatic heart disease and Sydenham chorea, 
respectively (Galvin, Hemric, Ward, & Cunningham, 2000; Kirvan, Swedo, Heuser, & Cunningham, 2003). The 
rheumatic valve has been linked to humoral immune responses that attack the endocardium and allow activated 
T cells cross-reactive with cardiac myosin and streptococcal M protein epitopes to enter through activated 
VCAM-1+ endothelium at the valve surface (Roberts, et al., 2001). Although a Th1 response was observed by 
Guilherme et al. in the valve (Guilherme, et al., 2004), Th17 cells have also been recognized to have the potential 
for importance in the pathogenesis of rheumatic heart disease, where the balance between Th17 and T 
regulatory lymphocyte subsets was altered in disease that favored the Th17 subset. (Bas, et al., 2014). As early as 
1989, Bhatia et al. reported changes in the lymphocyte subsets (Bhatia, et al., 1989). Changes in the subsets may 
lead to a Th17 predominance in disease with excess antibody production, including the cross-reactive 
antibodies, as well as the formation of immune complexes. Th17 cells have been established in responses against 
group A streptococci (Dileepan, Linehan, Moon, Pepper, & Jenkins, 2011; Wang, et al., 2010) and extracellular 
pathogens. Antibody-mediated neuronal cell signaling may be an important mechanism of antibody 
pathogenesis in Sydenham chorea, as well as in diseases such as PANDAS and PANS.
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The emerging theme in mimicry suggests that cross-reactive autoantibodies target intracellular antigens, but to 
be pathogenic, antibodies must also target the surface antigens of neuronal cells or valve endothelial cells by 
targeting extracellular matrix proteins on the heart valve, such as laminin (Galvin, Hemric, Ward, & 
Cunningham, 2000), or binding to receptors such as the dopamine receptors which signal neurons (Cox, et al., 
2013) or by other inflammatory effects caused by immune complexes of cross-reactive antibodies (Nelson, et al., 
2015; Zhang, et al., 2002).

The avidity of the cross-reactive antibodies is important in dictating antibody-mediated cell signaling in the 
brain (Kirvan, Swedo, Heuser, & Cunningham, 2003), or complement-mediated cytotoxicity on heart cells 
(Cunningham, et al., 1992; Mertens, Galvin, Adderson, & Cunningham, 2000). For example, see Figure 10, 
where cross-reactive mouse anti-streptococcal/anti-myosin mouse mAbs were compared for their binding 
avidity. The two mAbs that were cytotoxic for heart cells (mAb36.2.2 and mAb54.2.8) were found to have the 
highest avidity for cardiac myosin as shown in Figure 10 (mAbs 36.2.2 and 54.2.8 as shown farthest to the left in 
Figure 10). Antibodies can be cross-reactive without rendering disease consequences in the host, if their avidity 

Figure 8. Human Sydenham chorea 24.3.1 V gene expressed as a human V gene-mouse IgG1a constant region in Transgenic(Tg) mice 
targets dopaminergic neurons. Chimeric Tg24.3.1 VH IgG1a Ab expressed in Tg mouse sera penetrated dopaminergic neurons in Tg 
mouse brain in vivo. Colocalization of Tg 24.3.1 IgG1a (anti-IgG1a Ab, green left panel) and tyrosine hydroxylase antibody (anti-TH 
Ab, yellow middle panel). TH is a marker for dopaminergic neurons. The left panel shows IgG1a (FITC labeled), the center panel shows 
TH Ab (TRITC labeled), and the right panel is a merged image (FITC-TRITC). Brain sections (basal ganglia) of VH24.3.1 Tg mouse 
(original magnification 320), showing FITC labeled anti-mouse IgG1a (A), TRITC-labeled anti-TH Ab(B), and merged image (C). 
Controls treated with secondary antibody are negative. The figure is from Cox et al. (Cox, et al., 2013) and is used with permission.
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is not strong enough to dictate functional signaling, cytotoxicity of a host cell, or deposit in tissues. Most of the 
mAbs shown in Figure 10 are cross-reactive, but are without consequences (no cytotoxicity of heart cells) and 
may not be associated with disease (Mertens, Galvin, Adderson, & Cunningham, 2000), but the two most avid 
mAbs were cytotoxic for heart cells in culture (Cunningham, et al., 1992).

The presence of cross-reactive T cells in the host repertoire has been related to the recognition of antigen in the 
thymus where T cells that are too reactive with self antigens are deleted. Recent studies by Jenkins and colleagues 
suggest that cross-reactive T cells that recognize self and foreign epitopes with lower affinity are not deleted and 
remain in the T cell repertoire of the host, which predisposes the host to autoimmune disease after exposure to 
microbial antigens (Nelson, et al., 2015). Figure 11 shows the cross-reactivity of a T cell clone G4s from 
rheumatic carditis, which recognized M protein more avidly than cardiac myosin (Ellis, Li, Hildebrand, 
Fischetti, & Cunningham, 2005). The recognition of the streptococcal antigen more avidly than the host antigen 
is expected—but T cell clones which bind host antigen more avidly will become activated and produce the 
cytokines that lead to autoimmune consequences and disease in the host, as described above for the T cell clones 
passively transferred into Lewis rats (Kirvan, Galvin, Hilt, Kosanke, & Cunningham, 2014).

Figure 9. Simplified illustration of a potential pathogenic mechanism in Sydenham chorea. An antineuronal antibody (IgG) may bind 
to receptors on neuronal cells and trigger the signaling cascade of CaMKII, tyrosine hydroxylase and dopamine release which may 
potentially lead to excess dopamine and the manifestations of Sydenham chorea. The figure is from (Cunningham M. W., 2012; 
Cunningham M. W., 2006) and is used with permission.
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Acute rheumatic fever and its related autoimmune sequelae associated with group A streptococcal infections is 
complicated by several risk factors that contribute to disease, including repeated streptococcal infections, a host’s 
genetic susceptibility (such as HLA haplotype), and environmental aspects, which can include the interaction of 
host and streptococcus determining the outcome and disease. The same three risk factors are important in 
autoimmune diseases. The study of molecular mimicry in rheumatic fever has revealed interesting and plausible 
mechanisms and host-microbe relationships for both B and T cell responses in disease. Pathogenic mechanisms 
have been suggested and supported by disease-derived human mAbs (Galvin J. E., Hemric, Ward, & 
Cunningham, 2000; Kirvan, Swedo, Heuser, & Cunningham, 2003; Shikhman & Cunningham, 1994), human T 
cell clones (Ellis, Li, Hildebrand, Fischetti, & Cunningham, 2005), animal models of both rheumatic valvulitis 
(Quinn, Kosanke, Fischetti, Factor, & Cunningham, 2001) and Sydenham chorea (Brimberg, et al., 2012; Lotan, 
et al., 2014), and translation of the disease models back to the human to apply the findings directly to rheumatic 
fever and streptococcal sequelae.
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Figure 10. Comparison of binding avidity of antistreptococcal antibodies reactive to human cardiac myosin in the enzyme-linked 
immunosorbent assay. Highest avidity mAbs (36.2.2 and 54.2.8) were cytotoxic for rat primary heart cells (ATCC) in culture in the 
presence of complement (Cunningham, et al., 1992; Mertens, Galvin, Adderson, & Cunningham, 2000). The figure is from 
Cunningham et al. (Cunningham, et al., 1992; Mertens, Galvin, Adderson, & Cunningham, 2000) and is used with permission.
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