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Abstract: Acute rheumatic fever is a sequela of Streptococcus pyogenes and potentially of 

Streptococcus dysgalactiae subsp. equisimilis infections. Acute rheumatic fever is caused by 

destructive autoimmunity and inflammation in the extracellular matrix and can lead to rheumatic 

heart disease, which is the most frequent cardiologic disease that is acquired in youth. Although 

effective treatments are available, acute rheumatic fever and rheumatic heart disease remain 

serious threats to human health, which affect millions and cause high economic losses. This has 

motivated the search for a vaccine that prevents the causative streptococcal infections. A variety 

of potential vaccine candidates have been identified and investigated in the past. Today, new 

approaches are applied to find alternative candidates. Nevertheless, several obstacles lie in the 

way of an approved S. pyogenes vaccine for use in humans. Herein, a subjective selection of 

promising vaccine candidates with respect to the prevention of acute rheumatic fever/rheumatic 

heart disease and safety regarding immunological side effects is discussed.

Keywords: autoimmune disease, side effects, M protein vaccine, molecular mimicry, coiled-

coil, collagen binding, PARF

Burden of streptococcal infections and sequelae
Streptococcus pyogenes (group A Streptococcus) is a Gram-positive extracellular bac-

terial pathogen that causes a broad spectrum of diseases in humans. The spectrum of 

diseases ranges from rather uncomplicated pharyngitis and skin infections (impetigo, 

erysipelas) to scarlet fever and fatal invasive illnesses like necrotizing fasciitis and 

streptococcal toxic shock syndrome. Moreover, S. pyogenes causes the nonsuppura-

tive immune sequelae acute rheumatic fever (ARF) and acute post-streptococcal 

glomerulonephritis.1

During the last decades, mortality rates due to S. pyogenes infections in the world’s 

human population have decreased, particularly where socioeconomic conditions and 

access to medical care have improved. Still, despite the use of antibiotics, S. pyogenes 

remains a leading cause of high morbidity and mortality on a global scale. According 

to estimates of Carapetis et al, S. pyogenes is responsible for more than 700 million 

cases of purulent throat and skin infections, for 150,000 lethal invasive infections, 

and 1.8 million new cases of immune sequelae per year.2 The streptococcal immune 

sequelae alone claim another 350,000 human lives every year.2 About 18 million 

people are estimated to suffer from the consequences of ARF.2

ARF is an autoimmune disease that presents in a variety of manifestations. The 

most feared consequence of ARF is rheumatic heart disease (RHD), which is the 

most frequent cardiovascular cause of death in school children and young adults in 
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developing countries.2,3 In RHD, destructive autoimmune 

responses target the heart valve.4 The resulting damage 

leads to insufficient blood circulation, which severely 

affects the live quality and fitness of the patient. Very often, 

RHD progresses despite intensive anti-inflammatory and 

anti-congestive therapy. At later stages, valve replacement 

becomes the only viable therapeutic option.4

The highest prevalence of RHD in 5- to 14-year-old 

children is observed in developing and newly industrial-

ized countries, amounting to 5.7 cases per 1,000 population 

in sub-Saharan Africa and 2.2 cases per 1,000 population in 

south-central Asia.2 Even in industrialized countries, the 

prevalence is as high as 0.3 cases per 1,000 population.2 

The substantial impact of S. pyogenes on human health and 

the associated high economic losses have motivated a long, 

extensive, and continuous search for a vaccine; a search that, 

after more than half a century, has not yet led to a licensed 

product on the market that prevents S. pyogenes infections 

or their sequelae in humans.

ARF and RHD
Pathology of ARF and RHD
ARF is caused by autoimmune responses that rise during 

untreated or inadequately treated infection by S. pyogenes and, 

potentially, by Streptococcus dysgalactiae subsp. equisimilis 

(SDSE).5–7 Associations with genetic markers such as major 

histocompatibility complex antigen phenotypes suggest 

a genetic predisposition for ARF in some individuals.8–18 

Manifestations of ARF comprise arthritis, erythema, cardi-

tis, and neurological dysfunctions (Sydenham chorea).19,20 

 Neurological manifestation may cause or exacerbate pediat-

ric autoimmune neuropsychiatric disorders associated with 

streptococcal infection (PANDAS), a disorder that is not 

yet established as a unique clinical entity (Figure 1).21–23 As 

recently summarized by Tandon et al, the histopathology of 

ARF indicates that extracellular matrix (ECM) components 

are the common target of autoimmune responses in the vari-

ous manifestations of ARF. Most of the affected tissues heal 

completely after the acute episode of ARF and no visible dam-

age remains. However, about one out of three ARF patients 

develops RHD, in which the autoimmune responses damage 

the heart valves irreversibly. Most often the mitral valve, less 

often the aortic valve, and rarely the pulmonary or tricuspid 

valve is affected by RHD and the valvular degenerations are 

characterized by scarring and neovascularization.4

ARF often manifests itself in rheumatic carditis. 

 Rheumatic carditis often presents as a pancarditis that affects 

all three layers of the heart wall: endocardium, myocardium, 

and pericardium. Pathohistologically, rheumatic carditis is 

characterized by interstitial deposition of immunoglobulins 

and complement factors and by cellular infiltrates in the 

cardiac tissue.4,24 The cellular infiltrates contain macrophages 

and T-lymphocytes, particularly increased numbers of 

mature circulating T-helper cells (cluster of differentiation 

4+ T-cells).25–27 Ongoing inflammation in the affected heart is 

indicated by elevated levels of cytokines such as interleukin-1 

and interleukin-2, interferon-γ, tumor necrosis factor-α, and 

by higher amounts of the corresponding cytokine receptors.25 

T-cell autoimmunity starts with reactivity against dominant 

T-cell epitopes of autoantigens. Subsequently, degeneracy 

of antigen presentation by major histocompatibility complex 

molecules and degenerate recognition by the T-cell receptor 

Potential triggers of ARF

Mode of action

Autoimmunity

Target

Influenced by host
genetic background

Often after repeated
episodes of ARF

Failure in healing of the valve

Autoimmunity

Viscious cycle
of RHD

Inflammation

Tissue damage

Manifestations
– Rheumatic arthritis
– Rheumatic carditis
– Erythema
– Sydenham chorea
– PANDAS

Multisystemic autoimmunity and inflammation in ARF
Self-limited in most of the tissues and healing without residual damage 

Group A
carbohydrate

Shared epitopes
with host

glycoproteins  and
polysaccharides

Molecular
mimicry of host

coiled-coil
proteins

PARF-
dependent

collagen binding

Anti-collagen IV
(other collagens?)

Poly-reactive response
– Anti-GlcNAc
– Anti-coiled-coil (laminin, myosina, tropomyosina)

Extracellular matrix, basement membrane and cell surface receptors

M protein

Figure 1 Triggers and pathogenesis of ARF and RHD. 
Note: aProbably not a primary target in ARF pathogenesis as it is an intracellular 
protein.
Abbreviations: ARF, acute rheumatic fever; GlcNAc, N-acetylglucosamine; 
PANDAS, pediatric autoimmune neuropsychiatric disorders associated with 
streptococcal infection; PARF, peptide associated with rheumatic fever; RHD, 
rheumatic heart disease.
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lead to reactivity against a growing number of other auto-

epitopes, an effect that is known as epitope spreading and 

causes diversification of the autoimmune response.28–31

As in other manifestations of ARF, the histopathology 

of rheumatic carditis indicates that the ECM is the target of 

the causative autoimmune responses. In contrast to rheumatic 

carditis, the myocardium is spared in subsequent RHD and 

the degenerative processes are limited to the heart valves. 

While most of the other affected tissues heal completely after 

the acute episode of rheumatic fever, the ability of the heart 

valves to resolve the destructive processes of ARF appears 

to be limited. This could be the cause of RHD and its heart 

valve specificity (Figure 1).4

Streptococcal factors involved  
in ARF/RHD pathogenesis
A variety of streptococcal factors have been implicated in 

the molecular pathogenesis of ARF. This variety includes 

superantigens, the group A carbohydrate, the hyaluronic 

acid capsule, and the M protein.7 Superantigens trigger 

the exaggerated inflammation in acute invasive infections 

that contributes to streptococcal toxic shock syndrome.32–36 

Their mitogenic activity on T-lymphocytes may generate 

or shape the autoimmunity in ARF by expanding certain 

polyclonal populations of lymphocytes, if accompanied by 

a break of immune tolerance to autoantigens.32,37 However, 

since experimental evidence is missing, it remains specula-

tive whether superantigens are a specific cause of the autoim-

munity that is observed in the ECM of ARF/RHD patients. 

Investigations on experimental encephalomyelitis and 

collagen-induced arthritis indicate that superantigens may 

exacerbate or reactivate autoimmune reactions, but there are 

no indications that they trigger autoimmunity.38,39 Deposition 

of immunoglobulin and complement factors in the diseased 

heart indicates participation of humoral immune responses 

in ARF pathogenesis.24 Autoantibodies against collagen, 

cardiac myosin, heart valve glycoproteins, and antigens 

of the sarcolemma membrane circulate in ARF or RHD 

patients.5,25,40–44 Some of these autoantibodies cross-react with 

streptococcal products such as the group A carbohydrate, 

components of the bacterial cell membrane, or the surface-

located M protein.45,46 Antibodies against group A carbohy-

drate circulate in patients with rheumatic valvular disease.47 

These antibodies may contribute to autoimmunity and cardiac 

Table 1 Acute rheumatic fever vaccine candidates discussed in this review

Antigen Advantages Disadvantages Stage

Non-M protein vaccine
Group A carbohydrate64 Conserved in all Streptococcus pyogenes 

Prevents colonization in humans
Potential trigger of autoimmunity  
in humans42,47,48

Preclinical

C5a peptidase117–120 Potentially, high emm type coverage and cross-
protection against other streptococcal pathogens 
Not implicated in autoimmune side effects 
induced igA response in saliva in mice

None reported Preclinical

Type-specific M protein vaccines – N-terminus based
Hexavalent tandem  
antigen108,156,157

Protective in humans 
No autoimmunity observed

Low emm type coverage Successful in Phase i 
Clinical trial Phase ii 
Clinical trial completed

26-valent combination  
of tandem antigens 
(StreptAvax™)108,123,158

Protective in humans 
No autoimmunity observed

Limited emm type coverage Successful in Phase i 
Clinical trial Phase ii 
Clinical trial completed

30-valent combination  
of tandem antigens104,108,159

increased emm type coverage Limited emm type coverage  
despite bactericidal cross-reactivity  
against non-vaccine emm types

Preclinical

M protein vaccines – conserved C-repeat based
StreptinCor137–140 induced cellular and humoral responses, mucosal  

igA and systemic igG production in mice 
Cross-reaction against four non-vaccine  
M types shown 
No autoimmunity observed

Limits of emm type coverage not  
known

Preclinical

P145 and derivatives J8  
and J14143,160

Human antibodies against P145 cross-react with 
different emm types

Limited emm type coverage  
despite cross-reactivity

Preclinical

Multivalent J14i
106 Broader emm type coverage than monovalent  

C-repeat region vaccine
Limits of emm type coverage not  
known

Preclinical

Note: Preclinical refers to animal and/or natural human infection studies.
Abbreviation: ig, immunoglobulin.
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involvement as both group A carbohydrate and heart valve 

glycoproteins contain N-acetylglucosamine (GlcNAc), and 

thus share similar or identical epitopes.42 The GlcNAc mono-

saccharide subunit is a component of many N-glycosylated 

proteins and glycosaminoglycans, such as hyaluronic acid. 

As such, GlcNAc is ubiquitous in the host’s ECM, in the cell 

calyx, and on the cell surface. Thus, autoimmune responses 

against GlcNAc may contribute to the different manifesta-

tions of ARF in a variety of host tissues.

Notably, monoclonal anti-GlcNAc antibodies derived 

from ARF patients cross-reacted with M protein type 5 (M5) 

and M6.48 The M protein (Figure 2) is a cell-surface protein, 

major virulence factor, and immunological determinant of 

S. pyogenes and SDSE.49–51 Hypervariability in the N-terminal 

sequence of M protein is the basis for the Lancefield serologi-

cal division of S. pyogenes in M types. Nucleotide sequencing 

of the hypervariable portion of the emm gene, which encodes 

the M protein, has replaced serological M typing and is 

nowadays exploited for identification of different serotypes 

of S. pyogenes or SDSE and their division in emm types.52,53

M proteins dimerize to form thread-like molecules with 

extended α-helical coiled-coil regions.54,55 They share this 

structural feature with several host proteins such as α-keratin, 

human heart myosin, tropomyosin, and laminin. Such 

structural similarities are the basis for immunological cross-

reactivity with epitopes in streptococcal and host molecules 

which, known as a cause for autoimmunity, is referred to as 

molecular mimicry.56,57 This mimicry is considered as a trig-

gering step in ARF pathogenesis,58,59 which is supported by the 

finding that higher concentrations of cross-reactive antibodies 

circulate in the blood of ARF/RHD patients as compared to 

healthy individuals.60 Anti-coiled-coil autoantibodies from 

ARF patients differ in reactivity from anti-cardiac antibodies 

in post-cardiotomy or heart failure patients. This supports the 

notion that coiled-coil autoimmune responses are triggered 

by molecular mimicry and are a cause of carditis rather than 

being merely a consequence of the cardiac damage itself.20,61 

Monoclonal antibodies derived from ARF/RHD patients were 

polyreactive and bound to M protein, aforementioned human 

coiled-coil proteins, as well as GlcNAc.20,48 Antibodies with 

a similar reactivity could also be raised in mice by injection 

of S. pyogenes.62,63 Such polyreactive antibodies could play 

a crucial role in rheumatic carditis, as suggested by their 

cytotoxicity and tissue localization.20 Both group A carbo-

hydrate and M protein are potential triggers of the polyreac-

tive immune response. However, rabbits immunized with 

group A carbohydrate conjugated to tetanus toxoid have failed 

to mount such responses.64 While contribution of group A 

carbohydrate cannot be excluded, there is evidence for the 

induction of polyreactive responses by M protein.

Myosin cross-reactive antibodies recognize epitopes 

in M5, M6, and M19, which is indicative of molecular 

mimicry.65–69 The molecular mimicry hypothesis was further 

supported by isolation of cross-reactive T-cell clones from 

myocardial and valvular lesions of RHD patients70 that 

reacted with both M5 and cardiac myosin. However, the 

histopathological observations in rheumatic carditis do not 

support that cardiac myosin is a primary target for the autoim-

mune responses in ARF/RHD.4 Myosin and tropomyosin are 

coiled-coil proteins of the muscle and therefore are shielded 

by the sarcolemma of the myocyte. Thus, they are not acces-

sible to the extracellular immune system as long as the muscle 

cell is intact. This notion is in accordance with the fact that 

rheumatic carditis in ARF presents as an interstitial carditis 

with cellular infiltrates and fibrinoid degeneration.4

Histological signs of myocarditis are rarely observed 

and markers for myocardial damage, such as troponins 

and creatine kinase, are not significantly elevated in ARF 

patients.4,71,72 Therefore, instead of myosin, GlcNAc-

containing macromolecules and coiled-coil proteins in the 
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Figure 2 Schematic representation of the dimeric coiled-coil M protein on the 
streptococcal surface. N-terminal localization of the PARF motif and its consensus 
sequence are indicated. Sequence conservation between different M types increases 
in C-terminal direction. A hypervariable, variable, and conserved region can be 
distinguished and the M proteins comprise an A-, B-, C-, and D-repeat region as 
indicated. 
Abbreviation: PARF, peptide associated with rheumatic fever.
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ECM, basement membranes, or on the cell surface may be 

the primary targets of the polyreactive autoimmune responses 

in ARF. One prominent example is laminin that forms a 

triple-helical coiled-coil and is recognized by monoclonal 

antibodies from patients with rheumatic carditis.73 Taken 

together, there is both evidence for a limitation of autoim-

munity to extracellular structures in ARF and RHD4 and 

conclusive indications for molecular mimicry and resulting 

polyreactive immunity as one of the possible causes of the 

destructive autoimmunity (Figure 1).58,59

Role of collagen binding and the peptide 
associated with rheumatic fever  
(PARF) in ARF and RHD
So far, molecular mimicry is shown only for a limited num-

ber of M protein types including M5, M6, and M19.65–69 

S.  pyogenes isolates of M18 have, however, caused two sig-

nificant peaks of ARF incidence in Utah, USA.74,75 These iso-

lates produced and were thickly encapsulated by hyaluronic 

acid. Hyaluronic acid is not only produced by streptococci, 

this polysaccharide is also produced by mammalian cells 

and an abundant component of the human ECM. Because 

of this duality, it is tempting to speculate about a role of the 

hyaluronic acid capsule of S. pyogenes in the induction of 

autoimmunity. As a polysaccharide with repetitive epitopes, 

hyaluronic acid may crosslink B-cell receptors. This may 

activate specific B-cells as shown for other polysaccharides.76 

In connection with a break in immune tolerance, the clonal 

expansion and maturation of specific B-lymphocytes may 

lead to autoimmunity of hyaluronic acid and disease. 

 However, autoimmune responses specific for hyaluronic 

acid have not been demonstrated in patients with either 

ARF or RHD. In an alternative concept, the hyaluronic acid 

capsule is thought to bind and aggregate collagen on the 

streptococcal surface, evoking the production of collagen 

autoantibodies.44 Hyaluronic acid is also produced in high 

quantities by Streptococcus equi subsp. zooepidemicus,77,78 

which lacks rheumatogenic potential but causes acute 

post-streptococcal glomerulonephritis.79,80 Isolated from 

animal tissues or from S. equi subsp. zooepidemicus culture, 

hyaluronic acid is widely used as a cosmetic filler without 

immune complications. Thus, hyaluronic acid alone would 

seemingly not be sufficient to trigger an autoimmune disease. 

If capable of triggering autoimmunity, hyaluronic acid would 

apparently require a hitherto unknown cofactor.

Some M proteins trigger autoimmunity against collagen IV 

by binding to this ECM protein.43,44,81 Collagens of types I–IV 

are bound by different types of M proteins including S.  pyogenes 

M3 and M31 and M proteins of SDSE. These interactions 

depend on an (A/T/E)XYLXX(L/F)N octapeptide motif that, 

if present, is located in the N-terminal type-specific part of 

the M protein (Figure 2)43,81,82 and facilitates streptococcal 

colonization of the ECM.44,83 M3 and other collagen-binding 

M proteins that carry the (A/T/E)XYLXX(L/F)N motif trigger 

production of anti-collagen IV antibodies when injected into 

mice.43,44,81 Collagen IV is an important constituent of basement 

membranes that lie beneath and support the endothelia. This 

includes the endothelia that line the heart valves. Therefore, 

collagen IV is considered as a potential target of the autoim-

mune responses that lead to or aggravate valvular damage in 

RHD.4,43,44,81 Elevated titers of anti-collagen IV autoantibodies 

were found in ARF and RHD patients as compared to healthy 

individuals,43,44 implicating anti-collagen responses in ARF/

RHD pathogenesis. Therefore, the collagen-binding octapep-

tide motif was named PARF.43 Examination of human sera 

indicates that collagen autoimmunity is already induced after 

pharyngitis, before the onset of ARF. This suggests that the 

collagen autoimmune response is causative for the immune 

disease rather than a consequence of the tissue damage in 

ARF and RHD.7,44

Collagen autoantibodies that are produced by mice in 

response to injection of PARF-positive collagen-binding 

M proteins do not cross-react with the M protein. This indi-

cates that the autoimmune reactions against collagen, other 

than autoimmunity against coiled-coil proteins, are not caused 

by molecular mimicry. Instead, collagen-binding M proteins 

appear to alter the presentation of collagen as an auto-antigen 

in a hitherto unknown way, leading to a break in immune 

tolerance.43,44 The precise molecular mechanism by which 

PARF induces anti-collagen responses is not yet elucidated 

but may be based on conformational changes in the collagen 

molecule upon M protein binding. Goodpasture syndrome, 

a collagen IV autoimmune disease that affects the lungs and 

kidneys, is a proven example of a “conformeropathy”,84 and 

similar effects may play a role in ARF.

M proteins require PARF to endow streptococci with a 

high binding capacity for a variety of collagens, including 

collagen IV.82 Retrospectively, streptococcal emm types 

that bear collagen-binding M proteins with a PARF motif 

had a high epidemiological relevance. Based on a world-

spanning meta-analysis,85 type 3 was the most prevalent 

emm type (M3) that binds collagen via PARF, amount-

ing to 7% of the S. pyogenes isolates.82 Despite lacking 

a PARF motif, M1 binds collagens I and VI with high 

affinity and collagen IV with low affinity.86 The whole 

bacterial cells, however, have a low binding capacity 
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for collagens I and IV as compared to PARF-positive 

 streptococci (Nitsche-Schmitz, unpublished data, 2013). 

M1 binds collagen VI in a non-collagenous region, which 

suggests principal mechanistic differences as compared to 

the interaction between collagen and PARF. Until now it 

has not been studied whether M1 and other PARF-negative 

collagen-binding M proteins are able to trigger a collagen 

autoimmune response and, if so, whether these immune 

responses are associated with ARF/RHD (Figure 1). 

Hence, the epidemiological relevance of collagen-binding 

M proteins and collagen autoimmunity in the pathogenesis 

of ARF and RHD is not yet fully fathomed and may be 

even higher than currently estimated.82

Despite an increasing understanding of ARF pathogenesis 

(Figure 1), further research is needed to gain precise and 

comprehensive knowledge about the triggering factors of the 

disease, as this may pave the way to safe vaccines.

Role of SDSE in ARF
As in many other regions of the world, S. pyogenes is the pre-

dominant streptococcus isolated from pharyngitis – including 

tonsillitis – in the USA. This may be the reason why early 

epidemiological studies from the USA linked ARF to throat 

infections caused by S. pyogenes only.5,87 Notably, in certain 

high prevalence regions of ARF and RHD, throat infections 

with β-hemolytic streptococci have a different epidemiology 

from many other parts of the world. For instance, more than 

60% of the throat isolates that were taken from a popula-

tion of indigenous Australians in the Northern Territory of 

Australia belonged to the subspecies SDSE, exceeding the 

isolation rate of S. pyogenes.88

SDSE is the most frequent cause for group C and G 

streptococcal infections in humans.52,89 The spectrum of 

SDSE infections includes pharyngitis and skin infections 

and there are conceivable indications that infection with 

SDSE can also cause ARF.6,7 This subspecies caused 75% of 

the streptococcal pharyngitis cases that occurred in 1978 in 

Lagos, Nigeria, which is another high prevalence region for 

ARF/RHD.90 Both in Lagos and in the Northern Territory, 

S. pyogenes was the predominant species in skin infections. 

Such epidemiological observations from high prevalence 

regions are challenging the previous picture of ARF etiology 

that was limited to S. pyogenes pharyngitis. They suggest 

that either S. pyogenes skin infections, throat infections with 

SDSE, or both are also causative for ARF.6,7,43,91 Other than 

for throat infections,5,44 experimental or epidemiological evi-

dence that streptococcal skin infections cause autoimmunity 

or ARF is missing.

SDSE seems to bear an underestimated rheumatogenic 

potential. The vast majority of SDSE strains that colonize or 

infect humans carry M proteins like S. pyogenes.52,92 Mice 

mounted anti-myosin titers in response to injection of SDSE 

isolates from the human throat, most likely due to molecular 

mimicry of the M protein. This may be one reason for the high 

prevalence of ARF in the community of indigenous  Australians 

in which these isolates prevailed.6 Meta-analysis of emm typ-

ing data from three communities of indigenous  Australians 

revealed an overall rate of 5.9% SDSE isolates with a collagen-

binding PARF motif, which may be another cause for the high 

prevalence of ARF in these people.82,93 Rates of SDSE or 

S. pyogenes isolates with PARF-positive collagen-binding 

M proteins exceeded 10% in different geographic regions and 

in different periods of time.82

Despite the experimental evidence for triggers of ARF-

 associated autoimmunity in SDSE and indications for the 

high epidemiological relevance of SDSE throat infections 

in high incidence regions, the role of this streptococ-

cal subspecies in ARF requires further examination. In 

the meantime, SDSE should not be neglected as a potential 

cause for an autoimmune disorder that can cause severe 

cardiac complications.

The plethora of S. pyogenes emm 
types, their geographic distribution, 
and consequences for vaccine 
development
Due to hypervariability, the 5′-sequence of the emm gene 

is a valuable genotype marker for S. pyogenes. More than 

200 distinct emm types are known and recorded in the database 

of the Centers for Disease Control and Prevention (Atlanta, 

GA, USA; ftp://ftp.cdc.gov/pub/infectious_ diseases/biotech/

tsemm/). Emm typing studies from all over the world describe 

the plethora of genetically diverse S. pyogenes bacteria and 

their geographic distribution.85 In addition, whole genome 

sequencing has shed light on marked genetic differences that 

occur even between S. pyogenes bacteria of the same emm 

type.94–96 Pathogenomics of S. pyogenes suggests associations 

between genotypes or clones and the clinical manifestations of 

the infections.94,95,97,98 However, many of the reported correla-

tions between genetic markers and the clinical picture remain 

ambiguous,99 such as the concept of rheumatogenic M types. 

Based on the prevalence of M1, M3, M5, M6, M18, M19, 

and M24 in endemic outbreaks of ARF in the USA, it was 

suggested that the rheumatogenic potential of S. pyogenes is 

limited to these and a few other M types.100 Worldwide emm 
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typing data do not support this concept, as the previously 

identified rheumatogenic M or corresponding emm types are 

rare in some of today’s high prevalence regions for ARF/RHD, 

where the emm type distribution is more diverse and not clearly 

dominated by certain emm types.99,101 Consequently, there is no 

general epidemiological basis upon which rheumatogenic emm 

types can be selected as targets for a potential ARF-specific 

vaccine. Still, the presence of rheumatogenic factors may be 

limited to certain streptococcal strains and development of 

a specific vaccine against the rheumatogenic infections may 

become feasible with a comprehensive knowledge of these 

factors and their distribution in streptococci.

A more attractive alternative lies in the development 

of general vaccines that cover all S. pyogenes bacteria and 

reduce both the burden of streptococcal sequelae and inci-

dence of acute severe infections. A meta-study on world-

spanning emm typing data of S. pyogenes, which comprised 

102 datasets about 38,081 isolates, identified emm1 (18.3%) 

as the most common emm type worldwide followed by 

emm12 (11.1%), emm28 (8.5%), emm3 (6.9%), and emm4 

(6.9%). However, emm type distribution differed consider-

ably by region and by infection manifestation.85 Analysis 

of emm typing data from 16 countries revealed a bimodal 

distribution of Simpson’s reciprocal index (SRI), which 

is a measure for the genotypic diversity and evenness of 

the genotype distribution.99 According to Smeesters et al, 

the countries could be divided into three groups based on 

emm type diversity and shared emm types. The first group 

comprised Japan, Korea, Mexico, and countries of North 

America and Western Europe, where emm type diversity 

was low (SRI 8–13) and the spectrum of emm types similar, 

with only a few predominating types. China and countries 

from Eastern Europe formed a second group of countries with 

low emm type diversity (SRI 10–12) and differing from the 

first group in the predominant emm types. The third group 

consisted of Brazil, Ethiopia, Israel, India, Nepal, Australia, 

and Fiji, thus comprising current high prevalence regions of 

ARF/RHD. Emm type diversity was high (SRI 27–50) and no 

predominant emm types were observed in countries of this 

group. Moreover, circulating emm types differed between the 

countries of the third group and from the emm types found 

in the first two groups. Taken together, emm typing suggests 

that an effective S. pyogenes vaccine would have to protect 

against a vast and region-specific variety of genotypes. 

Development of such a vaccine may be particularly difficult 

in countries of Smeesters et al’s third group that comprises 

high prevalence regions for ARF/RHD and shows the highest 

genotypic variety of the targeted pathogen.99

Probably driven by natural immunity to reinfection with 

S. pyogenes of the same emm type and by emergence of 

clones with increased fitness, the regional distribution of emm 

types is highly dynamic.102,103 This is another issue that has to 

be considered in vaccine development. Replacement of type 

emm1 by emm6 was observed within a short period of time 

in a semi-closed community in the USA. On the one hand, 

this observation highlights the type specificity of protective 

responses to natural infection, indicating that reactivity 

against conserved antigens of the streptococcal surface plays 

a minor role in natural immunity against S. pyogenes. On the 

other hand, replacement of vaccine emm types by other newly 

developing emm types or by expanding clones of non-vaccine 

emm types that are already present in the geographic region 

or introduced by traveling humans, could lead to a short-lived 

protection by type-specific vaccines.99,103

Emm typing has delivered and continues to deliver valu-

able information for vaccine development.

Demands and obstacles  
in the development of a  
vaccine against ARF
The obstacles in the development of S. pyogenes vaccines 

in general comprise the enormous antigenic variation in 

S. pyogenes. This variation limits the number of conserved 

protective antigens. Consequently, it is difficult to cover 

the whole variety of circulating S. pyogenes with a vaccine. 

However, two approaches may help overcome this problem. 

One is the combination of different antigens in a vaccine 

formulation, a multivalent vaccine. Another approach is the 

design of a region-specific vaccine that is tailored to target 

the circulating S. pyogenes serotypes in a defined geographic 

region. However, due to the spatiotemporal dynamics of 

streptococcal populations, the protective effect of region 

specific vaccines would only be predicted to be short-lived 

(see The plethora of S. pyogenes emm types, their geographic 

distribution, and consequences for vaccine development). 

This would create a need for regular surveillance and frequent 

redevelopment of the vaccines, which may be difficult to 

support financially.

A vaccine that prevents ARF would have to induce bac-

tericidal immune responses that eradicate the streptococcus 

early during infection or colonization, ie, by induction of 

mucosal immunity. Early elimination of the rheumatogenic 

bacteria may prevent the adaptive immune system from 

mounting autoimmune responses and minimize transmission 

of the pathogen. Other vaccines, however, that act against the 

acute infection by blocking secreted streptococcal virulence 
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factors but do not evoke bactericidal immune responses, may 

fail to protect against ARF. In the absence of pre-existing 

bactericidal immunity, prolonged exposure of the infecting 

streptococcus to the adaptive immune system may provoke 

rheumatogenic autoimmune responses.

Some of the antigens that confer satisfactory protective 

immunity are known or suspected rheumatogenic factors. 

This is another obstacle in the development of streptococcal 

vaccines. Some of the vaccines exploit the immune responses 

against M protein (see M protein-based vaccines) that protect 

humans against reinfection with streptococci of the same or 

a cross-reacting M type.104–106 Notably, after a vaccination 

trial with a crude preparation of M3, three out of 21 human 

 vaccinees developed ARF or ARF-like symptoms.107 Although 

it cannot be excluded that other streptococcal factors in the 

vaccine preparation were involved in causing these side effects, 

it is most likely that the collagen-binding PARF motif in M343,82 

was the triggering factor. M5, M6, and M19 do not contain a 

PARF motif, but do have rheumatogenic structures that exert 

molecular mimicry. Design of a safe ARF vaccine will use 

the antigens that induce the desired protective response and 

omit the structures that induce autoimmunity, which in case 

of the M protein reside on the same molecule.

The development of S. pyogenes vaccines is also ham-

pered by the lack of suitable animal models with sufficient 

prediction accuracy regarding vaccine efficacy in humans. 

The deficits of existing animal models are explained with the 

specificity of S. pyogenes for the human host and resulting 

shortcomings in mimicking the colonization and patho-

genesis observed in humans.108,109 These deficits of animal 

models also affect the risk assessment for autoimmune 

complications caused by streptococcal vaccines, which is an 

important issue. Suitable animal models that fully reflect the 

underlying host factors and the pathogenesis of ARF would 

be required. However, given the potential complexity of 

this immune disorder, such models thus far seem to be out 

of reach. Therefore, available data from trials on humans as 

well as data from natural streptococcal infections and their 

sequelae in humans are of utmost importance for research 

on S. pyogenes vaccines.

Vaccine development
During the last decades a variety of potential vaccine antigens 

such as M protein derivatives, C5a peptidase, group A carbo-

hydrate, streptococcal fibronectin binding proteins SfbI and 

FbaA, and many other streptococcal products have been under 

investigation. The current status of S. pyogenes vaccine devel-

opment, in general, has been recently described by others.108,109 

Herein, a subjective selection of promising vaccine candidates 

with respect to prevention of ARF/RHD and safety regarding 

immunological side effects is discussed (Table 1).

Non-M protein vaccines
Group A carbohydrate
As indicated by its alias “group A Streptococcus”, S.  pyogenes 

carries carbohydrate antigens of the serological Lancefield 

group A.110 Immunization with the group A carbohydrate 

promises 100% emm type coverage as it is a component of all 

known S. pyogenes strains. Human antibody titers against the 

group A carbohydrate increase with age and the antibodies 

promote phagocytosis of S. pyogenes of various genotypes.111 

Moreover, increased antibody titers against group A carbo-

hydrate correlate with absence of S. pyogenes colonization 

in healthy children.64 Anti-group A carbohydrate antibodies 

raised in rabbits provided passive protection in a mouse chal-

lenge model and when mice were immunized with group A 

carbohydrate conjugated to tetanus toxoid, using alum as 

adjuvant, the animals were protected from death when chal-

lenged with S. pyogenes strains of two different M types. 

Oral colonization of the immunized mice by an intranasally 

applied M3 isolate was also reduced.64 Based on these data, 

the group A carbohydrate appears to be a suitable vaccine 

candidate. However, as described above, the streptococcal 

group A carbohydrate may be a rheumatogenic factor of 

streptococci because immune responses against this antigen 

may cross-react with human tissue.42,47,48 To investigate the 

potential of group A carbohydrate to trigger autoimmunity, 

rabbits were immunized with the tetanus toxoid conjugate 

vaccine and Freund’s adjuvant. Neither immunohistological 

experiments on human tissues, nor enzyme-linked immuno-

sorbent assays with suitable mammalian proteins revealed 

cross-reactivity with human antigens in the antisera of the 

immunized rabbits.64 Despite these encouraging results, more 

studies are needed to assess the safety of this vaccine.

C5a peptidase
Streptococcal C5a peptidase A (SCPA) is a 130 kDa 

sortase-anchored surface protein of S. pyogenes. It cleaves 

the anaphylatoxin C5a of the complement cascade, thereby 

acting as an anti-phagocytic factor.112,113 Moreover, SCPA 

mediates internalization of S. pyogenes by epithelial cells.114 

An SCPA-deficient mutant of S. pyogenes was cleared more 

rapidly in mouse models of subdermal and nasopharyngeal 

infection than the isogenic wild-type strain that expressed 

SCPA, indicating that SCPA is important for streptococcal 

virulence.115 Homologous C5ase enzymes are also produced 
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by groups B, C, and G streptococci.116 For instance, the amino 

acid sequence of SCPB is 95%–98% identical to SCPA. 

Thus, an SCPA vaccine may provide cross-protection against 

infections with other pathogenic β-hemolytic streptococci.117 

Following intranasal application of a non-adjuvant inactive 

variant of SCPA, mice produced strong serum immunoglobu-

lin A and immunoglobulin M responses and SCPA-specific 

immunoglobulin A in saliva.118 Immunized animals cleared 

S. pyogenes more rapidly than the control group and cross-

protection across four different M serotypes was observed. 

An injectable, adjuvant formulation of SCPA induced 

high titers of SCPA-specific serum immunoglobulin G in 

immunized mice, which also cleared intranasally inoculated 

M1 or M49 S. pyogenes more efficiently than the control 

mice.119 A SCPA vaccine could cover the great majority of 

S. pyogenes strains as SCPA is carried by most – if not all – 

isolates.120 Interestingly, SCPA has not yet been implicated 

in the induction of autoimmunity.

Streptococcal protective antigen (Spa)
As indicated by its name, Spa is capable of inducing protec-

tive immune responses and production of bactericidal anti-

bodies in mice. Located on the streptococcal surface, it serves 

as a virulence factor that acts against phagocytosis. Spa or 

Spa-like proteins were detected on the surface of 25 out of 

70 tested S. pyogenes serotypes, suggesting a considerable 

coverage of a potential Spa vaccine.121 In vitro opsonization 

experiments suggest that immune responses against Spa 

from M18 may also protect against S. pyogenes of M3 and 

M28.122 An N-terminal fragment of Spa is a component of 

the M protein-based vaccine StreptAvax™ (ID Biomedical 

Corporation, Laval, QC, Canada), which has completed a 

Phase I clinical trial (see Multivalent type-specific M protein 

vaccine).123 Up to 95% identity to M-like protein of S. equi 

subsp. zooepidemicus, prediction of a long central coiled-coil 

region in Spa by Paircoils2 (data not shown), and a C-terminal 

sortase-dependent cell wall anchoring domain indicate that 

Spa is an M-like protein.

Superantigen vaccines
Inactive variants of superantigen pyrogenic exotoxin A and C 

evoked neutralizing antibody responses against these toxins. 

Immunization with these toxoids protected rabbits that were 

challenged with the respective isolated superantigen in 

models of streptococcal toxic shock syndrome.124,125 During 

streptococcal infection, immune responses against superan-

tigen pyrogenic exotoxin A and C may protect from the 

toxic effects of the secreted superantigens, but may not be 

bactericidal. As the role of superantigens in the pathogenesis 

of ARF/RHD remains unclear, their value as antigens for a 

vaccine against these sequelae is questionable.

M protein-based vaccines
The M protein is a promising vaccine candidate both because 

it is an abundant protein on all S. pyogenes bacteria that 

infect humans and because it elicits a protective immune 

response after natural infection or vaccination.106,123,126,127 

However, developers of M protein-based vaccines have to 

cope with two major difficulties. One is the vast variety of 

serologically distinct M types, ensuing from the hypervari-

ability in the N-terminal sequence of the M protein. Another 

is the implication of M proteins as triggering factors in ARF 

pathogenesis.7,59

Despite these hurdles, the development of M protein-based 

vaccines has made impressive progress. M protein-based 

vaccines are among the few that have been tested in humans 

and have undergone clinical trials.108,109,123 In early studies, 

immunization of humans with purified full-length M1, M3, or 

M12 induced type-specific titers and reduced the colonization 

of the vaccinees by S. pyogenes.128–130 Purified M proteins were 

better tolerated by adult volunteers than earlier whole-cell vac-

cines. However, a trial with partially purified M3 raised serious 

concerns about the safety of full-length M protein vaccines 

in children. While reinfection of the vaccinated children with 

S. pyogenes was markedly reduced, it was associated with a 

tenfold higher incidence of ARF as compared to the control 

group.107 Considering the ability of M proteins to trigger 

autoimmunity7,59 the most likely explanation for the immuno-

logical complications after immunization with full-length M3 

are the rheumatogenic properties of this molecule. Notably,  

none of the vaccinees was reinfected by M type 3. Perhaps 

reinfection exerts co-stimuli that are required in M3 protein-

dependent ARF. After the observation of side effects, trials 

with full-length M proteins have ceased, but a comprehensive 

knowledge about the rheumatogenic motifs and an elaborated 

antigen design may allow the exclusion of the sequence motifs 

of the M protein that trigger an autoimmune disease and to 

make use of the epitopes that evoke protective responses.

Multivalent type-specific M protein vaccine
An obvious approach for minimizing the risk of inducing 

autoimmune disease by an M protein vaccine is to separate the 

desired antigenic parts of the molecule that evoke protective 

responses from the ones that trigger autoimmunity. Most of 

the motifs that have been implicated in molecular mimicry are 

located between the A- and C-repeat region of M protein.131 
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Therefore, current approaches to M protein-based vaccines 

are focused on the more N-terminal and C-terminal parts 

of this molecule.106,108 However, PARF motifs are located in 

the N-terminal hypervariable region of collagen binding M 

proteins (Figure 2).82 Natural immunity against S. pyogenes 

infections increases with age and protects against reinfection 

with streptococci of the same or a cross-reacting emm type, 

thus is type specific.103,126,127 The N-terminal part of the M 

protein contributes to type-specific immunity as protective 

immune responses are directed against this hypervariable part 

of the bacterial surface protein.132 A prototype hexavalent 

vaccine that combined short N-terminal sequences of six 

different emm types in tandem arrangement and a further 

developed 26-valent vaccine named StreptAvax underwent 

preclinical and Phase I and II clinical trials.108 The vaccines 

were well-tolerated by adult volunteers with frequent but 

mild and self-limited adverse reactions. Neither ARF nor 

acute post-streptococcal glomerulonephritis was diagnosed 

after vaccination.123  Immunization with StreptAvax increased 

human serum antibody titers against all of the emm types 

that were included in the vaccine. Moreover, the sera were 

bactericidal against all of these emm types. StreptAvax was 

designed to cover the predominant emm types in invasive 

infections and pediatric pharyngitis as identified by a study 

in the USA. Types that were found associated with ARF 

were also included. Furthermore, StreptAvax contains the 

N-terminal sequence of Spa as a 27th antigen (see Strepto-

coccal protective antigen). The Phase I clinical trial proved 

the efficacy of StreptAvax against the targeted emm types.123 

With the aim of increasing the coverage within the plethora of 

different emm types, a 30-valent vaccine has been designed 

and subjected to preclinical tests. Immunized rabbits devel-

oped increased titers of bactericidal antibodies against the 

30 emm types that were targeted by the vaccine. Beyond that, 

bactericidal cross-reactivity with 24 out of 40 non-vaccine 

emm types was observed, indicating that the actual emm type 

coverage of multivalent M protein vaccines (actual coverage) 

is much higher than the rate of the vaccine emm types in 

the respective S. pyogenes population (estimated emm type 

coverage).104 Still, in light of low emm type coverage rates 

in regions with a high prevalence of ARF/RHD,101,104 the 

30-valent type-specific vaccine in its current version may 

not be suitable to combat these diseases in their geographic 

“hot spots”. Emm type distribution is known to differ largely 

between geographic regions and over time (see The plethora 

of S. pyogenes emm types, their geographic distribution, and 

consequences for vaccine development).82,85,99,101–103 Thus, 

type-specific M protein vaccines would have to be tailored 

individually for different geographic regions and regularly 

redeveloped to follow the rapid changes in the emm type 

distribution.

A risk of introducing unknown rheumatogenic factors into 

the vaccine would go along with the continuous changes in 

the antigen composition of type-specific M protein vaccines. 

For instance, some types of M proteins are predicted to form 

N-terminal coiled-coils (Figure 3). Unfortunately, too little 

is currently known to exclude the risk of molecular mimicry 

by such N-terminal type-specific fragments. An already 

existing risk factor is the PARF motif in the emm3-specific 

part of StreptAvax and of the 30-valent vaccine. As part of 

an intact dimeric M protein, this motif binds collagen and 

triggers autoimmunity against this host protein (see Role of 

collagen binding and the peptide associated with rheumatic 

fever [PARF] in ARF and RHD). However, recent findings 

indicate that the presence of a PARF motif alone may not 

be sufficient for collagen binding and may depend on the 

integrity of the motif within the M protein structure.82 To 

date, it is not published whether the emm3-containing anti-

gen of StreptAvax is binding to collagen or if StreptAvax 

has been tested for the induction of collagen autoimmunity 

in an established assay.

The Phase I clinical trial did not indicate a rheumatogenic 

potential of StreptAvax in 30 adult volunteers123 despite the 

presence of PARF in one of the vaccine antigens. However, 

the risk assessment remains difficult. The ARF vaccine needs 

to be safe for use in children who might react differently to 

adults. ARF is rare in early childhood and most frequent in 

late childhood before adolescence. Episodes of ARF rarely 

occur in adults. Notably, immune complications that were 

noted in three out of 21 children after vaccination with 

full-length M3, which is a frequent PARF-positive M type, 

occurred only after reinfectiona by streptococci.107 Thus, rein-

fection with streptococci after vaccination could be critical 

for occurrence of the autoimmune side effects. The rates of 

streptococcal reinfection in adult volunteers under the Phase I 

clinical trial with StreptAvax are not known to the authors, 

but streptococcal sore throat is known to be more frequent 

in children as compared to adults. More data are expected 

from the Phase II clinical trial with StreptAvax, but are not 

yet available.

As M3 is one of the most frequent M types in the 

world85 and a trigger of ARF,44,131 it needs to be targeted by 

S. pyogenes vaccines. However, there is a remaining risk 

of evoking autoimmune disease by the PARF motif in the 

emm3-specific part of vaccine antigens. The development of 

multivalent type-specific M protein vaccines will benefit from 
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the growing knowledge on PARF and other streptococcal 

factors that cause ARF. This knowledge will help to reduce 

the risk of side effects, thus the costs of development of 

the type-specific M protein vaccines. This is of particular 

importance since continuous adaptation of these vaccines 

to the region specific and dynamic emm type distribution 

will be necessary.

CCR vaccines
Using conserved regions of the M protein in a streptococcal 

vaccine promises higher cross-protection, thus higher emm 

type coverage than type-specific vaccines. This has led the 

conserved CCR into the limelight of S. pyogenes  vaccine 

development. Although antibodies against this region 

are not opsonic,133,134 immunization with peptides of the CCR 

protected mice that were challenged with S. pyogenes of a 

different M type.133,135,136

Identification of the immunodominant T- and B-cell 

epitopes in the CCR of M5 yielded a 55 amino acid vaccine 

antigen named StreptInCor.137,138 In preclinical experiments, 

immunization with StreptInCor evoked immune responses 

in mice that cross-protected from lethal infection with 

S. pyogenes of M1.139,140 No signs of molecular mimicry or 

autoimmunity were observed in these preclinical experiments, 

indicating that StreptInCor could be a safe vaccine antigen.

In addition, a 20 amino acid peptide within the CCR, 

named p145, has been identified as a potential vaccine 

antigen.141 A high proportion of people living in areas with 

high prevalence rates of ARF and RHD had increased titers 

of antibodies against p145 in their sera.142 Subsequently, a 

minimal B-cell epitope was identified within p145 that did not 

contain any T-cell epitopes.143 Based on the theory that rheu-

matic valvulitis is predominantly T-cell mediated,144–146 the use 

of such an antigen in a vaccine is thought to minimize the risk 

of inducing autoimmunity.143 The minimal T-cell epitope is part 

of peptide J14, a derivative of p145. J14 carries heterologous 

flanking regions to retain the α-helical structure of the internal 

M protein epitope J14
i
. Vaccination with J14 conjugates pro-

tected mice from intraperitoneal and intranasal challenge and 

led to production of bactericidal antibodies.106,141,143,147–149

To increase the serotype coverage, common J14
i
  variants 

were identified that represent 77 different emm types.  Antigen 

SV1 that was composed of seven J14
i
 modules of five J14

i
 

variants evoked production of bactericidal antibodies in mice 

that killed heterologous S. pyogenes serotypes in vitro.106 As 

for the multivalent type-specific vaccines, the available data 

do not yet exclude autoimmune side effects, despite promising 

preclinical testing. The strength of the CCR-based vaccine is 

the use of less and similar antigen modules to cover the variety 

of S. pyogenes serotypes. This lowers the risk of including 
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rheumatogenic factors in the initial design and potentially 

required redesign of a multivalent CCR-based vaccine.

Modern approaches in the search  
for alternative vaccine candidates
Considering the difficulties described in the Vaccine develop-

ment section, the development of S. pyogenes vaccines could 

benefit from the identification of novel vaccine candidates. 

The last decades have witnessed a number of technological 

advances that can be exploited in the search for new effec-

tive antigens. Bioinformatics reveal the complete inventory 

of potential vaccine candidates by analyzing whole genome 

sequences of S. pyogenes. Several bioinformatics tools are 

available to predict B-cell epitopes, signal peptides for extracel-

lular secretion, transmembrane regions, and sortase-dependent 

cell wall anchoring motifs of S. pyogenes proteins. This is 

used to identify the potential surface-located antigens, suitable 

for use in a vaccine.150–152 Lei et al compared the S. pyogenes 

genomes of six different emm types, thereby identifying highly 

conserved putative lipoproteins as vaccine candidates. These 

proteins were immunogenic during human and animal infec-

tions.153 Transcriptome or proteome data are used to limit the 

variety of potential surface molecules to the ones that are actu-

ally synthesized or present under relevant conditions. The use 

of genome, transcriptome, and proteome data for identification 

of vaccine antigens is known as “reverse vaccinology”154 and 

has led to the discovery of new candidate antigens for S. pyo-

genes vaccines.150–152,155 Reverse vaccinology reduces the time 

and costs for the identification of vaccine candidates and can 

be successful where conventional approaches have failed.

Conclusion
Particularly in less developed regions of the world, RHD 

remains the major cardiologic disease in the young and 

middle age population despite the availability of effective 

antibiotics to treat the causative infections and ARF. Thus, 

an effective vaccine against the causative infection is a 

valuable alternative to meet this continued threat to human 

health that has declined in the last few decades but is still far 

from being eliminated. Several vaccine candidates have been 

identified in the past and modern approaches of reverse 

vaccinology have identified more. Despite early and severe 

setbacks in the development of M protein-based vaccines, 

they have remained among the most promising candidates. 

Two major obstacles lie in front of the aim of a safe and 

effective S.  pyogenes vaccine. One is the vast serologi-

cal diversity of S. pyogenes that is difficult to cover even 

with multivalent vaccines. The other one is the difficulty 

to foresee immunological side effects of M protein-based 

 vaccines. This requires a more comprehensive knowledge 

of the streptococcal triggers of autoimmunity and animal 

models with sufficient predictive power. Both are not yet 

satisfactory. Last but not least, evidence is accumulating that 

SDSE is rheumatogenic and may also have to be targeted by 

the ARF vaccine. Taken together, the growing knowledge on 

the diversity of rheumatogenic streptococci and the strepto-

coccal triggers of autoimmunity could guide the development 

of safe and effective vaccines against ARF.
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