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Background. The concept that a minority of group A streptococcus (GAS) emm types are more “rheumatogenic” than others has 
been widely disseminated. We aimed to provide a comprehensive list of acute rheumatic fever–associated GAS isolates and assess the 
presence of associated rheumatogenic motifs.

Methods. Articles reporting GAS emm-type or emm-type–specific antibody responses associated with rheumatic fever were 
identified from 1 January 1944 to 31 July 2018. The revised Jones criteria were used to define rheumatic fever with a maximum period 
of 4 weeks between disease onset and microbiological characterization. A database of 175 representative M-protein sequences was 
used to analyze the protein diversity of rheumatic fever–associated strains in a phylogenetic tree and to identify the presence of 10 
previously recognized rheumatogenic motifs.

Results.  We included 411 cases of rheumatic fever, for which microbiological characterization identified 73 different emm types 
associated with the disease. The classic rheumatogenic emm types represented only 12.3% of the 73 emm types and were responsible 
for 31.6% of the 411 clinical cases. Rheumatic fever–associated emm types were disseminated throughout the phylogeny, suggesting 
they belong to various genetic backgrounds. Rheumatic fever–associated motifs were present in only 15.1% of the rheumatic fever–
associated emm types and only 24.8% of clinical cases.

Conclusions.  The concept of rheumatogenicity should be extended to include strains other than those classically described. 
Our results highlight significant knowledge gaps in the understanding of rheumatic fever pathogenesis and suggest that a GAS vac-
cine candidate should offer broad coverage against a variety of GAS genetic variants in order to protect against this serious sequela.

Keywords. Streptococcus pyogenes; rheumatic fever; pathogenesis; vaccine.

Acute rheumatic fever and rheumatic heart disease remain 
major public health issues, collectively affecting 33 million 
people and causing 319  400 deaths worldwide in 2015 [1]. 
Throat infection with Streptococcus pyogenes (group A  strep-
tococcus; GAS) causes an autoimmune response that leads to 
rheumatic fever and, secondarily, to rheumatic heart disease 
[2–4]. The available data from low- and middle-income coun-
tries (LMIC) support the hypothesis that GAS impetigo also 
plays a role in the pathogenesis of rheumatic heart disease [5]. 
In LMIC, rheumatic heart disease remains the principle cause 
of acquired heart disease in children, adolescents, and young 
adults. In 2018, the World Health Assembly called for renewed 
action to control rheumatic fever and rheumatic heart disease, 

including through acceleration of the development of a vaccine 
against GAS [6].

The autoimmune response that occurs during rheumatic fever 
appears to be mediated through molecular mimicry after a GAS 
throat infection in a predisposed individual [2–4]. In Oceanic 
populations, 2 recent genome-wide association studies identified 
potential host genetic susceptibilities [7, 8]. It has been generally 
accepted that only a limited number of GAS strains can trigger 
rheumatic fever [3, 9, 10]. These so-called “rheumatogenic” GAS 
strains are proposed to harbor key virulence determinants that 
induce an auto-immune reaction, while nonrheumatogenic 
strains do not [11]. The concept of rheumatogenicity has been 
widely disseminated in research, publications, and textbooks 
and has also had an impact on GAS vaccine development [3, 12].

Components of the M protein, a key GAS surface protein, 
and the group A  carbohydrate antigen (N-acetyl-beta-D-
glucosamine) are postulated to lead to molecular mimicry with 
human cardiac myosin and laminin on heart valves [2–4]. The 
antigenic structure of the group A carbohydrate does not vary 
across GAS strains and, therefore, is unlikely to explain the spec-
ificity of the rheumatogenic concept. More than 230 different M 
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proteins have been described worldwide, potentially explaining 
variable capacity to induce rheumatic fever [13].

The epidemiologic surveillance of strains associated with GAS 
diseases, including rheumatic fever, is mostly based on M-protein 
analyses [14]. M-protein serotyping using rabbit sera was the 
original method of GAS typing in the 1950s, but was super-
seded by a polymerase chain reaction method (emm typing) 
and the associated functional classification of GAS (emm-cluster 
typing) [15–17]. Historically, a group of ten emm types have been 
epidemiologically associated with rheumatic fever (so-called 
classic rheumatogenic emm types): emm1, emm3, emm5, emm6, 
emm14, emm18, emm19, emm24, emm27, and emm29 [18].

There are 2 main theories that have been proposed for the 
auto-immune mechanism mediated by the M protein. First, 
M-protein epitopes may act to prime the immune system 
against heart proteins. GAS M protein contains antigenic 
epitopes similar to human cardiac myosin and laminin [19, 20]. 
Monoclonal antibodies against these antigens, derived from pa-
tients with rheumatic fever, cross-react with human myosin and 
valvular endothelium [21]. In a Lewis rat model of rheumatic 
fever, the passive transfer of M protein–specific T cells into a 
naive host initiated valvulitis, and immunization with recombi-
nant M protein induced autoantibody formation and valvulitis 
[22]. This theory suggests that the rheumatogenicity of some 
strains correlates with the presence of rheumatogenic motifs 
on specific emm types [2–4]. In the literature, 9 rheumatogenic 
motifs have been widely proposed (Supplementary Methods; 
Supplementary Table S1) [20, 23, 24]. A  recent genome-wide 
association study identified risk haplotypes concordant with 
several of these motifs [8].

Second, the complex of Type IV collagen bound to M protein 
may also trigger an autoimmune cascade. It has been proposed 
that the presence on the M protein of the collagen-binding 
motif peptide associated with rheumatic fever (PARF) leads to 
anticollagen antibodies that attack the subendothelial and per-
ivascular connecting tissues, resulting in the inflammation of 
heart valve tissue [24, 25]. These antibodies have been detected 
in the sera of patients with rheumatic fever, but do not induce 
valvulitis in animal models [4].

We aimed to identify the GAS strains associated with rheu-
matic fever worldwide. We also aimed to analyze the genetic 
diversity of M protein of these strains, and the presence of 
rheumatogenic motifs. These data would have implications for 
future efforts to understand the pathophysiology of rheumatic 
fever and rheumatic heart disease, and for the formulation of 
GAS vaccines to ensure the coverage of strains known to be as-
sociated with rheumatic fever.

METHODS

We performed a systematic review of published clinical cases of 
rheumatic fever for which the associated emm type was avail-
able, and used this data set to do a genetic analysis of their 

associated M proteins, as well as an analysis of the presence of 
associated rheumatogenic motifs.

Data Sources

We searched all articles in the Pubmed, Medline, and Embase 
databases from 1 January 1944 (publication date of the orig-
inal Jones criteria for diagnosis of rheumatic fever) [26] to 31 
July 2018 for studies of rheumatic fever (Figure 1), following 
preferred reporting items for systematic reviews and meta-
analyses (PRISMA) statement [27]. We also reviewed the gray 
literature, including abstracts from the Lancefield Symposia 
on Streptococci and Streptococcal Infections, 1990 to 2017. 
Articles were analyzed by 2 independent authors, with review 
by a third author where there was disagreement. No language 
restrictions were used in the initial research. All included pub-
lications were assessed using a Strome ID [28]–derived matrix 
(Supplementary Table 2).

Case Definitions

For inclusion in our study, clinical cases had to satisfy the fol-
lowing criteria: (1) identification of a GAS strain in a patient 
with rheumatic fever who was diagnosed on the basis of the 
2015 Jones criteria [29]; (2) a clearly identified period of less 
than 4 weeks between the microbiological characterization and 
the occurrence of rheumatic fever symptoms (as most cases of 
rheumatic fever occur 2 to 3 weeks after GAS pharyngeal in-
fection); and (3) identification of the emm type, as described 
below. Clinical cases were excluded if there was a documented 
serological response to multiple emm types (see Supplementary 
Data for details).

Strains associated with rheumatic fever were categor-
ized by country and development status, based on guid-
ance from the Organization for Economic Cooperation and 
Development. For the purpose of this study, we modified the 
Organization for Economic Cooperation and Development’s 
classification by assimilating indigenous populations 
(New Zealand Māori, New Caledonia Melanesians Kanak 
Community, and Hawaiian Polynesians: groups amongst 
which rheumatic fever remains endemic) into the LMIC 
grouping.

Allocation of emm Types Associated With Rheumatic Fever Cases

The emm type of each strain was identified by at least 1 of 2 
techniques: (1) a bacterial culture, followed by emm-type iden-
tification by serotyping or emm typing; or 2) type-specific se-
rology from the patient (by an enzyme-linked immunosorbent 
assay, Western blot, or indirect bactericidal assay). A  signif-
icant serological response was determined by following the 
author’s opinion in the articles. The emm sequence type in-
formation provided in some of the older studies was updated 
using the Centers for Disease Control and Prevention’s emm 
database.
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Figure 1. Summary of selection process and reasons for exclusion of studies. Abbreviation: ARF, acute rheumatic fever.
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Distribution and Rheumatogenic Motifs of emm Types and emm Clusters

We used a database of M protein sequences, derived from a 
study of 175 representative emm types from 31 countries, to 
construct a phylogeny, as previously described [13, 17]. We 
analyzed the distribution of emm types against the 10 classic 
rheumatogenic motifs [18] and the 48 emm clusters [17]. The 
presence of the 9 M protein motifs linked to rheumatic fever and 
the PARF motif was searched for using the Geneious software 
(version R9; see Supplementary Methods and Supplementary 
Table S1 for details).

Patient and Public Involvement

No patients were involved in setting the research question or 
the outcome measures, nor were they involved in developing 
plans for or in implementation of the study. No patients were 
asked to advise on interpretation of data or writing up results. 
There are no plans to disseminate the results of the research to 
study participants or the relevant patient community.

Data Sharing Statement

We have added the complete data set of 411 acute rheumatic 
fever cases and associated GAS isolates in Supplementary 
Table S3.

Ethics Approval

Ethics approval was not needed for this study.

RESULTS

Our literature search identified 1470 potentially relevant ar-
ticles and, after exclusions and bibliographic trailing, we in-
cluded 37 articles. The data set included 411 clinical cases of 
rheumatic fever, originating from 14 countries, with 119 cases 
from 7 high-income countries (HICs; Belgium, Italy, Japan, 
New Zealand, Taiwan, United Kingdom, and United States) and 
292 cases from 7 LMIC and indigenous populations (LMICs: 
Chile, India, Kuwait, France [New Caledonia Melanesians 
Kanak Community], Thailand, Trinity-Tobago, and Tunisia; 
indigenous populations: New Zealand Māori and Hawaiian 
Polynesians; Supplementary Table S3).

A total of 73 different emm types were identified, including 
13 identified by both culture and serology, 60 by culture alone, 
and 0 by serology alone (Table 1). There were 67 emm types 
originating from LMICs, compared to 22 from HICs (Table 1).

The 73 emm types were disseminated across the whole phy-
logeny (Figure 2). They were observed in the 10 most frequent 
emm clusters globally (E4, AC3, AC4, E6, E3, E1, D4, AC5, 
E2, and M6), which are responsible for approximately 92% of 
worldwide GAS infections [17, 30, 31]. The 10 most frequent 
emm types associated with rheumatic fever in our review in-
cluded 5 of the 10 classic rheumatogenic emm types (emm1 
[n = 28 cases], emm5 [n = 28], emm18 [n = 27], emm6 [n = 17], 
and emm3 [n = 16]) and 5 emm types not included in the classic 

rheumatogenic group (emm12 [n = 17], emm9 [n = 10], emm11 
[n = 10], emm4 [n = 9], and emm74 [n = 9]; Table 1; Figure 2). 
Overall, the 10 classic rheumatogenic emm types represented 9 
of the 73 emm types associated with rheumatic fever and 31.6% 
of all 411 rheumatic fever cases, with a lower representation 
among LMIC cases (14.7%) than among HIC cases (73.1%; 
Table 2). The classic rheumatogenic strains were all situated 
in the same part of the phylogenetic tree (Clade Y), except for 
emm27 (Figure 2). Of note, emm27 was also the only classic 
rheumatogenic strain for which our literature review did not 
identify a single case of rheumatic fever.

The 9 rheumatogenic motifs were found among 18 emm-
types, including 9 of the 73 emm types associated with rheumatic 
fever (85/411 isolates, 20.1%; Figure 2; Table 2; Supplementary 
Table S1). It follows that the remaining 9 emm types these motifs 
were found in, were not associated with rheumatic fever in this 
review and were concentrated in subclade Y1, where the ma-
jority of classic rheumatogenic strains were also located (Figure 
2). However, they were absent from the other clades and, no-
tably, from clade X (49% of the 73 emm type associated with 
rheumatic fever) and subclade Y2 (23% of the rheumatic fever 
emm types). The PARF motif was found among 5 emm types, 
including 2 of the 73 emm types associated with rheumatic fever 
(17/411 isolates, 4.1%; Figure 2; Table 2; Supplementary Table 
S1). The PARF motif was only found in subclades Y2 and in 
outlier emm types.

DISCUSSION

In this study, encompassing 73 years of global data, the distri-
bution of strains associated with rheumatic fever is very broad, 
and the so-called classic rheumatogenic strains are responsible 
for a limited proportion of the rheumatic fever cases worldwide, 
concentrated in HICs. These data concur with contemporary 
reports from Hawaii and New Zealand [32, 33] and call into 
question the exactitude of the rheumatogenic concept.

New epidemiologic research into GAS disease over the past 
2 decades has observed that GAS strains circulating in LMICs 
have far greater diversity than those in HICs [30, 31]. In HICs, 
the 25 most frequent emm types accounted for 90.3% of all GAS 
isolates, while in Africa, for example, the 25 most frequent emm 
types accounted for only 62.5% of all isolates [30]. The results 
we present here indicate that the diversity of strains associated 
with rheumatic fever is also greater in LMICs than in HICs. In 
addition to the classic rheumatogenic emm types, this study 
identified more than 60 emm types associated with rheumatic 
fever in LMICs. If rheumatic fever has nearly disappeared from 
HICs since the mid-twentieth century, the disease remains fre-
quent in many LMICs, where the greatest burden of rheumatic 
heart disease occurs [1]. Further research is therefore warranted 
to better understand the molecular epidemiology of GAS di-
sease in these settings.
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A causal relationship between a GAS isolate and a rheumatic 
fever case remains challenging, because of the 2- to 4-week 
delay between a GAS infection and disease onset. A  positive 
culture demonstrates live bacteria but does not differentiate 
between carriage and infection. Positive serology is suggestive 
of an active infection; however, baseline preinfecting antibody 
titres were absent in most of the included studies, making in-
terpretation more difficult. The overall congruence of the bac-
terial culture results with the human serological responses 
supports a temporal association between an episode of rheu-
matic fever and infection with the strain isolated. Nearly one-
fifth of the 73 emm types were identified by both culture and 
serology (Figure 2) and, in the phylogenetic tree, the overall 
distribution of the emm types identified by both microbiolog-
ical techniques was similar.

It has been proposed that some motifs within the M protein 
are able to trigger rheumatic fever [2–4]. However, our review 
found that only 15.1% of the emm types and 24.8% of the isolates 
associated with rheumatic fever possessed at least 1 of these pro-
posed rheumatogenic motifs (either 1 of the 9 M-protein mo-
tifs or the PARF motif). None of the rheumatogenic motifs were 
found in any of the 36 emm types associated with rheumatic 
fever located in clade X, nor the 10 emm types in emm cluster 
D4. These clade X and emm cluster D4–related emm types are 
epidemiologically relevant in many parts of the world, including 
HICs; are frequently associated with skin infections; and their 
rheumatogenicity is, so far, unexplained [17, 30, 31, 33]. This 

Table 1. Acute Rheumatic Fever–associated emm Types Worldwide, 
1944–2018

emm Type
emm  

Cluster

Number of Isolates
Presence  

in HIC
Presence  
in LMICCulture Serology Total

M1a A-C3 28 0 28 Yes Yes

M2 E4 8 0 8 Yes Yes

M3a A-C5 15 1 16 Yes Yes

M4 E1 7 2 9 Yes Yes

M5a M5 14 14 28 Yes Yes

M6a M6 15 2 17 Yes Yes

M8 E4 1 0 1 / Yes

M9 E3 7 3 10 Yes Yes

M11 E6 10 0 10 / Yes

M12 A-C4 17 0 17 Yes Yes

M14a M14 1 0 1 / Yes

M15 E3 1 0 1 / Yes

M17 M17 2 0 2 Yes /

M18a M18 20 7 27 Yes Yes

M19a M19 6 0 6 Yes Yes

M22 E4 3 3 6 Yes Yes

M24a M24 1 0 1 Yes /

M25 E3 1 5 6 / Yes

M28 E4 1 0 1 / Yes

M29a M29 5 1 6 Yes Yes

M30 A-C2 3 0 3 Yes /

M33 D4 7 0 7 / Yes

M36 D1 2 0 2 / Yes

M39 A-C4 1 0 1 / Yes

M41 D4 5 0 5 Yes Yes

M43 D4 2 0 2 / Yes

M44 E3 2 0 2 / Yes

M46 A-C1 1 0 1 Yes /

M49 E3 2 0 2 / Yes

M50 E2 1 0 1 Yes /

M53 D4 8 0 8 / Yes

M54 D1 2 0 2 / Yes

M55 M55 1 0 1 / Yes

M57 M57 2 0 2 / Yes

M58 E3 4 1 5 Yes Yes

M59 E6 3 1 4 / Yes

M60 E1 1 0 1 / Yes

M63 E6 2 0 2 / Yes

M65 E6 5 0 5 / Yes

M66 E2 1 0 1 / Yes

M67 E6 1 0 1 / Yes

M68 E2 2 0 2 / Yes

M71 D2 4 0 4 / Yes

M73 E4 1 1 2 / Yes

M74 M74 9 0 9 / Yes

M75 E6 2 1 3 Yes Yes

M76 E2 2 0 2 / Yes

M77 E4 2 0 2 Yes Yes

M78 E1 1 0 1 Yes /

M80 D4 1 0 1 / Yes

M81 E6 3 0 3 / Yes

M85 E6 1 0 1 / Yes

M87 E3 1 0 1 / Yes

M89 E4 4 0 4 / Yes

M90 E2 2 0 2 / Yes

emm Type
emm  

Cluster

Number of Isolates
Presence  

in HIC
Presence  
in LMICCulture Serology Total

M91 D4 1 0 1 / Yes

M92 E2 3 0 3 / Yes

M93 D4 2 0 2 / Yes

M95 M95 1 0 1 / Yes

M98 D4 1 0 1 / Yes

M103 E3 2 0 2 / Yes

M104 E2 1 0 1 / Yes

M108 D4 3 0 3 / Yes

M113 E3 1 0 1 / Yes

M116 D4 1 0 1 / Yes

M118 E3 1 0 1 / Yes

M122 M122 1 0 1 / Yes

M123 D3 1 0 1 / Yes

M153 NT 1 0 1 / Yes

M197 A-C2 1 0 1 / Yes

M218 M218 1 0 1 / Yes

M232 E4 3 0 3 / Yes

M238 A-C3 1 0 1 / Yes

NT … 64 25 89 Yes Yes

Total … 344 67 411 … …

Abbreviations: /, no; HIC, high-income countries; LMIC, low- and middle-income countries; 
NT, nontypable.
a Identifies “classical rheumatogenic” emm types.

Table 1. Continued
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suggests that other motifs and/or antigens, such as the group 
A  carbohydrate antigen, or others yet to be discovered, may 
also play a role in rheumatic fever pathogenesis; it highlights 

the need for microbiological studies using streptococcal strains 
originating from a broader variety of genetic and epidemiolog-
ical backgrounds.

Figure 2. PhyML phylogenetic tree, adapted from a previous study [17]. The tree is drawn to scale, with branch lengths in the same units (number of amino acid substitu-
tions per site) as those of the evolutionary distances used for the phylogenetic tree. The tree is supported by an aLRT (>80% for the emm clusters, as previously described; 
values are not displayed on the figure for clarity reasons) [17]. The tree is divided into 2 clades: clade X, composed of 6 emm clusters; and clade Y, divided into 2 subclades (Y1 
and Y2) and composed of 10 emm clusters. There are 7 outlier emm types, illustrated by dashed lines. The classical rheumatogenic strains are marked by red stars. The blue 
and yellow dots correspond to isolates associated with rheumatic fever identified in our literature review. The strains containing the PARF motif are identified with orange 
triangles, and those containing 1 of 9 rheumatogenic motifs are identified with green triangles. The size of the gray circles are proportional to the frequency of each emm 
type. Abbreviations: aLRT, approximate likelihood-ratio test; PARF, peptide associated with rheumatic fever.
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Our study found a far higher number of strains associated 
with rheumatic fever than previously reported and generally ac-
cepted. A vaccine candidate that protects only against the classic 
rheumatogenic emm types would have limited impact on the 
rheumatic fever incidence in endemic countries. The strains 
associated with rheumatic fever belonged to various genetic 
backgrounds, and many were associated with rheumatic fever 
in several studies and by different identification methods. Our 
finding calls into question the widely accepted concept that only 
a limited number of strains are capable of inducing rheumatic 
fever. With the availability of new, large-scale biological tech-
niques, our understanding of rheumatic fever pathogenesis will 
be enhanced by the inclusion of strains originating from both 
LMICs and HICs in research efforts.

Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases online. 
Consisting of data provided by the authors to benefit the reader, the posted 
materials are not copyedited and are the sole responsibility of the authors, 
so questions or comments should be addressed to the corresponding author.
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