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Current diagnosis of Acute Rheumatic Fever and Rheumatic Heart Disease (ARF/RHD)

relies on a battery of clinical observations aided by technologically advanced diagnostic

tools and non-specific laboratory tests. The laboratory-based assays fall into two

categories: those that (1) detect “evidence of preceding streptococcal infections” (ASOT,

anti-DNAse B, isolation of the Group A Streptococcus from a throat swab) and (2) those

that detect an ongoing inflammatory process (ESR and CRP). These laboratory tests

are positive during any streptococcal infection and are non-specific for the diagnosis

of ARF/RHD. Over the last few decades, we have accumulated considerable knowledge

about streptococcal biology and the immunopathological mechanisms that contribute to

the development, progression and exacerbation of ARF/RHD. Although our knowledge

is incomplete and many more years will be devoted to understanding the exact molecular

and cellular mechanisms involved in the spectrum of clinical manifestations of ARF/RHD,

in this commentary we contend that there is sufficient understanding of the disease

process that using currently available technologies it is possible to identify pathogen

associated peptides and develop a specific test for ARF/RHD. It is our view that with

collaboration and sharing of well-characterised serial blood samples from patients with

ARF/RHD from different regions, antibody array technology and/or T-cell tetramers could

be used to identify streptococcal peptides specific to ARF/RHD. The availability of an

appropriate animal model for this uniquely human disease can further facilitate the

determination as to whether these peptides are pathognomonic. Identification of such

peptides will also facilitate testing of potential anti-streptococcal vaccines for safety and

avoid potential candidates that may pre-dispose potential vaccine recipients to adverse

outcomes. Such peptides can also be readily incorporated into a universally affordable

point of care device for both primary and tertiary care.
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“Despite the increase in knowledge of rheumatic fever, no specific

diagnostic test has been forthcoming. This is a distinct deterrent to

the advancement. . . .” T. Duckett Jones (1944) (1)

INTRODUCTION

In 2005, the WHO estimated that annually over 700 million
people worldwide suffered from two of the commonest forms
of Group A Streptococcal (GAS) infection—GAS pharyngitis
and GAS pyoderma. Of the over 500,000 annual deaths due to
complications of GAS infections, well over 65% were attributed
to rheumatic heart disease (RHD) (2, 3). Acute rheumatic
fever (ARF) and RHD, which are autoimmune sequelae of
GAS pharyngitis and/or pyoderma, have ceased to be major
public health problems in high-income countries. However,
in some of these countries it is still highly prevalent among
Indigenous populations and occasional outbreaks of ARF/RHD
occur among the wider population. In middle and low-income
countries, which account for more than 80% of the world’s
population, poverty, household overcrowding, and poor access
to timely medical care continue to be associated with high
incidence/prevalence of this disease. Control efforts in these
countries continue to be fraught with several confounding
factors, namely paucity of accurate data, unavailability of
preventive measures such as safe and effective vaccines, non-
specific diagnostic tools, and lack of treatment options. The
diagnosis of ARF is mostly based on a clinical algorithm
initially described in 1944 (1) with later modifications. The
current Modified Jones Criteria for diagnosis of ARF take
into account as to whether the patient resides in a low,
moderate or high -risk population (4) (Figure 1). Although,
a specific unequivocal laboratory diagnostic test has been
long envisioned and possibly within our reach, it is yet to
be realised.

THE UTILITY OF THE JONES CRITERIA
FOR DIAGNOSIS OF RHEUMATIC FEVER

Over seven decades have passed since Duckett Jones set forth
a well-defined group of “major and minor criteria” for “the
diagnosis of rheumatic fever” in his seminal publication (1).
This was during the pre-antibiotic era when salicylates were
the therapeutic agent of choice for treating ARF. These criteria
were intended to be useful “until the aetiology of rheumatic
fever is known or there is a specific diagnostic test.” They
were developed to avoid confusion and misdiagnosis of acute
ARF/RHD and provide a rational basis to develop programs
for prevention and patient care. Since then, the additions
and modifications made to the original criteria, which now
form the “Revised Jones Criteria” (4, 5) still do not prevent
misdiagnosis (6–9).

In response to the falling incidence of ARF in the USA,
changes were made to improve the specificity of the criteria at the
expense of sensitivity. This resulted at times in an underdiagnosis
of the disease in high-incidence populations. The consequences
of under-diagnosis in these populations, in generally low resource

environments, could be considerable and possibly greater than
those of over-diagnosis. In 2006, the first version of the Australian
Rheumatic Fever Guidelines incorporated additional criteria, and
of subclinical carditis, aseptic monoarthritis and polyarthralgia as
major manifestations in high-risk groups. Subsequently in 2012,
monoarthralgia was included as a minor manifestation. In 2015,
the American Heart Association (AHA) further revised the Jones
criteria to separate moderate-high and low-risk populations,
and to include echocardiography as a tool to diagnose cardiac
involvement (4). They noted that the new guidelines aligned
more closely with the Australian guidelines and these 2015
re-revised Jones criteria were endorsed by the World Heart
Federation. Of the laboratory tests, in addition to a positive
throat culture and elevated or rising titre of anti-streptolysin
O (ASOT) which were described by Jones we have now added
anti-DNase titre. However, these are non-specific laboratory
tests that are used to determine an exposure to streptococcal
infection and are of little use in the definitive diagnosis of
ARF/RHD, particularly in regions where streptococcal infection
is endemic (6–9). Therefore, a robust specific diagnostic test that
can be used in the laboratory setting is required to overcome
misdiagnosis of ARF/RHD. We need to acknowledge that the
scientific information that has been accumulating over the last
75 years on the molecular and cellular mechanisms involved in
the pathogenesis of the disease process have not translated to the
development of a specific low-cost diagnostic test for ARF/RHD.
Such a test could significantly contribute to the accuracy of
ARF/RHD diagnosis, in particular in regions where ARF/RHD is
still rampant. Indeed, the availability of such a specific diagnostic
test could make the Jones Criteria redundant in the diagnosis of
ARF/RHD as Duckett Jones himself may have intended.

PROBLEMS WITH THE CURRENT
DIAGNOSIS OF ARF

In several countries, with increased awareness of hygiene and
relatively low-density living conditions, the incidence of ARF has
declined. However, for the majority of world populations living
in socio-economically deprived conditions, the incidence of ARF
is still high (4). Although in some countries ARF is a reportable
disease, the datamay greatly underestimate the incidence because
of uncertainty in diagnosis or misdiagnosis.

Firstly, the Jones criteria, rely on a set of criteria that
together are used of clinical diagnostic purposes. Several of these
criteria are associated with other conditions and can lead to
misdiagnosis. Another problem lies in the accepted association
of GAS infection, solely in the setting of pharyngitis with ARF.
Thirdly a lack of a specific diagnostic laboratory marker for
ARF further hinders early confirmation of the diagnosis. Several
epidemiological observations suggest that in some populations,
skin infections may also pre-dispose to ARF (10). Furthermore,
Streptococcus dysgalactiae subspecies equisimilis (SDSE) may
also be an aetiological agent for ARF (11). Indeed, in many
humid regions skin infection, and SDSE throat isolation rates are
common. In such regions, the GAS isolation rates from throat
swabs do not correlate with the reported high incidences of ARF
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FIGURE 1 | Clinical and Immunopathological Features of Acute Rheumatic Fever and its Complications. (A) Group A streptococci (GAS) have several virulence factors

that enables it cause a variety of superficial and deep-tissue infections. In a proportion of individuals following pharyngitis or pyoderma, one of the post-streptococcal

autoimmune sequalae that can develop is acute rheumatic fever (ARF). (B) A group of universally accepted clinical manifestations and non-specific laboratory

investigations form the Revised Jones Criteria. Laboratory investigations include evidence of recent streptococcal infection (as assessed by rising titre of anti

Streptolysin O (ASOT) or anti-DNase titre or positive throat culture for streptococcal infection). Evidence of preceding streptococcal infection in addition to either two

major or one major and two minor criteria confirms the diagnosis of ARF. (C) Both clinical and experimental studies have shown the presence of antibodies and CD4+

T cells generated in ARF have the ability to cross-react with both streptococcal proteins and host tissue proteins. The autoimmune inflammatory process initiated by

these antibodies and T cells lead to several of the immunopathological changes observed in ARF. (D) Sydenham’s Chorea, a group of neurobehavioral abnormalities

observed in ARF has been found to involve anti-dopamine, anti-β-tubulin and anti-lysoganglioside antibodies reacting with D1 and D2 dopamine receptors, signalling

kinases and ion channels and causing these abnormalities. Recent studies have also shown that the CD4+T cells may be involved in breaching the blood brain barrier

and facilitating the entry of antibodies and inflammatory cells. (E) Streptococcus specific antibodies can upregulate VCAM-1 and ICAM-1 on vascular and valvular

endothelial cell. Activation of these cells lead to transmigration of activated streptococci specific T-cells into heart tissue leading to cross-reactive responses with tissue

proteins perpetuating inflammatory responses including neovascularisation and the appearance of granulomatous lesions in cardiac tissue. (F) Although direct

experimental evidence is space, anti-streptococcal antibodies that cross-react with laminin, tropomyosin, vimentin and keratin in the skin may cause the characteristic

rash—erythema marginatum observed in ARF. Furthermore, the formation of subcutaneous nodules may be due to delayed hypersensitivity type responses against

streptococcal antigens. (G) Anti-streptococcal antibodies could also form immune complexes which bind to the synovial membrane and/or collagen in joints leading

to inflammation of the synovial tissue causing arthralgia and arthritis. Repetitive streptococcal infections drive the autoimmune process leading to chronic inflammation

and carditis, culminating in rheumatic heart disease and if untreated it is followed by congestive cardiac failure and death. ?Mechanisms not well-characterised;

ICAM-1, Intercellular adhesion molecule-1; LFA, Leukocyte associated function antigen; Jones Criteria, (% of patients presenting with the specific feature); Th1 and

Th17 CD4+, T cell subsets; VLA-1, Very late antigen-1; VCAM-1, Vascular cell adhesion molecule-1.

(12, 13). Moreover, many subjects carry GAS and SDSE in their
throat, which often could erroneously contribute to high throat
isolation rates of these bacteria and may not have contributed to
the pathogenesis of ARF. Notwithstanding the above difficulties,
most clinicians adhere to the traditional revised Jones criteria to
diagnose ARF.

Understanding ARF pathogenic mechanisms may help in
identifying a suitable diagnostic marker for ARF. Unfortunately,
GAS is a human-specific pathogen and ARF manifests only in
humans. Fortunately, however, recent work using the Lewis Rat
model for RHD is changing this scenario. Histopathological
presentation of heart tissues in the rats injected with GAS

M5 strain is akin to that observed in RHD patients (14–
22). Since ARF precedes RHD, it is reasonable to assume
that the RHD-like histological changes in Lewis Rats exposed
to GAS may have progressed through stages that exhibit
partly analogous manifestations to ARF in humans. One such
major manifestation relates to neurobehavioral changes as in
Sydenham’s Chorea (SC). Indeed, in our recent study (23)
we have also demonstrated neurobehavioral changes in rats
injected with whole killed GAS. To develop a standalone specific
laboratory diagnostic test for ARF/RHD, it is imperative that
the early mechanisms leading to the development of the disease
process is well-characterised.
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THE AETIOPATHOGENESIS OF
RHEUMATIC FEVER AND ITS
COMPLICATIONS

The post-streptococcal autoimmune process that leads to
ARF/RHD is multifactorial. Genetic pre-disposition, the type
or strain of streptococcal pathogen, frequency of infection
and the site of infection contribute to the disease process.
However, the relative importance of each of these factors
remains unknown. Although several studies in different regions
showed that ARF/RHD may be linked to specific MHC antigens,
both Genome Wide Association studies (24) and transcriptome
based studies (25) are still in their infancy in ARF/RHD
research and yet to provide a clear mechanistic pathway in
disease pathogenesis (26).

Streptococcal pharyngitis and skin infections activate humoral
and cell-mediated immune responses against streptococcal
virulence factors. Some of the antibodies and T cells generated
during the infection process cross-react with host tissue
proteins, a hallmark of ARF/RHD immunopathogenesis. To
develop a specific and low-cost diagnostic that can be
used in ARF/RHD endemic countries, it is essential to
have a good understanding of the molecular and cellular
aetiopathogenesis of rheumatic fever and its complications.
While epidemiological and clinical studies on patients with
ARF/RHD have contributed to our understanding of the burden
of this human-specific disease, decades of microbiological,
immunological and animal studies have complemented the
clinical finding by enabling hypothesis driven research to verify
and understand the mechanisms involved in the multisystem
clinical manifestations.

Antibodies generated against GAS M protein and N-acetyl-
beta-D-glucosamine cross-react with cardiac tissue proteins.
It has been demonstrated that monoclonal antibodies against
these antigens, derived from patients with ARF (27), cross-
react in vitro with human myosin and valvular endothelium.
Furthermore, injection of recombinant streptococcal M protein
induces autoantibody and autoreactive T cell that leads to
carditis and valvulitis in the Lewis autoimmune valvulitis
model (18). Antibodies and T cells derived from these rats
also activate aortic endothelial cells in culture (21) facilitating
transmigration of activated T cells across the endothelial
barrier. These, observations have added further evidence
that cross-reactive antibodies generated against streptococcal
proteins that bind to tissue proteins is a major mechanism
involved in the immunoinflammatory process observed in
ARF/RHD leading to carditis (Figure 1). There is also evidence
that structural similarities between tissue proteins, such as
laminin and vimentin, could be the basis of antibody-
mediated damage to valve structures. T-cell clones derived
from valvular lesions from patients react with myosin and
valve-derived proteins (28) and T cells from rats injected
with GAS M protein release inflammatory cytokines upon
exposure to these and streptococcal antigens in vitro. The
Th1/Th17 inflammatory response may also facilitate epitope
spreading within the valvular tissue and further expose other

tissue antigens such as vimentin and collagen perpetuating and
amplifying the inflammatory process (29). Chronic inflammation
leads to characteristic changes observed in cardiac tissue in
ARF/RHD including neovascularisation, giant cell formation
and fibrosis.

There is considerable evidence that some streptococcal M
protein N-terminus domains bind the CB3 region of Collagen
type IV and initiate an autoantibody response to collagen
establishing an inflammatory process leading to the spectrum
of disease presentation observed in ARF/RHD (30). These
autoantibodies do not cross-react with streptococcal M proteins
(31, 32). The proponents of this concept view that the pathology
in ARF/RHD points to the sub-endothelial collagen matrix being
the primary site of the inflammatory process due to the systematic
targeting of collagen matrix by these antibodies. Due to the
distinctive structure of the heart valves and the endothelium, the
inflammatory process progresses to valvular scaring. This in turn
leads to the haemodynamic changes that progress to RHD. Of
the several autoantibodies observed in patients with ARF/RHD
(33, 34) some cross-react with streptococcal proteins (“molecular
mimicry”) and the others do not (“collagen neoantigen”).
Although, the proponents of the “molecular-mimicry” and the
“collagen neoantigen” may consider the mechanisms that initiate
the disease process to be distinct, it is conceivable that both these
mechanisms contribute to the disease process that culminates in
host tissue damage.

Antibodies against GAS N-acetyl-beta-D-glucosamine cross-
react with neuronal cells in the basal ganglia, leading to
deposition of immune complexes causing excessive release of
dopamine that form the basis of the symptomatology observed
in SC (35, 36). Recent studies in mouse models have also
shown GAS infection of the olfactory epithelium can cause
breaches in the blood brain barrier and facilitate T cell
infiltration into the brain (37, 38). However, further work on
the development and clinical progression remains to be done.
The migratory and transient manifestations observed in joints
and the characteristic rash and subcutaneous nodules have been
partly attributed to the accumulation of immune complexes
that cause these clinical manifestations and are part of the
“major” Jones Criteria used in the diagnosis of ARF. However,
compared to the pathogenesis of carditis, there is a paucity of
experimental data on the pathogenesis of SC, arthritis, erythema
marginatum and the development of subcutaneous nodules
in ARF.

ENABLING THE DESIGN AND DEVELOP A
NOVEL DISEASE SPECIFIC DIAGNOSTIC
TOOL

Point-of-care rapid antigen tests are currently available to
diagnose GAS infection. While these tests are diagnostic for a
current GAS infection, they are not diagnostic for ARF/RHD.
It has also been shown that a rise in anti-Streptolysin O titre
(ASOT) is less prominent in recurrent ARF than during the
first episode (6). Moreover, lab-based detection of serum ASOT
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or Anti-DNase B (ADB) antibodies used to diagnose a recent
streptococcal infection are non-specific and of little value in
regions of high streptococcal endemicity. A recent attempt using
a Triplex assay combining the ASOT and ADB with anti SpnA
antibodies noted that while promising, this only confirms recent
GAS infection and not ARF/RHD (39). This highlights the
importance of identifying robust markers of ARF/RHD that can
be incorporated into point-of-care tests to be used in low-income
countries. Such point-of-care tests simplified in a lateral flow
assay format can also overcome the limited laboratory facilities
available in low-income countries.

The autoimmune nature of ARF indicates that specific
peptides present in GAS antigens trigger the host responses that
ultimately results in ARF/RHD. Despite decades of research, the
identity of the specific epitopes which contribute to ARF/RHD,
and which could form the basis of a diagnostic, are yet to
be identified. The challenges in identifying these peptides are
immense. Above, we outlined how the lack of an animal model
until recently has precluded lab-based immunological studies
or ARF/RHD. From a host perspective, we do not know if the
same epitopes are responsible for ARF/RHD in different patients.
Several studies also suggest host susceptibility to ARF/RHD is
associated with HLA type (40). As ARF/RHD occurs after a
GAS infection, it is also not possible to recover the specific GAS
isolates responsible for case of the autoimmune process that
triggers ARF.

Our group is addressing this deficit through combining our
RAV model with advances in peptide array technology. Peptide
arrays are a recent advance that enable the systematic screening
of thousands of peptides for reactivity with specific sera samples.
Using this technology, we have screened pooled sera from
patients with ARF and controls for reactivity with 186 20 mer
peptides derived from three M proteins. Sixteen peptides, all
of which contained all or part of the same conserved sequence
motif reacted with the sera (Figure 2). This peptide motif,
(ASRQGLRRDLDASREAKKQV; P20) is found in the conserved
C-terminal region of all three proteins represented on the array.
Control sera were not reactive against these peptides. To establish
whether the observed peptide reactivity in human was due to
the M protein, we also probed the array with antisera raised
against M5 protein generated in our RAV model. We again saw
reactivity with the same set of peptides (Figure 2). Subsequent
bioinformatic analysis has revealed P20 to be 100% conserved in
72 of 175 different M-types. Moreover, the same conserved motif
is present in an M-protein from a SDSE isolate that was isolated
from an individual presenting with ARF (11). When these GAS
and SDSEM-proteins were injected subcutaneously into separate
groups of Lewis rats, antibodies to the same motif were found to
be predominant.

The epitope we identified is congruent with the amino acid
region used to define Class I and Class II proteins (41), and
within various C-repeat regions. Our peptide results are not proof
that anti-P20 antibodies contribute to ARF/RHD but suggest
that the higher titres may be used as a serological marker of
ARF/RHD in some patient groups. Expanding our research to
include individual sera samples from well-characterised patient

cohorts (including patients with recent streptococcal infection),
and expansion of our peptide arrays to represent all the peptides
present in the various M-protein types, and indeed all peptides
encoded in GAS genome, represents a generational change
in the way that antibodies from ARF/RHD patients reactive
with GAS epitopes can be identified and used for diagnostic
purposes. Peptide arrays also have one other advantage over
previous approaches. The screening of one array requires very
small amounts of sera (<50 µl). Current ARF/RHD sera
collections can therefore be leveraged against these arrays,
leaving valuable human sera remains available for other research
studies. Well-catalogued serial patient samples from several
regions are required to identify the specific peptide/s that would
serve as targets for both specific diagnostic development and
mechanistic studies. Moreover, if future studies also included
collections of DNA samples, variable autoimmune immune
responses following GAS infection can be linked to human
genetic variation. Given the complexity of ARF/RHD such
an exhaustive and comprehensive approach may be the only
path to a true specific diagnostic and greater understanding of
these diseases.

HOW DOES DETECTING ANTIBODIES TO
DISEASE SPECIFIC STREPTOCOCCAL
EPITOPES BE OF VALUE IN DEVELOPING
VACCINES FOR STREPTOCOCCAL
INFECTIONS?

A rat model of myocarditis and valvulitis was developed (14)
and it was subsequently demonstrated that immunisation with
a pool of 15 peptides from the C-repeat region of the M-
protein induced mononuclear cell infiltration into the hearts
of Lewis rats (16). A further study, however, found that
while peptides from the A-repeat region of the M-protein
induced significant myocarditis, peptides from the B-repeat
region induced mild carditis and that peptides from the C-
repeat region did not induce any carditis (42). Studies in
2016 (43) and 2020 (44) then showed that immunisation of
rats with the leading peptide vaccine candidate from the C-
repeat region of the M-protein, “J8,” “J14,” and “p∗17” did not
induce cardiomyopathy.

CD4+ T-cells are the most common T-cell subset identified
in diseased valves (45). The only human T-cell epitopes that
have been identified as a possible cause of valvulitis are from
the A-repeat region. One hundred and sixty three human T-cell
clones were generated from diseased valves and tested against
M-protein peptides from the A-repeat region and against heart
proteins (46). Twenty percent of the clones recognised M-
protein peptides and these only reacted with three A-repeat
region peptides. Some also reacted with heart proteins. Since T-
cell epitopes from the A-repeat region of the M-protein have
been implicated in pathogenesis, the frequency and phenotype
of T-cells specific for these epitopes could be assessed using
combinatorial tetramer staining. This technology has been used
to detect and characterise CD4+ T-cell influenza-specific epitopes
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FIGURE 2 | Antibody reactivity with peptides from streptococcal M protein. Fluorescence intensity (RFI) of peptides screened with; (A) pooled human sera from

patients with ARF (n = 7), (B) pooled sera from rats following five injections of GAS M5 (n = 3), and (C) pooled sera from rats following five injections of SDSE

Mstg480 (n = 3). Rat serum samples were collected 224 days following initial injections. Peptide microarrays consisting of 186 overlapping 20 mer peptides derived

from M1, M4, M5, and Stg480 M-proteins were constructed by JPT technologies. Sera samples were diluted in blocking buffer (1:200) and incubated with the peptide

array for 1 h at 30◦C. The primary sera were removed, arrays washed and incubated with fluorescently labelled anti-human-IgG or anti-rat-IgG antibody at 0.1µg/ml

for 1 h. After washing and drying the microarrays were scanned using a high resolution fluorescence scanner (635 nm) to obtain fluorescence intensity profiles. The

y-axis represents the fluorescence intensity (FI) of experimental sample with FI from negative control sera subtracted. The x-axis represents peptides from M-proteins

shown on the left Peptides with a FI >5,000 were aligned using Clustal Omega. Amino acids present in >75% of aligned sequences are coloured blue. Peptides

present in >50% of aligned sequences are coloured green. (Deidentified pooled human serum samples were collected under ethics approval #HREC/15/QTHS/134

and rat serum under #JCUA2083).

at frequencies as low as 1 permillion in peripheral blood (47). The
same technology could identify A-repeat region-specific CD4+ T-
cells and may provide laboratory diagnosis of some patients with
active rheumatic valvulitis.

As stated, with the enormous burden of GAS infection,
a streptococcal vaccine is urgently needed. How else can we
harness the recent discovery of the ARF/RHD rat model for safe
vaccine design? In the sections above we describe identification
in the GAS M protein derived peptides that reacted with sera
derived from rats injected with recombinant M5 (Figure 2).
These peptides are largely similar to or overlap with the peptides
that are reactive to ARF human sera (Figure 2). This important
observation, namely similarity of reactions between the rat model
and patients has implications to further assess safety of M
protein-based vaccine candidates. So far, the M-protein based
peptide vaccine candidates have been painstakingly designed
with the aim of deletion of deleterious T cell epitopes to make the
vaccine candidates safe. While the efficacy of such candidates has
been amply tested, there has been no direct assessment of these
candidates for propensity to cause or exacerbate reactions that
could lead to ARF. Additionally, we also need to demonstrate that

the human cardiac tissue cross-reactive antibodies in ARF and in
the GAS-injected rats react to similar or overlapping peptides of
these tissue proteins.

CONCLUSION

Since the clinical criteria for diagnosis was first described (1),
we have gained significant understanding of the pathogenesis
of rheumatic fever and its complications that provide an
adequate foundation to develop prototype antibody-based
specific diagnostics. It is our view that by exploiting available
technologies and having access to serial serum samples of patients
with rheumatic fever from different regions coupled with studies
on the rat autoimmune valvulitis model, it is possible to test
and identify a specific antibody-based assay to simplify the
diagnosis of rheumatic fever. The COVID-19 pandemic has
demonstrated that rapid detection tools, basic infection control
measures, international information and resource sharing can
provide a platform to adequately mitigate an infection regardless
of the economic status of individual nations. While it remains
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to be seen whether developing a specific and low-cost diagnostic
test is achievable by the centenary of the first publication of
the diagnostic criteria for rheumatic fever, the pursuit of the
holy grail may rely on the proposition that “simplicity is the
ultimate sophistication.”1

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by #HREC/15/QTHS/134. Written informed consent
to participate in this study was provided by the participants’
legal guardian/next of kin. The animal study was reviewed and
approved by #JCUA2083.

1Aphorism attributed to the renaissance polymath Leonardo da Vinci

(1452–1519).

AUTHOR CONTRIBUTIONS

All authors were involved in the conceptualisation of the content
of the manuscript and contributed equally in preparing and
editing the manuscript.

ACKNOWLEDGMENTS

The authors would like to thank Madeleine Kersting Flynn,
a Biomedical Illustrator and Dr. Katja Fischer of QIMR
Berghofer Medical Research Institute for facilitating the artwork
(Figure 1). The authors acknowledge Drs. Suchandan Sikder,
Catherine Rush, Brenda Govan (James Cook University,
Australia) and Clinical Nurse Consultant Louise Axford-Haines
(Queensland RHD Surveillance and Communicable Disease
Control, Australia) and Dr. Andrew White (Paediatrician
at the Townsville University Hospital) for their support
enabling the determination of antibody reactivity using
peptide arrays (Figure 2). MG is a recipient of an Australian
National Health and Medical Research Council Investigator
Fellowship and RAMR an Australian International Post-graduate
Research Award.

REFERENCES

1. Jones TD. The diagnosis of rheumatic fever. JAMA. (1944) 126:481–4.

2. Carapetis JR, Steer AC, Mulholland EK, Weber M. The global burden

of group A streptococcal diseases. Lancet Infect Dis. (2005) 5:685–94.

doi: 10.1016/s1473-3099(05)70267-x

3. World Health Organization. The Current Evidence for the Burden of Group A

Streptococcal Diseases. Geneva: World Health Organization (2005).

4. Gewitz MH, Baltimore RS, Tani LY, Sable CA, Shulman ST, Carapetis J,

et al. Revision of the Jones Criteria for the diagnosis of acute rheumatic

fever in the era of Doppler echocardiography: a scientific statement

from the American Heart Association. Circulation. (2015) 131:1806–18.

doi: 10.1161/cir.0000000000000205

5. RHD Australia. The 2020 Australian Guideline for Prevention, Diagnosis and

Management of Acute Rheumatic Fever and Rheumatic Heart Disease. Darwin

NT: RHD Australia (2020).

6. Ghamrawy A, IbrahimNN, Abd El-Wahab EW. How accurate is the diagnosis

of rheumatic fever in Egypt? Data from the national rheumatic heart disease

prevention and control program (2006–2018). PLoS Negl Trop Dis. (2020)

14:e0008558. doi: 10.1371/journal.pntd.0008558

7. Pereira BA, da Silva NA, Andrade LE, Lima FS, Gurian FC, de Almeida Netto

JC. Jones criteria and underdiagnosis of rheumatic fever. Indian J Pediatr.

(2007) 74:117–21. doi: 10.1007/s12098-007-0001-6

8. Yubbu P, Jamaluddin JA, Yin LCM, Kandavello G, Alwi M, Samion H, et al.

Traditional jones criteria: limitation in the diagnosis of rheumatic fever in

patients with mitral valve repair.Mal J Med Health Sci. (2020) 16:316–9.

9. Peterson DC. Complications of physician misdiagnosis/treatment of

rheumatic fever in the United States. Adv Biosci Biotechnol. (2013) 4:143.

doi: 10.4236/abb.2013.41A021

10. Pearce S, Bowen AC, Engel ME, de la Lande M, Barth DD. The incidence of

sore throat and group A streptococcal pharyngitis in children at high risk of

developing acute rheumatic fever: a systematic review andmeta-analysis. PLoS

ONE. (2020) 15:e0242107. doi: 10.1371/journal.pone.0242107

11. Haidan A, Talay SR, Rohde M, Sriprakash KS, Currie BJ, Chhatwal GS.

Pharyngeal carriage of group C and group G streptococci and acute

rheumatic fever in an Aboriginal population. Lancet. (2000) 356:1167–9.

doi: 10.1016/s0140-6736(00)02765-3

12. McDonald MI, Towers RJ, Andrews RM, Benger N, Currie BJ, Carapetis

JR. Low rates of streptococcal pharyngitis and high rates of pyoderma

in Australian aboriginal communities where acute rheumatic fever is

hyperendemic. Clin Infect Dis. (2006) 43:683–9. doi: 10.1086/506938

13. Francis JR, Gargan C, Remenyi B, Ralph AP, Draper A, Holt D, et al. A cluster

of acute rheumatic fever cases among Aboriginal Australians in a remote

community with high baseline incidence. Aust N Z J Public Health. (2019)

43:288–93. doi: 10.1111/1753-6405.12893

14. QuinnA, Kosanke S, Fischetti VA, Factor SM, CunninghamMW. Induction of

autoimmune valvular heart disease by recombinant streptococcal m protein.

Infect Immun. (2001) 69:4072–8. doi: 10.1128/iai.69.6.4072-4078.2001

15. Galvin JE, Hemric ME, Kosanke SD, Factor SM, Quinn A, CunninghamMW.

Induction of myocarditis and valvulitis in lewis rats by different epitopes of

cardiac myosin and its implications in rheumatic carditis. Am J Pathol. (2002)

160:297–306. doi: 10.1016/s0002-9440(10)64373-8

16. Lymbury RS, Olive C, Powell KA, Good MF, Hirst RG, LaBrooy JT, et al.

Induction of autoimmune valvulitis in Lewis rats following immunization

with peptides from the conserved region of group A streptococcal M protein.

J Autoimmun. (2003) 20:211–7. doi: 10.1016/S0896-8411(03)00026-X

17. Gorton D, Govan BL, Olive C, Ketheesan N. B- and T-cell responses in group

a Streptococcus M-protein- or Peptide-induced experimental carditis. Infect

Immun. (2009) 77:2177–83. doi: 10.1128/iai.01514-08

18. Gorton D, Sikder S,Williams NL, Chilton L, Rush CM, Govan BL, et al. Repeat

exposure to group A streptococcal M protein exacerbates cardiac damage

in a rat model of rheumatic heart disease. Autoimmunity. (2016) 49:563–70.

doi: 10.1080/08916934.2016.1217999

19. Sikder S, Williams NL, Sorenson AE, Alim MA, Vidgen ME, Moreland

NJ, et al. Group G Streptococcus induces an autoimmune carditis mediated

by interleukin 17A and interferon gamma in the Lewis rat model of

rheumatic heart disease. J Infect Dis. (2018) 218:324–35. doi: 10.1093/infdis/

jix637

20. Sikder S, Price G, AlimMA, Gautam A, Scott Simpson R, Margaret Rush C, et

al. Group A streptococcal M-protein specific antibodies and T-cells drive the

pathology observed in the rat autoimmune valvulitis model. Autoimmunity.

(2019) 52:78–87. doi: 10.1080/08916934.2019.1605356

21. Sikder S, Rush CM, Govan BL, Alim MA, Ketheesan N. Anti-streptococcal

antibody and T-cell interactions with vascular endothelial cells initiate

the development of rheumatic carditis. J Leukoc Biol. (2020) 107:263–71.

doi: 10.1002/jlb.4ma0919-096rr

22. Rafeek RAM, Sikder S, Hamlin AS, Andronicos NM,McMillan DJ, Sriprakash

KS, et al. Requirements for a robust animal model to investigate the disease

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 May 2021 | Volume 8 | Article 674805

https://doi.org/10.1016/s1473-3099(05)70267-x
https://doi.org/10.1161/cir.0000000000000205
https://doi.org/10.1371/journal.pntd.0008558
https://doi.org/10.1007/s12098-007-0001-6
https://doi.org/10.4236/abb.2013.41A021
https://doi.org/10.1371/journal.pone.0242107
https://doi.org/10.1016/s0140-6736(00)02765-3
https://doi.org/10.1086/506938
https://doi.org/10.1111/1753-6405.12893
https://doi.org/10.1128/iai.69.6.4072-4078.2001
https://doi.org/10.1016/s0002-9440(10)64373-8
https://doi.org/10.1016/S0896-8411(03)00026-X
https://doi.org/10.1128/iai.01514-08
https://doi.org/10.1080/08916934.2016.1217999
https://doi.org/10.1093/infdis/jix637
https://doi.org/10.1080/08916934.2019.1605356
https://doi.org/10.1002/jlb.4ma0919-096rr
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


McMillan et al. Possible Diagnostic Test for Rheumatic Fever?

mechanism of autoimmune complications associated with ARF/RHD. Front

Cardiovas Med. (2021). doi: 10.3389/fcvm.2021.675339

23. Rafeek RAM, Lobbe CL, Wilkinson EC, Hamlin AS, Andronicos NM,

McMillan DJ, et al. Group A streptococcal antigen exposed rat model

to investigate neurobehavioral and cardiac complications associated with

post-streptococcal autoimmune sequelae. Animal Models Exp Med. (2021).

doi: 10.1002/ame2.12164

24. Frost HR, Davies MR, Delforge V, Lakhloufi D, Sanderson-Smith M,

Srinivasan V, et al. Analysis of global collection of group A Streptococcus

genomes reveals that the majority encode a trio of M and M-like proteins.

mSphere. (2020) 5:e00806–19. doi: 10.1128/mSphere.00806-19

25. Wu XD, Zeng ZY, Gong DP, Wen JL, Huang F. Potential involvement

of S1PR1/STAT3 signaling pathway in cardiac valve damage due

to rheumatic heart disease. Biotech Histochem. (2019) 94:398–403.

doi: 10.1080/10520295.2019.1574028

26. Muhamed B, Parks T, Sliwa K. Genetics of rheumatic fever and

rheumatic heart disease. Nat Rev Cardiol. (2020) 17:145–54.

doi: 10.1038/s41569-019-0258-2

27. Cunningham M, McCormack J, Talaber L, Harley J, Ayoub E, Muneer R,

et al. Human monoclonal antibodies reactive with antigens of the group A

Streptococcus and human heart. J Immunol. (1988) 141:2760–6.

28. Ellis NM, Li Y, Hildebrand W, Fischetti VA, Cunningham MW. T cell

mimicry and epitope specificity of cross-reactive T cell clones from rheumatic

heart disease. J Immunol. (2005) 175:5448–56. doi: 10.4049/jimmunol.175.

8.5448

29. Garcia AF, Yamaga KM, Shafer LA, Bollt O, Tam EK, Cunningham

MW, et al. Cardiac myosin epitopes recognized by autoantibody in acute

and convalescent rheumatic fever. Pediatr Infect Dis J. (2016) 35:1021–6.

doi: 10.1097/inf.0000000000001235

30. Dinkla K, Talay SR, Morgelin M, Graham RM, Rohde M, Nitsche-

Schmitz DP, et al. Crucial role of the CB3-region of collagen IV

in PARF-induced acute rheumatic fever. PLoS ONE. (2009) 4:e4666.

doi: 10.1371/journal.pone.0004666

31. Tandon R, Sharma M, Chandrashekhar Y, Kotb M, Yacoub MH, Narula J.

Revisiting the pathogenesis of rheumatic fever and carditis. Nat Rev Cardiol.

(2013) 10:171–7. doi: 10.1038/nrcardio.2012.197

32. Dinkla K, Nitsche-Schmitz DP, Barroso V, Reissmann S, Johansson

HM, Frick IM, et al. Identification of a streptococcal octapeptide motif

involved in acute rheumatic fever. J Biol Chem. (2007) 282:18686–93.

doi: 10.1074/jbc.M701047200

33. Cunningham MW. Molecular mimicry, autoimmunity, and infection:

the cross-reactive antigens of group A streptococci and their sequelae.

Microbiol Spectr. (2019) 7. doi: 10.1128/microbiolspec.GPP3-0045-

2018

34. Kalil J, Guilherme L. Rheumatic fever: a model of autoimmune disease

due to molecular mimicry between human and pathogen proteins.

Crit Rev Immunol. (2020) 40:419–22. doi: 10.1615/CritRevImmunol.

2020035024

35. Kirvan CA, Swedo SE, Heuser JS, Cunningham MW. Mimicry and

autoantibody-mediated neuronal cell signaling in Sydenham chorea.NatMed.

(2003) 9:914–20. doi: 10.1038/nm892

36. Kirvan CA, Swedo SE, Kurahara D, CunninghamMW. Streptococcal mimicry

and antibody-mediated cell signaling in the pathogenesis of Sydenham’s

chorea. Autoimmunity. (2006) 39:21–9. doi: 10.1080/089169305004

84757

37. Dileepan T, Smith ED, Knowland D, Hsu M, Platt M, Bittner-Eddy P, et

al. Group A Streptococcus intranasal infection promotes CNS infiltration

by streptococcal-specific Th17 cells. J Clin Invest. (2016) 126:303–17.

doi: 10.1172/jci80792

38. Platt MP, Bolding KA, Wayne CR, Chaudhry S, Cutforth T, Franks KM, et

al. Th17 lymphocytes drive vascular and neuronal deficits in a mouse model

of postinfectious autoimmune encephalitis. Proc Natl Acad Sci USA. (2020)

117:6708–16. doi: 10.1073/pnas.1911097117

39. Whitcombe AL, Hanson-Manful P, Jack S, Upton A, Carr PA,Williamson DA,

et al. Development and evaluation of a new triplex immunoassay that detects

group A Streptococcus antibodies for the diagnosis of rheumatic fever. J Clin

Microbiol. (2020) 58:e00300–20. doi: 10.1128/jcm.00300-20

40. Guedez Y, Kotby A, El-Demellawy M, Galal A, Thomson G, Zaher S, et

al. HLA class II associations with rheumatic heart disease are more evident

and consistent among clinically homogeneous patients. Circulation. (1999)

99:2784–90. doi: 10.1161/01.cir.99.21.2784

41. Bessen DE, Fischetti VA. Differentiation between two biologically distinct

classes of group A streptococci by limited substitutions of amino acids within

the shared region ofM protein-likemolecules. J ExpMed. (1990) 172:1757–64.

doi: 10.1084/jem.172.6.1757

42. Kirvan CA, Galvin JE, Hilt S, Kosanke S, Cunningham MW. Identification

of streptococcal m-protein cardiopathogenic epitopes in experimental

autoimmune valvulitis. J Cardiovasc Trans Res. (2014) 7:172–81.

doi: 10.1007/s12265-013-9526-4

43. Batzloff MR, Fane A, Gorton D, Pandey M, Rivera-Hernandez T, Calcutt A,

et al. Preclinical immunogenicity and safety of a Group A streptococcal M

protein-based vaccine candidate. Hum Vaccin Immunother. (2016) 12:3089–

96. doi: 10.1080/21645515.2016.1222999

44. Reynolds S, Pandey M, Dooley J, Calcutt A, Batzloff M, Ozberk V, et al.

Preclinical safety and immunogenicity of Streptococcus pyogenes (Strep A)

peptide vaccines. Sci Rep. (2021) 11:127. doi: 10.1038/s41598-020-80508-6

45. Kemeny E, Grieve T, Marcus R, Sareli P, Zabriskie JB. Identification of

mononuclear cells and T cell subsets in rheumatic valvulitis. Clin Immunol

Immunopathol. (1989) 52:225–37. doi: 10.1016/0090-1229(89)90174-8

46. Guilherme L, Oshiro SE, Faé KC, Cunha-Neto E, Renesto G, Goldberg

AC, et al. T-cell reactivity against streptococcal antigens in the

periphery mirrors reactivity of heart-infiltrating T lymphocytes in

rheumatic heart disease patients. Infect Immun. (2001) 69:5345–51.

doi: 10.1128/iai.69.9.5345-5351.2001

47. Uchtenhagen H, Rims C, Blahnik G, Chow IT, Kwok WW, Buckner

JH, et al. Efficient ex vivo analysis of CD4+ T-cell responses using

combinatorial HLA class II tetramer staining. Nat Commun. (2016) 7:12614.

doi: 10.1038/ncomms12614

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 McMillan, Rafeek, Norton, Good, Sriprakash and Ketheesan.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 8 May 2021 | Volume 8 | Article 674805

https://doi.org/10.3389/fcvm.2021.675339
https://doi.org/10.1002/ame2.12164
https://doi.org/10.1128/mSphere.00806-19
https://doi.org/10.1080/10520295.2019.1574028
https://doi.org/10.1038/s41569-019-0258-2
https://doi.org/10.4049/jimmunol.175.8.5448
https://doi.org/10.1097/inf.0000000000001235
https://doi.org/10.1371/journal.pone.0004666
https://doi.org/10.1038/nrcardio.2012.197
https://doi.org/10.1074/jbc.M701047200
https://doi.org/10.1128/microbiolspec.GPP3-0045-2018
https://doi.org/10.1615/CritRevImmunol.2020035024
https://doi.org/10.1038/nm892
https://doi.org/10.1080/08916930500484757
https://doi.org/10.1172/jci80792
https://doi.org/10.1073/pnas.1911097117
https://doi.org/10.1128/jcm.00300-20
https://doi.org/10.1161/01.cir.99.21.2784
https://doi.org/10.1084/jem.172.6.1757
https://doi.org/10.1007/s12265-013-9526-4
https://doi.org/10.1080/21645515.2016.1222999
https://doi.org/10.1038/s41598-020-80508-6
https://doi.org/10.1016/0090-1229(89)90174-8
https://doi.org/10.1128/iai.69.9.5345-5351.2001
https://doi.org/10.1038/ncomms12614
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	In Search of the Holy Grail: A Specific Diagnostic Test for Rheumatic Fever
	Introduction
	The Utility of the Jones Criteria for Diagnosis of Rheumatic Fever
	Problems With the Current Diagnosis of ARF
	The Aetiopathogenesis of Rheumatic Fever and Its Complications
	Enabling the Design and Develop a Novel Disease Specific Diagnostic Tool
	How Does Detecting Antibodies to Disease Specific Streptococcal Epitopes be of Value in Developing Vaccines for Streptococcal Infections?
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


