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Introduction
Rheumatic heart disease is known to affect  
15 million individuals worldwide;1,2 how
ever, systematic echocardiographic screen
ing in endemic areas indicates that this 
figure is a gross underestimation.3,4 No 
effective methods for primary prevention or 
specific medical therapy are currently avail
able, because the pathogenesis of rheuma
tic fever remains poorly understood. The 
pathogenesis of this condition is believed 
to involve cross reactivity between various 
moieties in the causative strepto coccus 
strain and numerous cardiac antigenic 
epitopes; the mostdiscussed molecular 
mimicry has involved the strepto coccal 
antigen M protein and some sarcomeric 
proteins. However, this hypo thesis might 
not adequately explain many features of the  
disease, such as the common basis for  
the multisystem involvement in rheumatic 
fever, the sparing of the myocardium, and 
the specific effects on cardiac valvular 
tissue. We propose an alternative hypothesis 
ascribing the subendothelial extracellular 

matrix as a common patho logy to explain 
the systemic nature of r heumatic fever.

Past theories on pathogenesis
Rheumatic fever occurs as a sequel to upper 
respiratory tract group A βhaemolytic 
streptococcal infections. The clinical mani
festations of rheumatic fever are observed 
2–6 weeks after streptococcal pharyngitis, 
when the throat cultures for bacterial infec
tion have become negative and the elevated 
antibodies to strepto coccal enzymes (such 
as streptolysin O and DNase B) provide the 
telltale evidence of antecedent strepto coccal 
infection.5 The longterm consequence of 
rheumatic fever is related to the induction of 
permanent cardiac damage.6 A 1987 report 
on the resurgence of rheuma tic fever in the 
intermountain area of the USA revealed 
that carditis, diagnosed on the basis of the 
echocardiographic finding of overt or sub
clinical mitral valve regurgi tation, occurred 
in >90% of patients with rheumatic fever.7 
Rheumatic carditis might, therefore, be 
an invariable component of rheumatic 
fever, and the presumed low frequency of 
rheuma tic carditis in rheumatic fever might 

result from insufficient s ensitivity of c linical 
auscultatory examination.

Rheumatic carditis typically occurs as a 
pancarditis that involves the peri cardium, 
myocardium, and endocardium.6 Whereas 
the occurrence of fibrinous pericarditis and 
verrucous endocarditis or valvulitis is well 
characterized, the term ‘myo carditis’ has 
been used rather loosely, predominantly on 
the basis of the presence of interstitial gran
ulomas. The landmark manuscripts describ
ing the histopatho logy of rheumatic carditis, 
published in the 20th century, defined rheu
matic myo carditis by the characteristic 
presence of focal interstitial inflammation, 
referred to as Aschoff bodies.8,9

In that latter part of the 20th century, 
streptococcal M  proteins were widely 
reported to have a pivotal role in the patho
genesis of rheumatic fever,10 and certain 
M serotypes of group A streptococcus—
such as M types 1, 5, 6, 14, 18, and 24,  
which are referred to as ‘rheumatogenic’ 
strains—are particularly associated with 
rheumatic fever.5 An αhelical coiledcoil 
structure of the M protein is similar to 
intramyo cellular proteins (such as myosin 
and tropomyosin) and molecular mimicry 
between streptococcal and myocellular 
contractile proteins was proposed to be 
r esponsible for an a utoimmune response.10

The antibodies that target the valves 
in humans with rheumatic fever are now 
thought to perhaps not target the M protein, 
but instead to target the group A carbo hydrate 
from the causative streptococcus strain.11 As 
early as 1968, antigroup A carbo hydrate anti
bodies were shown to be persistently elevated 
in patients with valvulitis,12 and a report pub
lished 6 years later demonstrated that surgical 
removal of inflamed valves resulted in a sig
nificant decrease in the level of antigroup A 
carbo hydrate antibodies present in serum.13 
These antibodies are also thought to recog
nize sequences in αhelical proteins, such as 
myosin and tropomyosin, that behave identi
cally to the Nacetylβdglucosamine domi
nant epitope of the group A carbohydrate.14 
Notably, a high antigroup A carbohydrate 
response in patients with rheumatic fever 
and carditis correlates with poor prognosis 
and valve replacement, and the responses 
against cardiac myosin S2 fragment peptides 
correlate with disease activity.15,16
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Because coiledcoil contractile proteins 
are intracellular (sequestered from extra
cellular environs by the sarcolemma), mere 
production of crossreactive anti bodies to 
these proteins does not establish a causal 
relationship with the disease patho genesis. 
Accordingly, some researchers have pro
posed that a target that resides on the 
surface of the cell and causes the disease 
to begin or ensue exists in addition to  
an intracellular biomarker antigen.14,17 An 
example of this phenomenon occurs in 
Sydenham chorea, a neurological manifes
tation of acute rheumatic fever. The bio
marker antigen for Sydenham chorea in the 
brain is tubulin, but the antigen target is a 
cellsurface antigen that, after binding the 
crossreactive antibody, leads to calcium/
calmodulin dependent kinase II activation 
and subsequent dopamine release.17 For 
rheumatic cardi tis, some investigators have 
suggested that the antibodies might recog
nize the intracellular biomarker antigen 
cardiac myosin, but that the antigen targeted 
on the valve surface endothelium in situ is 
laminin, or some other e xtracellular or 
basementmembrane protein.18,19

The current paradigm of the patho
genesis dictates that the first damage to 
the endocardial surface is antibody medi
ated, and the activated endothelium with 
upregu lated expression of vascular cell 
ad hesion protein 1 (VCAM1) subsequently 
facilitates the infiltration of T cells into the 
valve.20 The studies of human Tcell clones 
recovered from blood and valve tissues 
in rheumatic cardi tis18,19 found that these 
clones also proliferate to M protein and 
cardiac myosin peptides as well as to other 
valvular proteins, such as the intracellular 
vimentin and the extracellular laminin, that 
share homo logy with cardiac myosin.18,19 
These T cells are thought to be responsible 
for the Th1 response in the valves19 that 
leads to s carring and neovascularization.

We believe that these theories on the 
pathogenesis of rheumatic heart disease 
are circuitous. They suggest that multi
ple streptococcal antigens are involved in 
the pathogenesis of the disease through 
various crossreactive antibodies, and refer 
to a gross immaturity of the highly evolved 
human immune system, which we think is 
very unlikely.

Insights from histopathology
The histopathological alterations in various 
organs during rheumatic fever seem to be 
essentially similar and suggest that connec
tive tissue might be the common site for the 

various manifestations of the disease. The 
pathological changes also indicate that, 
unlike in the morecommon lymphocytic 
form of myocarditis, heart muscle cells are 
spared in rheumatic carditis (Figure 1).

Involvement of extracellular matrix
Pathologically, rheumatic fever is charac
terized by inflammatory changes in sub
endothelial and perivascular collagen 
tissue.6,21 In rheumatic carditis, the granu
loma formation comprising perivascular 
Aschoff nodules has been described as the 
mostcharacteristic finding.6,22 The depth 
of perivascular inflammation is limited, 
and evidence for inflammation beyond the 
perivascular area is infrequent; the myo
cardium or interstitium beyond this area 
appear largely normal. Microscopically, the 
pericardium is affected in almost all patients 
with active rheumatic fever; however, no 
residual damage in myocardium or peri
cardium is observed after the acute episode 
of rheumatic fever is resolved.6 Unlike 
myocardium and pericardium, the valvu
lar tissue often sustains permanent damage 
after active carditis.6 Histopathological 
analysis reveals that the mitral valve  
is always affected,23 and the aortic valve is  
frequently inflamed.6 The tricuspid and 
pulmonary valves are rarely involved 
grossly, but these valves often show dis
tinct microscopic lesions.6 Adhesion mol
ecules, such as VCAM1, are abundantly 
expressed on the endothelial surface of the 
mitral valve, and lymphomono nuclear cells 
adhere to the surface to t raverse into the 
valvular tissue.20,21

The pathological alterations in other 
organs follow a similar pattern to most 
of those of the heart.6,24 Effects in the 
central nervous system can include peri
vascular round cell infiltration in basal 
ganglia, caudate nucleus, putamen, and 
cere bellum, regardless of choreic mani
festations; Aschoff nodules are usually  
not observed. Rheumatic arthritis is 
associated with fibri nous exudates, and 
thickened and edematous synovium; focal 
lymphocyte infiltration and histiocytic 
granulomas are commonly observed. 
Arthrit is  has a l imited duration of  
presentation (2–3 weeks) and heals with
out residual damage. Clinically individual 
joints have evidence for inflammation 
lasting 1–7 days. Subcutaneous nodules 
also show a perivascular collection of 
fibroblasts, histio cytes, and lympho
cytes, which commonly surround a zone 
of fibrinoid necrosis. These nodules also 

heal without residual damage. Numerous 
arterial beds demonstrate a variable 
degree of arteri tis, including the aorta, 
coronary vessels, pulmo nary artery, small 
and large muscular arteries, and even vasa 
vasorum.6,24 These vessels are associated 
with oedema, and histio cytic and inflam
matory cell infiltration of the intimal and 
medial layers, which can be associated 
with fibrinoid degeneration and, at times, 
thrombosis. Histological findings of the 
renal involvement, mostly obtained by 
biopsy, indicate the presence of glomeru
litis. Widespread obliterating endarteritis 
of the medium and small renal arteries is 
common, but does not result in any clinical 
or laboratory abnormalities. Abdominal 
pain in rheumatic fever can occur as a 
result of necrotizing arteritis of visceral 
arteries. Although pulmonary lesions are 
not infrequent, the specificity of these 
lesions is not certain because most autop
sied patients also had pulmonary oedema 
from left ventri cular failure prior to their 
death. In the alveolar walls, capillary 
endothelial cells proliferate, and analysis 
of the interstitial tissue shows oedema 
and inflammatory cells. Vascular lesions 
of the capillaries and small arteries consist 
of intimal thickening, hyalinized thrombi, 
occasional scarring or necrosis of the 
media and adventitia, and peri adventitial 
cellular infiltration. Pleura, pericardium, 
and peritoneum are lined by single layers 
of mesothelium, which is derived from 
(vimentinpositive) mesenchymal cells, but 
differ from (keratinpositive) epithelium. 
Similar serofibrinous exudates occur over 
the pleura, pericardium, and peritoneum, 
and extend to underlying tissue. Healing 
occurs without residual damage.

Lack of myocardial damage
Numerous clinical, imaging, and patho
logical studies indicate that rheumatic 
fever does not cause myocardial damage. 
The Dallas criteria define myocarditis as the 
presence of lymphomononuclear inflam
mation associated with cardiomyocellular 
damage in endomyocardial biopsy speci
mens.25 However, myocardial necrosis is 
rarely observed in endomyocardial biopsy 
specimens obtained from patients with 
acute rheumatic fever.22 Instead, a variable 
degree of interstitial fibrinoid degenera
tion, with interstitial mononuclear cell 
infiltration, has been reported as the most
common finding.22 In addition, histiocytic 
aggregates or Aschoff nodules were detected 
in up to 40% of patients; the granulomatous 
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lesions were more common in the presence 
of heart failure and recurrent rheumatic 
fever.22 As such, the myocardial pathology 
is suggestive of the presence of interstitial 
carditis (and not myocarditis) and does 
not support the concept that myocardial 
damage forms the basis of myocardial dys
function in patients with rheumatic carditis, 
even in the presence of clinically manifest 
heart failure.26

The lack of myocardial damage has 
also been inferred by various other inves
tigative measures. Unlike for common, 
lymphocytic myocarditis, the levels of cir
culating biomarkers of myocardial damage, 
such as troponins and creatine kinase, 
have been reported to be normal, or only 

insignifi cantly increased, in patients with 
acute rheumatic fever.27 The levels of these 
biomarkers remain normal even in the 
presence of cardiomegaly or heart failure. 
In addition, a prospectively designed, serial 

echocardiographic study of acute rheu
matic fever demonstrated preserved myo
cardial systolic function, regardless of the 
severity of valvular involvement and heart 
failure, throughout the course of active 
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Figure 1 | Haematoxylin and eosin staining  
of the heart and vasculature suggests 
connective tissue involvement in rheumatic 
fever. These images highlight the interstitial 
alterations of the heart and that myocytes are 
not affected. a–c | Pancarditis in a 3-year-old 
girl with acute rheumatic fever. a | Endocardial 
inflammation is seen around a single 
chordate tendinae (magnification ×10). 
b | The myocardium reveals a focal area of 
nonspecific lymphomononuclear infiltrate 
(magnification ×125) that is more extensive 
than the Aschoff-nodule-rich infiltrates. 
c | The epicardium contains lymphocytic and 
macrophage infiltration with fibrinous 
exudates, but no acute inflammation 
(magnification ×100). d–f | Vasculitis in the 
same patient with rheumatic fever. d | In the 
vasculature, adventitial inflammation occurs, 
but the media is spared (magnification ×10). 
e | Higher magnification of the section in 
part d shows intense adventitial inflammation 
in the left upper corner (magnification ×40). 
f | The inflammatory infiltrate is 
predominantly lymphocytic, with interspersed 
macrophages (magnification ×100). 
g–i | In the mitral valve of a 6-year-old girl with 
rheumatic carditis, g | focal fibrinous 
vegetations (magnification ×25), 
h | inflammation with palisading histiocytes 
(magnification ×75), and i | rare Aschoff 
bodies (magnification ×150) were found. 
j–l | In the same 6-year-old patient, Aschoff 
bodies were present in the papillary muscles 
removed with the mitral valve, in the 
subendocardial location, and myocytes  
were unaffected. An Aschoff body from  
one subendocardial location in 
j | low magnification (×50) and k | high 
magnification (×150), and l | another from a 
different subendocardial location 
(magnification ×150) are shown. Modified 
from Virmani, R., Farb, A., Burke, A. P. & 
Narula, J. in Rheumatic Fever (eds Narula, J., 
Virmani, R., Reddy, K. S. & Tandon, R.)  
217–234 (Amer. Reg. Path. AFIP, 
Washington DC, 1999) with permission.
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disease.28 Heart failure occurred in patients 
with rheumatic fever only in associ ation 
with haemodynamically significant mitral 
regurgitation. In patients with acute rheu
matic fever who are deteriorating despite 
aggressive anticongestive measures, com
plete resolution of heart failure has been 

demonstrated after surgical mitral valve 
replacement.29 The clini cians involved con
cluded that the heart failure was the result 
of an acute volume overload secondary to 
valvular incompetence, but not of myo
carditis, and that the surgical management 
was life saving.

Revisiting the pathogenesis
Collagen is a recognized target for autoanti
bodies in various autoimmune diseases30,31 
and, on the basis of histopathological 
charac teristics, we believe that collagen is the 
mostlikely site of inflammation in rheuma
tic fever as well. This hypothesis explains the 
systemic manifestations in rheumatic fever 
and the feasibility of complete healing in 
most tissues (valves heal with scarring).

The seat of autoimmunity
Studies by Chhatwal and colleagues suggest 
that surface components of rheumatogenic 
streptococcal strains (such as M types 3 
and 18) form a complex with human colla
gen type IV in subendothelial basement 
membranes,32–34 and might initiate an 
auto antibody response to the collagen in 
the pathogenesis of rheumatic fever. We 
agree that poststreptococcal anticollagen 
anti bodies might induce auto immunity 
in patients with rheumatic fever, and 
believe that the pathogenesis of rheumatic 
heart disease might not involve molecular 
mimicry with streptococcal antigens nor 
a failure of the human immune system. If 
this hypothesis is proven, rheumatic fever 
could be added to the group of diseases 
c haracterized by collagen autoimmunity.

The pathogenesis of both Goodpasture 
syndrome and Alport syndrome, and the 
development of autoantibodies directed at 
the basementmembrane collagen (type IV) 
therein, offers insight into how this ubiqui
tous protein can turn into an autoantigen. 
In Alport syndrome, the auto antibodies 
are directed against mutated collagen 
(COL4 A3/A4/A5/A6).30 By contrast, in 
Goodpasture syndrome, the antibodies are 
directed against perturbation of the qua
ternary structure of the α3NC1 and α5NC1 
subunits of the α3 and α5 chains of collagen 
type IV of the lung and kidney.30,31 These 
antibodies bind to distinct epitopes in the 
NC1 monomers, but they do not bind to 
the native crosslinked α345NC1 hexamer, 
and the autoantibody response follows enzy
matic or nonenzymatic post translational 
conformational modification in the NC1 
region. Local environmental factors, such 
as exposure to endogenous oxidants, 
tobacco smoke, or hydrocarbons, are presu
med to inhibit the association of hexamer 
NC1 regions and formation of sulphili
mine bonds, or disruption of the NC1 
hexamer bonds. Conformational changes 
are also observed in the defined epitopes 
in the NC1 region and the a utoantibody 
response is induced (Figure 2).
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Figure 2 | Molecular architecture of type IV collagen in healthy individuals and in patients with 
Goodpasture syndrome. a | From six genetically distinct α chains, three sets of triple helical 
protomers are formed—α112, α345 and α556. All protomers comprise a 7S domain at the 
N-terminal and an NC1 domain at the C-terminal, which flank a long, collagenous domain in the 
middle. These protomers form a collagen network in the basement membrane by uniting two 
NC1 trimers to form a hexamer (NC1 box) at the C-terminal, and then four 7S domains (7S box) 
at the N-terminal. Three hexamer networks are composed of pairs of α345 + α345, or 
α112 + α112, or α112 + α556. b | The α345 + α345 NC1 box is strengthened by sulphilimine 
bonds. Environmental changes such as oxidative stress might inhibit the formation of 
sulphilimine bonds, or lead to the dissociation of hexamers back into trimers. In Goodpasture 
syndrome, the NC1 domain within the dissociated trimers undergoes a conformational change, 
resulting in the formation of neoepitopes (known as EA and EB regions) and eliciting 
autoantibody production. Inspired from Hudson et al.30 and Padchenko et al.31
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In rheumatic fever, M protein binding 
(Figure 3) to basementmembrane colla
gen might induce autoimmunity to collagen  
type IV epitopes. M protein from rheumato
genic M serotypes binds to the collagen via 
an octapeptide motif that has been identi
fied by peptide arrays and targeted amino
acid substitutions.32–34 Mice immunized 
with streptococcal proteins containing 
the collagenbinding octapeptide develop 
a nticollagen antibodies.32–34 Although 
immuni zation of mice with M protein 
produ ced a collagen autoantibody response, 
the antibodies did not crossreact with 
inducing M proteins, excluding the likeli
hood of molecular mimicry. Notably, sera 
obtained from patients with rheumatic fever 
(in Chandigarh, India) has been shown to 
have an increased level of collagen anti
bodies as well as increased titres for M pro
teins and fibrinogenbinding protein of 
group G streptococci (FOG).27,28

In some areas in which rheumatic fever 
is endemic, such as the Northern Territory 
in Australia, pharyngeal isolation of 
group A streptococcus is rare, whereas the 
prevalence of streptococcal group C and G 
infections is high. Therefore, group C and 

group G streptococci are thought likely to 
be involved in the pathogenesis of rheuma
tic fever in these regions. Similarly to 
M protein, the Mlike protein FOG, which 
is described as an adhesin and is found on 
group G streptococcus, has been demon
strated to interact with various members 
of the collagen family.32,35,36 Therefore, 
the proposed mechanism of onset of 
rheuma tic heart disease might not neces
sarily be limited to group A streptococcal 
pharyngeal infection.

Endothelial heterogeneity
The immunologically challenged collagen 
network in basement membrane is likely 
to induce phenotypic changes that include 
apop tosis of the overlying endothelial 
cells.21,37 Given that endothelial cells vary 
in both structure and function accord
ing to their site in various organ systems, 
the manifestations of the endothelial 
involvement might vary from tissue to 
tissue. Endothelialcell heterogeneity has 
been attributed on the one hand to a pre
determined organ specific phenotype 
before the migration of endothelial cells 
from the mesoderm to the diverse vascular 

beds and the capacity for differentiation 
at site along a genetically determined pro
gramme38 and, on the other hand, to local 
environ mental factors, including cytokines, 
inter cellular communication, and the 
proper ties of the underlying extracellular 
matrix. Endothelialcell heterogeneity is 
probably best exemplified in the valvular 
endothelial cells that differ in their behavi
our from the endothelium in other parts 
of the circulatory system and are specific  
to the particular part of each valve39—even 
endothelial cells on the aortic side of the 
aortic valve have different expression pro
files on microarrays from those on the 
ventricular side.38,40 Notably, a prominent 
phenotypic drift has been described when 
endothelial cells from a given organ are 
cocultured with extra cellular matrix from 
a divergent organ.41 Several studies have 
shown the involvement of the genome 
transcriptome and glycome in regulating 
the response to injury.38,42 Therefore, a vari
able response within different vascular beds 
during an acute episode of rheumatic fever 
should not be surprising.

Despite widespread endothelial activa
tion and the diffuse collagen involvement 
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Figure 3 | Molecular basis of an interaction 
between collagen type IV and M protein in 
rheumatic fever. Two prominent sites on the 
collagen type IV molecule are found 20 nm 
and 100 nm from the 7S region; the latter 
site is the CB3 region and is necessary for 
integrin binding. All collagen-binding 
streptococcal M proteins contain a 
consensus octapeptide sequence—
AlaXTyrLeuZZLeuAsn—called PARF,33 which 
binds to the CB3 region of collagen type IV 
with high affinity.34 This binding interferes 
with the collagen–integrin interaction, 
modulates collagen itself, and results in an 
antibody response directed at the CB3 region 
of collagen type IV. Owing to similarity 
between various forms of collagen, the 
immune response might extend beyond 
collagen type IV. Abbreviations: CB3, 
cyanogen bromide cleavage product region; 
FOG, fibrinogen-binding protein of group G 
streptococci; PARF, peptide associated with 
rheumatic fever.
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Figure 4 | Proposed pathogenesis of rheumatic fever. The collagen matrix and the overlying 
endothelial-cell layer are affected throughout the body during acute rheumatic fever. Owing to the 
two-sided endothelial coverage of the heart valves with minimal intervening tissue, healing with 
scar formation leads to permanent damage; other organs heal with no residual damage.
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in the vasculature, one of the mysteries of 
the pathology of rheumatic fever is its ten
dency to scar only the cardiac valves and 
no other affected tissues. In most tissues, 
the endothelium has an immense capa
city to heal; the damaged endothelium is 
replaced by new endothelium after any 
kind of injury, and the healed endothelium 
does not show scars. Moreover, in addi
tion to the endothelium repairing itself 
very quickly, the subendothelial damage 
is limited to a shallow depth, and scarring 
does not usually occur. As such, except 
for the cardiac valves, the manifestations 
of rheumatic fever (including arthritis, 
chorea, and subcutaneous nodules) heal 
with no evidence of residual sequelae. The 
valves probably suffer as a result of their 
distinct anatomical structure in having a 
small core of connective tissue covered by 
two layers of endothelium; no muscle tissue 
and, normally, no blood vessels exist in the 
valves. With the involvement of connective 
tissue and abundant expression of adhesion 
molecules on the overlying endothelium, 
a vicious cycle of inflammation occurs,21 
causing neoangiogenesis in the substance 
of the valve tissue, which introduces more 
vascular endothelium, and valvular healing 
with progressive scarring.

Conclusions
Pathological findings and immuno logical 
studies suggest that the primary site of 
rheumaticfeverrelated damage is the sub
endothelial collagen matrix. Upon strepto
coccal infection, an M protein Nterminus 
domain binds to the CB3 region in colla
gen type IV. This interaction initiates an 
antibody response to the collagen that 
might lead to systemic targeting of colla
gen, which might be associated with vari
able effects on overlying endothelium. 
The immune response to collagen is not 
crossreactive with group A streptococci. 
Endothelial and collagen inflamma
tion might heal completely, except in the 
valves, where scarring occurs. Notably, 
even this alternative hypothesis (Figure 4) 
might not explain all nuances of the patho
genesis of rheumatic fever, and studies  
must conti nue to unravel this disease, which 
conti nues to afflict millions of people in 
lowtomiddleincome countries.
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