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Abstract 42 

 43 

Background. Rheumatic heart disease (RHD) following Group A Streptococcus 44 

(GAS) infections is heritable and prevalent in Indigenous populations. Molecular 45 

mimicry between human and GAS proteins triggers pro-inflammatory cardiac 46 

valve-reactive T-cells.  47 

 48 

Methods. Genome-wide genetic analysis was undertaken in 1263 Aboriginal 49 

Australians (398 RHD cases; 865 controls). Single nucleotide polymorphisms 50 

(SNPs) were genotyped using Illumina HumanCoreExome BeadChips.  Direct 51 

typing and imputation was used to fine-map the human leukocyte antigen (HLA) 52 

region. Epitope binding affinities were mapped for human cross-reactive GAS 53 

proteins, including M5 and M6.    54 

 55 

Results. The strongest genetic association was intronic to HLA-DQA1 56 

(rs9272622; P=1.86x10-7). Conditional analyses showed rs9272622 and/or 57 

DQA1*AA16 account for the HLA signal. HLA-DQA1*0101_DQB1*0503 (OR 1.44, 58 

95%CI 1.09-1.90, P=9.56x10-3) and HLA-DQA1*0103_DQB1*0601 (OR 1.27, 59 

95%CI 1.07-1.52, P=7.15x10-3) were risk haplotypes; HLA_DQA1*0301-60 

DQB1*0402 (OR 0.30, 95%CI 0.14-0.65, P=2.36x10-3) was protective.  Human 61 

myosin cross-reactive N-terminal and B repeat epitopes of GAS M5/M6 bind with 62 

higher affinity to DQA1/DQB1 alpha/beta dimers for the two risk haplotypes 63 

than the protective haplotype.   64 

 65 
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Conclusions. Variation at HLA_DQA1-DQB1 is the major genetic risk factor for 66 

RHD in Aboriginal Australians studied here. Cross-reactive epitopes bind with 67 

higher affinity to alpha/beta dimers formed by risk haplotypes, supporting 68 

molecular mimicry as the key mechanism of RHD pathogenesis. 69 

 70 

 71 

Abstract: 197 Words. 72 

 73 

Keywords.  GWAS; HLA; Acute rheumatic fever; rheumatic heart disease; 74 

epitope mapping; M proteins; molecular mimicry.  75 

 76 

 77 

 78 

  79 
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INTRODUCTION 80 

 81 

Acute rheumatic fever (ARF) results from an autoimmune response to infections 82 

due to group A Streptococcus (GAS), Streptococcus pyogenes. Recurrences of ARF 83 

and its associated cardiac valvular inflammation lead to chronic valvular damage 84 

and rheumatic heart disease (RHD). RHD causes an estimated 275,000 deaths 85 

annually with an estimated 33 million prevalent cases globally (reviewed [1]). In 86 

Australia, RHD is most prevalent in the Indigenous population, affecting 2-6 per 87 

1000 individuals (and as high as 15/1000 school aged children in the northern 88 

tropical regions[2])[3, 4].  89 

 90 

The precise pathological mechanisms underlying RHD remain unclear.  One 91 

hypothesis to explain inflammation of valvular tissue is molecular mimicry 92 

(reviewed [1, 5-8]). Accordingly, peptides from GAS proteins are processed by 93 

antigen presenting cells in the throat and heart tissue and presented on Human 94 

Leukocyte Antigen (HLA) class II molecules to CD4+ T lymphocytes that elicit 95 

pro-inflammatory cytokine responses and/or provide help to B lymphocytes for 96 

antibody secretion. In RHD patients, the CD4 T cell epitopes and antigenic 97 

specificities of antibodies show cross-reactivity to proteins in heart tissue, 98 

specifically targeting cardiac valves [5, 9]. This cross-reactivity is thought to be 99 

due to sequence similarities between heart tissues and GAS proteins, amongst 100 

which GAS M-proteins feature prominently [10], which is supported by studies of  101 

HLA-DQ-restricted T cell clones that recognise the M protein and myosin 102 

peptides in the blood and hearts of RHD patients [11, 12] as well as studies in 103 

animal models of disease [13]  .  The precise mechanism by which these cross-104 
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reactive antibodies target the valve is unclear, and cross-reactive antibodies 105 

have been observed in streptococcal pharyngitis without complications [14]. An 106 

alternative hypothesis (reviewed [7]) is that a streptococcal M protein N-107 

terminus domain binds to the CB3 region in collagen type IV, initiating an 108 

antibody response to the collagen which results in inflammation.  These 109 

antibodies do not cross-react with M proteins, and hence do not involve 110 

molecular mimicry.  111 

 112 

Key aspects of molecular mimicry are the relevant proteins/peptides in GAS 113 

strains and host susceptibility.  In the Northern Territory of Australia there is 114 

high genetic diversity amongst GAS strains which reflect global-scale 115 

transmission rather than localised diversification [15, 16]. Despite ubiquitous 116 

exposure to GAS, only 1-2% of Indigenous Australians living in this region 117 

develop RHD, and the cumulative incidence of ARF only reaches 5-6% in 118 

communities with the most complete case ascertainment [17]. ARF is a 119 

precursor to RHD, and in a meta-analysis of 435 twin pairs susceptibility to 120 

rheumatic fever was estimated to be 60% heritable [18].  For RHD, a number of 121 

candidate gene studies have variably reported associations with genes 122 

controlling innate and adaptive immune responses (reviewed [6]). Among these 123 

candidates, HLA Class I and II genes feature most prominently, but with little 124 

consistency in risk and protective genes/alleles reported [6, 19, 20].  Recently, a 125 

GWAS of RHD was performed in Oceania populations but did not report an HLA 126 

signal [21]. This variability in reported associations likely reflects differing study 127 

designs, population-related genetic heterogeneity, failure to control for 128 

confounding factors, and the vagaries of small samples sizes and candidate gene 129 
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approaches. Here we undertake an unbiased genome-wide approach to identify 130 

genetic risk factors for RHD in echocardiogram-confirmed cases from the 131 

Northern Territory of Australia. The HLA-DQA1-DQB1 locus was the only region 132 

to show strong association in this population. We show that differential binding 133 

of GAS/human cross-reactive epitopes to MHC Class II dimers for specific HLA 134 

DQA1_DQB1 risk and protective haplotypes may underpin the molecular 135 

mimicry hypothesis for RHD pathogenesis.  136 

 137 

METHODS 138 

 139 

Ethical Considerations, Sampling and Clinical Data Collection 140 

This study was undertaken with ethical approval from the Human Research 141 

Ethics Committee (HREC) of the Northern Territory Department of Health and 142 

Menzies School of Health Research (ID HREC-2010-1484) and the Central 143 

Australian HREC (ID HREC-2014-241). The study was overseen by a project 144 

steering committee and three sub-committees – Aboriginal governance, clinical 145 

and scientific. The protocol and any key changes required agreement from the 146 

Aboriginal governance committee. Stage 1 of the project involved community 147 

engagement and consent, development of culturally appropriate consent 148 

materials, and establishment of appropriate governance for collection and 149 

subsequent storage of samples. Stage 2 involved identifying individual 150 

participants, obtaining informed consent, and collection of samples and 151 

associated meta-data. The individual consent incorporated  an “opt-in” design 152 

where participants selected which components of the study they were 153 

comfortable to participate in, and were able to withdraw from the study at any 154 
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stage [22].  This included an option to accept or refuse continued use of their 155 

genetic or clinical data in further studies.  De-identified post QC (cf. below) 156 

genotype data for individuals who consented to continued use of their data have 157 

been lodged in the European Genome-phenome Archive (accession number 158 

EGAS0000000000) with access controlled through a study-specific Data Access 159 

Committee. 160 

 161 

Participants were recruited from 19 communities in the Northern Territory of 162 

Australia (Figure 1). Case participants were defined a priori as having had, at 163 

some stage, echocardiographically confirmed evidence of RHD and/or ARF with 164 

carditis.  For each of the 19 communities, we obtained a list of individuals on the 165 

Northern Territory Rheumatic Heart Disease register. These lists were further 166 

screened for patients with a history of ARF and associated carditis (defined using 167 

the 2015 revised Jones Criteria [23]) or RHD confirmed on echocardiogram 168 

(defined using the 2012 World Heart Federation criteria [24]).  We aimed for a 169 

1:2 ratio of cases to controls. Controls were selected from the same communities 170 

(range 4-215 participants/community) to ensure similar likelihood of exposure 171 

to GAS among cases and controls, and included a selection of family members as 172 

well as unrelated community-based controls. Medical records of potential 173 

control participants were checked to exclude a prior history of rheumatic fever. 174 

We did not perform echocardiograms on control participants. Both cases and 175 

controls had to be aged ≥18 years, to minimise the likelihood of enrolling 176 

controls that might subsequently become cases (given that ARF is largely a 177 

disease of school aged children and most RHD cases are diagnosed before the age 178 
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of 30). Data were collected for age, gender, community location and RHD 179 

case/control status.  180 

 181 

We collected clinical data and saliva from 1382 individuals. Of these, 11 later 182 

withdrew consent for the study, and an additional 71 individuals were deemed 183 

ineligible for case or control status following detailed medical record review, 184 

leaving 1291 eligible to include in the study. Demographic details (age, sex, 185 

case/control status) for the 1263 (of 1291) study participants who also passed 186 

QC following genotyping (cf. below) are summarised in Table S1.    187 

 188 

Array Genotyping and Marker QC 189 

Saliva was collected using Oragene OG-500 saliva kits (DNA Genotek Inc., 190 

Ontario, Canada) and DNA extracted according to manufacturer protocols.  DNAs 191 

were genotyped on the Illumina Infinium HumanCoreExome Beadchip 192 

(Illumina Inc., San Diego, CA, USA), which includes probes for 547,644 single 193 

nucleotide polymorphisms (SNPs), 281,725 of which are genome-wide tag SNPs 194 

that represent core content and are highly informative across ancestries, and 195 

265,919 SNPs that are exome-focused markers. All genotyping data and 196 

reference panels were analysed using human genome build 37 (hg19). 197 

Individuals were excluded if they had a missing data rate >5%.  SNP variants 198 

were excluded if they had genotype missingness >5%, minor allele frequency 199 

(MAF) <0.01, or if they deviated from Hardy-Weinberg equilibrium (HWE; 200 

threshold of P<1.0x10-6).  This provided a post-QC dataset of 1263 individuals 201 

genotyped for 239,536 markers.  This sample comprised 398 cases and 865 202 

controls (Table S1), providing 68% power to detect genome wide significance 203 
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(P<5x10-8) for genetic effects with a disease allele frequency of 0.25, effect size 204 

(genotype relative risk) of 2, and assuming a disease prevalence of 2%. Overt 205 

non-Aboriginal population stratification was assessed using the top 10 principal 206 

components (PCs) from FlashPCA [25].  207 

 208 

SNP Imputation and GWAS 209 

Imputation of missing and unassayed genetic variants was performed using the 210 

1000 Genomes Project phase 3 reference panel [26], which contains 88 million 211 

variants for 2502 samples from 26 populations throughout Africa, America, East 212 

Asia, Europe and South-East Asia. Array variants were phased using SHAPEIT v2 213 

(r644) [27] and imputed with IMPUTE v2.3.2 [28]. We excluded imputed SNPs 214 

with an information metric <0.4 or genotype probability <0.9, and the remaining 215 

variants were converted to genotype calls and filtered for <10% missingness and 216 

MAF>0.01. Imputation accuracy was assessed using the r2 metric (r2>0.8), which 217 

represents the squared Pearson correlation between the imputed SNP dosage 218 

and the known allele dosage.    219 

 220 

Genome-wide association analysis for the RHD phenotype was performed 221 

using a linear mixed model as implemented in FaST-LMM v2.07, which takes 222 

account of both relatedness and population substructure [29]. Age and gender 223 

were included as fixed effects in the model. Population structure and relatedness 224 

were controlled using the genetic similarity matrix, computed from 41,926 LD-225 

pruned array variants, and any systematic confounding assessed using QQ plots 226 

and a test statistic inflation factor (λ). Genome-wide significance was set at 227 

P5x10-8 [30]. 228 
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 229 

Fine-Mapping Associations in the HLA Region  230 

Conditional association analyses in the HLA region also utilised FaST-LMM. 231 

Univariate conditional analysis can fail to uncover residual signals due to the 232 

long-distance haplotypes observed in the HLA region [31], therefore we used a 233 

step-wise conditional analysis of classical HLA alleles and amino acids to scan for 234 

independent signals in HLA. First, we typed exons of 10 classical HLA alleles for 235 

716 samples using the TruSight HLA sequencing panel and produced 4-digit 236 

phase-resolved genotype calls against the IMGT v3210 database (Murdoch 237 

University Centre for Clinical Immunology and Biomedical Statistics, Perth, 238 

Western Australia). We generated an Aboriginal reference panel of typed HLA 239 

variants from these individuals and imputed the HLA region for the untyped 240 

individuals using HIBAG [32]. Phased genotype calls with prob >0.8 (i.e. 241 

conditional probability of pairs of haplotypes consistent with observed 242 

genotypes) were converted to amino acid variants and merged with the SNP 243 

variants for association analysis in FaST-LMM, as described above.  Haplotype 244 

analyses were performed in PLINK [33] on phased haplotype data using logistic 245 

regression under an additive model with gender, age and 10 PCs as covariates. 246 

 247 

Functional Predictions for Candidate Loci 248 

We assessed the functional role for the candidate causal HLA variants in silico 249 

using NetMHCIIPan 3.1 [34] to map epitopes and their binding affinities to two 250 

risk and one protective HLA-DQA1_HLA-DQB1 haplotypes across GAS proteins 251 

known to contain human cross-reactive epitopes.  A literature review of the GAS 252 

proteins reported to show cross-reactivity with host tissue proteins was 253 
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undertaken (Table S2). Full-length amino acid sequences of all GAS proteins, 254 

including M5 and M6 proteins, shown to have cross-reactive epitopes were 255 

converted to a series of 20-mer sequences with a 1-mer sliding window and 256 

assessed for binding to each significantly associated DQA1_DQB1 haplotype.  257 

Cross-reactive epitopes from human proteins were mapped onto the epitope 258 

binding maps of M5 and M6, as indicated.  Binding affinities were compared 259 

(GraphPad Prism 7.00: 1-way ANOVA with multiple comparisons and correction 260 

for multiple testing) between haplotypes across the regions of peak epitope 261 

binding where 20-mer epitopes shared common 9-mer core epitopes.    262 

 263 

RESULTS 264 

 265 

Genome-wide Association Study 266 

We conducted a GWAS for rheumatic heart disease (RHD) in 1263 individuals 267 

comprising 398 RHD case and 865 control participants from communities in the 268 

Northern Territory of Australia. From direct genotyping on the Illumina 269 

HumanCoreExome array, we achieved 4.46 million high quality imputed variants 270 

(92.33% of variants imputed to high accuracy, r2>0.80) with moderate to high 271 

imputation accuracy genome-wide (Figure S1A). Genetic population structure 272 

was clearly evident from principal components analysis, largely capturing the 273 

geographic distribution of the remote Aboriginal Australian communities (data 274 

not shown). The use of a linear mixed model framework with genetic relatedness 275 

matrix (FastLMM) to perform a genome-wide association study for RHD 276 

effectively controlled this stratification, as evidenced by a quantile-quantile plot 277 
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of the p-values from the genome-wide scan (λ =1.021; Figure S1B). A single 278 

major signal was detected within the class II region of the HLA gene family on 279 

chromosome 6 which peaked at the imputed variant rs9272622 (32607986bp, 280 

P=1.86x10-7, OR=0.897 for protective allele C) within intron 1 of HLA-DQA1 281 

(Figure 2). 282 

 283 

Fine-mapping the HLA Class II Region 284 

Regional plots of the class II region showed that the top SNP rs9272622 tagged a 285 

linkage disequilibrium block (r2>0.8) across the HLA-DQA1 to HLA-DQB1 region 286 

(Figure 3). There were no residual signals across the HLA Class II region after 287 

conditioning on the index variant rs9272622 (Figure S2). To further understand 288 

the potential functional variants across the HLA Class II region, we typed and 289 

imputed traditional 4-digit HLA alleles, converted alleles to amino acid calls, and 290 

applied a multiple stepwise regression analysis. The top 4-digit HLA alleles for 291 

risk and protection were HLA-DQB1*0601 (P=4.06x10-4, OR=1.07) and HLA-292 

DQA1*0301 (P=2.71x10-4, OR=0.92), respectively. The top 4-digit HLA-DRB1 293 

association was HLA-DRB1*0803 (P=0.005, OR=1.06), and no significant 294 

associations were observed for classical alleles across the SNP poor region 295 

(Figure 3) of HLA-DRB3/DRB4/DRB5. The strongest amino acid associations 296 

(Figure 4A) were at positions AA_DQA1_16_32713236 (P=2.08x10-6, OR=0.91) 297 

and AA_DQA1_69_32717257_L (P=2.08x10-6, OR=0.91) in exons 1 and 2 of DQA1, 298 

respectively, which were in 100% linkage disequilibrium with each other, and at 299 

AA_DQB1_38_32740723 (P=2.17x10-6, OR=0.91) in exon 2 of DQB1.  As when 300 

conditioning on the top SNP (Figure 4B), there was no residual signal across the 301 

HLA region when conditioning on either the top DQA1 AA variant (Figure 4C) or 302 
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both the top SNP and the top DQA1 AA variant (Figure 4D), suggesting that 303 

associations across the HLA-DQA1 to HLA-DQB1 region are all due to linkage 304 

disequilibrium with top variants at HLA-DQA1.  305 

 306 

HLA-DQ haplotype risk 307 

HLA-DQA1 and HLA-DQB1 genes encode alpha and beta chains, respectively, 308 

forming DQ alpha/beta heterodimers that together bind antigenic epitopes to 309 

present to CD4+ T cells.  For antigen presentation via HLA-DQ class II molecules, 310 

variation at both the alpha and beta chains contribute to epitope binding to the 311 

peptide groove encoded by exons 2 of both alpha and beta chains.  Variants at 312 

both genes may thus contribute together to determine risk versus protection 313 

from RHD.  We therefore looked for associations between RHD and HLA-314 

DQA1_HLA-DQB1 haplotypes.  Haplotype analysis in PLINK identified HLA-315 

DQA1*0101_DQB1*0503 (OR 1.44, 95%CI 1.09-1.90, P=9.56x10-3) and HLA-316 

DQA1*0103_DQB1*0601 (OR 1.27, 95%CI 1.07-1.52, P=7.15x10-3) as risk 317 

haplotypes, with HLA-DQA1*0301_DQB1*0402 (OR 0.30, 95%CI 0.14-0.65, 318 

P=2.36x10-3) as the protective haplotype for RHD in the study population (Figure 319 

5).  These haplotypes were taken forward in in silico functional analyses.  320 

 321 

Mapping Group A Streptococcus epitopes to risk versus protective HLA DQ 322 

haplotypes 323 

There are two important ways in which association between HLA-DQ haplotypes 324 

could impact on disease susceptibility and control programs: (i) in the 325 

pathogenesis of disease, particularly in relation to an autoimmune mechanism 326 

for RHD through GAS epitopes that cross-react with self; and (ii) in the ability of 327 
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high risk individuals to respond to proposed vaccine antigens.  To address the 328 

first, we initially assessed the binding affinities of epitopes across the M-proteins 329 

M5 and M6 from rheumatogenic GAS strains to the alpha/beta heterodimers 330 

specific to the observed risk versus protective HLA-DQA-HLA-DQB haplotypes. 331 

Figure 6 shows the epitope binding affinities mapped for these haplotypes across 332 

the full-length M5 and M6 proteins, together with annotation indicating the 333 

positions along each protein where experimentally validated cross-reactive 334 

epitopes have been identified (Table S2).  Several epitope peaks that correspond 335 

to key cross-reactive epitopes are shown to bind with higher affinity to the two 336 

risk haplotypes compared to the protective haplotype (Figure 6), notably in the B 337 

repeat regions previously shown to contain key cross-reactive T cell epitopes 338 

with human cardiac myosin (e.g. Cunningham et al., 1997 [10]; see also Table 339 

S2). The peak differences in binding affinities for 20-mer epitopes in these 340 

regions of previously experimentally validated cross reactivity for the M5 (see 341 

arrows, Figure 6A) and M6 (see arrows, Figure 6B) proteins were highly 342 

significant (P<0.0001) between risk and protective haplotypes (Figure 7).  No 343 

differences in epitope binding to risk versus protective haplotypes were 344 

observed when we mapped epitopes across GAS M proteins (e.g. E pattern M4 345 

and M49 types [35]) from non-RHD GAS strains (Figure S3).  Nor did we observe 346 

regions of differential epitope binding affinities across other GAS proteins 347 

(HSP70, STRP1; Figure S3) reported in the literature to contain epitopes cross 348 

reactive with human proteins implicated in RHD pathogenesis (Table S2).   349 

 350 

Also annotated in Figure 6 are the C-terminal regions of the M5/M6 proteins 351 

that contain peptides incorporated into the two candidate vaccines currently in 352 
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advanced stages of development that include antigens from this M protein 353 

region, J8-DT [36] (vertical blue strip) and StreptinCor [37] (vertical apricot 354 

strip). Whilst the risk haplotype HLA-DQA1*0103_DQB1*0601 binds to epitopes 355 

across this region with higher affinity, all three haplotypes show similar patterns 356 

of epitope binding across this region. None show the low level of binding affinity 357 

such as that observed for the protective haplotype for cross-reactive epitopes 358 

across the B-repeat region. These results suggest that individuals genetically at 359 

risk of developing RHD have the potential to make HLA-DQ-driven CD4+ T cell 360 

responses to these vaccines. 361 

  362 

DISCUSSION 363 
 364 

The results of an unbiased genome-wide evaluation of genetic determinants for 365 

RHD in Aboriginal Australians living in northern Australia provide evidence for a 366 

prominent association in the class II gene region of HLA, consistent with prior 367 

data from more limited genetic studies.  Strong linkage disequilibrium across 368 

HLA, together with variable selection of candidate HLA genes, likely contributes 369 

to the inconsistency in the HLA genes/alleles associated with risk versus 370 

protective from RHD in prior studies [6, 19, 20] even though experimental 371 

studies support HLA-DQ restriction of T cell clones involved in T cell mimicry in 372 

RHD [11].  In contrast, our study benefitted from dense fine mapping across HLA, 373 

allowing us to identify specific risk (HLA-DQA1*0101_DQB1*0503; HLA-374 

DQA1*0103_DQB1*0601) versus protective (HLA-DQA1*0301_DQB1*0402) 375 

haplotypes across the genes encoding alpha and beta chains of HLA-DQ. While 376 

our conditional analysis suggested only a single HLA signal, we cannot discount 377 
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the possibility that other genes may contribute to genetic susceptibility to RHD 378 

in this population.  It is of specific interest, however, that our study did not find 379 

evidence for replication for variants at the IGH locus recently shown to be 380 

significantly associated with RHD in a GWAS of New Caledonian and Fijian 381 

populations [21].  Differences in study design and phenotype classification may 382 

have contributed, as could genetic heterogeneity between indigenous 383 

populations which is known to occur for autoimmune and infectious diseases 384 

[38]. It is reassuring, nevertheless, that both GWAS have found evidence 385 

consistent with autoimmune genetic architecture.  Ultimately, meta-analyses of 386 

greater statistical power will be required to investigate population-specific 387 

differences and detect additional RHD loci. 388 

 389 

Our identification of risk versus protective haplotypes across HLA-DQA/DQB 390 

provided an opportunity to revisit the molecular mimicry hypothesis in relation 391 

to RHD pathogenesis. Dimers created from alpha and beta chains of HLA class II 392 

molecules present epitopes processed from foreign proteins to CD4 T cells, the 393 

preferred outcome of which would be to provide an immune response that will 394 

protect against infection. In the context of autoimmune disease, self-epitopes are 395 

presented and recognised as non-self, leading to detrimental immune pathology. 396 

The molecular mimicry hypothesis proposes that GAS contains proteins with AA 397 

sequences that mimic (or are cross-reactive with) human proteins, thus leading 398 

the immune system to recognise them as auto-antigens that drive immune 399 

pathology rather than (or in addition to) immunity against GAS itself.[1, 6] In the 400 

case of HLA-DQ, variation in exons 2 of both alpha and beta chains encoded by 401 

DQA and DQB, respectively, contribute to variation in shape and structure of the 402 
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epitope binding pocket [39]. This means that the specific alpha/beta dimers 403 

encoded by DQA/DQB genes carried on the same haplotype will create binding 404 

pockets that have different characteristics in terms of ability to bind and present 405 

epitopes to CD4+ T cells.  Using the current gold standard NetMHCIIPan 3.1[34, 406 

40] predictive algorithm to map specific epitopes across GAS proteins allowed us 407 

to identify significant differences in the ability of dimers created from risk versus 408 

protective haplotypes to bind cross-reactive epitopes. In particular, cross-409 

reactive epitopes from cardiac myosin, one of the key cardiac proteins thought to 410 

contribute to the molecular mimicry hypothesis in RHD [1, 6, 10], were predicted 411 

to bind to dimers created from risk haplotypes but have no predicted binding to 412 

dimers created from the protective haplotype. Thus we identify a potential 413 

molecular mechanism to account for immune pathogenesis causing RHD in this 414 

population.  Although we carried out our epitope mapping studies on just two 415 

M5 and M6 GAS strains most studied for the presence of human cross-reactive 416 

epitopes, our results are relevant to all GAS strains carrying cross-reactive N-417 

terminal or B repeats.  Relevance to our study population is consistent with 418 

global-scale transmission of GAS strains in this remote Aboriginal population 419 

[15].  Of interest too is the observation that, whilst rare cases of dimers created 420 

by trans association of alpha/beta chains encoded on opposite strands of the 421 

chromosome have been observed to contribute to susceptibility to type 1 422 

diabetes, the predominant observation is that dimers are formed by alpha/beta 423 

chains encoded in cis [39]. This likely contributes to our ability to identify risk 424 

versus protective haplotypes across the HLA DQA1-DQB1 region, since strong 425 

linkage disequilibrium will keep particular combinations of DQA/DQB genes 426 

together in cis. 427 
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 428 

More broadly, this study represents a rare example of a genome-wide 429 

association study in a remote Indigenous population, yet one which shows that 430 

such studies can be successfully undertaken and uncover insights which have the 431 

potential to inform pathogenesis and vaccination strategy. 432 

 433 

In conclusion, we here present results of the first GWAS undertaken for RHD 434 

in an Aboriginal Australian population.  We report strong evidence for a role for 435 

HLA DQ/DB Class II molecules, and we link this to significant differences in 436 

affinity of binding of cross-reactive epitopes from GAS M proteins to antigen 437 

presenting heterodimers formed by risk versus protective DQ-DB haplotypes.  438 

Further functional analysis of T cell responses to cross-reactive T cell epitopes, 439 

as carried out in previous studies [11], could now be targeted at these specific 440 

DQ-DB heterodimers.  Overall, our results provide new data on mechanisms that 441 

may contribute to risk of RHD caused by GAS strains. 442 

 443 

Main text: (3,621 words) 444 

  445 
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Figure legends  594 
 595 

Figure 1. Locations of study populations.  Locations are given by latitude and 596 

longitude for 19 Aboriginal communities in the Northern Territory of Australia that 597 

participated in the study.  Each dot indicates a single community, with wedges 598 

indicating the proportion of case (filled in wedge) compared to control (open 599 

wedges) samples for each population.   600 

 601 

Figure 2. Manhattan plot of GWAS results for the 4.46M high quality 1000G imputed 602 

SNP variants.  Data are for analysis in FastLMM looking for association between SNPs 603 

and RHD.  The top SNP rs9272622 occurred within the HLA region on Chromosome 604 

6p21, as shown.     605 

 606 

Figure 3. LocusZoom plot of SNP associations with RHD across the Class II region of 607 

the HLA complex.  The –log10P values (left Y-axis) are shown in the upper section of 608 

the plot.  Dots representing individual SNPs are coloured (see key) based on their 609 

linkage disequilibrium r2 with the top SNP rs9272622.  The right Y-axis is for 610 

recombination rate (blue line), based on HapMap data.  The bottom section of the 611 

plot shows the positions of genes across the region.  For clarity, 5 genes were 612 

removed upstream of 32.8Mb (PSMB8-9, HLA-DOA, LOC100507463, LOC100294145).  613 

 614 

Figure 4. Plots of association between RHD and imputed classical 4-digit and amino 615 

acid (AA) HLA alleles.  Results are for association analyses in FastLMM: (A) without 616 

conditioning; (B) after conditioning on the top SNP rs9272622; (C) after conditioning 617 
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on the top AA variant at DQA1 AA position 16; and (D) after conditioning on both of 618 

these variants. 619 

   620 

Figure 5. Forest plot showing associations between RHD and phased HLA DQ_DB 621 

haplotypes.  The plot show odds ratios (OR) and 95% confidence intervals for two 622 

risk (OR>1) and one protective (OR<1) haplotypes.  Information to the right of the 623 

plot shows values for the OR, the haplotype frequency (HF), and the p-value for the 624 

haplotype association. 625 

 626 

Figure 6. Plots showing binding affinities for predicted epitopes of GAS M proteins 627 

recognised by HLA DQ-DB heterodimers.   Epitope binding predictions were 628 

performed in NetMHCIIPan3.1.  The legend between parts (A) and (B) of the figure 629 

applies to both parts.  The y-axis shows the relative binding affinity (expressed as 1-630 

log50,000 of the nM binding affinity) for heterodimers formed from risk (red, brown) 631 

and protective (blue) DQ_DB haplotypes (see legend); the x-axis indicates the amino 632 

acid sequence locations for mature proteins, also equivalent to the start position of 633 

overlapping 20mers (1-mer sliding window) in (A) the GAS M5 sequence (Accession 634 

number CAM31002.1) and (B) the GAS M6 sequence (Accession number 635 

AAA26920.1).  Horizontal dotted lines show different nM binding affinities.  Negative 636 

binding affinity is indicated at >10,000 nM (i.e. below the red dotted line).  Vertical 637 

arrows indicate the N-terminal or B-repeat cross-reactive epitopes used to compare 638 

binding affinities in Figure 7.  The linear positions of known cross-reactive epitopes 639 

with human cardiac myosin and/or human heart valve tissue are shown in green; 640 

black lines indicate the regions of known experimentally determined human T cell 641 
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epitopes (see Table S2).  The apricot and pale blue vertical bars indicate the positions 642 

of C-repeat region peptides incorporated into the StreptinCor and J8-DT vaccines, 643 

respectively.   644 

 645 

Figure 7. Mean binding affinities for GAS M protein epitopes cross-reactive with 646 

human cardiac myosin.  (A) The y-axis (as for Figure 6) shows mean plus SD for 647 

predicted M5 and M6 GAS protein epitopes (NT and B repeat regions; as annotated 648 

with arrows in Figure 6) recognised by risk (red and brown bars) or protective (blue 649 

bar) DQ-DB heterodimers formed from DQA1_DQB1 haplotypes, as labelled.   **** 650 

indicates P<0.O001.  (B) Shows the 20-mer epitope at the peak of the differences for 651 

binding affinity of risk versus protective haplotypes, together with the predicted 9-652 

mer cores for each haplotype.     653 

 654 

  655 
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Online data supplements 656 

 657 

Figure S1. (A) Imputation accuracy measured as average dosage R2 for 235,942 658 

type 2 variants filtered for an information metric >0.4 and genotype probability 659 

call > 0.90.  Data shown separately by chromosome and for different minor allele 660 

frequency (MAF) ranges, as indicated in the key. (B) Quantile-quantile plot of 661 

GWAS p-values.  662 

 663 

Figure S2. Manhattan plots of GWAS results for the 4.46M high quality 1000G 664 

imputed SNP variants after conditioning on the top SNP rs9272622. Data are for 665 

analysis in FastLMM looking for association between SNPs and RHD.     666 

 667 

Figure S3.  Plots showing binding affinities for predicted epitopes of GAS M 668 

proteins recognised by HLA DQ-DB heterodimers.   Epitope binding predictions 669 

were performed in NetMHCIIPan3.1.  The y-axis shows the relative binding 670 

affinity (expressed as 1-log50,000 of the nM binding affinity) for heterodimers 671 

formed from risk (red, brown) and protective (blue) DQ_DB haplotypes (see 672 

key); the x-axis indicates the amino acid sequence locations for mature proteins, 673 

also equivalent to the start position of overlapping 20mers (1-mer sliding 674 

window) in non-rheumatogenic GAS M4 (Accession number CAA33269) and 675 

M49 (Accession number AAA26868.1) sequences, GAS HSP70 (Accession 676 

number AAB39223.1) and GAS STRP1 (Accession number AAA26987.1) 677 

sequences. Horizontal lines indicate 500nM (upper) and 1000nM (lower) 678 

binding affinities.   679 

 680 
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Table S1.  Basic demographic details (by gender, age at collection) for the 396 681 

cases and 867 controls that passed all QC and were used in the GWAS analysis. 682 

 683 

Table S2.  Summary of experimentally confirmed published epitopes for (A) GAS 684 

M proteins for which there is evidence of cross-reaction with human heart-685 

related proteins. (B) GAS M proteins for which there is evidence of non-cross-686 

reactive T- and B-epitopes, and (C) other GAS proteins with evidence of cross-687 

reactive epitopes. 688 

 689 

 690 
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Figure 1

Figure 1. Locations of study populations.  Locations are given 
by latitude and longitude for 19 Aboriginal communities in the 
Northern Territory of Australia that participated in the study.  
Each dot indicates a single community, with wedges indicating 
the proportion of case (filled in wedge) compared to control 
(open wedges) samples for each population.  
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Figure 2

Figure 2. Manhattan plot of GWAS results for the 4.46M high 
quality 1000G imputed SNP variants. Data are for analysis in 
FastLMM looking for association between SNPs and RHD.  The top 
SNP rs9272622 occurred within the HLA region on Chromosome 
6p21, as shown.    
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Figure 3

Figure 3. LocusZoom plot of SNP associations with RHD across 
the Class II region of the HLA complex. The –log10P values (left 
Y-axis) are shown in the upper section of the plot.  Dots 
representing individual SNPs are coloured (see key) based on 
their linkage disequilibrium r2 with the top SNP rs9272622.  The 
right Y-axis is for recombination rate (blue line), based on 
HapMap data.  The bottom section of the plot shows the 
positions of genes across the region.  For clarity, 5 genes were 
removed upstream of 32.8Mb (PSMB8-9, HLA-DOA, 
LOC100507463, LOC100294145). 
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Figure 4

Figure 4. Plots of association between RHD and imputed classical 
4-digit and amino acid (AA) HLA alleles. Results are for 
association analyses in FastLMM: (A) without conditioning; (B) 
after conditioning on the top SNP rs9272622; (C) after 
conditioning on the top AA variant at DQA1 AA position 16; and 
(D) after conditioning on both of these variants.
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Figure 5

Figure 5. Forest plot showing associations between RHD and 
phased HLA DQ_DB haplotypes. The plot show odds ratios (OR) 
and 95% confidence intervals for two risk (OR>1) and one 
protective (OR<1) haplotypes.  Information to the right of the plot 
shows values for the OR, the haplotype frequency (HF), and the 
p-value for the haplotype association.
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Figure 6

Figure 6.  Plots showing binding affinities for predicted epitopes of GAS M proteins recognised by HLA DQ-
DB heterodimers. Epitope binding predictions were performed in NetMHCIIPan3.1.  The y-axis shows the 
relative binding affinity (expressed as 1-log50,000 of the nM binding affinity) for heterodimers formed from risk 
(red, brown) and protective (blue) DQ_DB haplotypes (see key); the x-axis indicates the amino acid sequence 
locations for mature proteins, also equivalent to the start position of overlapping 20mers (1-mer sliding 
window) in (A) the GAS M5 sequence and (B) the GAS M6 sequence.  Horizontal dotted lines show different 
nM binding affinities.  Negative binding affinity is indicated at >10,000 nM (i.e. below the red dotted line).  
Vertical arrows indicate the N-terminal or B-repeat cross-reactive epitopes used to compare binding affinities 
in Figure 7.  The linear positions of known cross-reactive epitopes with human cardiac myosin and/or human 
heart valve tissue are shown in green; black lines indicate the regions of known experimentally determined 
human T cell epitopes (see Table S2).  The apricot and pale blue vertical bars indicate the positions of C-repeat 
region peptides incorporated into the J8-DT and StreptinCor vaccines, respectively.  
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Figure 7

Figure 7.  Mean binding affinities for GAS M protein epitopes 
cross-reactive with human cardiac myosin. (A) The y-axis (as 
for Figure 6) shows mean plus SD for predicted M5 and M6 
GAS protein epitopes (NT and B repeat regions; as annotated 
with arrows in Figure 6) recognised by risk (red and brown 
bars) or protective (blue bar) DQ-DB heterodimers formed 
from DQA1_DQB1 haplotypes, as labelled.   **** indicated 
P<0.0001. (B) Shows the 20-mer epitope at the peak of the 
differences for  binding affinity of risk versus protective 
haplotypes, together with the predicted 9-mer cores for each 
haplotype.    
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A

B

Figure S1

Figure S1. (A) Imputation accuracy measured as average 
dosage R2 for 235,942 type 2 variants filtered for an 
information metric >0.4 and genotype probability call > 0.90.  
Data shown separately by chromosome and for different minor 
allele frequency (MAF) ranges, as indicated in the key . (B) 
Quantile-quantile plot of GWAS p-values. 
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Figure S2

Figure S2. Manhattan plots of GWAS results for the 4.46M 
high quality 1000G imputed SNP variants after conditioning on 
the top SNP rs9272622. Data are for analysis in FastLMM
looking for association between SNPs and RHD.    

.CC-BY 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted September 13, 2017. ; https://doi.org/10.1101/188334doi: bioRxiv preprint 

https://doi.org/10.1101/188334
http://creativecommons.org/licenses/by/4.0/


Figure S3

Figure S3. Plots showing binding affinities for predicted epitopes of GAS M proteins 
recognised by HLA DQ-DB heterodimers.   Epitope binding predictions were 
performed in NetMHCIIPan3.1.  The y-axis shows the relative binding affinity 
(expressed as 1-log50,000 of the nM binding affinity) for heterodimers formed from risk 
(red, brown) and protective (blue) DQ_DB haplotypes (see key); the x-axis indicates 
the amino acid sequence locations for mature proteins, also equivalent to the start 
position of overlapping 20mers (1-mer sliding window) in non-rheumatogenic GAS 
M4 (Accession number CAA33269) and M49 (Accession number 
AAA26868.1) sequences, GAS HSP70 (Accession number AAB39223.1) and GAS 
STRP1 (Accession number AAA26987.1) sequences. Horizontal lines indicate 500nM 
(upper) and 1000nM (lower) binding affinities.
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RHD Cases Healthy Controls

Sample size

    Males 130 353

    Females 266 514

    Total 396 867

Age at collection

    Males

        Mean±SD 37.41±12.80 38.21±12.84

        Range 18‐74 18.2‐83.8

    Females

        Mean±SD 37.4±12.94 39.97±13.38

        Range 18.3‐82.9 18‐73.8

    Total

        Mean±SD 37.40±12.88 39.25±13.18

        Range 18‐82.9 18‐83.8

Table S1.  Basic demographic details (by gender, age at 

collection) for the 396 cases and 867 controls that 

passed all QC and were used in the GWAS analysis.
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Table S2.  Summary of experimentally confirmed published epitopes for (A) GAS M proteins for which there is evidence of cross-reaction with human heart-
related proteins. (B) GAS M proteins for which there is evidence of non-cross-reactive T- and B-epitopes, and (C) other GAS proteins with evidence of cross-
reactive epitopes. 

Function/peptide 
name* 

Position 
** 

Peptide Studied AA 
Location 

M5 

AA 
Location 

M6 

Reference 

(A) GAS M5 and M6 epitopes cross-reactive with human myosin and/or heart valve tissue 
Valve cross-reactive  NT AVTRGTISDPQRAKEALDKYELENH 1-25 - 1-4  
Myosin cross-reactive 
NT4 

NT GLKTENEGLKTENEGLKTE 33-51 - 5,6  

Myosin cross-reactive 
NT5 

NT KKEHEAENDKLKQQRDTL 59-76 - 5  

Valve cross-reactive  NT DKLKQQRDTLSTQKET 
LKQQRDTLSTQKETLEREVQN 
STQKETLEREVQN 

67-82 
69-89 
77-89 

- 
- 
- 

3,4,7  

Myosin cross-reactive  NT QRDTLSTQKETLEREVQN 72-89 - 1-3,5  
Myosin cross-reactive  
B.6 B repeat (B1-B2) 

B TVKDKIAKEQENKETIGTLK 
  VKDKIAKEQENKETIGTL 

136-155 
161-180 

130-149 
155-174 
180-199 

8  
5  

Myosin cross-reactive  
B repeat (B1-B2) 
 

B ETIGTLKKILDETVK 
 

149-163 
174-188 

143-157 
168-182 
193-207 

4  

Myosin cross-reactive  
B repeat (B2, B3A) 
 

B TIGTLKKILDETVKDKIA 
IGTLKKILDETVKDKLAK 

150-167 
176-193 

144-162 
169-88; 
194-211 

9  
5  

(B) Vaccine candidates and related epitopes (not cross-reactive) 
StreptInCor Vaccine C KGLRRDLDASREAKKQLEAEQQKLEEQNKISEASRKGLRRDLDASREAKKQVEKA 

KGLRRDLDASREAKKQLEAEQQKLEEQNKISEASRKGLRRDLDASREAKKQVEKA 
223-242; 
244-273; 
258-277; 
279-312 

237-260 
285-302 

10-12  

P145 minimal T epitope C RDLDASREAKKQ 
 

227-238; 
262-273; 
298-308 

246-257 
288-299 

13  
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Human responses India; 
C-repeat J14 

C KQAEDKVKASREAKKQVEKALEQLEDRVK 231-238; 
301-314 

249-261 
292-305 

14  

T cell (C1-A) C NKISEASRKGLRRDLDASRE 250-269 
285-304 

234-253 
281-295 

8  

C-term p145 C LRRDLDASREAKKQVEKALE 224-237 
295-314 

243-260 
286-305 

13,15-18  

P145 minimal B epitope C ASREAKKQVEKALE 231-238 
301-314 

249-260 
293-305 

13  

J8 vaccine peptide C QAEDKVKQSREAKKQVEKALKQLEDKVQ 302-313 251-260 
293-304 

19  

C-term T and B cell C KLTEKEKAELQAKLEAEAKA 335-354 325-345 18  
(C) Other GAS proteins with cross-reactive epitopes 

STRP1 streptopain x 
vimentin 

 KKKLGVRLLSLLA 
 

3-15  20  

HSP70 x vimentin  AYFNDAQRQATKDA 118-131  20  
Note 1: Bold and grey highlights indicate the region of the peptide epitope(s) that matches the AA location for the M5 (Accession Number CAM31002.1) 
and M6 (Accession Number AAA26920.1) protein sequences used in our epitopes mapping studies.  AA locations are for the mature protein sequence (i.e. 
after removal of the signal peptide).  * Peptide name from the relevant publication; **NT=N terminal region; B= B repeat region; C = C repeat region. 

Note 2: Many of these epitopes have been worked on in murine and rat21 models of disease, as recently reviewed,22 which are not all referenced in this 
table.  
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