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An acute rheumatic fever immune signature
comprising inflammatory markers, IgG3,
and Streptococcus pyogenes-specific antibodies

Natalie Lorenz,?/ Reuben McGregor,'? Alana L. Whitcombe,'? Prachi Sharma,’ Ciara Ramiah,’
Francis Middleton,’? Michael G. Baker,?3 William J. Martin,* Nigel J. Wilson,> Amy W. Chung,®
and Nicole J. Moreland’.28*

SUMMARY

Understanding the immune profile of acute rheumatic fever (ARF), a serious post-infectious sequelae of
Streptococcal pyogenes (group A Streptococcus [GAS]), could inform disease pathogenesis and manage-
ment. Circulating cytokines, immunoglobulins, and complement were analyzed in participants with first-
episode ARF, swab-positive GAS pharyngitis and matched healthy controls. A striking elevation of total
IgG3 was observed in ARF (90% > clinical reference range for normal). ARF was also associated with an
inflammatory triad with significant correlations between interleukin-6, C-reactive protein, and comple-
ment C4 absent in controls. Quantification of GAS-specific antibody responses revealed that subclass po-
larization was remarkably consistent across the disease spectrum; conserved protein antigens polarized
to IgG1, while M-protein responses polarized to IgG3 in all groups. However, the magnitude of responses
was significantly higher in ARF. Taken together, these findings emphasize the association of exaggerated
GAS antibody responses, IgG3, and inflammatory cytokines in ARF and suggest IgG3 testing could bene-
ficially augment clinical diagnosis.

INTRODUCTION

Acute rheumatic fever (ARF) is a serious post-infectious, autoinflammatory consequence of a Streptococcal pyogenes (group A Streptococcus
[GAS)) infection that can lead to permanent heart valve damage and rheumatic heart disease (RHD)." It is estimated that approximately
40 million people are living with RHD globally, with the highest disease burden in low and middle income countries.” The incidence of ARF
and RHD remains unacceptably high among Indigenous populations in Australia and Maori and Pacific Peoples in Aotearoa New Zealand.™”

The mechanisms by which a GAS infection triggers ARF are not completely understood. Molecular mimicry has been the prevailing hypoth-
esis for many decades. The premise is that host proteins with similar coiled-coil structures to the GAS M-protein, such as cardiac myosin, are
targeted by cross-reactive antibodies and T cells.” More recently, GAS infection has been proposed to expose cryptic collagen epitopes that
initiate autoreactivity,® with collagen-reactive antibodies and T cells observed in patients with ARF and RHD.”~” However, profiling ARF au-
toantibodies with high-content protein arrays has revealed marked heterogeneity in the ARF autoantibody profile,” suggesting there is still
much to be learned about the contribution of autoantibodies to pathogenesis.

There is now both serological and epidemiological data to suggest that repeated GAS infections are needed to prime the immune system
and break tolerance for ARF to develop.'”"'” While GAS throat infections are a known precursor for ARF, there is increasing evidence that GAS
skin infections might also be a trigger for ARF, either directly or as part of immune priming.'>'* Priming via repeated GAS infections likely
contributes to harmful, infection-driven inflammation. Inflammatory markers and cytokines have been observed in ARF, particularly
C-reactive protein (CRP), interleukin-6 (IL-6), and tumor necrosis factor alpha (TNF-a), which are thought to promote inflammatory mediated
tissue damage and disease symptoms.'>"’

Though antibodies were observed infiltrating rheumatic heart valves in images taken some 60 years ago, '® little is known about the contri-
bution of immunoglobulin subclasses to infection responses in the context of immune priming and ARF pathogenesis. Of the four
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Table 1. Demographic characteristics of study participants

ARF (n = 60) GAS (n = 30) Healthy (n = 30)

Age, median (IQ range) 11 (9-13) 9 (7-11) 11.5 (9-13)
Sex,

Male, n (%) 39 (65%) 17 (57%) 16 (53%)

Female, n (%) 21 (35%) 13 (43%) 14 (47%)
Ethnicity (prioritized)

Maori, n (%) 17 (28%) 14 (47%) 10 (33%)

Pacific, n (%) 43 (72%) 16 (53%) 20 (67%)

immunoglobulin G (IgG) subclasses, IgG3 is the most potent in terms of affinity for complement factor protein C1q and Fcy receptors, which,
inturn, promote complement activation and antibody-mediated effector functions such as phagocytosis and cellular-mediated cytotoxicity.'”
Thus, while IgG3 only comprises approximately 5% of the total IgG in sera, it has an important role in the immune response to infections.
However, over-production can be detrimental and excessive IgG3 has been associated with harmful inflammatory responses following infec-

1920 and in autoimmune diseases.?’??

tions

We recently showed that serum IgG3 levels were significantly elevated in ARF patients compared with matched healthy controls, suggest-
ing a role for IgG3 in ARF pathogenesis.”* However, many questions remain as to the IgG3-related (and broader) immune features associated
with precursor GAS infections and progression to ARF. Such features have potential as immune markers that could improve ARF diagnosis or
inform new treatment strategies, with specific diagnostic tests and therapies that can stop cardiac damage completely lacking for this ne-
glected disease.” Consequently, the aim of this study was to interrogate the immune profile in ARF to identify disease-associated signatures.
Circulating immune molecules including IgG3, complement, and cytokines were analyzed in children with ARF, GAS pharyngitis and matched
healthy controls recruited in New Zealand-based case-control studies.”>?° Pathogen-specific antibody responses were assessed and systems
immunology data analysis approaches were applied to identify relationships between key immune molecules that distinguish ARF from
controls.

RESULTS
IgG3 and an inflammatory triad distinguish ARF from controls

To compare the systemic immune environment in uncomplicated GAS infections and ARF, the concentration of 25 circulating immune mol-
ecules was determined. This included 20 cytokines selected for relevance to ARF pathogenesis,'” the four features we identified as distin-
guishing ARF from matched healthy controls in our prior, smaller-scale study (IgG1, IgG3, IgA, and complement C4),?* as well as CRP—an
inflammatory marker routinely used as part of the Jones criteria to diagnose ARF.?” Participants comprised 60 children with first-episode
ARF, 30 children with GAS-positive pharyngitis, and 30 closely matched healthy children (Table 1; Figure S1). Sera was obtained from ARF
patients at a single time point during hospitalization, and the acute sample obtained from children with GAS-positive pharyngitis was utilized
to compare inflammatory responses during GAS infection.

To initially assess the discriminative power of all 25 features, a partial least squares discriminant analysis (PLS-DA) was employed. A clear,
though incomplete segregation of ARF patients was achieved, with the largest separation observed across latent-variable-1 (LV-1) (Figure 1A).
The features driving the separation of ARF in LV-1 highlight a distinct immuno-inflammatory profile in comparison with GAS-pharyngitis and
healthy controls with the top five features being 1I9gG3, C4, IgG1, CRP, and IgA, followed by cytokines IL-6, IL-7, and A proliferation-inducing
ligand (APRIL) (Figure 1B). Univariate analysis of all analytes between ARF and the GAS pharyngitis and healthy groups showed that only IgG3
was significantly elevated (p < 0.01) with a fold change (FC) >2 in both comparisons, while IL-6 and CRP were elevated 2-fold in ARF compared
with the healthy group (Figure 1C). Correlation analysis of all significantly elevated features (p < 0.01) showed that the inflammatory triad of
IL-6, CRP, and C4 was strongly correlated in ARF, but not in the other groups (Figure 1D). Interestingly, all cytokines that showed significant
differences (p < 0.01) were highest in ARF, except for IP10, which was elevated in the GAS pharyngitis group (Figure 1E). This suggests a role
for IP10 in the early infection response in line with findings from immunological analysis of the GAS human challenge model.”® To explore the
link between the circulating cytokines and their corresponding production from immune cells in ARF, cytokines secreted by peripheral blood
mononuclear cells (PBMCs) obtained from a distinct, small cohort of ARF patients (n = 3) and healthy controls (n = 3) were quantified (Fig-
ure S3). Though based on low numbers, increased production of the four cytokines measured was evident from ARF PBMCs compared to
healthy controls, all of which were also elevated in the large-scale serum analysis (Figure 1E; Figure S2).

Taken together, these results indicate a distinct immuno-inflammatory profile in ARF compared to GAS pharyngitis and healthy controls,
characterized by elevated inflammatory cytokines, complement C4 and immunoglobulins, particularly IgG3. Indeed, IgG3 showed a striking
elevation in ARF with levels above the upper limit of clinical reference ranges in 55/60 cases (Figure 2A), thereby validating our previous find-
ings”” with this extended cohort. The ability of IgG3 to distinguish ARF from a combined non-ARF control group (GAS pharyngitis and healthy)
was assessed using a receiver operator curve (ROC) (Figure 2B). The area under the curve (AUC) showed IgG3 had very good predictive per-
formance in this context (AUC = 0.93, confidence interval (Cl):0.88-0.98).
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Figure 1. Differential immune profiling reveals IgG3 as a principal circulating marker distinguishing ARF from GAS pharyngitis and healthy controls
(A) PLS-DA analysis showing the separation of samples based on their immune profiles. The first latent variable (LV1) and second latent variable (LV2). Features
displaying 0 variance were excluded (GM-CSF and TNFB). Cross validation yielded a balanced error rate (BER) of 32%, showing no significant overfitting.

(B) Bar chart displaying the contributions of individual immune markers to the first component (comp1) in the PLS-DA analysis shown in (A). Contribution bar’s
colored by the group with the highest mean value in the raw data.

(C) Volcano plots showing the statistical significance (p value, horizontal dashed lines) versus fold change (vertical dashed lines) in concentrations of various
immune markers. Purple dots and annotations highlight markers meeting both the significance and fold change thresholds (FDR adjusted p value <0.01, and
fold change > 2, respectively), black dots represent immune markers meeting the significance threshold only.

(D) Correlation matrixes for study groups using Pearson correlations of log10 transformed concentration data (positive blue, negative red), with significant

correlations as indicated (*, ***).
(E) Heatmap showing the Z score normalized median concentrations of immune markers identified as significant in the volcano plot analysis 1C.

GAS-specific antibody subclass polarization is consistent across the disease spectrum

To investigate the antigenic basis of the significant IgG3 elevation in ARF, alongside the broader GAS antibody response, a com-
bination of multiplex bead-based assays and ELISA were performed. Initial investigations utilized our previously developed 8-plex
assay encompassing conserved putative GAS vaccine antigens (Spy0843, streptococcal C5a peptidase [SCPA], S. pyogenes cell en-
velope protease [SpyCEP], S. pyogenes adhesion and division protein [SpyAD], group A carbohydrate [GAC], streptolysin O [SLO],
DNaseB, and S. pyogenes nuclease A [SpnAl]).?”*° This 8-plex assay, originally designed for detection of total IgG, was expanded to
enable detection of all relevant isotypes (IgG, IgA, and IgM) and IgG-subclasses (IgG1-4). To ensure complete seroconversion of
antibody responses, convalescent sera from the GAS pharyngitis cases obtained approximately 1 month following infection were
also analyzed.

Total IgG concentration for all eight antigens was significantly elevated in ARF compared to GAS pharyngitis (acute and convalescent) and
matched healthy controls, replicating our prior findings®® (Figure 3A). Similar patterns were observed for IgA, with significant increases in ARF
compared with matched healthy controls for all eight antigens, and for five of the antigens (Spy0843, SCPA, SpyCEP, SpyAD, and GAC) when
compared with GAS pharyngitis (Figure 3A). Fewer antigens showed significant IgM elevation in ARF compared with matched healthy controls
and GAS pharyngitis, and as would be expected in response to a polysaccharide antigen,*' anti-GAC IgM was generally elevated in all groups
(Figure 3A).

IgG subclass analysis showed that all four subclasses were significantly elevated against the 8-plex antigens in ARF compared to
matched healthy controls with very few exceptions. However, significant differences between ARF and GAS pharyngitis were less consis-
tent—while 1gG1 and 1gG2 were significantly elevated for all antigens, this was observed for fewer antigens with 1IgG3 (SCPA, SpyCEP,
SpyAD, and DNaseB) and only one antigen with IgG4 (SpnA) (Figure S4). Interestingly, a comparison of subclass distribution for each
antigen showed that IgG1 tended to dominate the response regardless of disease group (Figure 3B). The exception being the GAC,
which showed an IgG2 dominance, in line with 1gG2 being the principal subclass response to bacterial polysaccharides.®” IgG4
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Figure 2. Striking elevation in IgG3 concentrations in ARF

(A) Boxplots illustrating the distribution of IgG3 concentrations across study groups. The upper limit of the clinical reference range is shown as dashed horizontal line.
Inboxplotthe middle line represents the median. The lower and upper hinges correspond to the 25th and 75th percentiles, with upper and lower whiskers extending
to the highest and lowest values, respectively. but no further than 1.5x the interquartile range.

(B) A receiver operator curve (ROC) curve comparing ARF to all controls. Gray dashed line represents the line of no discrimination and the area under the curve
(AUC) with confidence interval as indicated. The confidence interval was obtained using bootstrapping, n = 2,000.

responses were generally low in comparison with other subclasses. Of note, IgG3 did not dominate responses to the 8-plex antigens or
the responses in the ARF group (Figure 3B), suggesting the elevated IgG3 observed in ARF is not driven by the conserved, GAS vaccine
antigens examined.

To further interrogate the antigen specificity of IgG3, responses to M-protein antigens were assessed using ELISA. Our prior study, based
on a limited number of ARF patients and a single M-protein antigen, suggested IgG3 polarization to M-proteins.”* Here two full-length
M-proteins were included, one derived from a strain historically termed “rheumatogenic” (M6) and the second from a strain contemporarily
associated with ARF in our setting (M53).%*% A further construct containing the M-protein C2-C3 repeat region, highly conserved between
M-types, was also designed and included (designated M_C2_C3). SLO was utilized as a control conserved antigen to bridge the two immu-
noassay approaches, and total IgG to SLO was highly correlated between the 8-plex and ELISA (Figure S5C). Consistent with the increased
magnitude of anti-GAS antibodies observed in ARF with the 8-plex assay, the ARF group showed significantly increased total IgG, as well as
IgG1 and IgG3, to all three M-protein antigens compared to GAS pharyngitis and healthy children (Figure 4A; Figure S5A). When subclass
responses were compared for each antigen, a marked and significant skewing of IgG3 responses for M-proteins and M_C2_C3 was observed
in all disease groups. This pattern was reversed for the conserved SLO antigen, with IgG1 dominating the response (Figure 4B). When total
IgG responses were correlated to Ig-subclasses in the ARF group, strong correlations were seen between total IgG (IgGioy) and 1gG3 for all
three M-protein-based antigens (r > 0.9), but not for IgG1. Again this pattern was reversed for SLO, where there was a strong correlation be-
tween IgGo: and IgG1 but not for IgG3 (Figure 4C). These data suggest that the elevated IgG3 observed in ARF may, in part, be driven by
19G3 polarized responses to M-protein antigens, rather than conserved antigens such as SLO. Furthermore, the M-protein IgG3 responses in
ARF were strongly correlated between each of the three antigens (M6, M53, and M_C2_C3), indicating that much of the observed anti-M IgG3
reacts with conserved regions of the M protein (Figure S5B).

Network analysis reinforces inflammation and exaggerated anti-M IgG3 responses in ARF

To gain a global overview of interactions between all the immune features measured, a correlation network was constructed between all an-
alytes for the ARF sera group that showed significant relationships in a multiple comparison analyses as defined (r > 0.6 and p < 0.05) (Figure 5).
As expected, the observed C4-CRP-IL6 inflammatory triad was correlated in this wider analysis, and the IgG1 responses to conserved antigens
correlated strongly with the IgGi.; response for the same antigen. The exception being GAC where 1gG,., correlated with IgG2. IgM re-
sponses to five conserved antigens formed a correlated cluster (SpyCEP, Spy0843, DNaseB, SpyAD, and SLO), suggesting possible relation-
ships in early anti-GAS responses. [gG1 responses to all three M-protein targets also formed a separate correlated cluster, though this was not
linked to IgGc. responses for M-protein antigens. Rather, the biggest cluster was formed between IgG,.: and 1I9G3 responses to all three
M-protein targets, with strong correlations throughout. This large cluster was linked via weaker correlations to IgG3 responses to SpnA
and DNaseB. However, much stronger correlations were observed for IgG,.: and IgG1 responses for these two conserved antigens. This
global view reinforces the inflammatory nature of ARF (C4-CRP-IL-6) as well as highly correlated, but seemingly distinct subclass skewing
to conserved antigens (IgG1 skewed) compared with M-protein based antigens (IgG3 skewed). Intriguingly, total IgG3 was not observed
in this analysis, as while it was moderately correlated with some features, these relationships did not meet the threshold for inclusion. This
finding suggests that the biological basis for the significant elevation of IgG3 in ARF is complex and not fully explained by the immune fea-
tures included in this study.
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Figure 3. Antibody isotypes and IgG subclasses in acute rheumatic fever

(A) Boxplots depicting the MFI of IgG, IgA, and IgM antibodies across the 8-plex antigens in the different study groups. In boxplots the middle line represents the
median. The lower and upper hinges correspond to the 25th and 75th percentiles, with upper and lower whiskers extending to the highest and lowest values,
respectively, but no further than 1.5x the interquartile range.

(B) Rose plots visualizing the IgG subclass response (IgG1, 19G2, IgG3, and IgG4) to the 8-plex antigens across the study groups using the median MFI. GAS conv,
GAS convalescent.
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Figure 4. IgG3 polarization to M-protein

(A) Boxplots depicting total IgG as ELISA units to M protein antigens (M6, M53 and M_C2_C3) and conserved antigen SLO in the different study groups. GAS
conv, GAS convalescent.

(B) Boxplots depicting in ELISA units, total IgG1 and IgG3 subclass responses to the same antigens as (a) across the three study groups.

(C) IgG1 (left) and IgG3 (right) correlations with total IgG in ARF cases across the M-protein and SLO antigens. Pearson'’s correlations of log10 transformed data
were used with correlations (r) as shown.

In boxplots the middle line represents the median. The lower and upper hinges correspond to the 25th and 75th percentiles, with upper and lower whiskers
extending to the highest and lowest values, respectively, but no further than 1.5x the interquartile range.

DISCUSSION

This study illustrates the striking elevation of circulating IgG3 in children with first-episode ARF, extending on our prior observations.”
Over 90% of ARF children in this study had IgG3 levels above the clinical reference range of normal, and the ROC analysis suggests
that IgG3 testing has the potential to augment diagnosis. The diagnosis of ARF currently relies on country-specific adaptations of the
Jones criteria,®® and improved tests are needed to address the large diagnostic gaps observed. In many settings globally, first episode
ARF is often missed such that up to 80% of RHD diagnoses are made in the absence of a prior ARF diagnosis.”*” In our New Zealand
setting this diagnosis gap is reduced, but still notable with 41% of RHD presentations occurring without a prior ARF diagnosis in a recent
audit of nearly 5,000 patients.*® Clinical tests for serum IgG3 are already available and used routinely for the diagnosis of immunodefi-
ciencies,” raising the possibility of larger studies to evaluate IgG3-augmentation for ARF diagnosis. While 1gG3 is not specific for ARF,
as it is elevated in other immune-mediated diseases, '’
atives (missed cases).

The role of IgG3 in ARF pathogenesis may be linked to the inflammatory nature of the disease. The observation of elevated IL-6,
complement C4 and CRP points clearly to the inflammation underlying ARF, in keeping with earlier studies.”>'“?*%% |gG3 is also
elevated in patients with other autoimmune and immune-mediated conditions such as multiple sclerosis (MS) and human immune defi-
ciency virus (HIV). In MS, elevated 1gG3 in sera and IgG3+ B cell subsets are associated with conversion to disease and autoimmune
attack on the central nervous system.?’**! In HIV-infected individuals, elevated IgG3 has been linked with chronic antigen stimulation,*?

it could improve the performance of the Jones criteria by identifying false neg-

with this proposed to bind and negatively regulate tissue-like memory B cells in those with chronic infections.*® Elevated serum IgG3

6 iScience 27, 110558, August 16, 2024
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Figure 5. Network correlation plot of combined data in ARF cases

A correlation network plot of immune markers and GAS antibody responses measured using an 8-plex Luminex assay and an M-protein-specific ELISA. Only
markers that showed significant elevation in ARF were retained. Nodes in the network represent individual markers from the combined datasets and edges
between nodes correspond to significant correlations, with edge thickness and color proportional to the absolute value of the Pearson correlation coefficient
as indicated by scale (right). The nodes are colored by type of marker with light blue = cytokines, dark blue = other circulating inflammatory markers, red =
M-protein markers and gray = 8-plex Luminex data. Only significant (p < 0.05 after Holm-Bonferroni adjustment) strong correlations (absolute Pearson’s
correlation coefficient > 0.6) were retained.

may also be a marker of chronic immune activation in ARF and gaining mechanistic insight of the immune cells producing IgG3 in ARF,
and the links between these mechanisms and inflammation may provide an avenue for therapeutic intervention. There is a complete
lack of therapies that can stop progression of ARF to RHD, despite the range of treatments available for other pediatric autoinflamma-
tory conditions.'® Studies of low-dose hydroxychloroquine, a general anti-inflammatory agent, are now underway in New Zealand.”* The
clear elevation of IL-6 observed in this study suggests IL-6 blockade therapies like tocilizumab are also worth consideration, particularly
since tocilizumab has been shown to reduce serum 1gG3 levels clinically.*®

The profile of isotype and subclass responses to GAS antigens in this study offers insight into pathogen specific Ig-responses across the
spectrum of disease. Antigen-specific patterns of subclass polarization were remarkably consistent between disease states, with the most
notable differences being the higher magnitude of responses in ARF. As expected for a bacterial polysaccharide, IgG2 dominated responses
to GAC irrespective of disease state. This finding is consistent with the IgG2 skewing observed to the N-acetyl-B-D-glucosamine (GlcNAc) side
chain of GAC in children with GAS pharyngitis and RHD.“® Interestingly for protein antigens, IgG1 dominated responses to conserved pro-
teins, while IgG3 dominated responses to M-protein antigens. IgG3 dominance of M-protein responses was also recently demonstrated in
pooled intravenous immunoglobulin (IVIG) using mass spectrometry, with M-protein knockout strains having significantly reduced 1gG3 bind-
ing.*” What drives such a marked difference in subclass polarization between protein antigens presented on the same pathogen is unclear. It
is possible that the coiled-coil structure of the M-protein is preferentially recognized by IgG3 molecules due to the extended hinge flexibility,
or other unique biophysical properties of this diverse subclass.'” Immunoglobulin expression order may also play a role, with IgG3 generally
expressed before IgG1.”® The type-specific hyper-variable region would represent a new antigen in individuals infected with an M-type for the
first time and may trigger early IgG3 responses following exposure.
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M-protein antigens are known to induce opsonization and killing of GAS, and M-protein based vaccine candidates are in various
stages of development.”” Given the potent activity of IgG3 with respect to Fc receptor engagement and phagocytosis,'” it is probable
that IgG3 binding to M-proteins contributes to protective immune responses induced by M-protein antigens. Indeed, phagocytosis
studies with an M5 GAS strain linked 1gG3 binding of M-proteins with complement activation and bacterial internalization.”” However,
there will likely be a need for M-protein based vaccine candidates to balance these protective IgG3-driven responses and avoid over-
stimulation and the potentially harmful, inflammatory effects of IgG3. The repeated exposures of GAS that are proposed to lead to a
loss of tolerance in ARF via immune priming,'®'? may drive the exaggerated IgG3 responses to M-proteins observed in ARF. This path-
ogen-driven IgG3 response could, in turn, contribute to immune dysregulation. Similar phenomena are proposed in severe dengue and
active tuberculosis where over-induction of IgG3 effector functions has been linked with excessive inflammatory responses and serious
disease.'”

Beyond the link between GAS M-proteins and antigen-specific IgG3 responses, the lack of any strong correlation between total IgG3 and
other immune features in this study suggests there is still much to learn with respect to IgG3 in ARF. A recent study has shown that M-related
proteins (Mrp), which are expressed in the same regulon as M-proteins, have significantly reduced affinity for IgG3,°° and it is possible that
Mrp protein responses influence M-protein responses in ARF. IgG3-driven autoantibody responses may also contribute to the elevated levels
of IgG3 observed. While total IgG levels to autoantigens have been shown to be elevated in ARF, subclass responses have not been widely
reported.””" Similarly, the role of T cell activation in isotype switching to IgG3 is yet to be explored in ARF and may contribute to the signif-
icantly elevated 19gG3 levels observed.

In conclusion, this study observed exaggerated GAS-specific antibody responses, elevated total IgG3 and inflammatory cytokines in
ARF. These features may contribute to a permissive inflammatory environment that leads to the immune-mediated tissue damage
observed in symptomatic disease. Furthermore, measurement of serum IgG3 levels may beneficially augment clinical algorithms for
ARF diagnosis.

Limitations of the study

This study comprises samples from participants recruited in two aligned, but not concurrent, case-control studies. The first recruited first-
episode ARF cases and closely matched controls between 2014 and 2017,” while the second recruited participants with GAS-positive
pharyngitis between 2018 and 2019.?° Matching in the first study was by age, ethnicity, socioeconomic deprivation, and region followed
by sex, explaining the slight sex imbalance in ARF cases compared with healthy controls in this study cohort. The second study investi-
gated GAS infections in school-aged children in Auckland, New Zealand. While not temporally matched with the ARF cases, GAS-positive
pharyngitis participants included in this study cohort were assessed using the same risk-factors questionnaire and closely matched for age
and ethnicity.
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KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

R-Phycoerythrin Goat Anti-Human Serum IgA

Mouse Anti-Human IgM-PE (clone SA-DA4) R-Phycoerythrin
R-Phycoerythrin F(ab)2 Fragment Donkey Anti-Human IgG
Mouse Anti-Human IgG1 Hinge-PE (clone 4E3)

Mouse Anti-Human IgG2 Fc-PE (clone HP6002)

Mouse Anti-Human IgG3 Hinge-PE (clone HP4050)
Mouse Anti-Human IgG4 Fc-PE (clone HP6025)

Goat Anti-Human IgG H&L (HRP)

Mouse Anti-Human IgG1 Fc-HRP (clone HP6001)

Mouse Anti-Human IgG1 Hinge-HRP (clone 4E3)

Mouse Anti-Human IgG3 Hinge-HRP (clone HP6050)

Jackson ImmunoResearch Labs
SouthernBiotech

Jackson ImmunoResearch Labs
SouthernBiotech
SouthernBiotech
SouthernBiotech
SouthernBiotech

Abcam

SouthernBiotech
SouthernBiotech

SouthernBiotech

Cat# 109-115-011; RRID:AB_2337674
Cat# 9020-09; RRID:AB_2796577
Cat# 709-116-098; RRID:AB_2340519
Cat# 9052-09; RRID:AB_2796621
Cat# 9070-09; RRID:AB_2796639
Cat# 9210-09; RRID:AB_2796701
Cat# 9200-09; RRID:AB_2796693
Cat# ab6858; RRID:AB_955433

Cat# 9054-05; RRID:AB_2796627
Cat# 9052-05; RRID:AB_2796619
Cat# 9210-05; RRID:AB_2796699

Bacterial and virus strains

E. coli BL21(DE3) pLysS ThermoFisher Cat# C607003

Biological samples

Pediatric sera from ARF patients Baker et al. 2022°° N/A

Pediatric sera from healthy controls Baker et al. 2022%° N/A

Pediatric sera from pharyngitis patients Bennett et al. 20227 N/A

Peripheral blood mononuclear cells This manuscript N/A

Chemicals, peptides, and recombinant proteins

recombinant S. pyogenes leucine-rich repeat Whitcombe et al. 202277 N/A

domain-containing protein (Spy0843)

recombinant streptococcal C5a peptidase (SCPA) Whitcombe et al. 202277 N/A

recombinant S. pyogenes cell envelope protease (SpyCEP) Kindly provided by the GSK Vaccine N/A
Institute for Global Health (GVGH)

recombinant S. pyogenes adhesion and Kindly provided by the GSK Vaccine N/A

division protein (SpyAD) Institute for Global Health (GVGH)

recombinant Streptolysin O (SLO) Whitcombe et al. 202277 N/A

recombinant deoxyribonuclease B (DNaseB) Whitcombe et al. 202277 N/A

recombinant S. pyogenes nuclease A (SpnA) Whitcombe et al. 202277 N/A

recombinant Group A Carbohydrate (GAC) Kindly provided by the GSK Vaccine N/A
Institute for Global Health (GVGH)

recombinant M6 Jones et al. 20187 N/A

recombinant M53 McGregor et al. 2023 N/A

recombinant M_C2_C3 This manuscript N/A

AlbumiNZ™ Bovine Albumin Low IgG, >97%

MP Biomedicals

Cat# 199897

Critical commercial assays

Luminex Human Discovery Assay

MILLIPLEX® MAP Human Isotyping Magnetic Bead Panel
MILLIPLEX Human Complement Panel 2

CRP (C- reactive protein) ELISA

R&D Systems
Merk Millipore
Merk Millipore

Tecan

cat# LXSAHM
cat# HGAMMAG-301K
cat# HCMP2MAG-19K
cat# EU59131
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Belysa Immunoassay Curve Fitting software, version 1.2.0 Merck https://www.sigmaaldrich.com/NZ/en/
services/software-and-digital-platforms/
belysa-immunoassay-curve-fitting-software

GraphPad Prism, version 10.0.3 Dotmatics https://www.graphpad.com/features

xPonent 4.3 DiaSorin https://int.diasorin.com/en/luminex-ltg/

reagents-accessories/software

R (version 4.2.1) Open-source software https://www.r-project.org/
R studio (version 2023.09.0 + 463) Posit https://posit.co/downloads/
Other

MagPlex microspheres Luminex Corporation Cat # MC100xx-01
MagPlex-Avidin microspheres Luminex Corporation Cat # MA-BOxx-01
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Assoc. Prof. NJ Moreland (n.moreland@
auckland.ac.nz).

Materials availability
This study did not generate new unique materials, which cannot be obtained from commercial sources.

Data and code availability

The data reported in this study cannot be deposited in a public repository due to the ethical approval and data sovereignty principles under
which these samples were obtained. This paper does not report original code. Any information required to re-analyse the data is available
from the lead contact upon request. These requests must comply with ethical approval and associated data sovereignty principles from which
the samples were obtained.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Participants were recruited as part of two case-control studies approved by the New Zealand Health and Disability Ethics Committee, with
written informed consent obtained from all participants or their parents/guardians. Demographic characteristics of study participants are
shown (Table 1). Sera of ARF cases (n = 60) and matched healthy controls (n = 30) were obtained as part of the Rheumatic Fever Risk Factor
study (ethics ref. 14/NTA/53)"° between 2014 and 2017. ARF cases were diagnosed according to the New Zealand modification of the Jones
Criteria,”’ and sera were collected during hospital admission. Healthy individuals were matched with cases by age, prioritized ethnicity, so-
cioeconomic deprivation and region, followed by sex where possible. Exclusion criteria for healthy controls for this study included: a self-re-
ported recent sore throat or skin infection; a GAS-positive throat swab indicative of asymptomatic carriage; or positive clinical streptococcal
serology, as detailed (Figure S1). GAS pharyngitis control sera (n = 30) was collected as part of a prospective GAS disease incidence study
(ethics ref. 17/NTA/262), conducted between 2018 and 2019.° Inclusion criteria for this study included a GAS-positive throat swab following
presentation to primary care with pharyngitis and availability of both acute (collected a median 6 (IQR 5-7) days post-symptom onset) and
convalescent sera (collected a median 31 (IQR 29-37) days post-symptom onset) as shown (Figure S1).

METHOD DETAILS

Circulating analyte quantification

Cytokines were measured using a custom bead-based multiplex assay (Luminex Human Discovery Assay) according to the manufacturer's
instructions with a serum dilution of 1:2. Bulk IgA, IgG1, IgG3 and C4 were quantified using bead-based assays (Merck Millipore) as previously
described.”® All bead-based assays were run on a Luminex200 instrument (Luminex Corporation) and analyzed with Belysa Immunoassay
Curve Fitting software (Version 1.2.0, Merck). C-reactive protein (CRP) was quantified by ELISA (Tecan) and absorbance units were converted
to pg/mL according to the manufacturer’s instructions with GraphPad Prism (version 10.0.3, GraphPad Software).
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Primary cell culture assays

Primary cell culture assays with peripheral blood mononulcear cells (PBMCs) were adapted from a previously published protocol."” PBMCs
from three ARF cases were collected as part of a separate ARF study from patients during hospital admission (ethics ref. 20/NTB/163) and
compared to three healthy adult lab donors as controls (ethics reference AH24859). Cells cultured in Iscove’s Modified Dulbecco’s Medium
supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin and 0.1% fungizone. Supernatants were aspirated on day 1 and day
4 and stored at —80°C until use. Cytokines secreted by the cells were measured using a custom four-plex assay (Human Luminex Discovery
Assay) as described above.

Group A Streptococcus Luminex assays

Antibody responses to conserved GAS antigens were measured using an 8-plex bead-based assay comprising: S. pyogenes leucine-rich
repeat domain-containing protein (Spy0843/LRRP); streptococcal C5a peptidase (SCPA), S. pyogenes cell envelope protease (SpyCEP),
S. pyogenes adhesion and division protein (SpyAD), the Group A Carbohydrate (GAC), Streptolysin O (SLO), deoxyribonuclease B (DNaseB),
and S. pyogenes nuclease A (SpnA).”” Protein antigens were expressed and coupled to MagPlex microspheres (Luminex Corporation) as pre-
viously described,”” while the GAC coupling method was modified. Purified biotinylated GAC was kindly provided by the GSK Vaccine Insti-
tute for Global Health (GVGH) and coupled to MagPlex-Avidin microspheres according to the manufacturer’s instructions. In brief, magnetic
MagPlex-Avidin beads were washed three times in PBS, 1% BSA prior to the addition of 5 ug GAC per 1 X 10° beads and incubation for 30 min
atroom temperature. Antigen-coupled beads were washed, enumerated, and stored in PBS, 1% BSA, 0.05% sodium azide at 4°C. Substitution
of the biotin-GAC in place of poly-L-lysine coupled GAC did not alter assay performance, with R? > 0.99 between assays for all other antigens.

Sera were diluted 1:600 (IgG2, 19G3, IgG4 and IgM), 1:1000 (IgG1 and IgA) or 1:8000 (total IgG) in assay buffer (PBS pH 7.4, containing 1%
bovine serum albumin) and incubated with the 8-plex microsphere cocktail for 35 min at 800 rpm, prior to three washes with assay buffer
(BioTek 50 TS plate washer). For detection, beads were incubated with phycoerythrin (PE) labeled anti-human IgA, IgM, 1gG, 19G1, IgG2,
IgG3, or IgG4 for 35 min at 800 rom followed by two additional washes in assay buffer as per previously developed protocols.”” Beads
were then analyzed on a Luminex200 system (Luminex Corporation) with xPonent 4.3 software. Background fluorescence values from no-
serum controls were subtracted to give net median fluorescence intensity (MFI) values.

Group A Streptococcus ELISA

Recombinant SLO, Mé and M53 were expressed using Escherichia coli and purified as previously described.””**° The M_C2_C3 fragment
sequence, representing the conserved C2-C3 repeat region of the GAS M protein was based on the M12:GAS9429 protein (N368 to Q433)
and extended with two additional C-terminal tryptophan residues to enable UV detection during purification. The sequence was commer-
cially synthesized, cloned into pGEX-4T-3 (Genscript) and expressed in E. coli BL21(DE3) pLysS with an N-terminal GST-tag. Bacteria were
cultured at 37°C until exponential phase, protein expression was induced with 1 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG), and bac-
teria further cultured for 16 hrs at 18°C. M_C2_C3 purification from the bacterial cell pellet involved Glutathione Sepharose 4B resin affinity
separation, GST-tag cleavage with thrombin (0.2 U/uL, MP Biomedical) followed by size exclusion chromatography. M_C2_C3 was deter-
mined to be >95% pure by SDS-PAGE, and identity was confirmed by fingerprint mass spectrometric analysis (University of Auckland
Mass Spectrometry facility).

Subclass-specific antibody responses against SLO, M6, M53 and M_C2_C3 were determined in enzyme-linked immunosorbent assays
(ELISASs) as published.23 Briefly, antigens were coated at 2 ug/mL in PBS and wells blocked with PBS, 0.1% Tween 20 (PBS-T) substituted
with 5% skim milk powder. Sera was diluted 1:1000 (IgG1 and 1gG3) or 1:5000 (IgG) and bound antibodies were detected with HRP-labelled
anti-human IgG, IgG1 (IgG1 Fcand IgG1 Hinge mixed 1:1 (v/v)), and IgG3 on a BioTek 800 TS Absorbance Reader. Absorbance readings were
converted to EU in GraphPad Prism (version 9.3.1) using an 8-point standard curve constructed with positive control sera and included on
every plate. The lowest dilution (1:500) on the standard curve was designated 500 EU, whereas the highest dilution (1:1,093,500) was desig-
nated 0.228 EU.

QUANTIFICATION AND STATISTICAL ANALYSIS

All analysis and graphing was conducted in R (version 4.2.1) with R studio (version 2023.09.0 + 463) using the following packages: tidyverse,
package suite, rstatix, mixOmics, ggpubr, Hmisc, corrplot and pROC. For data that were log transformed the following equation was used; y =
log10(x+1), where x is the data and y is the log-transformed data presented. All boxplots represent the median concentration and the third
(Q3) and first quartiles (Q1) with whiskers extending to the maximum and minimum values within 1.5 times the interquartile range (IQR). Unless
otherwise stated non-paired t-tests were carried out with Holm-Bonferroni adjustment for multiple comparisons. Significance levels are indi-
cated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. No participants were excluded from the analyses, thus numbers used
in each group for statistical analyses are as depicted in demographics table (Table 1); ARF n = 60, healthy control n = 30 and GAS-pharyngitis
group n = 30.

PLS-DA was conducted in the mixOmics package™ in R with two latent variables. To assess model performance and over-fitting, K-fold
cross-validation was carried out with 5-folds, repeated 100 times. The BER, important due to the unequal numbers in the study groups,
was calculated using the centroid distance measure.
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The network plot was constructed using log-transformed data in the igraph package in R by combining all quantified measurements.
Where there was duplicated data (SLO, measured in both ELISA and Luminex) Luminex data were retained. A Pearson correlation was con-
ducted and only significant (p < 0.05 after Holm-Bonferroni adjustment) and strong correlations (absolute Pearson’s correlation coefficient
>0.6) were retained. An adjacency matrix based on Pearson correlation coefficients was generated where nodes represent individual markers
from the combined datasets. Edges between nodes correspond to significant correlations, with thickness and color proportional to the
strength of each relationship. The final visualization excluded isolated nodes, ensuring that only markers with at least one significant strong
correlation were displayed and was plotted using the force-directed Fruchterman-Reingold algorithm to position nodes with as few crossing
edges as possible.
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