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Knowledge gaps regarding human immunity to Streptococcus pyogenes have
impeded vaccine development. To address these gaps and evaluate vaccine
candidates, we established a human challenge model of S. pyogenes phar-
yngitis. Here, we analyse antibody responses in serum and saliva against 19
antigens to identify characteristics distinguishing 19 participants who devel-
oped pharyngitis and 6 who did not. We show that pharyngitis elicits serum
IgG responses to key vaccine antigens and a muted mucosal IgA response,
whereas IgG responses are minimal and IgA responses more pronounced in
participants without pharyngitis. Serum IgG responses to pharyngitis in adult
participants resemble those in children and are inversely correlated with the
magnitude of pre-existing responses. While a straightforward correlate of
protection is not evident, baseline antibody signatures distinguish clinical and
immunological outcomes following experimental challenge. This highlights
the influence of a complex humoral imprint from previous exposure, relevant
for interpreting immunogenicity in forthcoming vaccine trials.

Streptococcus pyogenes is a highly adapted human-restricted pathogen
with an immense global burden of communicable and non-
communicable diseases across a diverse clinical spectrum spanning
acute infections and post-infectious syndromes with chronic disease
outcomes'. S. pyogenes ranks in the global top ten infection-related
causes of death, with more than 500,000 deaths every year attribu-
table to rheumatic heart disease’ and acute invasive infections’. In
recognition of the clear unmet need, the World Health Organisation
Product Development for Vaccines Advisory Committee lists
S. pyogenes as a global priority pathogen for new vaccine research and
development*. While recent efforts have successfully reinvigorated the

field>®, the modern S. pyogenes vaccine development ecosystem
remains fragile’.

Critically, there is no established human immune correlate of
protection to predict the efficacy of S. pyogenes vaccines®. The epide-
miology of S. pyogenes infections strongly suggests that partial
immune protection accumulates with repeated exposure through
childhood®™°. However, unlike vaccine-preventable bacterial diseases
caused by Streptococcus pneumoniae, Haemophilus influenzae and
Neisseria meningitidis, there are no primary or acquired immunodefi-
ciency syndromes classically associated with susceptibility to
S. pyogenes infection from which the basis for naturally acquired
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protection may be inferred. The contribution of M protein serotype- or
emm genotype-specific humoral immunity, initially established by
streptococcal research pioneer Rebecca Lancefield", remains uncertain®,
with mixed findings from longitudinal cohort studies”™, historical
human challenge trials®", animal models® and in vitro assays”.

In the early 20th century, hundreds of thousands of children and
adults were vaccinated for the prevention of S. pyogenes clinical syn-
dromes, all considered then as scarlet fever?. The last time the efficacy
of an S. pyogenes vaccine was evaluated in humans was in 1970s chal-
lenge trials in which parenteral and mucosal monovalent M protein
vaccines were protective against homologous pharyngeal challenge,
although a correlate of protection could not be demonstrated”'s,
Since a contentious 1979 United States Food and Drug Administration
ruling that slowed S. pyogenes vaccine research was revoked in
2006”***, many M protein and non-M protein antigens have proven to
be protective in a variety of animal models*. Human immunogenicity
for most of these antigens has been demonstrated in natural
cohorts””, pooled human immunoglobulin products®**?¥, and a small
number of early-phase vaccine trials®*™2, Still, by 2016, in the face of
scientific, commercial, and regulatory barriers, S. pyogenes vaccines
were considered impeded vaccines®.

As part of resurgent global S. pyogenes vaccine development
efforts®®, the establishment of new human infection models has been
prioritised as a platform for early efficacy evaluation to accelerate
vaccine development* and to explore immune responses. The
CHIVAS-M75 trial established the world’s only modern S. pyogenes
human infection model in healthy adult volunteers®. We have pre-
viously described a distinct systemic and mucosal cellular and cytokine
signature of experimental human pharyngitis in CHIVAS-M75
participants™.

Here, interrogated longitudinal systemic, mucosal, functional,
and binding antibodies to S. pyogenes in serum and saliva collected
from 25 participants in the CHIVAS-M75 trial, before and after chal-
lenge, 19 of whom developed acute symptomatic pharyngitis and 6
who did not. These data will lay the foundations for immune assess-
ments in forthcoming trials to evaluate promising vaccine candidates’.

Results

Antibodies induced by challenge have modest activity in func-
tional in vitro bacterial adhesion and opsonophagocytic assays
We first investigated mucosal and systemic functional responses
against the emm?75 S. pyogenes challenge strain®’ using an established
serum opsonophagocytic killing assay*® and an adapted bacterial
adhesion assay® (Fig. 1). Saliva collected before and 1 week after the
challenge affected bacterial adhesion to a pharyngeal cell line (Detroit
562), however, there were no consistent changes related to the chal-
lenge or between those who did and did not develop pharyngitis
(Fig. 1B). We detected no serum opsonophagocytic activity against the
challenge strain for 23 of 25 participants in samples from before and
1 month after challenge (Fig. 1C). Opsonophagocytic activity was
observed at baseline in just two participants, one who subsequently
developed pharyngitis (SNO10) and one who did not (SNO13). These
were the only participants with increased opsonophagocytic killing
after 1 month. Both had sustained pharyngeal colonisation with S.
pyogenes, anti-streptolysin O seroconversion®, and increased inhibi-
tion by post-challenge saliva in the adhesion assay. In summary, nei-
ther functional assay correlated with clinical outcome.

Pharyngeal challenge induces heterogenous serological
responses against key vaccine antigens

To evaluate humoral immune responses, we quantified IgG in serum
and IgA in saliva against a panel of 17 antigens comprising vaccine
candidates and known targets of S. pyogenes immunity (Fig. 2A and
Table S1). IgG and IgA responses were highly variable across antigens

for all participants at pre- and post-challenge time-points (Fig. 2B),
including inconsistent responses against protein antigens and related
derivative peptides, such as the M75 protein and its derivative anti-
gens: the N-terminal M75-HVR peptide and C-repeat peptides p145, J8
and P*17 (Supplementary Figs. 3, 4). When analysed as fold-change
relative to pre-challenge titres, participants who developed phar-
yngitis had increased post-challenge serum IgG responses at 1 month
against several key vaccine antigens (SpyCEP, SLO, ScpA, GAC) and a
trend towards lower post-challenge saliva IgA responses at one week,
especially for GAC and M75-HVR (Fig. 2C, F). Serum IgG and saliva IgA
kinetics were different—serum IgG responses generally continued to
increase between the 1 week and 1 month time-points, whereas IgA
changes were most evident at the 1-week visit and returned towards
baseline at 1 month. (Supplementary Fig. 1). Conversely, among the
smaller group of 6 participants who did not develop pharyngitis, there
were trends towards lower serum IgG and higher saliva IgA post-
challenge responses. These trends were antigen-specific, as total IgA
concentration in saliva was not affected by challenge or pharyngitis
(Supplementary Fig. 2). Saliva IgG and serum IgA responses were below
the limit of detection in our assays.

We sought to determine the frequency of responses to each
antigen and if this differed by pharyngitis outcome. A response was
defined as an increase of 25% or greater above pre-challenge titres, a
threshold previously applied for IgG responses to other bacterial
pathogens'®", and used here to capture the breadth of antigens
recognised by the modest antibody response induced by a single
infection. Serum IgG responses were more common among partici-
pants with pharyngitis, whereas antigen-specific saliva IgA responses
occurred with similar or higher frequency among participants without
pharyngitis (Fig. 2D). Consistent with the fold-change findings, a
response was observed most frequently against four vaccine candidate
antigens (SpyCEP, SLO, ScpA and GAC). The breadth of the serum IgG
response was higher among participants with pharyngitis, with a
median response to four antigens, compared to one antigen among
participants without pharyngitis (Fig. 2E). When analysing saliva, par-
ticipants with pharyngitis responded to a median of two antigens,
while there was a trend toward a greater breadth of IgA responses
among participants without pharyngitis, including one participant
with a saliva IgA response to 11 different antigens. Overall, the most
robust post-challenge differences among participants after pharyngitis
were decreased saliva IgA for GAC and M75-HVR and increased serum
IgG for SpyCEP, SLO, ScpA and GAC (Fig. 2F, all other antigens Sup-
plementary Figs. 3-5). The opposing trends observed for IgG and IgA
responses led us to consider if these responses were somehow related.
However, there was no correlation observed between the fold-change
of saliva IgA responses and serum IgG responses at either 1 week or
1 month (Fig. 2G).

Experimental S. pyogenes pharyngitis induces a humoral
immune response maintained for at least 3 months

For the four antigens associated with the most frequent serum IgG
responses (SpyCEP, SLO, ScpA and GAC), we proceeded to use a
multiplex bead-based assay to determine the absolute concentration
of antigen-specific serum IgG*>**. Responses to SpnA and DnaseB were
also analysed because they can be used clinically (with SLO) as evi-
dence of recent S. pyogenes infection**. For all six antigens, participants
with a 25% increase in IgG concentration (termed responders) all
developed pharyngitis, except for a single participant who did not
develop pharyngitis and was a responder to ScpA (Fig. 3B). The
increase in IgG to all antigens in responders occurred as early as the
1-week outpatient visit and was maintained out to 3 months indicating
that when antibodies were induced, they were durable for several
months. At each time-point, the absolute IgG concentration for
responders was equivalent to non-responders, except for IgG against
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Fig. 1| Experimental human S. pyogenes pharyngitis is not associated with new
serum opsonophagocytic responses or inhibition of adherence by saliva.

A Schematic overview of challenge study timelines and samples analysed in this
study. Created in BioRender. Hill, D. (2023) BioRender.com/g84v832. B Bacterial
adherence to Detroit 562 cells in the presence of saliva collected pre-challenge and
1 week after pharyngitis diagnosis (n =19) or discharge without pharyngitis (n = 6).
Bacterial burden determined by CFU of recovered bacteria and % adherence
determined relative to bacteria-only controls. Responses for each group are shown
as median + range, with within-group comparisons performed using two-sided
paired Wilcoxon signed-rank tests and between-group comparisons using two-

sided Mann-Whitney tests, p values are shown following false discovery rate (FDR)-
adjustment for multiple comparisons. C Serum opsonophagocytic killing assay
results from pre-challenge and one-month post-challenge samples (n = 25), high-
lighting results from two participants with a detectable opsonophagocytic
response (SNO13, SNO10; mean and standard error of three technical replicates
shown), and grouping the remainder of non-responders by clinical pharyngitis
outcome (blue = non-pharyngitis, n=35; red = pharyngitis, n =18). Opsonic index
determined by the linear regression of the two dilutions closest to 50% killing. Text
descriptions below describe clinical and infection parameters for SNO13

and SNO10.

SpnA, which had a higher median concentration for non-responders at
all time-points. There was a trend towards higher pre-challenge titres
in non-responders, most evident for SpyCEP, SpnA and SLO.

Antibody responses to experimental human S. pyogenes phar-
yngitis in adults resemble responses to natural infection in
children

Current S. pyogenes initiatives are focused on advancing a paediatric
product. One concern regarding human challenge research is that
immune responses in healthy adult participants may not be gen-
eralisable to children*. We compared serum IgG responses from the
multiplex bead-based assay for the CHIVAS-M75 adult participants

with previously published data for healthy children (n=15) and chil-
dren 1 month following microbiologically-confirmed S. pyogenes
pharyngitis (n=22) from New Zealand (aged 5 to 14 years)*. IgG con-
centrations were equivalent among pre-challenge adult samples and
healthy children for all antigens except ScpA (Fig. 4). Post-challenge
adult samples had equivalent IgG concentrations for all six antigens to
convalescent serum from children, with a trend towards elevated
responses in the paediatric samples for SpnA only. These results pro-
vide some reassurance that pre-existing serum antibody concentra-
tions and the magnitude of post-challenge responses in adult human
challenge participants resemble those observed before and after
pharyngitis in children.
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Pre-existing humoral immunity inversely correlates with the

post-challenge response

We sought to explore the higher pre-challenge IgG responses in non-
responders. For five out of six antigens measured with the multiplex
bead-based assay, there was a significant inverse correlation between
pre-challenge IgG concentration and antibody fold-change by the
1-month outpatient visit, with a similar trend observed for GAC.

Participants who did not develop pharyngitis were enriched among
samples with higher pre-challenge serum IgG levels and minimal or
negative post-challenge fold-change (Fig. 5A). This inverse correlation
was consistent for the four antigens measured by both multiplex bead-
based assay and ELISA. Pre-challenge saliva IgA was inversely corre-
lated with the fold-change in IgA by the 1-week outpatient visit for ScpA
and M75 (Fig. 5B), although participants did not cluster distinctly
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Fig. 2 | Experimental pharyngeal challenge with Streptococcus pyogenes indu-
ces mucosal and systemic antibody responses against major vaccine antigens.
A Schematic overview of the time-points and antigens studied to detect IgG from
serum and IgA saliva. Antigens were grouped into two categories; Main included
leading vaccine candidates and key virulence factors, and Additional included
peptides or domains of proteins included among Main Ags (M protein, SpyCEP, T
antigen). Created in BioRender. Hill, D. (2023) BioRender.com/m870308.

B Heatmap showing the relative abundance of IgA and IgG responses pre and post-
challenge at indicated time-points in pharyngitis and non-pharyngitis participants
for 11 main antigens. ELISA titres are shown with responses scaled across IgA and
IgG separately. Pharyngitis outcome indicated as coloured bar (red = pharyngitis,
blue = no pharyngitis). C Heatmap showing the median fold-change observed
relative to baseline at 1 week for IgA, and 1 month for IgG with associated p values
from two-sided paired Wilcoxon signed-rank test after FDR-adjustment for 11 main

antigens and six additional peptide or vaccine antigens. (*Pagjusted < 0.05,
**Padjusted < 0.01). D The percentage of pharyngitis and non-pharyngitis participants
that showed a 25% increase in antibodies post-challenge, with 1 week for IgA and
1 month for IgG. Numbers indicate how many participants responded to each
antigen. E A tally of the number of antigens to which participants showed a 25%
increase in IgA and IgG (shown in D), with participants split by pharyngitis outcome.
P value determined from two-sided Mann-Whitney U-test. F Representative
examples of antigens that showed significant change after challenge (as shown in C)
expressed in ELISA arbitrary units (arb. units). Within-group comparisons were
performed using a two-sided paired Wilcoxon signed-rank test, and groups were
compared using a two-sided Mann-Whitney test, all FDR-adjusted for multiple
comparisons. G Spearman correlation of fold-change in saliva IgA at 1 week with
fold-change in serum IgG at 1 week and 1 month post-challenge. All comparisons
were p>0.1.

based on outcome. In contrast to the IgG finding, participants without
pharyngitis were enriched among samples with lower pre-challenge
IgA and positive post-challenge fold-change. Correlation coefficients
for pre- versus post-challenge IgG and IgA responses, measured by
ELISA and multiplex bead-based assay, were negative for the majority
of antigens tested. These data suggest that pre-existing antibodies may
affect mucosal and systemic antibody responses to S. pyogenes infec-
tion, either by direct interference or as a surrogate for immune
memory.

Unbiased clustering reveals distinct serological signatures
associated with experimental human pharyngitis and the
humoral response to challenge

To investigate whether clinical outcome was associated with distinct
serological features, we used non-metric multidimensional scaling
incorporating serum IgG data for 19 antigens (Table S1) from pre-
challenge and the 1-month outpatient visit to generate an unbiased
view of each participant’s serological signature. We analysed the IgG
data to assess the correlation between each individual’s responses to
all other individuals across the 19 antigens. Then, we used multi-
dimensional scaling to simplify these complex relationships into two
dimensions. Participants clustered according to pharyngitis outcome,
suggestive of a pre-challenge serological state associated with pro-
tection from pharyngitis (left panel Fig. 6A, B). For most participants,
pre- and post-challenge points were clustered closely together (middle
panel Fig. 6A), consistent with previous S. pyogenes exposures eliciting
a distinct individual serological imprint. Where there was a change in
multidimensional space coordinates for participants in response to
challenge, this movement was predominantly left-to-right along
Dimension 1 (middle panel Fig. 6A) and was almost exclusively limited
to the pharyngitis group (right panel Fig.6B). This suggests that, after
challenge, some participants acquired a serological signature closer to
the pre-challenge state of participants who did not develop phar-
yngitis. Dimension 1 was correlated with high serum IgG responses
against GAC, SpyCEP, ScpA, K4S2, DnaseB, and SpnA, and low IgG
responses to several antigens, including J8, ADI and TF (Fig. 6C). In
keeping with this, participants with a left-to-right post-challenge shift
along Dimension 1 were predominantly those we previously identified
as IgG responders against two or more of SpyCEP, GAC, SLO and ScpA
(Fig. 6A middle and right), indicating that responses to these antigens
were major drivers of the clustering. Together, these data suggest that
while individual human S. pyogenes serological signatures are highly
variable, there are common features that may be associated with
protection against pharyngitis.

Baseline antibody levels are associated with clinical outcome
and severity of experimental human S. pyogenes pharyngitis
We correlated 37 baseline antibody variables to eight clinical features
to investigate how pre-existing humoral immunity related to

pharyngitis outcome and severity (symptoms, signs, time to diagnosis,
intensity of bacterial colonisation) (Fig. 7A)*. Ten variables sig-
nificantly correlated with one or more clinical features (Fig. 7B). While
there were variable correlations between different antigens and clin-
ical variables, for most antigens, the directionality of correlation was
strongly concordant. Broadly, baseline serum IgG against three anti-
gens often described as cryptic (ADI, TF* and J8") correlated with
severity of infections, whereas baseline antibodies against 7 other
antigens were inversely correlated with severity: serum IgG against
K4S2, DnaseB, SPyAD, SpyCEP, SpnA, T25 and saliva IgA against p145.

We then used sparse partial least squares discriminant analysis
(sPLS-DA) to discern which among the 37 immune variables most
effectively distinguished between participants who did and did not
develop pharyngitis. Analysing these variables in a multidimensional
space, the sPLS-DA model pinpointed 5 variables that most sig-
nificantly explained the immunological distinctions related to phar-
yngitis outcomes. Furthermore, the model revealed a single dimension
along which participants were distinctly clustered according to their
pharyngitis status (Fig. 7C). The five pre-challenge variables that con-
tributed to this first dimension and were associated with not devel-
oping pharyngitis were low serum IgG to TF and ADI, high serum IgG to
SpnA and T25, and high saliva IgA to pl45 (Fig. 7D), which were all
robustly different between pharyngitis and non-pharyngitis groups
(Fig. 7E). Together, these data suggest that the clinical outcome fol-
lowing S. pyogenes challenge is influenced by pre-existing humoral
immunity and that systemic responses to some antigens may dis-
criminate individuals with increased susceptibility to symptomatic
pharyngitis.

Discussion
This study of mucosal and systemic antibody responses in the CHIVAS-
M75 human challenge trial advances our understanding of immunity
against S. pyogenes and underlines the potential for the human model
to accelerate vaccine development. Pharyngeal challenge induced
heterogeneous and highly individualised patterns of saliva IgA and
serum IgG responses, with durable responses against conserved vac-
cine antigens (e.g. SpyCEP, ScpA, SLO and GAC). Serum IgG responses
in healthy adult challenge participants were comparable to responses
in children following natural pharyngitis. While a straightforward
correlate of protection was not evident, baseline antibody signatures,
reflecting the imprint of past infections, were identified that dis-
tinguished clinical outcomes following experimental challenge. Pre-
existing antibodies inversely correlated with the magnitude of IgG
induced by challenge, exemplifying the complex interactions between
a highly adapted ubiquitous pathogen and its only natural host, with
important ramifications for understanding vaccine immunogenicity.
Our study highlights the limitations of currently available func-
tional serology assays, as the serum opsonophagocytic killing and
salivary bacterial adhesion assays provided limited insight into the
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(responders) and those that did not (non-responders). For Responders, each dot
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represents an individual, and lines connect paired samples. The violin plots sum-
marise the distribution (median+range) of responses across time-points for each
group, with colour corresponding to time-point. The analysis included 22 partici-
pants with samples available from all four time-points. P values were determined for
within-group paired sample comparisons using Friedman’s test followed by a two-
sided Wilcoxon signed-rank test with FDR-adjustments, and for between-group
comparisons using Kruskal-Wallis and Dunn’s multiple comparison testing.

basis of susceptibility and protection. It is possible that the pre-
screening and exclusion of individuals with high serum emm75-specific
IgG from the CHIVAS-M75 trial>** may have contributed to the lack of
opsonophagocytic killing observed. However, the M75 protein of the
emm75 challenge strain was not the target of opsonisation by pooled
human immunoglobulin (in the same assay) in a recent study”. These
findings are consistent with 1970s human studies in which induction of
a type-specific serum bactericidal response by M protein vaccines was
not a reliable correlate of protection, which was observed against
symptomatic pharyngitis (parenteral and mucosal vaccines) and
colonisation (mucosal vaccine only)'*™®, Expanding the scope of the

modern human challenge model to include other emm-type strains will
enable further evaluation of the opsonophagocytic killing assay as a
correlate of protection. For multi-component vaccines including
secreted virulence factors (e.g. SpyCEP and SLO), additional assays
may be required to capture the diversity of functional antibody
responses*®*’,

Acute symptomatic S. pyogenes pharyngitis is characterised by a
combined humoral and cellular immune response to contain and clear
the focal infection®. The human model enabled simultaneous
sequential assessment of IgA in saliva and IgG in the blood. Antibody
responses in these compartments did not correlate in magnitude or
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Fig. 4 | Antibody responses to experimental human Streptococcus pyogenes
pharyngitis in healthy adults are similar to natural responses in children.
Serum IgG concentrations measured by multiplex bead-based assay to 6 antigens
among challenge participants pre- and 1-month post-challenge was compared to

healthy children and children >1 month after acute pharyngitis (aged between 5 and
14 years)®. P values were determined using Dunn’s multiple comparison testing or
Wilcoxon signed-rank test for paired data, both two-sided.

antigen-specificity, strongly suggesting they are produced and regu-
lated independently. Overall, individual antibody responses were
highly variable, as in previous longitudinal cohort studies of
children’?">*°, Whilst every tested antigen was immunogenic in at least
one participant, serum IgG responses were predominantly raised
against conserved antigens with a role in evading human immunity
(e.g. SpyCEP, SLO and ScpA), while responses to the M protein,
conventionally considered as immunodominant, were modest and
infrequent. In saliva, IgA responses were most pronounced against
surface-bound antigens contributing to adhesion and invasion (e.g.
M- and M-like-proteins) and were more common among the six parti-
cipants who did not develop pharyngitis. Where serum IgG responses
were produced, they were maintained for at least 3 months, which
suggests that S. pyogenes pharyngeal infection may induce long-lived
antibody-secreting cells”, as serum antibodies would have waned sub-
stantially based on IgG serum half-life alone™. Overall, the post-challenge
antibody responses described here add to recent longitudinal
studies™™* undermining the historical conception of asymptomatic
colonisation (carriage) with S. pyogenes as immunologically inert.

The mucosal and systemic pre-challenge antibody profiles of
CHIVAS-M75 participants fit with repeated S. pyogenes exposures
throughout early life, driving the development of humoral immune

memory. The inverse correlations we observed between baseline
antibody levels and post-challenge responses resemble antibody
feedback-mediated suppression of B cell responses, the basis for anti-
D prophylaxis during pregnancy for Rhesus-negative women> and
recently reported to influence antibody responses to SARS-CoV-2 and
malaria vaccines®*~°. This phenomenon is distinct from the original
antigenic sin*’, which would have boosted rather than suppressed
antibody responses from pre-existing B cell memory, particularly
against the highly conserved antigens. Although it remains to be seen
whether antibody feedback will affect S. pyogenes vaccines, it is reas-
suring that increased antigen dose can overcome feedback in mice*®,
suggesting that vaccine design may overcome suppression.

The limitations of the human S. pyogenes pharyngitis model have
been discussed in depth previously'** and broadly relate to
generalisability*, including age of participants, direct inoculation, and
use of a single strain, among others. This included pre-screening to
exclude individuals with high type-specific anti-emm75 serum IgG.
Reassuringly, we showed that pre- and post-challenge antibody levels
among healthy and convalescent adults resembled those of healthy
and convalescent children, the initial target group for vaccine devel-
opment. The challenge strain, emm75, ranks among the top 10 most
frequently isolated across all settings®’. The confirmed inoculum from
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Fig. 5 | Pre-challenge baseline titres negatively correlate with post-challenge
antibody responses. A Correlation between IgG responses to 6 antigens measured
by multiplex bead-based assay in samples from pre-challenge with those at 1-month
post-infection (pharyngitis n =17, no pharyngitis n = 6). B Correlation between anti-
ScpA and anti-M75 IgA responses measured by ELISA from pre-challenge and

Fold change in
IgA at 1 week (Log10)

1-week post-challenge (pharyngitis n =19, no pharyngitis n = 6). Coefficient and p
value were determined using Spearman’s method (two-sided) with a linear
regression line included to indicate linear trends. Each dot represents an individual
participant with the pharyngitis group shown in red and non-pharyngitis in blue.

CHIVAS-M75 is at least 20 times lower than the dose delivered in 1970s
human trials, which successfully demonstrated vaccine-induced
protection”***> and up to 10,000 times lower than in animal models
used in pre-clinical vaccine evaluation®. This argues against concerns
the human model may be too stringent to support the assessment of
natural and vaccine-induced protective immunity. The major limita-
tion of the immunological analyses is that the sample size, including
just six participants without pharyngitis, precluded definitive conclu-
sions regarding antigen-specific antibody results related to protection
or susceptibility to pharyngitis. More fundamentally, whether our
findings may contribute to defining a correlate of natural protection in
future challenge and/or longitudinal surveillance studies is an open
question, and its highly possible that correlates of protection from
vaccination will be different.

Human challenge trials are poised to evaluate the efficacy of
S. pyogenes vaccines for the first time in almost 50 years. Our findings
highlight the power of the experimental human S. pyogenes pharyngitis
model as a platform for investigating systemic and mucosal immunity.
Clinical and immunological responses to S. pyogenes exposure are
influenced by an individual’s imprint of past infections, underscoring
the importance of assessing pre-existing immunity in planned vaccine
trials in adults and children. This work will facilitate future studies that
link responses to vaccination and infection with subsequent clinical
outcomes, inform the interpretation of early-phase vaccine trial
results, and converge on correlates of protection to support vaccine
development.

Methods

Experimental pharyngitis model

Details of the CHIVAS-M75 study protocol, emm?75 S. pyogenes chal-
lenge strain, and trial results have been described previously'***’. The

study, collection of samples, and related immunology research was
approved by the Alfred Hospital Human Research Ethics Committee
(500/17). Written informed consent was obtained from all participants.
In the CHIVAS-M75 trial, 19 of 25 participants were diagnosed with
pharyngitis, comprising 18/20 that received a dose of 10° colony-forming
units (CFU)/ml, and 1/5 that were given a lower dose (10* CFU/ml). The
clinical picture of acute pharyngitis was supported by microbiological
(gPCR and culture), biochemical (C-reactive protein, cytokines and
chemokines) and clinical streptococcal serology (anti-streptolysin O,
anti-DnaseB) results. Considering all available data, one participant
(SN057) who was not contemporaneously diagnosed with pharyngitis®
clearly did have pharyngitis, and they have been categorised as such in
this study. All participants with pharyngitis had S. pyogenes detected by
throat swab qPCR and culture at multiple time-points®®. S. pyogenes
colonisation was detected in only one of the 6 participants (participant
SNO013) who did not develop pharyngitis®.

CHIVAS-M75 samples

Serum and saliva were collected from participants at screening, the
evening prior to the challenge, 8 to 12h after the challenge, daily
during the remainder of the inpatient period, then at 1-week, 1-month,
3-month and 6-month outpatient visits. Blood was collected in serum
separator tubes (BD Vacutainer SST Gold 8.5 mL) and allowed to clot.
Within 2 h of collection, tubes were centrifuged at 1500 x g for 15 min
at 20 °C, and then aliquots were stored at —-80 °C. Saliva samples were
collected after a 30-min fast from food and drink beginning with an
initial brief mouth rinse with 50-100 mL of tap water, repeated after
25 min. After 30 min, participants began depositing fluid into a 50 mL
Falcon tube standing upright in a cup of ice, to a total of 5-10 mL over
the next 30 min. The fluid was then centrifuged at 2600xg for 15 min at
4 °C, then phenylmethylsulfonyl fluoride (Sigma) was added to a final
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Fig. 6 | Serological signatures differ by clinical outcome following experi-
mental pharyngeal human challenge with S. pyogenes and are shaped by
infection. A Non-metric multidimensional scaling (MDS) was performed using IgG
responses to 19 antigens for 23 individuals. Each point represents a sample, with a
shape denoting time-point and coloured to indicate pharyngitis outcome (left),
paired samples (centre), or responses to 2 or more of the dominant antigens
SpyCEP, SLO, ScpA or GAC. B Violin plots of first MDS dimension values pre-

challenge (left), or at 1 month with pre-challenge values subtracted (right), between
pharyngitis and non-pharyngitis groups. P value determined by two-sided
Mann-Whitney U-test. C Two-sided Spearman correlation analysis between MDS
dimension 1 and IgG responses, with only antigens with significant correlation
shown (p < 0.01 after FDR-adjustment). Antigens with results from ELISA assays are
shown in black font, and multiplex bead-based assays are shown in gold font.

concentration of 500 nM, and aliquots were stored at —80 °C until
analysis.

Antigens

A panel of 17 S. pyogenes vaccine candidate antigens, comprising
recombinant proteins, synthetic peptides, and purified carbohydrate
(Table S1) was investigated. Synthetic peptides from the M75 protein
hypervariable region (M75-HVR), M-related protein (Mrp) 24 and
Enn336 protein, were produced by GenScript with 95% purity, and
collaborators at Griffith University provided p145, J8, P*17 and K4S2°'.
Recombinant proteins produced in BL21(DE3) pLysS E. coli repre-
senting the full-length M75 protein?, T25 pilus, and TeeVax-3°* were
provided by collaborators at the University of Auckland. University of
Queensland collaborators provided recombinant proteins represent-
ing arginine deiminase (ADI), trigger factor (TF), and C5a peptidase
(ScpA)®®. Recombinant proteins representing S. pyogenes Adhesion
and Division protein (SpyAD), Cell Envelope Protease (SpyCEP), and
Streptolysin O (SLO), plus purified native Group A Carbohydrate
(GAC)**, came from GSK Vaccines Institute for Global Health.

Enzyme-linked immunosorbent assays (ELISA)

ELISAs were done for all 17 antigens using serum and saliva from all 25
CHIVAS-M75 participants. In this study, data from ELISAs performed
using samples from two time-points were analysed for serum IgG (pre-
challenge and 1 month, or 3-month for 1 participant who failed to

attend a 1-month follow-up visit) and saliva IgA (pre-challenge and
1-week follow-up visit). All antigens were resuspended to 5ug/mL in
0.1 M coating carbonate buffer (0.03 M Na,CO;, 0.07 M NaHCO;, pH
9.6), except full-length M75 protein and GAC, which were used at
1pg/mL and coated at 50 uL per well onto 96-well medium-binding
ELISA plates (Greiner Bio-One) overnight at room temperature. Plates
were then blocked with 200 uL of 2% w/v bovine serum albumin (BSA,
Sigma) in phosphate-buffered saline (PBS) for 1 or 2 h at 37 °C for IgG
and IgA, respectively, followed by five washes in wash buffer (PBS with
0.05% v/v Tween20, PBS-T). Serial dilutions were then performed using
diluent (PBS with 0.5% w/v BSA and 0.05% v/v Tween20) for sera (1:100,
1:300, 1:900, 1:2700) or saliva (1:50, 1:100, 1:200, 1:400) and then 50 uL
added per well in duplicate. A set of healthy adult sera and saliva with
high reactivity against the antigen panel were included as standardi-
sation controls on each plate in duplicate; sera at 1:100, 1:200, 1:400,
1:800, 1:1600, 1:3200, 1:6400, and saliva at 1:50, 1:100, 1:200, 1:400,
1:800, 1:1600, 1:3200 dilutions. Plates were then incubated for 1h at
37 °C (orbital shaking for saliva) and then washed five times with PBS-T.
Negative controls included both antigen-coated wells without serum
and blocked wells with positive control serum, all of which had an
absorbance at ODyso,m Of ~0.05 across all plates. Horseradish
peroxidase-labelled goat anti-human IgG (Southern Biotech Goat anti-
human HRP-IgG cat#2040-05 lot#B3919-XD29C, diluted 1:5000) or
IgA (Southern Biotech Goat anti-human HRP-IgA cat#2050-05
lot#G0919-QC50D, diluted 1:2000) secondary antibodies were added
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Fig. 7 | Baseline antibody titres are associated with clinical pharyngitis out-
come following experimental human challenge with Streptococcus pyogenes.
A Schematic overview of methods and variables included in correlation analysis
and sparse partial least squares discriminant analysis (sPLS-DA). B Heatmap of
correlation coefficients between various clinical variables and pre-challenge anti-
body levels. Antigens shown are those that showed significant two-sided Spearman
correlation for one or more clinical variables. Asterisks denote unadjusted p values
*<0.05, **<0.01. C Samples distributed across two dimensions from sPLS-DA.

D Contributions of top 5 variables to sPLS-DA dimension 1, with variables in red
higher in the pharyngitis group and variables in blue higher in the non-pharyngitis
group. E Pre-challenge antibody responses against the top five variables from sPLS-
DA, differentiating between participants who subsequently developed pharyngitis
(red) and those who did not (blue). P value determined using the two-sided
Mann-Whitney test. Antigens with results from ELISA assays are shown in black
(IgG) and blue (IgA) text, and multiplex bead-based assays (IgG) are shown in
gold text.

at 50 uL/well for 1h at 37 °C, followed by five washes with PBS-T and
three washes with reverse osmosis water. Tetramethylbenzidine sub-
strate (Life Technologies) was added at 50 uL/well and developed at
room temperature for 1 min (SLO, GAC, full-length M75 protein) or
5 min (all other antigens). Reactions were stopped with 1 M phosphoric
acid, and then absorbance was measured at OD 450nm, Using a MultiSkan

Go instrument with Skanlt Software version 4.1 (Thermo Fisher Sci-
entific). Serum IgG end-point titres for each antigen and each sample
are shown in Supplementary Fig. 5. Results were discarded, and the
assay was repeated if the R? of the reference curve was <0.993 or the
standard deviation between replicates was high (>10%). Across all
antigens and both isotypes, the coefficient of variation between
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duplicate samples ranged between 2 and 5%, indicating strong intra-
assay concordance. Human salivary IgA was quantified using the
Human IgA SimpleStep ELISA® Kit (Abcam) according to the manu-
facturer’s instructions, with 1:5000 and 1:10,000 dilutions tested.

Multiplex bead assays

Antigen-specific IgG antibody responses were measured using a pre-
viously described multiplex bead-based assay (Luminex)*>**. Briefly,
beads coupled with S. pyogenes antigens were incubated with sera
diluted 1:8000 in assay buffer (PBS pH 7.4, containing 1% IgG-free BSA).
Following washing, bound IgG was detected with phycoerythrin
labelled anti-human IgG (Jackson ImmunoResearch Labs cat#709-116-
098 lot#144968). Median fluorescence intensity signals for each sam-
ple were measured with a MagPix instrument and the xPonent software
version 4.2 (Luminex Corporation). Standard curves were generated
from pooled human immunoglobulin (Privigen; CSL Behring), which
was buffer exchanged into PBS, and fitted using five-parameter logistic
regression with Belysa software (Merck). Antigen-specific IgG con-
centrations in pg/mL were quantified by interpolation.

Paediatric comparator data are from a previously published study
of S. pyogenes infections from Auckland, New Zealand**. Available data
were shown for children (5-14 years old) with S. pyogenes pharyngitis
(n=24) and healthy controls (n=15) who were deemed low risk for
developing serious S. pyogenes disease, including acute rheumatic fever.
Convalescent sera were obtained ~4 weeks after microbiologically-
confirmed S. pyogenes positive pharyngitis and were included in the
comparator analysis if a serological response to at least one antigen in
the multiplex bead-based assay was observed when compared to mat-
ched healthy children. For both datasets, only data for the 6 relevant
antigens were analysed for this study.

Bacterial isolates and growth

M75 Streptococcus pyogenes bacteria (611024, accession number
CP033621)*” were grown stationary at 37 °C with 5% CO, in Todd-
Hewitt broth (Oxoid) with 1% (w/v) yeast extract (THY; Bacto) or on
solid THY agar with 0.005% 2,3,5-tetraphenyltetrazolium chloride
(TTC; Sigma).

Opsonophagocytic killing assays (OPKA)

OPKAs were carried out as previously described”**%., Briefly, HL-60
cells were differentiated for 3 or 4 days using 0.8% dimethylformamide
at 37 °C with 5% CO; and diluted in opsonization buffer (10% v/v heat-
inactivated foetal bovine serum (HyClone)), 0.1% w/v gelatin (Sigma) in
Hanks’ balanced salt solution with Ca/Mg) to 1x107 cells/ml. Frozen
emm75 bacterial stocks were thawed, washed and diluted in opsoni-
zation buffer to ~120,000 CFU/ml and pre-incubated for 30 min at
room temperature with 20 pl heat-inactivated participant sera. Baby
rabbit complement and differentiated HL-60 cells were then added
and incubated for 60 min at 37 °C with 5% CO,. Surviving bacteria were
recovered, then enumerated by serial dilution and plating 10 pl drips
on TTC-THY agar and incubating overnight at 37 °C with 5% CO,”.
Bacteria were enumerated using a ProtoCOL3 automated colony
counter (Synbiosis). The dilution of sera resulting in 50% killing was
calculated as the opsonic index using the Opsotiter software version 3
(license obtained from the Pathogen Reference Laboratory at the
University of Alabama at Birmingham)®‘. Positive and negative control
sera was included in every assay.

Bacterial adhesion assays

The adhesion assay using Detroit 562 (D562) human pharyngeal cells
was performed as described previously”~’, with the addition of a pre-
incubation step with saliva described below. D562 cells were main-
tained in an assay medium (Dulbecco’s Modified Eagle Medium with
10% foetal bovine serum, and 1x Pen-Strep (Sigma)). M75 S. pyogenes
was grown to mid-exponential phase (ODggonm ~0.5), washed, and

resuspended in 1 ml of assay media. Input inoculum per test was -10°
CFU/well to achieve a multiplicity of infection of five S. pyogenes CFU
to one D562 cell. Bacteria were pre-incubated for 30 min at 37 °C with
participant saliva (40 ul) collected pre-challenge and 1 week following
discharge, then added to D562 cells plated in Triplicate wells were
averaged, and assays performed at least twice per sample. uL of assay
medium per well of 24-well tissue culture plates (Nunc) in triplicate.
Plates were then centrifuged for 5 min at 200xg before incubation for
1hat37°Cin 5% CO.,. After the incubation, non-adherent bacteria were
removed by washing three times with 1mL PBS, then total cell-
associated bacteria (adherent plus invasive) were recovered by adding
200 ul 0.25% trypsin, then lysis with 0.025% Triton-X (Sigma) in dis-
tilled water. Bacteria were then enumerated by serial dilution and
plating 10 pl drips on TTC-THY agar and incubating overnight at 37 °C
with 5% CO,%". M75 S. pyogenes adhesion (%) was determined as CFU in
saliva sample wells relative to control wells (without saliva).

Statistical analysis

Analysis of raw data and data extrapolation was performed using
Prism versions 8 to 9 (GraphPad). Statistical analysis was conducted
in R version 3.8%, using packages ggplot2, pheatmap, viridis, tidy-
verse, reshape2, ggpubr, RColorBrewer, gghalves, vegan, ggbees-
warm, mixOmics, Polychrome and uwot. For serum IgG ELISAs, a
four-parameter logistic curve was generated from the standard curve
for each antigen for each plate, and a titre for each serum sample was
calculated relative to that curve and expressed as arbitrary units (arb.
units). For antigen-specific saliva IgA ELISAs, sample arb. units values
were calculated relative to the reference control saliva at the 1:50
dilution. For total IgA, values were extrapolated from a log-
transformed five-parametric logistical standard curve, generated
using known amounts of IgA. P values were determined using two-
sided non-parametric methods (Mann-Whitney tests for unpaired
and Wilcoxon signed-rank test for paired two group comparisons).
Participants were deemed to have a response where the arb. units
post-challenge was 25% greater than the pre-challenge value. This
cutoff was used to determine (1) the proportion of individuals who
responded to each antigen; and (2) the number of antigens to which
each participant responded. A comparison of different response
thresholds is shown in Supplementary Fig. 6. Where repeated two
group comparisons were performed across the panel of antigens, p
values were adjusted for multiple corrections using the false dis-
covery rate (FDR) approach®. For three or more groups, paired
sample comparisons were performed using Friedman'’s test, followed
by the Wilcoxon signed-rank test with FDR-adjustments, and
between-group comparisons using Kruskall-Wallis and Dunn’s mul-
tiple comparison testing.

Multidimensional scaling was performed using the vegan package
in R using ELISA or multiplex bead-based assay data for 18 antigens that
were each z-score transformed. A matrix of Spearman correlation
coefficients, comparing each participant’s antibody responses to every
other participant, was generated and used to calculate a distance
matrix for each person and each variable. This was used to perform
non-metric multidimensional scaling to reduce the dimensionality of
the data to 2’°. The coordinates for dimension 1 from the multi-
dimensional scaling analysis were compared between groups, as well
as subtracting pre-challenge from 1-month coordinates.

Sparse partial least squares discriminant analysis was performed
using the mixOmics package in R. ELISA variables were used except
where multiplex bead-based assay data was available. Correlation was
determined by Spearman correlation coefficient for clinical variables on
discrete numerical scales®. The initial model allowed for ten compo-
nents, model performance evaluated down to two components, then
tuned using three Mfold validation and 100 iterations which returned
five immune variables and one dimension as optimal to explain the
difference between pharyngitis and non-pharyngitis participants.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The ELISA and multiplex bead-based assay data generated in this study
and the human challenge study clinical outcome data have been
deposited in the Zenodo repository under accession code 13327362
[https://zenodo.org/records/13347362].

Code availability

The R code used to generate all analyses in this study has been
deposited in the Zenodo repository under accession code 13327362
[https://zenodo.org/records/13347362].
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