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ABSTRACT Infections with Streptococcus pyogenes and their sequelae are responsi-
ble for an estimated 18 million cases of serious disease with .700 million new
primary cases and 500,000 deaths per year. Despite the burden of disease, there
is currently no vaccine available for this organism. Here, we define a combination
vaccine P*17/K4S2 comprising of 20-mer B-cell peptide epitopes, p*17 (a mutant
derived from the highly conserved C3-repeat region of the M-protein), and K4S2
(derived from the streptococcal anti-neutrophil factor, Spy-CEP). The peptides are
chemically conjugated to either diphtheria toxoid (DT) or a nontoxic mutant form
of diphtheria toxin, CRM197. We demonstrate that a prime-pull immunization
regimen involving two intramuscular inoculations with P*17/K4S2 adjuvanted
with a two-component liposomal adjuvant system (CAF01; developed by Statens
Serum Institut [SSI], Denmark), followed by an intranasal inoculation of unadju-
vanted vaccine (in Tris) induces peptide- and S. pyogenes-binding antibodies and
protects from mucosal and skin infection with hypervirulent covR/S mutant
organisms. Prior vaccination with DT does not diminish the response to the con-
jugate peptide vaccines. Detailed Good Laboratory Practice (GLP) toxicological
evaluation in male and female rats did not reveal any gross or histopathological
adverse effects.

IMPORTANCE A vaccine to control S. pyogenes infection is desperately warranted.
S. pyogenes colonizes the upper respiratory tract (URT) and skin, from where it can
progress to invasive and immune-mediated diseases. Global mortality estimates for S.
pyogenes-associated diseases exceeds 500,000 deaths per year. S. pyogenes utilizes anti-
genic variation as a defense mechanism to circumvent host immune responses and
thus a successful vaccine needs to provide strain-transcending and multicompartment
(mucosal and skin) immunity. By defining highly conserved and protective epitopes
from two critical virulence factors (M-protein and Spy-CEP) and combining them with a
potent immunostimulant, CAF®01, we are addressing an unmet clinical need for a muco-
sally and skin-active subunit vaccine. We demonstrate that prime-pull immunization (2�
intramuscular injections followed by intranasal immunization) promotes high sustained
antibody levels in the airway mucosa and serum and protects against URT and invasive
disease.

KEYWORDS Streptococcus pyogenes, mucosal adjuvants, mucosal vaccines, toxicology,
vaccines

Citation Ozberk V, Reynolds S, Huo Y, Calcutt
A, Eskandari S, Dooley J, Mills J-L, Rasmussen IS,
Dietrich J, Pandey M, Good MF. 2021. Prime-
pull immunization with a bivalent M-protein
and Spy-CEP peptide vaccine adjuvanted with
CAF®01 liposomes induces both mucosal and
peripheral protection from covR/Smutant
Streptococcus pyogenes. mBio 12:e03537-20.
https://doi.org/10.1128/mBio.03537-20.

Editor Joanna B. Goldberg, Emory University
School of Medicine

Copyright © 2021 Ozberk et al. This is an
open-access article distributed under the terms
of the Creative Commons Attribution 4.0
International license.

Address correspondence to Simone Reynolds,
simone.reynolds@griffith.edu.au, Manisha
Pandey, m.pandey@griffith.edu.au, or Michael
F. Good, michael.good@griffith.edu.au.

This article is a direct contribution from
Michael F. Good, a Fellow of the American
Academy of Microbiology, who arranged for
and secured reviews by James Paton,
University of Adelaide, and Kadaba Sriprakash,
QIMR Berghofer.

Received 23 December 2020
Accepted 15 January 2021
Published 23 February 2021

January/February 2021 Volume 12 Issue 1 e03537-20 ® mbio.asm.org 1

RESEARCH ARTICLE
Therapeutics and Prevention

https://doi.org/10.1128/mBio.03537-20
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:simone.reynolds@griffith.edu.au
mailto:m.pandey@griffith.edu.au
mailto:michael.good@griffith.edu.au
https://mbio.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/mBio.03537-20&domain=pdf&date_stamp=2021-2-23


S treptococcus pyogenes (group A streptococcus) is a human pathogen that primarily
infects the skin and oropharynx, resulting in mild and mostly self-resolving condi-

tions. However, bacteria often disseminate to normally sterile sites within the body
and this can lead to invasive disease that is associated with high morbidity and mortal-
ity. Repeated episodes of S. pyogenes infection can cause the post-streptococcal seque-
lae of rheumatic fever (RF), rheumatic heart disease (RHD), and acute post-streptococ-
cal glomerulonephritis (ASPGN) (1). Globally there are more than 30 million cases of
RHD causing more than 300,000 deaths each year (2). The WHO and World Heart
Federation have called for a 25% reduction in mortality due to cardiovascular causes,
including RHD, by 2025 (3).

Immunity to S. pyogenes in humans takes years to develop. Its pathogenesis derives from
virulence factors that subvert innate and acquired immunity (4) and by the fact that its dom-
inant antigen, the M-protein, is highly polymorphic at its amino terminus (;250 serotypes)
(5, 6). This has severely hindered vaccine development. We described a 20-mer B-cell peptide
epitope, p*17, based on the highly conserved C3-repeat region of the M-protein. It has two
non-natural mutations relative to the native sequence (7). These result in the peptide main-
taining a stable alpha helical conformation and is associated with significantly enhanced im-
munogenicity (7). However, organisms that have mutations within covR/S are highly virulent
due to the upregulation of various virulence factors, including the neutrophil anti-chemo-
taxis factor, Spy-CEP. Antibodies that target the C3-repeat region of the M-protein require
neutrophils for anti-streptococcal activity (8). Thus, in order to improve the efficacy of a C3-
repeat region-based vaccine, we identified a highly conserved 20-mer epitope, S2 (or K4S2
[S2 with four lysine residues added to improve solubility]), from Spy-CEP and combined it
with p*17. Mice vaccinated with the combination vaccine (p*17 with K4S2, each component
individually conjugated to diphtheria toxoid [DT]) formulated in aluminum hydroxide [Al
[OH]3] [Alum]) demonstrated a significant reduction in bacterial burden in skin and blood fol-
lowing skin challenge with covR/Smutant organisms (9).

While an Alum-formulated vaccine delivered intramuscularly (i.m.) induced site-spe-
cific immunity that protected against skin and invasive infection, it showed no efficacy
against upper respiratory tract (URT) S. pyogenes infection (10). In an effort to address
this issue, we utilized a recently developed human-approved liposome-based delivery
system as a vaccine adjuvant. CAF®01 is a two-component liposomal adjuvant system
composed of cationic liposome N9,N-dimethyl-N,N9-dioctadecylammonium (DDA) bro-
mide stabilized with the synthetic mycobacterial immunomodulator a,a9-trehalose
6,69-dibehenate (TDB), which is a synthetic variant of the cord factor located in the
mycobacterial cell wall. In addition to a strong systemic response, a “prime-pull” (intra-
muscular [i.m.] immunization on days 0 and 21 and an intranasal [i.n.] immunization on
day 42) vaccination strategy with CAF®01 promoted the stimulation of a local mucosal
Th17 response and protection against infection with S. pyogenes (11, 12). CAF®01 was
assessed for safety and immunogenicity in clinical trials involving a tuberculosis (TB)
vaccine (13), an HIV-1 peptide cocktail vaccine (14), a recombinant malaria vaccine
(15), and a chlamydia vaccine (16). Induction of mucosal and systemic immunity was
shown following a prime-pull immunization regimen and CAF®01 was reported as both
safe and well tolerated (13–16).

The combination vaccine involving two B-cell epitopes from the two major viru-
lence factors, M-protein and Spy-CEP, formulated with the mucosal adjuvant CAF®01, is
called P*17/K4S2. The peptides are individually conjugated to either DT, as P*17/K4S2
(DT), or to the closely related mutant diphtheria toxin, CRM197, as P*17/K4S2(CRM).
Here, we assessed the immunogenicity and efficacy of P*17/K4S2 in mice and present
the results of a formal GLP toxicological evaluation of P*17/K4S2(CRM) in rats.

RESULTS
Prime-pull immunization with P*17/K4S2(DT) and P*17/K4S2(CRM) induces

mucosal and systemic antibody responses and protects against URT S. pyogenes
infection. The vaccine delivery system and route of administration are critical for the
development of immune responses that may correlate with site-specific or cross-
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compartment protection (17, 18). To induce both mucosal and systemic immunity, we
utilized a prime-pull vaccination strategy (Fig. 1A). Naïve BALB/c mice were immunized
via the i.m. route on days 0 and 21 with vaccine in CAF®01 and on day 42 i.n. with vac-
cine in Tris buffer (no CAF®01). We compared P*17/K4S2(DT) and P*17/K4S2(CRM).
Serum and saliva samples were collected on day 50 and antigen (p*17 and K4S2)-spe-
cific salivary IgG (Fig. 1B) and serum IgG (Fig. 1C) were assessed by enzyme-linked im-
munosorbent assay (ELISA). There was insufficient saliva to test IgA. Mice vaccinated
with P*17/K4S2(CRM) had significantly higher p*17- and K4S2-specific salivary IgG titers
than mice vaccinated with P*17/K4S2(DT) (Fig. 1B). Both vaccines induced comparable
serum IgG responses for p*17; however, P*17/K4S2(DT) induced significantly higher
K4S2-specific IgG in comparison to P*17/K4S2(CRM) (Fig. 1C). P*17/K4S2(DT) was also
shown to be highly immunogenic in HLA DR3-DQ2-humanized mice (Fig. S1A in the
supplemental material). At 2 weeks post final vaccination (day 56), mice were chal-
lenged i.n. with the covR/S mutant (MT) S. pyogenes isolate 5448AP and the protective
efficacy of the vaccine was determined. Both vaccines protected mice, as shown by a
96% and 87% reduction in bacterial colony counts in the nasal-associated lymphoid tis-
sues (NALT) in comparison to the corresponding buffer control cohorts (Fig. 1D).

Preexisting carrier-specific antibodies do not affect vaccine peptide-specific
antibody responses. Preexisting immunity against a vaccine carrier can inhibit the
immune system from recognizing vaccine antigen conjugated to the same carrier (19).

FIG 1 Immunogenicity and protective efficacy following prime-pull immunization with P*17/K4S2(DT) and P*17/K4S2(CRM). BALB/c
mice were immunized via the prime-pull method with P*17/K4S2(DT) (n= 20) or P*17/K4S2(CRM) (n= 9) (day 0 and 21, i.m. with
antigen/CAF®01; day 42, i.n. with antigen/Tris) and Tris only (day 0 and 21, i.m. with Tris; day 42, i.n. with Tris). (A) Immunization,
sample collection, and challenge timeline. (B and C) Immunogenicity of vaccines. Serum and saliva samples were collected one week
post last vaccine boost and antigen-specific antibody levels were measured by ELISA. The endpoint titer was defined as the highest
dilution that gave an absorbance of .3 standard deviations above the mean absorbance of negative-control wells. Salivary IgG titers
(B) and serum IgG titers (C) for individual mice are shown. Data are mean 6 standard error of the mean (SEM). Statistical comparisons
were performed using the Mann-Whitney test in GraphPad Prism 8.1.2: ns, P. 0.05; ***, P, 0.001; ****, P, 0.0001. (D) Percent
reduction in NALT bacterial burden. Mice were challenged intranasally with the covR/S MT S. pyogenes isolate, 5448AP. On day 3 post-
infection, all mice were sacrificed and organs harvested for assessment of bacterial load. Percent reduction in NALT bacterial load for
each individual mouse in the vaccinated cohort was calculated in comparison to the mean bacterial burden of buffer control cohort.
The data are from two independent experiments with either P*17/K4S2(DT) or P*17/K4S2(CRM). The mean bacterial burden (CFU/ml)
for the corresponding buffer controls (DT and CRM experiments) were 4.12� 1012 and 3.95� 104, respectively. We chose to use a Tris
(buffer) control for these experiments; however, preliminary experiments using CAF®01/Tris as a control (2� i.m. injections with
CAF®01 and 1� i.n. with Tris) showed that vaccination with P*17/K4S2(CRM) (2� i.m. injections with p*17-CRM1K4S2-CRM/CAF®01
and 1� i.n. with p*17-CRM1K4S2-CRM/Tris) resulted in .88% protection in NALT (judged by colony count reduction).
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This phenomenon is referred to as carrier-induced epitopic suppression (CIES) (19). We
investigated whether preexisting DT-specific antibodies could suppress the immuno-
genicity of vaccine peptides in P*17/K4S2(DT). BALB/c mice were immunized with DT/
Alum (3�DT prevaccination) or left unvaccinated (no DT prevaccination). At 5 weeks
post DT exposure, mice were vaccinated via the prime-pull regimen with P*17/K4S2
(DT). After the first vaccine dose, DT-preexposed mice had significantly higher DT-spe-
cific IgG levels in comparison to DT-unprimed (naive) mice (Fig. 2A). This significant
difference was also seen following the second vaccine dose and also at 10 weeks post-
vaccination (Fig. 2A). No significant difference between p*17-sepcific (Fig. 2B) and
K4S2-specific (Fig. 2C) IgG titers in DT-preexposed and DT-naive mice was noted. At 10
weeks post-vaccination, p*17-specific IgG levels in both DT-preexposed and DT-naive
cohorts dropped compared to IgG levels after the third vaccine dose (Fig. 2B).
However, for K4S2-specific IgG titers at the same time point, a significant drop was
only seen in the DT-naive cohort (Fig. 2C). These data confirm that preexisting DT-spe-
cific antibodies do not affect p*17 and K4S2 immunogenicity.

Vaccine-induced serum IgG recognizes and binds to S. pyogenes isolates. We
used a whole-cell ELISA to assess the binding of P*17/K4S2(DT)-induced antibodies to
the surface of heat-killed pM1 (HKpM1; covR/S wild type [WT]) and heat-killed 5448AP
(HK5448AP; covR/S mutant [MT]). P*17/K4S2(DT) antisera showed significantly higher
IgG binding to HKpM1 and HK5448AP in comparison to naive sera (Fig. 3). The binding
of antisera to HKpM1 and HK5448AP were comparable (Fig. 3).

Vaccination with P*17/K4S2(DT) induces long-term protective immunity against
URT and skin challenge infections. To assess if vaccination with P*17/K4S2(DT) led to
long-term antibody memory and multicompartment protection, additional immuniza-
tion and protection studies were undertaken. Mice were immunized with P*17/K4S2
(DT) or 10mM Tris buffer (buffer control) using the prime-pull method and rested for
10 weeks (Fig. 4A). In serum (Fig. 4B) and saliva (Fig. 4C), there was a significant drop in
p*17- and K4S2-specific IgG titers at 1 versus 10weeks post-immunization. At 10weeks
after the last vaccine boost, mice were challenged with the covR/S MT S. pyogenes iso-
late 5448AP either via the URT or skin route. On day 3 post-URT challenge, vaccinated
and control mice were culled and NALT was removed for bacterial burden enumera-
tion. Vaccinated mice showed.85% reduction in bacterial burden in NALT compared
to the buffer control cohort (Fig. 4D). On day 6 post skin challenge, blood was collected

FIG 2 DT preexposure and vaccine immunogenicity. BALB/c mice (n= 10) were immunized i.m. with DT/Alum (3� DT
prevaccination) on days 0, 21, and 28 or left unvaccinated (no DT prevaccination). Serum was collected on days 35 (1 week post
last DT exposure) and 70 (5 weeks post last DT exposure) to assess DT-specific antibodies. Following DT exposure, mice were
vaccinated with P*17/K4S2(DT) using the prime-pull immunization regimen. Serum samples were collected after each vaccination
(up to 10weeks) and antigen-specific antibody titers were followed by ELISA. (A) DT-specific serum IgG titers. (B) p*17-specific
serum IgG titers. (C) K4S2-specific serum IgG titers. The endpoint titer was defined as the highest dilution that gave an
absorbance of .3 standard deviations above the mean absorbance of negative control wells. Data are mean 6 SEM of n= 10
mice/group. Statistical analysis was performed using a nonparametric, unpaired Mann-Whitney U test (one-tailed) to compare
3�DT prevaccination to the no DT prevaccination control group (ns, P. 0.05; **, P, 0.01; ***, P, 0.001; ****, P, 0.0001).
Statistical analysis and graphs were generated in GraphPad Prism 8.1.2.
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to assess the effect of vaccination on invasive infection. We observed that vaccinated
mice had a 94% reduction in bacteremia compared to the buffer control cohort
(Fig. 4D). We could thus demonstrate effective immunity at both mucosal and skin por-
tals of infection.

GLP toxicology in Sprague-Dawley rats.We used rats to determine the safety and
immunogenicity of P*17/K4S2(CRM) following a prime-pull immunization regimen (2 �
i.m. and 1 � i.n. dose) in Sprague-Dawley rats over a 6-week dosing period and a 4-week
recovery period. The vaccine, control antigen (CRM), and vehicle (CAF®01 or Tris) were
administered to male and female Sprague-Dawley rats (n=20, 10/sex/group) on days 0,
21, and 42, as per Table 1 and Table 2. On days 0 and 21, formulations were administered
as a 0.25ml i.m. injection (alternating thighs). On day 42, formulations were administered
(0.1ml) by the i.n. route (Table 1 and 2). Rats were administered 0.1mg of P*17/K4S2
(CRM), which contained 0.05mg of p*17-CRM and 0.05mg of K4S2-CRM. The control arti-
cle, CRM, contained 0.065mg of CRM, which is the average concentration of CRM con-
tained in the vaccine. Intramuscular formulations contained vehicle CAF®01 and i.n. for-
mulations contained vehicle 10mM Tris.

All study animals were observed throughout treatment until half of the study ani-
mals were euthanized and necropsied on study day 46 (main cohort, 4 days after dose
3); the remaining rats were euthanized and necropsied on study day 70 (recovery
cohort, 4weeks after dose 3). There were no unscheduled deaths reported over the
course of the study.

There were no vaccine-related findings reported for mortality, clinical observations,
body weights, food consumption, ophthalmology, clinical pathology (hematology,
coagulation, clinical chemistry, and urinalysis), or gross pathology.

Local irritation assessment (skin and mucosal Draize scoring). An evaluation of
local skin and mucosal irritation was made at each scheduled dose. All animals were
observed pre-dose and then at 3, 24, 48, and 72 h post-dose. Continued observations
of up to 7 days post-dose were made if an observation persisted. At the injection site,
incidence of erythema and edema were assessed. At the conjunctival or ocular and
nasal sites, incidence of erythema, edema, discharge, and blepharospasm (abnormal,
involuntary muscular contractions of the eyelids) were assessed.

The first i.m. dose administered on day 0 was to the right thigh (dose site) of all ani-
mals. An absence of or minimal erythema at the dose site was observed in all groups.

FIG 3 Binding of P*17/K4S2(DT) antisera to S. pyogenes. The binding of anti-P*17/K4S2(DT) and naive
sera were assessed against heat-killed pM1 (HKpM1; covR/S WT) and heat-killed 5448AP (HK5448AP;
covR/S MT) using whole-cell ELISA. Vaccine antibodies specific for HKpM1 and HK5448AP were detected
using HRP-conjugated mouse secondary IgG antibody. The endpoint titer was defined as the highest
dilution that gave an absorbance of .3 standard deviations above the mean absorbance of negative
control wells. Data for 5 mice (6 SEM) in vaccinated and control cohort are shown. Statistical analysis
was performed using a nonparametric, unpaired Mann-Whitney U test (one-tailed) to compare naive
antisera with P*17/K4S2(DT) antisera (**, P, 0.01). Statistical analysis and graphs were generated in
GraphPad Prism 8.1.2.
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Edema was also assessed, with scores reported in the P*17/K4S2(CRM) group being
similar to or lower than the CAF®01 and CRM groups over the assessment period. This
observation suggests that the reactions were related to the CAF®01 and/or CRM com-
ponents and not P*17/K4S2(CRM).

The second i.m. dose administered on day 21 was to the left thigh of all animals. An
assessment was made of the left thigh (dose site) and the right thigh (non-dose site).
No evidence of local irritation at the non-dose site was observed. As with the first i.m.
dose, absence of or minimal erythema and edema at the dose site was observed in all
groups. Scores reported in the P*17/K4S2(CRM) group were similar to or lower than
the CAF®01 and CRM groups over the observation period. Observations made at the
second i.m. dose reinforced what was observed after the first i.m. dose, that local irrita-
tion reactions were related to CAF®01 and/or CRM components and not P*17/K4S2.

The third dose administered on day 42 was an i.n. inoculum. Vehicle for this dose
schedule was Tris buffer. An assessment was made of the left thigh and the right thighs

TABLE 1 Toxicology study groups for days 0 and 21 intramuscular administration

Groupa Test/control article dose (mg/dose)

Animalsa

Main Recovery
CAF®01 0 5M, 5F 5M, 5F
CRM/CAF®01 0.065 5M, 5F 5M, 5F
P*17/K4S2(CRM)/CAF®01 0.1 5M, 5F 5M, 5F
aCRM, cross-reacting material 197; M, male; F, female.

FIG 4 Longevity of immune responses 10 weeks following prime-pull immunization with P*17/K4S2(DT). BALB/
c mice were immunized using the prime-pull immunization regimen with P*17/K4S2(DT) or 10mM Tris buffer
(buffer control). (A) Immunization and challenge timeline. (B and C) Longevity of vaccine-induced Ig response.
Serum and saliva samples were collected 10weeks after the last vaccine boost and antigen-specific IgG levels
in saliva (B) and serum (C) were measured by ELISA. The endpoint titer was defined as the highest dilution that
gave an absorbance of .3 standard deviations above the mean absorbance of negative control wells. Data for
n=10 mice as mean 6 SEM are shown. Statistical comparisons were performed using a Mann-Whitney test (ns,
P. 0.05; ***, P, 0.001; ****, P, 0.0001). (D) Assessment of longevity of vaccine-induced protective immunity.
Mice were challenged intranasally or via the skin with covR/S MT S. pyogenes isolate 5448AP. Mice were
sacrificed and percent reduction for each individual mouse in the vaccinated cohort was calculated in
comparison to the mean of the buffer control cohort. Percent reduction in NALT bacterial burden (day 3) and
percent reduction in blood bacterial burden (day 6) following URT and skin challenge infections, respectively,
are shown (D). The mean bacterial burden (CFU/ml) for corresponding buffer controls (for the URT and invasive
infections) were 5.7� 102 and 4� 102, respectively.
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(non-dose sites). No evidence of local irritation at the non-dose sites was observed.
Absence of or minimal conjunctival or ocular erythema and nasal congestion was
observed. As with doses 1 and 2, the local reactions in the P*17/K4S2(CRM) group were
similar to or lower than the CAF®01 and CRM groups over the assessment period. No
other evidence of irritation was noted. The overall findings were that local irritation
findings were considered to be related to CAF®01 and/or CRM and not related to P*17/
K4S2(CRM).

Immunogenicity and functional assessment of vaccines. Immunogenicity of
P*17/K4S2(CRM) in the rat model was assessed by ELISA and the endpoint titers
reported. Analysis of rat sera collected 4 days after the final dose (day 46) indicated the
presence of specific serum IgG antibodies to S. pyogenes antigens p*17 and K4S2. The
level of peptide-specific IgG remained similar at day 70 (Fig. 5). Antibodies to p*17 and
K4S2 in rat preimmunization serum were not detectable.

Functional assessment of vaccine-induced antibodies by their ability to recognize
S. pyogenes and their capacity to protect interleukin 8 (IL-8) from degradation. Direct
antibody recognition of bacterial surface antigens in whole-cell preparations was
assessed by ELISA. Sera from the rats collected predosing (day 21) and at main ne-
cropsy (day 46) from P*17/K4S2(CRM) and the CRM control (n=4/cohort) were added
to wells coated with heat-killed (HK) whole-cell preparations of S. pyogenes emm 1
strains pM1 (WT) and 5448AP (MT). Direct binding to bacterial surface proteins was
defined by specific IgG titers. Overall, significant binding to bacterial surface proteins
was observed in the day 46 titers for both cohorts compared to the day 21 titers. A

TABLE 2 Toxicology study groups for day 42 intranasal administration

Groupa Test article dose (mg/dose)

Animalsa

Main Recovery
1. Tris 0 5M, 5F 5M, 5F
2. CRM/Tris 0.065 5M, 5F 5M, 5F
3. P*17/K4S2(CRM)/Tris 0.1 5M, 5F 5M, 5F
aThe same animals described in Table 1; Tris, 10mM Tris; CRM, cross-reacting material 197; M, male; F, female.

FIG 5 Vaccine peptide-specific serum IgG titers induced in Sprague-Dawley rats after vaccination
with P*17/K4S2(CRM). Sprague-Dawley rats were administered an i.m. inoculation of 0.1mg/dose of
P*17/K4S2(CRM)/CAF®01 on days 0 and 21 and an i.n. inoculation of 0.1mg/dose of P*17/K4S2(CRM)/
Tris on day 42. Rats were euthanized at day 46 and day 70. Peptide-specific serum IgG titers (Geomean)
are shown for individual rats euthanized at day 46 (n=10; 5 male, 5 female) and 70 (n=10; 5 male, 5
female). Pre-vaccination (day 21) serum IgG titers of the same rats assessed at day 46 or 70 are also
shown. The endpoint titer was defined as the highest dilution that gave an absorbance of .3 standard
deviations above the mean absorbance of negative control wells. Statistical analysis was performed using
a nonparametric, unpaired Mann-Whitney U test (one-tailed) to compare groups (ns, P. 0.05; ****,
P, 0.0001). Analysis was performed and the graph generated in GraphPad Prism 8.1.2.
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comparison of binding between P*17/K4S2(CRM) vaccine-induced antibodies and the
CRM-induced antibodies was also made. Binding to WT pM1 and the MT 5448AP by
P*17/K4S2(CRM) vaccine-induced antibodies was significantly higher (P, 0.05) than
the CRM-induced antibodies. Antibodies to DT and to CRM have previously been
shown to bind to S. pyogenes (20, 21). There was no significant difference in binding
between day21 titers for both cohorts (Fig. 6A and B).

Interleukin-8 (IL-8) protection was assessed in the presence of culture supernatant
from S. pyogenes MT strain 5448AP, known to express high levels of the IL-8-degrading
protease Spy-CEP. Sera collected at day 46 from P*17/K4S2(CRM) and CRM control
cohorts (n=4/cohort) were coincubated with 5448AP and two different concentrations
(25 and 50 ng/ml) of recombinant IL-8 (rIL-8). IL-8 percentage protection was defined
in comparison to positive (Spy-CEP antisera) and negative (naive) controls. In a parallel
experiment, the effect of pre-incubation of culture supernatant with test antiserum, i.
e., prior to its coincubation with IL-8, was also assessed. Both experimental protocols
resulted in comparable data on IL-8 protection (Fig. 6C): P*17/K4S2(CRM) provided 44
to 50% IL-8 protection with 50 and 25 ng/ml of IL-8, respectively, in comparison to
CAF®01 antiserum, which provided less than 10% protection. (Fig. 6C).

Organ weights. No vaccine-related weight changes were observed in the adrenal
glands, brain, epididymis, kidneys, liver, lungs, spleen, thymus, thyroid gland, or repro-
ductive organs at the day 46 or 70 necropsies. A slight decrease in the heart weights of
male and female rats receiving P*17/K4S2(CRM) compared to the vehicle control was
observed at the day-46 sacrifice. Although the minimal decrease was statistically signif-
icant in males and nonsignificant in females, the heart weight of all rats was within nor-
mal weight range. The decrease in heart weight was not observed at recovery ne-
cropsy on day 70 and there was no correlating data suggesting toxicity. Therefore, the
overall conclusion was that the weight change was incidental and unrelated to P*17/
K4S2(CRM) administration.

Histopathological analysis.Microscopic observations were reported at similar inci-
dence and severity across all groups and were therefore not considered to be specifi-
cally related to administration of vaccine. Observations noted at day 46 were minimal

FIG 6 Functionality of vaccine-induced antibodies. (A and B) Binding of P*17/K4S2(CRM) antibodies to S. pyogenes. Nunc
MaxiSorp ELISA plates were coated with 200mg/ml of heat-killed (HK) pM1 and 5448AP. P*17/K4S2(CRM) or CRM/CAF®01
antiserum were assessed. Vaccine antibodies specific for HKpM1 (A) and HK5448AP (B) were detected using HRP-
conjugated rat secondary IgG antibody. The endpoint titer was defined as the highest dilution that gave an absorbance of
.3 standard deviations above the mean absorbance of negative control wells. Mean 6 SEM of individual titers of sera
collected from days 21 (n=4) and 46 (n=4) are shown. Statistical analysis was performed using a nonparametric,
unpaired Mann-Whitney U test (one-tailed) to compare groups (*, P, 0.05). (C) IL-8 protection by vaccine antisera. Cell-
free culture supernatant from covR/S MT S. pyogenes strain 5448AP was coincubated with 50 ng/ml or 25 ng/ml of rIL-8
and antisera from P*17/K4S2(CRM) or CAF®01 vaccinated mice for 16 h at 37°C. In a parallel experiment, cell-free culture
supernatant was preincubated with test antisera prior to coincubation with IL-8. Pooled data from both experiments are
shown. Spy-CEP antiserum and naive serum were used as positive and negative controls, respectively. Uncleaved IL-8 was
measured by a Quantikine ELISA and is shown as IL-8 protection. The percentage protection values have been normalized
to the positive- and negative-control sera (Spy-CEP= 100% and naive = 0%).
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mixed cell infiltration in the nasal cavity, minimal to mild mixed cell infiltration in the
larynx, and minimal to mild lymphohistiocytic inflammation at the injection site.

The mixed cell infiltration in the nasal cavity and larynx (lymphocytes, plasma cells,
and occasional neutrophils) was noted more in the CRM and vaccine groups than the
CAF®01/Tris vehicle group, suggesting that this was a response to intranasal adminis-
tration of CRM. The cell infiltration was no longer observed at day 70, indicating a com-
plete recovery. At the i.m. injection site, minimal to mild inflammation was noted at a
similar incidence and severity across all groups, suggesting that the finding was most
likely related to the i.m. injection procedure and possibly the vehicle, CAF®01. This find-
ing was observed at day 70, indicating no recovery. Overall, all findings were considered
nonadverse.

Examination of the brain, heart, joints and kidneys. The brain and heart of all
rats were within normal limits, with no evidence of histopathology observed. There
was also no evidence of inflammation in the joints of any animals administered P*17/
K4S2(CRM). A spectrum of histopathological findings in the kidneys were reported at
both day 46 and 70 necropsies and are outlined in Table 3. The observations were con-
sidered to be incidental and not vaccine related. No other evidence of changes to the
kidneys was reported.

DISCUSSION

We have demonstrated for the first time the efficacy of a S. pyogenes vaccine, for-
mulated with a modern adjuvant that can provide protection against multiple strains,
including highly virulent strains, and at both mucosal and skin portals of entry.
Administration of a GLP-grade product to male and female rats did not result in any
adverse outcomes. S. pyogenes infections and their sequelae lead to significant morbid-
ity and mortality worldwide. Serious S. pyogenes disease fulfils all the World Health
Organization (WHO) criteria for listing as a Neglected Tropical Disease (NTD, a hetero-
geneous group of diseases that affect some of the poorest people on the planet) (22).
The WHO has recognized this global burden and issued a call for a S. pyogenes vaccine
in a 2018 resolution on RHD. The two common portals of entry of S. pyogenes into
humans are skin and the nasopharynx, and infection caused by either can lead to RF/
RHD and other severe diseases (23–25). Hence, an effective vaccine would need to pre-
vent infections at both primary sites of S. pyogenes infection.

An early clinical trial in 1978 identified site-specific vaccine efficacy wherein intra-
nasal vaccination was more efficacious at preventing S. pyogenes colonization of the
oropharynx than parenteral vaccination (26). Likewise, parenteral immunization with
heat-killed S. pyogenes adjuvanted to CAF®01 did not mount a Th17 response in mice

TABLE 3 Histopathology observations in kidney

Pathology

Males (5 per group
examined)

Females (5 per group
examined)

Vehicle CRMb P*17/K4S2 Vehicle CRMb P*17/K4S2
Day 46 observationsa

Within normal limits (no.) 2 2 3 4 4 4
Cast; minimal (no.) 1 0 0 0 0 0
Chronic progressive nephropathy, minimal (no.) 3 2 2 1 1 0
Chronic progressive nephropathy, mild (no.) 0 1 0 0 0 0
Mineralization, minimal (no.) 0 0 0 0 0 1
Mineralization, mild (no.) 0 0 0 1 0 0

Day 70 observationsa

Within normal limits (no.) 3 4 3 4 4 4
Chronic progressive nephropathy, minimal (no.) 1 1 1 1 0 1
Chronic progressive nephropathy, mild (no.) 1 0 0 0 0 0
Dilation; tubular, focal, mild (no.) 0 0 2 0 1 0

aNumber of animals observed with pathology.
bCRM, cross-reacting material.
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lungs and failed to induce protective mucosal immunity (12). We have also demon-
strated that systemic immunization with the p*17-related vaccine, J8-DT/Alum, is insuf-
ficient for protection against URT S. pyogenes infection (10). However, Penfound and
colleagues demonstrated that a vaccine administered subcutaneously and containing
amino-terminal epitopes from six common strains could provide protection against
mucosal and subcutaneous challenge from two of the organisms whose sequences
were represented in the vaccine (27). While this was encouraging, the ability of individ-
uals to respond to multiple epitopes in a polyvalent vaccine may be limited (28). To
overcome the constraints of profound strain variation and site-specific immunity, we
investigated a prime-pull vaccination strategy, which has been shown to elicit mucosal
and systemic immunity (11), with highly conserved vaccine epitopes from two critical
virulence factors of S. pyogenes. The two vaccine derivatives (p*17 and K4S2), when
conjugated to either DT or its genetically modified analogue CRM, elicited comparable
mucosal and systemic immunogenicity and protective efficacy against highly virulent
streptococci. These data confirm the comparability of the two carrier molecules, DT
and CRM. We have previously shown that epitopes from the C3-repeat region of the
M-protein (p*17 and J8) elicit emm type independent protective immunity (7, 8, 20).

Carrier-induced epitopic suppression (CIES) is a major concern for the development
of peptide-based vaccines that require carrier molecules such as DT to prime the
immune response against the immunizing epitope (19). The diphtheria, tetanus, and
whooping cough vaccine (DTap) is integrated within the childhood immunization regi-
men. Therefore, we investigated whether preexisting DT antibodies would affect the
immunogenicity of the DT-conjugated CAF®01 vaccine. We showed that priming with
DT followed by three doses of P*17/K4S2(DT) resulted in boosting of DT-specific and
p*17-sepcific IgG responses. These data support previous findings where priming with
DT did not suppress the immunogenicity of a peptide-CRM conjugate vaccine (21). It
will also be important to consider the effect of other conjugate vaccines against
Haemophilus influenzae type b, Streptococcus pneumoniae, and Neisseria meningitidis, all
of which also use CRM as a carrier protein (29). These vaccines contain similar amounts
of CRM as the P*17/K4S2(CRM) vaccine described here. Similarly, it will be important to
test that vaccination with P*17/K4S2(CRM) will not compromise the response to widely
used licensed CRM conjugate vaccines.

We utilized a whole-cell ELISA method to assess the binding of vaccine-induced
antibodies to the surface of S. pyogenes. P*17/K4S2(DT) antisera from mice and P*17/
K4S2(CRM) antisera from rats both demonstrated strong binding to S. pyogenes. The
binding to both covR/S WT and MT S. pyogenes isolates were comparable. These find-
ings support our previous data with MJ8CombiVax (J8-DT1K4S2-DT/Alum), where the
combination vaccine antisera showed high binding affinity to S. pyogenes (21). As pre-
viously reported with DT, we saw binding of CRM-specific antibodies (induced in rats)
to S. pyogenes which could be attributed to sequence homology between DT/CRM and
S. pyogenes (20). It was also demonstrated that as a result of this homology, DT protein
induced cross-reactive antibodies to the M-protein of S. pyogenes and led to low level
(;20%) opsonization of S. pyogenes in vitro and low level protection against S. pyo-
genes challenge in vivo (20). Since CRM is closely related to DT (containing a single
amino acid substitution in diphtheria toxin), we believe binding of CRM antibodies to
S. pyogenes will exert a similar effect and thus enhance the targeted immune response
to specific antigen. We also show that P*17/K4S2(CRM) antiserum was able to signifi-
cantly reduce Spy-CEP-mediated degradation of IL-8. This would enhance neutrophil
ingress to the site of infection, leading to opsonophagocytic killing of S. pyogenes (9).
We also demonstrated that vaccination with P*17/K4S2(DT) provides enduring immu-
nity. Despite the fact that antigen-specific serum and salivary IgG titers had signifi-
cantly dropped following 10weeks of rest, there was .85 and 94% reduction in the
URT and systemic bacterial load.

Vaccine studies with CAF®01 in mice (11, 12, 30), minipigs (31), and humans (16)
have shown that systemic priming followed by airway boosting promotes the
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induction of mucosal and serum humoral responses. CAF®01 is a strong Th1/Th17-pro-
moting adjuvant (11). These cell subsets play a critical role in the protection against S.
pyogenes (32–36). CAF®01 has also been shown to create a depot effect, leading to
increased monocyte influx to the site of injection and the draining lymph nodes (37). On
the other hand, aluminum hydroxide (Alum) induces a Th2-type immune response that
may suppress the immune mechanisms required for Th1-type cell development (38). The
adjuvanting activity of CAF®01 and Alum was assessed in a phase I safety and immuno-
genicity study of a chlamydia vaccine (16). The CAF®01- and Alum-adjuvanted vaccines
were administered 3� i.m. followed by 2� i.n. administrations of unadjuvanted vaccine.
The CAF®01 vaccine promoted higher antibody and cell-mediated immune responses
than the Alum vaccine, thus selecting the CAF®01-adjuvanted vaccine for further clinical
development (16). Mucosal administration of vaccines can lead to systemic unrespon-
siveness, a phenomenon referred to as oral or mucosal tolerance (39, 40). Avoiding adju-
vant delivery to the nasal cavity should avoid immune tolerance and also increase the
safety profile of the vaccine.

Supported by these encouraging data from the literature and our own preclinical
data, we assessed the safety, toxicity, and immunogenicity profile of the CAF®01-adju-
vanted S. pyogenes vaccine candidate P*17/K4S2(CRM) in male and female Sprague-
Dawley rats. Following 2 � i.m. and 1 � i.n. dose, there were no vaccine-related effects
on mortality, clinical observations, local irritation, body weights, food consumptions,
ophthalmology, clinical pathology parameters, and/or anatomic pathology parameters.
Non-adverse effects associated with the administration of the vehicle and/or CRM
were characterized by edema at the i.m. injection sites and microscopic observations
of lymphohistiocytic inflammation at the intramuscular dose sites and mixed infiltra-
tion in the nasal cavity and larynx. There was a robust immune response to peptides
p*17 and K4S2 in the P*17/K4S2(CRM) main group (day 46 sera) that persisted in the
recovery group (day 70 sera). The vaccine-induced antibodies were shown to be func-
tional in in vitro assays. In addition to its immunogenicity in BALB/c mice and Sprague-
Dawley rats, P*17/K4S2(CRM) was also shown to be immunogenic in HLA DR3-DQ2
humanized mice. This observation further demonstrates that the immune response to
P*17/K4S2(CRM) is not restricted by genes of the major histocompatibility complex.

This study marks a significant advance toward the development of a S. pyogenes
vaccine that can induce both mucosal and systemic protective immunity. We show
that S. pyogenes vaccine antigens p*17 and K4S2, adjuvanted with a human-compati-
ble delivery system, CAF®01, induced protective long-lasting systemic and local hu-
moral immune responses. Outcomes from the toxicology study establish that P*17/
K4S2(CRM) is not toxicologically adverse and safe to be delivered to humans in a clini-
cal trial.

MATERIALS ANDMETHODS
Ethics statement and animals. All animal protocols were reviewed and approved by the Griffith

University Animal Ethics Committee (AEC) in accordance with the National Health and Medical Research
Council (NHMRC) of Australia guidelines. BALB/c (female, 6 to 8weeks in age) mice were sourced from
Animal Resource Centre, WA. HLA DR3-DQ2 humanized mice (41) were bred in-house at the Griffith
University Animal Facility and routinely genotyped for the appropriate transgene(s).

Murine immunization. CAF®01 was sourced under a material transfer agreement (MTA) from
Statens Serum Institut (SSI), Copenhagen, Denmark. Peptides p*17 and K4S2 were sourced from China
Peptides and conjugated to CRM197 in-house. For i.m. immunizations, 100 ml of the CAF®01 preparation
(DDA/TDB; 2,500/500mg/ml) was mixed with 12.5mg of p*17-DT/p*17-CRM and 12.5mg of K4S2-DT/
K4S2-CRM (total 25mg of vaccine antigen) at a 1:1 volume ratio. For i.n. immunizations, 12.5mg of p*17-
CRM and 12.5mg of K4S2-CRM were made up to 30 ml using 10mM Tris buffer. Female BALB/c mice (4
to 6weeks old) were immunized i.m. on days 0 and 21 with P*17/K4S2(DT)/CAF®01 or P*17/K4S2(CRM)/
CAF®01 and i.n. on day 42 with P*17/K4S2(DT)/Tris or P*17/K4S2(CRM)/Tris. Serum and saliva samples
were collected on day 50 for antibody determination by ELISA. For the DT preexposure study, mice were
immunized on days 0, 21, and 28 with 25mg of DT adjuvanted with Alum. Serum samples were collected
on days 35 and 70 for antibody determination by ELISA.

Upper respiratory tract and invasive infections. Vaccinated and control mice were infected via
the URT with S. pyogenes, as previously described (10). Briefly, mice were anaesthetized via an intraperi-
toneal (i.p.) injection of 100ml ketamine:xylazil: H2O (1:1:10). Once immobilized, the covR/S MT strain
5448AP at a concentration of 5� 108 CFU/ml (5� 106 CFU/10ml) was intransally inoculated at 5ml/nare.
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Mice were monitored daily for signs of illness as per the score sheet approved by Griffith University
Animal Ethics Committee. Mice were sacrificed on day 3 post-infection and nasal-associated lymphoid
tissue (NALT) was removed for bacterial burden enumeration.

Mice were challenged via the skin with 1� 108 CFU/ml of 5448AP, as described elsewhere (8). Briefly,
mice were anaesthetized with a mixture of ketamine:xylazil, as above. The fur from the nape of the neck
of mice was removed using clippers and a shaver, and the skin was wiped clean with an ethanol swab.
Mechanical scarification of the skin was performed using a metal file. Following skin abrasion, S. pyo-
genes was topically applied. Once the inoculum had completely absorbed on the skin, a temporary cover
was applied on the wounded site and mice were housed in individual cages. On day 6 post-infection,
mice were sacrificed, and blood was collected for bacterial burden (systemic) enumeration.

ELISA. Peptide-specific serum and mucosal IgG was measured by enzyme-linked immunosorbent
assay (ELISA) as previously described (10, 42). Briefly, a specific peptide was coated onto Nunc MaxiSorp
ELISA plates at 5mg/ml. Samples were assessed using 2-fold serial dilutions of 1:100 of serum or 1:2 of sa-
liva. Peptide-specific antibodies were detected with horseradish peroxidase (HRP)-conjugated goat anti-
mouse-IgG antibody for murine studies (1:3,000 for serum and 1:100 for saliva; Bio-Rad Laboratories) or
goat anti-rat-IgG for toxicology studies (1:10,000; Bio-Rad Laboratories). For direct binding to bacteria,
Nunc MaxiSorp ELISA plates were coated with 200mg/ml of heat-killed pM1 (emm 1) and 5448AP (emm 1).
Samples were assessed using 2-fold serial dilutions of 1:100 of serum. Whole cell-specific antibodies were
detected using goat anti-mouse IgG antibody (1:3,000) or goat anti-rat IgG antibody (1:5,000). For all
assays, antibody detection was by SIGMAFAST OPD substrate (Sigma-Aldrich), which was added according
to manufacturer’s instructions. Absorbance was measured at 450nm on a Tecan Infinite M200 Pro plate
reader (Tecan Group Ltd.). End-point titer was defined as the highest dilution that gave an absorbance of
.3 standard deviations above the mean absorbance of the negative-control wells.

Interleukin-8 protection assay. The assay was conducted as previously described, with minor mod-
ifications (8). Briefly, S. pyogenes strain 5448AP MT was grown to stationary phase. Cell-free culture su-
pernatant was coincubated with recombinant IL-8 (at 25 or 50 ng/ml concentration) and test antiserum
from rats vaccinated with P*17/K4S2(CRM) or CAF®01 for 16 h at 37°C. In some experiments, cell-free cul-
ture supernatant was preincubated with test antisera prior to coincubation with IL-8. Spy-CEP
(GenScript) antiserum and naive serum were used as a positive and negative control, respectively.
Uncleaved IL-8 was measured using a Quantikine ELISA kit (R & D Systems). Data were normalized to
recombinant Spy-CEP (100%) and naive (0%) sera.

Toxicology study vaccine and control articles. Peptides conjugates p*17-CRM and K4S2-CRM were
manufactured at clinical grade by Auspep Clinical Peptides (Melbourne, Australia). The lyophilized prod-
ucts were combined and vialled for further processing with CAF®01. Lyophilized GMP grade CRM197
was commercially sourced from Pfenex, USA. The adjuvant CAF®01 was sourced from SSI as a sterile liq-
uid suspension and 250ml of CAF®01 (DDA/TDB; 2,500/500mg/ml) was used for rat i.m. immunizations.
Sterile 10mM Tris was supplied by Citoxlab, USA. Prior to dosing test and control articles were prepared
as follows: a prescribed volume of CAF®01 or Tris was extracted with a sterile syringe and directly added
to vialled lyophilized peptide conjugates or CRM197, vortexed at high speed every 10 min for up to 30
min, and then administered to rats.

Toxicology study. The toxicology study was conducted by Citoxlab, USA in compliance with the
Food and Drug Administration (FDA) Good Laboratory Practice (GLP) Regulations as set out in Title 21 of
the United States Code of Federal Regulations, Part 58. The study was designed with reference to the
ICH M3(R2): Guidance on Non-Clinical Safety Studies for the Conduct of Human Clinical Trials and
Marketing Authorization for Pharmaceuticals and the FDA Redbook 2000: General Guidelines for
Designing and Conducting Toxicity Studies. With the exception of the manufacturing, characterization
of the test article, control article, and CAF®01, and the immunogenicity analysis, all procedures were per-
formed by Citoxlab, USA.

Animals. Male and female Sprague-Dawley rats were supplied by Charles River Laboratories, Inc. At
the onset of dosing, the animals were 9.5weeks old. The body weights ranged from 189.7 to 250.0 g
and from 163.5 to 230.9 g for males and females, respectively. On arrival, all animals were subjected to a
health assessment. Animals were group housed in an animal room where the environment was set to
maintain a temperature of 20 to 26 °C, a relative humidity of 50%6 20%, a light/dark cycle of 12 h light/
12 h dark (except during study protocol-designated procedures), and a minimum of 10 air changes per
hour. All rats were given free and continuous access to food (Purina Mills Certified Rodent Diet 5002 in
“meal” form; ad libitum) with the exception of fasting prior to scheduled clinical pathology collections
and necropsy. All animals were given free and continuous access to tap water. An acclimation period of
15 days was allowed between receipt of the animals and the start of dosing to accustom the animals to
the laboratory environment.

Administration of vaccine doses. Twenty rats (10 male, 10 female) per group were administered
inoculations on days 0, 21, and 42. On days 0 and 21 rats, were administered a 0.25-ml i.m. injection of
0.1mg P*17/K4S2(CRM)/CAF®01, 0.065 CRM/CAF®01, or CAF®01. On day 42, rats were administered a 0.1-
ml i.n. inoculum of 0.1mg P*17/K4S2(CRM)/Tris, 0.065 CRM/Tris, or 10mM Tris. For i.m. inoculums, the
injection site was shaved free of hair a day prior to each administration. The dose formulation was
allowed to come to room temperature, and the 0.25-ml dose volume was administered on day 1 to the
right quadricep (thigh muscle) and on day 22 to the left quadricep. For the i.n. inoculum, the dose for-
mulation was allowed to come to room temperature and the 0.1-ml dose volume (0.05ml/nare) was
administered in 0.025ml increments, alternating nostrils between each increment.

Assessment of repeat dose toxicity. Experimental endpoints were moribundity/mortality (at least
once daily), clinical signs/physical examinations, inoculation site scoring for reactogenicity, body
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weights, food consumption, ophthalmology, clinical pathology (clinical chemistry, hematology, coagula-
tion, and urinalysis), organ weights (adrenal glands, brain, epididymis, heart, kidneys, liver, lungs, spleen,
thymus, thyroid gland, and reproductive organs), immunogenicity, gross necropsy observations, and his-
topathology analyses. Microscopic examinations were performed on the aorta, heart, brain, gross
lesions, injection sites (left and right quadriceps), kidney, liver, lungs, nasal cavity, olfactory bulb, larynx,
pharynx, and trigeminal pathway. All animals were bled prior to dosing and five females and five males
of each group were bled prior to each necropsy. Blood samples were collected with EDTA for hemato-
logical tests, or without anticoagulant for biochemical tests. Neutral buffered 10% formalin was used for
fixation and preservation of tissues. Immunogenicity was performed at Griffith University and all other
analyses were performed at Citoxlab, USA.

Clinical pathology (clinical chemistry, coagulations, urinalysis, and hematology). Clinical chem-
istry parameters were sample appearance, creatinine, A/G ratio, globulin, alanine aminotransferase,
glucose, albumin, phosphorus, alkaline phosphatase, potassium, aspartate aminotransferase, protein,
bilirubin, sodium, calcium, triglycerides, chloride, urea, cholesterol, and gamma-glutamyltransferase.
Coagulation parameters were activated partial thromboplastin time and prothrombin time. Urinalysis
parameters were bilirubin, blood, color and appearance, glucose, ketones, leukocytes, pH, protein, spe-
cific gravity, urobilinogen, and nitrites. Hematology parameters measured were cell morphology, hemat-
ocrit, hemoglobin concentration, mean corpuscular volume, mean corpuscular hemoglobin, mean cor-
puscular hemoglobin concentration, platelet count, red blood cell count, red cell distribution width,
reticulocyte counts, white blood cell count, and white blood cell differential.

Local irritation assessment. Dermal assessment. An evaluation of dermal reactions for erythema
and edema (scale 0 to 4) at the i.m. dosing site was performed prior to dosing, and at approximately 3,
24, 48, and 72 h post-dose. In addition, the previous dosing site was assessed at the time of subsequent
dosing, and at 24 h post-dose. Scoring continued daily for up to 7 days post-dose administration if ery-
thema and/or edema persisted beyond the last scheduled assessment. Dermal observations were
recorded using a modified Draize scoring scheme.

Ocular and nasal assessment. An evaluation of ocular and nasal reactions (scale 0 to 2) was per-
formed prior to dosing, and at approximately 3, 24, 48, and 72 h post-dose. In addition, both i.m. injec-
tion sites were assessed prior to i.n. dosing and at 24 h post-dose. Assessment parameters were conjunc-
tival edema (none, slight, well defined); conjunctival or ocular erythema (none, slight, well-defined);
ocular discharge (none, serous discharge, mucoid discharge); blepharospasm (none, #50% closed,
.50% closed); nasal discharge (none, serous discharge, mucoid discharge); and nasal congestion (none,
slight, well defined). For all evaluations, the scoring continued once daily up to 7-days post-dose admin-
istration if a parameter persisted beyond the last scheduled assessment.

Statistical analysis. Mean and standard deviations were calculated, as appropriate, for all quantita-
tive data. As applicable, continuous group mean data that were examined statistically were evaluated
for equality or homogeneity of variance using the Decision Tree statistical structure. The Decision Tree
statistical structure includes analysis of variance (ANOVA), nonparametric analysis of variance, pairwise
tests by the Dunnett’s Test for parametric and nonparametric data, simple t tests, and the Bartlett’s test
for homogeneity of variance. The data were analyzed for dose-related trends using the Williams Test
(parametric data) or the Shirley Test (nonparametric data). Nonhomogeneous data were analyzed using
a stepwise Dunnett’s Test (parametric data) or a modified Steel Test (nonparametric data). Frequency
data (i.e., incidence data, etc.) that were examined statistically were evaluated using the Chi-Square and/
or Fisher’s exact tests. Statistical tests were performed as two-sided tests with results taken as significant
with probability (P) levels of ,0.05 or ,0.01. Statistical analysis was performed with SAS software.
Antibody titer data are presented as geometric mean with geometric standard deviation (SD), with data
analysis performed using GraphPad Prism version 8.1.2.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 0.01 MB.
TABLE S1, PDF file, 0.1 MB.

ACKNOWLEDGMENTS
This work was supported by the Heart Foundation Australia Stroke Prevention Grant

(101656), National Health and Medical Research Council, Australia (NHMRC) Project Grant
(APP1160379), Program Grant (APP1083548), and Investigator Fellowship (APP1174091),
The Snow Foundation, Lowitja Institute CRC Research Grant (CRCATSIH CF 001), Australian
Tropical Medicine and Commercialization Grant (ATMC50301), and a National Foundation
for Medical Research and Innovation grant.

HLA DR3-DQ2 humanized mice were a kind gift from James McCluskey, University of
Melbourne, Australia.

V.O., S.R., and M.P. wrote the initial draft and all authors contributed to and
approved the manuscript. S.R., M.P., and M.F.G. designed and managed the toxicology
study. J.D. and I.S.R. (SSI) provided the CAF®01 for preclinical and toxicology studies and

Combination Vaccine Protects from S. pyogenes ®

January/February 2021 Volume 12 Issue 1 e03537-20 mbio.asm.org 13

https://mbio.asm.org


also intellectual input throughout the conduction of these studies. V.O., Y.H., A.C., J.D.,
S.E., and J.-L.M. conducted all preclinical experiments. V.O., S.R., Y.H., A.C., M.P., and
M.F.G. analyzed the results.

We declare no competing interests.

REFERENCES
1. Carapetis JR, Steer AC, Mulholland EK, Weber M. 2005. The global burden

of group A streptococcal diseases. Lancet Infect Dis 5:685–694. https://doi
.org/10.1016/S1473-3099(05)70267-X.

2. Watkins DA, Johnson CO, Colquhoun SM, Karthikeyan G, Beaton A,
Bukhman G, Forouzanfar MH, Longenecker CT, Mayosi BM, Mensah GA,
Nascimento BR, Ribeiro ALP, Sable CA, Steer AC, Naghavi M, Mokdad AH,
Murray CJL, Vos T, Carapetis JR, Roth GA. 2017. Global, regional, and
national burden of rheumatic heart disease, 1990–2015. N Engl J Med
377:713–722. https://doi.org/10.1056/NEJMoa1603693.

3. Palafox B, Mocumbi AO, Kumar RK, Ali SKM, Kennedy E, Haileamlak A,
Watkins D, Petricca K, Wyber R, Timeon P, Mwangi J. 2017. The WHF road-
map for reducing CVmorbidity and mortality through prevention and con-
trol of RHD. Glob Heart 12:47–62. https://doi.org/10.1016/j.gheart.2016.12
.001.

4. Cole JN, Barnett TC, Nizet V, Walker MJ. 2011. Molecular insight into inva-
sive group A streptococcal disease. Nat Rev Microbiol 9:724–736. https://
doi.org/10.1038/nrmicro2648.

5. Beall B, Facklam R, Thompson T. 1996. Sequencing emm-specific PCR
products for routine and accurate typing of group A streptococci. J Clin
Microbiol 34:953–958. https://doi.org/10.1128/JCM.34.4.953-958.1996.

6. Smeesters PR, McMillan DJ, Sriprakash KS. 2010. The streptococcal M pro-
tein: a highly versatile molecule. Trends Microbiol 18:275–282. https://doi
.org/10.1016/j.tim.2010.02.007.

7. Nordstrom T, Pandey M, Calcutt A, Powell J, Philips ZN, Yeung G, Giddam
AK, Shi Y, Haselhorst T, von Itzstein M, Batzloff MR, Good MF. 2017.
Enhancing vaccine efficacy by engineering a complex synthetic peptide
to become a super immunogen. J Immunol 199:2794–2802. https://doi
.org/10.4049/jimmunol.1700836.

8. Pandey M, Langshaw E, Hartas J, Lam A, Batzloff MR, Good MF. 2015. A
synthetic M protein peptide synergizes with a CXC chemokine protease
to induce vaccine-mediated protection against virulent streptococcal
pyoderma and bacteremia. J Immunol 194:5915–5925. https://doi.org/10
.4049/jimmunol.1500157.

9. Pandey M, Mortensen R, Calcutt A, Powell J, Batzloff MR, Dietrich J, Good MF.
2016. Combinatorial synthetic peptide vaccine strategy protects against
hypervirulent CovR/S mutant streptococci. J Immunol 196:3364–3374.
https://doi.org/10.4049/jimmunol.1501994.

10. ZamanM, Ozberk V, Langshaw EL, McPhun V, Powell JL, Phillips ZN, Ho MF,
Calcutt A, Batzloff MR, Toth I, Hill GR, Pandey M, GoodMF. 2016. Novel plat-
form technology for modular mucosal vaccine that protects against strep-
tococcus. Sci Rep 6:39274. https://doi.org/10.1038/srep39274.

11. Christensen D, Mortensen R, Rosenkrands I, Dietrich J, Andersen P. 2017.
Vaccine-induced Th17 cells are established as resident memory cells in
the lung and promote local IgA responses. Mucosal Immunol 10:260–270.
https://doi.org/10.1038/mi.2016.28.

12. Mortensen R, Christensen D, Hansen LB, Christensen JP, Andersen P,
Dietrich J. 2017. Local Th17/IgA immunity correlate with protection
against intranasal infection with Streptococcus pyogenes. PLoS One 12:
e0175707. https://doi.org/10.1371/journal.pone.0175707.

13. van Dissel JT, Joosten SA, Hoff ST, Soonawala D, Prins C, Hokey DA, O'Dee
DM, Graves A, Thierry-Carstensen B, Andreasen LV, Ruhwald M, de Visser
AW, Agger EM, Ottenhoff THM, Kromann I, Andersen P. 2014. A novel lip-
osomal adjuvant system, CAF01, promotes long-lived Mycobacterium tu-
berculosis-specific T-cell responses in human. Vaccine 32:7098–7107.
https://doi.org/10.1016/j.vaccine.2014.10.036.

14. Fomsgaard A, Karlsson I, Gram G, Schou C, Tang S, Bang P, Kromann I,
Andersen P, Andreasen LV. 2011. Development and preclinical safety
evaluation of a new therapeutic HIV-1 vaccine based on 18 T-cell minimal
epitope peptides applying a novel cationic adjuvant CAF01. Vaccine
29:7067–7074. https://doi.org/10.1016/j.vaccine.2011.07.025.

15. Dejon-Agobe JC, Ateba-Ngoa U, Lalremruata A, Homoet A, Engelhorn J,
Nouatin OP, Edoa JR, Fernandes JF, Esen M, Mouwenda YD, Betouke
Ongwe EM, Massinga-Loembe M, Hoffman SL, Sim BKL, Theisen M,
Kremsner PG, Adegnika AA, Lell B, Mordmüller B. 2019. Controlled human

malaria infection of healthy adults with lifelong malaria exposure to
assess safety, immunogenicity, and efficacy of the asexual blood stage
malaria vaccine candidate GMZ2. Clin Infect Dis 69:1377–1384. https://doi
.org/10.1093/cid/ciy1087.

16. Abraham S, Juel HB, Bang P, Cheeseman HM, Dohn RB, Cole T, Kristiansen
MP, Korsholm KS, Lewis D, Olsen AW, McFarlane LR, Day S, Knudsen S,
Moen K, Ruhwald M, Kromann I, Andersen P, Shattock RJ, Follmann F.
2019. Safety and immunogenicity of the chlamydia vaccine candidate
CTH522 adjuvanted with CAF01 liposomes or aluminium hydroxide: a
first-in-human, randomised, double-blind, placebo-controlled, phase 1
trial. Lancet Infect Dis 19:1091–1100. https://doi.org/10.1016/S1473
-3099(19)30279-8.

17. Czerkinsky C, Holmgren J. 2010. Topical immunization strategies. Mucosal
Immunol 3:545–555. https://doi.org/10.1038/mi.2010.55.

18. Olive C, Clair T, Yarwood P, Good MF. 2002. Protection of mice from group A
streptococcal infection by intranasal immunisation with a peptide vaccine
that contains a conserved M protein B cell epitope and lacks a T cell autoepi-
tope. Vaccine 20:2816–2825. https://doi.org/10.1016/S0264-410X(02)00205-0.

19. Jegerlehner A, Wiesel M, Dietmeier K, Zabel F, Gatto D, Saudan P,
Bachmann MF. 2010. Carrier induced epitopic suppression of antibody
responses induced by virus-like particles is a dynamic phenomenon
caused by carrier-specific antibodies. Vaccine 28:5503–5512. https://doi
.org/10.1016/j.vaccine.2010.02.103.

20. Batzloff MR, Hayman WA, Davies MR, Zeng M, Pruksakorn S, Brandt ER,
Good MF. 2003. Protection against group A streptococcus by immuniza-
tion with J8-diphtheria toxoid: contribution of J8- and diphtheria toxoid-
specific antibodies to protection. J Infect Dis 187:1598–1608. https://doi
.org/10.1086/374800.

21. Pandey M, Powell J, Calcutt A, Zaman M, Phillips ZN, Ho MF, Batzloff MR,
Good MF. 2017. Physicochemical characterisation, immunogenicity and
protective efficacy of a lead streptococcal vaccine: progress towards Phase
I trial. Sci Rep 7:13786. https://doi.org/10.1038/s41598-017-14157-7.

22. Good MF. 2020. Streptococcus: an organism causing diseases beyond
neglect. PLoS Negl Trop Dis 14:e0008095. https://doi.org/10.1371/journal
.pntd.0008095.

23. Bennett J, Moreland NJ, Oliver J, Crane J, Williamson DA, Sika-Paotonu D,
Harwood M, Upton A, Smith S, Carapetis J, Baker MG. 2019. Understand-
ing group A streptococcal pharyngitis and skin infections as causes of
rheumatic fever: protocol for a prospective disease incidence study. BMC
Infect Dis 19:633. https://doi.org/10.1186/s12879-019-4126-9.

24. McDonald M, Currie BJ, Carapetis JR. 2004. Acute rheumatic fever: a chink
in the chain that links the heart to the throat? Lancet Infect Dis 4:240–245.
https://doi.org/10.1016/S1473-3099(04)00975-2.

25. Parks T, Smeesters PR, Steer AC. 2012. Streptococcal skin infection and
rheumatic heart disease. Curr Opin Infect Dis 25:145–153. https://doi.org/
10.1097/QCO.0b013e3283511d27.

26. D'Alessandri R, Plotkin G, Kluge RM, Wittner MK, Fox EN, Dorfman A,
Waldman RH. 1978. Protective studies with group A streptococcal M pro-
tein vaccine. III. Challenge of volunteers after systemic or intranasal im-
munization with Type 3 or Type 12 group A Streptococcus. J Infect Dis
138:712–718. https://doi.org/10.1093/infdis/138.6.712.

27. Penfound TA, Chiang EY, Ahmed EA, Dale JB. 2010. Protective efficacy of
group A streptococcal vaccines containing type-specific and conserved M
protein epitopes. Vaccine 28:5017–5022. https://doi.org/10.1016/j.vaccine
.2010.05.018.

28. Pastural É, McNeil SA, MacKinnon-Cameron D, Ye L, Langley JM, Stewart
R, Martin LH, Hurley GJ, Salehi S, Penfound TA, Halperin S, Dale JB. 2020.
Safety and immunogenicity of a 30-valent M protein-based group a strep-
tococcal vaccine in healthy adult volunteers: a randomized, controlled
phase I study. Vaccine 38:1384–1392. https://doi.org/10.1016/j.vaccine
.2019.12.005.

29. Shinefield HR. 2010. Overview of the development and current use of
CRM(197) conjugate vaccines for pediatric use. Vaccine 28:4335–4339.
https://doi.org/10.1016/j.vaccine.2010.04.072.

Ozberk et al. ®

January/February 2021 Volume 12 Issue 1 e03537-20 mbio.asm.org 14

https://doi.org/10.1016/S1473-3099(05)70267-X
https://doi.org/10.1016/S1473-3099(05)70267-X
https://doi.org/10.1056/NEJMoa1603693
https://doi.org/10.1016/j.gheart.2016.12.001
https://doi.org/10.1016/j.gheart.2016.12.001
https://doi.org/10.1038/nrmicro2648
https://doi.org/10.1038/nrmicro2648
https://doi.org/10.1128/JCM.34.4.953-958.1996
https://doi.org/10.1016/j.tim.2010.02.007
https://doi.org/10.1016/j.tim.2010.02.007
https://doi.org/10.4049/jimmunol.1700836
https://doi.org/10.4049/jimmunol.1700836
https://doi.org/10.4049/jimmunol.1500157
https://doi.org/10.4049/jimmunol.1500157
https://doi.org/10.4049/jimmunol.1501994
https://doi.org/10.1038/srep39274
https://doi.org/10.1038/mi.2016.28
https://doi.org/10.1371/journal.pone.0175707
https://doi.org/10.1016/j.vaccine.2014.10.036
https://doi.org/10.1016/j.vaccine.2011.07.025
https://doi.org/10.1093/cid/ciy1087
https://doi.org/10.1093/cid/ciy1087
https://doi.org/10.1016/S1473-3099(19)30279-8
https://doi.org/10.1016/S1473-3099(19)30279-8
https://doi.org/10.1038/mi.2010.55
https://doi.org/10.1016/S0264-410X(02)00205-0
https://doi.org/10.1016/j.vaccine.2010.02.103
https://doi.org/10.1016/j.vaccine.2010.02.103
https://doi.org/10.1086/374800
https://doi.org/10.1086/374800
https://doi.org/10.1038/s41598-017-14157-7
https://doi.org/10.1371/journal.pntd.0008095
https://doi.org/10.1371/journal.pntd.0008095
https://doi.org/10.1186/s12879-019-4126-9
https://doi.org/10.1016/S1473-3099(04)00975-2
https://doi.org/10.1097/QCO.0b013e3283511d27
https://doi.org/10.1097/QCO.0b013e3283511d27
https://doi.org/10.1093/infdis/138.6.712
https://doi.org/10.1016/j.vaccine.2010.05.018
https://doi.org/10.1016/j.vaccine.2010.05.018
https://doi.org/10.1016/j.vaccine.2019.12.005
https://doi.org/10.1016/j.vaccine.2019.12.005
https://doi.org/10.1016/j.vaccine.2010.04.072
https://mbio.asm.org


30. Fiorino F, Pettini E, Pozzi G, Medaglini D, Ciabattini A. 2013. Prime-boost
strategies in mucosal immunization affect local IgA production and the
type of th response. Front Immunol 4:128. https://doi.org/10.3389/fimmu
.2013.00128.

31. Lorenzen E, Follmann F, Bøje S, Erneholm K, Olsen AW, Agerholm JS,
Jungersen G, Andersen P. 2015. Intramuscular priming and intranasal
boosting induce strong genital immunity through secretory IgA in mini-
pigs infected with Chlamydia trachomatis. Front Immunol 6:628. https://
doi.org/10.3389/fimmu.2015.00628.

32. Dileepan T, Linehan JL, Moon JJ, Pepper M, Jenkins MK, Cleary PP. 2011.
Robust antigen specific th17 T cell response to group A Streptococcus is
dependent on IL-6 and intranasal route of infection. PLoS Pathog 7:
e1002252. https://doi.org/10.1371/journal.ppat.1002252.

33. Fieber C, Kovarik P. 2014. Responses of innate immune cells to group A
Streptococcus. Front Cell Infect Microbiol 4:140. https://doi.org/10.3389/
fcimb.2014.00140.

34. Gratz N, Siller M, Schaljo B, Pirzada ZA, Gattermeier I, Vojtek I, Kirschning CJ,
Wagner H, Akira S, Charpentier E, Kovarik P. 2008. Group A streptococcus
activates type I interferon production andMyD88-dependent signaling with-
out involvement of TLR2, TLR4, and TLR9. J Biol Chem 283:19879–19887.
https://doi.org/10.1074/jbc.M802848200.

35. Mishalian I, Ordan M, Peled A, Maly A, Eichenbaum MB, Ravins M, Aychek T,
Jung S, Hanski E. 2011. Recruited macrophages control dissemination of
group A Streptococcus from infected soft tissues. J Immunol 187:6022–6031.
https://doi.org/10.4049/jimmunol.1101385.

36. Tsatsaronis JA, Walker MJ, Sanderson-Smith ML. 2014. Host responses to
group a streptococcus: cell death and inflammation. PLoS Pathog 10:
e1004266. https://doi.org/10.1371/journal.ppat.1004266.

37. Henriksen-Lacey M, Bramwell VW, Christensen D, Agger E-M, Andersen P,
Perrie Y. 2010. Liposomes based on dimethyldioctadecylammonium pro-
mote a depot effect and enhance immunogenicity of soluble antigen. J
Control Release 142:180–186. https://doi.org/10.1016/j.jconrel.2009.10.022.

38. Marrack P, McKee AS, Munks MW. 2009. Towards an understanding of the
adjuvant action of aluminium. Nat Rev Immunol 9:287–293. https://doi
.org/10.1038/nri2510.

39. Mann JF, Acevedo R, Campo JD, Pérez O, Ferro VA. 2009. Delivery systems:
a vaccine strategy for overcoming mucosal tolerance? Expert Rev Vac-
cines 8:103–112. https://doi.org/10.1586/14760584.8.1.103.

40. Mestecky J, Russell MW, Elson CO. 2007. Perspectives on mucosal vac-
cines: is mucosal tolerance a barrier? J Immunol 179:5633–5638. https://
doi.org/10.4049/jimmunol.179.9.5633.

41. Chen Z, Dudek N, Wijburg O, Strugnell R, Brown L, Deliyannis G, Jackson
D, Koentgen F, Gordon T, McCluskey J. 2002. A 320-kilobase artificial chro-
mosome encoding the juman HLA DR3-DQ2 MHC haplotype confers HLA
restriction in transgenic mice. J Immunol 168:3050–3056. https://doi.org/
10.4049/jimmunol.168.6.3050.

42. Pandey M, Batzloff MR, Good MF. 2009. Mechanism of protection induced
by group A Streptococcus vaccine candidate J8-DT: contribution of B and
T-cells towards protection. PLoS One 4:e5147. https://doi.org/10.1371/
journal.pone.0005147.

Combination Vaccine Protects from S. pyogenes ®

January/February 2021 Volume 12 Issue 1 e03537-20 mbio.asm.org 15

https://doi.org/10.3389/fimmu.2013.00128
https://doi.org/10.3389/fimmu.2013.00128
https://doi.org/10.3389/fimmu.2015.00628
https://doi.org/10.3389/fimmu.2015.00628
https://doi.org/10.1371/journal.ppat.1002252
https://doi.org/10.3389/fcimb.2014.00140
https://doi.org/10.3389/fcimb.2014.00140
https://doi.org/10.1074/jbc.M802848200
https://doi.org/10.4049/jimmunol.1101385
https://doi.org/10.1371/journal.ppat.1004266
https://doi.org/10.1016/j.jconrel.2009.10.022
https://doi.org/10.1038/nri2510
https://doi.org/10.1038/nri2510
https://doi.org/10.1586/14760584.8.1.103
https://doi.org/10.4049/jimmunol.179.9.5633
https://doi.org/10.4049/jimmunol.179.9.5633
https://doi.org/10.4049/jimmunol.168.6.3050
https://doi.org/10.4049/jimmunol.168.6.3050
https://doi.org/10.1371/journal.pone.0005147
https://doi.org/10.1371/journal.pone.0005147
https://mbio.asm.org

	RESULTS
	Prime-pull immunization with P*17/K4S2(DT) and P*17/K4S2(CRM) induces mucosal and systemic antibody responses and protects against URT S. pyogenes infection.
	Preexisting carrier-specific antibodies do not affect vaccine peptide-specific antibody responses.
	Vaccine-induced serum IgG recognizes and binds to S. pyogenes isolates.
	Vaccination with P*17/K4S2(DT) induces long-term protective immunity against URT and skin challenge infections.
	GLP toxicology in Sprague-Dawley rats.
	Local irritation assessment (skin and mucosal Draize scoring).
	Immunogenicity and functional assessment of vaccines.
	Functional assessment of vaccine-induced antibodies by their ability to recognize S. pyogenes and their capacity to protect interleukin 8 (IL-8) from degradation.
	Organ weights.
	Histopathological analysis.
	Examination of the brain, heart, joints and kidneys.

	DISCUSSION
	MATERIALS AND METHODS
	Ethics statement and animals.
	Murine immunization.
	Upper respiratory tract and invasive infections.
	ELISA.
	Interleukin-8 protection assay.
	Toxicology study vaccine and control articles.
	Toxicology study.
	Animals.
	Administration of vaccine doses.
	Assessment of repeat dose toxicity.
	Clinical pathology (clinical chemistry, coagulations, urinalysis, and hematology).
	Local irritation assessment.
	Statistical analysis.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

