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ABSTRACT

Streptococcus pyogenes (group A streptococcus, GAS) causes a wide range of clinical manifestations
ranging from mild self-limiting pyoderma to invasive diseases such as sepsis. Also of concern are the post-
infectious immune-mediated diseases including rheumatic heart disease. The development of a vaccine
against GAS would have a large health impact on populations at risk of these diseases. However, there is a
lack of suitable models for the safety evaluation of vaccines with respect to post-infectious complications.
We have utilized the Lewis Rat model for cardiac valvulitis to evaluate the safety of the J8-DT vaccine
formulation in parallel with a rabbit toxicology study. These studies demonstrated that the vaccine did not
induce abnormal pathology. We also show that in mice the vaccine is highly immunogenic but that 3
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doses are required to induce protection from a GAS skin challenge even though 2 doses are sufficient to

induce a high antibody titer.

Vaccines have proven to be a very cost effective method in pre-
venting many infectious diseases. However, vaccine develop-
ment has proven to be extremely challenging for some
pathogens partially due to the lack of appropriate models for
testing of the vaccine candidates before clinical studies. Here
we discuss an approach we have adopted by selecting optimal
animal models for different aspects of vaccine development
and testing safety of a vaccine candidate for Streptococcus
pyogenes.

GAS infection causes death either directly due to sepsis /
deep tissue infection or post-infective complications such as
rheumatic heart disease (RHD). It is estimated that GAS is
responsible for over 600 million cases of non-life threatening
pharyngitis and over 100 million cases of pyoderma annually.
If untreated, pharyngitis and pyoderma ' can lead to Rheumatic
Fever (RF) - an autoimmune process triggered by GAS antigens
involving both antibodies and T cells that cross-react with host
target proteins and damage host tissue, including myocardium
and the heart valves (RHD). It is thus critical that any vaccine
approach minimizes the possibility of targeting GAS epitopes
that induce autoreactive B and T cell responses. This is an
impediment to vaccine research, particularly since in an early
study using a crude antigen prepared from GAS, 3 individuals
developed rheumatic fever.” In contrast, GAS antigens have
been administered to volunteers with no reported serious
adverse events.” In 1979, the FDA regulated the exclusion of

GAS from vaccine products after reviewing and considering
the findings of the independent advisory panel (“Review of
Bacterial Vaccines and Bacterial Antigens”).” This exclusion
was lifted in 2006.°

From an immunological perspective, GAS presents signifi-
cant obstacles to vaccine development.”* The organism can
subvert the immune system and present dominant antigens
that can display an array of allelic types. In spite of these obvi-
ous decoys, the main strategy to develop vaccines for these
organisms has been to focus on dominant epitopes. The obvi-
ous reason for this approach is that such antigens and epitopes
are easy to define. However, our approach to vaccine develop-
ment for GAS has been to avoid dominant antigens; and
instead attempt to define cryptic epitopes that induce protective
immune responses that do not constitute the normal responses
and repertoire that follow natural infection. Such epitopes are
much more likely to be conserved between strains.

As a suitable vaccine candidate, we identified and defined a
cryptic epitope in the C3-repeat of the GAS M protein. We used
a series of overlapping peptides from the highly conserved C3
repeat region and generated antibodies to each peptide and
screened the antibodies for their capacity to kill GAS in vitro in
an opsonophagocytosis assay. We identified p145, a 20-mer pep-
tide that induced functional antibodies in mice.>'® We further
observed that most children living in streptococcal-endemic areas
did not develop antibodies to p145 (demonstrating that it was
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‘cryptic’), whereas most adults did have antibodies against this
peptide,'’ presumably as a result of prolonged exposure. We
found that affinity-purified human antibodies could also kill mul-
tiple strains of GAS in vitro.'* Thus, we concluded that p145 is a
poor immunogen in its natural state, and was thus not under
immune pressure, explaining why it may be highly conserved
across all GAS isolates. However, synthetic peptide, p145, was
highly immunogenic and antibodies induced following immuni-
zation were able to recognize the epitope on the bacterial cell
surface.

To develop this as a vaccine candidate, we next defined the
minimal protective epitope within p145."° To achieve this it
was necessary to maintain the natural o helical structure of the
pl45 epitope. This was accomplished by developing a folding
technology based on the GCN4 DNA binding protein from
yeast. Peptide sequences from pl45 were flanked by GCN4
sequences.'’ The minimal vaccine epitope that we thus defined
and folded correctly, J8, was able to induce antigen-specific
serum IgG in outbred mice when conjugated to diphtheria tox-
oid (DT) and administered intramuscularly with Alum 13 gt
induced IgG and IgA antibodies when administered intrana-
sally in either a proteosome vesicle '* or when conjugated to
certain lipids.">”

Following the development of a candidate vaccine, fur-
ther experiments were performed to exclude the possibility
that the epitope would trigger autoimmunity. Here we
report the preclinical immunogenicity testing and safety
evaluation of the vaccine formulation using 3 different but
complementary models.

Intramuscular immunogenicity of the vaccine formulation

To investigate the potential of the vaccine formulation to
induce an immune response, cohorts of male and female out-
bred SWISS mice were immunized intramuscularly (IM) with
the J8-DT/alum; specific cohorts received one or 2 boosts, 21 d
apart. Blood was collected from animals at specific time points
and antigen-specific serum IgG titers were determined (Fig. 1).

ELISAs were performed as previously described.'® In brief,
Nunc Maxisorp F96 plates (Thermo Fisher, Scoresby,
Australia) were coated with 100 ul of antigen (rM5 at 1 ug/ml
or J8 at 5 ug/ml) in bicarbonate coating buffer (pH 9.6)
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overnight at 4°C. The wells were washed 4 times with PBS-
Tween 20 buffer and blocked with 200 pl of postcoating buffer
(TropBio) for 1 h at 37°C. After the wells were washed as
described above, 2-fold serial dilutions of sera, starting at 1:100,
were added to duplicate wells at 100 pl per well and incubated
for 1 h at 37°C. Followed by a third wash, horseradish peroxi-
dase-conjugated goat anti-IgG (Jackson ImmunoResearch,
West Grove, PA, USA) at 1:5,000 dilution was added and incu-
bated for 1 h at 37°C. Pooled sera from rM5- or J8-DT-immu-
nized animals were used as positive control for rM5 ELISA and
J8 ELISA respectively, and pooled normal sera were used as
negative control per plate. After a final wash, 2,2’-Azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS) substrate solution
(KPL, Gaithersburg, USA) was added and incubated at room
temperature for 20 min. The absorbance was measured at
414 nm with a reference wavelength of 492 nm on a Multiskan
microplate reader (Titertek). The reaction was defined as posi-
tive when its OD value was 3SD above the mean OD of control
wells containing serum from naive animals. Titres were
expressed as the highest dilution giving a positive reaction.

Interestingly, the titer of J8-specific serum IgG was not sig-
nificantly different between cohorts of mice immunized twice
compared to cohorts administered the vaccine 3 times
(p > 0.05). J8-specific immune responses were monitored until
day 168 post-primary immunization. During this period
cohorts administered J8-DT/alum (2 or 3 immunizations)
maintained strong J8-specific serum IgG titers, that were signif-
icantly higher than the control groups. As expected cohorts of
animals administered 2 or 3 immunizations of either J§8-DT/
alum or DT/alum also developed significant DT-specific serum
IgG titers. Expanding on this we subcutaneously administered
cohorts of the inbred BALB/c mice with 3 doses at days 0, 21
and 28. Immunogenicity was determined by ELISA (Fig. 2A).
Similar to that observed with the Swiss mice, the inbred mice
also developed a significant antigen-specific IgG response
(p < 0.05).

Sera collected from the cohorts of BALB/c mice was used an
in vitro direct killing assay using the GAS strain 88/30. Sera
from immunised mice was pre-incubated with GAS for 1 hour
before being mixed with fresh whole mouse blood (1:2 ratio)
and incubated at 37°C for 3 hours. The number of CFU was
determined for each cohort at zero and 3 hours. We observed
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Figure 1. (A) J8-specific or (B) DT-specific serum IgG in SWISS mice (n = 5 female and n = 5 male mice) administered J8-DT/alum, DT/alum or PBS/alum with 2 or 3 intra-
muscular immunizations on days 0, 21 and 42 (x3 immunisations only). Mice were immunized as previously described® with minor modifications. Briefly, 4-6 week old
SWISS mice (n = 5 female and n = 5 male/group housed separately) were immunized intramuscularly on day 0 with J8-DT (50 ug), DT (50 ug) or PBS formulated with
alum (Alhydrogel 2%). Selected cohorts were boosted on day 21 or on days 21 and 42. Sera from the cohorts were collected on selected days pre and post-immunisation.
SWISS mice were purchased from The Animal Resource Centre, Western Australia. Statistical significance was calculated using GraphPad Prism version 6. One-way Analysis
of Variance (ANOVA) was applied to evaluate significant differences in absorbance levels. The Dunnett’s test was performed as a post-hoc test. A P value of < 0.05 was

considered significant. Data was expressed as mean + SEM.
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Figure 2. Immunogenicity and protective efficacy of J8-DT/alum in BALB/c mice. (A) Cohorts of BALB/c mice (4-6 weeks old) were subcutaneously immunised with 50 ug
of J8-DT vaccine formulation on days 0, 21 and 28. The J8-specific IgG titers on days 20, 27 and 35 are shown. Efficacy of the vaccine formulation following bacterial skin
challenge with 88/30 GAS strain for cohorts of mice that received either 1, 2 or 3 doses of vaccine and the control cohort administered PBS plus adjuvant. Skin (B and C)
and blood (D and E) bioburden was determined for days 3 and 6 post-exposure respectively. Mean (+/— SEM) shown. A P value of <0.05 was considered significant. Sta-

tistical significance was calculated using GraphPad Prism version 6.

that the percentage (%) of opsonised bacteria (when compared
to the control group) was significantly reduced for the cohort
administered 2 doses compared to the cohort administered 3
doses (Table 1).

The cohorts of BALB/c mice administered 1, 2, or 3 doses of
vaccine were then challenged via the skin with 88/30 GAS as
previously described.'” On days 3 and 6 post-challenge animals
were culled and bacterial burden determined in the skin homog-
enate and blood (Fig. 2B-E). Mice administered 3 doses of vac-
cine had significantly reduced bacterial burden in the skin and
blood on days 3 and 6 post-challenge compared to cohorts that
received only 1 or 2 doses of vaccine. While mice administered 2

Table 1. In vitro opsonisation (mean %-+/—SEM) of the GAS strain 88/30.

Control 2 x Dose Cohort 3 x Dose Cohort

0+4+/-7.13% 40.2+/-2.7% 66.9+/—4.5%

p < 0.05 for Immunised vs control cohorts.
p < 0.05 for 2x doses vs 3x doses cohorts.

or 3 doses of vaccine developed comparable antibody titres, only
cohorts administered the third dose were protected from GAS
challenge and significantly opsonised bacteria in vitro suggesting
that affinity maturation of the antigen-specific IgG following the
third vaccine dose was required for protection.

Similar to that observed for mice, we demonstrated that J8-
DT/alum also induced J8-specific serum IgG titers in New
Zealand White Rabbits when administered intramuscularly
(Fig. 3). This is similar to what we had previously observed
using different J8-containing vaccine formulations.***'

Dose escalating toxicology assessment of the vaccine
formulations in rabbits

To assess the safety of the vaccine formulation, a toxicology
study was undertaken in New Zealand White Rabbits. Ini-
tially, we demonstrated that J8-DT/alum induced J8-specific
serum IgG titers in rabbits when administered intramuscu-
larly (Fig. 3).
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Figure 3. Immunogenicity of the vaccine formulation (J8-DT/alum) in New Zealand
White rabbits. Rabbits were administered intramuscularly 50 ug of J8-DT/alum
vaccine formulation on days 0, 21 and 42. J8-specific serum IgG titers were deter-
mined on the days indicated using a similar protocol used for the mice studies.
New Zealand White Rabbits were sourced by Veterinary Institute, South Australia.

A toxicology study was then conducted according to Good
Laboratory Practice (GLP) at the IIT Research Institute (IITRI),
Chicago, USA. Clinical and histological findings were compiled
by IITRI and reported to the sponsor. J8-DT with/without alum
adjuvant (Alhydrogel 2%) was administered to male and female
New Zealand white rabbits (n = 10/sex/group) in a repeat-dose
toxicity study. The vaccine with/without adjuvant, adjuvant only
or the control (phosphate-buffered saline; PBS) was administered
on study days 1, 29 and 57 via intramuscular (im.) injection as
follows: Group 1: PBS; Group 2: alum (Alhydrogel, 2%); Group
3: 50 ug J8-DT/alum; Group 4: 150 ug J8-DT/alum; and Group
5: 150 ug J8-DT. All study animals continued to be observed
throughout treatment until half of the study animals were eutha-
nized and necropsied on study day 59; the remaining rabbits
were euthanized and necropsied on study day 71.

Experimental endpoints included moribundity/mortality,
clinical signs/physical examinations, inoculation site scoring
for reactogenicity (erythema and edema), inoculation site pain
evaluation/reflexive responses, body weight change, body tem-
peratures, food consumption, ophthalmology, clinical pathol-
ogy (clinical chemistry, hematology, coagulation), serum
protein electrophoresis, organ weights, immunogenicity, gross
necropsy observations, histopathology analyses).

All study rabbits survived to the scheduled necropsy on days
59 or 71 during which 58 different tissues (including heat tis-
sue) were collected for microscopic evaluation from each ani-
mal. No treatment-related or toxicologically significant effects
were observed including inoculation site reactogenicity, inocu-
lation site pain evaluation/reflexive responses, body weight
change, food consumption, body temperatures, ophthalmology,
clinical pathology, and serum protein electrophoresis.

Heart tissue from only one rabbit from cohort 2 (adjuvant
only) on Day 71 was found to have abnormal pathology. On
dissection of the heart a 1mm trackable gross lesion was
observed on a valve and this correlated with minimal muscular
ectopia. Since this cohort was only administered adjuvant alone
it was not considered to be related to the J8-DT vaccine.

Microscopic findings were observed at the injection site
(skeletal muscle and/or skin) and consisted of macrophage
infiltration. These infiltrates, however, were associated with the
adjuvant (alum, Alhydrogel) component and not the J8-DT
component since the infiltrates were also noted in adjuvant-
treated groups (Groups 2, 3 and 4). No other treatment-related
microscopic findings were observed in any of the vaccine with
adjuvant groups (Groups 3, 4 and 5). Therefore, co-administra-
tion of the adjuvant (Alhydrogel) with the J8-DT vaccine may
be contributing to the observed increase in macrophage infil-
trates at the injection site. However, this is considered a com-
mon response following administration of an immunogenic
substance or vaccine.

Antigen-specific serum IgG titers were determined by EISA
for the serum samples collected and mean half-maximal effec-
tive concentration (EC50) reported for each cohort. Adminis-
tration of the vaccine alone (150 ug of J8-DT, no adjuvant)
induced antibody titer following repeated administration
(Mean EC50: 1063 +/—336 at day 31), whereas administration
of the vaccine plus adjuvant (150 ug of J8-DT with alum)
resulted in significantly higher antibody responses (Mean
EC50: 15898 +/—5027 at day 31). The highest antibody levels
were detected on study day 71 (Mean EC50: 25166 +/— 7958)
in the high dose vaccine plus adjuvant group (Group 4). High
levels of antigen-specific serum IgG were also observed in the
low dose vaccine plus adjuvant group (Group 3) peaking with a
mean EC50 of 15730 +/— 4974 on day 71. In general, female
rabbits (Mean EC50 17951 +/— 8027 for Group 3 at day 71)
appeared to mount a stronger immune response than males
(Mean EC50 13509 +/— 6041 for Group 3 at day 71), which is
in contrast to the mouse studies where no significant difference
was observed in J8-specific antibody titers.

Despite there being no recognized serological markers for
rheumatic fever/rheumatic heart disease, we undertook immu-
nohistological assays as previously described with sera from the
rabbits immunised with 150ug J8-DT with/without alum adju-
vant, 50ug J8-DT/alum, alum alone or PBS used in conjunction
with goat anti-rabbit secondary antibody conjugated to FITC
on a panel of human tissues including heart, brain cortex, basal
ganglia, cartilage and kidney, specifically examining cross-reac-
tivity. Slides were analyzed in a blinded fashion by 2 veterinary
pathologists. Transient positive and equivocal responses were
seen on tissue sections with both negative control and vaccine
sera; no significant or consistent differences in staining were
seen between control and vaccine sera for any tissues.

Thus, repeated administration of J8-DT with and without
adjuvant by IM injection was well tolerated and there were no
significant toxicological findings noted throughout the study.

Vaccine formulation does not induce pathology in a
Lewis rat model for rheumatic heart disease

A rat model was previously developed to mimic rheumatic
heart disease.””*® Histological examination of cardiac tissue in
rats immunised with recombinant M5 (rM5) revealed the pres-
ence of inflammatory lesions in both the myocardium and
valve tissue > which were akin to the histological changes
observed in RF/RHD in humans. In this investigation the rat
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Figure 4. Antibody responses to rM5 and J8-peptide in immunized Lewis rats. IgG antibody reactivity of serum from Lewis rats immunized with rM5 (e), J8-DT (H), DT
(M) or PBS (negative control) (W), to rM5 (A) or J8-peptide (B). All rats received a primary immunization on day 0, followed by an intraperitoneal injection of B. pertussis
on day 1 and 3. A booster was administered on day 7. Absorbance values of rat sera at 1:100 dilution are shown, with mean absorbance value presented as horizontal
lines. Significance was determined by ANOVA with the post hoc Dunnet's test (*, P < 0.01; **, P < 0.001). Lewis rats were purchased from The Animal Resource Centre,

Western Australia.

autoimmune valvulitis (RAV) model has been used to evaluate
the safety of our streptococcal vaccine candidates.

Briefly, recombinant streptococcal M5 protein was prepared
as previously described.'"® Proteins purified from Escherichia
coli contain endotoxins that need to be removed for in vivo
applications. Bacterial endotoxin concentration was quantified
by the Protein Expression Facility (PEF), University of Queens-
land, Australia, using an Endosafe-PTS Limulus Amebocyte
Lysate (LAL) test kit (Charles River Laboratory, Charleston,
SC, USA). The endotoxin levels were reduced using a HiTrap
Q FF anion-exchange column (GE Healthcare, Rydalmere,
Australia) to achieve a suitable concentration of endotoxin for
animal injection.

Protein quantification was performed by measuring absor-
bance at 280 nm using a NanoDrop spectrophometer (Thermo
Fisher Scientific, Scoresby, Australia). The vaccine candidate
J8-DT, and DT alone, were supplied by Institute for Glycomics,
Griffith University (Gold Coast, Australia), and prepared as
described elsewhere.””*® Porcine cardiac myosin and human
collagen IV were purchased from Sigma (Australia).

Immunogenicity of the vaccine formulations was evaluated
and confirmed in Lewis rats (Fig. 4). The rats were immunized
as described previously.'®**?® Briefly, 8-week-old female Lewis
rats (n = 5/group) were immunized subcutaneously on day 0
into the hock with either rM5 (500 ug), J8-DT (150 ug) or DT
(150 ug) emulsified 1:1 with Complete Freund’s Adjuvant
(Sigma, Australia) in a total volume of 200 ul following anes-
thesia with isofluorane (5%) in 100% oxygen. On day 1 and 3,
the rats received an intraperitoneal injection of 1 x 10'* whole
killed Bordetella pertussis cells as an additional adjuvant.*®
Seven days after initial immunization (Day 7), rats received
subcutaneous flank boost injections of antigen emulsified 1:1
with incomplete Freund’s adjuvant in a total volume of 200 ul.
Control rats were immunized with PBS and adjuvant only. All
rats were euthanized 21 d after the initial immunization.

Histological evaluation of tissues collected post-euthanasia
indicated that the vaccine formulation did not induce signifi-
cant histological changes (Fig. 5) in cardiac tissue of rats immu-
nized with the different formulations of the vaccine and alum.
Histology of cardiac tissue from groups of rats immunized with
vaccine peptide J8, J8-DT or J8-DT/alum (n = 15) were

indistinguishable from the PBS-immunized controls (n = 5;
negative control). In contrast, inflammatory changes in the
myocardium and valvular tissue with fibrosis were observed in
groups of rats (n = 10) immunized with recombinant M5 pro-
tein (positive control). A veterinary pathologist blinded to the
groupings analyzed the histology for all groups in the study.
This study confirmed the validity of the model and demon-
strated that J8-DT did not cause rheumatic carditis in Lewis
rats.

Discussion

A significant challenge to development and evaluation of candi-
date vaccines for GAS has been the lack of a suitable animal
model for the evaluation of efficacy and safety. While nonhu-
man primates are susceptible to GAS colonization, the cost and
animal welfare issues are barriers to use. Here we report on the
immunogenicity of the vaccine formulation in mice that has
been the traditional model used in many research programs,
and in rabbits, which are routinely used as part of toxicology
studies.

We observed that 2 or 3 doses of vaccine were required to
induce an optimal antibody titer; however, the third dose of
vaccine was required to protect mice from a skin challenge
with GAS. We evaluated immunogenicity of several vaccine
formulations in a toxicology study using rabbits. The route of
administration, amount of vaccine and administration schedule
were designed according to industry standard recommenda-
tions for evaluation of vaccine safety including an additional
dose in the group administered the highest amount of vaccine
beyond the planned human dosing schedule.

No morbidity or mortality occurred in any animals, and
only minor skin reactions (e.g. erythema or edema) were
reported at the site of injection for several animals including
animals that received only adjuvant and therefore they were
considered to be due to the Alhydrogel adjuvant. The injection
site lesions were localized, transient, and consistent with alum
adjuvant-induced lesions reported by other investigators.”” The
clinical chemistry and hematology parameters were also
reported to be within the normal range for New Zealand White
rabbits across all cohorts.
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Figure 5. Histological features of myocardium (left panel) and heart valves (right panel) from Lewis rats. A representative histological section from rats immunized with
PBS and adjuvant (negative control; A and B) had little or no infiltration of inflammatory cells into the myocardium or valvular tissue. Rats immunized with J8-DT (C and
D) had minimal changes comparable to the negative control rats. However, in rM5-immunized rats (positive control; E and F) there was evidence of mononuclear cell infil-
tration (Arrows) in the myocardial and valvular tissue (H&E; original magnifications: A, C and E, x200; B, D and F, x400). The rat hearts were excised and fixed in 10% neu-
tral buffered formalin for 48 h prior to being embedded in paraffin. Tissue samples were cut in 5 wm-thick sections on a microtome and stained with hematoxylin and
eosin (H&E) using standard procedures. Sections were examined by a pathologist who was blinded to the treatment groups, using a light microscope fitted with a QImag-
ing camera. Evidence of inflammatory changes and cellular infiltration in the myocardium and mitral, aortic and tricuspid valve leaflets were assessed.

A major impediment in developing GAS vaccines based on
the M-protein is the concern of inducing autoimmune sequelae
in vaccine recipients. Here we demonstrate that our vaccine
formulations did not induce pathology in the RAV model. The
immunological and functional characterization of the RAV
model has enabled us to evaluate the safety of vaccine formula-
tions prior to use in Phase I clinical studies. This model com-
plements existing industry standard practices for toxicological
and safety assessments. We also observed that serum from vac-
cinated rabbits did not recognize human tissues at levels above
background staining of negative control sera. However, in our
opinion, this assay is of limited predictive value, particularly as
there are no serological assays of tissue cross-reactivity that are
useful for diagnosis of rheumatic heart disease. To the best of

our knowledge, the RAV model is the only pre-clinical model
that could be used to test the possibility of a candidate vaccine
to induce an immune response that may lead to cardiac tissue
damage similar to pathology observed in rheumatic heart
disease.

The results of the RAV model are also consistent with the
rabbit toxicology study in which no abnormal heart tissue
pathology was observed during the necropsies except for a rab-
bit in the cohort administered adjuvant alone. A gross lesion
was observed on a heart valve from this rabbit but was not asso-
ciated with the vaccine J8-DT. Since the post-infectious
sequelae, rheumatic fever is induced by Streptococcus pyogenes
and that subsequent GAS infections can reactivate rheumatic
fever symptoms an important future direction of this research



would be to evaluate safety in the RAV model for animals
immunised with the vaccine formulations and then subse-
quently exposed to the bacteria.

If the vaccine is ultimately successful, the crux will be that
the p145 peptide is antigenic in its native configuration but not
immunogenic. For this reason alone, the organism has not had
to evolve multiple allelic forms; however, vaccine-induced anti-
bodies can target the epitope and kill the organism. If success-
ful, this strategy of defining non-dominant immune responses
and epitopes will be more seriously considered for other organ-
isms that readily evade natural immunity.
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