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Abstract. Streptococcus pyogenes or group A streptococcus (GAS) is a Gram-positive
bacterium that can cause a wide range of diseases, including pharyngitis, impetigo, scarlet
fever, necrotizing fasciitis, rheumatic fever, and streptococcal toxic shock syndrome. Despite
the increasing burden on global health caused by GAS, there is currently no licensed vaccine
available. In this study, we evaluated immunogenicity, induction of neutralizing antibodies,
and stability of a new recombinant fusion protein vaccine that targets infections from GAS.
The recombinant fusion protein (SpeAB) combines inactive mutant forms of streptococcal
pyrogenic exotoxin A (SpeA) and streptococcal pyrogenic exotoxin B (SpeB). The SpeAB
vaccine evaluated in this study was adsorbed to an aluminum adjuvant and demonstrated
robust immunogenicity, eliciting production of specific neutralizing antibodies against SpeA
and SpeB, two major virulence factors of S. pyogenes. Stability studies suggest that the
vaccine will retain immunogenicity for at least 2 years when stored at refrigerated
temperatures. This novel vaccine shows great potential to provide protection against GAS
infections and to reduce the burden of GAS disease globally.
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INTRODUCTION

Streptococcus pyogenes is a Gram-positive bacterium that
causes a wide variety of diseases, from mild infections such as
pharyngitis and impetigo to life-threatening diseases, includ-
ing necrotizing fasciitis, streptococcal toxic shock syndrome,
and sequelae such as rheumatic heart disease. These disease
states are generally referred to as group A streptococcal
(GAS) diseases. Mortality from GAS disease is a global issue
with an estimated 500,000 deaths attributed to S. pyogenes
infection annually (1). In the USA, there are an estimated 10
million cases of non-invasive disease and between 9000 and
11,500 cases of invasive disease each year. The greatest
burden is due to rheumatic heart disease, with a prevalence
of at least 15.6 million cases, with 282,000 new cases and
233,000 deaths each year (1). In general, GAS infection is
treated with a course of antibiotics; however, antibiotic
treatment does not guarantee prevention of complications
associated with infection. Additionally, the emergence of
antibiotic-resistant strains stresses the need for a safe and
effective vaccine for the prevention of GAS disease (2–5).
The World Health Organization included GAS vaccine

development as one of the priorities in the 2014 Global
Vaccine Action Plan (6). Vaccines to prevent S. pyogenes
infections have been pursued for decades, but their develop-
ment faces several hurdles. A major concern is that
S. pyogenes vaccine antigens may contain autoimmune
epitopes that could trigger rheumatic heart disease (7).
Another hurdle is the complexity of the epidemiology of
S. pyogenes infections, including the existence of a large
number of strains, the wide variety of diseases the bacteria
can cause, and the different sites of infection (6). Different
strains of GAS are identified by the expression of the
antigenically variable M surface protein, a potential vaccine
target. The most common genotype is M1, but it is desirable
to develop a vaccine that is protective across all different
genotypes. A 26-valent and a 30-valent vaccine have been
evaluated and tested in clinical trials (8,9). However, there
are more than 150 GAS M serotypes, and their relative
frequency can change rapidly. Moreover, epidemiologic
surveys suggest that the 26-valent vaccine would provide
good coverage of circulating strains of GAS in high-income
countries but poor or modest coverage in Africa, the Pacific,
Asia, and the Middle East (10). More importantly, cross-
reactivity with M protein has been implicated in the
pathogenesis of rheumatic heart disease raising safety con-
cerns about M protein-based vaccines (11). So far, all GAS-
targeting vaccines tested in clinical trials are based on
conserved M proteins (12). We have chosen an alternative
strategy by developing a vaccine based on non-M proteins
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that are conserved among GAS strains. The recombinant
fusion protein antigen (SpeAB) was engineered combining
streptococcal pyrogenic exotoxin A (SpeA) with streptococ-
cal pyrogenic exotoxin B (SpeB) from S. pyogenes (13). SpeA
is a superantigen which enables bacteria to evade immune
responses by disabling recognition by adaptive immunity (14).
SpeA cross-links major histocompatibility complex class II
molecules with T cell receptors resulting in polyclonal
activation of T cells. The systemically increased levels of
inflammatory cytokines can induce toxic shock (15). The
SpeA utilized in the fusion protein antigen was genetically
mutated at the leucine located at position 42 inactivating
superantigen activity (13). SpeB is an extracellular cysteine
protease that is secreted by most S. pyogenes strains (16).
SpeB can cleave or degrade host serum proteins such as
human extracellular matrix, immunoglobulins, complement
components, and even GAS surface and secreted proteins
(17). SpeB is not homologous in structure to SpeA and has no
superantigen functionality but is a key virulence factor in
GAS pathogenesis. Analysis of sera obtained from patients
with invasive GAS infection has demonstrated SpeB-specific
antibody production (18). SpeB utilized in the fusion protein
antigen was genetically mutated at the cysteine located at
position 47, inactivating the enzyme. Immunization with the
SpeAB fusion protein protected HLA-DQ8 transgenic mice
against a challenge with wild-type SpeA (13). Following the
fusion protein discovery and efficacy, a rational, scientific
approach to vaccine development was utilized in our labora-
tory to determine the optimal formulation conditions and the
optimal aluminum adjuvant type (19). In the current study,
the stability and potency of the vaccine were tested with
various adjuvant doses and heat-induced degraded vaccines
in vivo including the ability to induce SpeA- and SpeB-
neutralizing antibodies, and the shelf life of the vaccine was
determined. This novel vaccine shows great potential to
protect against GAS infections and reduce the burden of
GAS disease globally.

MATERIAL AND METHODS

Vaccine Preparation

SpeAB recombinant protein: The cloning of SpeAB
DNA into the vector pT7Blue (Novagen) was performed as
described (13). Fermentation and purification of the fusion
recombinant protein were conducted at VaxForm. Briefly,
kanamycin-resistant Escherichia coli BL21(DE3) cells were
cultured overnight at 37°C in 25 g/L Lennox Broth (LB) and
50 μg/mL kanamycin. The next day, 1 L of broth was pre-
warmed to 37°C, and 20 mL of the overnight culture was
transferred to the 1-L vessel. The bacteria were then grown to
an OD of 0.400 for 2 h. IPTG was added at 1 mM and the
temperature of the culture was reduced to 30°C and
incubated overnight. The next day, the bacteria were
harvested for purification. The fermentation broth was
exchanged with Tris-buffered saline (TBS) using a 1000-kD
filter and tangential flow filtration (TFF) system (EMD
Millipore). Cells were lysed with lysozyme, surfactants, and
nuclease. The released inclusion bodies were then washed
with TBS and dissolved in 6 M urea overnight at room
temperature. The SpeAB was then refolded into Tris-Tween

buffer using a 30-kD filter on the TFF. Endotoxin was
removed by addition of sodium deoxycholate followed by
purification into Tris-Tween buffer with a 30-kD filter. Finally,
sucrose was added to 10% w/v and the bulk was sterile
filtered and stored refrigerated.

Formulation of the vaccine: Vaccines were prepared by
mixing appropriate amount of SpeAB protein with
phosphate-treated BAlhydrogel 85^ (Brenntag, Denmark)
and buffer to obtain 50 μg/mL SpeAB, 1.7, 0.85, or
0.425 mg/mL of aluminum (Al ion), in 20 mM Tris (EMD
Millipore, Germany) buffer with 10% sucrose (EMD
Millipore) and 0.02% polysorbate 20 (Amresco, Solon,
OH). All vaccines had 80% or more antigen adsorbed to
the adjuvant. The pH was 7.5–8.5 as previous experiments
had demonstrated that SpeAB is most stable in this range
(19). Control groups contained either phosphate-treated
Alhydrogel (AHP) only or 50 μg/mL of SpeAB only, both
in Tris buffer with sucrose and polysorbate 20.

Mouse Studies

Adjuvant dose-response and antigen-forced desorption
immunogenicity studies of the SpeAB vaccine were con-
ducted in 7-week-old female BALB/c mice (Envigo, India-
napolis, IN). The experiments were approved by the Purdue
University Animal Care and Use Committee. Three doses of
aluminum adjuvant were tested (0.425, 0.85, or 1.7 mg/mL)
with at least 80% of the antigen adsorbed to aluminum
adjuvant. Three adsorption states of SpeAB antigen (100%
adsorbed, 30 and 60% desorbed) were used to evaluate the
correlation between the vaccine potency and its stability.
SpeAB antigen was incubated at 45°C for 6 or 14 days to
obtain 30 and 60% desorption of the antigen, respectively
(see stability methods for details on adsorption measure-
ment). In both studies, mice were immunized (10 per group)
with 0.1 mL vaccine intramuscularly on days 0 and 14 of the
study. The injected dose of SpeAB was therefore 5 μg, while
the amount of aluminum injected was 0.85, 0.425, or 0.212 mg.
Sera were collected on days 14 and 28 to evaluate SpeAB
titers by ELISA. Briefly, wells were coated with 10 μg/mL
SpeAB overnight, blocked with 1% BSA (VWR, Radnor,
PA) in PBS-Tween 20 buffer, and incubated for 2 h with 1:
5000 diluted serum samples. Peroxidase-labeled anti-mouse
IgG (Sigma, St. Louis, MO) was added followed by 3,3′,5,5′-
tetramethylbenzidine (TMB; Sigma). Absorbance was deter-
mined at 450 nm (Molecular Devices M2e).

SpeA and SpeB Neutralization Assays

SpeA neutralization by SpeAB vaccine-elicited antibodies
was evaluated in human peripheral blood mononuclear
cells (PBMCs; ZenBio, Research Triangle Park, NC) by the
antibodies’ ability to inhibit SpeA-induced polyclonal activa-
tion. Briefly, PBMCs were grown in 10% human serum at 37°C,
5% CO2. Mouse sera and recombinant SpeA (Toxin Tech,
Saratosa, FL) were mixed at 37°C for 1 h. Sera and SpeA mix
were then added to PBMCs and incubated for 4 days. Alamar
Blue dye (Thermo Fischer), an oxidation-reduction indicator
used to monitor cell proliferation, was then added to the cells
(10% of the total volume). PBMC proliferation rate was
quantified by measuring percent reduction of Alamar Blue
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dye at absorbance 570 nm and reference at 600 nm (Molecular
Devices M2e).

SpeB neutralization was assessed by monitoring the
SpeB protease activity on a highly quenched protein substrate
in presence of vaccine-elicited antibodies. Fluoro Protease
Assay Kit (G Biosciences, St. Louis, MO), an assay that uses
fluorescein isothiocyanate (FITC)-labeled casein as a general
protease substrate, was used. The fluorescein label on the
FITC casein is highly quenched. When the proteases present
in the sample of interest digest the FITC casein substrate into
smaller peptides, the quenching of the fluorescence label is
released and the fluorescence of the substrate is increased.
The fluorescence of the FITC-labeled peptide is measured
with excitation at 485 nm and emission at 530 nm to
determine protease activity. Wild-type SpeB (Toxin Technol-
ogy, Sarasota, FL) was first incubated with 5% β-
mercaptoethanol (VWR) at 37°C to activate the protein.
Reduced SpeB was mixed with immunized-mouse sera (from
mice immunized with SpeAB vaccine vs mice immunized with
adjuvant only) and incubated at 37°C for 1 h. The mixture
was then exposed to FITC casein substrate, and the kinetic
activity of SpeB was quantified measuring fluorescence.

Stability Studies

The stability of the SpeAB vaccine was evaluated in
accelerated conditions (temperatures of 37 and 45°C) and
refrigerated temperature (2–8°C). For each time point (every
3 months), three vials were used for analysis. pH, adsorption
assays, and ELISAwere performed on the vaccine to monitor
its stability. The pH of the whole liquid suspension was
measured using a sympHony pH meter.

For adsorption assays, 100 μL of the vaccine was
centrifuged (Eppendorf 5424/5424R microcentrifuge) at
10,000g for 5 min. The supernatant was collected and total
protein assay (Thermo Scientific Pierce BCA Protein Assay
Kit) was performed. Bovine serum albumin (BSA) standards
provided in the kit were used as standards. The pre-diluted
samples were further diluted in the vaccine buffer (Tris
sucrose-Tween) to obtain a standard curve ranging from 3 to
100 μg/mL. To determine the percentage of SpeAB adsorbed
to the adjuvant, the protein that was detected in the
supernatant was subtracted from 50 μg/mL, the concentration
of SpeAB in the vaccine. That number was divided by 50 and
then multiplied by 100 to obtain the percentage.

Sandwich ELISA was performed on the desorbed
antigen to evaluate the vaccine antigenicity as aluminum
would interfere with the assay. Of the vaccine, 150 μL was
centrifuged at 10,000 rcf for 5 min. The supernatant was
removed. Antigen was then desorbed from aluminum adju-
vant by incubating the aluminum pellet in desorption buffer
(75 mM PO4, 150 mM NaCl, 0.01% Triton-X 100) at 37°C for
24 h. The next day, the samples were centrifuged at 10,000 rcf
for 5 min. Supernatants were collected and further analyzed
by ELISA. Each well of a microplate was coated with 100 μL
of anti-SpeA antibody (Abcam, Cambridge, MA) diluted
1:1000 in PBS, incubated at 37°C for an hour. Plate was
washed with PBS-0.02% Tween 20 three times. Of the
blocking buffer (1% BSA-PBS), 100 μL was added to the
wells. Every step was performed at 37°C for 1 h with 100 μL
of reagent or sample, followed by thorough washing of the

wells. Samples and standard (SpeAB antigen control formu-
lated without AHP1) were added to the plate. Anti-SpeB
antibody (Abcam, Cambridge, MA) 1:5000 dilution was then
added, followed by anti-rabbit HRP-conjugated (1:80,000
dilution). TMB substrate (KPL Inc., Maryland) was added
to each well and was incubated at room temperature,
protected from light for 30 min. Reaction was stopped with
3 M H2SO4. Absorbance was read at 450 nm. Concentrations
determined by ELISA were used for the Arrhenius plot.

In the stability assays, SpeAB antigen control stored at
−20°C was used as a reference. Its concentration was
measured in the adsorption assays by BCA assay to
determine the maximum SpeAB concentration and percent-
age adsorbed, and it was serially diluted and used for the
ELISA standard curve.

Statistical Analysis

Data are presented as the mean ± SEM for experimental
groups. Normally distributed data were analyzed for differ-
ences among experimental groups by one-way ANOVA. *
represents p value <0.05, ** represents p value <0.01, and ***
represents p value <0.005.

RESULTS

To determine the optimal adjuvant dose needed for the
vaccine, a dose-response potency study was performed in
BALB/c mice. The highest dose level of aluminum currently
approved by regulatory authorities for human use is 1.7 mg
Al/mL—therefore, this dose was selected as the upper limit
dose in the animal study. BALB/c mice were administered
SpeAB vaccine formulated with 0, 0.425, 0.85, or 1.7 mg Al/
mL on days 0 and 21. Mice immunized with 0.85 and 1.7 mg/
mL of adjuvant had a higher IgG titer compared with mice
immunized with antigen alone (Fig. 1a). However, there was
no significant difference between the 0.425-, 0.85-, and 1.7-
mg/mL aluminum-dose groups.

Previous studies in our laboratory demonstrated that
adsorbed SpeAB induces a stronger immune response
compared with non-adsorbed SpeAB (19). The impact of
heat-induced desorption of an adsorbed formulation follow-
ing storage under accelerated conditions on potency was
unknown. In this study, forced desorption was performed by
incubating the vaccine at 45°C for 6 and 14 days, resulting in
30 and 60% desorption of the antigen, respectively, to
evaluate the correlation between the vaccine stability and its
potency. There was no significant difference in IgG titers in
mice immunized with the 100% adsorbed, 30% desorbed, or
60% desorbed vaccine (Fig. 1b); however, there was a trend
towards lower antibody titer as desorption increases.

Two neutralization assays were developed for each of the
virulence factors of the fusion protein, SpeA and SpeB, to
evaluate the efficacy of the vaccine in vitro. The presence of
neutralizing antibodies specific to SpeA, a superantigen, was
evaluated by their ability to inhibit SpeA-induced polyclonal
activation of human PBMCs. Figure 2 shows that the addition
of SpeA induced PBMC proliferation, which was inhibited
when serum from SpeAB-vaccinated mice was added to the
cells. The PBMC proliferation was not inhibited with serum
from adjuvant control-vaccinated mice.
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The presence of neutralizing antibodies specific to
SpeB, a cysteine protease, was assessed using the Fluoro
Protease Assay Kit. Serum samples from mice immunized
with SpeAB vaccine significantly decreased SpeB activity
when combined with FITC-labeled casein (both at 5 and

10 ng/μL) compared to sera from mice immunized with
adjuvant alone (Fig. 3).

In addition to the ability to induce functional neutralizing
antibodies, an effective vaccine should demonstrate good
stability over time. The pH of the vaccine is important to
monitor as a change in pH can impact the structural stability
of the antigen and its interaction with the aluminum adjuvant,
resulting in decreased immunogenicity of the vaccine.
Previous experiments in our laboratory (19) showed that the
vaccine is most stable near pH 8.0. The pH of vaccines stored
at 2–8°C was measured every 3 months over 24 months and
showed strong stability with the pH remaining between 8.0
and 8.1 (data not shown). Another important factor that may
affect the SpeAB vaccine potency is antigen adsorption to the
aluminum adjuvant. We reported previously (19) that the
vaccine is most potent when the majority of SpeAB is
adsorbed to the aluminum adjuvant (80% or above).
Adsorption was monitored every 3 months over a 24-month
period (Fig. 4). The adsorption of SpeAB increased in the
first 3 months from 80% to reach an equilibrium, close to
100% adsorption. While the percentage adsorption fluctuated
slightly, it remained above 90% over the 24 months of
storage, demonstrating robust stability.

The vaccine antigenicity was evaluated by ELISA in
accelerated and real-time stability studies to obtain data for
expiration dating and temperature excursion evaluation of
the vaccine. Arrhenius kinetics were used to evaluate the
stability of the antigen vs temperature (Fig. 5). If a plot of
ln(k) vs 1/T is linear, the data obtained from the accelerated
conditions can be extrapolated to real-time storage conditions

Fig. 1. Potency study of SpeAB vaccine in BALB/c mice. Adjuvant and antigen dose-response immunogenicity studies of
the SpeAB vaccine were conducted in 7-week-old female BALB/c mice. Of the SpeAB, 50 μg/mL was combined with 0,
0.425, 0.85, or 1.7 mg/mL of aluminum adjuvant for the adjuvant-dose study (a), with at least 80% of the antigen adsorbed.
Three adsorption states of the SpeAB antigen (100% adsorbed, 30% desorbed, and 60% desorbed; see methods for details)
in 1.7 mg/mL of adjuvant were used to evaluate the correlation between the vaccine stability and its potency (b). In both
studies, mice were immunized (10 per group) with 0.1 mL vaccine IM on days 0 and 14 of the study. Sera were collected on
days 14 and 28 to evaluate SpeAB titers by ELISA. *p < 0.05, **p < 0.01, ***p < 0.005

Fig. 2. Effect of vaccine-elicited antibodies on SpeA activity. SpeA
neutralization by SpeAB vaccine-elicited antibodies was evaluated in
human peripheral blood mononuclear cells (PBMCs). Sera from mice
immunized with either 50 μg/mL SpeAB/1.7 mg/mL Al or 1.7 mg/mL
Al only were mixed with recombinant SpeA at 37°C for 1 h. The mix
was then added to PBMCs and incubated for 4 days. Alamar Blue
dye was then added to the cells (10% of the total volume). PBMC
proliferation rate was quantified by measuring percent reduction of
Alamar Blue dye at absorbance 570 nm and reference at 600 nm.
Bars represent the mean of n = 3 experiments ± SE (AU stands for
arbitrary units). *p < 0.05
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such as refrigerated at 5°C (20). In our study, accelerated
stability was evaluated at 37 and 45°C and exhibited linearity
when plotted with 5°C stability data (Fig. 5). Arrhenius plot
showed perfect linear curve when plotting the logarithm of
the rate constant degradation of SpeAB (in μg/mL as
determined by ELISA) against inversed absolute tempera-
ture (45, 37, and 5°C). Using this plot, the half-life of the
vaccine can be extrapolated. According to the Arrhenius
equation, half-life would be approximately 2.5 years at 2–8°C.

DISCUSSION

This study shows that a SpeAB recombinant vaccine
formulated with aluminum adjuvant induced SpeA- and
SpeB-neutralizing antibodies in mice and demonstrated
long-term stability with potential for at least 2-year shelf life

at 5°C. This suggests that the vaccine has excellent potential
to prevent GAS-induced disease. The antibody response was
improved in the presence of aluminum-containing adjuvant
(Fig. 1), confirming our findings from a previous animal study
(19). Aluminum-containing adjuvants have been used in
vaccines to boost the immune response for more than seven
decades (21,22). Despite their wide spread use, the mecha-
nism of action of aluminum-based adjuvants is not fully
understood. Some studies demonstrate that maximized ad-
sorption results in optimal immune response, while other
studies suggest a decrease in stability in vaccines with high
adsorption (23). Consequently, the formulation development
for aluminum-containing vaccines is mainly based on empir-
ical trials. Many aspects of aluminum hydroxide-based
adjuvant vaccines can influence the immune response,
including the strength of the adsorption, dosage of adjuvant,
and the nature of antigens (24). All of these factors were
taken into consideration during the development of the
SpeAB vaccine to ensure the optimal formulation. Adsorbed
and non-adsorbed formulations of SpeAB vaccines were
evaluated in mice, and results showed that adsorbed formu-
lations exhibited significantly higher immune response than
the non-adsorbed formulations (19). In that study, the two
different states of adsorption were obtained by treating the
aluminum-hydroxide adjuvant with different amount of
phosphate to result in more or less electrostatic repulsion. It
was found that the higher phosphate treatment resulted in
more electrostatic repulsion and a largely desorbed antigen.
This non-adsorbed antigen induced a less potent immune
response compared to the adsorbed antigen (adjuvant treated
with low amount of phosphate). In this study, the adsorbed
antigen formulation was used in all vaccines. Heat-induced
desorption of the antigen was performed to mimic antigen
degradation and evaluate the correlation between stability
and potency. Results from the forced-desorption study
suggest that the SpeAB vaccine is very robust as there were
no significant differences in IgG titers in mice immunized with

Fig. 3. Effect of vaccine-elicited antibodies on SpeB activity. SpeB neutralization by
SpeAB vaccine-elicited antibodies was evaluated in vitro by monitoring the SpeB protease
activity using highly quenched FITC casein protein as a substrate. Wild-type SpeB was first
incubated with 5% β-mercaptoethanol at 37°C to activate the enzyme. Reduced SpeB was
then mixed with sera (from mice immunized with 50 μg/mL SpeAB and 1.7 mg/mL Al vs
mice immunized with 1.7 mg/mL Al only) and incubated at 37°C for 1 h. The mix was then
exposed to FITC casein substrate (5 or 10 ng/μL), and the kinetic activity of SpeB was
quantified measuring fluorescence at excitation 485 nm and emission 535 nm. Bars
represent the mean of n = 3 experiments ± SE. *p < 0.05

Fig. 4. SpeAB vaccine adsorption stability over time. SpeAB vaccine
(50 μg/mL, 1 mg/mL adjuvant, in Tris sucrose-Tween 20 buffer) were
stored at 2–8°C. Three vials were taken out every 3 months to
evaluate adsorption. Of the vaccine from each vial, 100 μL was
centrifuged at 10,000 rcf for 5 min. Supernatant was collected and
protein assay (by BCA; see methods for details) was performed on
the supernatant
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full, 30% desorbed, or 60% desorbed vaccine. Additionally,
the 60% desorbed vaccine was still significantly more potent
than antigen alone, suggesting strong potency of the remain-
ing adsorbed antigen even after exposure to high tempera-
tures. In addition to the in vivo study, the correlation between
adsorption state and immunogenicity was evaluated in vitro
(Fig. 5). ELISA and adsorption assays were performed on
SpeAB vaccine stored at 37 and 45°C. Pearson’s correlation
factor between the two trends was 0.92 at 37°C and 0.84 at
45°C, showing significant positive correlation between ad-
sorption and antigenicity. Together, these data show that
heat-induced degradation affects the function of the antigen
(as seen in ELISA) but does not impact the potency in
animals as much. This suggests that the antigen that remains
adsorbed to the aluminum is sufficient to induce an immune
response and further confirms the robustness of the vaccine.
The aluminum dose-effect study confirmed the importance
and need of the adjuvant for the SpeAB vaccine potency.
There was no significant difference between 0.85- and 1.7-mg/
mL aluminum-immunized mice. However, there was no
significant difference in immunogenicity between antigen
alone and 0.425 mg/mL adjuvant, suggesting that 0.85 mg/
mL is the minimum adjuvant dose needed to significantly
enhance immunogenicity. A pre-clinical safety study was
conducted shortly after the adjuvant-dose study, where
1 mg/mL of Al was used in the SpeAB vaccine (25). The
absence of clinical toxicity in two species (including rabbits
injected with two full human doses of 0.5 mL) confirms the
safety of the vaccine using aluminum as an adjuvant.

Results from real-time and accelerated stability studies
confirm that SpeAB is a robust vaccine (Fig. 5). The r2 value
of the Arrhenius plot using X-order degradation rate
constants from 37, 45, and 5°C was 0.999, demonstrating
high correlation between the antigen degradation and
temperature. Using this plot, the time required for the
antigen to reach 30 and 60% degradation can be
extrapolated. According to the Arrhenius equation, it would
take 1.8 years for the SpeAB vaccine to become 30%
degraded and 4.3 years for it to be 60% degraded. As the

potency study suggests (Fig. 1), these degradation states have
minimal effect on the potency of the vaccine. The vaccine can
remain stable at refrigerated temperatures (2–8°C) for a
minimum of 2 years. Results from neutralization assays
demonstrated that the vaccine elicits specific functional
antibodies against both SpeA and SpeB. SpeA is a
superantigen associated with scarlet fever, toxic shock, and
is a major virulence factor for invasive GAS disease (26–28).
SpeB is a secreted and cell wall-associated toxin important in
the colonization of the host that has been found to be
expressed by the majority of S.pyogenes strains (16). The
ability of the SpeAB vaccine to elicit protective antibodies
against both of these key virulence factors demonstrates the
potential for the SpeAB vaccine to induce protective
responses against most strains and diseases caused by GAS.

CONCLUSIONS

Results from the dose-response studies demonstrated
that the SpeAB vaccine elicits a strong immune response in
mice, according to the IgG titers in mice immunized with
reduced adjuvant and partially degraded SpeAB. The vaccine
induces neutralizing antibodies that mediate protection
against SpeA and SpeB, two major virulence factors
expressed by the majority of GAS strains. Results from the
stability studies suggest strong antigenicity of the vaccine
after 2 years of storage at 2–8°C. In conclusion, this novel
vaccine shows great potential to protect against GAS
infections and to reduce the burden of GAS disease globally.
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Fig. 5. Arrhenius plot SpeAB rate constant vs temperature. ELISAs (see methods for
details) were performed to evaluate the vaccine antigenicity in accelerated and real-time
stability studies. Arrhenius kinetics was used to evaluate the rate constant of the antigen in
different temperature conditions. The Arrhenius equation is defined by k = Ae

−(Ea/RT) or
ln(k) = −(Ea/RT) + lnA, where k is the reaction rate constant of the antigen, A is the pre-
exponential factor, Ea is the activation energy, R is the gas constant, and T is the
temperature in Kelvin. In our studies, 5, 37, and 45°C, we used to plot ln(k) vs 1/T
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