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Abstract

Objective: To develop a vaccine against group A streptococci (Streptococcus
pyogenes, GAS), the causative agent of a broad spectrum of infections with varying
severity.

Methods: The expression vectors pET27 and pQE30 were utilized to clone
genes encoding recombinant proteins, which were subsequently affinity-purified.
Female mice were immunized subcutaneously twice with the purified polypeptides
(20 pg/mouse) formulated with Alum adjuvant (2:1) at three-week intervals.
Immune sera were analyzed using ELISA to evaluate antigen-specific responses.
Three weeks after the final immunization, mice were challenged intraperitoneally
with GAS M1 serotype at a dose of 5x10"7 CFU/mouse. Vaccination efficacy was
determined by comparing bacterial clearance in vaccinated versus control animals,
assessed by bacterial loads in the spleen at 3 and 15 hours post-infection.

Results: The vaccine candidate is a hybrid recombinant protein comprising
fragments from two essential GAS virulence factors: C5a peptidase (ScpA) and
SpeA exotoxin. T- and B-cell epitopes from conserved regions, common across
multiple GAS serotypes, were identified and included in the construct using
bioinformatics tools.

The integration of these epitopes is designed to confer broad-spectrum
protection against GAS strains carrying exotoxin, particularly those linked to
invasive infections. Immunogenicity studies in mice revealed a robust humoral
Immune response targeting both components of the hybrid protein. Further
evaluation of protective efficacy demonstrated accelerated bacterial clearance in
vaccinated animals, with the SpeA fragment playing a significant protective role.

Conclusion: These findings underscore the potential of this recombinant
chimeric vaccine as a promising candidate for the prevention of group A
streptococcal infections, addressing the critical need for effective prophylactic
strategies against GAS-associated diseases.

Keywords: Group A Streptococcus (S. pyogenes, GAS), Cba peptidase
(ScpA), exotoxin SpeA, recombinant chimeric vaccine, immunogenicity,
protectivity.



Pe3iome

Ienan: pa3paboTka BaKIIMHBI MPOTUB CTPENITOKOKKOB Irpyiibl A (S. pyogenes,
CI'A) — Bo30OyauTENs MIKMPOKOTO CIIEKTpa MH(EKINI pa3TUIHON CTETIEHU TAKECTH.

Metoabl: JIns  KJIOHUPOBAaHHS T€HOB  PEKOMOMHAHTHBIX  OEJIKOB
MCIMOJIb30BaIM 3KcnpeccuoHHble BekTopa pET27 m pQE30. [lnsg uMmyHU3auuu
UCHOJB30BaIM  apPuHHO-OuMIIEHHblE  nosunentuasl.  CamMoK — MblIel
UMMYHHU3UPOBAIM JABAXK]bl MOJKOXHO IOJHIENTUAAMU B J103¢ 20 MKI/MBIIB C
agptoBanToM Alum (2:1) ¢ uHTepBasioM B 3 Heaenu. OOpasibl UMMYHHBIX
CBIBOPOTOK HcciienoBanu metogoM MDA, Jls onieHkH crieniupuyecKon 3aiuTHON
3¢ PeKTUBHOCTH UMMYHHOTO OTBETA 4Yepe3 3 HeAeNr MOocie MocleHEed NHBEKIUN
Mblle BHYTpuOpromuHHO 3apaxkanu CI'A M1 ceporuna B goze 5x1077
KOE/mbiub.  3amuTHy0 3()(EKTUBHOCTh BaKIMHAIMM OLEHUBAIA IyTEM
CpPaBHEHMSI CKOpPOCTHM OakTEepHUaJbHOTO KIHMpPEHCa Y BaKUMHUPOBAHHBIX U
KOHTPOJIbHBIX )KUBOTHBIX, O YEM CYIMIIN [0 OaKTepUaIbHON Harpy3Ke B CEJIe3eHKE
yepes 3 u 15 yacoB nociue 3apakeHusl.

Pe3yabTarbl: KOHCTpYKIMS BaKIMHBI TMPEACTABISET CO00M THOPUAHYIO
MOJIEKYILY, COCTOSIIYIO U3 ()parMEeHTOB, MOJTYYECHHBIX U3 JBYX KIIFOUEBBIX OEJIKOB
CTr'A: nmentupazel  CS5a  (ScpA) wu  »o3k30TokcuHa  SpeA. Hcnonw3ys
OvoMH(pOpMAaTUYECKUN aHANM3, Mbl MJICHTU(PUIMPOBATM W BBIOpAIA IS
BKJIFOUEHUS] B COCTaB peKOMOMHaHTHOro Oenka T- u B-kierouyHsle snuTOnbl B
KOHCEPBAaTUBHBIX PErMOHAX, O0IMX 715 pa3HbIX cepotunoB CI'A.

[locpencTBOM cTpaTeruv MHTETpalMU 3THUX (PParMEeHTOB MpPEANoJaraercs
YCWINTH 3aIIUTY OT ITaMMoB CI'A, HECYIIMX 3K30TOKCHH, OCOOEHHO T€X, KOTOPbIE
CBSA3aHbl C UHBa3WBHBIMU MH(DEKIUIMH.

OneHka MMMYHOI€HHOCTM Ha MOJEISIX MBIIIEW NpOAEMOHCTPHUpOBAIa
CWIBHBIM T'yMOpAaJbHBII UMMYHHBI OTBET IIOCJIE MAPEHTEPAIBbHON BAKIMHALWH,
HaIpaBJICHHBIA HAa 00a KOMIIOHEHTa ruOpuHON MosieKy:bl. [locnenytomnias oneHka
3alUTHON 3(PPEKTUBHOCTH NPOTUB BHYTpUOprommHHOro BBeaeHus CI'A BbisiBUIa
yCKOpEHHUe 0aKTepUaJIbHOrO KJIUPEHCA Y BAKIMHUPOBAHHBIX KUBOTHBIX, IPU ITOM
(dparMeHT SpeA mposBIIsI 3HAUUTEIbHBIN 3aIUTHBIN 3P PEKT.

3akirouenue: IIpencraBiieHHbIE pe3ybTaThl AEMOHCTPUPYIOT MOTEHIHUANT
MOJyYeHHOW PEKOMOWHAHTHOW XHWMEPHOW BaKUMHBI KaK MHOTOOOEIIAIOIIETo
KaHIMJaTa s pa3pabOTKM BaKUMHBI IPOTHUB CTPENTOKOKKOB TPYIIBI A,
YIOBIIETBOPSIIONIEH OCTPYHO MOTPEOHOCTh B 3(PGIEKTHUBHBIX TPOYUIAKTHICCKUX
CTpATErusiX NPOTUB MATOJIOTHi, BbI3BaHHBIX CI'A.

Kirouesbie cioBa: Crpentokokk rpymmbl A (S. pyogenes, CI'A), Cba
nentugaza (SCPA), 3K30TOKCHH SPEA, pekoMOWHAHTHAas XUMEpPHas BaKIIMHA,
UMMYHOTE€HHOCTD, IPOTEKTUBHOCTb.
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1 Introduction

Group A Streptococcus (S. pyogenes, GAS) is widely distributed and is
responsible for a spectrum of diseases in humans, exhibiting diverse clinical
presentations and varying degrees of severity [25, 30, 20, 38]. These include
tonsillitis, pharyngitis, acute respiratory infections, otitis, impetigo, scarlet fever,
erysipelas, rheumatic fever, glomerulonephritis, and vasculitis. Less common
manifestations encompass necrotizing fasciitis and myositis, enteritis, focal lesions
within internal organs, and toxic shock syndrome. According to estimates from the
World Health Organization (WHO), GAS infections afflict over 100 million
individuals annually, culminating in more than half a million deaths each year due
to associated diseases [46].

While GAS remains susceptible to antibiotics, antibiotic therapy alone is
insufficient as a primary treatment for rheumatic fever and rheumatic heart disease.
It merely reduces the duration of the illness and alleviates symptoms. Furthermore,
the widespread use of antibiotics has contributed to the emergence of antimicrobial
resistance in GAS [47, 9, 10, 17, 34, 29], further complicating the situation and
underscoring the need for new vaccine-based prevention strategies [11, 39].

As of now, licensed vaccines targeting Group A Streptococcus (GAS)
antigens are not available; however, significant efforts are underway towards their
development [27]. The M protein, a key virulence factor of GAS, represents a
primary target for vaccine research and development. Numerous vaccine candidates,
predominantly centered around the M protein or its N- and/or C-terminal regions,
have been under investigation. Encouragingly, certain candidates, such as a 6-, 26-,
and 30-valent M protein-based vaccines, have demonstrated promising outcomes in
preclinical assessments and early-stage clinical trials [16, 32].

Other Group A Streptococcus (GAS) surface proteins are also being studied
as vaccine candidates. These include proteins such as streptococcal pyrogenic
exotoxin (SpeA), fibronectin binding proteins (FBI), Streptococcus pyogenes cell
wall proteinase (SpyCEP), streptococcal C5a peptidase (ScpA), arginine deiminase
(ADI), trigger factor (TF), and streptolysin O (SLO). To date, most of these
developments remain at the preclinical research stage [45, 44, 22].

The phenomenon of antigenic drift under the influence of the immune system,
leading to constant variability in the antigenic properties of bacteria, necessitates the
inclusion of conserved segments of bacterial molecules in vaccines and/or the
development of multispecific vaccine compositions. In this regard, the use of
recombinant proteins opens up prospects for the development of effective universal
vaccine preparations. These pre-designed proteins can ensure good immunogenicity
of the vaccine and reduce the risk of immune evasion [41].

Unlike multicomponent vaccines, chimeric vaccines simplify manufacturing
processes by eliminating the need to separately produce individual vaccine
components. This not only reduces production costs but also improves the efficiency
of vaccine production overall. In addition, chimeric constructs can be tailored to
target specific factors of the immune system, such as inducing neutralizing
antibodies or enhancing T-cell immunity.
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Incorporation of specific amino acid regions into chimeric proteins may
reduce the risk of toxicity compared to full-length proteins derived from pathogenic
bacteria, which may be inherently toxic. Additionally, chimeric proteins offer
versatility and can be used in combination vaccines targeting multiple pathogens,
highlighting their potential in the fight against co-infectious diseases.

In this article, we present the results of a study of a combined recombinant
molecule consisting of a fragment of peptidase C5a and the erythrogenic toxin SpeA
of S. pyogenes (Dick toxin). Through the strategic integration of these moieties, we
expect to achieve enhanced protection against exotoxin-carrying GAS strains,
especially those associated with invasive infections. The structure of this chimeric
recombinant molecule, designated ScpA-SpeA, was determined through preliminary
bioinformatics analysis. The recombinant ScpA-SpeA protein included conserved
and immunogenic epitopes of the surface serine protease ScpA and the erythrogenic
toxin SpeA.

Following two subcutaneous immunization of mice with the chimeric
recombinant molecule, a systemic humoral immune response was elicited. Analysis
of specific serum IgG revealed the presence of antibodies targeting both components
of the combined molecule in circulation. Furthermore, quantitative assessment of S.
pyogenes content in the spleens of mice after intraperitoneal infection demonstrated
a significantly higher rate of bacterial elimination from the bloodstream of
vaccinated mice compared to that in control, non-immunized animals.

The implications of these results are discussed in the context of the potential
utility of the developed construct for the prevention of GAS infections.

2 Materials and Methods

Bacterial Strains, Culture Media, and Growth Conditions

The Escherichia coli strains M15 and BL21 sourced from the collection of the
Institute of Experimental Medicine (St. Petersburg, Russia) were utilized in this
study. E. coli M15 cells were cultivated in LB medium (Luria Broth) supplemented
with kanamycin at a final concentration of 25 pg/ml, and incubated at 37°C with
vigorous agitation overnight. For the production of recombinant protein, E. coli M15
transformants were cultured in Terrific Broth medium (prepared according to
Maniatis) supplemented with ampicillin (100 pug/ml) and kanamycin (25 ug/ml), and
incubated at 37°C with vigorous agitation.

Similarly, E. coli BL21 cells were cultured in LB medium at 37°C with
vigorous agitation overnight. For the production of recombinant protein, E. coli
BL21 transformants were cultured in Terrific Broth medium (prepared according to
Maniatis) supplemented with ampicillin (100 pg/ml), and incubated at 37°C with
vigorous agitation.

Streptococcus pyogenes serotype M1, obtained from the collection of the
Institute of Experimental Medicine (St. Petersburg, Russia), was cultured in THB
(Todd-Hewitt Broth) medium (HiMedia, India) for 24 hours at 37°C under aerobic
conditions. Bacterial cells were subsequently washed three times with PBS by
centrifugation at 3500 rpm for 20 minutes and concentrated if necessary. The
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resulting suspension was utilized for peritoneal infection.

Method for Quantitative Determination of Bacteria

To quantitatively assess bacterial concentration, 10 ul of 10-fold dilutions of
the sample were inoculated onto the surface of 5% blood agar in triplicate. The
inoculated plates were then incubated for 24 hours at 37°C. For dilutions where
colony counting is feasible, the average number of colonies formed was determined.
Considering the dilution factor, this number was extrapolated to represent the
bacterial concentration per milliliter of the original sample. The bacterial
concentration was expressed in colony-forming units per milliliter (CFU/ml) of the
sample.

Animal Procedures

Female inbred Balb/c mice, aged 10 weeks, were obtained from the
Rappolovo laboratory animal nursery in the Leningrad region, Russia. The mice
were housed under standard laboratory conditions with ad libitum access to food and
water.

Experimental procedures adhered to the principles outlined in EU Directive
2010/63/EU for animal experiments and were conducted in accordance with
guidelines and under the supervision of the local biomedical ethics committee.
Approval for these experiments was obtained during an ethics committee meeting
held on January 28, 2021, as documented in Meeting Minutes 1/21.

The mice were humanely euthanized by qualified personnel using the cervical
dislocation method, in accordance with institutional ethical guidelines and approved
animal care protocols. The health status of the live vaccine- challenged mice was
monitored and recorded once a day for ten days post-vaccination. No animal showed
any signs of illness following vaccine strain infection. No animals died (without
euthanasia) as a result of the experimental procedures.

Immunization Protocols

Proteins were administered subcutaneously into the dorsal area of mice at a
dose of 20 pg/mouse, with two injections given at a three-week interval. Prior to
injection, the protein was emulsified in 0.2 ml of PBS along with 0.1 ml of Imject
Alum (Thermo Scientific, USA). Blood samples were collected from the
submandibular vein on day 18 and on day 39 and centrifuged at 1500xg for 10
minutes. The collected sera were then stored at -20°C.

Study of the Protective Effectiveness of VVaccination

To assess the specific protective efficacy of the immune response, mice were
intraperitoneally infected 3 weeks after the final injection with GAS at a dose of 5 x
10"7 CFU/mouse.

Spleens were collected in 3 and 15 hours post infection and homogenized in
PBS using a Retsch MM-400 vibrating ball mill. Serial 10-fold dilutions of the
homogenates were prepared in PBS, and aliquots of the dilutions were plated on
solid nutrient medium (Columbia agar with 5% human red blood cells). The plates
were then incubated at 37°C for 14-16 hours, and colonies were subsequently
counted under a microscope. The bacterial load in CFU per organ was calculated
and expressed as 1og10.
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Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA analysis was conducted following a previously described protocol
[13]. Maxisorb 96-well plates (Nunc; Denmark) were coated with 0.5 ug/ml of the
corresponding protein in 0.1 M sodium carbonate buffer, pH 9.3, overnight at 4°C.
Samples (100 ul) were added to duplicate wells in a series of two-fold dilutions and
incubated for 1 hour at 37°C. Following each step, the plates were washed with
blocking buffer (0.05% Tween 20 in PBS). Serum and reagents were diluted using
the same buffer. HRP-conjugated goat anti-mouse IgG antibodies (Sigma, USA)
were added at a volume of 100 pl per well. After incubation at 37°C for 1 hour, the
plates were developed with 100 pl per well of TMB substrate (BD Bioscience, The
Netherlands). Color development was observed after 20 minutes of incubation, and
the reaction was halted by adding 30 pul of 50% sulfuric acid. ELISA endpoint titers
were determined as the highest dilution yielding an optical density at 450 nm
(OD450) greater than the mean OD450 plus 3 standard deviations of the negative
control wells.

Bioinformatics Analysis

Analysis of Group A Streptococcus (GAS) DNA and proteins was conducted
utilizing the NCBI non-redundant (nr) database and the BLAST tool [6], both of
which are freely accessible resources. DNA primer design was facilitated by the
Primer 3.0 computer program. Protein sequence analysis for B cell and T cell
epitopes was performed using the Immune Epitope Analysis Database and Resource
(IEDB), a freely available tool.

Genetic Engineering Procedures

A chimeric gene, scpA-speA, 1536 bp in length, was chemically synthesized
with built-in BamHI and Hindll1 restriction sites and initially cloned into the vector
plasmid DNA pAL2-T (Evrogen, Russia).

Fragments of the scpA and speA genes were obtained via polymerase chain
reaction (PCR) using the primers listed in Table 1. The primer sequences were
designed to incorporate BamHI and Sacl restriction endonuclease sites for efficient
cloning.

Subsequently, the resulting scpA-speA gene and scpA gene fragment were
cloned into the expression vector pQE-30 (The QlAexpress System, Qiagen, USA).
Additionally, the speA gene fragment was cloned into the expression vector pET-27.

Purification of Recombinant Proteins:

Cultures of E. coli strains M15 and BL21 were grown in Terrific Broth
medium and induced by the addition of an IPTG solution. Following induction, cells
were lysed using an ultrasonic disintegrator (Soniprep 150plus, MSE, UK). The
resulting cell lysate was then applied to a Ni-Sepharose column for the purification
of recombinant proteins. Following purification and determination of protein
concentration using the Lowry method, the product was stored at -20°C.

Immunoblotting Analysis

Immunoblotting was performed according to standard protocols. Briefly,
protein samples were separated by SDS-PAGE using a 12% polyacrylamide gel and
transferred onto a nitrocellulose membrane using a semi-dry transfer system. The
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membrane was then blocked with 5% non-fat milk in Tris-buffered saline with 0.1%
Tween-20 (TST) for 1 hour at room temperature. After blocking, the membrane was
incubated with primary antibodies (sera obtained from mice immunized with
recombinant protein ScpA, SpeA or ScpA-SpeA) against the target protein overnight
at 4°C. Following primary antibody incubation, the membrane was washed three
times with TST and then incubated with horseradish peroxidase-conjugated
secondary antibodies (Sigma, USA) for 1 hour at room temperature. After three
additional washes with TST, protein bands were visualized using staining HRP
substrate - 3, 3'-diaminobenzidine (DAB).

Statistical Data Analysis

Data normality was assessed using the Shapiro-Wilk test, and statistical
significance (p-value) was determined using a Student’s t-test. Results are presented
as mean = SEM. Statistical analysis was conducted using the statistical module of
GraphPad Prism 6 software (GraphPad Software, Inc., San Diego, CA, USA). p-
values < 0.05 were considered significant.

3 Results

The chimeric recombinant molecule investigated in this study was engineered
from two components corresponding to the immunogenic regions of streptococcal
proteins. It comprised a fragment of peptidase C5a (ScpA), an enzyme expressed on
the bacterial surface that cleaves and deactivates human complement factor C5a, and
a segment of the SpeA gene encoding the erythrogenic toxin of group A streptococci.
Both proteins are recognized as virulence factors for group A streptococci.

The efficacy of antibacterial polypeptide vaccines is widely acknowledged to
hinge upon the quality and specificity of the induced immune response. The
specificity of a vaccine can be broadened by incorporating conserved regions into
the vaccine molecule that are shared across a diverse array of serotypes of
pathogenic bacteria.

With these considerations in mind, a preliminary bioinformatic analysis was
conducted, facilitating the identification of conserved regions within the amino acid
sequences of ScpA and SpeA. These regions were found to harbor T and B cell-
dependent epitopes, thereby enhancing the potential specificity and efficacy of the
vaccine.

The amino acid sequences used for bioinformatic analysis were retrieved from
the NCBI Protein database [28] using the following accession numbers:
WP_011055051.1, WP _011054794.1. These sequences correspond to the proteins
ScpA and SpeA from GAS strain MGAS315. The NCBI Protein database version
used was the latest available at the time of retrieval. Conserved regions of the
proteins were selected based on sequence alignment using BLAST (Basic Local
Alignment Search Tool) [6] with a conservation threshold of 100% identity.

The selected ScpA and SpeA protein sequences corresponded to the ScpA and
SpeA sequences at positions 42-366 and 57-229, respectively (Figure 1).

Subsequently, within the identified regions, analysis using the IEDB immune
epitope database revealed the presence of top-ranking B-cell epitopes, alongside T-
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cell-dependent epitopes that exhibited a predicted strong binding affinity to MHC
Il molecules (Figure 2).

During the construction of the vaccine molecule, functionally active regions
were intentionally excluded from the sequences of streptococcal proteins.
Specifically, the conserved active site of ScpA, characterized by three amino acid
residues (Ser-Asp-His), was altered due to the absence of serine residue No. 512
[14]. Additionally, the selected SpeA structure lacked Glu-33, which is essential for
the formation of a zinc binding site by the SpeA protein, necessary for MHC class
Il recognition [3]. These alterations were made to prevent the retention of functional
activity in the vaccine molecules. The two amino acid sequences were linked
together using the linker region GGGGGGSSS (Table 2).

The amino acid sequence of the chimeric recombinant protein ScpA-SpeA
was translated into a nucleotide sequence optimized for expression in E. coli. The
synthesis of the nucleotide sequence of the gene encoding the chimeric protein, the
principle of its cloning into the pQE-30 plasmid, the selection of transformant
clones, the preparation of the chimeric recombinant protein, and its purification are
detailed in the "Materials and Methods" section. The resulting chimeric recombinant
protein ScpA-SpeA exhibited a molecular weight of 70£0.5 kDa (Figure 3).

Strains producing components included in the chimeric protein ScpA-SpeA
were constructed, and recombinant ScpA and SpeA proteins were obtained as
described in the "Materials and Methods" section (Figure 3).

In an experiment conducted on Balb/c mice, the immunogenicity of the
chimeric recombinant protein was assessed in comparison to its constituent
fragments, ScpA and SpeA. The experimental protocol is illustrated in Figure 4.

Mice were subcutaneously immunized with the three proteins, and the 1gG
antibody levels in the blood serum were evaluated using ELISA after single and
double immunization. ELISA analysis of the humoral immune response revealed
that both the GAS chimeric proteins and recombinant analogs of its components,
when administered twice, induced the accumulation of 1gG antibodies in the blood
serum. Importantly, the immune response to the chimeric molecule resulted in the
production of antibodies specific to both components of the chimera - C5a and SpeA.
Furthermore, antibodies to C5a and SpeA in the ELISA assay interacted with the
chimeric molecule immobilized on the bottom of the plate (Figure 5).

The ELISA findings were corroborated through immunoblotting (Figure 6A).
The results indicate that the serum of mice immunized with the chimeric protein
harbors antibodies capable of binding not only to the chimeric protein itself but also
to the recombinant fragments of the peptidase ScpA and SpeA. Additionally, sera
obtained from mice immunized with individual components of the combined protein
exhibited binding to it in immunoblotting (Figure 6B).

A comparative investigation into the protective efficacy of the chimeric
protein and its individual recombinant components against S.pyogenes infection was
conducted through intraperitoneal administration of a suspension of GAS serotype
M1 at a dose of 5 x 1077 per mouse, followed by monitoring the bacterial count in
the spleen of mice at 3 and 15 hours post-infection (Figure 7).
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Mice subjected to standard immunization were intraperitoneally infected with
a bacterial suspension. S.pyogenes load in the spleens was assessed at 3 and 15 hours
post-infection. For detailed procedures, refer to the Materials and Methods section.
Bacterial load were expressed as 1og10 and presented as mean £ SEM on the ordinate
axis, (*)—p < 0.05.

After 15 hours following the onset of infection, a notable increase in the rate
of clearance of intraperitoneally administered GAS was observed in mice vaccinated
with both the GAS chimera and its components — SpeA and ScpA.

Thus, it has been demonstrated that the combined protein ScpA-SpeA,
comprising fragments of C5a peptidase and erythrogenic toxin, displays
Immunogenicity upon subcutaneous administration twice to mice, eliciting a robust
humoral immune response. 1gG antibodies, specific to the chimeric protein itself, as
well as its individual components, accumulated in the blood serum. Following
intraperitoneal infection caused by GAS serotype M1, accelerated elimination of
streptococcus from the bodies of mice immunized with the chimeric protein and its
individual components was reliably observed.

4 Discussion

The World Health Organization (WHO) has articulated the need to create an
effective vaccine against Group A Streptococcus (GAS), which has led to increased
research in this area [46]. The investigation of the M protein and its components as
vaccine candidates has advanced to the stage of clinical trials [32]. Additionally,
progress has been made in the development of other non-M protein vaccines [45, 44,
22].

To ensure reliable neutralization or elimination of GAS, researchers
frequently test multicomponent combinations of various streptococcal proteins [36,
37, 35, 5, 12]. An alternative to mixing vaccine proteins into a single formulation is
the production of combined recombinant proteins. These are composed of specially
selected fragments of various GAS proteins that possess specific properties such as
varied specificity, immunogenicity, conservativeness and safety.

We constructed a two-component protein consisting of tandem fragments of
two GAS proteins: C5a peptidase (ScpA) and SpeA. Both proteins have been
extensively studied as vaccine candidates due to their critical roles as major
virulence factors for GAS [31].

Protein fragments were carefully selected to include conserved regions of the
molecules containing T- and B-cell epitopes. This approach ensures the elicitation
of a robust immune response following vaccination.

The production of composite recombinant vaccine formulations represents a
prominent avenue in the advancement of protein vaccine manufacturing
technologies [7].

Among protein GAS vaccines, polyvalent recombinant formulations
comprising tandem variable sequences of N-terminal fragments of the M protein
from various GAS serotypes occupy the forefront. However, given that the literature
has described over 200 M serotypes of S. pyogenes to date, the feasibility of
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developing a vaccine capable of targeting all serological variants of GAS appears
challenging [1].

Expansion of the serological specificity of the vaccine preparation can be
achieved by including conserved protein regions in the vaccine molecule that are
present in all or the most virulent and epidemiologically relevant strains of
streptococci. The C5a peptidase shows a significant degree of conservation and is
found in all members of the different GAS serotypes. C5a peptidase is a surface
protein of GAS that plays an important role in immune evasion by cleaving the host
chemotactic peptide C5a and interfering with the development of the host
inflammatory response [23, 19].

The amino acid sequence of C5a peptidase shares 98% similarity between S.
pyogenes and Streptococcus agalactiae, suggesting the potential for vaccine-
mediated prevention, including against Group B streptococcus (GBS) infections
[22].

Conversely, SpeA, encoded by temperate bacteriophages, is prevalent in the genome
of the majority of GAS strains, contributing to the invasive properties of streptococci
[21, 26].

Incorporation of SpeA, a known streptococcal pyrogenic exotoxin produced
by GAS, into the vaccine molecule is expected to provide protection against the risk
of invasive infections.

Regions exhibiting a high degree of homology, characterized by significant
sequence conservation or alignment scores, were identified in the amino acid
sequences of ScpA and SpeA using the BLAST tool. These regions were
incorporated into the corresponding proteins of GAS serotypes associated with
increased virulence across various clinical settings (serotypes M1, M3, M12, M18,
M89).

The composite molecule was formulated to mitigate the risk of enzymatic
activity associated with ScpA and the mitogenic activity linked to SpeA. Notably,
the selected conservative fragment of ScpA lacked amino acid sequences
responsible for the formation of the enzyme's active center [14].

A mutation was introduced into the nucleotide sequence encoding the SpeA
fragment to induce an amino acid substitution at Glu 33. This mutation, as indicated
by Baker et al. (2001), results in a significant reduction in the mitogenic properties
of the toxin [3].

According to bioinformatics analysis, the recombinant polypeptides ScpA and
SpeA, as well as the linear sequence of the studied combined molecule, contained a
substantial number of B- and T-dependent epitopes essential for eliciting a robust T-
dependent immune response. This was corroborated by the results of immune
response assessments following the first and second immunizations.

Just two weeks after the initial subcutaneous administration, IgG antibodies
to the test antigens were detected in the blood of mice. Subsequent immunizations
led to increased antibody levels (Figure 5), indicating the T-dependent nature of the
Immune response to all test antigens.
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Specific 1gG targeting epitopes of ScpA and SpeA were observed in the blood
of mice immunized with the chimeric protein (Figure 5). This was demonstrated in
ELISA assays, where both the chimeric protein and its components were adsorbed
onto the plate surface.

The data were corroborated by the results of immunoblotting. In
immunoblotting, 1gG antibodies present in the serum of mice vaccinated with the
chimeric molecule showed binding affinity not only to the chimera but also to both
individual polypeptides ScpA and SpeA (Figure 6A). IgG antibodies targeting ScpA
and SpeA interacted with the chimeric protein molecule (Figure 6B). For practical
application of the ScpA-SpeA vaccine molecule, additional assessment of the safety
of antibodies formed against spatial determinants resulting from the secondary and
tertiary folding of this artificial protein will be necessary.

The protective efficacy of the induced immune response was evaluated using
a model of peritoneal GAS infection in CBA mice. GAS M1 serotype expressing
SpeA was selected for the assessment of the vaccine protectivity. For this purpose
we have chosen the peritoneal infection model. The reason for this choice was based
on the inability of rodent models to establish significant oropharyngeal colonization
of GAS or exhibit symptomatic infection. Since GAS is a human-specific pathogen,
the lack of a native animal model for studying GAS pathogenesis has also posed
challenges for GAS vaccine development [2].

The protective efficacy of vaccination was evaluated by assessing the rate of
bacterial clearance from the bodies of vaccinated and control animals, as indicated
by the bacterial load in the spleen. A comparative analysis of the protective
effectiveness was conducted not only for the chimeric vaccine but also for its
individual components.

Three hours post intraperitoneal administration, no significant differences
were observed in the spleen infection levels among the studied groups, although
there was a trend towards accelerated bacterial elimination in mice vaccinated with
ScpA (Figure 7). However, after 15 hours, a significant reduction in bacterial load
was evident in the spleens of mice across all three immunized groups compared to
the control.

Anti-Cb5a peptidase antibodies play an essential role in the immune response
to GAS infection by neutralizing the ScpA enzyme, thereby restoring the function
of C5a. This leads to enhanced recruitment and activation of immune cells, improved
phagocytosis, and overall more effective clearance of the bacteria, reducing the
pathogen's ability to evade the host immune system [23].

In line with classical concepts of infectious immunology, bacterial elimination
primarily occurs through effective opsonophagocytosis, which serves as the
principal mechanism for limiting bacterial infection [24].

There is conflicting information regarding the opsonizing potential of ScpA-
specific antibodies. Evidence suggests that immunization with the five-component
vaccine preparation Combo5, which includes ScpA, leads to the formation of non-
opsonizing antibodies [36]. Conversely, other data indicate that antibodies
generated by a five-component vaccine of similar composition possess opsonizing
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properties [4]. Additionally, according to Cheng et al., IgG against the C5a peptidase
of GBS are effective opsonins [8, 33].

This classical logic is less straightforward when considering the protective
efficacy of the immune response elicited by vaccination with a pyrogenic exotoxin,
which is an excreted protein.

Several studies have explored the potential use of exotoxins as vaccine
components. There is clinical observations documented in the literature that
antibodies that neutralize streptococcal toxins protect patients from toxic shock [15,
18].

There is experimental evidence indicating that immunization with SpeA
prevents the development of experimental nasopharyngeal infection of mice.
According to authors, the proposed mechanism of infection suppression they
recorded possesses a specific nature. ScpA targets and activates VB-specific T cells,
leading to the remodeling of the nasopharyngeal environment essential for initiating
the early stages of GAS colonization. Specific antibodies capable of neutralizing
SpeA prevent the formation of this environment, thereby impacting the early stages
of colonization and preventing infection development [48].

Previously R.G. Ulrich described a protein vaccine based on a recombinant
fusion protein of streptococcal pyrogenic exotoxin B (SpeB) and streptococcal
pyrogenic exotoxin A (SpeA) [43, 42].

Vaccination of susceptible to GAS infection HLA-DQ8 transgenic mice with
the SpeA-SpeB fusion protein protected against a challenge with the wild-type SpeA
that was lethal to naive controls. VVaccinated mice were protected from a lethal S.
pyogenes infection. The authors recorded the protective effect based on mortality
rates in the vaccinated and control groups and did not monitor bacterial infection.

The authors of the aforementioned studies discussed the protective
mechanisms following SpeA immunization within the context of neutralizing the
free pyrogenic toxin with antibodies and mitigating its pathogenetic effects. In our
investigation, the intraperitoneal administration of GAS simulated an invasive
infectious process. Bacteria within the peritoneal cavity could enter the bloodstream,
either directly through compromised blood vessels or indirectly via the lymphatic
system, ultimately reaching the spleen. Remarkably, after just 15 hours, a marked
reduction in bacterial content was observed in the spleens of SpeA-immunized mice
compared to controls, indicating an accelerated clearance of bacteria in transit
through the bloodstream toward the spleen. The accelerated clearance of GAS from
the circulation in the SpeA-vaccinated group could be attributed to the process of
opsonophagocytosis.

It can be hypothesized that during the excretion process, the pyrogenic
exotoxin SpeA remains on the bacterial cell surface for a certain duration, ample
enough for opsonization to occur.

Indeed, it is plausible that SpeA could transiently associate with various
components of the GAS cell wall, including peptidoglycan, teichoic acids,
lipoteichoic acids, as well as adhesins and surface proteins. Such interactions may
facilitate its retention on the bacterial surface, thereby extending the window of
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exposure for potential opsonization and subsequent clearance by the immune system
[40]. We suggest that the planctonic variants of GAS which are dominating during
to the invasive process might be more sensitive to such opsonization and clearance.
A confident statement will require direct evidence however from our observations,
it can be cautiously assumed that the protective potential of SpeA in the vaccine
preparation may be realized not only through neutralizing the pyrogenic exotoxin
with specific antibodies but also by accelerating the elimination of S. pyogenes via
opsonophagocytosis.
4 Conclusions

Our results suggest that the ScpA-SpeA chimeric protein could be a valuable
vaccine candidate for controlling GAS infections. The presence of conserved ScpA
and SpeA fragments in the studied molecule implies the effectiveness of the immune
response against multiple isolates of S. pyogenes due to extensive antibody cross-
reactivity. This aspect warrants further exploration.
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TABJINLbBI

Table 1. Oligonucleotide Primers.

Primer Sequence

Name a
Scpafor TCC TGG ATC CGA ACA AACCGT AGAAACTCCAC
Scparev TCTTGG AGCTCGGCTGTTTTG ACCGTAGCAGT
spefor GGATCC AAGCCAACTTCACAGATCTAGT

sperev

GTAAGC TTC AAT TTG GCT TGT GTT TGA




Table 2. Amino Acid Sequences of Recombinant Polypeptides.

Recombinant
Polypeptide

Amino Acid Sequences

ScpA-SpeA

MRGSHHHHHHGSEQAVETPQPTAVSEEVPSSKETKTPQTP
DDAEETIADDANDLAPQAPAKTADTPATSKATIRDLNDPS
QVKTLQEKAGKGAGTVVAVIDAGFDKNHEAWRLTDKTK
ARYQSKEDLEKAKKEHGITYGEWVNDKVAYYHDYSKDG
KTAVDQEHGTHVSGILSGNAPSETKEPYRLEGAMPEAQLL
LMRVEIVNGLADYARNYAQAIRDAVNLGAKVINMSFGNA
ALAYANLPDETKKAFDYAKSKGVSIVTSAGNDSSFGGKTR
LPLADHPDYGVVGTPAAADSTLTVASYSPDKQLTETAMV
KTDDQQDKEMPVLSTNRFEPNKAGGGGGGSSSGDPVTHE
NVKSVDQLLSHDLIYNVSGPNYDKLKTELKNQEMATLFK
DKNVDIYGVEYYHLCYLCENAERSACIYGGVTNHEGNHL
EIPKKIVVKVSIDGIQSLSFDIETNKKMVTAQELDYKVRKY
LTDNKQLYTNGPSKYETGY IKFIPKNKESFWFDFFPEPEFT
QSKYLMISLIS

ScpA

MRGSHHHHHHGSTPQPTAVSEEAPSSKETKTPQTPDDAGE
TVADDANDLAPQAPAKTADTPATSKATIRDLNDPSQVKTL
QEKAGKGAGTVVAVIDAGFDKNHEAWRLTDKTKARYQS
KEDLEKAKKEHGITYGEWVNDKVAYYHDYSKDGKTAVD
QEHGTHVSGILSGNAPSETKEPYRLEGAMPEAQLLLMRVE
IVNGLADYARNYAQAIRDAINLGAKVINMSFGNAALAYA
NLPDETKKAFDYAKSKGVSIVTSAGNDSSFGGKTRLPLAD
HPDYGVVGTPAAADSTLTVASYSPDKQLTEILKLN

SpeA

MKYLLPTAAAGLLLLAAQPAMAMDIGINSDPSQLHRSSLV
KNLQNIYFLYEGDPVTHENVKSVDQLLSHDLIYNVSGPNY
DKLKTELKNQEMATLFKDKNVDIYGVEYYHLCYLCENAE
RSACIYGGVTNHEGNHLEIPKKIVVKVSIDGIQSLSFDIETN
KKMVTAQELDYKVRKYLTDNKQLYTNGPSKYETGY IKFI
PKNKESFWFDFFPEPEFTQSKYLMIYKDNETLDSNTSQIRK
LAAALEHHHHHH
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PUCYHKHU

Figure 1. Bepipred liner epitope prediction of ScpA and SpeA.

ScpA

Beplpred Linear Epltope Prediction 2.0 Resuits
Input Sequences

1 EQAVETPQPT AVSEEVPSSK ETKTPQTPOD ACETIADDAN DLAPQAPAKT ADTPATSKAT
61 IRDLKDPSQV KTLQEKAGKG AGTVVAVIDA GFDKMHEAWR LTDKTKARYQ SKEDLEKAKK
121 EHGITYGEWV NDKVAYYHDY SKDGKTAVDQ EHGTHVSGIL SGNAPSETKE PYRLEGAMPE
181 AQLLLMRVET VNGLADYARM YAQAIRDAVN LGAKVIMMSF GNAALAYANL PDETKKAFDY
241 AKSKGVSIVT SAGNDSSFGG KTRLPLADHP DYGVVGTPAA ADSTLTVASY SPDKQLTETA
391 MVKTDOQQDK EMPVLSTNRF EPNKA
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SpeA

Bepipred Linear Epitope Prediction 2.0 Results
Input Sequences
1 GDPVTHENVK SVDQLLSHDL IYNWSGPNYD KLKTELKNQE MATLFKDKNV DIVGVEYYHL

61 CYLCENAERS ACIVGGVTNH EGNHLEIPKK IVWKVSIDGI QSLSFDIETN KKMVTAQELD
121 YKVRKYLTON KQUYTNGPSK YETGYIKFIP ENKESFWFDF FPEPEFTQSK YLMISLIS
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ol | | i
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055
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0.454
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Position

Average: 0,492 Minimum: 0.263 Maximum: 0,638

Predicted peptides:

No. Start. End Peptide Length
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2 7 | 2| [ 1
R s
4 | 8 72 | CYLCENAERSAC 12
s | 7| e | vossemer | 12
8 100 2 05 3
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Figure 2. The IEDB immune epitope database analysis of ScpA and SpeA.

ScpA

MHC-Il Binding Prediction Results

Input Sequences

Sequence
1|sequence 1| EQAVETPQPTAVSEEVPSSKETKTPQTPDDAEET IADDANDLAPQAPAKT

SAGNDSSFGGKTRLPLADHPDYGVVGTPAAADSTLTVASYSPDKQLTETA

MVKTDDQQDKEMPVLSTNRFEPNKA

Prediction method: netmhciipan_el 4.1 | High score = good binders
Download result [

Citations
Allele Start  End ength  Core Sequence  Peptide Sequence ore  Percentile Rank
HLA-DRE3%02:02 | 1 194 208 15 YARNYAQAT LADYARNYAQATRDA 0.9510 001
HLA-DRB3%02:02 | 1 193 207 15 YARNYAQAT GLADYARNYAQATRD 0.9323 0.04
HLA-DRB1:07:01 | 1 234 248 15 FDYAKSKGY TKKAFDYAKSKGVST | 09655 004
HLADRB1*07:01 | 1 235 249 15 FDYAKSKGY KKAFDYAKSKGVSIV 08725 004
HLADRB1°07:01 | 1 233 247 15 FDYAKSKEY ETKKAFDYAKSKGVS | 0.9537 0.06
HLA-DRB1%07.01 | 1 237 251 15 YAKSKGYST AFDYAKSKGVSIVTS 0.9553 n.08
HLA-DRE1%07.01 | 1 238 250 15 YAKSKGVST KAFDYAKSKGVSIVT 0.9566 0.08
HLADRB3*02:02 | 1 195 208 15 YARNYAQAL ADYARNYAQAIRDAV 08071 007
HLADRB3*01:01 | 1 125 139 15 WWNDKVAYY TYGEWVNDKVAYYHD 09361 007
HLADRB301:01 | 1 126 140 15 WVNDKVAYY YGEWVNDKVAYYHDY | 0.9326 0.08
HLA-DRE3%02:02 | 1 192 208 15 YARNYAQAT NGLADYARNYAQATR 0.8265 014
HLA-DRE3*01.01 | 1 127 M 15 WVHNDKVAYY GEWVNDKVAYYHDYS 0.8447 014
HLADRB3*01:01 | 1 124 138 15 WVNDKVAYY ITYGEWVNDKVAYYH 08498 014
HLADRB1*07:01 | 1 232 246 15 FDYAKSKGY DETKKAFDYAKSKGV 0.6834 018
HLADRB1*15:01 | 1 131 145 15 VAYYHDYSK NDKVAYYHDYSKDGK 0.8383 037
HLA-DRE1%07.01 | 1 238 252 15 YAKSKGYST FOYAKSKGVSIVTSA 0.8245 o4
HLA-DRE4*01.01 | 1 32 46 15 TADDANDLA EETTADDANDLAPQA 0.5842 046
HLA-DRB5*01:01 | 1 106 120 15 YQSKEDLEK KARYQSKEDLEKAKK | 06335 045
HLADRB4*01:01 | 1 80 84 15 TWVAVIDAG GAGTVVAVIDAGFDK 0.5398 057

SpeA

MHC-II Binding Prediction Results

Input Sequences

Sequence

1| sequence 1 | GDPVTHEMVKSVDQLLSHDL IYNVSGPNYDKLKTE LKNQEMATLFKDKNY
DIVGVEVYHLCYLCENAERSACTYGGWTNHEGNHLEIPKKIVVKVSIDGT
QSLSFDIETNKKMYTAQELDYKVRKYLTONKQLYTNGPSKYETGYIKFIP
KNKESFWFDFFPEPEFTQSKYLMISL

Prediction method: netmhciipan_el 4.1 | High score = good binders

Download result [X]

Citations.
Allele Start End Length Core Sequence Peptide Sequence ore Percentile Rank
HLA-DRB3*02:02 | 1 17 Hn 15 LIVNVSGPN SHDLIYMVSGPNYDK | 0.9216 0.05
HLA-DRBS™01:01 | 1 28 a0 15 YDKLKTELK GPNYDKLKTELKNQE | 0.8837 0.08
HLA-DRB5*01:01 | 1 25 39 15 YDKLKTELK SGPNYDKLKTELKNQ 0.8281 o10
HLA-DRB3"02:02 | 1 18 30 15 LIVHVSGPH LSHDLIYNVSGPNYD | 0.8652 011
HLA-DRB5*01:01 | 1 141 155 15 YIKFIPKNK YETGYIKFIPKNKES | 0.8100 012
HLA-DRB5*01:01 | 1 142 156 15 YIKFIPKNK ETGYIKFIPKNKESF 0.7957 013
HLA-DRB4*01:01 | 1 " 125 15 VTAQELDYK KKMVTAQELDYKVRK | 0.7749 019
HLA-DRE3*02:02 | 1 18 2 15 LIVNVSGPN HDLIYNVSGPNYDKL 0.7853 022
HLA-DRE5*01:01 | 1 140 154 15 YIKFIPKNK KYETGYIKFIPKNKE 07213 02s
HLA-DRE5%01:01 | 1 24 38 15 YDKLKTELK VSGPNYDKLKTELKN 07215 02s
HLA-DRB5*01:01 | 1 27 41 15 YDKLKTELK PNYDKLKTELKNQEM 07114 028
HLA-DRB#"01:01 | 1 10 124 15 VTAQELDYK NKKMUTAQELDVKVR | 0.6903 030
HLADRB3'02:02 | 1 15 29 15 LIVNVSGPH LLSHDLIYNVSGPNY 0.6911 0.38
HLA-DRB1%03:01 | 1 123 137 15 YLTDNKQLY VRKYLTDHKQLYTNG 0.8882 0.39
HLA-DRE3*01:01 | 1 123 137 15 YLTDNKQLY VRKYLTDNKQLYTNG | 0.6810 0.45
HLA-DRB1%03:.01 | 1 122 136 15 YLTDNEQLY KVREYLTDNKQLYTN | 0.8819 050
HLADRB3"01:01 | 1 122 136 15 YLTDNKQLY KVRKYLTDNKQLYTN | 0.6354 059
HLA-DRB5"01:01 | 1 143 157 15 YIKFIPKNK TGYIKFIPKNKESFW | 0.5778 085
HLA-DRB4*01:01 | 1 102 15 VWKVSIDGL PKKIVWKVSIDGIQS | 0.5057 0.69
HLA-DRB1*03:01 | 1 124 138 15 YLTDNKQLY RKYLTDNKQLYTNGP | 0.8218 069
HLA-DRB4*01:01 | 1 109 123 15 VTAQELDYK TNKKMVTAQELDYKY | 0.4959 0.78
HLA-DRB4"01:01 | 1 12 126 15 VTAQELDYK KMVTAQELDYKVRKY | 0.4328 0.80
HLADRB3*01:01 | 1 121 135 15 YLTDNKQLY YKVRKYLTOMKQLYT | 0.5380 0.81
HLA-DRB3"01:01 | 1 124 138 15 YLTDNKQLY RKYLTDMKQLYTHGP | 0.5285 082
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Figure 3. SDS-PAGE of Recombinant Polypeptides.
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Figure 4. Schematic representation of the immunization protocol for mice followed
by evaluation of the protective efficacy of the induced immune response. For
detailed procedures, refer to the "Materials and Methods" section.
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Figure 5. Sera analysis post-immunization: specific 1gG response to ScpA-SpeA
molecule detected in ELISA.
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Figure 6. Immunoblotting Analysis of Serum Specificity.

A
| W
B
ScpA-  gepA SpeA anti ScpA  anti SpeA  anti ScpA-SpeA
SpeA IgG IeG IeG

A. Electrophoresis was performed on a 12% polyacrylamide gel (PAGE) to
separate the proteins ScpA-SpeA, ScpA, and SpeA, followed by transfer to
nitrocellulose paper and treatment with serum obtained from mice immunized with
the chimeric protein ScpA-SpeA.

B. The chimeric protein ScpA-SpeA was subjected to 12% PAGE
electrophoresis in triplicate, followed by transfer to nitrocellulose paper and
treatment with sera obtained from mice immunized with proteins ScpA, SpeA, and
the chimeric ScpA-SpeA, respectively. For detailed procedures, refer to the
Materials and Methods section.



GAS RECOMBINANT CHIMERIC VACCINE

PEKOMBUHAHTHAS XUMEPHAS BAKIIUHA ITPOTUB CT'A 10.15789/1563-0625-TGA-3138
Figure 7. Assessment of Protective Efficacy of the Immune Response.
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