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A novel peptide cocktail containing B and T cell epitopes confers robust protection
against Staphylococcus aureus bacteremia in a murine model
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Abstract

Previous Staphylococcus aureus vaccines have been unsuccessful, but it seems that including T cell immunity
in the vaccine is essential for its success. This study used Metal ABC transporter substrate-binding protein
(MABC), Nickel ABC transporter (NABC), and Phosphatidylinositol phosphodiesterase (PIc) B and T cell
epitopes as a vaccine in a mouse bacteremia model. Mice immunized with Plc and epitope mixture groups

showed robust humoral immunity and high survival rates in the bacteremia model. The highest protection
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level of mice was shown in the peptide mixture group, which was correlated with robust humoral response,
the highest level of interferon-gamma (INF-y) and the lowest levels of interleukin-2 (IL-2). The peptide mix-
ture group also showed the highest count of CDS cells. These results demonstrate that including B and T cell
epitopes improved both the humoral and cellular immunity and resulted in the best outcome in the S. aureus
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bacteremia model. This finding has important implications for the development of future S. aureus vaccines.
the article online
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1. Introduction

Staphylococcus aureus (S. aureus) is a gram-positive
opportunistic pathogen responsible for significant morbi-
dity and mortality worldwide (from 20% to 50%, depen-
ding on infection severity). S. aureus can be a highly lethal
pathogen with a mortality rate during bacteremia in deve-
loped countries [1]. One of the most challenging factors
of S. aureus management is the bacterium's capability of
the bacterium to expand resistance to many antibiotics
[2]. Reports of multidrug-resistant S. aureus strains, like
methicillin-resistant S. aureus (MRSA), represent a glo-
bal health threat. MRSA infections significantly increase
treatment costs and lead to poorer patient outcomes, hi-
ghlighting the urgent need for a vaccine against Staphylo-
coccus aureus [3].

Vaccines target Staphylococcal surface antigens like
Clumping factor proteins (CIfB)[4], Surface-regulated
iron-binding protein B [5], Capsular Polysaccharides 5
and 8 (CP5 and CP8) [6], Manganese binding protein C
(Mntc), Serine-aspartate repeat protein E and D (SdrE and
SdrD)[7]. These proteins were selected due to their high
degree of conservation across S. aureus strains [8]. Un-

fortunately, early vaccine studies in clinical trials, such as
StaphVAX [6], in phase III clinical studies, did not effec-
tively protect against S. aureus bacteremia infection [9].
In contrast, the following studies targeted a variety of Sta-
phylococcal antigens to improve vaccination effectiveness
[8]. Although it was shown that the quadrivalent vaccine
“(Pfizer)” could not prevent invasive infections after spi-
nal surgery, clinical development of the vaccine was aban-
doned in phase IIb, highlighting the challenges associa-
ted with Staphylococcal immunization. Furthermore, no
antibody-based S. aureus vaccines have been successful in
clinical trials [5,6]. This failure subsequently led to further
consideration of T cells' role in S. aureus infection protec-
tion, so the design of the S. aureus vaccine should consider
the inclusion of T cells.

An in-silico reverse vaccinology study was carried
out in our lab to identify potential vaccine candidates that
were tested in a panel of S. aureus clinical isolates [10].
Phosphatidyl inositol phosphodiesterase (Plc) gene B cell
and T cell epitopes were designed, synthesized, and tested
in mice bacteremia models. Results showed promising
results in mice survival [10]. Also, the zinc metallopro-
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teinase aureolysin was cloned, expressed, and tested in-
vitro against sera collected from humans infected with S.
aureus and showed high reactivity with the human sera
[11]. S. aureus's metal transporter protein C mechanisms,
particularly those necessary for iron and manganese accu-
mulation, are crucial for its pathogenicity[12]. The current
study aimed to test the effectiveness of T cell and B cell
epitopes of gene cocktail of (Plc), (NABC transporter), and
(MABC) protein against S. aureus mice Bacteremia model.

2. Materials and methods
2.1. Experimental Animals and Ethics Statement

The animal house of the Holding Company for the Pro-
duction of Vaccines, Sera, and Drugs (VACSERA -Egy-
Vac) provided the six-week-old female BALB/c mice
with an average body weight of 20 g (n=20/group). After
a week of acclimation, the animals were separated into six
groups of 20 mice/group. They were kept in plastic cages
in a room with conventional lighting and a 12-hour cycle
of light and dark at a temperature of 25+1°C. The animals
were housed under standard conditions with ad libitum
access to food and water. All animal experiments com-
plied with the Egyptian regulations for the care and use
of laboratory animals. The study protocol was reviewed
and approved by the Institutional Animal Care and Use
Committee (IACUC) / Research Ethics Committee of the
Faculty of Pharmacy, Suez Canal University (Approval
Reference: PM-NR3-PHD-17).

2.2. Bacterial strains

S. aureus bacteremia induced by standard S. aureus
strain ATCC 25923 1x107cfu/mL [13], which was pur-
chased from the Microbiological Resources Center (Cairo
MIRCEN). Bacterial strains were cultured in Trypticase
soy agar (Trypticase soy broth 30 gm, agar 15 g, distilled
water 1 liter), autoclaved for 15 minutes at 121 °C, and
aerobically at 37 °C overnight.

2.3. Data Retrieval

For S. aureus full genomes downloaded from GenBank,
Standalone Blast-p [14] was used. The National Center for
Biotechnology Information against S. aureus subsp aureus
NCTC 8325 (Reference genome provided by University
of Oklahoma Health Sciences Center) (ftp:/ftp.ncbi.nlm.
nih.gov/genomes/archive/old GenBank/Bacteria) [15].
According to [16], Blast-P was used and approved pro-
teins having alignment results of at least 80% coverage,

Table 1. Chemically synthesized peptides and their characteristics.

40% identity, and cutoff e-value of 10-12. The predicted
proteins have been listed as prospective vaccination candi-
dates because they fulfilled the requirements specified by
the Vaxign server. Homologous proteins to humans, pigs,
or mice were excluded. The VaxiJen v2.0 server was used
to predict the antigenicity of the complete protein sequence
[17], which may be accessed at www.ddgpharmfac.net/
vaxijen/VaxiJen/VaxiJen.html, with a threshold of 0.45.
Proteins with antigenic scores of less than 0.45 were cho-
sen. Initially, selection criteria included 10 genes included
conservation of the chosen antigens across S. aureus ge-
nomes. Two Genes were selected based on our previous
study results [10,11], Plc (Accession No. YP498656) and
Nickel ABC transporter (Accession No. YP501226). The
third gene is (Gene name SAUSA300 0618), Metal ABC
transporter substrate-binding protein, selection of Metal
ABC transporter substrate-binding protein (MABC) from
previous study [18], the same peptides were used in our
recent research in a skin infection model [19].

2.4. Target Peptide

The first gene was (MABC) B cell epitopes; (113—136
amino acid); (209—232 amino acid) and (263-286

amino acid) as previously reported [18]. The second
gene (NABC) was nominated as a potential gene candi-
date in our previously published study [10]. B-cell epitope
prediction was made using DiscoTope 2.0 Server (www.
cbs.dtu.dk/services/Disco Tope). T cell prediction was
made using. The SignalP 5.0 server (www.cbs.dtu.dk/ser-
vices/SignalP). Their sequence is shown in Table 1. The
third gene peptide was the previously published peptide
sequence of (Plc) (B cell epitopel72-185 amino acid, T
cell epitope 187-201, and 48-96 amino acids) [10]. Peptide
synthesis was done by GenScript, USA. Each peptide was
prepared by reconstitution with sterile water to a concen-
tration of 1mg/ml.

2.5. Murine Bacteremia Model

Mice groups: 1-4 were intraperitoneally immunized
with MABC, NABC, Plc, and Mixed peptides in equal
concentration and adjuvanted with Alum. For the mixture
group, an equal concentration of each peptide was used.
Booster doses were applied two weeks post the primary
injection using the half concentration of the first dose of
each peptide in each group, as shown in Table 2. Mice were
challenged intravenously with 0.5 ml inoculum containing
107 CFU 8. aureus ATCC 25923 on day 30. Two control

Conservancy Amino acid Purity

Name Peptide Epitope type Antigenicity (%) position (%)
EPIc-1(A) KKVIAVSKDVKPIYLNGEEGNKDK B-cell (MABC) - 100% 113-136 95.2%
MABC EPIc-2(B) FKYFSKQYGITPGYIWEINTEKQG B-cell (MABC) - 100% 209-232 96.1%
EPIc-3(C) MESLSEETKKDIFGEVYTDSIGKE B-cell (MABC) - 100% 263-286 97.1%
EPIc-1(D) KDSDVRQKDGKN B-cell (NABC) 2.97 100% 336-347 98.8%
NABC EPIc-2(E) DMNPHVYGGSMSAES T-cell (NABC) 1.32 100% 21-35 99.7%
EPIc-3(F) YLQAEFKKMGIKLNI T-cell (NABC) 1.37 100% 367-381 99.1%
EPIc-1(M) TGSNANPTLKETKG B-cell(PIc) 2.59 100% 172-185 92.5%
PIc EPIc-2(N) IVLENRMGGTYIKSG T-cell(Plc) 0.63 100% 187-201 91%
EPIc-3(0) KSGVRFFDIRGRASA T-cell(Plc) 1.89 100% 84-96 94.6%

*Epitopes A, B, C belong to MABC, Epitopes D, E, F belong to NABC transporter and Epitopes M, N, O belong to Pic.



Peptide vaccine for S. aureus.

Cell. Mol. Biol. 2026, 72(1): 9-15

Table 2. Mice immunization groups and peptide concentrations in bacteremia model.

Group 3 Group 4 Group 5 Group 6
Group 1 (MABC) Group 2 (NABC) P . P (Negative (Negative
(PIc) (Mixture)
control 2)  control 1)
50ug(M) 16.67ug(A) +16.67ug(B)
. 50pg(A)+50ug(B) +50ug(N)  +16.67ug(C) +16.67ug(D) Negative Plain/
+ +
g;f:t g;’se+ 50ug(C) +40 ug gg“gEFD)) +Sf§g(Ei1um +50ug(0) + +16.67ug(E) +16.67ug(F) control2,  Negative
y Alum HE HE 40ug Alum  +16.67ug(M) +16.67ug(N) 40ug Alum  control 1
+16.67ug(0) +40pg Alum
8.33ug(A)+ 8.33ug(B)+
Booster 25ug(A)+25ug(B) + 25ugM) +  8.33ug(C) +8.33ug(D) + Negative Plain/
25ug(D)+25ug+ 25ug(N)+  8.33pg (E) +8.33ug(F) .
dose1l  25ug(C)+40ug Control2, Negative
(Day 14) Alum 25pg(F)+40pg Alum 25pug(0) +  +8.33pug(M) +8.33ug(N) 40ug Alum  control 1
40 pg Alum  +8.33ug(0)+40
Alum
4.16ug(A)+ 4.16pg(B)+
12.5pg(A) 12.5ug(M) . .
Booster 112.5n0(B) 12.51g(D)+12.50g(E) + +12.51g (N) 4.16pg(c) +4.16ug(D) + Negative Plam/'
dose 2 112.51g(C) + 40ug 12.5ua(F)+ 40 pg Alum  +12.50g (O) 4.16ug(E) +4.16pug(F) control2, Negative
(Day 28) Alum 140 pgAlum +4.16pg(M) +4.16ug(N) 40 pg Alum control 1

+4.16ug(0) +40pugAlum

groups were used; the negative control 2 group was chal-
lenged with 0.5 ml inoculum containing 10’ CFU S. aureus
ATCC 25923 on day 30, and the negative control group 1
(plain/normal mice). The survival rate was monitored af-
ter the challenge [13]. In addition, the sera of each animal
group were collected from the tail vein for analysis of IgG
using ELISA [20] at intervals (0 days, 14 days, 30 days, 37
days). The sera of each animal group were collected from
the tail vein for analysis of Interleukin 10, Interleukin 2,
and Interferon-gamma (IFN- v) at intervals (30 days, 37
days, 58 days, and 86 days).

2.6. Enzyme-linked immunosorbent assay (ELISA)

High protein-binding 96-well microtiter plates (Costar
- USA) were coated with 5 pg of each peptide in 50 pl so-
dium bicarbonate buffer (PH 9.6) as the coating buffer for
the ELISA test. A 1% addition of bovine serum albumin
was made for non-specific binding. Following washing,
serum samples were diluted (1:50) and treated for 1 hour
at 37 °C with coated antigen. HRP goat anti-human IgG
(Sigma-Aldrich, USA) was used as the secondary anti-
body at dilution of 1:2000. ELISA was detected using
HRP substrate solution for 15 minutes at 30 °C. With the
addition of 4M sulfuric acid, the reaction was halted after
15 minutes, and a microplate reader (Bio-Rad) was used
to measure the absorbance at 450 nm [21]. Positive wells
read three times higher than the mean of wells treated with
antigen alone without serum[22].

Cytokine Assays: Interleukin 10 (IL-10), Interleukin 2
(IL-2), and Interferon-gamma (IFN- y) assessment was
conducted using RayBio®Mouse IL-10 (Cat. N.: ELM-
IL10), IL-2 (Cat. N: ELM- IL 2), and IFN-y (Cat. N.: ELM-
IFN v). Biotinylated anti-mouse for IL-10, IL-2, and IFN-y
were used to coat 96-well plates. Controls and samples
were pipetted into the target wells, and sera samples were
bound to the immobilized antibody. The plates were incu-
bated and washed, and biotinylated antibodies were ad-
ded. HRP-conjugated streptavidin was pipetted as 100 pL/
well, TMB substrate solution was added as 100 pL/ well
post-decanting of streptavidin, and the developed color
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was in proportion to the number of cytokines bound. The
Stop Solution turned the color from blue to yellow, and the
ELISA reader (ELX-800 Biotek, USA) was used to assess
the color's intensity at 450 nm.

2.7. Histological study

At the end of the experiment (86 days), liver and spleen
samples were collected from animals. Samples were remo-
ved after mice scarification. All samples were processed
[22], fixed in 10% formalin, processed in ascending grade
alcohol series (70-90-100%), cleared in xylene and em-
bedded in paraffin, and cut 4-5 um thickness.

The sections were loaded on glass slides, stained with
hematoxylin & eosin (H&E), and microscopically exami-
ned at 200X and 400X magnification for light microscopic
(Hund Germany) observations.

2.8. Flow cytometry

T-cell differentiation was carried out using a flow cy-
tometer (FACScan; Becton Dickinson, Mountain View,
CA, USA) assay. The spleens were taken out and weighed
eighty-six days after the inoculation. Single spleen sus-
pensions were created using a syringe plunger and 10
ml of phosphate-buffered saline (PBS) solution on a
Petriplate. The mixture was filtered to create single-cell
suspensions by using a cell strainer to obtain single-cell
suspensions, which were then centrifuged at 300xg to
collect cell pellets. The pellets were 70% methanol fixed
and re-suspended in PBS with 2% benzene sulfonic acid.
Two samples were made of re-suspended cells from each
mouse’s spleen and separately incubated for 30 min with
an excess of fluorescein isothiocyanate-conjugated mouse
rat anti-CD4 monoclonal antibody and PE-rat anti-CD8a
(BioLegend, San Diego, CA, USA).

2.9. Statistical analysis

Using SPSS, the statistical analysis was completed
(Social Science version 28.00). The independent T-test
was the best tool for comparing the means of two sets of
quantitative variables in a parametric analysis. Two-way
ANOVA using Fisher's at a 95% confidence level. The
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Fig. 1. The survival rates of Balb /c mice (n=20) injected with vac-
cine candidates MABC (G1), NABC (G2), Pic (G3), Peptide mixture
group (G4). Negative control 1 mice were a plain group. Negative
control 2 is mice injected with alum only, then challenged by S. au-

reus strain ATCC 25923 (1 x 10~ CFU/ml).

quantitative nature of the analytical data led to the parame-
tric distribution of the Levane test being conducted. Charts
produced with GraphPad PrismS.

3. Results
3.1. Three peptide vaccines provided high protection
against S aureus in Bacteremia model

The protective efficacy of the peptide vaccine in the
bacteremia model was assessed by monitoring mouse sur-
vival. In female BALB/c mice, the highest survival rate
(85%) was observed in the group immunized with a mix-
ture of B- and T-cell epitopes from Plc, MABC, and NABC.
The Plc epitope group showed 80% survival, followed by
the MABC group (70%) and the NABC group (50%), as
shown in Figure 1.

3.2. B-cell adaptive immunity against .S aureus in Bac-
teremia

Immunization with the peptide vaccine induced a strong
antibody response. The highest IgG titer was observed in
the Plc group, measuring 54.26 pg at day 30 post-first
vaccination and remaining elevated at day 37. The peptide
cocktail group generated a titer of 40.52 pg, followed by
the MABC group (29.38 pg). The NABC group showed the
lowest IgG response after the vaccination protocol (Figure
2).

3.3. Differential cytokine levels in mice Bacteremia
model (IL-2/IL-10/ INF- y)

From monitoring IL-2 in a mixture of tripeptides, the
best level was shown after 37 days (10.05 pg/ml), then it
reached at the end of the experiment (9.1 pg/ml), Plc pep-
tides groups showed low levels of IL-2 (7.584 pg/ml) after
30 days and relatively the same level at the end of the expe-
riment (7.308 pg/ml) as shown in Figure 3(A). IL-10 in the
mixture of tripeptides group was 490.4 pg/ml after 30 days
of vaccination, after challenge, it became 537.6 pg/ml, and
after 86 days, it remained high (559.8 pg/ml). Plc peptides
group was 510.4 pg/ml after 30 days and 466.7 pg/ml after
37 days, and at the end, it became 552.5 pg/ml as shown in
Figure 3B. INF- v in the mixture of tripeptides group was
1.541 pg/ml after 30 days of vaccination and Plc peptides
group was 1.491 pg/ml. After the challenge (37 days), the
mixture group recorded 2.155 pg/ml, while the Plc group
recorded 2.799 pg/ml. At the end of the experiment, the
mixture group level became 2.03 pg/ml, and the Plc group
level was 2.262 pg/ml, as shown in Figure 3C.
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Fig. 2. Level of IgG of four mouse groups and negative control at
different intervals. The data are shown as means SE (n=20), with
a lowercase letter after each bar. Each group's mean values are
denoted with a different letter to signify a significant difference
(a-b). Significant and highly significant differences are shown in
the two-way ANOVA with Fisher’s post-hoc test) and the level of
significance (p<0.05, p<0.01, p<0.001).
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Fig. 3. Interleukin 2 (IL-2), B Interleukin 10 (IL-10) and C Interferon-
gamma (IFN v). Significant differences are shown in the two-way ana-
lysis of variance (ANOVA) by the signs *, **, and ***, respectively.
G1 (MABC); G2 (NABC); G3 (PIc); G4 (peptide mixture); negative
controll; negative control 2, which are mice injected with alum only,
then challenged by S. aureus strain ATCC 25923.

Fig. 4. A) Effect of four groups on the levels of CD4 and CDS. The
values are defined as means + SE (n=20) (***; highly significant
at p-value<0.001 GI(MABC); G2(NABC); G3(PIc); G4(mixture);
negative control 2 and, negative control 1 (plain group ). B) Flow-
cytometry picture in the 6 mice groups; G1(MABC), G2 (NABC),
G3(PIc), G4(mixture). Negative control 2 mice injected with alum
and challenged by S. aureus strain ATCC 25923 (1x107cfu/mL), ne-
gative control 1 (plain group).
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3.4. Histopathology of Liver and Spleen

Histological evaluation showed that the best vaccina-
tion candidates were Gp 3 (Plc peptides), Gp4 (peptide
mixture), MABC peptides, and NABC peptides. Similar
findings in the histology of the liver between Gp3 and Gp4
include modestly dilated portal veins and portal tracts,
notable central vein enlargement with a moderate peri-ve-
nular inflammatory infiltrate, minor intra-lobular inflam-
mation, and scattered apoptosis. The level of inflammation
is higher in Gp2 than in Gp 1(Fig 5.A).
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Histological evaluation of spleen sections was perfor-
med to assess the immune response (Fig. 5B). In Group
3 (Plc-vaccinated), the best-performing group, spleens
exhibited mildly expanded red pulp due to small lympho-
cytes and few scattered giant cells. Group 4 (antigen mix-
ture-vaccinated) showed average-sized lymphoid follicles
with tangible-body macrophages and a mildly expanded
red pulp containing excess macrophages and few giant
cells. In contrast, the positive control spleens had relati-
vely small lymphoid follicles with central arterioles and
a markedly expanded red pulp infiltrated by numerous
macrophages and many scattered giant cells.

4. Discussion

Designing a single and universal vaccine for S. aureus
is a highly complicated process, partly due to S. aureus
genetic heterogeneity and the wide spectrum of virulent
factors and multiple virulence pathways[23]. Despite our
best efforts, we could not significantly reduce circulatory
system contamination, regardless of the antigen combina-
tions or adjuvants used in the study. Alum is utilized as
an adjuvant; While Alum significantly improves humoral
immunity, it has little impact on cellular immunity[24].
The method of delivery and adjuvant choice significantly
impact the type of immune response a vaccination induces
[24]. Our study demonstrated the immune protective effi-
cacy of Plc peptides in mice bacteremia, as shown pre-
viously in our pilot study [10]. Nickel ABC-transporters
are involved in nickel transport in S. aureus, which is
essential for urease activity and implicated in S. aureus
UTI pathogenesis [25]. Metal ABC-type permease sys-
tems typically feature two membrane-associated nucleo-
tide-binding domains that link energy to metal import, two
integral membrane domains. Provide a transport channel
and a metal-binding protein that scavenges the metal with
high affinity[26]. Studies using mutagenesis that specifi-
cally target ATP-binding cassette (ABC) transporter com-
ponents have shown that a subset of these transporters
is crucial for the survival and growth of infections. Our
recent study results demonstrated efficacy of the the used
peptide cocktail in mice skin infection model [19].

The constant rise in [gG levels throughout the Plc pep-
tide immunized group and then the peptide mixture group
after challenge, which demonstrated the effectiveness of
the proposed peptides, indicates the robust humoral im-
mune response after vaccination. Antibodies against Plc
neutralize this enzyme, prevent hydrolysis, and may faci-
litate opsonophagocytic. The cytokine network is essen-
tial in controlling the inflammatory response to bacterial
infections. In order to ensure that the host produces the
proper response to combat the invasive pathogen while
also limiting needless pathology from excessive inflam-
mation, the balance between proinflammatory cytokine
(IL-2, IFN- y) and anti-inflammatory (IL-10) cytokines
should be kept. Our findings showed that IL-10 plays an
important role in survival during systemic acute S. aureus
infection [27]. The role of IL-10 is determined by the loca-
tion of infection. IL-10 protects the host during systemic
S. aureus acute peritoneal infection by limiting proinflam-
matory responses (IL-2), particularly T-cell responses,
reducing excessive inflammation and accompanying host
damage, as indicated by histopathology findings [28]. IL-2
cytokine encourages both T effector and T regulatory cells
to survive and grow. Group 4 showed the best levels of
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Fig. 5. A) Histopathology of liver in the 6 mouse groups: G1(MABC),
G2 (NABC), G3(PIc), G4(mixture group). B) Histopathology of
Spleen in the 6 mouse groups: GI(MABC), G2 (NABC), G3(PIc),
G4(mixture group). Negative control 2 mice were injected with alum
and challenged by S. aureus strain ATCC 25923 (1x107 CFU/ml),
negative control 1 mice were a plain group.

IL-2 stimulation of CD4 and CD8 and Gp3(PIc), respec-
tively [29].

The ability of Thl and Th17 cells to influence sus-
ceptibility is crucial for developing resistance to S. aureus
infection [30,31]. When administered intravenously, a
vaccine targeting S. aureus- induced pneumonia signifi-
cantly decreased bacterial load; this effect was countered
by IFN- vy and IL-17 generated by CD4 cells“In our ex-
periment Plc follow by G4 showed the optimal level of
IFN v [13].”.T helper cells were crucial in orchestrating
the phagocytic effector cells' response to eradicate the ill-
ness, but they did not actively attack bacteria or infected
cells. INF-y activated macrophages and cytotoxic T cells,
whereas IL-17 recruited neutrophils to disease sites [32].
Another T cell-resistant structure, known as CD8 cells,
also released INF- y and IL-17 and improved resistance to
S. aureus infection [33]. In terms of resistance to S.aureus
infection, components of CD4 and CD8 cells, as well as
INF- y and IL-17 released by these cells, have received
widespread consideration. By adjusting the recruitment of
neutrophils, dendritic cells, and macrophages, these cells
and the cytokines they release are thought to have strong
promise as vaccine targets, S. aureus contamination, and
in controlling the onset of resistance responses to lung
and skin diseases[34,35]. At the end of the experiment,
the count of CD4/ CDS8 was elevated. Bacteremia mice
showed a significant difference between the mice vacci-
nated with the mixture and negative control groups for
CD4 and CD8 counts. CD4 count in the four groups was
significantly higher from negative mice, which indicates
the antigenicity of the peptides for both B cells and T cells.

5. Conclusion

Reverse vaccinology is a sophisticated technique that
may be implemented to identify new vaccine candidates
against a number of microorganisms, and due to the exces-
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sive quotes of antibiotic resistance without successful vac-
cines in the marketplace for S. aureus. Our study results
demonstrated that including multiple genes, B cell and
T cell epitopes improved both the humoral and cellular
immunity and resulted in the best outcome in the bactere-
mia mice model. A more expanded in-vivo study is recom-
mended for testing (MABC, NABC transporter, and Plc)
as B cells and T cells peptides cocktail as a promising S.
aureus vaccine.

Conflict of Interests
The author has no conflicts with any step of the article
preparation.

Consent for publications
The author read and approved the final manuscript for
publication.

Ethics approval and consent to participate

This research was approved by the ethics committee of the
faculty of pharmacy, Suez Canal
University in Egypt (Reference
PHD-17).

numberPM-NR3-

Informed Consent
The authors declare that no patients were used in this study.

Availability of data and material
The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Authors' contributions

All authors contributed to the study's conception and
design. SK developed, optimized protocol and applied
experiments. SS wrote this manuscript. SK, SS, and AH
reviewed this draft and contributed and approved the final
manuscript.

Funding
The research is funded by the Academy of Science and
Innovation and Research, project number 2021/ 84D.

Use of Artificial Intelligence Tools

Some sentences in this manuscript were revised with the
assistance of artificial intelligence—based language models
to improve clarity and readability. All intellectual content,
interpretations, and conclusions are solely the responsibi-
lity of the authors.

References

1. Coombs GW, Daley DA, Lee YT, Pang S (2019) Australian Group
on Antimicrobial Resistance (AGAR) Australian Staphylococcus
aureus Sepsis Outcome Programme (ASSOP) Annual Report
2017. Commun Dis Intell 43. doi:10.33321/cdi.2019.43.11

2. Yarovoy JY, Monte AA, Knepper BC, Young HL (2019) Epi-
demiology of Community-Onset Staphylococcus aureus Bac-
teremia. West J Emerg Med 20:438-444. doi:10.5811/wes-
tjem.2019.1.41288

3.  Bendary MM, Solyman SM, Azab MM, Mahmoud NF, Hanora
AM (2016) Characterization of Methicillin-Resistant Staphylo-
coccus aureus isolated from human and animal samples in Egypt.
Cell Mol Biol (Noisy-le-grand) 62:94-100.

14

10.

11.

12.

13.

14.

15.

16.

17.

18.

Lacey KA, Mulcahy ME, Towell AM, Geoghegan JA, McLou-
ghlin RM (2019) Clumping factor B is an important virulence fac-
tor during Staphylococcus aureus skin infection and a promising
vaccine target. PLoS Pathog 15:¢1007713. doi:10.1371/journal.
ppat.1007713

Fowler VG Jr, Allen KB, Moreira ED, Moustafa M, Isgro F,
Boucher HW, Corey GR, Carmeli Y, Betts R, Hartzel JS, Chan
ISE, McNeely TB, Kartsonis NA, Guris D, Onorato MT, Smu-
gar SS, DiNubile MJ, Sobanjo-ter Meulen A (2013) Effect of an
investigational vaccine for preventing Staphylococcus aureus
infections after cardiothoracic surgery: a randomized trial. JAMA
309:1368-1378. doi:10.1001/jama.2013.3010

Fattom Al, Horwith G, Fuller S, Propst M, Naso R (2004) De-
velopment of StaphVAX™, a polysaccharide conjugate vaccine
against S. aureus infection: from the lab bench to phase III clinical
trials. Vaccine 22:880-887. doi:10.1016/j.vaccine.2003.09.030
YuW, Yao D, Yu S, Wang X, Li X, Wang M, Liu S, Feng Z, Chen
X, Li W, Wang L, Liu W, Ma J, Yu L, Tong C, Song B, Cui Y
(2018) Protective humoral and CD4+ T cellular immune res-
ponses of Staphylococcus aureus vaccine MntC in a murine peri-
tonitis model. Sci Rep 8:12910. doi:10.1038/s41598-018-31230-7
Anderson AS, Miller AA, Donald RGK, Scully IL, Nanra JS,
Cooper D, Jansen KU (2012) Development of a multicomponent
Staphylococcus aureus vaccine designed to counter multiple bac-
terial virulence factors. Hum Vaccin Immunother 8:1585-1594.
doi:10.4161/hv.21949

Giersing BK, Dastgheyb SS, Modjarrad K, Moorthy V (2016)
Status of vaccine research and development of vaccines for Sta-
phylococcus aureus. Vaccine 34:2962-2966. doi:10.1016/j.vac-
¢cine.2016.01.072

Soltan MA, Magdy D, Solyman SM, Hanora A (2020) Design of
Staphylococcus aureus new vaccine candidates with B and T cell
epitope mapping, reverse vaccinology, and immunoinformatics.
OMICS 24:195-204. doi:10.1089/0mi.2019.0162

Solyman S, Mohamed R, Amro H (2021) Expression, purifica-
tion and testing of zinc metalloproteinase aureolysin as a potential
vaccine candidate against Staphylococcus aureus. Afr J Biotech-
nol 20:77-84. doi:10.5897/AJB2020.17160

Hammer ND, Skaar EP (2011) Molecular mechanisms of Staphy-
lococcus aureus iron acquisition. Annu Rev Microbiol 65:129—
147. doi:10.1146/annurev-micro-090110-102821

Kim HK, Missiakas D, Schneewind O (2014) Mouse models for
infectious diseases caused by Staphylococcus aureus. J Immunol
Methods 410:88-99. doi:10.1016/j.jim.2014.03.016
Doytchinova IA, Flower DR (2007) VaxiJen: a server for predic-
tion of protective antigens, tumour antigens and subunit vaccines.
BMC Bioinformatics 8:4. doi:10.1186/1471-2105-8-4
Sonnhammer ELL, von Heijne G, Krogh A (1998) A hidden
Markov model for predicting transmembrane helices in protein
sequences. Proc Int Conf Intell Syst Mol Biol 6:175-182.
Garcia-Angulo VA, Kalita A, Kalita M, Torres AG (2014) Com-
parative genomics and immunoinformatics approach for the iden-
tification of vaccine candidates for enterohemorrhagic Escheri-
chia coli O157:H7. Infect Immun 82:2016-2026. doi:10.1128/
IAL.01574-13

Karosiene E, Rasmussen M, Blicher T, Lund O, Buus S, Niel-
sen M (2013) NetMHClIpan-3.0, a common pan-specific MHC
class II prediction method including all three human MHC class
II isotypes, HLA-DR, HLA-DP, and HLA-DQ. Immunogenetics
65:711-724. doi:10.1007/s00251-013-0720-y

Yang HJ, Zhang JY, Wei C et al (2016) Immunization with
immunodominant linear B Cell epitopes vaccine of manganese
transport protein C confers protection against Staphylococ-

cus aureus Infection. PLoS ONE 11(2):e0149638. https://doi.



Peptide vaccine for S. aureus.

Cell. Mol. Biol. 2026, 72(1): 9-15

19.

20.

21.

22.

23.

24.

25.

26.

org/10.1371/journal. pone.0149638

Samar M.Solyman, Shymaa A. Kamal, Amro S. Hanora. "Protec-
tion of Mice Vaccinated with a New B Cell and T Cell Epitopes
Cocktail from Staphylococcus aureus Challenge in Skin Infec-
tion Model." Current Microbiology, vol. 82, no. 4, 2025, p. 128,
doi:10.1007/s00284-025-04102-7.

Adhikari RP, Ajao AO, Aman MJ, Karauzum H, Sarwar J, Lydec-
ker AD, Johnson JK, Nguyen C, Chen WH, Roghmann M (2012)
Lower antibody levels to Staphylococcus aureus exotoxins are as-
sociated with sepsis in hospitalized adults with invasive S. aureus
infections. J Infect Dis 206:915-923. doi:10.1093/infdis/jis461
Yassin GM, Amin MA, Attia AS (2016) Immunoinformatics iden-
tifies a lactoferrin binding protein A peptide as a promising vac-
cine with a global protective prospective against Moraxella catar-
rhalis. J Infect Dis 213:1938-1945. doi:10.1093/infdis/jiw053
Bancroft JD, Stevens A, Turner DR (1996) Theory and Practice
of Histological Techniques, 4th edn. Churchill Livingstone, New
York.

Fowler VG Jr, Proctor RA (2014) Where does a Staphylococcus
aureus vaccine stand? Clin Microbiol Infect 20(Suppl 5):66-75.
doi:10.1111/1469-0691.12570

Moyer TJ, Kato Y, Abraham W, Chang J, Charlton N, Diamond
AD etal. (2020) Engineered immunogen binding to alum adjuvant
enhances humoral immunity. Nat Med 26:430-440. doi:10.1038/
s41591-020-0752-4

Hiron A, Posteraro B, Carriere M, Remy L, Delporte C, Sorda
M, Sanguinetti M, Juillard V, Borezée-Durant E (2010) A nickel
ABC-transporter of Staphylococcus aureus is involved in urinary
tract infection. Mol Microbiol 77:1246-1260. doi:10.1111/j.1365-
2958.2010.07270.x

Eitinger T, Suhr J, Moore L, Smith JA (2005) Secondary transpor-
ters for nickel and cobalt ions: theme and variations. Biometals
18:399-405. doi:10.1007/s10534-005-3715-1

15

27.

28.

29.

30.

31.

32.

33.

34.

35.

Tebartz C, Horst SA, Sparwasser T et al. (2015) A major role for
myeloid-derived suppressor cells and a minor role for regulatory T
cells in immunosuppression during Staphylococcus aureus infec-
tion. J Immunol 194:1100-1111. doi:10.4049/jimmunol.1401841

Leech JM, Lacey KA, Mulcahy ME, Medina E, McLoughlin RM
(2017) IL-10 plays opposing roles during Staphylococcus aureus
systemic and localized infections. J Immunol 198:2352-2365.
doi:10.4049/jimmunol.1601759

Bachmann MF, Oxenius A (2007) Interleukin 2: from immu-
nostimulation to immunoregulation and back again. EMBO Rep
8:1142-1148. doi:10.1038/sj.embor.7401099

Ferraro A, Buonocore SM, Auquier P, Nicolas I, Wallemacq H,
Boutriau D, van der Most R (2019) Role and plasticity of Thl
and Th17 responses in immunity to Staphylococcus aureus. Hum
Vaccin Immunother 15:2980-2992. doi:10.1080/21645515.2019
1644147

Saito S, Quadery AF (2018) Staphylococcus aureus lipoprotein
induces skin inflammation, accompanied with IFN-y-producing T
cell accumulation through dermal dendritic cells. Pathogens 7:64.
doi:10.3390/pathogens7030064

Holley MM, Kielian T (2012) Th1 and Th17 cells regulate innate
immune responses and bacterial clearance during central nervous
system infection. J Immunol 188:1360-1370. doi:10.4049/jim-
munol.1102038

Johansson MA, Bjorkander S, Forsberg MF et al. (2016) Probiotic
lactobacilli modulate Staphylococcus aureus-induced activation
of conventional and unconventional T cells and NK cells. Front
Immunol 7:273. doi:10.3389/fimmu.2016.00273

Daum RS, Spellberg B (2012) Progress toward a Staphylococ-
cus aureus vaccine. Clin Infect Dis 54:560-567. doi:10.1093/cid/
cir859

Dillen CA, Pinsker BL, Marusina Al et al. (2018) Clonally ex-
panded vy T cells protect against Staphylococcus aureus skin rein-
fection. J Clin Invest 128:1026-1042. doi:10.1172/JCI97377





