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Integrated immunodominant
epitope discovery for
dual-purpose rapid and
economical diagnostic
and immunoprotective
applications against MRSA
Longlong Chen1†, Pengju Yan1†, LianLi Duan1†,
Guangyang Ming1, Xiaoqiong Wang1, Jinyong Zhang1,
Zhifu Chen1, Qiang Gou1, Yue Yuan1, Haiming Jing1,
Ping Cheng1, Ping Luo1, Hao Zeng1, Zhiyong Liu2*,
Quanming Zou1* and Zhuo Zhao1*

1National Engineering Research Center of Immunological Products, Department of Microbiology and
Biochemical Pharmacy, College of Pharmacy and Laboratory Medicine, Army Medical University,
Chongqing, China, 2Department of Laboratory Medicine, Southwest Hospital, Army Medical
University, Chongqing, China
Current diagnostic and preventive strategies against Staphylococcus aureus

methicillin-resistant strains (MRSA) remain inadequate. Hence, we aimed to

identify candidate epitopes as potential therapeutic targets and diagnostic

biomarkers. We focused on clinically validated targets and investigated four

antigens (Hla, SEB, MntC, and IsdB) currently incorporated into phase III clinical

trials of a recombinant five-antigen vaccine (termed rFSAV) and the recently

identified leukocidin LukG. Using convalescent serum samples from patients with

clinically confirmed MRSA, we identified 10 immunodominant epitopes through

ELISA screening of overlapping 18-mer peptides, seven of which named MntC55-

72, MntC121-138, MntC271-285, SEB37-54, LukG30-47, LukG235-252, and LukG246–263

have not been previously reported. Immunoprotection trials showed that five

epitopes Hla168–185, IsdB384–401, MntC55–72, SEB37–54, and LukG235–252 elicited

effective protection in a BALB/c murine sepsis model infected with MRSA252.

The combination of these protective epitopes exhibited broad-spectrum efficacy

against both the MRSA252 strain and phylogenetically distinct clinical isolates.

Diagnostically, the performance of the epitope panel was superior to that of

conventional culture methods with a sensitivity of 0.839 and specificity of 0.826

in a 3-h detection window, thus offering rapid and cost-effective advantages.

Notably, bioinformatic analysis showed that all identified B-cell epitopes

contained predicted CD4+ T-cell epitope sequences, which suggests the

potential to elicit combined T–B cell immune responses through MHC-II

presentation. Thus, these immunodominant epitopes with dual functions that

integrate both diagnostic and immunoprotective capabilities could function as a
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novel immunodiagnostic toolkit that enables rapid MRSA detection and aid in

establishing a multi-epitope vaccine platform. These findings present an

integrated strategy that bridges diagnostic development and vaccine design for

MRSA management.
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1 Introduction

S taphy l o co c cu s aur eu s i n f e c t i on s ac coun t fo r a

disproportionately high number of fatalities worldwide (1). It

causes a wide variety of diseases including skin and soft tissue

infections, endocarditis, osteomyelitis, bacteremia, and fatal

pneumonia (2). A major cause of S. aureus devastation is

antibiotic resistance, and methicillin-resistant Staphylococcus

aureus (MRSA) bloodstream infections show the highest

mortality rate attributable to common gram-positive multidrug-

resistant bacteria in intensive care units and second highest

mortality rate among all drug-resistant bacteria (3). The

escalating consumption of healthcare resources has imposed a

cumulative economic burden and created critical biosecurity

vulnerabilities in the United States (4), China (5), United

Kingdom (6), Japan (7), and other countries. Current clinical

bacterial diagnostic methods such as bacterial culture are often

complex and time-consuming. Therefore, innovative diagnostic and

nonantibiotic immunization approaches are urgently required for

the clinical diagnosis and prevention of MRSA infections.

Currently, few practical diagnostic methods have been developed

(8), and vaccine candidates in development are either in the

preclinical or early clinical stages with some failing to elicit

protection in human subjects (9). The development of rapid

diagnostic modalities for MRSA infection is a critical determinant

of clinical outcomes, particularly for sepsis management (10). Early

pathogen identification enables the timely initiation of targeted

antimicrobial therapy, thereby reducing the critical window

between symptom onse t and appropr ia te ant ib io t i c

administration. Thus, the development of rapid diagnostic

methods would substantially improve diagnostic efficiency and

shorten the time required for drug treatment decisions, which

would significantly increase patient survival rate (11), especially in

sepsis cases.

Staphylococcus aureus infection requires the production of

surface proteins for bacterial adhesion to host tissues, secretion of

extracellular toxins and enzymes for destruction of host cells and

tissues, and evasion or inactivation of the host immune system (12).

Hence, diagnostic methods and vaccine-based immunoprotection

must simultaneously target several factors with different effects to

achieve comprehensive diagnostic value and immunoprotection.

rFSAV is a recombinant penta-antigen S. aureus vaccine developed
02
in our laboratory (13). Phase II clinical trials (CTR20181788, http://

www.chinadrugtrials.org.cn/) have verified its immunogenicity and

defense against S. aureus infections. Currently, phase III clinical

trials (CTR20221329, http://www.chinadrugtrials.org.cn/) are

underway. Alpha hemolysin (Hla), enterotoxin B (SEB),

manganese transporter C (MntC), and iron-regulated surface

determinant protein B (IsdB) are four antigens within rFSAV.

While active immunization with Hla (14), SEB (15), MntC (16),

and IsdB (17) individually provided partial protection against S.

aureus, passive immunization utilizing monoclonal antibodies

targeting these antigens afforded protection in a mouse sepsis

model (18). Additionally, bicomponent leukocidins are a key

factor for the immune evasion of S. aureus. Immunity targeting

leukocidins blocks their cytotoxic and immunosuppressive effects in

vivo, thereby conferring protection against bloodstream infections

(19). Staphylococcus aureus produces five different leukocidins:

gamma-hemolysin (HlgAB, HlgCB), leukocidin PVL (LukSF),

LukED, and LukGH (also known as LukAB) (20). LukGH

expression is significantly elevated compared to that of the other

leukocidal cytokines after phagocytosis of S. aureus by neutrophils

and is key to neutrophil evasion by S. aureus (21). Furthermore,

LukG and LukH are secreted as monomers, which regulate the

expression of inflammatory cytokines in neutrophils in their

monomeric form (22). Thus, immunization using the monomeric

form of LukG may elicit critical immunoprotection. Moreover, the

use of these five antigens for diagnosis could maximize the accuracy

of diagnostic tests.

The production of specific antibodies during the humoral

immune response plays a vital protective role against MRSA

infections (23). Antibody-based therapeutics are emerging as

promising strategies for combating drug-resistant bacterial

infections (24). Current vaccine development strategies show that

whole-antigen vaccines exhibit inferior efficacy compared with

those of epitope-specific formulations (25) as protective immunity

can be effectively elicited even by limited immunodominant

epitopes (26) . Immunodominant epi topes have been

systematically characterized across phylogenetically diverse

bacterial pathogens (27–29). Consequently, identifying the

immunodominant epitopes within these five antigens that drive

protective B-cell responses in infected populations is critically

important. Furthermore, these immunodominant epitopes may be

easily identified in the antigens based on the strong immune
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response that they induce (30). Antibodies developed during the

convalescent phase of infection show significant protective

effects against pathogenic reinfection and act as critical

components of adaptive immunity (31). As Hla, SEB, MntC, IsdB,

and LukG are MRSA autoantigens that are recognized by

autoantibodies in the sera of MRSA-infected patients, population-

specific immunodominant epitopes have been successfully

identified using sera from infected individuals (32). The

immunodominant epitopes thus identified are potential diagnostic

markers and immunoprotective targets and play an improved role

in diagnosis and protection.

In this study, we used the clinical MRSA-infected population as the

model to systematically identify immunodominant B-cell epitopes in

the five antigens through the immunological analysis of convalescent

sera from patients with clinical MRSA. Four epitopes were derived

from the four distinct rFSAV components Hla, SEB, MntC, and IsdB

and one epitope from the LukG toxin. Experiments were performed in

BALB/c murine infection models to validate the protective immunity

elicited by these epitopes against MRSA252 strains. Furthermore,

epitope cocktail formulations were used to identify synergistic

protection against heterologous clinical isolates. Further serological

assays were performed to determine the diagnostic sensitivity and

specificity of the candidate epitopes in detecting serum IgG in patients

with active infections, which would indicate their dual potential as

therapeutic targets and diagnostic biomarkers.
2 Materials and methods

2.1 Ethics statement

All animal and human experiments were approved by the

Laboratory Animal Welfare and Ethics Committee of the Army

Medical University (Chongqing, Permit No. AMUWEC2019027).

The experiments were performed in accordance with the approved

guidelines. We obtained informed consent from all participants.
2.2 Animals, antigens, and antiserum

BALB/c mice (6–8-week-old, specific pathogen-free, female)

were purchased from Sichuan Weitong Lihua Experimental

Animal Technology Co., Ltd. (Sichuan, China). Peptide–keyhole

limpet hemocyanin (KLH) conjugate was performed for each

immunodominant peptide by GL Biochem Ltd. (Shanghai,

China). A total of 30 convalescent serum samples were collected

fromMRSA-infected patients at Southwest Hospital, Army Medical

University (Chongqing, China), including 16 from bacteremia

cases, and 14 from localized infection cases (9 with skin and soft

tissue infection, 5 with pneumonia). MRSA infection was confirmed

in all patients through bacterial culture and clinical drug

susceptibility testing. Antisera with titers > 1:6400 were selected

for subsequent epitope mapping.

The MRSA252 strain was acquired from the American Type

Culture Collection (ATCC; Manassas, VA, USA). Bacterial stocks
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were cultured on Mueller–Hinton agar (MHA) plates at 37°C, and a

single colony was inoculated into Mueller–Hinton broth (MHB) for

overnight growth. Next, 100 mL were transferred into 10 mL of fresh

MHB and cultured for approximately 4 h. The supernatant was

removed through centrifugation and diluted with phosphate-

buffered saline (PBS) to obtain the desired colony concentration.
2.3 Linear B-cell epitope mapping

Next, 18-mer peptides with 12 amino acid length overlaps to

cover the full lengths of Hla (Sequence ID: ADQ77533.1), IsdB-N2

(Sequence ID: WP_031875332.1), MntC (Sequence ID:

WP_095231761.1), SEB (Sequence ID: AUT32286.1), and LukG

(Sequence ID: WP_000595324.1) were synthesized and purified by

GL Biochem Ltd. (Shanghai, China). Additionally, OVA192–201

(EDTQAMPFRV) synthesized by the same company and bovine

serum albumin (BSA) (Sequence ID: NP_851335.1) served as

negative control peptide and protein, respectively. The peptides

(purity ≥ 95%) were dissolved in dimethyl sulfoxide (1 mg/mL) and

stored at −80°C.

The serum samples were diluted 1:300 (v/v) in PBS. Nonspecific

binding was prevented by blocking the coated microtiter plates with

PBS (pH 7.4) containing 2% BSA. Peroxidase-conjugated goat anti-

human IgG antibodies (Solarbio, Beijing, China) at 1:3500 dilution

were used as the secondary antibodies. The ELISA results are

expressed as absorbance at 450 nm. The normal value for each

peptide was calculated by testing the sera from healthy humans. The

positive threshold was defined as 2.1-fold above the mean

absorbance of negative control serum.
2.4 Immunization and infection

To determine the protective efficacies of Hla, SEB, MntC, IsdB,

and LukG immunodominant peptides, the mice were randomized

into different groups and intramuscularly injected with 100 mg of an
individual immunodominant peptide–KLH conjugate + Quil-A

adjuvant (n = 8), or Hla, SEB, and LukG immunodominant

peptide–KLH mixture (Mix3) (n = 10), or Hla, SEB, MntC, IsdB,

and LukG immunodominant peptide–KLH mixture (Mix5) (n =

10), or Quil-A adjuvant + PBS (n = 8 or 10), or PBS alone on days 0,

14, and 21 (n = 8 or 10). Then, 1 week after the last booster, mice in

the Mix3, Mix5, Quil-A + PBS, and PBS alone groups were infected

with 6×108 or 8×107 CFU/mL of S. aureus strain MRSA252 in 100

mL saline via tail vein injection. The survival rate in each group was

monitored for 7 days.
2.5 Bacterial burden, severity score, and
tissue histology

Seven days post-immunization (n = 8/group), mice were

challenged with 8×10⁷ CFU MRSA252. Kidneys and lungs were

aseptically harvested 48 h post-infection, homogenized in PBS, and
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serially diluted (5-fold). Homogenates were plated on MHA and

incubated 24 h at 37°C. Bacterial burden was expressed as

CFU/organ.

The health status of the mice was assessed following MRSA252

sublethal infection by establishing a 0–4 scoring system based on

their overall condition and fur status at 2 days post-infection. The

scores were assigned as follows: 0, healthy mice with smooth and

glossy fur and no abnormalities; 1, mildly lethargic appearance with

reduced activity but normal feeding and slight fur with mild

ruffling; 2, significant lethargy, reduced activity and feeding, mild

fever or weight loss, and ruffled fur with mild hair loss; 3, extremely

lethargic, no feeding, fever or significant weight loss, respiratory

distress, cyanosis, severely ruffled fur, significant hair loss, and skin

redness or inflammation; and 4, severe infection symptoms such as

shock or coma, severe secondary organ damage, extensively ruffled

fur, extensive hair loss, and skin ulcers or infections.

For histopathological analysis, organs were fixed in 4%

paraformaldehyde, paraffin-embedded, sectioned at 4 mm, and

stained with hematoxylin and eosin for microscopic evaluation.
2.6 Structural localization and sequence
alignment of immunodominant epitopes

The immunodominant peptides were mapped onto the Hla,

SEB, MntC, IsdB, and LukG 3D structures (PubMed protein

database) using PyMOL 1.1. Hla, SEB, MntC, IsdB, and LukG

sequences from different S. aureus strains were retrieved from the

GenBank database for alignment using the National Center for

Biotechnology Information Basic Local Alignment Search

Tool (BLAST).
2.7 B cell, Th cell, and CTL epitope
prediction

The CTL epitopes of the five proteins were predicted using

SYFPEITHI and NetCTL. The Th cell epitopes of the five proteins

were predicted using SYFPEITHI and NetMHCIIpan 4.0. B cell

epitopes were predicted using the Protean module of

DNASTAR Lasergene.
2.8 Challenge with clinical MSRA isolates

Challenge strains were selected from distinct phylogenetic

clades based on evolutionary analyses reported previously (33).

Three geographically diverse Chinese MRSA isolates (CQ19, BJ2,

GZ9) were used. Mice received intravenous challenges of 4×10⁷

CFU per strain via tail vein, with concurrent administration of

either MIX3 + Quil-A (test group) or Quil-A + PBS (control group).

Survival analysis was performed using the Kaplan-Meier estimator.
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2.9 Diagnostic experiments

The identified epitopes were used to develop diagnostic assays.

The five immunodominance epitopes were coated on 96-well plates

at a dose of 20 mg per well, and the sera of patients with clinical MRSA

infection and those of uninfected individuals were selected for

detection. The dilution was 1:300, and sheep anti-human IgG was

used as the secondary antibody at a dilution of 1:5000. The sensitivity

and specificity of these assays were evaluated using a panel of clinical

MRSA-infected and non-infected serum samples collected from

Southwest Hospital. Among these, MRSA-positive samples (n = 31)

were confirmed by clinical bacterial culture and drug sensitivity

testing. Non-infected serum samples (n = 24) comprised two well-

characterized non-MRSA groups confirmed by clinical drug

sensitivity testing: 16 healthy controls with no history of MRSA

infection or hospitalization and negative for S. aureus colonization

(via nasal swab culture), and 8 disease controls with infection from

non-MRSA pathogens (4 methicillin-sensitive S. aureus, 4 Klebsiella

pneumoniae) verified by bacterial culture to exclude MRSA.
2.10 Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0.

Data are expressed as the mean ± SD and were analyzed by one-way

ANOVA with Bonferroni’s post hoc test. Significance was assigned

at p < 0.05. Statistical analysis of the diagnostic test was performed

using SPSS (version 19.0). McNemar’s paired c² test was used for

the comparison of two sample rates; the calibrated McNemar’s

paired c² test and exact probability method were used when

necessary, and the Kappa test was used to measure the

coincidence. The ELISA cutoff of the diagnostic test was

determined using Youden’s J index method.
3 Results

3.1 Identification of immunodominant
epitopes on Hla, SEB, MntC, IsdB, and
LukG using sera from clinical patients
infected with MRSA

Linear B-cell epitope mapping was performed by ELISA

screening of overlapping 18-mer peptides against convalescent

sera from MRSA patients. As shown in Figure 1, we identified 10

distinct epitopes (Hla162–179, Hla168–185, IsdB384–401, MntC55–72,

MntC121–138, MntC271–285, SEB37–54, LukG30–47, LukG235–252, and

LukG246–263) with strong IgG reactivity. The epitope sequences are

listed in Table 1. The immunodominant epitopes Hla162–179, Hla168–

185, and IsdB384–401 may share the same B-cell epitope as Hla191–208,

Hla194–211, Hla197–214, and IsdB384–401, which were previously

identified using serum from antisera obtained from c-di-AMP +
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HI antisera (34) and sera from volunteers in a Phase 1b clinical trial

of rFSAV (35). The other seven epitopes have not been previously

reported and may harbor novel linear B-cell epitopes. Notably,

systematic bioinformatic screening of candidate epitopes showed no

detectable homology to established toxigenic domains in the

virulence factor database.
3.2 Immunization with individual
immunodominant epitopes elicited
different protective efficacies against
MRSA252 challenge

To de t e rmine the pro t e c t i v e ro l e o f ind iv idua l

immunodominant epitopes against MRSA infection, BALB/c mice

were immunized with KLH–conjugated epitopes + Quil-A

adjuvants, Quil-A + PBS, or PBS alone prior to MRSA252

infection. As MntC is an S. aureus membrane protein, we

exclusively used the epitope peptide that showed the highest OD
TABLE 1 Sequence of the immunodominant epitopes on Hla, SEB, MntC,
IsdB and LukG identified in this study.

The immunodominant
epitopes

Sequence of the
immunodominant epitopes

Hla162-179 DKKVGWKVIFNNMVNQNW

Hla168-185 KVIFNNMVNQNWGPYDRD

IsdB384-401 VMETTNDDYWKDFMVEGQ

MntC55-72 LTDADVILYNGLNLETGN

MntC121-138 LDNGIKYVKTIQQTFDNG

MntC271-285 KMMKSNIETVHGSMK

SEB37-54 INVKSIDQFRYFDLIYSI

LukG31-48 QKNITOSLOFNFLTEPNY

LukG235-252 MSHDKKDKGKS OFVVHYK

LukG247-264 FVVHYKRSMDFFKIDWNR
FIGURE 1

B-cell epitope mapping in Hla, SEB, MntC, IsdB, and LukG using ELISA results. To identify immunodominant epitopes of Hla (A), IsdB (B), MntC (C),
SEB (D), and LukG (E), microtiter plates were coated with synthetic overlapping peptides spanning each full-length antigen. Positive controls
included full-length Hla, SEB, MntC, and IsdB proteins or the LukG peptide pool; negative controls used OVA192–201 or BSA. Sera from clinical MRSA
patients served as primary antibodies. Absorbance was measured at 450 nm, with optical density (OD) values representing triplicate experiment
averages from all nine patients per group. Data are represented as the means ± SD. Significant differences are indicated as **p < 0.01.
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value during epitope screening in the immunoprotection trial.

Owing to the inherent limitation in immunogenicity elicited by

single epitopes, which may be inferior to the multi-epitope synergy

of full-length proteins, we implemented a focused experimental

design using murine bacterial colonization models to evaluate

epitope-specific protective efficacy.

Considering the crucial role of adjuvants in enhancing

immunogenicity of vaccines involving non-replicating,

inactivated, and subunit antigens (36) and the insufficiency of

antibodies alone in producing a response to various S. aureus

strain-induced diseases, we designed a next-generation vaccine to

stimulate a cellular immune response (37). We used Quil-A

adjuvant, which induces both humoral and cellular immune

responses (38), to compensate for the deficiency of B cell epitope

immunity during a cellular response. In the MRSA sepsis model,
Frontiers in Immunology 06
systemic bacterial dissemination led to characteristic multi-organ

colonization patterns. The kidneys and lungs are the commonly

colonized organs (2).

The bacterial load was evaluated in the organs of the

immunization group mice 48 h after MRSA252 challenge. The

bacterial burden in the kidneys and lungs was significantly lower in

mice immunized with Hla168–185-, IsdB384–401-, MntC55–72-, SEB37–

54-, and LukG235–252-KLH + Quil-A than in those treated with Quil-

A + PBS and PBS alone. Compared with Quil-A + PBS group: in the

kidney, Hla168–185-KLH + Quil-A (p = 0.0036), MntC55–72-KLH +

Quil-A (p = 0.0049), IsdB384–401-KLH + Quil-A (p = 0.0049),

SEB37–54-KLH + Quil-A (p = 0.0043), and LukG235–252-KLH +

Quil-A (p < 0.0001) (Figures 2A, C); in the lung, Hla168–185-KLH +

Quil-A (p = 0.0084), MntC55–72-KLH + Quil-A (p = 0.0130),

IsdB384–401-KLH + Quil-A (p = 0.0071), SEB37–54-KLH + Quil-A
FIGURE 2

Bacterial burden in the lungs and kidneys of mice immunized with immunodominant epitope peptides after challenge with MRSA252 via tail vein
injection. (A) Kidney bacterial burden in MRSA252-challenged mice immunized with Hla168–185, IsdB384–401, MntC55–72, SEB37–54-KLH + Quil-A,
Quil-A + PBS, or PBS alone. (B) Lung bacterial burden in MRSA252-challenged mice immunized as described in (A). (C) Kidney bacterial burden in
MRSA252-challenged mice immunized with LukG30–47, LukG235–252, LukG252–269-KLH + Quil-A, Quil-A + PBS, or PBS alone. (D) Lung bacterial
burden in MRSA252-challenged mice immunized as described in (C). Significant differences are indicated as *p < 0.05, **p < 0.01, ****p < 0.0001.
"ns" denotes "not significant". (n = 8 per group; two independent experiments).
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(p = 0.0087), and LukG235–252-KLH + Quil-A (p < 0.0001)

(Figures 2B, D). The other immunodominant epitope peptides

did not exhibit significant differences. Therefore, the effects of

Hla168–185-KLH, IsdB384–401-KLH, MntC55–72-KLH, SEB37–54-

KLH, and LukG235–252-KLH were stronger than those of the other

epitopes and Quil-A + PBS.
3.3 Immunization with mix-epitope-KLH
reduced MRSA252 infection in a lethal
sepsis model

As the efficacy of a single immunodominant peptide is limited,

we investigated whether these immunodominant peptides elicited

an additive effect. BALB/c mice were immunized with the following

cocktails: Hla168–185-KLH, MntC55–72-KLH, IsdB384–401-KLH,

SEB36–53-KLH, and LukG235–252-KLH (Mix5-epitope-KLH);

Hla168–185-KLH, SEB36–53-KLH, and LukG235–252-KLH (Mix3-

epitope-KLH); and PBS + Quil-A or PBS alone prior to lethal

MRSA252 challenge.

Survival analysis showed that 80% of the mice immunized with

Mix3-epitope-KLH + Quil-A and 70% of the mice immunized with

Mix5-epitope-KLH + Quil-A survived the MRSA252 challenge.

These rates were significantly higher than that of mice

immunized with PBS + Quil-A or PBS alone. Thus Mix-epitope-

KLH immunization exerted a higher protective efficacy and

exhibited an additive effect in controlling MRSA252 infection.

The significance of the protective effect of Mix-epitope-KLH +

Quil-A was evaluated using the log-rank (Mantel-Cox) test.

Compared with the PBS + Quil-A group, the Mix3-epitope-

KLH + Quil-A (p = 0.0199) and Mix5-epitope-KLH + Quil-A (p

= 0.0510) groups had significantly higher protective efficacies.

Similarly, the Mix3-epitope-KLH + Quil-A (p = 0.0002) and

Mix5-epitope-KLH + Quil-A (p = 0.0004) groups had higher

protective efficacies than the PBS alone group. No statistically

significant difference was observed between the PBS + Quil-A and

PBS alone groups (p = 0.1620) (Figure 3A).

At 48 h post-MRSA252 challenge, bacterial burden was

significantly reduced in kidneys and lungs of Mix3- and Mix5-

immunized mice. Thus, in the kidney, Mix3-epitope-KLH + Quil-A

(p<0.0001) and Mix5-epitope-KLH + Quil-A (p=0.0046) reduced

bacterial burden compared to that in the Quil-A + PBS controls

(Figure 3C); in the lungs, Mix3-epitope-KLH + Quil-A (p<0.0001)

and Mix5-epitope-KLH + Quil-A (p=0.0080) reduced bacterial

burden compared to that in the Quil-A + PBS group (Figure 3D).

Additionally, we scored the degree of severity according to the

mouse health status (Figure 3B).

Histological analysis revealed preserved renal tubules and

alveolar structures in MRSA252-challenged mice immunized with

Mix3-epitope-KLH + Quil-A. In contrast, kidneys and lungs from

Mix5-epitope-KLH + Quil-A-, PBS + Quil-A-, and PBS-immunized

groups exhibited abscesses, bacterial colonies, and hemorrhagic

lesions (Figure 3E). These findings demonstrate that Mix3-

epitope-KLH + Quil-A conferred substantial protection against a

MRSA252 challenge in the lethal sepsis model.
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3.4 Localization and sequence alignment
of immunodominant epitopes on Hla, SEB,
MntC, IsdB, and LukG

Using available Protein Data Bank (PDB) crystal structures, we

mapped the five epitopes onto Hla, SEB, MntC, IsdB, and LukG.

Surface localization of all epitopes suggested high antibody

accessibility (Figure 4). Hla168–185, IsdB384–401, SEB37–54, and

LukG235–252 adopt b-sheet conformations, while MntC55–72

comprises a loop and a-helical elements.

The conservation of these immunodominant epitopes was

determined by retrieving the amino acid sequences of Hla, SEB,

MntC, IsdB, and LukG of 40 randomly selected S. aureus strains

from the GenBank database for alignment. The sequences of all five

immunodominant epitopes were completely conserved among the

S. aureus strains with 100% amino acid identity (Figure 5).

Therefore, specific antibodies targeting these epitopes may cross-

react with different S. aureus strains.
3.5 Combination of MIX3 and Quil-A
improved infection survival against clinical
MRSA isolates in lethal sepsis model

For the MIX3+Quil-A combination to have broad clinical utility

against MRSA infections, it must exhibit protective efficacy against

genetically divergent S. aureus lineages. Therefore, we selected

previously reported three clinical isolates (BJ2, GZ9, CQ19) (33),

which are phylogenetically representative and intersect with major

internationally prevalent MRSA lineages. These three clinical

isolates were collected from distinct regions across China and

linked to diverse clinical manifestations, including pneumonia

(BJ2), traumatic brain injury (GZ9), and septicaemia (CQ19).

Notably, phylogenetic analysis of SEB gene sequences—conducted

using MEGA 6.0 software via the neighbor-joining algorithm, with

the maximum composite likelihood model for nucleotide distance

calculation and bootstrap resampling for tree reliability validation—

revealed that the selected strains (including MRSA252 and the three

clinical isolates) not only represent phylogenetically distinct genetic

backgrounds but also cluster with well-characterized international

prevalent MRSA lineages such as N315, Mu50, and ST228.

Survival analysis following challenge with distinct clinical

MRSA isolates revealed that MIX3-Quil-A vaccination

significantly protected mice against all three clinical strains

(Figure 6). Compared with the Quil-A + PBS group, the MIX3 +

Quil-A group showed significant protection against the BJ2 (p =

0.0031), GZ9 (p = 0.0109), and CQ19 (p = 0.0572) clinical isolates.
3.6 Immunodominant epitope detection is
effective in diagnosing clinical MRSA
infection

We determined the diagnostic performance of the mixed

immunodominant epitope peptides (i.e., the five core epitopes of
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Mix5, used in unconjugated form without KLH) assay by

comparing its accuracy and reliability with that of the bacterial

culture (gold standard) method. The results are summarized in

Table 2. In total, 31 positive and 23 negative results were obtained

from the bacterial cultures. The mixed immunodominant epitope

peptide detection yielded 26 true positives, 4 false positives, 5 false

negatives, and 19 true negatives. For inter-rater agreement analysis

via the k test, the inter-method consistency (between ELISA and

culture) was quantified as k = 0.661 (95% confidence interval [CI]:

0.459–0.863), with statistical significance (p < 0.001). Per the

Landis-Koch criteria, a k value ranging from 0.61 to 0.80
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indicates “substantial agreement,” confirming good consistency

between the two detection methods.

The diagnostic performance of the mixed immunodominant

epitope peptide detection was further evaluated using various

indices (Table 3) as follows: sensitivity = 0.839 (indicating correct

identification of 83.9% true positives) (95% CI, 0.684–0.926);

specificity = 0.826 (indicating correct identification of 82.6% true

negatives) (95% CI, 0.637–0.928); positive predictive value = 0.867

(95% CI, 0.712–0.945); negative predictive value = 0.792 (95% CI,

0.606–0.907); false negative rate = 0.161; false positive rate = 0.174;

positive likelihood ratio = 4.823 (95% CI, 1.952–11.900), negative
FIGURE 3

Multiple epitope vaccine-induced protective response against MRSA252 infection in immunized mice. (A) Percent survival against MRSA252 infection
in immunized mice (n = 10 per group). (B) Severity scores of mice in the control group and other groups 48 h after challenge. *p < 0.05, ***p <
0.001, ****p < 0.0001 "ns" means p > 0.05.. (n = 10 per group) (C, D) Bacterial burden in the kidneys and lungs of mice after challenge with MRSA
252. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (n = 10 per group). (E) Histological analysis of MRSA challenged mice. Hematoxylin and
eosin staining of kidney and lung sections at 48 h after sublethal infection. Microscopic images of kidneys 200× (top row) and lungs 200× (bottom
row). The black arrows indicate inflammatory cell infiltration and inflammatory exudate. The rectangular box indicates abscess. The red arrows
indicate bleeding. MIX3, Hla168–185-KLH, SEB37–54-KLH, and LukG235–252-KLH; MIX5, Hla168–185-KLH, SEB37–54-KLH, LukG235–252-KLH, IsdB384–401-KLH,
and MntC55–72-KLH.
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likelihood ratio = 0.195 (95% CI, 0.085–0.445); accuracy = 0.665;

agreement rate = 0.833; and diagnostic odds ratio = 24.700

(indicating stronger diagnostic performance of mixed

immunodominant epitope peptide detection than the bacterial

culture). Given the inherent dependence of PPV and NPV on

sample prevalence, we applied Bayes’ theorem to estimate these

two indices under the scenario of a 52% clinical prevalence of

MRSA. This prevalence was derived from a JAMA review, which

reported that an estimated 52% of multidrug-resistant infections in

hospitalized patients in the United States were caused by MRSA

(11). The estimated values were as follows: PPV = 83.9% and

NPV = 82 . 5% . Th e s e r e s u l t s s u g g e s t t h a t m i x e d

immunodominant epitope peptide detection is a reliable and

accurate method for diagnosing bacterial infections with a high

level of agreement with the gold standard bacterial culture method.

To further support these findings, we have supplemented the

ROC curve (with AUC 0.842 and 95% CI 0.728–0.955) is presented

in Supplementary Figure S6A, and calibration analysis is included

therein; a scatter plot visualizing result consistency is shown in

Supplementary Figure S6B. All 95% confidence intervals for

sensitivity, specificity, PPV, and NPV are detailed in Table 2.

Thus, this diagnostic platform has dual clinical utility. It

specifically detects clinical MRSA strains carrying target antigens.

More importantly, it shows potential diagnostic value for toxin-

mediated pathologies through its unique mechanism of capturing

free toxin–antibody complexes. This dual diagnostic capacity

substantially enhances the clinical applicability of this method for

differentiating between invasive staphylococcal infections.
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Moreover, this method significantly shortens the clinical detection

time window to 3 h (patient serum incubation with primary

antibody, 1 h; secondary antibody incubation, 1 h; and color

development and blocking steps, 1 h).
4 Discussion

Vaccination has successfully reduced infectious disease burden

globally (39). However, antibiotic resistance-related deaths are the

third leading cause of death worldwide (40); hence, the danger of

multidrug-resistant bacteria such as MRSA should not be

underestimated. Furthermore, no rapid diagnostic method that

specifically targets MRSA are currently available for clinical use.

Antibody response is essential for protection against infectious

diseases (41). Therefore, the identification of targets that

simultaneously confer preventive B cell-mediated immune

protection and act as clinical diagnostic tools is of the utmost

importance and would alleviate economic burden, especially in

countries facing a severe MRSA threat.

Antigen-induced protective immunity primarily depends on

eliciting specific immunodominant epitopes, thus making epitope

localization crucial for elucidating antigenic protective mechanisms

(42). We postulate that epitope studies should focus on the antigens

of the four vaccine components (Hla, SEB, MntC, and IsdB) and

LukG. Notably, Hla, SEB, MntC, IsdB, and LukG are MRSA

autoantigens recognized by autoantibodies in the sera of infected

patients, which indicates that the epitopes identified using patient
FIGURE 4

Localization of immunodominant epitopes on Hla, SEB, MntC, IsdB and LukG. The crystal structures of Hla (3anz.pdb), SEB (5xz0.pdb), LukG
(6rhw.pdb), MntC (4nnp.pdb) and IsdB (3rtl.pdb) were obtained from PDB. Immunodominant epitopes of Hla (A), IsdB (B), MntC (C), SEB (D) and
LukG (E) were located on these structures using the PyMOL 1.1 program. The localizations of the human immunodominant epitopes Hla168–185,
IsdB384–401, MntC55–72, SEB36–53 and LukG235–252on the 3D crystal structure of the antigens are shown in magenta.
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sera may exhibit enhanced specificity. In the present study, we

found a significant difference in the response to S. aureus infection

between mice immunized with Hla, SEB, MntC, IsdB, and LukG

immunodominant epitopes and control mice in the bacteremia

model, showing the favorable protective properties of Hla, SEB,

MntC, IsdB, and LukG immunodominant epitopes. As expected,
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the epitope-specific antibody titers correlated with survival, which is

consistent with previous findings that humoral immune responses

are essential for Hla, SEB, and LukG-mediated protection (43).

Additionally, Quil-A adjuvant supplementation compensated for

the deficiency of B-cell immunodominant epitopes in stimulating

cellular immunity.
IGURE 5F

Sequence alignment of the immunodominant epitopes on Hla, SEB, MntC, IsdB and LukG. The sequences of Hla (A), IsdB (B), MntC (C), SEB (D), and
LukG (E) from 40 different S. aureus strains were retrieved from the GenBank database. These sequences were aligned using the NCBI Basic Local
Alignment Search Tool (BLAST) software.
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SEB is a MRSA-secreted superantigen; hence, a small quantity

activates a large number of T cells, which secrete inflammatory

cytokines such as IFN-g and TNF-a that induce tissue and organ

damage while simultaneously disrupting the normal activity of the

immune system by inducing immune tolerance (44). The whole

SEB antigen and its dominant epitopes counteract SEB-producing

MRSA infections (33), making it a good vaccine candidate. Hla is a

pathogenic exotoxin with hemolytic activity secreted by S. aureus. It

binds to the ADAM10 receptor and specifically disrupts the

physiological barrier function of the vascular endothelium (45).

Additionally, it plays vital roles in bacteremia caused by S. aureus

infection and migratory foci of infection. Hla antibody levels

correlated positively with survival in patients with S. aureus (46).

Leukocidins target and kill large numbers of human primary

leukocytes that are essential for innate immune defense and

adaptive immunity (47). They are a key virulence factor used by

S. aureus to counteract immune defenses. Hence, host-mediated

protection may be augmented by targeting leukocidin cytokine-

mediated immune evasion through inoculation (19). MntC occurs

abundantly on the cell membrane surface and contributes
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significantly to defense against oxidative stress in organisms (48).

Additionally, antibodies targeting MntC and MntC-specific Th17

cells collaborate effectively in preventing S. aureus–induced

infections (16). The IsdB protein is consistently present in S.

aureus. It triggers a strong immune response that is associated

with increased resistance in mouse infection models (49).

Furthermore, Th17 cells that produce IL-17A are crucial for the

protective effects of IsdB-based vaccines against severe S. aureus

infections in mice (17). Therefore, identifying and using the

immunodominant epitopes of these five important S. aureus

autoantigens is a reasonable approach for integrated diagnosis

and treatment.

The previously identified Hla, SEB, MntC, IsdB, and LukG

immunodominant epitopes are Hla42–59, Hla84–101, Hla186–203,

Hla109–126, Hla157–174, and Hla193–210 (34, 35); SEB31–48, SEB83–92,

SEB97–114, SEB133–150, SEB193–210, SEB205–222, and SEB247–261 (15,

33, 50, 51); LukG64–75, LukG199–216, and LukG262–269 (52); MntC7–

24, MntC1–60, MntC120–160, and MntC220–260 (18, 53); and IsdB402–

419 and IsdB432–449 (34). Although conventional investigations have

predominantly relied on animal immunization models and mixed-
FIGURE 6

The multiple epitope vaccine induced protective response against clinical MRSA isolates infection in the immunized mice. (A) Percentage survival
against BJ2 infection in the immunized mice and Quil-A + PBS-treated mice (n = 10). (B) Percentage survival against GZ9 infection in the immunized
mice and Quil-A + PBS-treated mice (n = 10). (C) Percentage survival against CQ19 infection in the immunized mice and Quil-A + PBS-treated mice
(n = 10).
TABLE 2 Comparison of the results of mixed immunodominant epitope peptides (Hla168–185, IsdB384–401, MntC55–72, SEB37–54, and LukG235–252)
detection and bacterial culture.

Mixed immunodominant epitopes
detection

Bacterial culture
(Gold standard) Total McNemar

Kappa

+ - k P

+ 26 4 30
P = 1 0.661 0.000

– 5 19 24

Total 31 23
For diagnostic purposes, KLH conjugate was omitted to avoid potential non-specific binding of anti-KLH antibodies in clinical sera, which could interfere with detection specificity.
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antigen-immunized cohorts, they lack MRSA-specific convalescent-

phase models. We bridged this gap by systematically using an

overlapping peptide ELISA to characterize linear B-cell epitopes

of the five antigens in the convalescent sera of patients with clinical

MRSA-induced sepsis and identifying 10 novel linear

immunodominant peptides. Homology analysis of the sequences

showed that these immunodominant epitopes are highly conserved

across S. aureus strains, suggesting that these epitopes are qualified

candidates for vaccine development and that they may provide

cross-immune responses against a wide range of S. aureus isolates.

This finding was corroborated by results of survival analysis

performed using genetically diverse clinical isolates. Additionally,

T-cell epitope prediction has shown that some of the identified

epitopes may act as potential CTL- and Th-cell epitopes

(Supplementary Table S1). Moreover, the protective efficacy of

toxin-neutralizing antibodies against S. aureus infections has been

established previously (54). This finding potentially explains the

reason for the superior protective efficacy of the three-toxin epitope

component vaccine compared to that of the five-epitope component

vaccine, with potential contributing factors including competition

for T cell help, epitope density on KLH, physical interference, and

antigen dose effects. Notably, DNASTAR-based B cell epitope

prediction showed a partial overlap with the experimentally

validated epitopes (Supplementary Table S1 and Supplementary

Figures S1-S5), highlighting the complementary yet imperfect

nature of in silico prediction tools because conformational

epitopes, post-translational modifications, and host-specific

glycosylation patterns are often overlooked (55). Although

bioinformatics provides valuable guidance for epitope

prioritization, these findings highlight the critical need for

orthogonal experimental validation to mitigate the false positives/

negatives inherent in sequence-based predictions.

Bacterial culture is widely recognized as the gold standard for

diagnosing bacterial infections (56) because the enrichment of
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bacteria in blood culture bottles containing enriched liquid

culture media enables the growth and multiplication of pathogens

even in the presence of residual antibiotics. However, limitations of

the method include its time-consuming nature, the inability to

culture all microbes, and challenges associated with slow-growing

or fastidious bacteria (57). In contrast, the immunodominant

epitope peptide diagnostic method has advantages such as faster

diagnosis and ability to be prepared into polypeptide chips to

develop high-throughput, miniaturized, and automated bioassay

technology for detecting S. aureus infection. Its diagnostic

performance and clinical relevance are further highlighted by key

metrics: a PLR of 4.823, which increases the post-test probability of

MRSA infection by approximately 4.8-fold and strongly reinforces

diagnostic suspicion of infection; and a NLR of 0.195, which reduces

the post-test probability of MRSA infection by over 80% and

reliably rules out infection. Notably, likelihood ratios are less

influenced by disease prevalence than other metrics, enhancing

the assay’s generalizability across different clinical settings.

However, this approach is not effective in detecting resistance

genes; nevertheless, the speed of bacterial identification is

commendable. This balance of strengths and limitations solidifies

the assay’s role as a complementary diagnostic tool—one with

particular value in resource-limited settings where access to

molecular testing platforms is restricted.

Notably, by performing consistency alignment between the

epitope sequences screened in this study and the homologous

sequences of currently internationally prevalent S. aureus strains

(e.g., ST59, ST398, USA300, N315, Mu50, etc.), the results showed a

high sequence consistency rate between them (Table 4). This

finding can partially explain why the detection reagents

constructed based on these epitopes exhibit high diagnostic

efficacy, and the immune compositions centered on these epitopes

can provide good immune protection against strains from different

sources. The above results further confirm that the epitopes

screened in this study have excellent diagnostic application

potential and immune protection value, providing key

experimental evidence for the subsequent development of

accurate diagnostic tools for S. aureus infections and the design of

multi-epitope vaccines.

In conclusion, we have identified 10 B-cell immunodominant

epitopes from five antigens (Hla, SEB, MntC, IsdB, and LukG) using

the convalescent serum of patients infected with MRSA. Among

these, five elicited partial protective immune responses. The

combination of these epitopes showed broad-spectrum protection

and potential for use as diagnostic biomarkers. Furthermore,

bioinformatic analysis indicated that these epitopes are potential

dual T–B cell targets for future MRSA vaccine development. In

future studies, we plan to perform a functional characterization of

the T-cell responses to these epitopes, simultaneously develop

epitope-specific monoclonal antibodies, validate their protective

efficacy in different infection models, and optimize their

diagnostic performance by developing a peptide microarray

platform to enhance assay sensitivity and specificity.
TABLE 3 Evaluation index data commonly used in diagnostic tests.

Evaluation index Value

Sensitivity (Sen) 0.839

Specificity (Spe) 0.826

False Negative Rate (FNR) 0.161

False Positive Rate (FPR) 0.174

Positive Predictive Value (PPV) 0.867

Negative Predictive Value (NPV) 0.792

Positive Likelihood Ratio (PLR) 4.823

Negative Likelihood Ratio (NLR) 0.195

Accuracy (Acc) 0.665

Agreement Rate (AR) 0.833

Diagnostic Odds Ratio (DOR) 24.700
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Strain Type
The immunodominant
epitopes

Sequence of the
immunodominant epitopes

Identity rate

USA300 ST8

Hla168-185 KVIFNNMVNQNWGPYDRD 100%

IsdB384-401 VMETTNDDYWKDFMVEGQ 100%

MntC55-72 LTDADVILYNGLNLETGN 100%

SEB37-54 / /

LukG235-252 MSHDKKDKGKSQFVVHYK 100%

N315 ST5

Hla168-185 KVIFNNMVNQNWGPYDRD 100%

IsdB384-401 VMETTNDDYWKDFMVEGQ 100%

MntC55-72 LTDADVILYNGLNLETGN 100%

SEB37-54 INVKSIDQFLYFDLIYSI 100%

LukG235-252 MSHDKKDKGKSQFVVHYK 100%

Mu50 ST239

Hla168-185 KVIFNNMVNQNWGPYDRD 100%

IsdB384-401 VMETTNDDYWKDFMVEGQ 100%

MntC55-72 LTDADVILYNGLNLETGN 100%

SEB37-54 INVKSIDQFLYFDLIYSI 100%

LukG235-252 MSHDKKDKGKSQFVVHYK 100%

M013 ST59

Hla168-185 KVIFNNMVNQNWGPYDRD 100%

IsdB384-401 VMETTNDDYWKDFMVEGQ 100%

MntC55-72 LTDADVILYNGLNLETGN 100%

SEB37-54 INVKSIDQFLYFDLIYSI 100%

LukG235-252 MSHDKKDEGKSKFVVHYK 88.9%

LA-MRSA ST398 ST398

Hla168-185 KVIFNNMVNQNWGPYDRD 100%

IsdB384-401 VMETTNDDYWKDFMVEGQ 100%

MntC55-72 LTDADVILYNGLNLETGN 100%

SEB37-54 / /

LukG235-252 MSHDKKDEGKSKFVVHYK 88.9%
The USA300 strain and livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) ST398 do not express SEB protein.
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