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Abstract

Fibronectin-binding protein A (FNBPA) is a key adhesin of Staphylococcus aureus, and
the protein binding to fibrinogen and elastin is mediated by its N-terminal A domain.
Thus, FNBPA-A has been considered a potential vaccine candidate, but the relevant
epitopes are not fully understood. Here, purified rabbit anti-FnBPA-A antibodies were
produced and used to screen for peptides corresponding to or mimicking the epitope
of native FnBPA-A protein by using a phage random 12-mer peptide library. After
four rounds of panning, 25 randomly selected phage clones were detected by phage-
ELISA and competition-inhibition ELISA. Then, eight anti-rFnBPA-A antibody-binding
phage clones were selected for sequencing, and six different 12-mer peptides were
displayed by these phages. Although these displayed peptides shared no more than
three consecutive amino acid residues identical to the sequence of FnBPA-A, they
could be recognized by the FnBPA-A-specific antibodies in vitro and could induce
specific antibodies against FnBPA-A in vivo, suggesting that these displayed peptides
were mimotopes of FnBPA-A. Finally, the protective efficiencies of these mimotopes
were investigated by mouse vaccination and challenge experiments. Compared with
that of control group mice, the relative percent survival of mice immunized with
phage clones displaying a mimotope was 13.33% (C2 or C15), 0% (C8), 6.67% (C10),
26.67% (C19 or 1:2 mixture of C23 and C19), 53.33% (C23), 33.33% (1:1 mixture of
C23 and C19), and 66.67% (2:1 mixture of C23 and C19). Overall, five peptides mim-
icking FNBPA-A protein epitopes were obtained, and a partially protective immunity

against S. aureus infection could be stimulated by these mimotope peptides in mice.
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1 | INTRODUCTION

Staphylococcus aureus (S. aureus) is a major zoonosis pathogen that
causes various infections in humans and mastitis in cows. At pres-
ent, even though antibiotics are still used to treat S. aureus-induced
cow mastitis, multiantibiotic resistance is a significant problem
(Uhlemann, Otto, Lowy, & DelLeo, 2014). Therefore, development
of a vaccine, such as an epitope-based vaccine, to control S. au-
reus-induced cow mastitis is urgently need (Broughan, Anderson, &
Anderson, 2011; Proctor, 2012).

Attachment and colonization of S. aureus to the mammary epi-
thelial cell surface via adhesins is the key step that initiates mastitis
(Gong et al., 2010). Currently, several proteins have been proven to
be adhesins of S. aureus, including fibronectin-binding protein A and
B (FNBPA/B), cell-bound clumping factor A (CIfA), collagen-binding
protein (Cnbp) and protein A (Foster, Geoghegan, Ganesh, & Hook,
2014). Among these adhesins, the surface protein FNBPA is ubiqg-
uitous in clinical isolates of S. aureus, which not only mediates the
binding of S. aureus to elastin and fibrinogen but also is a relatively
conserved protective antigen. Previous studies have ascertained
that the FnBPA protein consists of mainly four domains (A, B, C, and
D), and binding of the protein to fibrinogen and elastin is mediated
by its N-terminal A domain, which includes three subdomains of N1,
N2, and N3 (Brouillette, Talbot, & Malouin, 2003; Keane, Clarke,
Foster, & Weiss, 2007; Piroth et al., 2008). Therefore, the FnBPA-A
protein is a potential vaccine candidate, but relevant epitopes are
not fully clear.

Phage display technology, also known as selection technology
in vitro, is a biotechnology that combines peptides or proteins with
the coat protein of a bacteriophage to display on the surface of the
bacteriophage (Wu, Liu, Lu, & Wu, 2016). One of the most promising
applications of phage display technology is to pan random peptide
libraries (RPLs) against a specified target for the identification of lin-
ear epitopes or mimotopes that can effectively mimic the epitope
structures present in antigen (Ahmad, Eweida, & Sheweita, 2016; Liu
etal., 2015).

In this paper, the mimotopes of FnBPA-A proteins were identified
through RPLs screening with the FnBPA-A-specific polyclonal anti-
bodies. Then theirimmunogenicity and immunoprotection were inves-
tigated in vivo. Our findings would be conducive to the development
of epitope-based vaccines against S. aureus-induced cow mastitis and
comprehending the antigenic structure of the protein.

2 | MATERIALS AND METHODS

2.1 | Bacterial strains, plasmids, phage peptide
libraries and experimental animals

Escherichia coli BL21 (DE3), S. aureus strain WWGSP-30 isolated from
diseased cows with mastitis, and the pET-32a vector were all stored
in our laboratory. The Ph.D.-12" phage display peptide library kit

was purchased from New England BioLabs, which contains the E. coli

host ER2738 and _96glll sequencing primers required for the assay.
New Zealand white rabbits (weighing 2 kg) and ICR mice (weighing
18-22 g) were purchased from Experimental Animal Center of Anhui

Medical University.

2.2 | Expression and purification of recombinant
FnBPA-A

The gene encoding of the FNBPA-A protein was amplified from the
genomic DNA of S. aureus strain WWGSP-30 by PCR using specific
primers (F: 5'-CGCGGATCCGTGAAAAACAATCTTAGGTACGGC-3
"R:5-CCGCTCGAGTTAAGCTGTGTGGTAATCAATGTCAAG-3', un-
derlined for BamH | and Xho | restriction sites). Then, the PCR prod-
ucts were cloned into the BamH | and Xho | sites of the pET-32a(+)
vector to construct the recombinant plasmid pET-32a-FnBPA-A. The
recombinant plasmid was verified by enzyme digestion and sequenc-
ing and then transformed into E. coli strain BL21 (DE3) competence
cells.

The recombinant plasmid pET-32a-FnBPA-A and the control
plasmid pET-32a were induced with 0.3 mmol/L isopropyl-p-D-thio-
galactopyranoside (IPTG, Sigma) for 5.5 hr at 30°C. The soluble re-
combinant FNBPA-A protein (rFnBPA-A) was collected and purified
with nickel-nitrilotriacetic acid (Ni-NTA) resin affinity chromatog-
raphy (Qiagen) according to the manufacturer's instructions. The
purity, concentration, and immunoreactivity of the purified protein
were analyzed by 13% SDS-PAGE, BCA Protein Assay Kit (Kang Wei,

China) and western blot, respectively.

2.3 | Production and purification of polyclonal
antibodies against rFnBPA-A

New Zealand white rabbits were immunized via multiple subcuta-
neous injections with 0.5 mg of purified rFnBPA-A protein emulsi-
fied with an equal volume of Freund's complete adjuvant (Sigma),
followed by boosts with the same dose at 2-week intervals. On the
28th day after primary immunization, the cardiac blood from im-
munized rabbits was collected, and the immune serum was isolated
from coagulated blood.

Anti-FnBPA-A antibodies in the immune serum were purified
using a HiTrap Protein G HP Column (Pharmacia, Sweden) accord-
ing to the manufacturer's instructions. The purity and concentra-
tion of the purified antibodies were determined by 12% SDS-PAGE
and BCA Protein Assay Kit, respectively. The titer of the purified
antibodies was detected by indirect ELISA. Briefly, the purified rF-
nBPA-A protein (20 pg/well) was coated onto ELISA plates over-
night at 4°C. The plates were washed with PBST (PBS plus 0.05%
Tween-20) and blocked with 5% nonfat milk for 2 hr at 37°C. Then,
the plates were incubated with serially diluted immune serum
for 2 hr at 37°C. After washing, the plates were incubated with a
1:5,000 dilution of HRP-conjugated goat anti-rabbit IgG (Novagen),
and 3,3',5,5'-tetramethylbenzidine (TMB) was used for color devel-
opment. The reaction was terminated with 2 mol/L H,SO,, and the
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OD,;, of each well was measured using a microplate reader (Model
450; Bio-Rad Laboratories). Endpoint titers were expressed as the
highest dilution that yielded an OD 4, = 2.1 times the mean value of

the control serum (normal rabbit serum).

2.4 | Screening a random phage-displayed 12-
peptide library with anti-rFnBPA-A antibodies

To obtain phages binding to anti-rFnBPA-A antibodies, a random
Ph.D.-12™ phage display peptide library (New England Biolabs) was
screened with purified anti-FnBPA-A antibodies according to the
manufacturer's instructions. For each round of biopanning, phages
(1.5 x 102 PFU/mL diluted with pure normal rabbit IgG) were ap-
plied to a 96-well plate precoated with anti-rFnBPA-A antibodies
(10 pg/well). Twenty-five individual phage clones were randomly
picked from the fourth round of biopanning, and preliminarily identi-
fied by phage-ELISA. Briefly, purified anti-rFnBPA-A antibodies or
normal rabbit serum (negative control) were added to 96-well plates
(10 pg/well) overnight at 4°C. Unbound antibodies were removed,
and the wells were blocked with 5% nonfat milk for 2 hr at 37°C.
Selected phage clones were added to plates (1 x 10° PFU/well) and
incubated for 2 hr at 37°C. After washing with PBST, a 1:5,000 di-
luted anti-phage M13 monoclonal antibody (Pharmacia) was added
to the plates and incubated for 1 hr at 37°C, and the remaining steps
were the same as in section 2.4. If the ratio of test well OD,5,/con-
trol well OD 5, 2 2.1, the phage clones were preliminarily regarded
as positive clones that were recognized by anti-FnBPA-A antibodies.

Positive phage clones identified in the phage-ELISA were fur-
ther explored for their specific binding to purified anti-FnBPA-A
antibodies by a competition-inhibition ELISA. Briefly, the different
concentrations of purified rFnBPA-A competitor (12.5, 25, 50, 100
and 200 pg/ml) were diluted by an equal volume of phage solution
(2 x 10° PFU/well). The mixture or the pure phage solution (non-
inhibition control) was added to antibody-coated plates for 1 hr at
37°C, respectively. As mentioned above, mouse anti- HRP-labeled
M13 monoclonal antibody was used to detect the titer of bound
bacteriophage. The OD,;, was measured, and the inhibition ratio
was calculated according to the following formula: inhibition ratio =
(OD,;, value unsuppressed - OD 5, value after suppression)/OD ;5
value unsuppressed x 100%. An inhibition percentage equal to or
greater than 50% was considered anti-rFnBPA-A antibody-binding
phage according to the literature (Li, Han, Li, & Lei, 2009). Each assay
was carried out in triplicate.

2.5 | DNA sequencing and homology analysis

Antibody-binding phage clones identified by the competition-inhibi-
tion ELISA were amplified. Then, the single-stranded phage DNAs
were extracted with a Single-stranded DNA Extraction Kit accord-
ing to the manufacturer's instructions, and sequenced using the _96
glll primer. The 12-mer peptides displayed on the antibody-binding
phage clones were deduced from their nucleotide sequences and
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aligned with the FnBPA-A sequences, which were accessed on NCBI
(acession No: WP_049307669.1, CAO77276.1, AFJ20680), using the
MEGALIGN program in DNASTAR to determine the relationships
among the peptides.

2.6 | Detection of the reactivity of the identified
mimotopes with anti-rFnBPA-A antibodies

To verify whether the identified mimotopes could be recognized by
anti-rFnBPA-A antibodies, the identified mimotope peptides and
an irrelevant control peptide (MPKLNRCAIAIL) were synthesized
(Shanghai Amoy Cape Technology Co., Ltd) in vitro and used as
the coated antigen (30 pg/ml) for peptide-ELISA, in which a 1:500
dilution of purified anti-rFnBPA-A antibodies was used as pre-
liminary antibodies, and commercial rabbit anti-His tag antibod-
ies (Novagen) and nonimmunized rabbit serum were included as
controls, respectively. The test procedure was the same as that
for the indirect ELISA (section 2.4). The OD,;, of the negative
control (normal rabbit serum) was supposed to be 2.1 times higher
than that of the anti-His tag antibodies, indicating the absence of
unspecific reaction. On this premise, if the ratio of the OD,;, of
the FnBPA-A antibodies to that of the negative control = 2.1, the
synthetic mimotope peptide was thought to be specifically recog-
nized by anti-FnBPA-A antibodies. Each assay was performed in
triplicate.

2.7 | Mouse immunization and challenge

To explore the immunogenicity and immunoprotection of the iden-
tified mimotopes, six purified positive phage clones displaying mi-
motope peptide were used to immunize ICR mice (SPF, weighing
18-22 g). The mice were randomly divided into 12 groups (n = 20
in each group). Groups 1-6 were injected intraperitoneally with
1 x 10* PFU of different positive phage clones per mouse; groups
7-9 were given 1 x 10*2 PFU of the mixture of C23 and C19 at the
number ratios of 1:1, 1:2 and 2:1; group 10 was immunized with
30 pg of the rEnBPA-A protein emulsified with 50 pl of Freund's ad-
juvant per mouse; and groups 11-12 were inoculated with the wild
type M13 phage at a dose of 1 x 10*2 PFU or 0.2 ml of PBS, respec-
tively, for controls. Two booster immunizations were carried out on
days 14 and 28.

On the 35th day after primary immunization, sera were collected
from 5 randomly selected mice in each group, and then the titers of
antibodies against FnBPA-A were detected by indirect ELISA (vide
supra). The remaining 15 mice per group were challenged intraperi-
toneally with 0.2 ml of S. aureus strain WWGSP-30 that was resus-
pended in PBS to 2.2 x 10’ CFU/ml (equal to 10 LD, determined in
a pre-experiment). Mortality was recorded at daily for 7 days after
the challenge, and dying mice were sampled for bacterial recovery

from different tissues. Relative percent survival (RPS) was calculated
% mortality of immunized mice %100

according to the following formula: 1— % mortality ofcontrol mice

(Amend, 1981).
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2.8 | Statistical analysis

The data were presented in the form of means and standard devia-
tions. The differences in antibody titers in different groups were
analyzed by one-way analysis of variance (ANOVA) followed by the
Duncan method. The differences in relative percent survival (RPS) of
immunized mice in different groups were determined with the log-
rank test. In all cases, the differences were considered significant at
a p value < .05 and extremely significant at a p value < .01.

3 | RESULTS

3.1 | Expression and characterization of the
recombinant FnBPA-A protein

As shown in Figure 1a, the rFnBPA-A protein (approximately 81 kDa)
was expressed in the supernatant of recombinant E. coli BL21 (DE3)
after IPTG induction and purified by a His-band purification kit. Western
blotting analysis revealed that the purified rFnBPA-A protein could react
with rabbit anti-S. aureus strain WWGSP-30 antibodies (prepared by our
laboratory), whereas the Trx-His-tag control could not (Figure 1b). These
results showed that rFnBPA-A was expressed correctly and that the pu-
rified protein might be used as an immunogen for immunization.

3.2 | Purity, concentration and titer of purified anti-
rFnBPA-A antibodies

On the 28th day after immunization, immune sera were separated and
purified by using a HiTrap Protein G HP Column. The purified antibod-
ies (IgG) showed 95% purity and two protein bands by SDS-PAGE gel
(Figure 2), and the sizes of the two protein bands were approximately
55 kDa and 25 kDa, which is consistent with the theoretical molecular
mass of the heavy and light chains of rabbit IgG reduced by p-mercap-
toethanol. The concentration of purified antibodies was approximately
2.5 mg/ml, as detected by the BCA Protein Assay Kit, and the titer of
the anti-FNnBPA-A antibodies was more than 1:8,388,600, as detected

FIGURE 1 (a) SDS-PAGE analysis of
rFnBPA-A before and after purification.
lane M, protein molecular weight
standard; lanel, supernatant of the

cell lysate of pET-32a-FnBPA-A/BL21
after induction; lane2, uninduced whole
bacterial cell lysate of the pET-32a-
FnBPA-A/BL21; lane 3, induced whole
bacterial cell lysate of the pET-32a/
BL21; lane 4, uninduced whole bacterial
cell lysate of the pET-32a/BL21; lane5,
purified rFnBPA-A. (b) Western blotting
analysis of purified rFnBPA-A. lane M,
prestained protein molecular weight
standard; lanel, purified rFnBPA-A; lane

81 kDa

2, Trx-His-tag
km% M 1 2
80
60
55
40
30
25

20

12

FIGURE 2 SDS-PAGE analysis for the purified rabbit anti-
rFnBPA-A polyclonal antibodies. lane M, protein molecular weight
standard; lane 1, rabbit immune serum; lane 2, purified IgG of rabbit
anti-rFnBPA-A antibodies

by indirect ELISA. These results indicated that the antibodies could be
used to screen phage peptide libraries.

3.3 | Identification of anti-rFnBPA-A antibody-
binding phage clones and sequence alignment

Twenty-five phage clones were randomly picked and preliminar-
ily identified by phage-ELISA. Then, 16 positive clones identified
by phage-ELISA were further confirmed by competition-inhibition
ELISA. As shown in Figure 3, rFnBPA-A could competitively inhibit
phage binding to rFnBPA-A antibodies in a concentration-depend-
ent manner. When the concentration of rFnBPA-A competitor
was 200 pg/ml, its inhibition rate on eight phage clones (C2, C8,
C10, C11, C15, C19, C21, and C23) was greater than 50%, sug-
gesting that these eight clones were positively recognized by anti-
rFnBPA-A antibodies according to the literature (Liu et al., 2009).
The DNA sequences and deduced amino acid sequences of eight
positive clones are shown in Table 1. There were six different pep-

tides displayed by the eight positive phage clones. The clones C8,
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FIGURE 3 Competitive inhibition of 90
primary positive phage clones binding
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C11, and C21 shared the same displayed peptide, and the D-GFPG
motif was shared by the clones C8, C10, C11, and C21. Alignment
revealed that six different displayed peptides shared less than
three continuous amino acid residues identical to the available se-
quences of FNBPA-A registered in GenBank, indicating that these
peptides were likely the mimotopes of the FnBPA-A protein.

3.4 | Reactivity of the identified mimotopes with
anti-rFnBPA-A antibodies

As shown in Figure 4, all six mimotope peptides synthesized in vitro
could react with anti-FnBPA-A antibodies, whereas they did not
react with anti-His tag monoclonal antibodies or negative serum.
A nonspecific reaction was excluded because the irrelevant control
peptide did not react with anti-FnBPA-A antibodies or anti-His tag
monoclonal antibodies. These results indicated that these mimo-
topes could be specifically recognized by anti-FnBPA-A antibodies.

3.5 | Development of anti-FnBPA-A antibodies and
protective immunity elicited by displayed mimotope
phage clones

As shown in Figure 5, the titers of serum antibodies against rFn-
BPA-A in each immunization group at 35 days postvaccination were
1:2,560 (C8), 1:5,120 (C10), 1:10,240 (C2 or C15), 1:81,920 (C23),
1:20,480 (C19 or 1:2 mixed of C19 and C23), 1:40,960 (1:1 mixed of

C19 and C23), 1:163,840 (2:1 mixed of C19 and C23), and 1:327,680
(rFnBPA-A mixed with adjuvant), while no FnBPA-A-specific anti-
bodies were detected in the M13 phage and PBS control groups,
indicating that all mimotope peptides possessed immunogenicity at
different degrees.

After challenge, the pathological changes of dead mice were sero-
peritoneum, splenic necrosis, and hemorrhage in the eye, nose, claw,
and lung. No pathogens other than S. aureus were isolated from dead
mice. The RPS of mice immunized with different displayed mimotope
phage clones or rFnBPA-A protein was 0% (C8), 6.67% (C10), 13.33%
(C2, C15), 26.67% (C19, 1:2 mixture of C23 and C19), 53.33% (C23),
33.33% (1:1 mixture of C23 and C19), 66.67% (2:1 mixture of C23
and C19), and 73.33% (rFnBPA-A), compared with that of the con-
trol group mice (Figure 6). The results of statistical analysis (log-rank
test) showed that the RPS of immunized mice was significantly higher
in both the C19 and C23 groups than in the remaining four single
phage clones groups (p < .05), but there was no significant difference
between the C19 and C23 groups (p > .05). Interestingly, the RPS of
mice was significantly higher in the group immunized with the mix-
ture of C23 and C19 at the number ratio of 2:1 than in the single
clone C19 or C23 groups (p < .05), but there was no significant dif-
ference between the rEnBPA-A protein group and the 2:1 ratio mixed
biphage clones group (p > .05). These results indicated that, except
for the mimotope peptide displayed on C8, the other five mimotope
peptides could induce a partially protective immunity against S. au-

reus challenge.
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Positive

phage clones Nucleotide sequence

C2 GGTTTGCATACTTCGGCTACTAATCTGTATTTGCAT
C8,C11,C21 GGGTATTTTGATGTGGTGTTGGGGGGTTTTGGTCCG
C10 TTTATTCGTCCTAATGATTGGGGGTTTGGTCCGTGG
C15 CATGTTTTGAATTCTACTGTTTGGAATACGCGTATT
C19 CATACGGAGCAGGGGACTTTGTTTTTGAAGATGCCG
C23 AGTTATTTTGATGCGCTTGAGAGGATGTTGCCGGGG

TABLE 1 The amino acid and
nucleotide sequences of the 12-mer
peptides displayed on the positive phage
clones

Amino acid
sequence

SLHTGATNLYLH
GYFDVVLGGFGP
FIRPNDWGFGPW
HVLNSTVWNTRI
HSAQASITIKMA
SYFDALERMLPG

Note: The consensus motif of D-GFPG displayed on the clones 8, 10, 11, and 21 is shown in bold

and underlined.

0.8+

H =

0.7+

H *
H=*

0.5+

0.4+

OD 450 nm value

H *

33 Anti-rFnBPA-A polyclonal antibody
XX Anti-His monoclonal antibody
E=1 Nonimmunized rabbit serum

H*

| (E3

%o 777777

Synthetic peptides

FIGURE 4 Peptide-ELISA analysis for the reactivity of identified mimotope peptides with anti-rFnBPA-A antibodies. Six identified
mimotope peptides and one unrelated peptide were synthesized in vitro used to coat ELISA plates. Rabbit anti-rFnBPA-A antibodies were
used as preliminary antibodies, whereas commercial rabbit anti-His tag antibodies and nonimmunized rabbit serum were included as
controls. Each column represents the mean OD ., with a standard deviation bar (n = 3). *p < .05 indicates significant differences between

the rFnBPA-A antibodies group and the two control groups

4 | DISCUSSION

As is known, epitopes are a set of residues on the surface of an anti-
gen and can be readily recognized by either specific B/T-cell recep-
tors or particular antibody molecules. The potential advantages of
the epitope-based vaccine include mainly safety, intense immune
responses, and the breadth of rationally engineered epitopes (Zhang,
Zhang, Li, Liu, & Li, 2014). Therefore, epitope identification of protec-
tive antigens from pathogens has important scientific significance
and practical value. The important role of FNBPA adhesin in S. aureus

pathogenesis has made it a potentially interesting vaccine target. The
N-terminal A domain of FNBPA is consistent with the A region of other
staphylococcal bacteria "microbial surface components recognizing
adhesive matrix molecules" (MSCramms), which may bind to fibrino-
gen and elastin (Keane, Loughman, et al., 2007; Wann, Gurusiddappa,
& Hook, M., 2000; Zuo et al., 2014), whereas its C-terminal B-DuC-D
domains were responsible for binding to fibronectin (Ulrich et al.,
2003). Considering that, the epitope of FnBPA-D was clear (Casolini et
al., 1998) and there have been few studies on the epitopes of FNBPA-A,
we decided to identify the B-cell epitopes of FnBPA-A protein.



LI ET AL

350,000 4
300,000
250,000
200,000
150,000

100,0004
90,000 T

80,000+
70,000+
60,000+
50,0001
40,000+
30,000+
20,0004

Antibody titer (dilution)

-~

Open Access,

Mi biol O o 7 of 10
icrobiologyOpen WI LEYJ—

Experimental group

FIGURE 5 Indirect ELISA detection of serum anti-rFnBPA-A antibody titers in mice vaccinated with rEnBPA-A protein and different
positive phage clones displaying mimotope. Negative control mice were injected with PBS or M13 phage. Each datum column represents the
mean of antibody titer with a standard deviation bar (n = 5). The lowercase letters indicate a significant difference (p < .05)

FIGURE 6 Cumulative survival rate of
immunized mice when challenged with 10
LD, of S. aureus strain WWGSP-30 on
the 35th day postvaccination

Cumulative survival rate
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Several methods have been used to map antigenic epitope, in-
cluding chemical synthesis (Geysen, Rodda, & Mason, 1986), pep-
scan (Estepa & Coll, 1996), X-ray crystallography (Rux & Burnett,
2000), nuclear magnetic resonance spectroscopy (Mayer & Meyer,
2001), bioinformatics predictions (Greenbaum et al., 2007), and
phage display technology. The phage display technology is simpler,
faster, and more convenient than other methods for mapping epi-
topes (Leili et al., 2016). Zuo et al., (2014) reported that the region
covering 110 to 263 amino acid residues was the immunodomi-
nant region of FnBPA protein. Ma et al. (2018) defined a B-cell
linear epitope (N2N3, ., ,,,) of the FnBPA-A protein by selecting
a random phage-displayed 12-mer peptide library using a McAb
against the N2N3 subdomain of FnBPA-A. In the current study,
rabbit anti-FnBPA-A antibodies were used to a screen 12-mer pep-
tide library. Sixteen of 25 phage clones picked randomly from the
fourth round were preliminarily positive in phage-ELISA analysis.
However, there were many interfering factors in the phage-ELISA,
which can produce nonspecific signals. Additionally, competitive
inhibition ELISA analyses further confirmed these suspect clones,
and 8 of the suspect clones could be positively recognized by anti-
rFnBPA-A antibodies. It was notable that six different 12-mer pep-
tides displayed on the eight positive clones shared no more than
three continuous amino acid residues identical to the sequence
of FnBPA-A protein, but these peptides could be recognized by
FnBPA-A-specific antibodies in vitro and could induce antibodies
against FnBPA-A in immunized mice, which suggested that these
peptides were mimotopes that mimicked conformational epitopes
of the FnNBPA-A protein.

The epitopes screened by the phage random 12-peptide library
are usually mimotopes for the following reasons. First, B-cell epi-
topes can be divided into linear epitopes and conformational epi-
topes based on their spatial structure. A linear epitope consists of
consecutive residues, while a conformational epitope consists of
nonconsecutive fragments that are close in spatial proximity when
the corresponding antigen is folded. More than 90% of B-cell epi-
topes have been shown to be conformational epitopes. Therefore,
the screening probability of mimotopes from random peptide librar-
ies is much higher than that of linear epitopes. Second, the peptide
segments with low content may be lost during the amplification of
the original peptide library, resulting in a low possibility that the ob-
tained displayed peptide is consistent with the amino acid sequences
of the natural antigen in the primary structure.

The immunization and challenge tests indicated that all six phage
clones displaying mimotopes without additional adjuvant could in-
duce FnBPA-A-specific antibodies, and except for the C8-displayed
mimotope, the remaining five mimotopes could provide partially
protective immunity against challenge infection. Previous studies
have shown that filamentous phages themselves possess adjuvant
effects, thus enhancing the immunogenicity and immunoprotection
of mimotopes (Grabowska et al., 2000; Guo et al., 2010; Wang et
al., 2005). Our results were also in line with this view. Interestingly,
significant protective immunity was observed following immuniza-
tion with the mixture of C23 and C19 at the ratio of 2:1 compared

to that with the single clone. We speculated that the clones mixed in
an appropriate proportion might cover more target sites and mimic
epitopes to the greatest extent from different perspectives, thus in-
ducing increased immunoprotection.

In human medicine, S. aureus mutliantigen vaccines are currently
in clinical trials. Although these vaccines produced strong humoral
immunity and have proven effective in preclinical models, they did
not prevent or reduce infection in clinical trials (Fowler & Proctor,
2014; Proctor, 2012). This is somewhat unsurprising, as S. aureus
can generate over 50 virulence factors to acclimatize itself to multi-
ple host niches and enable diverse infections (Lacey, Geoghegan, &
Mcloughlin, 2016). Meanwhile, the humoral immune responses are
thought to be important in preventing S. aureus, but antibody re-
sponses seem to be insufficient to clear bacterial colonization and
impair inflammatory damage. In addition, there is growing evidence
that T cells have an important role in the protective immunity against
S. aureus. For example, Joshi et al. (2012) suggested that in mice,
IL-17A producing Th17 cells played an essential role in IsdB vac-
cine-mediated defense against invasive S. aureus infection. Narita,
Asano, and Nakane (2017) reported that CIfA or FnBPA could induce
IL-17A-mediated cellular immunity, which was associated with a pro-
tective effect against S. aureus infection. Brown et al. (2015) found
that S. aureus-specific Thl cells can protect host from S. aureus in-
fection. Zhang et al. (2018) demonstrated that during FnBPA, 4 .,
vaccination against S. aureus sepsis and skin infection in mice, IL-17A
from Th17 cells played a critical role. Therefore, future studies are
needed to identify B- and T-cell epitopes or mimotopes of multiple
antigens from S. aureus and optimize the combination presentation
of these epitopes or mimotopes to develop an efficient vaccine
against S. aureus.

In conclusion, six mimotopes of the FNBPA-A protein were iden-
tified through screening phage-displayed random peptide libraries
with rabbit anti-FNnBPA-A antibodies in the present work. Except for
the C8-displayed mimotope, the remaining five mimotopes could
induce a partially protective immunity against S. aureus challenge.
Two mimotope peptides displayed by the C19 and C23, as vaccine
candidates, should be studied further.
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