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HI, a fusion protein that consists of the alpha-toxin (Hla) and the N2 domain of iron surface
determinant B (IsdB), is one of the antigens in the previously reported S. aureus vaccine
rFSAV and has already entered phase II clinical trials. Previous studies revealed that HI is
highly immunogenic in both mice and healthy volunteers, and the humoral immune
response plays key roles in HI-mediated protection. In this study, we further
investigated the protective efficacy of immunization with HI plus four different adjuvants
in a mouse bacteremia model. Results showed that HI-mediated protection was altered in
response to different adjuvants. Using antisera from immunized mice, we identified seven
B-cell immunodominant epitopes on Hla and IsdB, including 6 novel epitopes (Hla1-18,
Hla84-101, Hla186-203, IsdB342-359, IsdB366-383, and IsdB384-401). The immunodominance of
B-cell epitopes, total IgG titers and the levels of IFN-g and IL-17A from mice immunized
with HI plus different adjuvants were different from each other, which may explain the
difference in protective immunity observed in each immunized group. Thus, our results
indicate that adjuvants largely affected the immunodominance of epitopes and the
protective efficacy of HI, which may guide further adjuvant screening for vaccine
development and optimization.

Keywords: Staphylococcus aureus, immunodominant epitope, antibody, adjuvants, bacteremia
INTRODUCTION

The World Health Organization (WHO) released a list of ‘priority pathogens’ in 2007, which
contains 12 drug-resistant bacteria that pose a great threat to public health and for which alternative
therapeutic strategies are urgently required (1). Staphylococcus aureus (S. aureus) ranks first among
all Gram-positive bacteria among these drug-resistant pathogens and is involved in a variety of
severe infections with high morbidity and mortality (2, 3). Several vaccine candidates against this
bacterium have been developed, and some of them have entered clinical trials over the past two
decades (4–7). However, none of these vaccines has yet been approved for clinical use (8).
org May 2021 | Volume 12 | Article 6848231

https://www.frontiersin.org/articles/10.3389/fimmu.2021.684823/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.684823/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.684823/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.684823/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.684823/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:zhaozhuo198309@163.com
mailto:zhangjy198217@126.com
https://doi.org/10.3389/fimmu.2021.684823
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.684823
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.684823&domain=pdf&date_stamp=2021-05-27


Chen et al. Adjuvants Affect the Protective Efficacy
rFSAV is a recombinant five-antigen S. aureus vaccine
developed by our lab and is now under evaluation in a phase
II clinical trial (CTR20160004, http://www.chinadrugtrials.org.
cn/). HI, one of the antigens within rFSAV, is a fusion protein
consisting of the H35L mutant of alpha-hemolysin (Hla) and the
iron surface determinant B N2 domain (IsdB-N2) (9). Previous
studies revealed that immunization with HI alone provides
partial protection against S. aureus infection (10), and passive
immunization with HI-specific polyclonal antibodies showed
protection in a murine sepsis model, indicating that the
humoral immune response is essential in HI-mediated
protection (11). Since a few immunodominant epitopes in an
antigen are involved in inducing a robust response rather
than the other epitopes, the specificity and response of
the immunodominant epitopes can easily be determined (12).
Taking this into consideration, we identified 3 immunodominant
epitopes on HI using serum from immunized individuals in a
phase I clinical trial, which was performed to evaluate the safety
and immunogenicity of rFSAV. Monoclonal antibodies
recognizing these epitopes were also protective against S.
aureus infection (13), further confirming the importance of
immunodominant epitopes for inducing protective immunity.

An adjuvant is defined as a formulation that enhances the
level of immunogenicity or changes the type of immune response
toward a given antigen. To date, several adjuvants have been
approved for clinical administration, such as the classical alum
adjuvant MF59 and the AS series (14). As the mechanism of
these adjuvants varies greatly, the addition of different adjuvants
may impact the immunodominant epitope spectrum of an
antigen, which may further affect the protective efficacy of a
vaccine (15). Furthermore, rFSAV contains HI and three other
antigens, and the immune responses induced by the other
antigens in rFSAV might impact the response to HI; thus, it is
necessary to conduct epitope mapping using serum from
individuals immunized with HI alone.

To date, selection of an adjuvant is based on its ability to
enhance the immunogenicity and efficacy of the vaccine (16).
Knowledge of how adjuvants modulate the specificity of the
antibody response against B epitopes would be of great interest
for choosing adjuvants in a more rational way. In the present
study, to gain further insight into the protective efficacy of HI-
induced immunity, we immunized mice with HI formulated with
AlPO4, complete Freund’s adjuvant (CFA), AddaVax and c-di-
AMP. The antisera from each immunized mouse were used for
epitope mapping. Herein, we report the difference in protective
efficacy and immunodominant epitopes identified from
these preparations.
MATERIALS AND METHODS

Ethics Statement
All animal experiments performed in this study were approved
by the Animal Ethical and Experimental Committee of the Third
Military Medical University (Chongqing, Permit No. 2011-04) in
accordance with their rules and regulations.
Frontiers in Immunology | www.frontiersin.org 2
Animal and Antigens
Six- to eight-week-old specific pathogen-free female BALB/c
mice were purchased from Beijing HFK Bioscience Co., Ltd.
(Beijing, China). The HI antigen was expressed and purified as
previously described (10).

Peptide Synthesis and KLH Conjugations
Eighteen-mer peptides with 12 amino acid length overlaps to
cover the full lengths of Hla (Sequence ID: ADQ77533.1) and
IsdB-N2 (Sequence ID: WP_031875332.1) were synthesized
and purified by China Peptides Co., Ltd. OVA192–201

(EDTQAMPFRV) was used as a negative control peptide. The
purity of these peptides was expected to be 95% or higher. The
peptides were dissolved in dimethyl sulfoxide at a
concentration of 0.5 mg/mL and stored at -80°C before use.
For every immunodominant peptide, peptide keyhole limpet
hemocyanin (KLH) conjugations were performed by China
Peptides Co., Ltd.

Immunization and Infection
To determine the protective efficacies of HI, mice were randomized
into different groups (n=10) and intramuscularly immunized with
50 mg of HI combined with 25 mg of c-di-AMP or 50 mL of
AddaVax, CFA or AlPO4 in a total volume of 100 mL with adjuvant
or PBS alone on days 0, 14, and 21. Incomplete Freund’s Adjuvant
(IFA) was used as adjuvant for boost immunization in CFA group.
All the adjuvants used in this study were purchased from
InvivoGen (San Diego, CA, USA).To determine the protective
efficacies of the immunodominant epitopes, mice (n=10) were
intramuscularly immunized with 75 mg of each epitope-KLH
conjugate combined with 50 mL of AlPO4 on days 0, 14, and 21.
One week after the last booster, mice were infected with 9×108

CFU of S. aureus strain MRSA252 (ATCC,Manassas, VA, USA) in
100 mL saline, and the survival rates in each group were monitored
for 7 days following infection.

Bacterial Burden and Tissue Histology
Mice in each group were infected with 6×108 CFU of MRSA252 7
days after the last immunization (n=8), and kidneys and lungs
were harvested 48 h post infection. The bacterial burden in the
organs was quantified by preparing organ homogenates in PBS
and plating 10-fold serial dilutions on MHA plates. The colonies
were counted after 24 h of incubation at 37°C. The number of
CFU per tissue (CFU/organ) was calculated from each plate. For
histopathology, the organs were fixed in 4% paraformaldehyde
and embedded in paraffin. Four-micrometer thick sections were
prepared and stained with hematoxylin and eosin for
microscopic examination. Each lung section of PBS- and HI-
immunized mice was given a score of 0–4 (no abnormality to
most severe) according to established criteria based on
hyperemia, edema, hemorrhage, and neutrophil infiltration.

Immunoglobulin Subtyping
One week after the last immunization, mice were exsanguinated,
and serum samples were collected. The titers of HI-specific IgG
were determined by ELISA. In brief, wells of microtiter plates
(Thermo Lab Systems) were coated with HI (5 µg per well) in
May 2021 | Volume 12 | Article 684823
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50 mM carbonate buffer (pH9.5) at 4°C overnight. Nonspecific
binding was blocked with 2% BSA (v/v) at 37°C for 2 h. Serum
samples were serially diluted 2-fold in PBS (starting at 1:1000)
and used as the primary antibodies. The secondary antibodies
were HRP-conjugated goat anti-mouse IgG (Sigma). Absorbance
was read at 450 nm (OD450), and the titers were defined as the
highest dilution that yielded an absorbance value of more than
twice the value of the pre-immune serum. To determine the
subtype of HI-specific IgG, serum samples diluted at 1:1000 were
used as the primary antibodies, and HRP-conjugated goat anti-
mouse IgG1, IgG2a, IgG2b and IgG3 (Sigma) were used as
secondary antibodies.

Cytokine Assays
One week after the last immunization, mice were infected with
6×108 CFU of MRSA252. Two days after infection, each mouse
was euthanized with CO2, and serum was harvested using a 1-mL
syringe. Samples were centrifuged at 8,000 rpm for 5 min, and
the supernatants were collected and stored at -80°C until
analysis. Cytokine levels in the serum were determined using
the Cytometric Bead Array-based FlowCytomix assay according
to the manufacturer’s instructions (LEGENDplex™ Panel,
Biolegend, Cat No. 740446) for the following proinflammatory
cytokines: interleukin (IL)-1a, IL-6, MCP-1, IL-17A, tumor
necrosis factor (TNF)-a, and interferon (IFN)-g. Samples were
allowed to thaw at room temperature only once prior to testing.
All assays were performed in duplicate.

Linear B-Cell Epitope Mapping
To determine the reactivity of serum samples from immunized
mice against each peptide, wells of microtiter plates were coated
with 5 µM of each peptide dissolved in 50 mM carbonate buffer
(pH9.6), and OVA192–201 was used as a negative control peptide.
Nonspecific binding was prevented by blocking the coated
microtiter plates with phosphate buffered saline (PBS, pH7.4)
containing 2% BSA. Serum samples from immunized mice
(n=10) were diluted in PBS at a ratio of 1:300 (v/v) and were
used as the primary antibodies, and peroxidase-conjugated goat
anti-mouse IgG antibodies (Solarbio, Beijing, China) were used
as secondary antibodies at a dilution of 1:3500. The ELISA results
are shown as absorbance values observed at 450 nm. The normal
value for each peptide was calculated by testing sera from healthy
mouse sera without immunization, and values that were 2.1-fold
higher than the mean absorbance value of negative sera were
defined as positive.

Structural Localization and
Sequence Alignment of the
Immunodominant Epitopes
The crystal structures of both Hla (3anz.pdb) (17) and IsdB
(3rtl.pdb) (18) were obtained from the protein database (PDB).
Immunodominant epitopes were located on these structures
using the PyMOL 1.1 program. Sequences of Hla and IsdB
from different S. aureus strains were retrieved from the
GenBank database for alignment using the NCBI Basic Local
Alignment Search Tool (BLAST) software.
Frontiers in Immunology | www.frontiersin.org 3
Statistical Analysis
Statistical analyses were performed using GraphPad Prism 8.0.
All data are presented as the mean ± standard deviation
(S.D.). Data were analyzed using one-way ANOVA with
Bonferroni correction. Survival data were analyzed using
the log-rank (Mantel-Cox) test. P < 0.01 was considered
statistically significant.
RESULTS

Immunization With HI Formulated With
Different Adjuvants Provides Different
Protective Efficacies Against
MRSA252 Challenge
BALB/c mice were immunized with HI plus different adjuvants
on days 0, 14 and 21 and then challenged with a lethal dose of
MRSA252 one week after the last immunization. As shown in
Figure 1A, all mice in the PBS-immunized group died within 4
days after MRSA252 infection, consistent with our previous
studies and indicating that the bacteremia model was
successful (13). In contrast, mice immunized with HI and
different adjuvants exhibited different protective efficacies. The
highest survival rate was observed in the HI plus CFA
immunized group, which showed 100% survival without any
clinical symptoms after MRSA252 challenge. The survival rate in
this group was significantly higher than that in the other
groups. Moreover, HI immunized with AlPO4 and c-di-AMP
showed the same survival rate (50%), which was slightly higher
than that of mice immunized with HI plus AddaVax (40%). The
significance of protective immunity generated by the HI
and different adjuvants was measured using the log-rank
(Mantel-Cox)test compared to the PBS group, CFA plus HI
(P<0.0001), AlPO4 plus HI (P= 0.0787), c-di-AMP plus HI (P =
0.1832), AddaVax plus HI (P = 0.2910), CFA alone (P = 0.2695),
AlPO4 alone (P = 0.8943), c-di-AMP alone (P = 0.5932), and
AddaVax alone (P = 0.9114). These results illustrated that
immunization with HI plus different adjuvants resulted in
different protective efficacies for controlling MRSA252
infection. Furthermore, mice immunized with each adjuvant
alone also exhibited partial protection, but the survival rate
was significantly lower than that of the HI immunization
group, further demonstrating that HI is an effective antigen for
the S. aureus vaccine (Figure 1A).

Immunization With HI Plus Different
Adjuvants Reduces MRSA252 Infection
in a Bacteremia Model
The organs of mice immunized with HI plus different adjuvants
were assessed for bacterial load after challenge with a sub-lethal
dose of MRSA252 via intravenous injection. As expected, HI plus
different adjuvant-immunized mice resulted in significantly
lower bacterial burden in kidney (Figure 1B) and lung tissues
(Figure 1C) than in PBS-control counterparts and adjuvant-
immunized mice. Notably, the bacterial burden in mice
May 2021 | Volume 12 | Article 684823
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immunized with HI plus CFA exhibited the lowest bacterial
burden, both in kidney and lung tissues, and the bacterial burden
in each group was negatively correlated with the survival rate.

Histological analysis of MRSA-challenged, HI plus different
adjuvant-immunized mice revealed normal physiological
architecture of the renal tubules and pulmonary alveoli with
no detectable bacterial colonies, while adjuvant-immunized mice
exhibited moderate changes in the physiological architecture of
pulmonary alveoli (fibrin and serous effusion) and renal tubules
(neutrophils). In comparison, scattered bacterial colonies were
readily observed in the kidneys and lungs of the PBS control
mice, particularly in the kidney abscesses (Figure 1D). The
severe score of kidney tissue was consistent with that of
bacterial burden and survival rate (Figure 1E). Taken together,
these results indicate that HI plus different adjuvant
immunizations provided more robust protection against
MRSA252 challenge than that conveyed by PBS-control or
adjuvant immunization alone.
Frontiers in Immunology | www.frontiersin.org 4
Host Immune Response Toward HI
Immunization With Different Adjuvants
As HI-mediated protection was primarily dependent on the
humoral immune response (10), we next tested the titers and
subtypes of HI-specific IgG in the sera of the immunized mice 7
days after the last booster immunization. As shown in Figure 2A,
elevated levels of HI-specific IgG were detected in all mice
immunized with HI plus adjuvants. Notably, the highest titer
of IgG was observed in mice immunized with HI plus CFA,
which was significantly higher than all the other groups. The titer
of HI-specific IgG in mice immunized with HI plus AlPO4 was
lower than in mice immunized with HI plus CFA (p<0.05) but
significantly higher than the titers of mice immunized with HI
plus two other adjuvants. Meanwhile, the titers of IgG in mice
immunized with HI plus AddaVax and mice immunized HI plus
c-di-AMP group were not significantly different. In contrast, the
titers of HI-specific IgG from mice that survived MRSA252
infection were significantly higher than those from mice that
A B

D

E

C

FIGURE 1 | The protective efficacy of immunization with HI formulated with different adjuvants against MRSA252 challenge. (A) Percent survival in mice immunized with HI
plus CFA, AlPO4, AddaVax or c-di-AMP adjuvant, adjuvant alone or PBS as a control (n =10). Bacterial burden in the kidneys (B) and lungs (C) of immunized mice after
challenge with MRSA252 (n = 8). The difference in each group is indicated by the p value. (D) Histological analysis of immunized mice after challenge with MRSA252.
Hematoxylin and eosin staining of kidney sections 48 h after MRSA252 infection, 100 × (top row), 200 × (middle row) and 400 × (bottom row). Abscess formation or scattered
colonies of bacteria were found only in adjuvants alone or PBS-immunized animals (black arrow). (E) Severity scores of lungs (n = 8) from immunized mice and control mice
are shown 2 days postinfection. Data are presented as scatter plots. ns, not significant; *p < 0.05, ***p < 0.001, ****p < 0.0001.
May 2021 | Volume 12 | Article 684823
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died (Figure 2B). Serum IgG subtype analysis in mice
immunized with HI plus different adjuvants revealed a
primarily IgG1 response. The levels of subtypes showed a
similar tendency to the titers of total IgG in each group, and
there was no significant difference in the distribution of subtypes
among the different groups (Figure 2C).

Levels of the cytokines IL-1a, IL-6, MCP-1, TNF-a, IL-17 and
IFN-g in serum were analyzed to evaluate the inflammatory
response in immunized mice in response to MRSA252 challenge.
As shown in Figure 2D, proinflammatory cytokines, such as IL-
1a, IL-6 and TNF-a, were significantly decreased in HI-
immunized mice compared to PBS-immunized mice (p<0.01).
In contrast, levels of IFN-g and IL-17A in the serum of
immunized mice were increased after bacterial infection,
suggesting that immunization with HI was capable of inducing
IFN-g- and IL-17A-producing cells and that cellular immunity
might also be involved in HI-mediated protection against S.
Frontiers in Immunology | www.frontiersin.org 5
aureus infection. These results are consistent with previous
studies reporting that cellular immunity plays essential roles in
protective immunity induced by other S. aureus antigens, such as
MntC or PBP2a (19, 20). Furthermore, MCP-1 is one of the key
chemokines that regulates the migration and infiltration of
monocytes/macrophages (21), and levels of MCP-1 in each
group were similar to those of proinflammatory cytokines,
indicating that inflammation in the lungs of HI-immunized
mice was decreased compared to that in PBS-immunized mice.

Identification of Immunodominant
Epitopes on Hla and IsdB Using Serum
From Mice Immunized With HI Plus
Different Adjuvants
Linear B-cell epitope mapping was performed by ELISA using the
overlapping 18-mer peptides and antiserum from mice
immunized with HI and different adjuvants. As shown in
A B

D

C

FIGURE 2 | HI-specific antibody and cytokine production in response to MRSA252 challenge. (A) Antibody production in mice immunized with HI plus different
adjuvants, adjuvants alone, or PBS alone. (B) Correlation between the titer of HI-specific IgG and the survival of each immunized mouse (n=10). (C) HI-specific
antibody isotope analysis in mice immunized with HI plus different adjuvants, adjuvants alone, or PBS alone. Results are representative of three experiments, and
data are shown as the mean ± SD of samples from 10 mice. (D) Cytokine analysis in the sera of immunized mice after challenge with MRSA252. Serum samples
were collected 48 h after infection (n = 8). ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 3, seven epitopes (Hla1-18, Hla42-59, Hla84-101, Hla186-203,
IsdB342-359, IsdB366-383 and IsdB384-401) were identified with strong
IgG reactivity, and the sequences of these epitopes are listed in
Table 1. Among these immunodominant epitopes, both Hla42-59
and IsdB384-401 were immunodominant in the HI plus c-di-AMP,
AlPO4 and CFA groups. IsdB366-383 was immunodominant in the
HI plus AddaVax and c-di-AMP groups, whereas the other four
epitopes were only immunodominant in one group. These results
suggested that adjuvants are capable of driving the
immunodominant response toward the same antigen, resulting
in differences in protective efficacy. Meanwhile, the
immunodominant epitope Hla42-59 identified in this study may
share the same B cell epitope in Hla48-65, which was previously
identified using serum from humans (13). The other six epitopes
A

B

D

C

FIGURE 3 | B cell epitope mapping in Hla or IsdB by ELISA. To identify the immunodominant epitopes on Hla or IsdB, microtiter plates were coated with synthetic
overlapping peptides that spanned the entire length of the Hla or IsdB. OVA192–201 was used as a negative control peptide. Then, serum samples from BALB/c mice
immunized with HI plus c-di-AMP (A), CFA (B), AlPO4 (C) and AddaVax (D) adjuvants were used as primary antibodies (n=10). The absorbance was read at 450
nm. The raw O.D. values shown were obtained using serum from three independent experiments assayed concurrently. Each bar represents the average OD
observed for all 10 mice in each group. Data are represented as the means ± SEM. Probability values of p < 0.01 were considered significant and are denoted by an
asterisk (**).
Frontiers in Immunology | www.frontiersin.org 6
TABLE 1 | Sequence of the immunodominant epitopes on Hla and IsdB
identified in this study.

The immunodominant
epitopes

Sequence of the
immunodominant

epitopes

The immunization
group

Hla1-18 ADSDINIKTGTTDIGSNT CFA+HI
Hla42-59 FIDDKNHNKKILVIRTKG c-di-AMP+HI, AlPO4

+HI, CFA+HI
Hla84-101 FKVQLQLPDNEVAQISDY c-di-AMP+HI
Hla186-203 SWNPVYGNQLFMKTRNGS AlPO4+HI
IsdB342-359 KMTDLQDTKYVVYESVEN CFA+HI
IsdB366-383 AFVKHPIKTGMLNGKKYM AddaVax+HI, c-di-AMP

+HI
IsdB384-401 VMETTNDDYWKDFMVEGQ CFA+HI, AlPO4+HI, c-

di-AMP+HI
May 2021 | Volu
me 12 | Article 684823
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have not been previously reported and therefore might harbor
novel linear B-cell epitopes.

Next, we determined the protective efficacy of each single
immunodominant epitope against MRSA252 infection. Mice
were immunized three times with epitope-KLH conjugations
and subsequently infected with a lethal dose of MRSA252 as
described previously. As shown in Supplementary Figure 1,
results demonstrated that all of these peptides provided partial
protection against MRSA252 infection, ranging from 10% to
30%, when compared to the negative control. However, only
Hla1-18-, Hla42-59- and IsdB366-383-KLH immunized groups
showed differences in survival when compared to PBS
immunized group, and no significant differences were
observed among these epitope immunized groups compared
to adjuvant immunized group, which is understandable since a
single immunodominant epitope was unable to induce
robust protection.

Localization and Sequence Alignment of the
Immunodominant Epitopes on Hla and IsdB
Since the crystal structures of Hla and IsdB are available in the
PDB, we next located the seven epitopes on the structure of these
proteins. As shown in Figure 4, all seven epitopes are located on
the surface of these structures, making them more accessible to
specific antibodies. Among these epitopes, Hla42-59, Hla84-101,
IsdB342-359, IsdB366-383 and IsdB384-401 fold into a b-sheet
structure. In contrast, the other two epitopes, Hla1-18 and
Hla186-203, assemble into a complex of loop and a-helix structures.

To determine the conservation of these immunodominant
epitopes, the amino acid sequences of Hla and IsdB from 33
randomly selected S. aureus strains were retrieved from the
GenBank database for alignment. The results revealed that
sequences of all seven immunodominant epitopes identified in
this study were completely conserved among these S. aureus
strains, with amino acid identities of 100% (Figure 5). As a
result, specific antibodies targeting these epitopes may cross-
react with different strains of S. aureus.
Frontiers in Immunology | www.frontiersin.org 7
DISCUSSION

Vaccination has proven to be the most cost-effective strategy to
combat infectious diseases. Due to the high morbidity and
mortality associated with S. aureus infections and the steady
increase in the frequency of drug-resistant isolates, there is an
urgent need to develop vaccines against these bacteria (22). Our
team developed the pentavalent S. aureus vaccine rFSAV, the
average protection rate of which was 87% in an animal model (9).
Furthermore, a phase I clinical trial demonstrated that rFSAV was
immunogenic and well tolerated in healthy volunteers and that
both Hla and IsdB induced a robust and specific immune response
(to be published). Hla is a pathogenic exotoxin with hemolytic
activity secreted by S. aureus that plays an important role in
bacteremia caused by S. aureus infection (23, 24). Previous reports
have shown that antibody levels of Hla are positively correlated
with the survival of patients with S. aureus bacteremia (25), and
humanized Hla monoclonal antibodies can effectively eradicate S.
aureus infection in pneumonia patients in the ICU (26). IsdB is
distributed on the surface of S. aureus and acts as a receptor for
hemoglobin (18), which functions to maintain the growth of S.
aureus and is also closely related to the pathogenesis of
endocarditis caused by S. aureus infection (27).

Although antigens are the most important components within
a vaccine, the vaccination strategy and the co-administration of
adjuvants are also crucial for the protective immune response (28).
Therefore, the precise monitoring of adjuvant candidates is an
essential step for vaccine design. In the current study, we
determined the humoral immune response and protective
efficacies of HI formulated using four different adjuvants.
Among them, CFA consists of heat-inactivated Mycobacterium
tuberculosis in nonmetabolizable oils. This adjuvant is widely used
in animal experiments but has not yet been approved for human
use and is considered to be the most effective adjuvant available for
consistently producing high titer antibodies to diverse antigens
(29). AlPO4 is a classic adjuvant that is used in most approved
vaccines. It enhances the immune response by facilitating
A B

FIGURE 4 | Localization of immunodominant epitopes on Hla and IsdB. The crystal structures of Hla (3anz.pdb) and IsdB (3rtl.pdb) were obtained from PDB.
Immunodominant epitopes of Hla (A) and IsdB (B) were located on these structures using the PyMOL 1.1 program..
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phagocytosis and slowing the diffusion of antigens from the site of
injection, and it efficiently induces a Th2 immune response (30).
AddaVax is a squalene-based oil-in-water nanoemulsion that
efficiently elicits both cellular and humoral immune responses
(31). The formulation of AddaVax is similar to that of MF59,
which is already used in flu vaccines (32). c-di-AMP is a STING
activator that promotes high humoral and cellular immune
responses to model and disease-related antigens and vaccines
(33). All adjuvants used in this study proved to be efficient in
inducing humoral immunity against HI.

The protective response induced by antigens is essentially and
is primarily the result of specific protective immunodominant
epitopes; therefore, epitope mapping is critical for understanding
the protective mechanism of an antigen. The immune responses
induced by different immunodominant epitopes of the same
antigen, as well as the different levels of immune responses
elicited by the same immunodominant epitope, can both result
in different protective efficacies. In this study, we found that mice
immunized with HI from S. aureus plus different adjuvants
exhibited a significant difference in response to S. aureus
infection in a bacteremia model, and survival rates of the
immunization groups varied from 40% to 100%. As expected,
the titers of HI-specific antibodies were correlated with survival
rates, consistent with previous findings that the humoral immune
response is essential for HI-mediated protection (10).

In this study, mice were immunized with HI formulated with
different adjuvants, and the titers of HI-specific IgG, IgG subtype,
B cell linear epitope and the levels of inflammatory cytokines in
immunized mice were further analyzed. The titers of HI-specific
IgG were closely correlated with the survival rates in each group,
Frontiers in Immunology | www.frontiersin.org 8
and serum IgG subtype analysis in mice immunized with HI plus
different adjuvants revealed a primarily IgG1 response. There
was no significant difference in the distribution of subtypes
among the different groups. In contrast, B cell epitope
mapping revealed different immunodominant epitopes,
suggesting that the difference in protective immunity observed
in different immunization groups might be due, at least in part, to
the different antibody titers induced in response to different
adjuvant-mediated epitope specificities. As there were
several immunodominant epitopes rather than a single
immunodominant epitope in every immunization group, the
immunodominant epitopes in the same immunization group
play an additive or synergistic effect in protection against
MRSA252 infection, which has been confirmed by several
previous studies (34, 35). Sequence alignment indicated that all
of these epitopes were conserved among different isolates of S.
aureus, indicating that antibodies recognizing these epitopes
might provide broad protection against infections caused by
different S. aureus isolates.

Cytokine assays revealed that levels of IL-1a, IL-6, TNF-a and
MCP-1 in the serum of HI-immunizedmice were lower than those
in the serum of control mice, suggesting that HI immunization
reduced levels of inflammation in response to S. aureus infection.
Meanwhile, levels of IFN-g and IL-17A were higher in HI-
immunized mice than in PBS-immunized mice, indicating that
the cellular immune response might also be involved in HI-
mediated protection. Similar results have been reported by
former studies. For example, one report indicated that IFN-g
plays an essential role in murine defense against S. aureus nasal
infection (36). Another study reported that immunization with the
FIGURE 5 | Sequence alignment of the immunodominant epitopes on Hla and IsdB. The sequences of Hla and IsdB from 33 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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fibrinogen-binding domain of clumping factor A, a candidate
antigen from S. aureus, efficiently induced IL-17A-producing cells
and showed that IL-17-mediated cellular immunity was involved
in the protective effect against S. aureus infection (37).

In summary, we identified seven B cell epitopes in the HI
antigen using serum from mice immunized with HI plus
different adjuvants. This study may shed light on the molecular
mechanisms of Hla and IsdB-mediated protection against S.
aureus infection. It is very important to select the appropriate
adjuvant to optimize the protective efficacy of rFSAV since the
adjuvants AlPO4, CFA, AddaVax and c-di-AMP plus the same
antigen HI induced different immunodominant B cell responses.
Further studies will be needed to determine whether the
differential protection levels obtained with each adjuvant are
due to differences in antibody titers, immunodominant epitopes,
cellular responses, or a combination of all these factors.
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