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recombinant protein ClfA–IsdB–Hlg is a promising vac-
cine candidate for the prevention of S. aureus bacteremia 
infections.
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Introduction

Staphylococcus aureus bacteria are a potential pathogen 
that can cause numerous infections in humans ranging 
from moderate skin infections to systemic infections, 
including bacteremia, osteomyelitis and septic shock. 
This opportunistic pathogen is one of the most impor-
tant causes of both nosocomial and community-acquired 
infections [1, 2]. In the last two decades, there has been 
a significant increase in the incidence of nosocomial 
infections associated with S. aureus [3]. It is becom-
ing increasingly difficult to treat these severe infections 
because of the emergence of strains resistant to antibiot-
ics, particularly methicillin and vancomycin [4, 5]. Due 
to the dramatic increase in the number of nosocomial 
staphylococcal infections, including antibiotic-resistant 
S. aureus, there is an urgent need for the development 
of alternative treatment approaches particularly in the 
field of vaccines and therapeutic antibodies. The main 
challenge for designing an effective vaccine against S. 
aureus is that this organism can produce several poten-
tial virulence factors. This challenge can potentially be 
overcome using multi-component vaccines [6]. Several 
S. aureus virulence factors have been investigated over 
the past decade. Proteins selected as vaccine candidates 
must be expressed by the majority of clinical S. aureus 
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strains, perform important functions during infection and 
produce immune response that promotes opsonophago-
cytic activity [7]. Clumping factor A (ClfA), iron surface 
determinant B (IsdB) and gamma hemolysin (Hlg) all 
have such features. ClfA is a fibrinogen-binding surface 
protein of S. aureus, which can cause clumping of bac-
teria in suspension [8]. This interaction between ClfA 
and fibrinogen is very important for bacterial virulence, 
and almost all S. aureus strains can express the clfA gene 
[9]. ClfA is also an excellent target for immunological 
attack by antibodies [10]. The fibrinogen-binding activ-
ity of ClfA is related to the N-terminal A region of this 
protein [11]. Iron surface determinant B (IsdB) is another 
component under clinical development for multi-subunit 
vaccine, which has shown protective efficacy in animal 
models [12, 13]. IsdB protein of S. aureus is known as 
iron-sequestering protein in iron-limited condition [14]. 
The gene isdB is conserved in diverse S. aureus clinical 
isolates [7], and loss of this protein leads to a reduction 
in virulence, which makes it a suitable candidate in vac-
cine projects [13]. Evaluation of binding regions con-
firmed that amino acid residues 130–454 of the IsdB pro-
tein are required for bindings in monoclonal antibodies 
that bind to this portion effectively [15]. Another candi-
date component for developing multi-subunit vaccine 
against S. aureus is gamma hemolysin (Hlg). Hlg protein 
is a two-component toxin, which plays an important role 
in the disruption and lysis of erythrocytes and leukocytes 
[16]. More than 99 % of S. aureus strains are capable 
of producing this protein [17]. IgG antibody produc-
tion against gamma hemolysin B (HlgB) was higher in 
S. aureus-infected patients than in control groups [18]. 
In this report, we have prepared a recombinant vaccine 
using antigenic regions of ClfA, IsdB and HlgB proteins 
to evaluate their immunogenicity in a mouse model. The 
clinical application of the developed know-how is subject 
to further studies; however, the identified vaccine targets 
may have the potential to generate a significant level 
of functional antibodies in patients with a high risk of 
developing S. aureus infections.

Materials and methods

Bacterial strains

Escherichia coli BL21 (DE3) (Novagen, USA) was used 
as an expression host. A clinical isolate of S. aureus was 
applied for immunization assay, opsonophagocytic activ-
ity and bacteremia challenge. This strain was isolated from 
blood cultures, and the presence of three genes clfA, isdB 
and hlg was confirmed by PCR.

Bioinformatic analysis of recombinant protein

To design a recombinant protein, antigenic epitope regions 
of ClfA, IsdB and HlgB proteins were selected and fused 
together by hydrophobic linkers to separate these three 
domains from each other. The secondary and tertiary 
structures of the recombinant protein prediction were per-
formed by GOR secondary structure prediction server and 
I-TASSER ab initio online software, and its stability was 
analyzed by mfold software (www.bioinfo.rpi.edu/applica-
tions/mfold) [19–21]. A VaxiJen server was used to predict 
the immunogenicity of the recombinant protein (www.jen-
ner.ac.uk/VaxiJen) [22]. The amino acid sequence of the 
recombinant protein was analyzed using the software based 
on B cell epitope prediction algorithms to predict continu-
ous (http://www.imtech.res.in/raghava/bcepred/) and dis-
continuous B cell epitopes (http://www.cbs.dtu.dk/services/
DiscoTope) [23, 24]. The recombinant gene was designed 
to be inserted between the BamHI and HindIII sites of pET-
28a (+) vector, and a 6His-encoding sequence was added 
at the 3′ end of the recombinant gene sequence. The recom-
binant gene was synthesized by Shine Gene Molecular Bio-
tech, Inc (Shanghai, China). The nucleotide sequence of the 
clfA–isdB–hlg recombinant gene was submitted and pub-
lished in DDBJ (Accession number: KF515219.1).

Expression of recombinant protein

The recombinant pET-28a–clfA–isdB–hlg was initially 
transferred into E. coli BL21 (DE3). An overnight culture 
of recombinant E. coli BL21 (DE3) in 5 ml LB broth (con-
taining 30 µg/mL of kanamycin; Sigma, Germany) was 
used to inoculate a fresh LB broth. New culture media were 
incubated at 37 °C while shaking; when the OD600 reached 
1.0, expression was induced by 1 mM of isopropylthio-β-
d-galactoside (IPTG). After overnight induction, cells were 
harvested by centrifugation and pellets were suspended in 
PBS. Cells were destroyed using ultrasonication for 5 min, 
three times with a 0.5-s cycle frequency of 70 % on ice. 
The bacterial lysates was centrifuged, and the soluble and 
solid phases were separated; solid materials were dissolved 
in 8 M urea. Both soluble supernatant and insoluble protein 
were analyzed by SDS-PAGE for the presence of recombi-
nant proteins.

Purification of recombinant protein

The His6-tagged recombinant protein was purified by 
nickel chelate chromatography according to the previously 
described hybrid procedure [25]. Briefly, the cell pellet was 
dissolved in a lysis buffer, debris was removed, and urea-
dissolved cell components were subjected to Ni–NTA resin 
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(Qiagen, USA). Urea was removed by using washing buff-
ers with decreasing urea concentrations (8, 6, 4, 2, 1, 0 M 
urea). Finally, the recombinant protein was eluted from the 
column using 250 mM imidazole solution. Imidazole was 
removed by dialysis against 100 volume of PBS (pH 7.2) 
for 24 h with three exchanges [25]. Purified protein was 
analyzed by SDS-PAGE and quantified with NanoDrop®, 
and it stored at −80 °C.

Western blot

Western blot analysis was performed as described previ-
ously [25]. Briefly, proteins were separated on a 10 % 
polyacrylamide gel and then were transferred into a polyvi-
nylidene difluoride (PVDF) membrane (Roche, Germany) 
by a semi-dry blotting unit (Bio-Rad, USA). The PVDF 
membrane was blocked with 3 % BSA, in PBST (PBS con-
taining 0.05 % Tween 20) for 2 h, at room temperature and 
washed three times with PBST. Proteins were traced by 
incubating with 1:1000 dilutions of mouse HRP-conjugated 
anti-His-tag antibody (Roche, Germany) in PBST for 2 h, 
at room temperature. Finally, the membrane was washed 
as described above and was developed using a DAB sub-
strate solution (3,3′-diaminobenzidine tetrahydrochloride, 
Sigma).

Preparation of formalin‑inactivated S. aureus

S. aureus clinical isolate was grown in brain-heart infusion 
(BHI) broth at 37 °C for 24 h. Bacterial cells were diluted 
1:200 in fresh BHI broth and then cultured at 37 °C for 
24 h. To prepare inactivated suspensions, bacterial cells 
were harvested by centrifugation (10,000×g for 10 min), 
washed three times with PBS and suspended in PBS. For 
formalin inactivation, bacterial cells were suspended in 
1 % formaldehyde in PBS and incubated at 4 °C for 24 h 
with shaking. Bacterial cells were then centrifuged, washed 
three times and suspended in PBS. The concentration of 
bacterial cells was set at 108 CFU/mL using spectrophoto-
metric method. The suspension was checked for complete 
inactivation through streaking onto blood agar plates.

Immunization of mice

Female BALB/c mice, 6–8 weeks of age, were bought from 
the laboratory animal production center of Pasture Institute 
of Iran (Tehran, Iran) and kept under pathogen-free condi-
tions. Mice (n = 14) were assigned into three groups (1, 
2 and 3), and each group was vaccinated three times. Vac-
cination was performed with 200 µL of the emulsion con-
taining purified recombinant protein (10 µg) emulsified 1:1 
with complete Freund’s adjuvant and 200 µL of the emul-
sion containing formalin-inactivated S. aureus (108 CFU/

mL) emulsified 1:1 with complete Freund’s adjuvant 
administered subcutaneously on days 0 for group 1 and 2, 
respectively. Booster immunizations were performed on 
days 14 and 28 for both groups (emulsified 1:1 with incom-
plete Freund’s adjuvant). The control group 3 inoculated 
with PBS followed the same protocol.

IgG assessment

One week after the each immunization dose, blood samples 
were drawn by retro-orbital bleeding and serum samples 
were stored at −80 °C separately. ELISA method was used 
for the measurement of total IgG and its subtypes [25]. 
Ninety-six-well microtiter plates were coated with 5 µg/mL 
recombinant protein overnight at 4 °C, and then blocked 
for 2 h, at 37 °C, with 1 % BSA. Plates were washed three 
times and incubated with diluted sera in PBS −1 % BSA, 
for 2 h, at 37 °C. The wells were washed again and incu-
bated stepwise with a HRP-conjugated goat anti-mouse 
IgG antibody diluted 1:4000, TMB solution as a substrate 
and 2NH2SO4. Finally, OD450 was measured using a micro-
plate reader. ELISA plates coated with 107 CFU/mL, of 
S. aureus clinical strain, also were used to evaluate the 
humoral response induced in formalin-inactivated S. aureus 
immunized mice.

Opsonophagocytic activity

Opsonophagocytic activity assay (OPK) was performed 
based on previously published protocols [26, 27]. Mac-
rophages from peritoneal cavity of naive mice were col-
lected by injection of cold RPMI medium supplemented 
with 10 % FBS. Peritoneal macrophages were counted, 
diluted to 2 × 106 macrophages per mL, and seeded 
(200 µL) into each well of a 24-well plate. Five hundred 
microliters of cell culture medium was added to each well, 
and then plates were incubated at 37 °C, for 24 h. After-
ward, each well was replaced by 500 µL of a new anti-
biotic-free medium and then was incubated at 37 °C, for 
24 h. For the OPK assay, 200 µL of a clinical S. aureus 
isolate with an approximate concentration of 2 × 107 CFU 
per mL, was opsonized for 30 min, at 37 °C, with equal 
volume of complement source (the baby rabbit comple-
ment; Razi Institute of Vaccine Research and Production, 
Karaj, Iran) and equal volume of heat-treated sera (at 
56 °C for 30 min) of three groups separately. Five hun-
dred microliters of serum containing the complement and 
opsonized staphylococcus was added to macrophages. 
After 50-min incubation at 25 °C, all macrophages were 
washed three times by distilled water. The macrophage 
was lysed by saline for 20 min, and bacterial cells from 
each well were counted on 5 % blood agar plates via plat-
ing serial dilutions.
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Lethal challenge

Ten days after final immunization, mice were challenged 
intraperitoneally by 2 × 109 CFU of a clinical S. aureus 
isolate (containing clfA, isdB and hlg genes) to induce bac-
teremia. After 5 days, three mice of each group were killed; 
their kidneys and spleens were removed and homogenized 
in PBS, and the bacterial load of each sample was counted 
on BHI and blood agar. The remaining mice were followed 
until day seven post-challenge for survival analysis.

Statistical analysis

Data were analyzed by IBM SPSS 22.0 via one-way analy-
sis of variance (ANOVA) and post hoc test (LSD). Fisher’s 
exact test was used to analyze the statistical significance of 
the survival data. All the data of this study are expressed as 
mean ± SD, and differences between groups with p values 
≤0.05 were considered significant.

Result

Bioinformatics

The recombinant gene length was 1431 bp and was com-
posed of residues 500–559 of the region A of clumping 
factor A, amino acid residues 130–454 of the IsdB protein 
and the first 50 amino acid residues after the Hlg protein of 
signal peptide. In order to separate the different domains, 
linkers consisting of EAAAKEAAAKEAAAK repeats and 
DPRVPSS repeats were designed. A schematic diagram of 
protein domain structures with the design of linker sites is 

shown in Fig. 1a. The complete sequence of the recombi-
nant protein is shown in Fig. 1b. The data from mRNA pre-
diction showed that the mRNA was stable enough for effi-
cient translation in the host. VaxiJen analysis of the protein 
showed high antigenicity. Continuous and discontinuous 
B cell epitopes were identified (data not shown). In gen-
eral, the results confirmed that proteins encoded by these 
genes are valid candidates for designing vaccines against S. 
aureus infections.

Expression and purification of recombinant protein

The majority of expressed proteins were detected in inclu-
sion bodies after the recombinant pET-28a (+) was induced 
with 1 mM IPTG and an overnight induction period at 
37 °C. SDS-PAGE analysis showed a 58-KDa protein 
present in inclusion body fraction (data not shown). The 
recombinant protein was successfully purified (Fig. 2) 
with a yield of approximately 2 mg of purified recombi-
nant protein from one liter of culture. Western blot analysis 
also confirmed the purified protein with His6-tag residue 
(Fig. 3).

Humoral immune response to recombinant protein 
in mice

Specific IgG titer directed to the recombinant protein 
was measured after three doses of immunization. IgG 
titer against the recombinant protein reached a maximum 
level at the third immunization (Fig. 4a). Comparison 
of IgG titer between the three groups revealed that after 
the third immunization, the antibody titers in the recom-
binant protein group were higher than those in either the 

Fig. 1  a Schematic representa-
tion of Staphylococcus aureus 
antigenic construct consists of 
clfA, isdB and hlg genes bound 
together by appropriate linkers 
for expression in E. coli. b 
Complete amino acids sequence 
of the recombinant protein 
consists of antigenic region of 
ClfA, IsdB and Hlg proteins
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formalin-inactivated S. aureus group or the control group 
(Fig. 4b). These results were statistically significant 
(p ≤ 0.05). The serum levels of IgG1, IgG2a, IgG2b and 
IgG3 directed against the recombinant protein were meas-
ured (Fig. 4c). IgG1, IgG2a, IgG2b and IgG3 titers in the 
recombinant protein group showed a significant increase 

as compared to control group (p ≤ 0.05), and IgG1 sub-
type was predominant.

Bioactivity of all sera from each in vitro group was 
examined by the impact of specific antibodies on phago-
cytosis activity of peritoneal macrophages. A clinical S. 
aureus isolate (containing clfA, isdB and hlg genes) was 
used for this purpose. Bacterial cells were opsonized with 
serum from mice under experiment. After exposing the 
opsonized bacteria to the peritoneal macrophages, the 

Fig. 2  Purification of the recombinant protein. Lane 1 pre-stained 
protein ladder 10–170 kDa (SinaClon), lane 2 purified protein, lane 
3 dialyzed protein

Fig. 3  Western blot analysis with anti-His antibody. Lane 1 E. coli 
BL21 (DE3) containing of pET-28a vector, lane 2 un-induced bac-
teria, lane 3 recombinant protein, lane 4 pre-stained protein ladder 
10–170 kDa (SinaClon)

Fig. 4  a IgG antibody titers against the recombinant protein deter-
mined by ELISA. The mice (n = 14) were immunized three times (0, 
14, 28 days), and sera were obtained from the mice 1 week after the 
second and the third vaccination. b Comparison of IgG titers between 
three groups: recombinant protein group, inactivated S. aureus and 
control group after the third immunization. c Measurement of serum 
levels of IgG1, IgG2a, IgG2b and IgG3 against the recombinant pro-
tein and control groups. Values represent the means ± the SEM
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phagocytic capacity of macrophages exposed with serum 
from mice immunized with recombinant protein showed a 
significant increase as compared to macrophages exposed 
to groups 2 and 3 (p = 0.043 and p = 0.002, respectively). 
Furthermore, the phagocytic capacity of macrophages 
exposed to serum from mice immunized with formalin-
inactivated S. aureus showed a significant increase as com-
pared to macrophages exposed with group 3 (p = 0.041) 
(Fig. 5).

Bacterial challenge

To determine whether the recombinant protein could elicit 
protective immunity and reduce the bacteremia rate in 
mice, 10 days after the second booster, mice were chal-
lenged intraperitoneally with 2 × 109 CFU of the same 
clinical S. aureus strain, which was used for immunization, 
and there was a significant (p = 0.004) reduction in CFU 
recovered from spleen samples in mice immunized with 
the recombinant protein as compared to non-immunized 
mice (Fig. 6). However, this result was not significant for 
kidney samples (p = 0/1). All animals were monitored for 
7 days post-challenge to study mortality. While 64.2 % of 
mice, which were vaccinated with the recombinant protein, 
survived after 7 days, the survival rate of mice in groups 2 
and 3 was only 42.8 and 35.7 %, respectively (Fig. 7). Sur-
vival analysis showed a significant (p = 0.04) increase in 
survival rate of mice receiving the recombinant protein as 
compared to mice receiving PBS.

Discussion

Over the past decade, increasing levels of resistance to anti-
microbial components of S. aureus have become a major 
challenge for health care. There are currently no vaccines 
available for S. aureus infections [4, 28, 29]; therefore, an 
effective vaccine to prevent S. aureus infections is urgently 
required [30]. The main problem for designing an effective 
vaccine against S. aureus is that these bacteria can express 
several potential virulence factors. Using multi-component 
vaccines is a way to address this issue [6, 31]. In this study, 
we designed a new multi-component vaccine against S. 

Fig. 5  Number of in vitro ingested staphylococci after phagocytosis 
assay with serum from mice immunized with recombinant protein, 
serum from mice immunized with formalin-inactivated S. aureus 
and serum from mice immunized with PBS. Error bars represent the 
SEM. All of the p values provided represent comparison between sera 
from control group and from formalin-inactivated S. aureus or recom-
binant protein vaccinated groups

Fig. 6  Protection against bacterial dissemination in bactere-
mia model. Bacterial burden in kidneys and spleen in three mice 
of each group was determined after intraperitoneal injection with 
2 × 109 CFU of S. aureus per mouse. There was a significant reduc-
tion in CFU recovered from spleen in mice immunized with the 
recombinant protein as compared to non-immunized mice. p values 
were recorded

Fig. 7  Protection against lethal challenge infections. After determi-
nation of lethal dose, the mice (n = 14) were challenged by intraperi-
toneal injection with clinical S. aureus isolates (2 × 109 CFU) and 
monitored for 7 days for survival. Survival analysis showed a signifi-
cant (p = 0.04) increase in survival rate of mice receiving the recom-
binant protein as compared to mice receiving PBS
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aureus bacteremia infection by combining the antigenic 
regions of three important virulence factors of S. aureus 
(ClfA, IsdB and Hlg) that are expressed by most clinical 
isolates of S. aurous. We choose ClfA, IsdB and Hlg pro-
teins, because it was shown in previous attempts that these 
three virulence factors can produce an immune response 
that promotes opsonophagocytic activity [1, 10, 13, 18, 32, 
33]. Ebert et al. [34] showed that a humanized monoclo-
nal antibody targeting IsdB can protect mice in a murine 
sepsis model, reduce bacteremia and prevent central venous 
catheter colonization in a rat model. Josefsson et al. [35], in 
their preclinical studies, had showed that antibodies against 
ClfA have the potential to protect from infection. Other 
investigations have also confirmed that ClfA is an impor-
tant virulence factor and elicited antibodies against this 
protein can completely prevent S. aureus binding to fibrino-
gen, which is required to inhibit ClfA-mediated pathol-
ogy [36]. IgG levels against gamma hemolysin B (HlgB) 
were higher in S. aureus-infected patients than in control 
subjects [18]. To find successful S. aureus candidate vac-
cines, we considered major virulence mechanisms associ-
ated with staphylococcal disease including binding to host 
cells (ClfA), nutrient acquisition or scavenging nutrients 
(IsdB) and promoting tissue damage (Hlg). We selected the 
antigenic region for each protein and generated antibodies 
against these regions. By combining several bioinformatics 
approaches, it was shown that synthetic multi-component 
vaccine structure had desirable protein stability and could 
successfully induce B cell-mediated immune response. 
According to bioinformatics predictions, the recombinant 
protein can be a suitable immunogen. Furthermore, our 
results indicated reasonable immunogenicity for the recom-
binant protein in a mice model. We confirmed that clfA–
isdB–hlg gene synthesis takes place directly in the expres-
sion vector pET-28a. This is a rapid, easy and cost-effective 
method for the preparation of the recombinant protein. The 
yield of recombinant protein ClfA–IsdB–Hlg was more 
than 70–80 % of the total bacterial proteins, which sug-
gests the process may have the potential to be scaled up for 
industrial production. Our efforts for removal of urea by 
dialysis were not fruitful. Therefore, for better refold and 
elimination of urea, we used a series of washing solutions 
with decreasing urea concentrations when the recombinant 
protein was bound to Ni–NTA resins. This method was 
superior compared to other methods used for purification of 
recombinant proteins.

S. aureus infections are believed to stimulate a strong 
humoral immune responses characterized by higher IgG 
titers, dominance by the IgG1 subtype and the enhanced 
ability of induced antibodies to bind and opsonize the 
bacteria, as well as to inhibit bacterial growth [37]. In the 
present study, immunization of mice with the recombinant 
protein ClfA–IsdB–Hlg revealed that the protein induced a 

significant level of IgG antibodies in a mice model and we 
had the highest antibody titers approximately after the third 
vaccination. Furthermore, analysis of the IgG responses 
revealed that immunization with recombinant vaccine pro-
duced higher levels of IgG than immunization with inacti-
vated S. aureus or the control group. We did not evaluate 
ClfA, IsdB and Hlg alone, because each of these proteins 
showed immunogenicity roles in previous studies. Further 
experiments to determine isotypes of IgG showed that IgG 
subtype induced by recombinant protein was predomi-
nantly IgG1. This represents a Th2-dominant response. The 
induction of a higher proportion of IgG1 is a typical fea-
ture of protein immunization [38]. In addition, antibodies 
against the recombinant protein group were more potent 
in increasing the ingestion of bacteria by peritoneal mac-
rophage compared to the formalin-inactivated S. aureus 
or control groups. These results confirm that antibodies 
against the recombinant protein ClfA–IsdB–Hlg promote 
the phagocytosis of S. aureus and enhance the clearance of 
the in vivo pathogen. Opsonic activity plays an important 
role in successful vaccine development against S. aureus 
infection.

The aim of the present study was to examine the pro-
tective efficacy of recombinant protein ClfA-IsdB-Hlg in 
mouse bacteremia model, because bacteremia caused by 
S. aureus is an important infection and the morbidity and 
mortality of both community-acquired and healthcare-
associated bacteremia is high [39, 40]. In our bacterial 
challenge results, a significant reduction in the bacteria 
recovered from spleen samples was demonstrated in mice 
immunized with the recombinant protein ClfA–IsdB–Hlg 
compared with the control group (p < 0/05). Immuniza-
tion with the recombinant protein ClfA–IsdB–Hlg also 
decreased the mortality rate in immunized mice compared 
to mice in the control groups.

Conclusion

Overall, our findings indicate that the recombinant protein 
ClfA–IsdB–Hlg induces a significantly stronger and more 
effective immune response than the formalin-inactivated S. 
aureus in mouse bacteremia model. To confirm the protec-
tion efficiency of the recombinant protein ClfA–IsdB–Hlg, 
we suggest examining the other challenge strain, infec-
tion site, and immunization routes and doses. The recom-
binant protein ClfA–IsdB–Hlg is currently being further 
investigated in our laboratory as a novel promising multi-
component candidate vaccine that can protect humans at 
high risk of S. aureus infection, such as dialysis patients, 
those who undergoing surgery, those who suffering from 
chronic illnesses and those who experiencing prolonged 
hospitalization.
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