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Purpose: We previously reported that monoclonal antibody (mAb) cocktail improves 
survival in Staphylococcus aureus infection. In this study, we used acute pneumonia model 
and lethal sepsis model to investigate the efficacy of antibiotic combined with epitope- 
specific mAb cocktail in treating MRSA252 infection.
Methods: MRSA252 was challenged by tail vein injection or tracheal intubation to establish 
sepsis model or pneumonia model. One hour after infection, the mice received a single 
intravenous injection of normal saline, vancomycin, and vancomycin combined monoclonal 
antibody, linezolid alone or linezolid combined monoclonal antibody. Daily record survival 
rate (total 7 days), bacterial load, histology, cytokine analysis of serum and alveolar lavage 
fluid, and in vitro determination of the neutralizing ability of antibodies to SEB toxin and Hla 
toxin explained the mechanism of antibody action.
Results: The mAb cocktail combined with low doses of vancomycin or linezolid improved 
survival rates in acute pneumonia model (70%, 80%) and lethal sepsis model (80%, 80%). Epitope- 
specific monoclonal antibodies reduced bacterial colonization in the kidneys and lungs of mice and 
inhibited the biological functions of the toxins Hla and SEB in vitro. Compared to the antibiotic 
alone or PBS groups, the combination group had higher levels of IL-1α, IL-1β and IFN-γ and lower 
levels of IL-6, IL-10, TNF-α. Further, the combination of antibiotic and mAb cocktail improved 
infection survival against the clinical MRSA isolates in a lethal sepsis model.
Conclusion: This study demonstrates a novel method to treat people with low immunity 
against drug-resistant S. aureus infections.
Keywords: methicillin-resistant Staphylococcus aureus, immunodominant epitope, 
monoclonal antibody, lethal sepsis, pneumonia

Plain Language Summary
We previously reported that an immunodominant epitope-specific monoclonal antibody (mAb) 
cocktail improves survival in a mouse model of MRSA (Methicillin-resistant Staphylococcus 
aureus) bacteremia. The mAb cocktail includes four B-cell immunodominant epitope-specific 
mAbs, including Hla48-65-mAb, IsdB432-449-mAb, SEB78-95-mAb, and SEB222-239-mAb. This 
study confirmed that the combination treatment of the mAb cocktail and low-dose vancomycin 
or linezolid was effective against MRSA252 infection in lethal sepsis and acute pneumonia mouse 
models. Among these mAbs, SEB222-239-mAb inhibited the ability of native SEB to induce T cell 
mitogenesis and cytokine production in splenocytes, and Hla48-65-mAb inhibited the hemolytic 
activity of native Hla. Compared to the antibiotic alone or PBS groups, the combination group had 
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higher levels of IL-1α, IL-1β and IFN-γ and lower levels of IL-6, IL- 
10, TNF-α. Further, the combination of antibiotic and mAb cocktail 
improved infection survival against the clinical MRSA isolates in 
a lethal sepsis model. This study demonstrates a novel method to treat 
people with low immunity against drug-resistant S. aureus infections.

Introduction
Staphylococcus aureus (S. aureus) is a very common 
human pathogenic microorganism that causes a variety of 
clinical infections. Methicillin-resistant S. aureus (MRSA) 
is a serious threat, and the spread of its drug resistance has 
posed a challenge to the healthcare system worldwide.1 

Clinically, it causes sepsis, pneumonia, skin infections, 
fractures, and trauma-associated infections.2 MRSA infec-
tions are associated with an enormous burden of morbidity 
and mortality in children and adults.3 Current treatments 
for MRSA include vancomycin, daptomycin, teicoplanin, 
linezolid, and other antibiotics, among which the current 
standard therapy for MRSA bacteremia is vancomycin or 
daptomycin.4–6 In developed countries such as the United 
States, the resistance of MRSA to β-lactam antibiotics has 
posed a major challenge in hospitals and other medical 
institutions.7 However, antibiotic resistance is an unavoid-
able problem, and the massive use of these antibiotics 
causes side-effects such as ototoxicity, nephrotoxicity, 
and neurotoxicity,8–10 which cannot be ignored. Clinical 
treatment of multidrug-resistant (MDR) bacterial infec-
tions is usually carried out with new antibiotics, but this 
may not solve the fundamental problem of drug 
resistance.11 Therefore, it is urgent to find new treatment 
methods.

Antibodies were produced by B cells, they have multi-
ple functions in pathophysiology, including infection. 
Antibodies are versatile therapeutic tools. They can neu-
tralize pathogens and their toxins, which reduce host 
damage associated with infection. Antibody-based 
approaches have been proven to be effective against 
S. aureus infections.12 Monoclonal antibodies will recruit 
the host’s immune system to perform effector functions 
such as ADCC (antibody-dependent cytotoxicity), comple-
ment fixation, and opsonization. Although both antibiotics 
and phagocytic antibodies kill bacteria, but they do not 
prevent tissue damage caused by bacterial toxins. 
Therefore, monoclonal antibody targeting bacterial toxins 
combined with antibiotic therapy may be a more effective 
method to treat bacterial infections, such as drug-resistant 
S. aureus infections.

S. aureus has various virulence factors which mainly 
include some surface antigens and secreted toxins, it is 
unlikely that focusing on a single antigen will cripple the 
bacterium. There is a general consensus that the protective 
immunity must target several virulence factors with differ-
ent roles, which might mean that the protection should 
focus on the combination of antibodies targeting different 
antigens in the strains. In a previous study, we developed 
a five-antigen S. aureus vaccine (rFSAV) comprising dif-
ferent antigens that is currently in clinical trials (Phase I of 
China Clinical Trial: CTR20160004, http://www.china 
drugtrials.org.cn/). The rFSAV vaccine contains five con-
served antigens, namely, the secreted factors α-hemolysin 
(Hla), staphylococcal enterotoxin B (SEB), and three sur-
face proteins staphylococcal protein A (SpA), iron surface 
determinant B N2 domain (IsdB-N2), and manganese 
transport protein C (MntC). Among these antigens, SEB 
is one of the superantigens of S. aureus, Hla, also known 
as α-Toxin, targets cell membranes resulting in cell lysis, 
and IsdB is one of the surface proteins that promote heme- 
iron scavenging from host hemoglobin. As the complete 
antigen is not as potent as the immunodominant epitope,13 

only a few immunodominant epitopes are sufficient to 
induce a protective response.14 We identified B-cell immu-
nodominant epitopes of the four antigens of rFSAV using 
antisera from rFSAV-immunized volunteers and developed 
a mAb cocktail targeting B-cell immunodominant epitopes 
(Hla48–65, IsdB432–449, SEB78–95, and SEB222–239). As clin-
ical treatment of staphylococcus aureus infection often use 
antibiotics such as vancomycin or linezolid, and the use of 
large doses of antibiotics against bacterial infection has 
side effects.8–10 To determine whether S. aureus immuno-
dominant epitope-specific mAbs combined with antibiotics 
can treat severe S. aureus infections, we used an mAb 
cocktail combined with vancomycin or linezolid to treat 
against MRSA252 infection. The results from our study 
suggest that the combination of the mAb cocktail and 
vancomycin or linezolid could reduce mortality in 
a lethal sepsis model and an acute pneumonia model.

Materials and Methods
Ethics Statement
All animal experiments were approved by the Animal 
Ethical and Experimental Committee of the Army 
Medical University (Chongqing, Permit No. 2011–04). 
The experiments were carried out in accordance with the 
approved guidelines of the Animal Ethical and 
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Experimental Committee of the Army Medical University 
(Chongqing, permit number 2011-04). The clinical strain 
samples were not specifically isolated for this research, 
and we had obtained informed consents from all the 
subjects.

Animal, Bacterial Strains, Serum and 
Epitope-Specific mAbs
Six to eight-week-old specific pathogen-free female 
BALB/c mice weighing about 20 g were purchased from 
Beijing HFK Bioscience Co., Ltd (Beijing, China). The 
MRSA252 strain was purchased from the American Type 
Culture Collection (Manassas, Virginia). The bacterial 
strains were first cultivated in MHA plates, then take 
a single colony and culture it in MHB medium for about 
6 hours. After centrifugation to remove the supernatant, 
dilute with PBS to the desired colony concentration. The 
mAb cocktail (Hla48-65-mAb, IsdB432-449-mAb, SEB78-95- 
mAb, and SEB222-239-mAb) were generated by China 
Peptides Co., Ltd as previously described.15 The isotypes 
of each mAb in the epitope-specific mAb cocktail and its 
affinity with the specific epitope have been reported in our 
previous study.16 Serum of MRSA infected patients and 
healthy people was collected from Southwest Hospital of 
Army Medical University (Chongqing, China). The sam-
ples with MRSA infection were confirmed after bacterial 
culture and clinical drug susceptibility tests.

Mouse Infection Models
To evaluate the inhibitory effect of different concentrations 
of antibiotics on bacteria, mice were intravenously injected 
with 100 μL saline containing 7×108 colony-forming units 
(CFU) of MRSA252. Before this study, we had chosen 1 
h or 2 h and 4 h post infection to detect the treatment effect 
of vancomycin or linezolid. The survival rate results show 
that the treatment effect is best when given to mice 1h 
after infection (data not shown). One hour after infection, 
mice received an intravenous injection of saline alone, 
vancomycin (0.4, 0.2, 0.1, 0.05, or 0.025 mg), or linezolid 
(0.4, 0.2, 0.1, 0.05, or 0.025 mg). After 48 h of infection, 
the mice were euthanized by inhalation of CO2. To per-
form bacterial count, the lung and kidney tissues were 
dissected and homogenized. Bacterial counts were deter-
mined by the serial dilution and plating method described 
in our previous research.17 The inhibitory effect of differ-
ent concentrations of antibiotics on bacterial growth was 
evaluated according to the bacterial numbers in the organs.

To generate an acute pneumonia model, mice were 
anesthetized with an intraperitoneal injection of 100 μL 
of 1% pentobarbital sodium before infection. Twenty 
microliters of saline containing 1×109 CFU of MRSA252 
were intranasally inoculated into each mouse. One hour 
after infection, mice were intranasally administrated with 
saline alone, vancomycin alone (0.05 mg), vancomycin 
(0.05 mg) combined with mAbs (0.5 mg), linezolid alone 
(0.2 mg), or linezolid (0.2 mg) combined with mAbs 
(0.5 mg). In our study, mAb cocktail contain Hla48-65- 
mAb 0.125mg, IsdB432-449-mAb 0.125mg, SEB78-95-mAb 
0.125mg, and SEB222-239-mAb 0.125mg. The mice were 
monitored for 7 days for illness and survival.

To establish a lethal sepsis model, each mouse was 
intravenously injected with 100 μL saline containing 
8.7×108 CFU of MRSA252. One hour after infection, 
mice received an intravenous injection of saline alone, 
vancomycin alone (0.05 mg), vancomycin (0.05 mg) com-
bined with mAbs (0.5 mg), linezolid alone (0.1 mg), or 
linezolid (0.1 mg) combined with mAbs (0.5 mg). The 
mice were monitored for 7 days for illness and survival.

Analysis of Bacterial Burden, Serum 
Collection, and Tissue Histology
After 48 h of intranasal infection with 100 μL saline 
containing 7×108 CFU of MRSA252, the mice were eutha-
nized by inhalation of CO2 and their eyeball blood col-
lected. The eyeball blood samples were placed in 
a refrigerator for overnight at 4°C and centrifuged at 
4000 rpm for 10 min to collect the serum, which was 
stored at −80°C for later use.

At 48 h post therapy with antibiotic combined with 
mAb cocktail, the lungs and kidneys were harvested. The 
bacterial numbers in the organs were enumerated by pre-
paring the organ homogenates in PBS and plating 10-fold 
serial dilutions on an MHA plate. The colonies were 
counted after 24 h of incubation at 37 °C. The number of 
CFUs per gram of tissue (CFUs/g) was calculated from 
each plate. For histopathology, the organs were fixed with 
4% paraformaldehyde and embedded in paraffin. Four- 
micrometer thick sections were prepared and stained with 
hematoxylin and eosin for microscopic examination.

Cytokine Analysis
The bronchoalveolar lavage (BAL) was harvested as per the 
previously described protocol.18 Briefly, 48 h after infection, 
the BAL fluid was harvested using a 1-mL syringe. The 
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samples were centrifuged at 8000 rpm for 5 min, and the 
supernatants were harvested and stored at −80°C until ana-
lysis. Chemokine levels in the BAL and serum were deter-
mined using the Cytometric Bead Array-based 
FlowCytomix assay according to manufacturer’s instructions 
(LEGENDplexTM Panel, Biolegend, Cat No.740446) for the 
following proinflammatory cytokines: interleukin IL-1α, IL- 
1β, IL-10, IL-6 tumor necrosis factor TNF-α, and interferon 
IFN-γ. Samples were allowed to thaw at 37°C only once 
before testing. All assays were performed in duplicates.

Analysis of the Ability of the mAb to 
Neutralize Native SEB Toxins
The abilities of the mAbs to neutralize native SEB 
toxins were determined by ELISA. A microtiter plate 
was coated with the native SEB (purchased from the 
Academy of Military Science of China) at 
a concentration of 2 μg/well; any non-specific binding 
was prevented by blocking the microtiter plates with 
PBS containing 2% bovine serum albumin (BSA). The 
wells were then treated with SEB78–95 mAb, SEB222–239 

mAb, SEB78–95 mAb + SEB222–239 mAb, and normal 
serum for 1 h at 37°C. After washing, the wells were 
sequentially treated with a horseradish peroxidase 
(HRP)-labeled goat anti-mouse IgG (Sigma) and 
3,3′,5,5′-tetramethylbenzidine (TMB) substrate. The 
reaction was terminated by adding 100 μL of 2 
M sulfuric acid. The optical density was read at 450 
nm using a microplate reader (Bio-Rad).

Mononuclear leukocytes isolated from the spleen 
tissue of a mouse were counted and plated at 1×106 

cells/well (100 μL) before incubation in Roswell Park 
Memorial Institute (RPMI)-1640 medium (Gibco, 
Beijing, China) supplemented with 15% fetal calf 
serum (Gibco, USA). Each well was then treated with 
100 μL SEB (0.1 mg/mL) that had been incubated 30 
min prior to the start of the study with 0.5 or 1 mg of 
the mAb cocktail. After 24 h, culture supernatants were 
harvested and the levels of IL-2, TNF-α, and IFN-γ 
were quantified using ELISA. Normal serum was used 
as negative control. The remaining cells were cultured 
in 90 μL RPMI-1640 medium mixed with 10 μL of 
Cell Counting Kit (CCK)-8 solution (Dojindo) and 
incubated at 37°C for 2 h. The absorbance value of 
each well was measured at 450 nm wavelength using 
microplate reader.

Detection of Hla Monoclonal Antibody 
Inhibiting Hla Hemolytic Activity
Hemolytic activity assay was carried out based on 
a previously established method.19 Briefly, in 96-well, 
U-bottom plates, Hla had been incubated at 37°C with 
different concentrations of Hla48-56-mAb 30 min prior to 
the start of the study. Equal volumes of 1% Triton X-100 
and Hla were used as positive controls, while PBS and 
mHla were used as negative controls. mHla, a Hla mutant 
without hemolytic activity, was produced in our lab 
according to the previous study about Hla.20 Then, 100 
μL of 4% rabbit erythrocyte suspension was added to each 
well and incubated at 37°C for 60 min. The mixtures were 
centrifuged at 400 ×g for 10 min, and the hemolytic 
activity was determined from the release of hemoglobin, 
which was spectrophotometrically measured at 540 nm 
and presented as percent hemolysis of the positive control 
(Triton X-100).

Challenge with Clinical MSRA Isolates
The strains for challenge were selected from distinct 
clades based on evolutionary analyses according to the 
previous report.21 Based on the phylogeny of the human 
clinical MRSA isolates and SEB sequence-known MRSA 
strains, four clinical MRSA isolates were selected. The 
human clinical isolates CQ19, BJ2 and GZ9 are sequenced 
MRSA strains from different regions of China. For chal-
lenge experiments, mice were challenged by tail-vein 
injection of 100ul solutions containing 1*108 CFU one 
of these strains, and then were injected with mAb cocktail 
or PBS control. Survival analysis was then monitored as 
described above.

Clinical Human Serum Cross-Reactivity 
Test
To determine the reactivity of serum samples from clinical 
MRSA infected patients against theses four dominant epi-
tope peptides (SEB78–95, SEB222–239, Hla48–65 and 
IsdB432–449), wells of microtiter plates were coated with 
10μg of each peptide dissolved in 50mM carbonate buffer 
(pH9.6). Phosphate buffered saline (PBS, pH7.4) contain-
ing 2% BSA was used to prevent nonspecific binding. 
Serum of MRSA infected patients and healthy people 
was collected from Southwest Hospital of Third Military 
Medical University (Chongqing, China). The samples with 
MRSA infection were confirmed after bacterial culture and 
clinical drug susceptibility tests. Serum of both patients 
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and healthy people came were gradient diluted starting 
from 1:50, 1:100, 1:200, 1:400, 1:800, 1:1600, 1:3200 to 
1:6400 with PBS and were used as the primary antibodies, 
and peroxidase-conjugated rabbit anti-human antibodies 
(Bioss, Beijing, China) were used as secondary antibodies 
at a dilution of 1:5000. The results shown as absorbance 
values observed at 450 nm. The values that were 2.1-fold 
higher than the mean absorbance value of blank wells 
were defined as positive.

Statistical Analysis
All data were analyzed using GraphPad Prism (version 
8.0) and presented as the mean ± standard deviation 
(SD). The Fisher’s exact test was used to analyze the 
statistical significance of protective immunity data gener-
ated by the single mAb. One-tailed Student’s t-test was 
used to analyze the statistical significance of renal 
abscesses and pulmonary data. Mantel-Cox log-rank ana-
lysis was utilized to determine differences in survival 
times. P < 0.05 was considered statistically significant.

Result
Different Concentrations of Vancomycin 
or Linezolid Were Used for the 
Treatment of MRSA252 Infection in 
a Lethal Sepsis Model
To study the effects of different concentrations of anti-
biotics on MRSA252 infection, we injected different 
doses of linezolid and vancomycin into mice intrave-
nously challenged with MRSA252. We observed bacter-
ial colonization in the lungs and kidneys of mice. As the 
colonization of bacteria in the lungs was unstable, we 
used the kidney samples to evaluate the effect of anti-
biotics. In comparison with the PBS treatment group, 
the groups treated with 0.4, 0.2, 0.1, 0.05 and 0.025 mg 
linezolid (Figure 1A) and 0.4, 0.2, 0.1 and 0.05 mg 
vancomycin (Figure 1B) showed an obvious reduction 
in MRSA252 counts in the kidney tissue (P < 0.05). The 
treatment with 0.05 mg linezolid had no obvious pro-
tective effect. There was a concentration-dependent 
effect of antibiotics on the number of bacteria. As 
shown in Figure 1, the smallest effective dose of line-
zolid against bacteria both in the kidney and lung tissues 
was 0.1 mg, while that of vancomycin was 0.05 mg. 
These doses were then used for the subsequent 
experiments.

Antibiotic Combined with the 
Immunodominant Epitope-Specific mAb 
Cocktail Reduced MRSA252 Infection in 
Lethal Sepsis Model
Survival analysis showed that all mice from the PBS treat-
ment group died within 4 days from MRSA252 infection, 
which was consistent with previous studies and indicated 
that the bacteremia model was successful.16 The mice in the 
PBS group mice died within 4 days. The mice treated with 
vancomycin combined with mAb cocktail or linezolid com-
bined with mAb cocktail had higher survival rates after 
MRSA252 infection (80%) than the vancomycin alone 
(20%), vancomycin alone (20%) or mAb cocktail alone- 
treated mice (30%). The significance of therapeutic effect 
by the mAb cocktail combined with the low-dose of anti-
biotic was measured using the log-rank (Mantel-Cox) test 
compared to the low doses of antibiotic alone or mAb cock-
tail alone groups. Compared with PBS group, vancomycin 
plus mAb cocktail (p<0.0001) and linezolid plus mAb cock-
tail (p=0.0004). Compared with antibiotic alone group, van-
comycin plus mAb cocktail (P=0.005) and linezolid plus 
mAb cocktail (p=0.0111). Compared with mAb cocktail 
alone, vancomycin plus mAb cocktail (p=0.0251) and line-
zolid plus mAb cocktail (p=0.0497) (Figure 2A).

After 48 h of MRSA252 challenge, the bacterial load 
was evaluated in the organs of the mice treated with the 
mAb cocktail and antibiotic mixture. The results showed 
that the bacterial burden in the kidneys and lungs was sig-
nificantly lower in the mice treated with the mAb cocktail 
and antibiotics than in those treated with PBS. As shown in 
Figure 2B, in the lung, compared with mAb cocktail alone, 
mAb cocktail plus vancomycin (p=0.0086) and mAb cock-
tail plus linezolid (p=0.0094). Compared with vancomycin 
alone, mAb cocktail plus vancomycin (p=0.0273). 
Compared with the linezolid alone, mAb cocktail plus line-
zolid (p= 0.0056). In the kidney, compared with mAb cock-
tail alone, mAb cocktail plus vancomycin (p= 0.001) and 
mAb cocktail plus linezolid (p=0.0012). Compared with 
vancomycin alone, mAb cocktail plus vancomycin 
(p =0.0048). Compared with the linezolid alone, mAb cock-
tail plus linezolid (p=0.008). Therefore, the effects of anti-
biotics combined with the mAb cocktail treatment was better 
than those of the antibiotics alone and also better than mAb 
cocktail alone. The severity scores of kidney and lung for 
semi-quantitative analyses of kidney and lung injury were 
shown in Figure 2C.
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Histological analysis showed that the structures of 
renal tubules and alveoli in MRSA252-challenged mice 
treated with mAb cocktail and antibiotics were normal. 
In contrast, abscesses and scattered bacterial colonies 
were readily observed in the kidney or lung of the PBS- 
control mice, the mice treated with antibiotics alone or 
mAb cocktail alone (Figure 2D). Therefore, the 

combination of mAb cocktail and antibiotic treatment 
could provide better protection against MRSA252 chal-
lenge than low doses of antibiotics alone. These results 
demonstrated that the therapeutic effect of the mAb cock-
tail combined with antibiotics is better than that of using 
low doses of vancomycin or linezolid alone or that of 
using mAb cocktail alone.

Figure 1 Different concentrations of vancomycin or linezolid were used to treat MRSA252 infection in a lethal sepsis model. 7 to 8-weeks-old mice were intravenously 
infected with 100 μL saline containing 8.7×108 CFU of MRSA252. (A) Bacterial burden was evaluated in the kidney and lung tissues of mice treated with linezolid (0.4, 0.2, 
0.1, 0.05, or 0.025 mg) after challenge with MRSA252. (B) Bacterial burden was evaluated in the kidney and lung tissues of mice treated with vancomycin (0.4, 0.2, 0.1, 0.05, 
or 0.025 mg) after challenge with MRSA252. Significant differences are indicated as *p < 0.05, **p<0.01. (n = 10 per group; two independent experiments). 
Abbreviation: ns, not significant.
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Figure 2 Antibiotic combined with the immunodominant epitope-specific mAb cocktail reduced MRSA252 infection in a lethal sepsis model. 7 to 8-weeks-old mice were intravenously 
injected with 100 μL saline containing 9×108 CFU of MRSA252. (A) Percentage survival against MRSA252 infection in the vancomycin (0.05 mg), vancomycin (0.05 mg) combined with 
mAb cocktail (0.5 mg), linezolid (0.1 mg), linezolid (0.1 mg) combined with mAb cocktail (0.5 mg), and PBS-treated mice (n = 10 per group; three separate experiments). (B) Bacterial 
burden in the kidney and lung of mice after challenge with MRSA252. Significant differences are indicated as *p < 0.05, **p < 0.01, or ***p < 0.001 (n = 10 per group). (C) Severity scores 
of lungs and kidney (n=10) from control mice and mice 48h after therapy. *p < 0.05, **p < 0.01 or ****p<0.0001. (D) Histological analysis of MRSA-challenged mice where the mice 
treated with antibiotic combined with mAb cocktail showed a normal physiological architecture. Microscopic images of kidneys and lungs at 100× (top row), 200× (middle row), and 
400× (bottom row) magnifications. Black arrows indicate inflammatory cell infiltration and inflammatory exudate. The rectangular box indicates the abscess.
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The Combination of Antibiotic and mAb 
Cocktail Reduced MRSA252 Infection in 
an Acute Pneumonia Model
To evaluate the therapeutic effect of the combination of 
antibiotic and mAb cocktail therapy in an acute pneumonia 
model of MRSA252 infection, mice were infected with 
MRSA252 through tracheal intubation and then treated 
with different regimens. The significance of therapeutic 
effect by the mAb cocktail combined with the low-dose 
of antibiotic was measured using the log-rank (Mantel- 
Cox) test compared to the low doses of antibiotic alone 
or mAb cocktail alone groups. As shown in Figure 3A, 
compared with PBS group, vancomycin plus mAb cocktail 
(p=0.0015) and linezolid plus mAb cocktail (p=0.0008). 
Compared with antibiotic alone group, vancomycin plus 
mAb cocktail (p=0.006) and linezolid plus mAb cocktail 
(p=0.0116). Compared with mAb cocktail alone, vanco-
mycin plus mAb cocktail (p=0.0482) and linezolid plus 
mAb cocktail (p=0.0281).

As shown in Figure 3B, the amount of bacteria coloniz-
ing the lung of the mice treated with mAb cocktail was 
significantly reduced, while that in the lungs of the mice 
treated with antibiotics and mAb cocktails was lower than 
that in the group treated with antibiotics alone. Compared 
with mAb cocktail alone, mAb cocktail plus vancomycin 
(p=0.0347) and mAb cocktail plus linezolid (p=0.0322). 
Compared with vancomycin alone, mAb cocktail plus van-
comycin (p=0.0067). Compared with the linezolid alone, 
mAb cocktail plus linezolid (p= 0.0053). The severity scores 
of kidney and lung for semi-quantitative analyses of kidney 
and lung injury were shown in Figure 3C. As shown in 
Figure 3D, histological analysis showed that no normal 
alveolar structure was observed in the lung of the PBS- 
control mice. The lungs of the mice from the linezolid and 
vancomycin treatment groups showed scattered bacterial 
colonies. However, the alveolar structures of the mice from 
the combination treatment groups were intact. Together, 
these results indicate that the combination of antibiotic and 
mAb cocktail therapy can mediate significant therapeutic 
benefits in acute pneumonia model of MRSA252 infection. 
Therefore, the efficacy of the combination therapy on infec-
tions caused by MRSA252 is promising.

Analysis of Cytokines in the Serum and 
BAL
The levels of the cytokines IL-1α, IL-1β, IL-6, IL-10, IFN- 
γ, and TNF-α were analyzed to evaluate the inflammatory 

response in mice after MRSA infection. As shown in 
Figure 4A and B, the groups treated with vancomycin 
combined with mAb cocktail and linezolid combined 
with mAb cocktail had higher levels of IL-1α, IL-1β and 
IFN-γ and lower levels of IL-6, IL-10, TNF-α than the 
PBS and antibiotic alone groups in both of the lethal sepsis 
and the acute pneumonia models.

Epitope-Specific Monoclonal Antibodies 
Inhibited the Biological Functions of Hla 
and SEB in vitro
Our mAb cocktail comprised three toxin antigens 
(SEB78–95, SEB222–239, and Hla48–56). Therefore, we ana-
lyzed the toxin-neutralizing ability of these two antigens to 
explain the underlying mechanism of action. SEB is a super- 
antigen that can strongly increase the proliferation of mouse 
mononuclear leukocytes and increase the production of 
IFN-γ, IL-2, and TNF-α.22,23 We evaluated the binding 
ability of the mAb and SEB. As shown in Figure 5A, 
SEB78-95-mAb could weakly bind to SEB, but SEB222-239- 
mAb showed a strong binding with SEB. The mix-mAb of 
SEB78-95-mAb and SEB222-239-mAb also showed a strong 
affinity toward SEB. We also studied the toxin-neutralizing 
ability of SEB78-95-mAb, SEB222-239-mAb, and mix-mAb 
on the native. As shown in Figure 5B, SEB exposure 
obviously increased the proliferation of mouse mononuclear 
leukocytes as compared with the negative control. SEB78-95- 
mAb, SEB222-239-mAb, or mix-mAb incubated with SEB 
could reduce the proliferation of mouse mononuclear leu-
kocytes. As the concentration of the antibody decreased, the 
proliferation of mouse monocytes gradually increased. In 
comparison with the negative control, SEB treatment could 
significantly increase the secretion of IFN-γ, IL-2, and TNF- 
α (Figure 5C). In addition, the incubation of SEB with 
SEB78-95-mAb, SEB222-239-mAb, or mix-mAb resulted in 
a significant decrease in the production of IFN-γ, IL-2, and 
TNF-α. However, this effect was not observed following 
incubation of SEB with normal serum. These observations 
confirmed the inhibitory effect of SEB78-95-mAb, 
SEB222-239-mAb, and mix-mAb on the superantigen activity 
of SEB.

We evaluated the inhibitory effect of Hla48-56-mAb on the 
hemolysis of rabbit erythrocytes by native Hla. We had used 
different concentrations of Hla, the neutralizing toxin- 
neutralizing effect of Hla48-56-mAb is was the most obvious 
at an Hla concentration of 0.625 μg/mL (data not shown). 
Therefore, we chose 0.625 μg/mL Hla to evaluate the 
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inhibitory effect of Hla48-56-mAb on the Hla-mediated hemo-
lysis of rabbit erythrocytes. As shown in Figure 5D, Hla 
showed hemolytic activity similar to that of the positive con-
trol (1% Triton X-100). In contrast, the incubation of Hla48-56- 
mAb with Hla resulted in a dose-dependent inhibition of the 

hemolytic activity. There was no significant difference in the 
hemolytic activity when Hla was incubated with Hla48-56- 
mAb and the negative controls (PBS, mHla), indicating that 
these antibodies was sufficient to completely inhibit the hemo-
lytic activity of Hla.

Figure 3 Antibiotic combined with the mAb cocktail reduced MRSA252 infection in an acute pneumonia model. 7 to 8-week-old mice were intranasally inoculated with 20 μL of 
saline containing 1×109 CFU of MRSA252. (A) Percentage survival against MRSA252 infection in the vancomycin (0.05 mg), vancomycin (0.05 mg) combined with mAb cocktail 
(0.5 mg), linezolid (0.1 mg), linezolid (0.1 mg) combined with mAb cocktail (0.5 mg), mAb cocktail (0.5mg), and PBS-treated mice (n = 10). (B) Bacterial burden was evaluated in the 
lungs of mice after challenge with MRSA252 (n = 10). Data are presented as scatter plots. *p < 0.05, **p < 0.01, ****p < 0.0001. (C) Severity scores of lungs (n=10) from control mice 
and mice 48h after therapy. Data are presented as scatter plots. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (D) Histological analysis of MRSA-challenged mice where the 
mice treated with antibiotic combined with mAb cocktail showed a normal physiological architecture (n = 8 per group; three separate experiments). Microscopic images of kidneys 
and lungs at 100× (top row), 200× (middle row), and 400× (bottom row) magnifications. Black arrows indicate inflammatory cell infiltration and inflammatory exudate. 
Abbreviation: ns, not significant.
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Figure 4 Analysis of cytokines in the serum and bronchoalveolar lavage. Serum samples were obtained from lethal sepsis model mice 48 hours after intranasal infection and the 
bronchoalveolar lavage (BAL) samples were collected from the acute pneumonia model mice 48 hours after infection. (A) Analysis of levels of IL-1α, IL-1β, IFN-γ, IL-6, IL-10, and 
TNF-α in the serum of lethal sepsis mice (n = 4 per group, repeated tests twice in parallel). (B) Analysis of IL-1α, IL-1β, IFN-γ, IL-6, IL-10, and TNF-α in the bronchoalveolar lavage 
samples from acute pneumonia model mice (n = 4 per group, repeat twice in parallel). Data are presented as scatter plots. *p < 0.05, **p < 0.01, ***p < 0.001. 
Abbreviation: ns, not significant.
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Figure 5 Epitope-specific monoclonal antibodies inhibited the biological functions of Hla and SEB in vitro. (A) ELISA result of the binding ability of SEB78-95-mAb or 
SEB222-239-mAb to wild-type SEB. The data in the figure represent the mean ± SD (n = 5 per group). (B) CCK-8 assay result of the effects of SEB78-95-mAb, SEB222-239-mAb, 
and mix-mAb on the SEB-mediated proliferation of mononuclear leukocytes. The data in the figure represent the mean ± SD (n =5 per group). (C) IFN-γ, IL-2, and TNF-α 
production assay. Mouse mononuclear leukocytes were isolated and cultured in the presence of indicated concentrations of SEB78-95-mAb, SEB222-239-mAb, or mix-mAbs 
with wild-type SEB. After 24 h of culture, supernatants were obtained and used to determine IFN-γ, IL-2, and TNF-α secretion by ELISA. (D) Hemolytic activity assay, 
0.625μg/mL Hla was incubated with 5, 2.5, and 1.25 mg/mL Hla48-56-mAb at 37°C for 30 min. Hla and 1% Triton X-100 were used as positive controls, while PBS and mHla 
were used as negative controls. The wells were treated with 100 μL of 4% rabbit erythrocyte suspension and incubated at 37°C for 60 min. The supernatant was isolated by 
centrifugation and the hemolytic activity was determined from the release of hemoglobin, which was spectrophotometrically measured at 540 nm (n = 3 per group). The 
results are presented as percentage hemolysis of the positive control (Triton X-100). The data in the figure represent the mean ± SD. Experiments were conducted in 
triplicates. **p < 0.01, ***p < 0.001, ****p<0.0001. 
Abbreviation: ns, not significant.
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The Combination of Antibiotic and mAb 
Cocktail Improved Infection Survival 
Against the Clinical MRSA Isolates in 
a Lethal Sepsis Model
Protection of the mAb cocktail combined with antibiotics must 
be achieved against a wide variety of different strains in order 
to be useful for treating MRSA infections more generally in the 
future. Thus, we selected the distantly related MRSA strains 
which were previous reported. Survival analysis was per-
formed after mice challenged by different clinical MRSA 
isolates. As shown in Figure 6A, the results revealed that 
mAb cocktail combined with antibiotics could significantly 
treat the infection of the four clinical MRSA isolates. For 
BJ2 clinical isolates, compared with PBS group, vancomycin 
plus mAb cocktail (p<0.0001) and linezolid plus mAb cocktail 
(p=0.0131). For GZ9 clinical isolates, compared with PBS 
group, vancomycin plus mAb cocktail (p<0.0001) and line-
zolid plus mAb cocktail (p=0.0075). For CQ19 clinical iso-
lates, compared with PBS group, vancomycin plus mAb 
cocktail (p=0.012) and linezolid plus mAb cocktail (p=0.12). 
As shown in Figure 6B, all of these four immunodominant 
epitopes had cross reactivity with the clinical serum from the 
patients recovering from MRSA infection.

Discussion
Studies have shown that antibody-based passive immunity 
plays an important role in protecting humans against 

pathogens such as Streptococcus pneumoniae24 and hepatitis 
C virus infections.25 At the same time, mAbs can exhibit 
good therapeutic effects in immunosuppressed patients.26 

Using mAbs in combination with antibiotics can mediate 
significant protective effects even at subinhibitory concen-
trations and alleviate the emergence of bacterial drug resis-
tance. With robust specific antibodies, antibiotics can work 
even at very low concentrations. The remarkable specificity 
of mAbs toward pathogens can limit the possibility of drug 
resistance and provide better curative effects by acting 
synergistically with antibiotics.27,28

SEB is an exotoxin of S. aureus, which can stimulate 
T cells to release IL-2 and IFNs, inhibit humoral and 
cellular immunity, and mediate bacterial proliferation.29 

Previous study showed that SEB mAb 20B1 worked as 
an immunotherapeutic agent for severe diverse S. aureus 
infections.30 Hla is believed to play a significant role in 
S. aureus colonization and pathogenesis, which form cir-
cumscribed transmembrane pores in target cells.31 

Previous study reported that the humanized Hla mAb 
AR-301 can effectively eradicate S. aureus infection in 
pneumonia patients in the ICU.32 IsdB is a hemoglobin 
receptor necessary in regulating iron utilization by 
S. aureus, and is associated with increased mortality rates 
in patients with S. aureus infections, in which IsdB which 
functions to capture heme from hemoglobin for import 
into the bacteria.33 In a murine lethal sepsis model, 
a fully human IsdB mAb CS-D7 conferred protection 

Figure 6 The combination of antibiotic and mAb cocktail reduced clinical MRSA isolates infection in a lethal sepsis model. (A) Percentage survival against BJ2, GZ9 and CQ19 infection 
in the vancomycin (0.05 mg) combined with mAb cocktail (0.5 mg), linezolid (0.1 mg) combined with mAb cocktail (0.5 mg), and PBS-treated mice (n = 10). (B) The reactivity of serum 
samples from clinical MRSA infected patients against theses four dominant epitope peptides (SEB78–95, SEB222–239, Hla48–65 and IsdB432–449). *p < 0.05, **p < 0.01. 
Abbreviation: ns, not significant.
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from death when dosed prior to challenge, but not when 
dosed after challenge.34 Given their conserved sequences 
and structures, these antigens can serve as candidate anti-
gens for MRSA vaccines.35 In our previous studies, pro-
tective epitopes were screened from the serum and 
epitope-specific mAbs were prepared. These epitope- 
specific mAbs (Hla48-65-mAb, IsdB432-449-mAb, SEB78-95- 
mAb, and SEB222-239-mAb) exhibited protective effects in 
a mouse model of lethal sepsis.16 rFSAV was proven to be 
safe for inducing robust antigen-specific antibodies in 
volunteers in phase I clinical trial. In a previous study, 
we developed a mAb cocktail targeting the human B-cell 
immunodominant epitopes of Hla, IsdB, and SEB.16 In this 
study, we suggest that the combination of the mAb cock-
tail of anti-Hla48–65, anti-IsdB432–449, anti-SEB78–95, and 
anti-SEB222–239 with vancomycin or linezolid could reduce 
mortality in bacteremia and acute pneumonia models of 
MRSA infection.

To confirm the robust effects of the combination of 
low-dose antibiotics and mAb immunization, we first ana-
lyzed the effects of vancomycin or linezolid at different 
concentrations on MRSA252 colonization in the kidneys 
and lungs. Vancomycin and linezolid showed a dose- 
dependent negative correlation with the number of bac-
teria. The smallest dose that exerted bactericidal effects 
was selected in the subsequent experiment to determine 
the effects of the combination of either of these antibiotics 
and the antibody cocktail to treat infections. The combina-
tion group not only showed higher survival rate but had 
histopathology similar to that of normal mice. MRSA252 
is a hospital-acquired epidemic human MRSA strain asso-
ciated with septicemia.36 Vancomycin is usually used to 
treat septicemia caused by gram-positive bacteria, includ-
ing MRSA.37 Linezolid has better efficacy and safety than 
vancomycin in the treatment of nosocomial pneumonia 
caused by MRSA.38 In this study, the combination of 
mAb and either of these antibiotics could significantly 
reduce the bacterial colonization and pathological changes 
in organs and improve the survival rate of mice both in the 
septicemia and the pneumonia model.

The changes in the levels of inflammatory factors are 
important indicators of the prognosis of S. aureus infec-
tion. Studies have shown that the mortality from S. aureus 
infection is related to an imbalance in the immune system. 
Mortality or more serious diseases are associated with low 
IL-1, IL-1α, IL-1β, IFN-γ, and TNF-α and high levels of 
IL-6 and IL-10.39,40 For example, IL-10 is related to the 
prognosis of infection. High levels of IL-10 are associated 

with poor outcomes and low levels of IL-10 are related to 
high survival.41 IL-6 is important for stimulating B cells to 
produce antibodies and could mediate the transformation 
of naive CD4+T cells to Th17 cells.42 The activation of 
Th17 cells is critical for the control of S. aureus 
infections.43 Low levels of IL-6 and IL-8 are related to 
decreased respiratory failure in S. aureus bacteremia, 
while low levels of IFN-γ correlate with death.44 In our 
study, the changes in cytokine levels were consistent with 
those reported in the literature, highlighting that the com-
bination of antibiotics and mAbs can indeed protect 
against sepsis and pneumonia caused by MRSA252. We 
used low-dose antibiotics in this study to alleviate the side- 
effects of antibiotics and prevent antibiotic resistance.

Researchers have reported that toxin antibodies are 
good companions of antibiotics in MRSA infection.45 

Some studies using an animal model of antigen-induced 
conditioned phagocytic antibodies, but in clinical trials in 
the crowd did not play an effective role in protection.46 

Although antibiotic or phagocytic antibody can kill bac-
teria, they cannot prevent the tissue damage caused by the 
secreted bacterial toxins of S. aureus. Therefore, toxin 
specific antibodies which can neutralize the toxins are 
necessary for prevention and treatment of S. aureus infec-
tion. Among these mAbs, SEB222-239-mAb inhibited the 
ability of native toxin SEB to induce T cell mitogenesis 
and cytokine production, while Hla48-65-mAb inhibited the 
hemolytic activity of native toxin Hla. According to pre-
vious study, IsdB contains two functional domains N1 and 
N2, and only N1 region exhibits hemoglobin binding 
activity.47 However, in our study IsdB432-449-mAb targets 
its N2 region. We thought that in this study, IsdB432-449- 
mAb might cooperate with other antibodies (SEB222-239- 
mAb and Hla48-65-mAb) to play a synergistic protective 
role. Therefore, the above experiments indicated that the 
therapeutic effect of the cocktail is attributed to the ability 
of antibodies to neutralize Hla and SEB as well as from 
the synergy of the four antibodies.

Protection against diverse clinical pathogenic isolates 
from diverse forms of disease is of crucial importance for 
broad-spectrum treatment efforts. Thus, we aimed at the 
combination of mAb cocktail and the antibiotics would be 
effective against a wide range of MRSA isolates. Three 
clinical MRSA strains were selected according to our 
previous study, in which we sequenced several genes 
including SEA, SEB, SEC, SED, SEE, and SpA for the 
clinical MRSA isolates and these clinical strains BJ2, 
GZ9, and CQ19 were selected from distinct clades based 
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on phylogenic SEB gene sequences.21 The resistance ana-
lysis showed that MRSA252 and the 3 clinical isolates 
BJ2, GZ9 and CQ19 were all susceptible to vancomycin 
and linezolid (Supplementary Table S). Therefore, there 
are no potential differences in natural resistance against 
the two antibiotics used in this study. For the three clinical 
MRSA strains, the combination of mAb cocktail and the 
antibiotics also afforded robust protection. Since the 
sequence homology between SEB and SEC varies from 
42% to 67%,48 the mAb cocktail might be cross-reactive 
to non-SEB-secreting strains and SEC-secreting strains. 
The mAb cocktail in our study is a mixture of four 
mAbs. In our previous study, the homology analysis indi-
cated that among the four epitopes for the mAb cocktail 
targets, except SEB222–239, other epitopes Hla48–65, 
IsdB432–449 and SEB78–95 were highly conserved among 
different S. aureus strains.21 In this study, besides SEB, we 
also sequenced genes including Hla and IsdB for the three 
clinical MRSA strains (data not shown). Therefore, we 
held the opinion that the differences in protection rates 
might result from differences in the virulence of the clin-
ical strains themselves, rather than from differences in the 
binding of the mAbs targeting the antigens.

In this study, we tested the therapeutic efficacy of low 
dose of antibiotics combined with the mAb cocktail in 
murine pneumonia model and lethal sepsis model, in 
which the mAb cocktail targeted the immunodominant epi-
topes that were screened using human antisera in the clin-
ical trial (Phase I of China Clinical Trial: CTR20160004, 
http://www.chinadrugtrials.org.cn/). The results showed that 
immunodominant epitope-specific toxin antibodies could be 
good companions of antibiotics to treat MRSA infections. 
These results pave the way for new therapies based on the 
low-dose of antibiotics and for treating patients with low 
immunity against MRSA infections.
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