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Abstract

The spread of methicillin-resistant Staphylococcus aureus (MRSA) is a critical health issue
that has drawn greater attention to the potential use of immunotherapy. Toll-like receptor 2
(TLR2), a pattern recognition receptor, is an essential component in host innate defense
system against S. aureus infection. However, little is known about the innate immune
response, specifically TLR2 activation, against MRSA infection. Here, we evaluate the pro-
tective effect and the mechanism of MRSA murine pneumonia after pretreatment with
Pam3CSK4, a TLR2 agonist. We found that the MRSA-pneumonia mouse model, pre-
treated with Pam3CSK4, had reduced bacteria and mortality in comparison to control mice.
As well, lower protein and mRNA levels of TNF-q, IL-18 and IL-6 were observed in lungs
and bronchus of the Pam3CSK4 pretreatment group. Conversely, expression of anti-inflam-
matory cytokine IL-10, but not TGF-@3, increased in Pam3CSK4-pretreated mice. Our addi-
tional studies showed that CXCL-2 and CXCL1, which are necessary for neutrophil
recruitment, were less evident in the Pam3CSK4-pretreated group compared to control
group, whereas the expression of Fcy receptors (Fcyl/lll) and complement receptors (CR1/
3) increased in murine lungs. Furthermore, we found that increased survival and improved
bacterial clearance were not a result of higher levels of neutrophil infiltration, but rather a
result of enhanced phagocytosis and bactericidal activity of neutrophils in vitro and in vivo
as well as increased robust oxidative activity and release of lactoferrin. Our cumulative find-
ings suggest that Pam3CSK4 could be a novel immunotherapeutic candidate against
MRSA pneumonia.

Introduction

Since its discovery in the 1960s, methicillin-resistant S. aureus (MRSA) has become increas-
ingly difficult to treat due to its resistance to commonly used antibiotics [1, 2]. The incidence

PLOS ONE | DOI:10.1371/journal.pone.0149233 March 14,2016

1/16


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0149233&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://www.nsfc.gov.cn/
http://www.jxstc.gov.cn
http://www.jxstc.gov.cn

@’PLOS ‘ ONE

Immunoprophylaxis of Methicillin Resistant Staphylococcus aureus Infection

Abbreviations: MRSA, methicillin-resistant S.
aureus; S.aureus, Staphylococcus aureus; CFU,

colony-forming units; TLR, Toll like receptor; HK-

MRSA, heat killed MRSA..

of MRSA has increased and it now occurs both in healthcare settings as well as the community
with community-acquired MRSA strains [2-4], thus becoming a serious public health issue
worldwide. MRSA mutates have a penicillin-binding protein 2a (PBP2a), which mediates resis-
tance to most B-lactam agents but some new generation cephalosporins and other classes of
antimicrobial agents [5-7]. S. aureus has now acquired resistance to almost all antibiotics
except glycopeptide and lipopeptide antibiotics, such as vancomycin and daptomycin, which
are typically considered first-line agents against MRSA [8, 9]. However, it has also been
reported [1, 10, 11] that MRSA strains have become less susceptible to vancomycin. The con-
tinuous increase in the prevalence of MRSA and its multi-drug resistance is a critical problem.
In the past decade, studies of new treatment strategies against S. aureus infection have mainly
focused on vaccines or antibodies[12]. Although several therapeutic antibodies and more than
ten vaccines have been developed, none of these has been clinically approved [13-16]. There-
fore, novel, alternative therapeutic approaches are in great clinical demand.

Toll-like receptors (TLR), as pattern recognition receptors, play a vital role in the detection
of microbial infection and the initiation of both innate and acquired immune responses. TLR
recognize pathogen-associated molecular patterns [17, 18], which are conserved between fami-
lies of microorganisms[19]. Among them, TLR2, in heterodimerization with TLR1/TLR6 in
humans and animals, is responsible for recognizing S. aureus and other gram-positive bacterial
cell wall components [20, 21], such as lipoteichoic acid and lipoprotein[22]. Previous studies
show that experimental animals, pretreated with peptidoglycan, can survive lethal doses of S.
aureus, Pseudomonas aeruginosus and Salmonella typhimurium which are Gram negative bac-
teria [23-25]. Pretreatment with TLR2 agonist Pam3Cys, a synthetic ligand of TLR2 and
TLRI, attenuated the sepsis-induced cytokine burst and protected mice from polymicrobia
peritonitis [26], suggesting that ligands of TLR2 enhance immune responses against bacteria.

S. aureus is the most common cause of healthcare-associated pneumonia with high morbid-
ity and mortality[27, 28]. However, there are few studies focusing on the beneficial or harmful
immune response against MRSA infection by sensitizing TLR2 in vivo. In this study, we inves-
tigate the protective effect of PAam3CSK4 pretreatment on pneumonia caused by MRSA. We
found that mice pretreated with Pam3CSK4 had reduced bacterial burden and mortality as
well as weaker inflammatory responses. Pam3CSK4 also improved the antimicrobial activity of
neutrophils. This study highlights the potential of the protective innate immune response, acti-
vated by Pam3CSK4, against MRSA pneumonia.

Materials and Methods

Animals and Ethics Statement

Pathogen-free Kunming (KM) mice (weight 18-20g, female) were purchased from the Experi-
mental Animal Center, Jiangxi University of Traditional Chinese Medicine (Nanchang,
China). They were kept on a 12:12 h light-dark cycle with food and water provided ad libitum.
The animal experiments, approved by the Ethics Committee for Experimental Animals at
Jiangxi Provincial people’s Hospital (permit number: 2014026), were carried out in strict accor-
dance with the National Guidelines for Animal Welfare. All mice were housed in a clean room,
in pathogen-free conditions, at the Institute for Animal Experimentation in Jiangxi Provincial
people’s Hospital. To ameliorate animal suffering, all mice were anesthetized with 100 pl/mice
10% chloralhydrate (CHO) by intra-peritoneally before methicillin-resistant S. aureus infec-
tion. According with the principle of animal ethics, our work involve humane euthanasia, Dur-
ing the bacterial lethal challenge, All mice were observed at 2 h intervals for the first 48 h, and
survival was monitored for at least 7 days, mice were sacrificed at the end-point or moribund
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(such as hunched back, ruffled fur, lethargy and inability to access food or water) by intra-peri-
toneally (i.p.) with 200 pl/mice 10% chloralhydrate (CHO).

Reagents and bacteria

TLR2 agonist Pam3CSK4 was synthesized from InvivoGen (San Diego, USA). PE/CY5.5-anti-
Gr-1, PE-anti-CD11b antibodies, TNF-a, IL-6, IL-10, IL-1B and TGF-p ELISA kits were pur-
chased from BioLegend Inc. (San Diego, USA); PE/CY5.5 Rat IgG2b (k) and PE Rat IgG2b (x)
were used as isotype controls (BioLegend Inc, San Diego, USA). methicillin-resistant S. aureus
(ATCC43300) was purchased from Wenzhou Kont Biology & Technology Co. LTD (Jiangsu,
China); Fluorescein isothiocyanate (FITC) was purchased from Sigma (Saint Louis, USA);
Neutrophil Isolation Kit was purchased from Miltenyi Biotec (Cologne, Germany); TRIzol
solution, a reverse transcription-PCR (RT-PCR) Kit and fluorescence quantitative PCR Kit
were purchased from Takara Bio Inc. (Tokyo, Japan). Primers were synthesized by Invitrogen
Inc. (Shanghai, China). Neutrophils Oxidative Burst Quantitative Assay Kit and ELISA Kit for
Lactoferrin were purchased from Absin Inc. (Shanghai, China) and Cloud-Clone Corp. (Hous-
ton, USA), respectively.

Preparation of S. aureus and FITC-labeled-HK-MRSA

Methicillin-resistant S. aureus (MRSA, ATCC43300) clone was cultured aerobically in tryptone
soy broth (TSB) (Oxoid, Nepean, Canada) at 37°C to the midexponential phase, then washed
twice and re-suspended in sterile phosphate buffer solution (PBS). FITC-labeled-HK-MRSA
was prepared as follows: MRSA was collected as above; after killing at 100°C for 5 min, the bac-
teria was washed three times, then re-suspended in PBS. FITC was prepared at a concentration
of 5 mg/ml, then added to the bacterial suspension with a final concentration of 5 ug/ml. This
suspension was incubated at 37°C in the dark for 1 h followed by washing five times in PBS.
Bacteria were aliquoted at 1x10’°cfu/ml and stored in the dark at 4°C.

Pneumonia model

Female KM mice (18-20g) were anesthetized intra-peritoneally (i.p.) with 100 ul 10% chloral-
hydrate (CHO), then inhaled Pam3CSK4 (0, 25, 50, 100 ug/mice) through the nasal cavity. 24
h later, mice inhaled MRSA (1.5x10° cfu/mice for lethal attack or 2x10® cfu/mice for general
attack). All mice were observed at 2 h intervals for the first 48 h, and survival was monitored
for at least 7 days (Fig 1A). The whole lung and bronchus from the general-attack mice were
aseptically isolated and homogenized using sterile grinders. The tissue homogenates were then
diluted and plated on nutrient agar and cultured at 37°C for 18-24 h. Bacterial cfu was calcu-
lated to estimate the bacterial burden of the tissues (Fig 1B and 1C).

Flow cytometry

Lung neutrophilis were incubated with PE/CY5.5-anti- Gr-1, PE-anti-CD11b (BioLegend Inc.)
antibodies for 30 min at 25°C in PBS containing 1% BSA (Sigma). Fluorescence was analyzed
with a flow cytometer (Beckman Coulter, USA) after washing the cells with PBS three times
and fixing with 4% formaldehyde(Fig 2A, 2B and 2C).

Histopathology

At 12 h post infection, mice were euthanized, and the lungs were excised and fixed with para-
formaldehyde, then embedded in paraffin, sectioned, and stained with hematoxylin and eosin
(H&E) (Fig 2D).
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Fig 1. Pam3CSK4 pretreatment protects mice from MRSA infection. KM mice were anesthetized (i.p.) with 100 pl 10% chloralhydrate (CHO), then
inhaled Pam3CSK4 (0, 25, 50, 100 pg /mice) in 70 pl normal saline through nasal cavity. 24 h later, mice inhaled MRSA. Survival curve of mice pretreated
with Pam3CSK4 versus normal saline after intranasal infection with 1.5x10° cfu MRSA(n = 13) (A). Bacterial burden in lung (B) and bronchus (C) was
calculated 12 h after pulmonary infection with MRSA (2x108 cfu/mice, n = 6). Note: *P<0.05; **P<0.01 versus normal saline-treated mice.

doi:10.1371/journal.pone.0149233.g001

Enzyme-linked immunosorbent assay (ELISA)

Lung tissues were collected and homogenized at 6, 12 and 24 h. Organ extracts were centri-
fuged (700g for 5 min at 4°C) and supernatants were collected. Cytokine concentrations were
measured by ELISA kits for TNF-a, IL-6, IL-1B, IL-10 and TGF-p according to the manufac-
turer’s instructions (Fig 3A).

Quantitative Reversed Transcription-PCR (QRT-PCR)

Bronchus and lung tissues were collected at 6, 12 and 24 h. Total RNA of organs was isolated
using TRIzol solution (Takara) according to the manufacturer’s instructions. First-strand
cDNA was synthesized from 1 pl of total RNA using a reverse transcription-PCR (RT-PCR)
Kit (Takara). The cDNA was further quantitatively amplified using primers for mouse TNF-q,
IL-6, IL-1pB, IL-10, TGE-B (Fig 3B and 3C), CXCL1, CXCL-2 (Fig 4), FCyRI, FCyRIII, CR-1,
CR-3(Fig 5). GAPDH is used as an internal control. qPCR was performed according to the
manufacturer’s instructions. Primers used in this study are listed as follows Table 1

Isolation and purification of neutrophils from murine bone marrow

Mice were sacrificed by CO, asphyxiation. The femur and tibia from both hind legs were
removed, and the extreme distal tip was cut off. HBSS-EDTA (containing 0.5% bovine serum
albumin and 2 mM EDTA) solution was used to wash the bone cavity with a syringe. Cells
were filtered through a stainless mesh (size 70 um), and the cell suspension was centrifuged at
300g for 10 min. Neutrophils were purified using Anti-Ly-6G MicroBead Kit (Miltenyi Biotec)
according to the manufacturer's instructions (Fig 6A).

Killing and phagocytic activity of neutrophils

Killing activity was performed as described previously [29] with a minor modification. Briefly,
murine bone marrow-derived neutrophils (1x10° cells/well) were cultured in a 24-well plate.
Pam3CSK4 was added at final concentration 25 and 50 pg/ml at 37°C for 1 h. MRSA was
added to the wells at a ratio of 10:1 (MRSA: neutrophil cells) and cultured another 2 h.
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Fig 2. Pam3CSK4-pretreated mice have less neutrophil recruitment in MRSA-induced pneumonia. Infiltrating neutrophils were digested from lung
tissues or washed out from the bronchus 6 and 12 h post infection. Cells were incubated with PE/CY5.5-anti-Gr-1, PE-anti-CD11b and analyzed by flow
cytometry. Numbers of neutrophils in lung and bronchial lavage (BAL) in naive and MRSA-challenged mice at 6 h (A) and 12 h (B) post infection were
detected. The absolute numbers of neutrophils in the lungs and bronchus from mice 12 h post infection were calculated (C). Sections from MRSA-infected
mice and naive mice were stained by H&E (D). (The representative percentages of neutrophils in lung or bronchus came from one mice per group (n = 5)),
*P<0.05; **P<0.01 versus normal saline-treated mice.

doi:10.1371/journal.pone.0149233.9002
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Fig 3. Pretreatment with Pam3CSK4 decreases inflammatory cytokine production. Lung tissues were collected and homogenized at 6, 12and 24 h
after MRSA infection. Organ extracts were centrifuged and supernatants were collected. Cytokine concentrations were measured by ELISA kits for TNF-q,
IL-6, IL-1B, IL-10 and TGF-B according to the manufacturer’s instructions (A). Kinetics of cytokine mRNA levels of TNF-a, IL-6, IL-1B, IL-10 and TGF-3 were
tested in mouse lung at indicated times by gPCR (B). The mRNA levels of TNF-a, IL-6 and IL-10 in mouse bronchus were detected using gPCR (C). These
data are representative of three independent experiments in duplicate wells (each group, n = 3-5), and the results are shown as means + SEM. Note:
*P<0.05; **P<0.01; ***P<0.001 versus normal saline-treated mice.

doi:10.1371/journal.pone.0149233.9003

Neutrophils were lysed by H,O (pH 11), plated on agar media in a 10-fold serial dilution, and
incubated at 37°C for 18-24 h. The bacterial cfu was calculated (Fig 6B).

Phagocytosis assay was performed as described previously [30] with a minor change. Bone
marrow-derived neutrophils were cultured with Pam3CSK4 (50 pg/ml) in RPMI1640 (10%
fresh murine serum) for 1 h and the FITC-HK-MRSA (1x107, 5x107 cfu) was added into the
culture for an additional hour. Cells were washed three times with PBS and FITC-positive neu-
trophils were quantified by flow cytometry(Fig 6C).

Adoptive transfer of mouse neutrophils

For adoptive transfer experiments, bone marrow-derived neutrophils were co-cultured with
Pam3CSK4 (40 pg/ml) in RPMI1640 (10% fresh murine serum) for 1 h. Cells (1x10° cells/mice
in 100 pl of sterile saline were injected via tail vein into mice that had been inoculated with
MRSA through tail vein 1 h previously (Fig 6D).

Degranulation and oxidative activity of neutrophils

Bone marrow-derived neutrophils (1x10°cells/well) were cultured with Pam3CSK4 (25,

50 pg/ml) in RPMI1640 (10% fresh murine serum) for 1 h, then HK-MRSA was added to the
culture for another hour. Release of neutrophil reactive oxygen species (ROS) was measured
using PMN Oxidative Burst Quantitative Assay Kit (Absin, Shanghai, China) according to
the manufacturer’s instructions. Generation of ROS was measured by flow cytometry
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Fig 4. Pam3CSK4 pretreatment reduces expression of neutrophil-inducing chemokines. Lung tissues
were collected and homogenized at indicated times after MRSA infection. Kinetics of cytokine mRNA levels
of CXCL-1 and CXCL-2 were tested in mouse lung at 6 h and 12 h using qPCR. Data are expressed as the
mean = SEM of 3-5 mice/time from three independent experiments. Note: *P<0.05 or **p<0.01 versus
saline-treated mice.

doi:10.1371/journal.pone.0149233.g004

(Fig 6E). Lactoferrin release was tested using a mouse Lactoferrin ELISA Kit (Cloud-Clone
Corp.) (Fig 6F).

Statistical analysis

Statistical analysis of the data was performed by one-way ANOVA or the Student’s t-test using
SPSS 13.0 software where appropriate. Survival data were analyzed using the log-rank test. All
data are presented as mean = SEM. The level of significance was P< 0.05. Data for flow cytom-
etry were analyzed by CXP2.1 or Flow]o7.6 software.

Results

Pretreatment with Pam3CSK4 protects mice from MRSA pneumonia
and increases bacterial clearance

S. aureus is the most common cause of healthcare-associated pneumonia[31, 32]. To investi-
gate the effectiveness of Pam3CSK4 pretreatment on MRSA pneumonia, KM mice inhaled

MRSA at a lethal dose 24 h after inhaling Pam3CSK4. Fig 1A shows that about 69% of mice,
pretreated with Pam3CSK4 (100 pg/mice), were still alive whereas 30% in the normal saline-
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Fig 5. Pam3CSK4 enhances mRNA expression of Fcy receptor (FcyR) and complement receptor (CR).
KM mice were treated with Pam3CSK4 for 24 h prior to MRSA infection. After 6 h (A)and 12 h(B), the mRNA
expression of FcyR(l,I11) and CR(1,3) in lungs were performed by quantitative PCR. Data are expressed as
the mean + SEM of 3—5 mice/time from three independent experiments. Note: *P<0.05; **P<0.01 and
***P<0.001 versus normal saline-treated mice.

doi:10.1371/journal.pone.0149233.g005
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Table 1. Primers used in this study.

Gene

GADPH
TNFa
IL-6
IL-1p
IL-10
TGF-8
CXCL1
CXCL2
FCyRI
CR3
CR1
FCyRIll

Forward primer (5'—3')
TGTGTCCGTCGTGGATCTGA
GCCAGGAGGGAGAACAGAAACT
TCCAGAAACCGCTATGAAGTT
CCTTGTGCAAGTGTCTGAAGC
GCAGCCTTGCAGAAAAGAGAG
TATAGCAACAATTCCTGGCG
ATTCACCTCAAGAACATCCAG
CCAAGGGTTGACTTCAAGAAC
CAGATGTTTCAGAATGCACAC
CCAGGA ATGCACCAAGTACA
GTCCTCTTCCTCTCCTTGCT
TGGAGATGACATGTGGCTTC

doi:10.1371/journal.pone.0149233.t001
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AAGAGGCTGAGACATAGGCACC
TTCATACAATCAGAATTGCCATT
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TCCTGCATTAAGGAGTCGGTT
TGCTGTCACAGGAGCAGTG
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GAATAATAGGGTTTCCGAGC
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GenBank ID

126012538
133892368
13624310
118130747
291575143
6755774
229577225
118130527
190570187
198434
114326525
158508457

pretreated mice after infection (P<0.05). The Pam3CSK4-treated group had longer survival
than the control group. However, mice that received a reduced dose of Pam3CSK4 pretreat-
ment had no significant difference in survival than control mice (P>0.05). Bacterial clearance
in lung and bronchus tissues was enhanced in the mice pretreated with Pam3CSK4, in compar-
ison with mice treated with normal saline in a dose-dependent manner (Fig 1B and 1C). These
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Fig 6. Pretreatment with Pam3CSK4 increases antimicrobial activity of neutrophils. Neutrophils were purified according to the instructions (Miltenyi,
Gemany). Neutrophils were purified and measured by flow cytometry (A), and PE/CY5.5-Rat IgG2b(x), PE-anti Rat IgG 2b(k) as isotype controls(left panel in
Fig 6A). The bacterial cfu of neutrophils was calculated (B), the left panel (the medium contol) indicated the well including MRSA and medium (RPMI1640)
but Pam3CSK4 and neutrophils. FITC-positive neutrophils were quantified by flow cytometry(C). Survival of mice injected with neutrophils co-cultured with
Pam3CSK4, and previously inoculated with MRSA 1 hour earlier (D). Generation of ROS was measured by flow cytometry (E) and lactoferrin release was
tested using mouse Lactoferrin ELISA Kit (F). Note: *P<0.05; **P<0.01 versus normal saline-treated mice.

doi:10.1371/journal.pone.0149233.9006
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results suggest that Pam3CSK4 can induce protection against lethal dose MRSA infection, and
this protective ability may be associated with enhanced bacterial clearance in vivo.

Pretreatment with Pam3CSK4 limits neutrophil infiltration

Neutrophils work as a critical and major cellular defense component in the innate immune sys-
tem against S. aureus infection. When MRSA invades the host body, neutrophils rapidly accu-
mulate at the infection site [33, 34]. Unfortunately, excess neutrophils can lead to acute
inflammation with organ or tissue injury while working to clear MRSA [35, 36]. To investigate
if Pam3CSK4 could have an impact on neutrophil infiltration, we used flow cytometry to
examine the neutrophils in bronchus and lungs of mouse pneumonia models, which were iden-
tified by fluorochrome-labeled antibodies CD11b and Gr-1. Following an MRSA attack of 6 h,
39.4% CD11b" Gr-1" cells were detected in the Pam3CSK4-treated group, much less than the
amount of cells (62.5%) in the lung control group (Fig 2A). In the bronchus, double-positive
cells comprised a very small portion, yet there was still a decrease in the Pam3CSK4 treatment
group (Fig 2A). After an MRSA attack of 12 h, CD11b" Gr-17 cells increased in both treatment
and control groups. The percentage of CD11b" Gr-1" cells in the lung were not difference
between the treatment group and the control group (Fig 2B), but the difference in bronchus
between the two groups was more obvious (from 3.4% to 10.3%) (Fig 2B). The amount of neu-
trophils in lung and bronchus tissues of saline-pretreated mice was also more than the
Pam3CSK4-treated and normal mice at12 h post-infection (Fig 2C), while there was no signifi-
cant difference between Pam3CSK4-treated mice and normal mice (Fig 2C). At 12 h post infec-
tion, a large amount of inflammatory cells was observed infiltrating saline-treated mice,
whereas less infiltration was seen in Pam3CSK4-pretreated and normal mice (Fig 2D) (The
representative percentages of neutrophils in lung or bronchus came from one mice per group
(n =5)). These data demonstrate that pretreatment with Pam3CSK4 decreases neutrophil infil-
tration in lungs and bronchus of MRSA-infected mice. Neutrophils accumulated less at the
infection site than the control group, implying that Pam3CSK4 is capable of repressing the
host’s excessive inflammation response.

Pretreatment with Pam3CSK4 decreases inflammatory cytokine
production

Excessive inflammatory responses can be fatal for victims suffering from pathogenic infection
[37, 38]. We evaluated the in vivo secretion of pro-inflammatory and anti-inflammatory cyto-
kines in Pam3CSK4-treated mice. We also compared the mRNA expression of these cytokines
in pneumonia mice at different post-infection times. As shown in Fig 3A and 3B, at the protein
and mRNA level, mice pretreated with Pam3CSK4 express a lower level of TNF-a, IL-1p and
IL-6 at 6, 12 and 24 h after lung infection. Interestingly, IL-10 transcription rapidly increased
in mice pretreated with Pam3CSK4, whereas the expression of TGF-f was no different between
Pam3CSK4 pretreatment group and the control group. Next, we detected the expression of
pro-inflammatory and anti-inflammatory cytokines in bronchus tissues and found that the
expression of IL-1B, IL-6 and IL-10 was similar to that in lung tissues (Fig 3C). These results
indicate that Pam3CSK4 pretreatment decreases the inflammatory response by reducing the
expression of inflammatory cytokines and increasing the level of anti-inflammatory cytokines.

Pretreatment with Pam3CSK4 decreases chemokine expression

CXCL-2 and CXCL1 are chemoattractive for neutrophils as they recruit them to the site of
infection [39]. To identify the effect of Pam3CSK4 pretreatment on CXCL-2 and CXCLI, we
investigated their expression using qPCR (Fig 4). Both CXCL1 and CXCL-2 expression
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decreased in Pam3CSK4-pretreated mice at 6 and 12 h post infection (Fig 4). Interestingly,
Pam3CSK4 pretreatment alone (without MRSA infection) slightly elevated CXCL1 and CXCL-
2 expression. The results suggest that Pam3CSK4 inhibits chemokine expression after MRSA
infection, thus repressing excessive neutrophil infiltration and subsequent inflammatory
response.

Pretreatment with Pam3CSK4 increases expression of Fcy receptors
and complement receptors

Fey receptors (FcyR) are opsonin-dependent receptors employed by phagocytic cells to recog-
nize microorganisms. FcyR are divided generally into three main classes: high-affinity receptor
for monomeric IgG: FcyRI and low affinity for monomeric IgG, FcyRII, and FcyRIII [40].

Complement receptors (CR) are another opsonin-dependent receptor. CR includes CR1
and CR3, which bind to the C3b and iC3b fragments of the C3 component of complement,
respectively [41]. To analyze the impact of Pam3CSK4 on the phagocyte surface of these recep-
tors, we used qPCR to estimate their expression in lungs of pneumonia models at 6 h and 12 h
after MRSA infection. The levels of CR1 and FcRIIl in the Pam3CSK4-treated group exceeded
the control group at both timepoints. Expression of CR3 in lungs was the same between
Pam3CSK4-preteated mice and saline-treteated mice at the first 6 h post infection, although
saline-preteated group decreased significantly than the Pam3CSK4- pretreated group in addi-
tional 6 hours post infection. FCRlexpression did not become evident at 12 h even though
there was a small increase in the Pam3CSK4-pretreated mice at the first 6 h post infection (Fig
5). The results demonstrate that Pam3CSK4 can stimulate expression of phagocytosis-relative
receptors.

Pretreatment with Pam3CSK4 increases antimicrobial activity of
neutrophils

Neutrophils are the main phagocytic cell in the blood and the first line of defense against bacte-
rial infections [33, 34]. Here, we assessed the killing and phagocytic activity of bone marrow-
derived neutrophils after Pam3CSK4 treatment in vitro and in vivo. Bone marrow-derived neu-
trophils were isolated and identified (Fig 6A). Pam3CSK4-treated neutrophils showed stronger
bactericidal or bacteriostatic activity than the control group in a dose-dependent manner (Fig
6B). In addition, we performed a phagocytosis assay. Phagocytic activity in Pam3CSK4-treated
neutrophils was significantly enhanced in comparison to the control group (Fig 6C).

Next, we tested the protection of Pam3CSK4-activated neutrophils on mice chanllenging by
MRSA via adoptive transfer experiments in vivo. Our results showed that survival of mice pre-
treated with -activated neutrophils was notably longer than that of mice pretreated with saline
(control group) (Fig 6D).

Finally, we assessed the degranulation and oxidative activity of neutrophils. The results
demonstrate that Pam3CSK4-treated neutrophils had stronger oxidative activity and released
more lactoferrin than the control group (Fig 6E and 6F). These findings suggest that
Pam3CSK4 can improve neutrophils’ antimicrobial activity by enhancing their oxidative activ-
ity and phagocytic ability.

Discussion

Methicillin-resistant S. aureus, which can cause severe pulmonary and blood infections with
high morbidity and mortality, is now drawing greater attention than ever before. A limited
variety of antibiotics have been used to control the spread of MRSA, but some of these are no
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longer effective. In recent years, new vaccines and antibodies have been developed [42-48];
however, none of these has been clinically approved [13-16]. Despite a large number of anti-
microbial choices and supportive care, these therapeutic strategies have failed to reduce mortal-
ity in severely septic patients, partly due to the inflammatory response associated with excessive
pathogens [37, 38, 49, 50]. It is essential for the host to control moderate inflammatory
responses during infection, and the release of pro-inflammatory and anti-inflammatory cyto-
kines acts as an early stage marker and prediction of mortality from sepsis [51-53].

It is evident that novel, alternative therapeutic approaches must be developed. Some innate
immune regulators have been used to trigger and modulate the host systemic antibacterial
response, for example, IDR-1, an innate defense-regulator peptide, protected mouse models
from infections including S. aureus[54]. TLR2, responsible for recognizing the gram-positive
bacteria S. aureus, possesses a protective function during S. aureus infection by regulating
inflammatory cytokine responses [20, 21]. These findings led us to question whether innate
immune enhancement with Pam3CSK4, a TLR2 agonist, could be exploited to reduce the
impact of MRSA infection. In this study, our results demonstrate that intranasal administration
of Pam3CSK4 reduced the bacterial burden and mortality in murine models with MRSA
pneumonia.

Interestingly, in our present studies, we found that mRNA and protein levels of pro-inflam-
matory TNF-o, IL-1f and IL-6 decreased in the bronchus and lung of mice pretreated with
Pam3CSK4 at early-stage MRSA infection. The anti-inflammatory IL-10, but not TGF-,
increased in Pam3CSK4-pretreated mice. Thus, Pam3CSK4 pretreatment offers protection
against lethal pneumonia induced by live MRSA as a result of enhanced bacterial clearance and
limited inflammatory responses.

Neutrophils are the main and first cell populations to infiltrate into lesional sites and other
organs to fight infections. Unfortunately, the increased counts of neutrophils may contribute
to, not only local damage of lesional sites, but also secondary damage to unaffected bystander
organs or tissues[35, 36, 55], thereby promoting the development of multiple organ failure. On
the other hand, it has been shown that neutrophil-depleted mice have reduced bacterial clear-
ance ability and poorer survival rates[56]. Consistent with a previous study [57], our results
show that pretreatment with Pam3CSK4 reduced, but did not deplete, neutrophil infiltration
in lungs and bronchus of mice with MRSA pneumonia. This phenomenon was related to the
lower expression of CXCL-2 and CXCL1, which are necessary for neutrophil recruitment in
the lung[39]. Thus, Pam3CSK4 pretreatment can limit the host’s excessive inflammatory
response by reducing infiltration of neutrophils.

Fcy receptors (FcyR), an opsonin-dependent receptor on phagocytic cells, bind to Immuno-
globulin G (IgG) in serum, resulting in phagocytosis and inflammatory cytokine production
[40]. Human peripheral blood monocytes, treated with the TLR2 agonist, showed significantly
enhanced FcyR-mediated cytokine production as well as phagocytic ability in vitro[58]. Consis-
tently, our results show that 12 hours after MRSA infection, the mRNA level of both FcyRland
FCyRIIl in lungs increased in mice pretreated with Pam3CSK4. However, there was not a sig-
nificant increase in mice treated with Pam3CSK4 alone, and the underlying mechanism
remains unclear. Another phagocytosis-relative receptor, complement receptor (CR), that
binds the C3b and iC3b fragments of the C3 component in serum could lead to bacteria nonop-
sonic phagocytosis. Its expression increases in patients suffering from bacterial infection[59].
In this study, we found that Pam3CSK4 pretreatment increases mRNA expression of CR1 and
CR3 in murine lungs challenged by sub-lethal doses of MRSA. These results suggest that the
decrease of bacterial burden and mortality in mice pretreated with Pam3CSK4 is probably
associated with the increasing expression of phagocytosis-relative receptors.
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In the early stages of sepsis, neutrophils play an essential role in the host defense against
bacterial invasion and growth. They are recruited by the host to prevent further development
of the infection [60]. In this study, we found that mice with Pam3CSK4 pretreatment had bet-
ter bacterial clearance ability and improved survival rates with less neutrophil infiltration in
the lung. This suggests that Pam3CSK4 can probably enhance neutrophil functions. Current
studies show that, with Pam3CSK4 pretreatment, neutrophils have stronger bactericidal activ-
ity and phagocytic activity, and administration of activated neutrophils helped mice survive the
challenge of MRSA. Robust oxidative activity and release of lactoferrin are essential features of
neutrophil activation during bacterial infection [61]. Further studies show that Pam3CSK4
itself cannot activate bone marrow-derived neutrophils to strengthen oxidative activity and
release lactoferrin; however, it can activate cooperation between bone marrow-derived neutro-
phils and peripheral neutrophils during MRSA infection although the underlying mechanism
is unclear.

Conclusion

Our results demonstrate that mice undergoing intranasal administration of Pam3CSK4 had
less bacterial burden, lower mortality, and weaker inflammatory responses to MRSA.
Pam3CSK4 can improve the antimicrobial activity of neutrophils by activating cooperation
between bone marrow-derived neutrophils and peripheral neutrophils. These results suggest
that Pam3CSK4 could be a potential novel immunotherapy candidate against MRSA.

Acknowledgments

We thank Yu-Ting Li and Lin Zhao for his kind advice on design and technical assistance.

Author Contributions

Conceived and designed the experiments: WPM XMW. Performed the experiments: YGC YZ
HCYJZNJZ KY XMG LZY ZHX. Analyzed the data: YRY LQD. Contributed reagents/materi-
als/analysis tools: YGC. Wrote the paper: YGC YZ WPM.

References

1. TaraiB, Das P, Kumar D. Recurrent Challenges for Clinicians: Emergence of Methicillin-Resistant
Staphylococcus aureus, Vancomycin Resistance, and Current Treatment Options. Journal of labora-
tory physicians. 2013; 5(2):71-8. doi: 10.4103/0974-2727.119843 PMID: 24701097.

2. QiaoY, DongF, Song W, Wang L, Yang Y, Shen X. Hospital- and community-associated methicillin-
resistant Staphylococcus aureus: a 6-year surveillance study of invasive infections in Chinese children.
Acta paediatrica (Oslo, Norway: 1992). 2013; 102(11):1081-6. Epub 2013/08/14. doi: 10.1111/apa.
12386 PMID: 23937684.

3. Mediavilla JR, Chen L, Mathema B, Kreiswirth BN. Global epidemiology of community-associated
methicillin resistant Staphylococcus aureus (CA-MRSA). Current opinion in microbiology. 2012; 15
(5):588-95. doi: 10.1016/j.mib.2012.08.003 PMID: 23044073.

4. Chen CJ, Huang YC. New epidemiology of Staphylococcus aureus infection in Asia. Clinical microbiol-
ogy and infection: the official publication of the European Society of Clinical Microbiology and Infectious
Diseases. 2014; 20(7):605-23. Epub 2014/06/04. doi: 10.1111/1469-0691.12705 PMID: 248884 14.

5. Bal AM, Gould IM. Antibiotic resistance in Staphylococcus aureus and its relevance in therapy. Expert
opinion on pharmacotherapy. 2005; 6(13):2257—69. doi: 10.1517/14656566.6.13.2257 PMID:
16218886.

6. Oftto M. Basis of virulence in community-associated methicillin-resistant Staphylococcus aureus.
Annual review of microbiology. 2010; 64:143—-62. doi: 10.1146/annurev.micro.112408.134309 PMID:
20825344.

7. ChenYH, Liu CY, Ko WC, Liao CH, Lu PL, Huang CH, et al. Trends in the susceptibility of methicillin-
resistant Staphylococcus aureus to nine antimicrobial agents, including ceftobiprole, nemonoxacin,
and tyrothricin: results from the Tigecycline In Vitro Surveillance in Taiwan (TIST) study, 2006-2010.

PLOS ONE | DOI:10.1371/journal.pone.0149233 March 14,2016 13/16


http://dx.doi.org/10.4103/0974-2727.119843
http://www.ncbi.nlm.nih.gov/pubmed/24701097
http://dx.doi.org/10.1111/apa.12386
http://dx.doi.org/10.1111/apa.12386
http://www.ncbi.nlm.nih.gov/pubmed/23937684
http://dx.doi.org/10.1016/j.mib.2012.08.003
http://www.ncbi.nlm.nih.gov/pubmed/23044073
http://dx.doi.org/10.1111/1469-0691.12705
http://www.ncbi.nlm.nih.gov/pubmed/24888414
http://dx.doi.org/10.1517/14656566.6.13.2257
http://www.ncbi.nlm.nih.gov/pubmed/16218886
http://dx.doi.org/10.1146/annurev.micro.112408.134309
http://www.ncbi.nlm.nih.gov/pubmed/20825344

@’PLOS ‘ ONE

Immunoprophylaxis of Methicillin Resistant Staphylococcus aureus Infection

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

European journal of clinical microbiology & infectious diseases: official publication of the European
Society of Clinical Microbiology. 2014; 33(2):233-9. Epub 2013/08/21. doi: 10.1007/s10096-013-1949-
y PMID: 23955154,

Anstead GM, Cadena J, Javeri H. Treatment of infections due to resistant Staphylococcus aureus.
Methods in molecular biology (Clifton, NJ). 2014; 1085:259-309. Epub 2013/10/03. doi: 10.1007/978-
1-62703-664-1_16 PMID: 24085702.

Rodvold KA, McConeghy KW. Methicillin-resistant Staphylococcus aureus therapy: past, present, and
future. Clinical infectious diseases: an official publication of the Infectious Diseases Society of America.
2014; 58 Suppl 1:520-7. doi: 10.1093/cid/cit614 PMID: 24343828.

Bennett JW, Murray CK, Holmes RL, Patterson JE, Jorgensen JH. Diminished vancomycin and dapto-
mycin susceptibility during prolonged bacteremia with methicillin-resistant Staphylococcus aureus.
Diagnostic microbiology and infectious disease. 2008; 60(4):437—40. doi: 10.1016/j.diagmicrobio.2007.
11.002 PMID: 18096352.

Mahfood HT, Vallabhajosyula S, Sundaragiri PR, Vivekanandan R. Mycotic pseudoaneurysm by van-
comycin-intermediate Staphylococcus aureus: a rare cause of persistent bacteraemia. BMJ Case Rep.
2015;2015.

Brett M, Bradfute SB. Staphylococcus aureus: Current State of Prevalence, Impact, and Vaccine Devel-
opment. Current pharmaceutical design. 2015; 21(16):2131-5. Epub 2015/03/12. PMID: 25760341.

Bagnoli F, Bertholet S, Grandi G. Inferring reasons for the failure of Staphylococcus aureus vaccines in
clinical trials. Frontiers in cellular and infection microbiology. 2012; 2:16. doi: 10.3389/fcimb.2012.
00016 PMID: 22919608; PubMed Central PMCID: PMC3417391.

Fowler VG Jr., Proctor RA. Where does a Staphylococcus aureus vaccine stand? Clinical microbiology
and infection: the official publication of the European Society of Clinical Microbiology and Infectious Dis-
eases. 2014; 20 Suppl 5:66—75. Epub 2014/01/31. doi: 10.1111/1469-0691.12570 PMID: 24476315.

Pier GB. Will there ever be a universal Staphylococcus aureus vaccine? Human vaccines & immu-
notherapeutics. 2013; 9(9):1865—76. Epub 2013/06/26. doi: 10.4161/hv.25182 PMID: 23793522.

Wang XY, Huang ZX, Chen YG, Lu X, Zhu P, Wen K, et al. A Multiple Antigenic Peptide Mimicking Pep-
tidoglycan Induced T Cell Responses to Protect Mice from Systemic Infection with Staphylococcus
aureus. PloS one. 2015; 10(8):e0136888. Epub 2015/09/01. doi: 10.1371/journal.pone.0136888 PMID:
26317210.

Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Frontiers in immunology. 2014; 5:461.
Epub 2014/10/14. doi: 10.3389/fimmu.2014.00461 PMID: 25309543.

Reynolds JM, Dong C. Toll-like receptor regulation of effector T lymphocyte function. Trends in immu-
nology. 2013; 34(10):511-9. doi: 10.1016/}.it.2013.06.003 PMID: 23886621.

Arancibia SA, Beltran CJ, Aguirre IM, Silva P, Peralta AL, Malinarich F, et al. Toll-like receptors are key
participants in innate immune responses. Biological research. 2007; 40(2):97—112. Epub 2007/12/08.
/S0716-97602007000200001. PMID: 18064347.

Yimin, Kohanawa M, Zhao S, Ozaki M, Haga S, Nan G, et al. Contribution of toll-like receptor 2 to the
innate response against Staphylococcus aureus infection in mice. PloS one. 2013; 8(9):€74287. doi:
10.1371/journal.pone.0074287 PMID: 24058538.

Nandi A, Dey S, Biswas J, Jaiswal P, Naaz S, Yasmin T, et al. Differential induction of inflammatory
cytokines and reactive oxygen species in murine peritoneal macrophages and resident fresh bone mar-
row cells by acute staphylococcus aureus infection: contribution of toll-like receptor 2 (TLR2). Inflamma-
tion. 2015; 38(1):224—44. doi: 10.1007/s10753-014-0026-8 PMID: 25266881.

Fournier B, Philpott DJ. Recognition of Staphylococcus aureus by the innate immune system. Clinical
microbiology reviews. 2005; 18(3):521—-40. Epub 2005/07/16. doi: 10.1128/cmr.18.3.521-540.2005
PMID: 16020688; PubMed Central PMCID: PMCPMC1195972.

O'Brien GC, Wang JH, Redmond HP. Bacterial lipoprotein induces resistance to Gram-negative sepsis
in TLR4-deficient mice via enhanced bacterial clearance. Journal of immunology. 2005; 174(2):1020—
6. PMID: 15634926.

Murphey ED, Fang G, Sherwood ER. Pretreatment with the Gram-positive bacterial cell wall molecule
peptidoglycan improves bacterial clearance and decreases inflammation and mortality in mice chal-
lenged with Staphylococcus aureus. Critical care medicine. 2008; 36(11):3067—-73. doi: 10.1097/CCM.
0b013e31818c6fb7 PMID: 18824898.

Murphey ED, Sherwood ER. Pretreatment with the Gram-positive bacterial cell wall molecule peptido-
glycan improves bacterial clearance and decreases inflammation and mortality in mice challenged with
Pseudomonas aeruginosa. Microbes and infection / Institut Pasteur. 2008; 10(12—13):1244-50. Epub
2008/08/06. doi: 10.1016/j.micinf.2008.07.021 PMID: 18678270; PubMed Central PMCID:
PMCPMC2603308.

PLOS ONE | DOI:10.1371/journal.pone.0149233 March 14,2016 14/16


http://dx.doi.org/10.1007/s10096-013-1949-y
http://dx.doi.org/10.1007/s10096-013-1949-y
http://www.ncbi.nlm.nih.gov/pubmed/23955154
http://dx.doi.org/10.1007/978-1-62703-664-1_16
http://dx.doi.org/10.1007/978-1-62703-664-1_16
http://www.ncbi.nlm.nih.gov/pubmed/24085702
http://dx.doi.org/10.1093/cid/cit614
http://www.ncbi.nlm.nih.gov/pubmed/24343828
http://dx.doi.org/10.1016/j.diagmicrobio.2007.11.002
http://dx.doi.org/10.1016/j.diagmicrobio.2007.11.002
http://www.ncbi.nlm.nih.gov/pubmed/18096352
http://www.ncbi.nlm.nih.gov/pubmed/25760341
http://dx.doi.org/10.3389/fcimb.2012.00016
http://dx.doi.org/10.3389/fcimb.2012.00016
http://www.ncbi.nlm.nih.gov/pubmed/22919608
http://dx.doi.org/10.1111/1469-0691.12570
http://www.ncbi.nlm.nih.gov/pubmed/24476315
http://dx.doi.org/10.4161/hv.25182
http://www.ncbi.nlm.nih.gov/pubmed/23793522
http://dx.doi.org/10.1371/journal.pone.0136888
http://www.ncbi.nlm.nih.gov/pubmed/26317210
http://dx.doi.org/10.3389/fimmu.2014.00461
http://www.ncbi.nlm.nih.gov/pubmed/25309543
http://dx.doi.org/10.1016/j.it.2013.06.003
http://www.ncbi.nlm.nih.gov/pubmed/23886621
http://www.ncbi.nlm.nih.gov/pubmed/18064347
http://dx.doi.org/10.1371/journal.pone.0074287
http://www.ncbi.nlm.nih.gov/pubmed/24058538
http://dx.doi.org/10.1007/s10753-014-0026-8
http://www.ncbi.nlm.nih.gov/pubmed/25266881
http://dx.doi.org/10.1128/cmr.18.3.521&ndash;540.2005
http://www.ncbi.nlm.nih.gov/pubmed/16020688
http://www.ncbi.nlm.nih.gov/pubmed/15634926
http://dx.doi.org/10.1097/CCM.0b013e31818c6fb7
http://dx.doi.org/10.1097/CCM.0b013e31818c6fb7
http://www.ncbi.nlm.nih.gov/pubmed/18824898
http://dx.doi.org/10.1016/j.micinf.2008.07.021
http://www.ncbi.nlm.nih.gov/pubmed/18678270

@’PLOS ‘ ONE

Immunoprophylaxis of Methicillin Resistant Staphylococcus aureus Infection

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Feterowski C, Novotny A, Kaiser-Moore S, Muhlradt PF, Rossmann-Bloeck T, Rump M, et al. Attenu-
ated pathogenesis of polymicrobial peritonitis in mice after TLR2 agonist pre-treatment involves ST2
up-regulation. International immunology. 2005; 17(8):1035-46. Epub 2005/07/08. doi: 10.1093/intimm/
dxh282 PMID: 16000329.

Shorr AF, Haque N, Taneja C, Zervos M, Lamerato L, Kothari S, et al. Clinical and Economic Outcomes
for Patients with Health Care-Associated Staphylococcus aureus Pneumonia. Journal of Clinical Micro-
biology. 2010; 48(9):3258-62. PMID: 20631118. doi: 10.1128/JCM.02529-09

Kollef MH, Shorr A, Tabak YP, Gupta V, Liu LZ, Johannes RS. Epidemiology and outcomes of health-
care-associated pneumonia: results from a large US database of culture-positive pneumonia. Chest.
2005; 128(6):3854—62. Epub 2005/12/16. doi: 10.1378/chest.128.6.3854 PMID: 16354854.

Lin L, Ibrahim AS, Xu X, Farber JM, Avanesian V, Baquir B, et al. Th1-Th17 cells mediate protective
adaptive immunity against Staphylococcus aureus and Candida albicans infection in mice. PLoS patho-
gens. 2009; 5(12):e1000703. Epub 2009/12/31. doi: 10.1371/journal.ppat.1000703 PMID: 20041174.

Cho JS, Guo Y, Ramos RI, Hebroni F, Plaisier SB, Xuan C, et al. Neutrophil-derived IL-1beta is suffi-
cient for abscess formation in immunity against Staphylococcus aureus in mice. PLoS pathogens.
2012; 8(11):e1003047. Epub 2012/12/05. doi: 10.1371/journal.ppat.1003047 PMID: 232094 17.

Luna CM, Boyeras Navarro ID. Management of methicillin-resistant Staphylococcus aureus pneumo-
nia. Current opinion in infectious diseases. 2010; 23(2):178-84. Epub 2010/01/16. doi: 10.1097/QCO.
0b013e328336a23f PMID: 20075728.

Taneja C, Haque N, Oster G, Shorr AF, Zilber S, Kyan PO, et al. Clinical and economic outcomes in
patients with community-acquired Staphylococcus aureus pneumonia. Journal of hospital medicine.
2010; 5(9):528-34. doi: 10.1002/jhm.704 PMID: 20734457.

Lu T, Porter AR, Kennedy AD, Kobayashi SD, DeLeo FR. Phagocytosis and killing of Staphylococcus
aureus by human neutrophils. Journal of innate immunity. 2014; 6(5):639—49. doi: 10.1159/000360478
PMID: 24713863.

Harrison CJ. Innate immunity as a key element in host defense against methicillin resistant Staphylo-
coccus aureus. Minerva pediatrica. 2009; 61(5):503—-14. Epub 2009/10/02. PMID: 19794376.

Mayadas TN, Cullere X, Lowell CA. The multifaceted functions of neutrophils. Annual review of pathol-
ogy. 2014; 9:181-218. doi: 10.1146/annurev-pathol-020712-164023 PMID: 24050624.

Wang J, Arase H. Regulation of immune responses by neutrophils. Annals of the New York Academy
of Sciences. 2014; 1319:66-81. doi: 10.1111/nyas.12445 PMID: 24850053.

Wiersinga WJ, Leopold SJ, Cranendonk DR, van der Poll T. Host innate immune responses to sepsis.
Virulence. 2014; 5(1):36—44. Epub 2013/06/19. doi: 10.4161/viru.25436 PMID: 23774844.

Delaloye J, Calandra T. Host innate immune responses to microbial pathogens. Current vascular phar-
macology. 2013; 11(2):123-32. Epub 2013/03/20. PMID: 23506491.

Kobayashi Y. The role of chemokines in neutrophil biology. Frontiers in bioscience: a journal and virtual
library. 2008; 13:2400-7. PMID: 17981721.

Joshi T, Butchar JP, Tridandapani S. Fcgamma receptor signaling in phagocytes. International journal
of hematology. 2006; 84(3):210-6. doi: 10.1532/IJH97.06140 PMID: 17050193.

van Lookeren Campagne M, Wiesmann C, Brown EJ. Macrophage complement receptors and patho-
gen clearance. Cellular microbiology. 2007; 9(9):2095-102. doi: 10.1111/j.1462-5822.2007.00981.x
PMID: 17590164.

Mocca CP, Brady RA, Burns DL. Role of antibodies in protection elicited by active vaccination with
genetically inactivated alpha hemolysin in a mouse model of staphylococcus aureus skin and soft tis-
sue infections. Clinical and vaccine immunology: CVI. 2014; 21(5):622—7. doi: 10.1128/CV1.00051-14
PMID: 24574539.

Bommineni YR, Pham GH, Sunkara LT, Achanta M, Zhang G. Immune regulatory activities of fowlici-
din-1, a cathelicidin host defense peptide. Molecularimmunology. 2014; 59(1):55-63. doi: 10.1016/j.
molimm.2014.01.004 PMID: 24491488.

Haghighat S, Siadat SD, Sorkhabadi SM, Sepahi AA, Mahdavi M. Cloning, Expression and Purification
of Penicillin Binding Protein2a (PBP2a) from Methicillin Resistant Staphylococcus aureus: A Study on
Immunoreactivity in Balb/C Mouse. Avicenna journal of medical biotechnology. 2013; 5(4):204—11.
PMID: 24285994.

Joice R, Lipsitch M. Targeting imperfect vaccines against drug-resistance determinants: a strategy for
countering the rise of drug resistance. PloS one. 2013; 8(7):€68940. doi: 10.1371/journal.pone.
0068940 PMID: 23935910.

Falugi F, Kim HK, Missiakas DM, Schneewind O. Role of protein A in the evasion of host adaptive
immune responses by Staphylococcus aureus. mBio. 2013; 4(5):e00575—13. doi: 10.1128/mBio.
00575-13 PMID: 23982075.

PLOS ONE | DOI:10.1371/journal.pone.0149233 March 14,2016 15/16


http://dx.doi.org/10.1093/intimm/dxh282
http://dx.doi.org/10.1093/intimm/dxh282
http://www.ncbi.nlm.nih.gov/pubmed/16000329
http://www.ncbi.nlm.nih.gov/pubmed/20631118
http://dx.doi.org/10.1128/JCM.02529-09
http://dx.doi.org/10.1378/chest.128.6.3854
http://www.ncbi.nlm.nih.gov/pubmed/16354854
http://dx.doi.org/10.1371/journal.ppat.1000703
http://www.ncbi.nlm.nih.gov/pubmed/20041174
http://dx.doi.org/10.1371/journal.ppat.1003047
http://www.ncbi.nlm.nih.gov/pubmed/23209417
http://dx.doi.org/10.1097/QCO.0b013e328336a23f
http://dx.doi.org/10.1097/QCO.0b013e328336a23f
http://www.ncbi.nlm.nih.gov/pubmed/20075728
http://dx.doi.org/10.1002/jhm.704
http://www.ncbi.nlm.nih.gov/pubmed/20734457
http://dx.doi.org/10.1159/000360478
http://www.ncbi.nlm.nih.gov/pubmed/24713863
http://www.ncbi.nlm.nih.gov/pubmed/19794376
http://dx.doi.org/10.1146/annurev-pathol-020712-164023
http://www.ncbi.nlm.nih.gov/pubmed/24050624
http://dx.doi.org/10.1111/nyas.12445
http://www.ncbi.nlm.nih.gov/pubmed/24850053
http://dx.doi.org/10.4161/viru.25436
http://www.ncbi.nlm.nih.gov/pubmed/23774844
http://www.ncbi.nlm.nih.gov/pubmed/23506491
http://www.ncbi.nlm.nih.gov/pubmed/17981721
http://dx.doi.org/10.1532/IJH97.06140
http://www.ncbi.nlm.nih.gov/pubmed/17050193
http://dx.doi.org/10.1111/j.1462-5822.2007.00981.x
http://www.ncbi.nlm.nih.gov/pubmed/17590164
http://dx.doi.org/10.1128/CVI.00051-14
http://www.ncbi.nlm.nih.gov/pubmed/24574539
http://dx.doi.org/10.1016/j.molimm.2014.01.004
http://dx.doi.org/10.1016/j.molimm.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24491488
http://www.ncbi.nlm.nih.gov/pubmed/24285994
http://dx.doi.org/10.1371/journal.pone.0068940
http://dx.doi.org/10.1371/journal.pone.0068940
http://www.ncbi.nlm.nih.gov/pubmed/23935910
http://dx.doi.org/10.1128/mBio.00575-13
http://dx.doi.org/10.1128/mBio.00575-13
http://www.ncbi.nlm.nih.gov/pubmed/23982075

@’PLOS ‘ ONE

Immunoprophylaxis of Methicillin Resistant Staphylococcus aureus Infection

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Cremieux AC, Saleh-Mghir A, Danel C, Couzon F, Dumitrescu O, Lilin T, et al. alpha-Hemolysin, not
Panton-Valentine leukocidin, impacts rabbit mortality from severe sepsis with methicillin-resistant
Staphylococcus aureus osteomyelitis. The Journal of infectious diseases. 2014; 209(11):1773-80.
Epub 2014/01/01. doi: 10.1093/infdis/jit840 PMID: 24376272.

Varrone JJ, de Mesy Bentley KL, Bello-Irizarry SN, Nishitani K, Mack S, Hunter JG, et al. Passive immu-
nization with anti-glucosaminidase monoclonal antibodies protects mice from implant-associated oste-
omyelitis by mediating opsonophagocytosis of Staphylococcus aureus megaclusters. Journal of
orthopaedic research: official publication of the Orthopaedic Research Society. 2014; 32(10):1389-96.
Epub 2014/07/06. doi: 10.1002/jor.22672 PMID: 24992290.

Tobin DM, Roca FJ, Oh SF, McFarland R, Vickery TW, Ray JP, et al. Host genotype-specific therapies
can optimize the inflammatory response to mycobacterial infections. Cell. 2012; 148(3):434—46. Epub
2012/02/07. doi: 10.1016/j.cell.2011.12.023 PMID: 22304914.

Mclntire CR, Yeretssian G, Saleh M. Inflammasomes in infection and inflammation. Apoptosis: an inter-
national journal on programmed cell death. 2009; 14(4):522—-35. doi: 10.1007/s10495-009-0312-3
PMID: 19156527.

Cheng CW, Chien MH, Su SC, Yang SF. New markers in pneumonia. Clinica chimica acta; interna-
tional journal of clinical chemistry. 2013; 419:19-25. doi: 10.1016/j.cca.2013.01.011 PMID: 23384502.

Ramirez P, Ferrer M, Marti V, Reyes S, Martinez R, Menendez R, et al. Inflammatory biomarkers and
prediction for intensive care unit admission in severe community-acquired pneumonia. Critical care
medicine. 2011; 39(10):2211-7. doi: 10.1097/CCM.0b013e3182257445 PMID: 21705887.

Osuchowski MF, Welch K, Siddiqui J, Remick DG. Circulating cytokine/inhibitor profiles reshape the
understanding of the SIRS/CARS continuum in sepsis and predict mortality. Journal of immunology.
2006; 177(3):1967-74. PMID: 16849510.

Ohlsen K, Lorenz U. Immunotherapeutic strategies to combat staphylococcal infections. International
journal of medical microbiology: IJMM. 2010; 300(6):402—10. Epub 2010/06/16. doi: 10.1016/j.ijmm.
2010.04.015 PMID: 20547101.

Loftspring MC, Johnson HL, Johnson AJ, Clark JF. Depletion of GR-1-Positive Cells Is Associated with
Reduced Neutrophil Inflammation and Astrocyte Reactivity after Experimental Intracerebral Hemor-
rhage. Translational stroke research. 2012; 3(Suppl 1):147-54. Epub 2012/07/01. doi: 10.1007/
$12975-012-0184-7 PMID: 24323867.

Robertson CM, Perrone EE, McConnell KW, Dunne WM, Boody B, Brahmbhatt T, et al. Neutrophil
depletion causes a fatal defect in murine pulmonary Staphylococcus aureus clearance. The Journal of
surgical research. 2008; 150(2):278-85. Epub 2008/07/16. doi: 10.1016/j.jss.2008.02.009 PMID:
18621398; PubMed Central PMCID: PMCPMC2605623.

Alves-Filho JC, de Freitas A, Spiller F, Souto FO, Cunha FQ. The role of neutrophils in severe sepsis.
Shock. 2008; 30 Suppl 1:3-9. doi: 10.1097/SHK.0b013e3181818466 PMID: 18704017.

Shah P, Fatehchand K, Patel H, Fang H, Justiniano SE, Mo X, et al. Toll-like receptor 2 ligands regulate
monocyte Fcgamma receptor expression and function. The Journal of biological chemistry. 2013; 288
(17):12345-52. Epub 2013/03/19. doi: 10.1074/jbc.M113.449983 PMID: 23504312.

Lilius EM, Nuutila J. Bacterial infections, DNA virus infections, and RNA virus infections manifest differ-
ently in neutrophil receptor expression. TheScientificWorldJournal. 2012; 2012:527347. Epub 2012/04/
27.doi: 10.1100/2012/527347 PMID: 22536142.

Sonego F, Alves-Filho JC, Cunha FQ. Targeting neutrophils in sepsis. Expert review of clinical immu-
nology. 2014; 10(8):1019-28. doi: 10.1586/1744666X.2014.922876 PMID: 24867165.

Manda-Handzlik A, Demkow U. Neutrophils: The Role of Oxidative and Nitrosative Stress in Health and
Disease. Advances in experimental medicine and biology. 2015. doi: 10.1007/5584_2015_117 PMID:
25904001.

PLOS ONE | DOI:10.1371/journal.pone.0149233 March 14,2016 16/16


http://dx.doi.org/10.1093/infdis/jit840
http://www.ncbi.nlm.nih.gov/pubmed/24376272
http://dx.doi.org/10.1002/jor.22672
http://www.ncbi.nlm.nih.gov/pubmed/24992290
http://dx.doi.org/10.1016/j.cell.2011.12.023
http://www.ncbi.nlm.nih.gov/pubmed/22304914
http://dx.doi.org/10.1007/s10495-009-0312-3
http://www.ncbi.nlm.nih.gov/pubmed/19156527
http://dx.doi.org/10.1016/j.cca.2013.01.011
http://www.ncbi.nlm.nih.gov/pubmed/23384502
http://dx.doi.org/10.1097/CCM.0b013e3182257445
http://www.ncbi.nlm.nih.gov/pubmed/21705887
http://www.ncbi.nlm.nih.gov/pubmed/16849510
http://dx.doi.org/10.1016/j.ijmm.2010.04.015
http://dx.doi.org/10.1016/j.ijmm.2010.04.015
http://www.ncbi.nlm.nih.gov/pubmed/20547101
http://dx.doi.org/10.1007/s12975-012-0184-7
http://dx.doi.org/10.1007/s12975-012-0184-7
http://www.ncbi.nlm.nih.gov/pubmed/24323867
http://dx.doi.org/10.1016/j.jss.2008.02.009
http://www.ncbi.nlm.nih.gov/pubmed/18621398
http://dx.doi.org/10.1097/SHK.0b013e3181818466
http://www.ncbi.nlm.nih.gov/pubmed/18704017
http://dx.doi.org/10.1074/jbc.M113.449983
http://www.ncbi.nlm.nih.gov/pubmed/23504312
http://dx.doi.org/10.1100/2012/527347
http://www.ncbi.nlm.nih.gov/pubmed/22536142
http://dx.doi.org/10.1586/1744666X.2014.922876
http://www.ncbi.nlm.nih.gov/pubmed/24867165
http://dx.doi.org/10.1007/5584_2015_117
http://www.ncbi.nlm.nih.gov/pubmed/25904001

