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Abstract—Among the known Toll-like receptors (TLRs), Toll-like receptor 2 (TLR2) is a key sensor for
detecting Staphylococcus aureus invasion. But the function of TLR2 during S. aureus infection in
different cell populations is unclear. Two different cell subtypes were chosen to study the interaction of
S. aureus with TLR2 because macrophages are extremely different from one compartment to another
and their capacity to respond to live bacteria or bacterial products differs from one site to another. The
contribution of TLR2 to the host innate response against acute live S. aureus infection and heat-killed
S. aureus (HKSA) using anti-TLR2 antibody in murine peritoneal macrophages and resident fresh bone
marrow cells has been investigated here. TLR2 blocking before infection induces the release of
interleukin (IL)-10 by macrophages thereby inhibiting excessive production of oxidants by activating
antioxidant enzymes. TLR2-blocked peritoneal macrophages showed impaired release of tumor necrosis
factor-alpha (TNF-α), interferon-gamma (IFN-γ) and IL-6 in response to both live and heat-killed
S. aureus infection except bone marrow cells. TLR2-mediated free radical production and killing of
S. aureuswere modulated by TLR2 blocking in peritoneal macrophages and resident bone marrow cells.
This study supported that S. aureus persists in resident bone marrow cells in a state of quiescence.
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INTRODUCTION

Staphylococcus aureus is a major pathogen that
causes a variety of diseases ranging from minor skin

infections to severe systemic complications such as bacter-
aemia, septic shock, septic arthritis and osteomyelitis often
with fatal results [1]. S. aureus, while generally considered
an extracellular pathogen, is one such bacterium that has
the ability to invade and survive within different cell types,
both phagocytic and non-phagocytic cells [2]. By ‘hiding’
inside the host cells, S. aureusmay elude host defences and
most antibiotic treatments and may be responsible for
chronic and recurrent bone infections by shifting the bal-
ance of cell repertoire. S. aureus possesses a number of
potential virulence factors including surface-associated and
secreted proteins, which especially cause inflammatory
disease [3, 4]. Several staphylococcal cell wall components
(e.g. peptidoglycan and lipoteichoic acid) have been exten-
sively studied to date [5–8] in several infectious disease
models. However, bacterial pathogenicity in the case of
S. aureus is multi-factorial since a single virulence factor is
not sufficient to cause a staphylococcal infection [9, 10].
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Therefore, it is important to compare the host cell response
after exposure to the whole live S. aureus as well as
purified staphylococcal cell wall component or using
heat-killed S. aureus (HKSA).

Protection from primary staphylococcal infection is
mainly dependent on innate rather than adaptive immune
responses [11]. In the innate immune response, Toll-like
receptors (TLRs), which are predominantly expressed in
cells involved in inflammatory responses, play pivotal
roles in the host defence against microbial pathogens by
recognizing pathogen-associated molecular patterns
(PAMPs) and activating intracellular signalling pathways
[12]. There are lines of evidence that show that Toll-like
receptor 2 (TLR2) is responsible for the immunity against
S. aureus. Among the known TLRs, TLR2 is a key sensor
for detecting S. aureus invasion. There is increasing evi-
dence that show that TLR2 found on macrophages is
involved in the detection of S. aureus PAMPs and acts with
other co-receptors to mediate phagocytosis of the bacteri-
um [13]. The products of S. aureus function as agonists for
TLR2 [9]. Furthermore, TLR2 induces the synthesis of
proinflammatory mediators to rapidly activate the innate
immune system [14, 15]. The absence of TLR2 has been
shown to provide protective effects to the host organisms in
certain models suggesting that TLR2 has not only benefi-
cial [16] but also detrimental roles in host innate response
against S. aureus infections [17]. Results of either single or
dual TLR blockade before or upon acute bacterial infection
have been shown to play a central role of TLR2 in sensing
bacterial challenge in vivo and the capacity to protect from
shock upon subsequent or synchronous antibiotic therapy
[18]. Another interesting field worthy of study in suscep-
tibility to infection is the ability developed by many viru-
lent strains of pathogens to evade immunity through TLRs
of different cell subtypes. Certain pathogens used TLR-
based strategies to evade host defence [19]. Such is the case
with the bacteria Mycobacterium tuberculosis, Yersinia
enterocolitica, Yersenia pestis and Yerseinia pseudotuber-
culosis and fungi such as Candida albicans and
Aspergillus fumigates which activate a TLR2-mediated
mechanism to induce an anti-inflammatory pattern that
downmodulates the microbicidal function of primary leu-
kocytes [20]. This regulation by TLR2 seemed to be ben-
eficial to bacteria and dependent on the strain of bacteria, as
TLR2-deficient mouse macrophages were reported to have
a greater capacity to kill S. aureus organisms compared to
wild-type macrophages [21–23]. The activation of TLR
signalling with these infections promotes sustained efforts
to develop a novel strategy to block these pathways for a
variety of infectious diseases [24, 25]. TLR2- or MyD88-

deficient peritoneal macrophages produced significantly
less proinflammatory cytokines in response to heat-killed
S. aureus. TLR2-deficient mice were hypersusceptible to
S. aureus and more slowly cleared subcutaneously inocu-
lated S. aureus than wild-type mice, and peritoneal macro-
phages derived from the TLR2-deficient mice were insen-
sitive to lipoteichoic acid and heat-killed S. aureus [26].
Live but not heat-killed Treponema denticola suppress
expression of human beta defensin 3 from gingival epithe-
lial cells via inhibition of TLR2 signalling [27]. Taken
together, studies on the differential induction of inflamma-
tory cytokines and reactive oxygen species in fresh bone
marrow cells and peritoneal macrophages of Swiss mice by
S. aureus and contribution of TLR2 to make countermeas-
ures against infection are needed. Thus, it appears that even
though S. aureus is recognized by macrophages through
TLR2, S. aureus may utilize TLR2 as part of its survival
mechanism. This makes TLR2 a very intriguing molecule
to study when trying to understand the survival mechanism
of S. aureus in primary macrophages. Currently, there is no
study on the differential induction of inflammatory cyto-
kines and reactive oxygen species in resident fresh bone
marrow cells and peritoneal macrophages after acute
S. aureus infection and contribution of TLR2 in this re-
sponse. The interruption of TLR-mediated recognition by
immune cells is a reasonable strategy for immune evasion
of bacteria, since the recognition of bacteria and bacterial
components via TLRs plays a pivotal role in the initiation
of antibacterial innate immunity. There have been only a
few reports with respect to interruption of TLR function in
primary immune cells by bacteria. Therefore, the modula-
tory activity of live and killed S. aureus on TLR2 in
peritoneal and resident bone marrow cells may follow a
different mechanism.

We have recently reported on cellular events and
intracellular survival of S. aureus during infection of mu-
rine macrophages of Swiss albino mice [28]. The roles of
TLRs in the sensing of oxidants by cells and tissues in vitro
have been investigated [29]. TLR2 was required for
oxidant-induced inflammation in vivo. Therefore, it seems
that as in higher vertebrates, S. aureus has evolved a
diversified array of antioxidant tools, both enzymatic and
non-enzymatic, to resist immune-mediated oxidative attack
[30]. Catalase has been proposed to be a potential virulence
factor in many bacterial pathogens, because its activity
might protect them from the reactive oxygen species
(ROS) generated by eukaryotic cells [31]. Thus, this en-
zyme has been demonstrated to be an essential factor for
the intracellular survival of bacteria [32]. There have been
only a few reports with respect to regulation of TLR
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function in fresh bone marrow cells or peritoneal macro-
phages of Swiss albino mice by bacteria. Therefore, the
modulatory activity of live and killed S. aureus on TLR2 in
peritoneal and resident bone marrow cells may follow a
different mechanism. The present comparative study was
performed to figure out the involvement of reactive oxygen
intermediates and cytokines in TLR2-dependent bacterio-
stasis of S. aureus in murine peritoneal macrophages and
resident bone marrow cells during acute infection.

In the present study, we investigated the role of TLR2
in bacterial clearance and cytokine response to live
S. aureus and HKSA infection in murine peritoneal and
bone marrow macrophages. The data presented here indi-
cate that TLR2 blocking before infection restores the re-
lease of interleukin (IL)-10 bymacrophages, thereby inhib-
iting excessive proinflammatory cytokine production as
well as regulating the production of reactive oxygen spe-
cies by activating the antioxidant enzymes. It was observed
that TLR2-blocked peritoneal macrophages showed im-
paired release of tumor necrosis factor-alpha (TNF-α),
interferon-gamma (IFN-γ) and IL-6 in response to both
live and heat-killed S. aureus infection except bone mar-
row cells. This study supported that S. aureus persists in
resident bone marrow cells in a state of quiescence. This
work may help us for a better understanding of the host
innate immune mechanism against this bacterium and will
aid in the development of therapeutics for treating
S. aureus.

MATERIALS AND METHODS

Maintenance of Animals and Cells

All experiments involving animals were conducted
according to the protocols that had been approved by the
Institutional Animal Ethics Committee (IAEC),
Department of Physiology, University of Calcutta, under
the guidance of the Committee for the Purpose of Control
and Supervision of Experiments on Animal (CPCSEA)
[Approval Number: 820/04/ac/CPCSEA dated 05 August
2013], Ministry of Environment and Forest, Govt. of India.
Wild-type male Swiss albino mice were used throughout
the study. Tominimize the feeling of hypoxia or discomfort
before and during mouse dissection and tissue collection,
mice were anaesthetized with inhaling anaesthetics (ether)
before terminal surgery. Euthanasia was performed by
general anaesthesia followed by vital tissue removal using
2–3 % ether for induction and 1 % for maintenance.
Macrophages were prepared from peritoneal fluids of

thioglycolate-administered mice. The S. aureus strain
AG-789 was obtained from Apollo Gleneagles Hospital,
Calcutta, West Bengal, India.

Preparation of Bacteria

S. aureus strain (AG-789) grown overnight in Luria-
Bertani broth was diluted with fresh broth and cultured
until mid-logarithmic phase of growth. Bacteria were har-
vested, washed twice with sterile saline and adjusted to the
desired inoculum spectrophotometrically before infection
(OD620=0.2 for 5.0×107 cells/ml for S. aureus), and the
colony-forming unit (CFU) count of the desired inoculum
was confirmed by serial dilution and culture on blood agar
[33].

Preparation of Heat-Killed S. aureus

Bacteria were grown in Luria-Bertani broth (LB)
overnight under the same conditions. Overnight cultures
were washed in 0.9 % NaCl and used for heat-killing for
1 h at 90 °C [34].

Preparation of Resident Fresh Bone Marrow Cells
from Mice and Stimulation

The protocols for animal handling were previously
approved by our Institutional Animal Ethics Committee
(Approval Number: 820/04/ac/CPCSEA dated 05 August
2013). Femurs were obtained from 6 to 12 week old Swiss
albino mice. After euthanasia, the mice were sprayed with
70% ethanol, and the femurs were dissected using scissors,
cutting through the tibia below the knee joints as well as
through the pelvic bone close to the hip joint. Muscles
connected to the bone were removed using clean gauze,
and the femurs were placed into a polypropylene tube
containing sterile PBS on ice. In a tissue culture hood,
the bones were placed in 70 % ethanol for 1 min and
washed in sterile RPMI 1640, and then both epiphyses
were removed using sterile scissors and forceps. The bones
were flushed with a 24Gz syringe filled with RPMI 1640 to
extrude bone marrow into a 15 ml sterile polypropylene
tube. A 5 ml plastic pipette was used to gently homogenize
the bone marrow. The cell suspension generated thereafter
is called fresh bone marrow cells. Fresh bone marrow cells
(FBMCs) were counted using a hemocytometer, centri-
fuged for 5 min at 200×g at 4 °C and gently resuspended
to obtain a solution containing from 4 to 6×106 cells/ml in
RPMI 1640 media containing 10 % fetal bovine serum
(unless otherwise mentioned) [35]. Murine FBMCs
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(5 × 106 cells/ml) were infected with S. aureus
(5×106 CFU/ml) for 30, 60 and 90 min at 37 °C.

Isolation and Stimulation of Peritoneal Macrophages

The mice used, 6–12 weeks of age and fed standard
laboratory chow and water, were injected intraperitoneally
with 2 ml of 4 % sterile thioglycolate broth, and the result-
ing peritoneal exudate was harvested by lavage of the
peritoneal cavities of mice with endotoxin-free Hanks’
solution 4 to 5 days later. Peritoneal macrophages were
suspended in 0.83% ammonium chloride solution contain-
ing 10 % (v/v) Tris buffer (pH 7.65) to lyse erythrocytes.
The cells were resuspended in RPMI 1640 medium sup-
plemented with 10 % fetal bovine serum (FBS), 100 IU/ml
penicillin and 100 μg/ml streptomycin and then were
allowed for plastic adherence. Non-adherent cells were
removed by aspiration and by washing with RPMI 1640
medium before the addition of S. aureus. The adherent
macrophages, more than 95 % of which appeared to be
typical macrophages by light microscopy, were used for
each experiment [36]. Murine peritoneal macrophages (5×
106 cells/ml) were infected with S. aureus (5×106 CFU/ml)
for 30, 60 and 90 min at 37 °C.

Blocking Antibody Reagents and Culture Conditions

For TLR2 blocking assays, polyclonal antibodies
against TLR2 (Cat No: orb11487, Biorbyt Limited,
Cambridge, UK) were added at 10 μg/ml, then the perito-
neal macrophages and FBMCs were incubated for 30 min
at 37 °C in 5 % CO2 with S. aureus or medium alone
added, and the cells were incubated for an additional 30, 60
and 90 min at 37 °C in 5 % CO2. Cell-free culture super-
natants were collected at 30, 60 and 90 min at 37 °C [37,
38]. This polyclonal antibody is against a human protein
(Swiss-Prot: 060603), reacts with mouse, rat, cow, dog and
rabbit and was available on PubMed 23800958. Saturation
studies were performed beforehand and were found useful
at a concentration of 10 μg/ml as suggested earlier [39].

Assays for Colony-Forming Ability of Engulfed
Bacteria

Murine peritoneal macrophages and FBMCs (5×
106 cells/ml) were separately mixed with S. aureus
(5×106 CFU/ml) in a 1:1 cell/bacterium ratio [40] in
RPMI-FBS (5 %) and incubated at 37 °C in a cell
culture incubator for different times in the presence
and absence of anti-TLR2 antibody (10 μg/ml). After
centrifugation, cell culture supernatants were

collected and stored for further assay. Phagocytosis
was stopped by adding cold (4 °C) RPMI 1640, and
extracellular S. aureus were removed by washing the
suspension in RPMI (note that we were unable to use
antibiotics to kill bacteria present outside of macro-
phages because the engulfed bacteria died quickly
during the period necessary for the action of anti-
biotics). The pellets were disrupted in sterile water
containing 0.01 % bovine serum albumin (BSA) by
vigorously vortexing to release intracellular bacteria
in the lysate. The lysate-containing bacteria were
plated at serial dilutions on mannitol agar plates.
The plates were incubated at 37 °C for a day or
two and the number of colonies was determined.

Quantification of Hydrogen Peroxide Production

After time-dependent phagocytosis, supernatants
were collected and cell lysates were prepared from the
pellet. Hydrogen peroxide (H2O2) assay of the supernatant
and lysate was performed according to the method as
described earlier with slight modification [41]. Briefly,
70 μl of supernatant or lysate recovered from different
groups of macrophages, 20 μl horseradish peroxidase
(HRP) (500 μg/ml), 70 μl of Phenol red (500 μg/ml) and
40μl of S. aureuswere added to each of the microtiter plate
and were allowed to react at 37 °C. The reaction was
stopped by adding 25 μl of 2 (N) NaOH, and the absor-
bance reading was taken at 620 nm using a spectropho-
tometer (UV-1800 UV–VIS spectrophotometer, Shimadzu,
Japan). A standard H2O2 curve was plotted and H2O2

release in supernatants and lysate was evaluated and
expressed in micromolars per 106 cells.

Assay for Quantification of Superoxide Anion Release

Superoxide anion release assay measures the change
in colour of cytochrome C (cytC), when reduced by O2⋅−

released from the stimulated macrophages and FBMCs.
Cell-free supernatants recovered from S. aureus-stimulated
macrophages and FBMCs in the presence or absence of
anti-TLR2 antibody were incubated in the presence of
cytochrome C (100 μl at 2 mg/ml in HBSS). The reaction
was terminated by placing the tubes on ice for 5 min. The
production of superoxide anion was monitored spectropho-
tometrically (UV-1800 UV–VIS spectrophotometer,
Shimadzu, Japan) at 550 nm in reference to the blank.
The amount of superoxide production was calculated by
the following formula: nanomoles of superoxide anion=
(mean absorbance at 550 nm×15.87) [42].
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ROS Determination by Flow Cytometry

Flow cytometric data acquisition and analysis
were performed on BD FACSVerse. The flow cytom-
eter was equipped with an iron laser with excitation
at 488 nm and 15 mW output power. A single cell
suspension was prepared having a density of 105–
106 cells/ml and a minimum of 10,000 cells were
measured. Nonfluorescent 2′,7′-dichlorofluorescin
diacetate (DCFH-DA) upon esterase activity within
the cells became DCFH which after oxidation by
ROS converted to a fluorescent product (DCF). The
amount of DCF was proportional to the amount of
ROS present inside the cell. Briefly, 20 mM DCFH-
DA stock solution made in DMSO was diluted in the
cultured medium from different groups of macro-
phages, to yield 20 μM working solution. Then, the
cells were incubated for 60 min in the dark at 37 °C.
Finally, cells were suspended in PBS, and ROS gen-
eration was measured by fluorescence intensity at
530 nm [43].

Assay for Quantification of Nitric Oxide Production

Nitric oxide (NO) release was determined by the
Griess assay. Thioglycolate-elicited mouse peritoneal
macrophage sand FBMCs in serum-free RPMI 1640
medium were mixed with S. aureus, and the mixture
was incubated in the presence or absence of anti-
TLR2 antibody for different times at 37 °C with
5 % CO2 and centrifuged. Fifty microliters of the
supernatant or lysate was incubated separately in
40 μM Tris (pH 7.9) containing 40 μM of the
reduced form of β-nicotinamide adenine dinucleotide
phosphate, 40 μM flavin adenine dinucleotide and
0.05 U/ml nitrate reductase at 37 °C for 15 min.
Reduced samples were incubated with an equal vol-
ume of Griess reagent consisting of sulphanilamide
(0.25 % (w/v)) and N-1-naphthylethylenediamine
(0.025 % (w/v)), the mixture was incubated for
10 min and the absorbance at 550 nm was measured
in a spectrophotometer (UV-1800 UV–VIS spectro-
photometer, Shimadzu, Japan). The total nitrate/nitrite
concentration was determined by comparison to a
reduced NaNO3 standard curve [44].

Assay of Catalase Enzyme Activity

Catalase activity in the medium or cell-free lysate was
determined spectrophotometrically by measuring the de-
crease in H2O2 concentration at 240 nm. At time 0, 100 μl

of the supernatant or cell-free lysate was added separately
to 2.89 ml of potassium phosphate buffer (pH 7.4) taken in
a quartz cuvette. Then, 0.1 ml of 300 mMH2O2 was added
to it, and the absorbance was taken at 240 nm for 5 min at
1 min intervals. Catalase activity was expressed in terms of
millimoles per minute per milligram of protein [45].

Assay of Superoxide Dismutase Enzyme Activity

One hundred microliters of the medium (supernatant)
or cell-free lysate was mixed separately with 1.5 ml of a
Tris-EDTA-HCl buffer (pH 8.5), then 100 μl of 7.2 mmol/
l pyrogallol was added and the reaction mixture was incu-
bated at 25 °C for 10 min. The reaction was terminated by
the addition of 50 μl of 1 M HCl and measured at 420 nm.
One unit was determined as the amount of enzyme that
inhibited the oxidation of pyrogallol by 50 %. The activity
was expressed as units per milligram of protein [46].

Tumor Necrosis Factor-α, Interferon-Gamma,
Interleukin-6 and Interleukin-10 ELISA Assays

Murine peritoneal macrophages and FBMCs (5×
106 cells/ml) were mixed separately with S. aureus (5×
106 CFU/ml) in a 1:1 cell/bacterium ratio [40] in RPMI-
FBS (5 %) and incubated at 37 °C in a cell culture incuba-
tor for different times in the presence and absence of anti-
TLR2 antibody. After incubation, cell culture supernatants
were collected and stored at −70 °C prior to analysis.
Supernatants from different groups were normalized to
the protein content by the Bradford method before the
assay, and the levels of TNF-α, IFN-γ, IL-6 and IL-10
production were assayed using ELISA kits according to the
instructions provided by the manufacturer (Ray Biotech
Inc.) in a Bio-rad ELISA Reader.

Statistical Analysis

Isolated peritoneal macrophages and resident bone
marrow cells from mice were pooled together to obtain
the requisite amount of macrophages (5×106 cells/ml), and
the different parameters were measured. This was repeated
for three times for each parameter (for e.g. H2O2

production) and then the mean value of these triplicate
experiments was taken for calculation. Data was
expressed as mean±SD. Means were compared between
groups by using analysis of variance (ANOVA). p<0.05
was considered significant.
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RESULTS

Phagocytic Activity of Murine Resident Fresh Bone
Marrow Cells and Peritoneal Macrophage
After Neutralisation of Cell Surface TLR2
During S. aureus Infection

We used live S. aureus to investigate whether cell
surface TLR2 blocking alters the phagocytic activity of
resident bone marrow cells and peritoneal macrophages.
As shown in Table 1, a significant difference was found in
the degree of phagocytic engulfment of S. aureus between
the macrophages of antibody-untreated and TLR2-blocked
macrophages at 60 and 90 min post-treatment. Moreover,
the number of engulfed bacteria was not the same for both
the resident bone marrow cells and peritoneal macrophage
groups (Table 1).

Alteration in Hydrogen Peroxide Release by Murine
Resident Fresh Bone Marrow Cells and Peritoneal
Macrophage Infection with Live S. aureus or
with Heat-Killed S. aureus due to TLR2 Blocking

We tested whether hydrogen peroxide produced by
resident bone marrow cells and peritoneal macrophages in
culture or in cell lysate was TLR2 dependent during short-
term S. aureus infection. Both anti-TLR2 antibody-
untreated and anti-TLR2 antibody-treated macrophage cul-
tures were exposed to live S. aureus or HKSA and incu-
bated for 30, 60 and 90 min at 37 °C. Anti-TLR2 antibody
significantly (p<0.05) inhibited hydrogen peroxide pro-
duction in supernatant and lysate by live S. aureus-infected
macrophages at 60 min after infection, compared with the
antibody-untreated and antibody-infected peritoneal mac-
rophages (Fig. 1a, b). In addition, the amount of H2O2

released in the lysate and supernatant by the anti-TLR2

antibody-neutralized resident bone marrow cells and peri-
toneal macrophages, followed by heat-killed S. aureus in-
fection, was found to be significantly lower (p<0.05) when
compared with only heat-killed S. aureus-infected macro-
phages at all the time points studied (Fig. 1c, d).

Alteration in Superoxide Anion Release by Murine
Resident Fresh Bone Marrow Cells and Peritoneal
Macrophage Infection with Live S. aureus or
with Heat-Killed S. aureus due to TLR2 Blocking

Murine resident fresh bone marrow cells and perito-
neal macrophages were infected in vitro with live and
heat-killed S. aureus, as described in the “MATERIALS
AND METHODS,” or left uninfected. Thirty, 60 or
90 min after infection, the amount of superoxide anion
produced was evaluated. Both in the culture supernatant
(Fig. 2a) and in the lysate (Fig. 2b), live S. aureus-infected
macrophages produced significantly (p<0.05) larger
amounts of superoxide than uninfected macrophages af-
ter 60 and 90 min of infection, whereas infection of
TLR2-neutralized peritoneal macrophages with live
S. aureus produced lower levels of superoxide anion
compared to macrophages infected with live S. aureus
alone at 60 and 90 min in culture as well as in lysate. A
similar pattern of results was observed in the culture
supernatant in case of resident bone marrow cells, and
the lysate showed a significant change in superoxide
anion release only at 90 min (Fig. 2a, b). In addition,
HKSA that infected both macrophages and resident bone
marrow cells only particularly at 90 min showed a signif-
icant change in the superoxide anion release in the culture
supernatant (Fig. 2c), while peritoneal macrophages and
resident fresh bone marrow cells, incubated with heat-
killed S. aureus, showed a higher amount of superoxide
anion at all three time points and at 30 and 60 min,

Table 1. Intracellular Survival of S. aureus Within Peritoneal Macrophages and Resident Bone Marrow Cells After Neutralization of Cell Surface
Receptor TLR2

Groups Peritoneal macrophage (mean±SD) Bone marrow macrophage (mean±SD)

30 min 60 min 90 min 30 min 60 min 90 min

LSAM 772±32.06 640±28.08 492±24.43 319±14.65 266±28.90 202±24.94
ATabM+LSA 783±16.17 772±24.28 $ 776±10.14$ 326±11.31 342±26.16$ 295±14.40$

S. aureus (5×106 CFU/ml) were allowed to interact with murine peritoneal macrophages or fresh bone marrow cells (5×106 CFU/ml) in the presence or
absence of anti-TLR2 antibody and incubated for different times at 37 °C. Macrophages were lysed, plated and incubated overnight to obtain the CFU of the
intracellularly survived bacteria (the following day). Values were expressed as mean±SD
LSAM live S. aureus-infected macrophage, ATabM anti-TLR2 antibody-pretreated macrophage, LSA live S. aureus
$ p<0.05 indicates significant difference with respect to only live S. aureus-infected group (LSAM)
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respectively, compared to that of the control, and at
60 min, TLR2-neutralized infected macrophages
showed a marked decrease compared to the infected
one. Identical observation was found for resident
bone marrow cells at 30 min.

Alteration in Cellular ROS Production by Murine
Peritoneal Macrophage and Resident Fresh Bone
Marrow Cells After Infection with Live S. aureus due
to TLR2 Blocking as Determined by Flow Cytometry

Murine resident fresh bone marrow cells and perito-
neal macrophages were infected in vitro with live
S. aureus, as described in the “MATERIALS AND
METHODS,” or left uninfected. As we found that both

anti-TLR2 antibody and live S. aureus-infected peritoneal
and bone marrow macrophages significantly (p<0.05)
inhibited hydrogen peroxide and superoxide production
in the supernatant and lysate at 60 min (Figs. 1 and 2),
we determined the ROS production by flow cytometry
particularly at 60 min after infection. Following the incu-
bation with DCFH-DA, it has been found that both the
macrophages infected with live S. aureus (Figs. 3 and 4)
showed a marked increase (p<0.05) in ROS production
compared to that of their respective control groups. In
addition, a significant decrease (p<0.05) in ROS produc-
tion was observed when anti-TLR2 antibody-treated peri-
toneal macrophages and resident bone marrow cells were
infected with live S. aureus, compared to the macrophages
infected with live S. aureus alone.

Fig. 1. Alteration in hydrogen peroxide (H2O2) release bymurine resident fresh bonemarrow cells and peritoneal macrophage infection with live S. aureus or
with heat-killed S. aureus (HKSA) due to TLR2 blocking. Peritoneal macrophages and resident bone marrow cells were incubated with or without anti-TLR2
antibodies for 30 min and re-incubated with live and heat-killed S. aureus for the time indicated. Supernatants and lysates were prepared as mentioned earlier.
H2O2 content was expressed in terms of micromolars per 106 cells. a H2O2 release in culture supernatant by live S. aureus-infected peritoneal macrophages
and resident fresh bonemarrow cells, bH2O2 release in lysate by live S. aureus-infected peritoneal macrophages and resident fresh bonemarrow cells, cH2O2

release in culture supernatant by heat-killed S. aureus (HKSA)-infected peritoneal macrophages and resident fresh bone marrow cells and d H2O2 release in
lysate by heat-killed S. aureus (HKSA)-infected peritoneal macrophages and resident fresh bonemarrow cells. Values were expressed asmean±SD; *p<0.05
indicates significant difference compared to the uninfected control macrophage group; #p<0.05 indicates significant difference between control and heat-
killed S. aureus-infected macrophage (HKSAM) group; $p<0.05 indicates significant difference with respect to only live S. aureus-infected group (LSAM);
φp<0.05 indicates significant difference with respect to only heat-killed S. aureus-infected group (HKSAM). ATabM anti-TLR2 antibody-treated
macrophage, LSAM live S. aureus-infected macrophage, ATabM+LSA anti-TLR2 antibody-treated macrophage+live S. aureus, HKSAM heat-killed
S. aureus-infected macrophages, ATabM+HKSA anti-TLR2 antibody-treated macrophage+heat-killed S. aureus.
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Alteration in Nitric Oxide Production by Murine
Resident Fresh Bone Marrow Cells and Peritoneal
Macrophage Infection with Live S. aureus or
with Heat-Killed S. aureus due to TLR2 Blocking

To investigate the involvement of TLR2 in acute
in vitro infection of resident bone marrow cells and
peritoneal macrophages with live and heat-killed
S. aureus, we determined the nitric oxide release in
the supernatant and lysate, respectively, at 30, 60 and
90 min in the presence or absence of anti-TLR2
antibody. A significant decrease in NO production
in the lysate and supernatant (p<0.05) was found
due to TLR2 blocking in live and heat-killed
S. aureus-infected peritoneal macrophages particularly
after 60 and 90 min compared with only live and

hea t -k i l l ed S . aureus - i n f e c t ed mac rophage
(Fig. 5a, c), whereas anti-TLR2 antibody significantly
impaired (p<0.05) nitric oxide release at 90 min by
TLR2-neutralized heat-killed S. aureus-infected resi-
dent bone marrow cells compared to anti-TLR2
antibody-untreated HKSA-infected macrophages. The
enhancement in nitrite secretion prior to TLR2 block-
ing was abrogated by N-monomethyl L-arginine,
showing that it was being produced through the nitric
oxide synthase pathway (data not shown). Hence, the
production of superoxide and nitrite and H2O2 by
resident bone marrow cells and peritoneal macro-
phage was identical whether the cells had been stim-
ulated by an extract of S. aureus surface proteins or
by the whole bacteria.

Fig. 2. Alteration in superoxide anion release by murine resident fresh bone marrow cells and peritoneal macrophage infection with live S. aureus or with
heat-killed S. aureus (HKSA) due to TLR2 blocking. Peritoneal macrophages and resident bone marrow cells were incubated with or without anti-TLR2
antibody for 30 min and re-incubated with live and heat-killed S. aureus for the time indicated. Superoxide anion release assay was determined by measuring
the changes in colour of cytochromeC,when reduced by O2⋅− released from the stimulated macrophages. a Superoxide anion release in culture supernatant by
live S. aureus-infected peritoneal macrophages and resident fresh bone marrow cells, b superoxide anion release in lysate by live S. aureus-infected peritoneal
macrophages and resident fresh bone marrow cells, c superoxide anion release in culture supernatant by heat-killed S. aureus (HKSA)-infected peritoneal
macrophages and resident fresh bonemarrow cells and d superoxide anion release in lysate by heat-killed S. aureus (HKSA)-infected peritoneal macrophages
and resident fresh bone marrow cells. Values were expressed as mean±SD; *p<0.05 indicates significant difference compared to the uninfected control
macrophage group; #p<0.05 indicates significant difference between control and heat-killed S. aureus-infected macrophage (HKSAM) group; $p<0.05
indicates significant difference with respect to only live S. aureus-infected group (LSAM); φp<0.05 indicates significant difference with respect to only heat-
killed S. aureus-infected group (HKSAM). ATabM anti-TLR2 antibody-treated macrophage, LSAM live S. aureus-infected macrophage, ATabM+LSA anti-
TLR2 antibody-treated macrophage+live S. aureus, HKSAM heat-killed S. aureus-infected macrophages, ATabM+HKSA anti-TLR2 antibody-treated
macrophage+heat-killed S. aureus.
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Neutralisation of Cell Surface TLR2 Significantly Alters
Cytokine (TNF-α, IFN-γ, IL-6 and IL-10) Production
During Infection of Resident Fresh Bone Marrow Cells
and Peritoneal Macrophage with Live S. aureus

Short-term infection of starch-elicited peritoneal mac-
rophages or resident bone marrow cells from Swiss albino
mice for 60 and 90 min with S. aureus resulted in a
significant increase (p<0.05) in the amount of TNF-α
secreted compared to the amount secreted by the control,
uninfected cells. In contrast, when peritoneal macrophages
or fresh bone marrow cells that have been pretreated with
anti-TLR2 antibody to neutralize cell surface TLR2 were
used, the TNF-α responses to live S. aureus were signifi-
cantly (p<0.05) lower than the corresponding antibody-
untreated macrophages (Fig. 6a) at 60 and 90 min. The
amount of IFN-γ release was markedly increased (p<0.05)
with respect to the control at three time points for peritoneal

cells and at 60 and 90 min for bone marrow cells. But the
anti-TLR2 antibody plus bacteria-treated group showed a
marked decrease with respect to the only infected group
(Fig. 6b) at 60 and 90 min for both the two cell subtypes.
Similarly, IL-6 production for both peritoneal as well as
bone marrow cells was significantly increased (p<0.05) in
the infected group than that of their respective control at all
three time points. In addition, a significant decrease
(p<0.05) was found due to TLR2 blocking in the infected
peritoneal macrophages at all time points and in bone
marrow cells at 60 and 90 min, when compared to the only
S. aureus-infected group (Fig. 6c). In contrast, IL-10 pro-
duction was significantly lowered (p<0.05) at 90 min only
when both peritoneal and bone marrow cells were infected
with S. aureus alone, with respect to their control groups.
But anti-TLR2 antibody treatment of peritoneal macro-
phages as well as of bone marrow cells before S. aureus

Fig. 3. Alteration in ROS generation by murine peritoneal macrophage infection with live S. aureus due to TLR2 blocking. a Gating of peritoneal macr-
ophages (PMs) infected with or without live S. aureus, into subpopulations of different sizes in a forward (FSC-A)/side scatter (SSC-A) dot plot, in which the
abscissa (FSC-A) represents cell size and the ordinate (SSC-A) cell granularity. b Gating of peritoneal macrophages (PMs) pretreated with anti-TLR2
antibody with or without live S. aureus infection, into subpopulations of different sizes in a forward (FSC-A)/side scatter (SSC-A) dot plot. c PMs were
pretreated with or without live S. aureus and then incubated with 20 μM DCFH-DA for 60 min. Fluorescence from cells was measured by FACS and
indicated as green and red histograms, respectively. d PMs pretreated with anti-TLR2 antibody with or without live S. aureus infection and then incubated
with 20 μM DCFH-DA for 60 min. Fluorescence from cells was measured by FACS and indicated as green and red histograms, respectively. e ROS
generation of different groups was shown in the fluorescence intensity. Values were expressed as median±SD. *p<0.05 indicates significant difference
compared to the uninfected control macrophage group; $p<0.05 indicates significant difference (p<0.05) with respect to only live S. aureus-infected group
(LSAM).
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infection showed a significant rise in IL-10 production at
90 min only than that of their anti-TLR2 antibody-
untreated only S. aureus-infected groups (Fig. 6d).

Neutralisation of Cell Surface TLR2 Significantly Alters
Cytokine (TNF-α, IFN-γ, IL-6 and IL-10) Production
During Infection of Resident Fresh Bone Marrow
Cells and Peritoneal Macrophage with Heat-Killed
S. aureus

Acute infection of peritoneal macrophages or res-
ident bone marrow cells for 60 and 90 min with
HKSA resulted in a significant rise (p<0.05) in the
amount of TNF-α release compared to the amount
secreted by the control. When heat-killed S. aureus
infected peritoneal macrophages and resident bone

marrow cells, pretreated with anti-TLR2 antibody, a
marked decrease (p<0.05) was shown at 90 min for
the first one and at 60 min for the latter, compared to
the antibody-untreated only heat-killed S. aureus-
infected group (Fig. 7a). Similarly, HKSA-infected bone
marrow cells that have been pretreated with anti-TLR2
antibody produced significantly (p<0.05) a lower
amount of IFN-γ at 60 and 90 min, in comparison
with their only HKSA-infected group (Fig. 7b). But
IFN-γ production was markedly increased (p<0.05) at
three time points in the HKSA-infected bone marrow
cells but only at 90 min in the infected peritoneal
macrophages, compared to their respective control
group. Treatment of resident bone marrow cells with
anti-TLR2 antibody before HKSA stimulation showed

Fig. 4. Alteration in ROS generation bymurine resident fresh bonemarrow cell infectionwith live S. aureus due to TLR2 blocking. aGating of resident bone
marrow cells infected with or without live S. aureus, into subpopulations of different sizes in a forward (FSC-A)/side scatter (SSC-A) dot plot, in which the
abscissa (FSC-A) represents cell size and the ordinate (SSC-A) cell granularity. b Gating of resident bone marrow cells pretreated with anti-TLR2 antibody
with or without live S. aureus infection, into subpopulations of different sizes in a forward (FSC-A)/side scatter (SSC-A) dot plot. c Resident bone marrow
cells were pretreated with or without live S. aureus and then incubated with 20 μMDCFH-DA for 60 min. Fluorescence from cells was measured by FACS
and indicated as green and red histograms, respectively. d Resident bone marrow cells pretreated with anti-TLR2 antibody with or without live S. aureus
infection and then incubated with 20 μMDCFH-DA for 60 min. Fluorescence from cells was measured by FACS and indicated as green and red histograms,
respectively. e ROS generation of different groups was shown in the fluorescence intensity. Values were expressed as median±SD. *p<0.05 indicates
significant difference compared to the uninfected control macrophage group; $p<0.05 indicates significant difference with respect to only live S. aureus-
infected group (LSAM).
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decreased IL-6 level at 60 min, but it was at 90 min in
case of peritoneal macrophages in comparison to the
antibody-untreated but HKSA-stimulated cells (Fig. 7c).
On the contrary, IL-10 production was significantly
(p<0.05) decreased at 60 min when peritoneal cells
were infected with HKSA and at 90 min for HKSA-
infected bone marrow cells, with respect to their unin-
fected control. But anti-TLR2 antibody pretreatment
followed by HKSA infection of both peritoneal and
bone marrow cells produced a significant (p<0.05) rise
in IL-10 production at 90 min, compared to their
antibody-untreated only infected group (Fig. 7d).

Alteration in Antioxidant Enzyme (Catalase) Activity
After TLR2 Blocking Followed by Live and Heat-Killed
S. aureus Infection in Peritoneal Macrophage
and Resident Fresh Bone Marrow Cells

As several lines of report suggested that bacterial
catalase played an important role in the intracellular sur-
vival of S. aureus in murine peritoneal macrophages and
resident bone marrow cells, we became interested to find
out whether there are any changes in these antioxidant
enzyme activities after TLR2 blocking followed by live
and heat-killed S. aureus infection. A marked increase
(p<0.05) in the catalase enzyme activity has been observed

Fig. 5. Alteration in nitric oxide production by murine resident fresh bone marrow cells and peritoneal macrophage infection with live S. aureus or with heat-
killed S. aureus (HKSA) due to TLR2 blocking. Murine peritoneal macrophages (5×106 cells/ml) and resident bone marrow cells were allowed to interact
with S. aureus (5×106 CFU/ml) in a 1:1 cell/bacterium ratio incubated at 37 °C in a cell culture incubator for different times in the presence and absence of
anti-TLR2 antibody. Results in this figure represent mean nitric oxide content (μM) in the medium or from cell-free lysate from different groups of triplicate
experiments. a Nitric oxide release in culture supernatant by live S. aureus-infected peritoneal macrophages and resident fresh bone marrow cells, b nitric
oxide release in lysate by live S. aureus-infected peritoneal macrophages and resident fresh bone marrow cells, c nitric oxide release in culture supernatant by
heat-killed S. aureus (HKSA)-infected peritoneal macrophages and resident fresh bone marrow cells and d nitric oxide release in lysate by heat-killed
S. aureus (HKSA)-infected peritoneal macrophages and resident fresh bone marrow cells. Values were expressed asmean±SD; *p<0.05 indicates significant
difference compared to the uninfected control macrophage group; #p<0.05 indicates significant difference between control and heat-killed S. aureus-infected
macrophage (HKSAM) group; $p<0.05 indicates significant difference with respect to only live S. aureus-infected group (LSAM); φp<0.05 indicates
significant difference with respect to only heat-killed S. aureus-infected group (HKSAM). ATabM anti-TLR2 antibody-treated macrophage, LSAM live
S. aureus-infected macrophage, ATabM+LSA anti-TLR2 antibody-treated macrophage+live S. aureus,HKSAM heat-killed S. aureus-infected macrophages,
ATabM+HKSA anti-TLR2 antibody-treated macrophage+heat-killed S. aureus.
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in murine peritoneal macrophages (Table 2) and resident
bonemarrow cells (Table 2), both in the culture supernatant
(media) and in the cell-free lysate at 60 and 90 min when
macrophages were incubated with anti-TLR2 antibody
prior to S. aureus infection than that of macrophages
infected with S. aureus alone. A similar observation was
found in the cell-free extract when macrophages were
infected with heat-killed S. aureus, and though only at
90 min, a significant decrease (p<0.05) was observed in
the cell lysate in antibody-pretreated heat-killed S. aureus-
infected macrophage than that of antibody-untreated only
HKSA-infected macrophage. As shown in Table 2, a sig-
nificant difference was found in the catalase activity be-
tween the resident bonemarrow cells of antibody-untreated
and TLR2-blocked bone marrow cells at 60 and 90 min
post-treatment.

Alteration in Antioxidant Enzyme (SOD) Activity
After TLR2 Blocking Followed by Live and Heat-Killed
S. aureus Infection in Peritoneal Macrophage
and Resident Fresh Bone Marrow Cells

On the basis of above findings, we further assessed
the superoxide dismutase (SOD) activity that has been
found to be increased in case of S. aureus-infected macro-
phages as well as bone marrow cells, compared to their
control group. Anti-TLR2 antibody significantly (p<0.05)
inhibited SOD production in the supernatant and lysate by
live S. aureus-infected peritoneal and bone marrow cells at
60 min after infection, compared with the antibody-
untreated and antibody-infected peritoneal macrophages
and bone marrow cells (Table 3). In contrast, the amount
of SOD activity in the lysate and supernatant by anti-TLR2

Fig. 6. Neutralisation of cell surface TLR2 significantly alters cytokine (TNF-α, IFN-γ, IL-6 and IL-10) production during infection of resident fresh bone
marrow cells and peritonealmacrophage by live S. aureus. Peritoneal macrophages and resident bonemarrow cells were incubatedwith or without anti-TLR2
antibody for 30 min and re-incubated with only live S. aureus for the time indicated. Levels of TNF-α (a), IFN-γ (b), IL-6 (c) and IL-10 (d) in the
supernatants collected after 30, 60 and 90 min after live S. aureus-infected macrophages in the presence or absence of anti-TLR2 antibody were determined
by utilizing ELISA according to the manufacturer’s recommendations and were expressed from triplicate experiments. Values were expressed as mean±SD.
*p<0.05 indicates significant difference compared to the uninfected control macrophage group; $p<0.05 indicates significant difference with respect to only
live S. aureus-infected group (LSAM). ATabM anti-TLR2 antibody-treated macrophage, LSAM live S. aureus-infected macrophage, ATabM+LSA anti-TLR2
antibody-treated macrophage+live S. aureus, HKSAM heat-killed S. aureus-infected macrophages, ATabM+HKSA anti-TLR2 antibody-treated macro-
phage+heat-killed S. aureus.
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antibody-neutralized resident bone marrow cells, followed
by heat-killed S. aureus infection, was found to be signif-
icantly lower (p<0.05) when compared with the only heat-
killed S. aureus-infected macrophages particularly at
90 min (Table 3).

DISCUSSION

S. aureus is a formidable, resilient and dangerous
opportunistic human pathogen. Recent studies have shown
that S. aureus is highly resistant to killing by professional
phagocytes and that such cells even provide a favourable
environment for intracellular survival of S. aureus [47].
Among the known TLRs, TLR2 is a key sensor for detect-
ing S. aureus invasion. But the function of TLRs, specifi-
cally TLR2, during S. aureus infection is still debated. In

this study, we investigated the extent to which TLR2 con-
tributes to the host innate response against the bacterial
infection using anti-TLR2 antibody in murine peritoneal
macrophages and resident fresh bone marrow cells after
acute S. aureus infection.

In this context, we analysed the contribution of TLR2
to cytokine and oxidative stress response to S. aureus
infection in both peritoneal macrophage and resident fresh
bone marrow cell. We choose two different compartments
to study the interaction of S. aureus with TLR2 because
macrophages are extremely different from one compart-
ment to another and their capacity to respond to bacteria or
bacterial products differs from one site to another as shown
for intestinal, peritoneal, alveolar, spleen, microglial mac-
rophages andmonocytes [48, 49].We also used live as well
as heat-killed preparation of S. aureus for infection.
Bacteria are often killed in order to study their induction
of in vitro immune responses as this offers the advantage of

Fig. 7. Neutralisation of cell surface TLR2 significantly alters cytokine (TNF-α, IFN-γ, IL-6 and IL-10) production during infection of resident fresh bone
marrow cells and peritoneal macrophage by heat-killed S. aureus. Peritoneal macrophages and resident bone marrow cells were incubated with or without
anti-TLR2 antibody for 30 min and re-incubatedwith only heat-killed S. aureus for the time indicated. Levels of TNF-α (a), IFN-γ (b), IL-6 (c) and IL-10 (d)
in the supernatants collected after 30, 60 and 90 min after heat-killed S. aureus-infected macrophages in the presence or absence of anti-TLR2 antibody were
determined by utilizing ELISA according to the manufacturer’s recommendations and were expressed from triplicate experiments. Values were expressed as
mean±SD; #p<0.05 indicates significant difference compared to the uninfected control macrophage group; φp<0.05 indicates significant difference with
respect to only heat-killed S. aureus-infected group (HKSAM). ATabM anti-TLR2 antibody-treated macrophage, LSAM live S. aureus-infected macrophage,
ATabM+LSA anti-TLR2 antibody-treated macrophage+live S. aureus, HKSAM heat-killed S. aureus-infected macrophages, ATabM+HKSA anti-TLR2
antibody-treated macrophage+heat-killed S. aureus.
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Table 2. Alteration in Catalase Activity After TLR2 Blocking Followed by Live and Heat-Killed S. aureus Infection in Peritoneal Macrophage and Resident
Fresh Bone Marrow Cells

Groups Supernatant (mean±SD) Lysate (mean±SD)

30 min 60 min 90 min 30 min 60 min 90 min

Catalase activity of live and heat-killed S. aureus-infected peritoneal macrophages with or without TLR2 blocking
Control 34.51±5.24 40.40±8.58 32.20±6.96 37.79±7.64 40.26±3.14 41.52±2.80
ATabM 38.91±5.18 37.78±8.52 30.89±9.78 33.60±6.28 37.11±10.64 46.96±5.63
LSAM 98.03±13.01* 75.17±17.16* 67.52±13.19* 62.46±8.50* 55.55±8.37* 89.97±5.70*
ATabM+LSA 117.4±18.97 165.34±13.09$ 154.75±21.27$ 99.02±12.48 141.89±2 3.65$ 112.6±14.42$

HKSAM 46.45±5.32 62.75±5.75# 49.81±2.04 # 51.80±0.92# 55.05±1.46# 60.36±1.35#

ATabM+HKSA 52.60±8.36 88.23±5.64φ 90.94±4.60φ 55.48±2.46 58.05±3.75 63.96±2.51φ

Catalase activity of live and heat-killed S. aureus-infected resident bone marrow cells with or without TLR2 blocking
Control 9.01±1.97 8.88±2.45 8.31±2.77 16.13±0.73 15.02±1.49 11.62±2.68
ATabM 15.11±4.34 12.06±2.06 10.1±3.88 12.72±2.03 14.21±1.23 17.18±1.55
LSAM 43.54±6.92* 31.32±2.01* 24.16±5.85* 42.47±4.7* 33.79±2.05* 24.35±7.35*
ATabM+LSA 52.47±5.77 44.79±3.6$ 32.12±3.8 48.24±3.95$ 73.9±7.55$ 65.61±7.83$

HKSAM 18.97±3.05 24.66±5.31# 29.84±2.12# 18.94±2.89 33.32±1.04# 30.16±1.92#

ATabM+HKSA 22.59±4.73 30.28±6.64 38.77±3.01φ 20.78±3.31 35.9±2.76 41.48±3.66φ

Peritoneal macrophages and resident bone marrow cells were incubated with or without anti-TLR2 antibody for 30 min and re-incubated with live and heat-
killed S. aureus for the time indicated. Supernatants and lysates were prepared as mentioned earlier and were used to determine catalase activity in the
presence of 15 μmol of H2O2/ml of phosphate buffer. Catalase activity was expressed in terms of millimoles per minute per milligram of bacterial protein.
Values were expressed as mean±SD
ATabM anti-TLR2 antibody-treated macrophage, LSAM live S. aureus-infected macrophage, ATabM+LSA anti-TLR2 antibody-treated macrophage+live

S. aureus, HKSAM heat-killed S. aureus-infected macrophages, ATabM+HKSA anti-TLR2 antibody-treated macrophage+heat-killed S. aureus
*p<0.05 indicates significant difference compared to the uninfected control macrophage group; # p<0.05 indicates significant difference between control and

heat-killed S. aureus-infected macrophage (HKSAM) group; $ p<0.05 indicates significant difference with respect to only live S. aureus-infected group
(LSAM); φ p<0.05 indicates significant difference with respect to only heat-killed S. aureus-infected group (HKSAM)

Table 3. Alteration in SOD Activity After TLR2 Blocking Followed by Live and Heat-Killed S. aureus Infection in Peritoneal Macrophage and Resident
Fresh Bone Marrow Cells

Groups Supernatant (mean±SD) Lysate (mean±SD)

30 min 60 min 90 min 30 min 60 min 90 min

SOD activity of live and heat-killed S. aureus-infected peritoneal macrophages with or without TLR2 blocking
Control 0.33±0.09 0.35±0.09 0.39±0.08 0.47±0.06 0.43±0.09 0.5±0.1
ATabM 0.37±0.08 0.39±0.1 0.42±0.05 0.39±0.1 0.45±0.09 0.41±0.09
LSAM 0.49±0.17 1.22±0.13* 0.96±0.11* 0.58±0.11 0.76±0.07* 0.63±0.08
ATabM+LSA 0.38±0.07 0.89±0.11$ 0.75±0.09 0.67±0.1 0.48±0.1$ 0.51±0.08
HKSAM 0.38±0.12 0.5±0.09 0.46±0.11 0.54±0.07 0.55±0.1 0.69±0.14
ATabM+HKSA 0.19±0.05 0.38±0.07 0.39±0.1 0.5±0.09 0.41±0.11 0.52±0.1

SOD activity of live and heat-killed S. aureus-infected bone marrow macrophages with or without TLR2 blocking
Control 0.12±0.05 0.17±0.04 0.23±0.04 0.19±0.04 0.24±0.04 0.29±0.06
ATabM 0.16±0.03 0.25±0.03 0.26±0.05 0.17±0.04 0.22±0.05 0.3±0.09
LSAM 0.18±0.06 0.31±0.04* 0.33±0.04* 0.25±0.06 0.46±0.05* 0.42±0.07
ATabM+LSA 0.21±0.02 0.19±0.05$ 0.27±0.05 0.2±0.03 0.29±0.05$ 0.31±0.05
HKSAM 0.12±0.03 0.19±0.03 0.29±0.04 0.22±0.05 0.39±0.09 0.36±0.04
ATabM+HKSA 0.1±0.04 0.16±0.03 0.11±0.02φ 0.26±0.03 0.3±0.04 0.22±0.03φ

Peritoneal macrophages and resident bone marrow cells were incubated with or without anti-TLR2 antibody for 30 min and re-incubated with live and heat-
killed S. aureus for the time indicated. Supernatants and lysates were prepared as mentioned earlier and used to determine SOD activity. SOD activity was
expressed in terms of unit of SOD per milligram of bacterial protein. Values were expressed as mean±SD
ATabM anti-TLR2 antibody-treated macrophage, LSAM live S. aureus-infected macrophage, ATabM+LSA anti-TLR2 antibody-treated macrophage+live

S. aureus, HKSAM heat-killed S. aureus-infected macrophages, ATabM+HKSA anti-TLR2 antibody-treated macrophage+heat-killed S. aureus
*p<0.05 indicates significant difference compared to the uninfected control macrophage group; # p<0.05 indicates significant difference between control and

heat-killed S. aureus-infected macrophage (HKSAM) group; $ p<0.05 indicates significant difference with respect to only live S. aureus-infected group
(LSAM); φ p<0.05 indicates significant difference with respect to only heat-killed S. aureus-infected group (HKSAM)
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standardizing conditions and avoiding confounding effects
inherent to differences in bacterial proliferation or overt
contamination of the culture environment [23]. There are
very few data that directly compare the immunological
properties of killed bacterial preparations to their live
counterpart.

TLR2 has been identified as the receptor responsible
for immunorecognition of the Gram-positive bacteria
S. aureus as well as the Gram-positive bacterial compo-
nents, lipoteichoic acid (LTA) and peptidoglycan (PGN)
[50–52]. Results of intracellular killing assay in our study
demonstrated that higher numbers of S. aureus survived in
TLR2-blocked macrophages both in case of peritoneal
macrophages and bone marrow cells as evidenced by
higher CFU count in TLR2-blocked macrophages. We
speculate that due to blocking of TLR2 with anti-TLR2
antibody, there was a lack in TLR2 recognition of one or
more staphylococcal PAMPs, resulting in less killing and
higher survival of S. aureus inside the macrophages in our
study. This may be the plausible explanation for such
impaired intracellular killing of bacteria in TLR2-blocked
macrophages. In our study, we could not verify whether
TLR2 blocking caused any impairment in phagocytosis;
however, earlier reports revealed that although the TLR2
on phagocytes does not function as a phagocytic receptor,
its absence is reported to cause a decrease in bacterial
phagocytosis [53, 54]. It was reported that TLR2 deficien-
cy did not alter phagocytic uptake of S. aureus by macro-
phages and TLR2 does not contribute to the early clearance
of S. aureus. Although the scavenger receptor CD36 has
been reported to be involved in the macrophage uptake of
S. aureus in cooperation with TLR2 [55], we have not
examined whether the absence of TLR2 affects CD36
expression in macrophages in this setup. Moreover, it
was suggested that TLR2 and CD36 do not have a direct
effect on macrophage phagocytosis of S. aureus.
Furthermore, CD36 activation in macrophages is depen-
dent on the presence of the TLR2 molecule [56].

In terms of S. aureus clearance, professional phago-
cytes such as macrophages and neutrophils constitute the
first line of host innate immunity to engulf and kill the
bacterium [57]. Cells of the monocytic lineage are essential
for innate immunity and also play a critical role in the
pathophysiology of bacterial diseases. Among the different
cytokines implicated in inflammation and septic shock,
TNF-α, IL-1β and IL-6 are proinflammatory cytokines.
IL-10 is an anti-inflammatory cytokine that inhibits proin-
flammatory cytokines such as IL-1β, IL-6, IL-8 and TNF-
α. S. aureus is capable of producing systemic cytokine
responses, and staphylococcal peptidoglycan has been

shown to stimulate the production of proinflammatory cyto-
kines and chemokines (TNF-α, IL-1β, IL-6 and IL-8) in
monocytes and macrophages [58–60].

It was earlier reported that S. aureus-induced activa-
tion of TLR2 leads to the release of proinflammatory
cytokines by macrophages, in which TNF-α is considered
to be an early cytokine while IL-6 is considered to be a later
cytokine [61]. In our experiments, we also observed that
TLR2-blocked peritoneal macrophages showed impaired,
but not completely depressed, release of TNF-α, IFN-γ
and IL-6 in response to both live and heat-killed S. aureus
infection. Results of TNF-α, IFN-γ and IL-6 in our study
are also in accordance with an earlier finding [16] which
demonstrated that TLR2-deficient peritoneal macrophages
had significantly impaired production of both TNF and IL-
6 in response to heat-killed S. aureus, compared with
macrophages from wild-type mice. However, the anti-
inflammatory IL-10 response has also been identified to
occur in macrophages/monocytes upon TLR2 signalling
initiated by S. aureus [62, 63] as evidenced by increased
IL-10 production in TLR2-blocked peritoneal macro-
phages before S. aureus infection compared to the perito-
neal macrophages without TLR2 blocking in this study.
Moreover, a similar pattern but to lesser degree of cytokine
responses was observed in bone marrow cells. Therefore, it
was surprising that the production of proinflammatory
cytokine was induced in response to heat-killed S. aureus
in TLR2-deficient macrophages, although the level was
reduced compared with that prior TLR2 blocking. These
results suggested that S. aureus is recognized not only by
TLR2 but also by other TLRs. Several studies have also
demonstrated that not only TLR2 but also other microbial
recognition receptors, such as intracellular nucleotide-
binding oligomerization domain-like receptors, are in-
volved in evoking cytokine responses to S. aureus infec-
tion [64]. So, we speculate that impaired production of
cytokines by macrophages (both peritoneal macrophage
and bone marrow cells) treated with anti-TLR2 antibody
in this study was associated with impaired intracellular
killing, suggesting that TLR2-mediated cytokine produc-
tion may contribute to the kinetics of bacterial clearance
in vitro.

Macrophages are reported to share with other types of
cells the ability to produce IFN-γ in response to IL-12 plus
IL-18 [65]. Recently, TLRs are believed to play an impor-
tant role in the balance between the production of IL-12
and its family members (e.g. IL-23 and IL-27) [66].
Although we did not measure IL-12 in this acute infection
study, we speculate that decreased IFN-γ in S. aureus-
infected macrophages with TLR2 blocking might be IL-
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12-mediated as reported in our earlier study after long-term
infection [46].

The production of IFN-γ by macrophages is likely to
amplify their antimicrobial activities and to serve as an
auto-regulatory circuit that helps to expand Th1 responses.
It was earlier reported that reduced antigen-presenting cell
(APC) activation and proinflammatory cytokine secretion
in the absence of TLR2 signalling further contribute to the
lower IFN-γ production observed with the sera of TLR2−/−

mice [67]. Indeed, in in vivo condition, APC-derived IL-12
triggers NK cells to produce IFN-γ, which itself as a
feedback loop activates macrophages and recruits neutro-
phils, which are both important for the clearance of bacte-
ria. Therefore, we hypothesize that a low IFN-γ level in
turn prevents effective macrophage activation, thereby re-
ducing the killing of bacteria by macrophages and the
generation of protective immunity. Although the produc-
tion of proinflammatory cytokines is important for medi-
ating the initial host defence against invading pathogens,
an excessive inflammatory response can be detrimental to
the host. Thus, TLR-mediated inflammation is a double-
edged sword that must be precisely regulated [68].
Therefore, it is of paramount importance to identify ways
to enhance the innate defences while reducing or avoiding
inflammation-induced pathology during infection.

Although traditionally considered an extracellular
pathogen, there is increasing evidence that staphylococci
are able to invade host cells and that an intracellular life-
style may facilitate long-term persistence in bone tissue,
enabling evasion of antimicrobials and host immune
responses. Staphylococcal bone infections are thus likely
to be a continuing and probably increasing problem, and
understanding of the interaction of these pathogens with
bone is central to the development of novel therapeutic
strategies required to treat increasingly antibiotic-resistant
and persistent infections. The balance of activity between
osteoblast and osteoclast is crucial to maintaining the prop-
er homeostasis of bone turnover, and any shift in the
relative levels of osteoblast and osteoclast activity can
result in bone pathology [69]. Infection with a pathogen
such as S. aureus is capable of stimulating such a shift,
mediated in part by induction of an inflammatory response.
In addition to staphylococcal induction of inflammatory
mediators that modulate the actions of osteoblasts and
osteoclasts, bacteria of this genus are involved in more
direct interactions with resident bone cells. Thus, the sug-
gestion of internalization of S. aureus by resident bone
cells in vivo provides a protective niche for the bacterium,
where it is shielded from immune effector mechanisms,
and antibiotics may help explain persistent cases.

However, the true importance of intracellular staphylococ-
ci in clinical osteomyelitis has yet to be established [69]. In
cell culture systems, S. aureus is able to invade cultured
osteoblasts from murine, human and embryonic chick
sources [70–74]. However, the internalization of
S. aureus and its persistence inside resident bone marrow
cells have not been reported. TLR2 blocking prior to
infection of bone marrow cells favours increased residence
of S. aureus, indicating the beneficial role of TLR2 in the
clearing of bacteria from bone cells.

There is strong evidence that production of proinflam-
matory cytokines is induced by staphylococcal infection of
bone and that they directly contribute to bone destruction.
In particular, the inflammatory cytokines TNF-α, IL-1 and
IL-6 seem to be especially important in bone physiology
and pathology [75]. Cell culture models support the view
that IL-1 and TNF-α stimulate the proliferation and differ-
entiation of osteoclast progenitors into mature osteoclasts
in the presence of osteoblasts [76–78]. Similarly, IL-6
increases bone resorption activity and osteoclast number
in cultured mouse calvariae and stimulates osteoclast dif-
ferentiation in the presence of osteoblasts [79, 80].
Therefore, downregulation of proinflammatory cytokines
like TNF-α, IFN-γ and IL-6 and upregulation of anti-
inflammatory cytokines like IL-10 due to TLR2 neutralisa-
tion of bone marrow cells before S. aureus infection as
evident from this study might have a therapeutic approach
in regulating bone infection and associated inflammatory
diseases like septic arthritis.

In addition, surface-associated material (SAM) from
S. aureus stimulates bone resorption and osteoclast forma-
tion. Neutralisation of TNF-α and IL-6 fully abolishes
SAM-st imula ted osteoclas togenes is [81, 82] .
Furthermore, live and heat-killed S. aureus-induced TNF-
α and IL-6 by resident bone marrow cells in our case is
well in line with an earlier report that Staphylococcus
epidermidis surface material can also induce bone resorp-
tion by a mechanism that is strongly dependent on TNF-α
[83]. There is strong evidence that S. aureus infection of
bone initiates local and systemic production of TNF-α, IL-
1 and IL-6 via host pattern recognition receptors. Elevated
levels of these cytokines then shift the homeostatic balance
of bone turnover increasing osteoclast differentiation and
bone resorption and diminish in osteoblast-mediated bone
matrix production and mineralisation, thereby driving bone
destruction [84]. Therefore, reduced production of proin-
flammatory cytokines like TNF-α, IFN-γ and IL-6 and
elevated release of anti-inflammatory cytokines like IL-
10 due to TLR2 neutralisation of bone marrow cells before
HKSA stimulation as evident from this study might have a
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therapeutic approach in regulating bone resorption and
bone destruction as reported earlier from some SAM of
S. aureus. The interruption of TLR-mediated recognition
by immune cells is a reasonable strategy for immune
evasion of bacteria, since the recognition of bacteria and
bacterial components via TLRs plays a pivotal role in the
initiation of antibacterial innate immunity. There have been
only a few reports with respect to interruption of TLR
function in primary immune cells by bacteria. Therefore,
the modulatory activity of live and killed S. aureus on
TLR2 in peritoneal and resident bone marrow cells may
follow a different mechanism.

Our study presents support for a mechanism whereby
infection with S. aureus persists in bone in a state of
quiescence. Once S. aureus invades the osteoblast, its
intracellular location is a relative sanctuary against stan-
dard chemotherapeutic regimens and the humoral immune
response of the host. In addition, these intracellular bacteria
may be released by processes which result in the death of
host osteoblasts. Bacteria (e.g. S. aureus) could internalize
and survive within host cells (e.g. osteoblasts) and, after
“hiding” for some time period, which could be up to years
[85], these quiescent bacteria could escape from the
infected host cells into the surrounding tissue and could
be sufficient to initiate a recurrence of symptomatic infec-
tion. It is also possible that upon escaping from the host
cells, bacteria may internalize into other host cells (e.g.
neutrophils, macrophages). All of these may help to un-
derstand the pathogenesis of infections like periprosthetic
joint infection [86].

ROS generation in response to bacterial lipopolysac-
charide and LTA is crucial for pathogen killing by immune
cells. However, sustained production of ROS during im-
mune responses and sepsis can cause damage to macro-
molecules, cell death and tissue injury [87]. Once inside,
S. aureus may be exposed to a variety of host killing
mechanisms including various ROS, generated by the res-
piratory burst response of the host [88]. ROS and reactive
nitrogen species (RNS) are produced by macrophages as
part of their antimicrobial response. The production of
ROS is initiated by NADPH oxidase, which catalyzes the
reduction of molecular oxygen to superoxide (O2

−).
Superoxide can then be converted to H2O2 and hydroxyl
radical by SOD [89]. In addition, NO produced by
inducible nitric oxide synthase (iNOS) can combine with
superoxide to generate additional products with enhanced
toxicity, such as peroxynitrite (ONOO-) [90]. In order to
survive and proliferate, intracellular pathogens have de-
fence mechanisms to deal with microbial killing of host
cells. SOD, catalase and glutathione are the main cellular

ROS-degrading enzyme systems; SOD converts superox-
ide radical (O2

−) into H2O2, which is metabolized by
catalase and glutathione peroxidase [91].

We observed increases in superoxide anion and H2O2

when peritoneal and bone marrow cells were stimulated
with S. aureus prior to TLR2 blocking. Furthermore, NO
synthesis is known to be critical for the control of infection,
as the production of this mediator endows macrophages
with cytostatic and cytotoxic activities against bacteria
[92]. Therefore, it is justifiable to assume that a higher
amount of superoxide radical and H2O2 may be released
by the macrophages after stimulation with S. aureus, prior
to TLR2 blocking, as essential components of the innate
immune response against intracellular bacteria. Both were
found to be decreased after TLR2 blocking. So, these
results lead to a conclusion that intracellular killing of
S. aureus was compromised during acute infection due to
blocking of cell surface TLR2.

The intracellular environment undergoes a continued
change once the bacteria get inside the macrophages.
Activities of antioxidant enzymes like catalase and SOD
were determined from the supernatant or lysate recovered
after time-dependent phagocytosis in the presence or ab-
sence of anti-TLR2 antibodies from the peritoneal macro-
phages or resident fresh bone marrow cells. However, in
this study, we also hypothesized that the source of antiox-
idant enzymes could be S. aureus derived. The increased
bacterial SOD content neutralizes the bactericidal activity
of O2

− by converting it into H2O2. Catalase, a protein with
known free radical scavenging activities, metabolizes
H2O2, a toxic oxygen metabolite. In our study, to
counteract the increased superoxide radical and H2O2, the
bacteria might have released a higher amount of SOD as
evidenced by the increased SOD activity prior to TLR2
blocking. The increased bacterial SOD content neutralizes
the bactericidal activity of O2

− by converting it into H2O2,
another oxygen metabolite having potential antimicrobial
activities. Bacterial catalase has received a very prominent
role in eliminating the toxic effects of H2O2. But decreased
catalase release in our study prior to TLR2 blocking
suggests an enhanced phagocytic capacity of the
macrophages. When macrophages were treated with anti-
TLR2 antibody, we observed decreased SOD activity and
increased catalase activity with a concomitant decrease in
O2

−, H2O2 and NO levels. These results motivate us to
hypothesize that after TLR2 blocking, macrophages have
less phagocytic activity as evidenced by increased CFU
count after TLR2 blocking in this study. Although we have
reported earlier that to understand whether catalase
contributing in the intracellular survival was of bacterial
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origin or not, 3-amino-1,2,4-triazole (ATZ) has to be used
to inhibit specifically macrophage-derived catalase.
Catalase enzyme activity from the whole staphylococcal
cells in the presence of ATZ could suggest that the released
catalase was of extracellular origin. From the intracellular
survival assay, it could be evident that pretreatment of
macrophages with ATZ reduces the bacterial burden in
macrophages when infected with the recovered bacteria
only from the anti-TLR2 antibody-treated macrophages
after phagocytosis [46]. Alteration in antioxidant enzyme
activity from the recovered S. aureus after time-dependent
phagocytosis in the presence or absence of CXCR1 anti-
body (IL-8 receptor antibody) has been reported recently
from our laboratory [93]. We have also reported that staph-
ylococcal catalase protects intracellularly survived bacteria
by destroying H2O2 produced by the murine peritoneal
macrophages [28]. Furthermore, contribution of catalase
and superoxide dismutase to the intracellular survival of
clinical isolates of S. aureus in murine macrophages has
also been reported earlier by us [36]. However, we have not
tested this during acute S. aureus infection in the presence
or absence of anti-TLR2 antibody.

In summary, we showed here that the innate immune
receptor TLR2 contributes to the effective control of an
early staphylococcal infection in vitro, although compen-
satory mechanisms may be activated for the subsequent
control of infection and bacterial clearance in vivo. Our
study also demonstrates that the resident bonemarrow cells
behave similarly as that of the peritoneal macrophages but
the degree of functional response was less in the resident
fresh bone marrow cells as compared to the peritoneal
macrophages. Furthermore, as opposed to the peritoneal
macrophages, the production of cytokines by resident bone
marrow cells was not affected when these cells were treated
with anti-TLR2 antibody. The only difference was the level
of oxidative stress parameters in the culture supernatant
and in the lysate of resident bone marrow cells which were
lower than those obtained from the peritoneal
macrophages.

In the current setup, we found that infection of peri-
toneal macrophages or resident bone marrow cells with
S. aureus resulted in TLR2-mediated cytokine production
and increased oxidative killing of internalized bacteria
which were abrogated by TLR2 blocking. But we have
not evaluated the effect of S. aureus interaction on TLR2
protein expression in the present study using purified res-
ident bone marrow macrophages. So, a future study on the
dynamics of TLR2 protein expression after acute infection
of peritoneal macrophages or purified resident bone mar-
row macrophages with S. aureus prior to or after TLR2

blocking is needed. In addition, this approach also may
have relevance whether TLR2-mediated cytokine expres-
sion has any further impact on TLR2 expression in macro-
phages infected with S. aureus correlating bone destruction
or septic arthritis.
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