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Abstract
Prostaglandin E2 (PGE2), an essential endogenous lipid me-
diator for normal physiological functions, can also act as an 
inflammatory mediator in pathological conditions. We de-
termined whether Staphylococcus aureus lipoproteins are 
essential for inducing PGE2 secretion by immune cells and 
whether pattern recognition receptors mediate this pro-
cess. PGE2 levels secreted by mouse peritoneal macro-
phages infected with the S. aureus isogenic mutant, lgt::ermB 
(Δlgt; deficient in lipoprotein maturation), decreased com-
pared with those from macrophages infected with wild-type 
(WT) S. aureus. Experiments using toll-like receptors 2 (TLR2)-
deficient, TLR4-deficient, and NLRP3-deficient mice indicat-
ed that these 3 proteins are involved in macrophage PGE2 
secretion in response to S. aureus, and lipoproteins were es-
sential for S. aureus invasion and survival within macro-
phages. Inhibition of endogenous PGE2 synthesis had no ef-

fect on bacterial invasion. Exogenous PGE2 inhibited phago-
cytosis in the WT S. aureus and its isogenic mutant but 
increased intracellular killing accompanied by enhanced IL-
1β secretion. Our data demonstrate that S. aureus can in-
duce macrophage TLR/mitogen-activated protein kinase/
NF-κB signaling and that PGE2 treatment upregulates 
NLRP3/caspase-1 signaling activation. Thus, macrophage 
PGE2 secretion after S. aureus infection depends on bacterial 
lipoprotein maturation and macrophage receptors TLR2, 
TLR4, and NLRP3. Moreover, exogenous PGE2 regulates S. 
aureus-induced macrophage activation through TLRs and 
NLRP3 inflammasome signaling. © 2019 The Author(s)

Published by S. Karger AG, Basel

Introduction

Staphylococcus aureus is a major gram-positive patho-
gen that causes bacterial infections, bacteremia, and sep-
sis in mammals [1, 2]. During the infection process, S. 
aureus activates immune cells and induces host inflam-
matory responses, including secretion of proinflamma-
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tory cytokines and chemokines and macrophage scaven-
ger receptor A (SR-A)-dependent phagocytosis [3, 4]. 
The innate immune system is crucial for host defenses 
against bacterial infection. In early host responses against 
invading pathogens, specific pathogen-associated molec-
ular patterns or damage-associated molecular patterns 
are recognized by immune cell pattern recognition recep-
tors (PRRs), including toll-like receptors (TLRs) and 
NOD-like receptors (NLRs) [5–7].

Among PRRs, TLR2 is essential for defense against S. 
aureus infection. TLR2 stimulation by S. aureus results 
in activation of the transcription factor NF-κB and mito-
gen-activated protein kinase (MAPK) signaling path-
ways, which promote secretion of numerous proinflam-
matory mediators [6, 8, 9]. Substantial evidence supports 
a broad role for TLR2 as a PRR for a variety of microbes 
and microbial structures. TLR2 recognizes S. aureus pep-
tidoglycan and lipoteichoic acid [10, 11]; however, S. au-
reus bacterial lipoproteins (BLPs) are the dominant im-
munobiologically active compounds that activate cells 
via TLR2 [12, 13]. Specifically, the TLR2-TLR1 heterodi-
mer recognizes triacylated lipopeptides from gram-neg-
ative bacteria, whereas the TLR2-TLR6 heterodimer rec-
ognizes diacylated lipopeptides from gram-positive bac-
teria [6]. Stenzel et al. [14] reported that immune 
responses to experimental S. aureus-induced brain ab-
scesses not only depended on TLR2 but also required 
TLR4, a well-known lipopolysaccharide (LPS) sensor, 
suggesting that TLR4 participates in host defenses against 
S. aureus infections. S. aureus also activates the NLR 
pyrin domain-containing 3 (NLRP3) inflammasome, 
which includes the best-characterized NLR molecule 
(NLRP3), resulting in caspase-1 activation and mature 
IL-1β secretion [15]. Hence, multiple PRRs are involved 
in the host immune response to S. aureus infection and 
lipoproteins from S. aureus play key roles in immune re-
sponse modulation, inflammation, and pathogenicity 
[16, 17]. However, the roles of S. aureus lipoproteins in 
inducing immune cell secretion of prostaglandin E2 
(PGE2) are unknown.

PGE2 is an endogenous lipid mediator that is essential 
for the normal physiological functions of various organs 
of the gastrointestinal, cardiovascular, and female repro-
ductive systems, but in pathological conditions, PGE2 
can also act as an inflammatory mediator [18, 19]. PGE2 
is synthesized in large amounts in response to cell spe-
cific trauma, stimuli, pathogen infection, or signaling 
molecules [20, 21]. Inhibition of PGE2 synthesis is con-
sidered an important anti-inflammatory strategy [22]. 
PGE2 is generated by the conversion of arachidonic acid 

into the intermediate mediator prostaglandin endoper-
oxide H2 by 2 different cyclooxygenases (COXs), COX-1 
and COX-2 [23]. COX-1 is constitutively expressed and 
generates prostaglandins (PGs) to contribute to physio-
logical homoeostasis. In contrast, COX-2 is an inducible 
enzyme responsible for PG production during different 
pathological processes involving inflammation, such as 
infectious diseases, cancer, arthritis, and atherosclerosis 
[18]. Prostaglandin endoperoxide H2 is then trans-
formed into PGE2 by 3 types of PGE synthases (PGESs): 
cytosolic PGES, microsomal PGES-1 (mPGES-1), and 
mPGES-2 [21]. mPGES-1 appears to be functionally cou-
pled with COX-2, and its induction is usually coordinat-
ed with COX-2 expression [24]. Cyclic AMP (cAMP) is 
the main intracellular second messenger of PGE2 signal-
ing in macrophages, and PGE2 is crucial for modulating 
immune cell function via cAMP-protein kinase A (PKA) 
signaling [25]. A previous study reported that in macro-
phages activated by the TLR4 agonist LPS, exogenous 
PGE2 induced the cAMP-dependent PKA signaling 
pathway, which is important for modulating immune re-
sponses and inflammatory processes characterized by in-
creased COX-2 and mPGES-1 expression [18]. COX-2 
and mPGES-1 are enzymes upregulated at the site of in-
flammation and account for the bulk of PGE2 biosynthe-
sis [26]. Granick et al. [27] reported that granulopoiesis 
in S. aureus-infected wounds is induced by TLR2/MyD88 
activation of hematopoietic stem and progenitor cells 
through a mechanism involving autocrine production 
and PGE2 activity. Moreover, NLRP3 inflammasome-
mediated activation of the COX-2/mPGES-1/PGE2 cas-
cade contributes to albumin-induced proximal tubule 
cell injury [28]. These findings indicate that PGE2 is 
closely associated with the innate immune response trig-
gered by PRRs.

Here, we examined the effect of S. aureus lipoproteins 
and host TLR2, TLR4, and NLRP3 inflammasome on 
macrophage PGE2 secretion after S. aureus infection. Ad-
ditionally, the role of PGE2 in regulating the TLR2, TLR4, 
and NLRP3 inflammasome-mediated innate immune re-
sponse to S. aureus infection was analyzed.

Materials and Methods

Ethics Statement
All animal experiments were performed according to regula-

tions of the Administration of Affairs Concerning Experimental 
Animals in China. The experimental protocol was approved by the 
Animal Welfare and Research Ethics Committee of the Inner 
Mongolia Agricultural University (approval ID: 20151227-2).
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Bacterial Strains and Animals
S. aureus SA113 wild-type strain (WT; ATCC 35558), an S. au-

reus SA113 isogenic mutant lgt::ermB (Δlgt) deficient in lipopro-
tein maturation, and its complemented strain SA113 lgt::ermB + 
pRBlgt (+ pRB) were kindly provided by Prof. Friedrich Götz of 
Mikrobielle Genetik, Universität Tübingen, Germany [29, 30]. All 
bacterial strains were cultured in Mueller-Hinton II cation adjust-
ed broth (MH broth, BD Biosciences, Sparks, MD, USA) at 37  ° C 
for 16 h with constant shaking to an optical density at 600 nm of 
2.0. C57BL/6J WT, TLR2-deficient (TLR2–/–), and TLR4-deficient 
(TLR4–/–) mice were provided by the Model Animal Research Cen-
ter of Nanjing University, Nanjing, China. NLRP3-deficient 
(NLRP3–/–) mice were obtained from the Jackson Laboratory, Bar 
Harbor, ME, USA.

Experimental Infections and Treatment of Mouse Peritoneal 
Macrophages
Three days before peritoneal macrophages were extracted, 

8-week-old C57BL/6J WT, TLR2–/–, TLR4–/–, and NLRP3–/– mice 
were injected with 2 mL 3% thioglycolate medium (BD Biosci-
ences, Sparks, MD, USA). Peritoneal macrophages were isolated 
by washing the peritoneal cavity with endotoxin-free phosphate-
buffered saline (PBS, Hyclone, Logen, UT, USA) and cultured at 
37  ° C in 5% CO2 in RPMI 1,640 media supplemented with 10% 
fetal bovine serum (Hyclone, Logen, UT, USA). Cells (2 × 106 cells/
well) were seeded into 6-well culture plates in 1 mL fresh culture 
medium and washed 3 times with PBS before infection. Macro-
phages were infected with 6 × 106, 2 × 107, or 6 × 107 S. aureus in 
a total volume of 750 μL of culture medium (final multiplicity of 
infection [MOI] 3: 1, 10: 1, or 30: 1, respectively). After 1 h of incu-
bation at 37  ° C, 250 μL of culture medium containing gentamicin 
(final concentration, 100 μg/mL) was added to kill extracellular 
bacteria. In the groups treated with the PKA inhibitor H89 (Cay-
man Chemical Company, Ann Arbor, MI, USA), macrophages 
were incubated in culture media supplemented with 10 µM H89 for 
2 h before infection. In the groups treated with COX-2 selective 
inhibitors, macrophages were incubated in culture media supple-
mented with 10 µM NS398 (Cayman Chemical Company, Ann Ar-
bor, MI, USA) or 1 µM CAY10404 (Cayman Chemical Company, 
Ann Arbor, MI, USA) for 40 min before infection. In PGE2 (Cay-
man Chemical Company, Ann Arbor, MI, USA) treatment groups, 
macrophages were incubated in culture media supplemented with 
1 µM PGE2 for 24 h before infection. Then, the cells were infected 

with S. aureus (MOI 10: 1 or MOI 30: 1) followed by treatment with 
gentamicin as described above.

Quantitative Real-Time Polymerase Chain Reaction
Total RNA was isolated 4, 8, and 12 h post-S. aureus infection 

using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA 
was treated with DNase I and reverse transcribed using a Revert 
Aid first-strand cDNA synthesis kit (Thermo Scientific, Waltham, 
MA, USA). Total cDNA was used as template for real-time PCR 
with FastStart Universal SYBR Green Master (Roche Applied Sci-
ence, Mannheim, Germany) on an iCycler iQ5 real-time PCR de-
tection system (Bio-Rad, Hercules, CA, USA). The primers used in 
this study are listed in Table 1. PCR conditions were as follows: 
50  ° C for 2 min, 95  ° C for 10 min, followed by 40 cycles of ampli-
fication at 95  ° C for 15 s and 60  ° C for 60 s. Target gene expression 
was normalized to that of Gapdh (2[Ct Gapdh – Ct gene]) as previously 
described [31].

Western Blot Analysis
For total cellular protein extraction, macrophages were treated 

with M-PER mammalian protein extraction reagent (Thermo Sci-
entific, Waltham, MA, USA). The protein sample concentrations 
were determined using BCA assay kits (Thermo Scientific, Rock-
ford, IL, USA). For western blotting analysis, 10 μg of total protein 
per lane was resolved by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and blotted onto polyvinylidene difluoride 
membranes. Membranes were blocked with StartingBlockTM (TBS) 
Blocking Buffer (Thermo Scientific, Rockford, IL, USA) for 1 h at 
room temperature and then incubated with primary antibody for 
14 h at 4  ° C. Rabbit anti-COX-2, anti-mature IL-1β, anti-phospho 
PKA substrate (A rabbit monoclonal antibody detects peptides 
and proteins containing a phospho-Ser/Thr residue with arginine 
at the –3 and –2 positions), anti-phospho-ERK, anti-ERK, anti-
phospho-p38, anti-p38, anti-phospho-JNK, anti-JNK, anti-
phospho-NF-κB p65, and anti-NF-κB p65 monoclonal antibodies 
(1: 1,000, Cell Signaling Technology, Beverly, MA, USA); rabbit 
anti-mPGES-1 (1: 1,000), anti-GAPDH (1: 10,000), and anti-pro-
caspase-1 + p10 + p12 monoclonal antibodies (1: 2,000, Abcam, 
Cambridge, UK); and goat anti-pro-IL-1β polyclonal antibody (1: 

1,000, R&D Systems, Minneapolis, MN, USA) were used for pro-
tein detection. Proteins were visualized using secondary horserad-
ish peroxidase-conjugated goat anti-rabbit or donkey anti-goat 
antibodies (1: 10,000, Abcam, Cambridge, UK) and Pierce Super-

Table 1. The primers used in this study

Gene symbol Accession number Primer sequence

Gapdh NM_008085.2 Forward: 5’-AGGTCGGTGTGAACGGATTTG-3’
Reverse: 5’-GGGGTCGTTGATGGCAACA-3’

Cox-2 NM_011198.4 Forward: 5’-TTCAACACACTCTATCACTGGC-3’
Reverse: 5’-AGAAGCGTTTGCGGTACTCAT-3’

mPges-1 NM_022415.3 Forward: 5’-GGATGCGCTGAAACGTGGA-3’
Reverse: 5’-CAGGAATGAGTACACGAAGCC-3’

Cox-2, cyclooxygenases 2; mPges-1, microsomal prostaglandin E synthases 1.
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Signal West Femto chemiluminescent substrate (Thermo Scien-
tific, Rockford, IL, USA). Grayscale values of bands generated by 
western blotting were measured using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA).

Enzyme-Linked Immunosorbent Assay
The supernatants of macrophages cultured in 6-well plates 

were centrifuged at 300 g for 8 min at 4  ° C, then stored at –80  ° C. 
The concentrations of PGE2, cytokines, and chemokines were 
measured using a PGE2 enzyme-linked immunosorbent assay 
(ELISA) Kit-Monoclonal (Cayman Chemical Company, Ann Ar-
bor, MI, USA) and mouse ELISA kits for Tumor necrosis factor 
(TNF)-α, interleukin (IL)-1β (Biolegend, San Diego, CA, USA), 
and RANTES (PeproTech, Rocky Hill, NJ, USA) following the 
manufacturer’s instructions. Three biological replicates were per-
formed.

Effect of PGE2 on Cell Viability and S. aureus Growth
To analyze the effect of PGE2 on cell viability, macrophages (2 

× 104) were incubated with PGE2 (0.1–10 µM) for 24 and 48 h at 
37   ° C in 96-well plates, followed by the addition of 10 μL/well 
CCK-8 solutions (Cell Counting Kit-8, Dojindo Laboratories, Ku-
mamoto, Japan). After incubation at 37  ° C for 2 h in the dark, ab-
sorbance of the samples was measured at 450 nm using a micro-
plate spectrophotometer. To analyze the effect of PGE2 on S. au-
reus growth, 1.8 × 107 colony forming units (CFU)/mL were 
cultured at 37  ° C in MH broth supplemented with different con-
centrations of PGE2 (0.1–10 µM). S. aureus growth was analyzed 
turbidimetrically at 600 nm for 24 h.

Analysis of S. aureus Invasion into Macrophages
To analyze S. aureus invasion into and survival within macro-

phages, cells were cultured in 6-well plates (2 × 106 cells/well). 
Then, S. aureus bacterial suspensions (MOI 30: 1) were added to 
the culture medium, followed by incubation for 2 h in 5% CO2 at 
37  ° C. Next, cells were washed 3 times with PBS and incubated in 
culture media containing gentamicin (final concentration, 100 μg/
mL) for 1 h in 5% CO2 at 37  ° C to kill extracellular bacteria. Fi-
nally, macrophage monolayers were digested using trypsin (0.25%) 
supplemented with 0.1% EDTA-2Na (Hyclone, Logen, UT) and 
lysed with 800 μL sterile distilled water. Lysates were diluted 1,000-
fold and plated on MH agar in triplicate at 37  ° C overnight. Total 
CFU were determined by colony counting. To analyze the effects 
of PGE2 on S. aureus invasion into macrophages, cells were incu-
bated with PGE2 (1 µM) for 24 h before infecting with S. aureus at 
MOI 30: 1, followed by the experimental procedure described 
above.

Microscopy Assay of Bacterial Phagocytosis and Tetrazolium 
Dye Reduction Assay of Bacterial Killing
To verify the effects of endogenous and exogenous PGE2 on 

phagocytosis, macrophages were cultured in 35-mm glass bottom 
dishes (2 × 106 cells/dish). Cells were pretreated with COX-2 selec-
tive inhibitors NS398 (10 µM for 40 min), CAY10404 (1 µM for 40 
min), PGE2 (1 µM for 24 h), or left untreated. Then, cell mem-
branes were labeled with 8 μM 1,1’-dioctadecyl-3,3,3′,3′-tetra
methylindocarbocyanine perchlorate (DiI, Thermo Scientific, 
Carlsbad, CA, USA). They were then infected for 30 min with ei-
ther Hoechst 33258-labeled WT S. aureus or the Δlgt strain (MOI 
30: 1) and then fixed with 4% paraformaldehyde. Confocal micros-

copy (LSM 800, Zeiss, Oberkochen, Germany) was used for cap-
turing images (×400 magnification) and analyzing fluorescence 
intensity. Images from different samples were captured under 
identical conditions. The ability of bacteria to survive within mac-
rophages (with or without NS398, CAY10404, or PGE2 pretreat-
ment) 3 h after S. aureus infection (MOI 30: 1) was quantified using 
a tetrazolium dye reduction assay as described previously [32–34]. 
Results are expressed as the percent survival of ingested S. aureus 
within macrophages.

Flow Cytometry Analysis
Macrophages untreated or pretreated with NS398 (10 µM), 

CAY10404 (1 µM), or PGE2 (1 µM) were infected with WT S. au-
reus or the Δlgt strain (MOI 30: 1) for 9 h or were unstimulated. 
Cells were then stained with PE-conjugated anti-TLR2 (mT2.7, 
eBioscience, San Diego, CA, USA), anti-TLR4 (SA15–21, Bioleg-
end, San Diego, CA, USA), anti-SR-A (M204PA, eBioscience, San 
Diego, CA, USA), or Alexa Fluor 488-conjugated anti-NLRP3 
(768319, R and D Systems, Minneapolis, MN, USA) antibodies. 
Macrophages from C57BL/6J WT, NLRP3–/–, TLR2–/–, and 
TLR4–/– mice were infected with WT S. aureus (MOI 30: 1) for 9 h 
and then stained with PE-conjugated anti-SR-A antibody. Data 
were analyzed using Flowjo 10.0 software (Treestar, Ashland, OR, 
USA).

Data Analysis
All data were analyzed using GraphPad Prism 6 (GraphPad In-

Stat Software, San Diego, CA, USA) and are expressed as the mean 
± SD. Statistical significance was evaluated by one-way ANOVA 
followed by Tukey’s multiple comparisons test or 2-way ANOVA 
with Bonferroni’s post-test, as appropriate. Differences with p val-
ues ≤0.05 were considered statistically significant (*  p < 0.05;  
** p < 0.01; *** p < 0.001).

Results

Lipoproteins Are Essential for COX-2 and mPGES-1 
Expression in S. aureus-Infected Macrophages
The detailed roles of lipoproteins in COX-2 and 

mPGES-1 expression in macrophages after S. aureus in-
fection remain unknown. To analyze the role of S. aureus 
lipoproteins in COX-2 and mPGES-1 expression, their 
mRNA levels were detected by qRT-PCR, and protein 
levels were tested by western blotting of extracts from S. 
aureus-infected macrophages. WT and + pRB S. aureus 
induced high Cox-2 and mPGES-1 mRNA expression 4, 
8, and 12 h post-infection at MOI 3: 1 or 10: 1 compared 
with that in uninfected cells or cells infected with Δlgt S. 
aureus (Fig. 1a, b). Consistent with the qRT-PCR results, 
COX-2 protein expression increased 12 and 24 h (p < 
0.001) and mPGES-1 protein expression increased 12 h 
(p < 0.05) after infection with WT and + pRB S. aureus 
(MOI 10: 1) compared with that in cells infected with the 
Δlgt strain or uninfected controls (Fig. 1c, d). These re-
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sults demonstrate that S. aureus lipoproteins are essential 
for triggering COX-2 and mPGES-1 expression in mac-
rophages after infection.

TLR2, TLR4, and NLRP3 Affect COX-2 and mPGES-1 
Expression in Macrophages after S. aureus Infection
COX-2 and mPGES-1 expression is closely associated 

with the innate immune response triggered by PRRs [18, 
27, 28]. Thus, the detailed roles of TLR2, TLR4, and 
NLRP3 in COX-2 and mPGES-1 expression in macro-
phages after S. aureus infection were investigated. To de-
termine the involvement of TLR2, TLR4, and the NLRP3 
inflammasome in S. aureus-induced macrophage COX-2 
and mPGES-1 expression, we examined macrophages 
from C57BL/6J WT, NLRP3–/–, TLR2–/–, and TLR4–/– 
mice. Cox-2 mRNA expression was not detected in mac-
rophages from NLRP3–/– and TLR2–/– mice 4 and 8 h 

post-infection with WT S. aureus at MOI 3: 1 or 4 h post 
infection at MOI 10: 1 (Fig.  2a). Additionally, Cox-2 
mRNA expression was not detected in TLR4–/– macro-
phages 4 h post-infection at MOI 3: 1 or 10: 1. High Cox-2 
mRNA expression levels were observed in WT macro-
phages compared with those in macrophages from 
NLRP3–/–, TLR2–/–and TLR4–/– mice at 8 and 12 h (p < 
0.05) after S. aureus infection at MOI 3: 1 or 10: 1. WT S. 
aureus (MOI 10: 1) induced high mPges-1 mRNA expres-
sion levels in WT macrophages compared with those in 
NLRP3–/–, TLR2–/–, and TLR4–/– macrophages (4, 8, and 
12 h, p < 0.01; Fig. 2b).

COX-2 and mPGES-1 protein expression in macro-
phages after S. aureus infection at MOI 10: 1 was analyzed 
by western blotting. High levels of COX-2 and mPGES-1 
protein expression were observed in WT macrophages 
compared to those in NLRP3–/–, TLR2–/–, and TLR4–/– 
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Fig. 1. Lipoproteins are essential for S. aureus-induced COX-2 and 
mPGES-1 expression in macrophages. Mouse peritoneal macro-
phages were infected with S. aureus SA113 (WT), isogenic mutant 
lgt::ermB (Δlgt), or its complemented strain, lgt::ermB + pRBlgt (+ 
pRB), at MOI 3: 1 or 10: 1 or not infected. Cox-2 and mPges-1 
mRNA expression levels were detected by qRT-PCR and normal-
ized to those of the housekeeping gene Gapdh at the indicated 
timepoints (a, b). Levels of specific proteins in total macrophage 

extracts after S. aureus infection at MOI 10: 1 were determined by 
western blotting. GAPDH was used as a loading control (c). Gray-
scale values were measured using ImageJ software (d). Results are 
expressed as the mean ± SD of 3 independent experiments and 
were analyzed by 2-way ANOVA with Bonferroni’s post-test.  
* p < 0.05; ** p < 0.01; *** p < 0.001. COX-2, cyclooxygenases 2; 
mPGES-1; microsomal prostaglandin E synthases 1; MOI, multi-
plicity of infection.
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macrophages 0, 12, and 24 h post-infection, consistent 
with the mRNA expression data (Fig. 2c, d). These results 
demonstrate that TLR2, TLR4, and the NLRP3 inflamma-
some are involved in COX-2 and mPGES-1 expression in 
S. aureus-infected macrophages.

Induction of PGE2, Proinflammatory Cytokine, and 
Chemokine Secretion by Macrophages Is Dependent 
on S. aureus Lipoproteins and Host TLR2, TLR4, and 
NLRP3
PGE2 biosynthesis depends on COX-2 and mPGES-1 

expression during the inflammatory process [26]. Thus, 
following COX-2 and mPGES-1 expression level analysis, 
we next determined whether S. aureus lipoproteins and 
macrophage TLR2, TLR4, and the NLRP3 inflammasome 
are involved in production of PGE2, proinflammatory cy-
tokines (TNF-α and IL-1β), and RANTES (a chemokine) 
by S. aureus-infected macrophages using ELISA assays. 

The results indicated that compared with those produced 
by WT and + pRB S. aureus, Δlgt S. aureus induced low 
levels of PGE2, TNF-α, IL-1β, and RANTES secretion into 
macrophage supernatants after infection of macrophages 
for 9 h at MOI 10: 1 (p < 0.001; Fig. 3a–d).

Subsequently, PGE2 and cytokine release into cultured 
macrophage (WT, NLRP3–/–, TLR2–/–, or TLR4–/–) super-
natants was analyzed after infection with WT S. aureus 
(MOI 10: 1). S. aureus-infected NLRP3–/–, TLR2–/–, and 
TLR4–/– macrophages exhibited impaired PGE2 and 
RANTES secretion compared with macrophages from 
WT mice (p < 0.001; Fig. 3e, h). Moreover, TLR2–/– mac-
rophages exhibited impaired TNF-α secretion, while 
NLRP3–/– and TLR2–/– macrophages exhibited impaired 
IL-1β secretion (p < 0.001; Fig. 3f, g).

To investigate the mechanisms of cytokine secretion, 
activation of the cAMP-PKA and MAPK pathways in 
macrophages after S. aureus infection (MOI 10: 1) was ex-
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in S. aureus-induced COX-2 and mPGES-1 expression in macro-
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mice were infected with WT S. aureus SA113 (SA113) at MOI 3: 1 
or 10: 1. Cox-2 and mPges-1 mRNA expression levels were deter-
mined by qRT-PCR and standardized to those of Gapdh at the in-
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periments and were analyzed by 2-way ANOVA with Bonferroni’s 
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Fig. 3. S. aureus lipoproteins and host TLR2, TLR4, and NLRP3 are 
involved in secretion of PGE2 and proinflammatory cytokines and 
chemokines by macrophages after S. aureus infection. WT and 
corresponding gene-deficient macrophages were infected with 
multiple S. aureus strains (SA113, Δlgt, and + pRB) at MOI 10: 1 or 
not infected. PGE2, TNF-α, IL-1β, and RANTES release into the 
supernatant of macrophage cultures was analyzed by ELISA 9 h 
after infection (a–h). Activation of the cAMP-PKA (P-PKA) and 
MAPK (P-ERK and P-p38) pathways was evaluated by western 
blotting. GAPDH served as a loading control (i, j). WT macro-
phages (untreated or pre-treated with 10 µM H89 for 2 h) were 

infected with WT S. aureus strains at MOI 10: 1 or not infected. 
TNF-α, IL-1β, and RANTES production in the supernatants of 
macrophages was analyzed by ELISA 9 h after infection (k). Results 
are expressed as the mean ± SD of 3 independent experiments and 
were analyzed by one-way ANOVA followed by Tukey’s multiple 
comparisons test or 2-way ANOVA with Bonferroni’s post-test. 
* p < 0.05; ** p < 0.01; *** p < 0.001. PKA, protein kinase A; NLRP3, 
NOD-like receptor P3; TLR, toll-like receptors; WT, wild-type; 
COX-2, cyclooxygenases-2; mPGES-1; microsomal prostaglandin 
E synthases-1; MOI, multiplicity of infection.
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Fig.  4. Endogenous PGE2 regulates S. aureus-induced TLR2/
NLRP3 expression and cytokine secretion in macrophages but not 
bacterial phagocytosis or intracellular killing. Macrophages (un-
treated, pre-treated with 10 µM NS398 for 40 min, or pre-treated 
with 1 µM CAY10404 for 40 min) were infected with WT S. aureus 
at MOI 30: 1 or not infected. NLRP3, TLR2, and TLR4 expression 
in macrophages was measured by flow cytometry and quantified 
as the median fluorescence intensity using Flowjo 10.0 software 
(a–c). TNF-α, IL-1β, and RANTES production in the supernatants 
of macrophages was analyzed by ELISA 9 h after infection (d–f). 

SR-A expression in macrophages was measured by flow cytometry 
and quantified as the median fluorescence intensity using Flowjo 
10.0 software (g). Phagocytosis of Hoechst 33258 (blue)-labeled 
WT S. aureus within DiI-labeled macrophages (orange) was ana-
lyzed by microscopy (× 400, h, i). Bacterial intracellular killing was 
measured by tetrazolium dye reduction assay (j). The results are 
expressed as the mean ± SD of 3 independent experiments and 
were analyzed by one-way ANOVA followed by Tukey’s multiple 
comparisons test. * p < 0.05; ** p < 0.01; *** p < 0.001. NLRP3, 
NOD-like receptor P3; TLR, toll-like receptors. 
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amined by western blotting. In the cAMP-PKA pathway, 
WT and + pRB S. aureus induced high levels of PKA 
phosphorylation 15, 30, and 60 min post-infection, com-
pared with those in cells infected with S. aureus Δlgt or 
uninfected controls (Fig. 3i). WT S. aureus also induced 
high levels of PKA phosphorylation in WT macrophages 
15, 30, 60, and 120 min post-infection compared with 
those in macrophages from TLR2–/– and TLR4–/– mice. 
Additionally, the levels of PKA phosphorylation in in-
fected NLRP3–/– macrophages were slightly reduced 
compared to in WT macrophages (Fig. 3j).

In the MAPK pathway, S. aureus Δlgt-infected macro-
phages had impaired p38 and ERK phosphorylation rela-
tive to that in cells infected by WT and + pRB S. aureus 
(Fig.  3i). Moreover, NLRP3–/–, TLR2–/–, and TLR4–/– 
macrophages exhibited impaired p38 and ERK phos-
phorylation compared with that in macrophages from 
WT mice after WT S. aureus infection (Fig.  3j). These 
MAPK pathway activation data are consistent with the 
results for cytokine release (Fig. 3b–d, f–h).

Subsequently, WT macrophages were pretreated with 
the PKA inhibitor H89 to further evaluate the roles of the 
cAMP-PKA pathway in S. aureus-induced cytokine re-
lease. The results indicated that TNF-α, IL-1β, and RAN-
TES secretion in WT S. aureus-infected macrophages 
(MOI 10: 1) was partially decreased by H89 treatment 
(Fig. 3k). Altogether, these findings suggest that macro-
phage PGE2, proinflammatory cytokine, and chemokine 
secretion, along with cAMP-PKA and MAPK pathway 
activation, are dependent on the presence of S. aureus li-
poproteins and macrophage TLR2, TLR4, and the NLRP3 
inflammasome.

Endogenous PGE2 Regulates WT S. aureus-Induced 
Macrophage TLR2/NLRP3 Expression and Cytokine 
Secretion but Does Not Affect Bacterial Phagocytosis 
and Intracellular Killing
PGE2 has important roles in modulation of the inflam-

matory and immune responses and participates in the 
regulation of cytokine production and leucocyte migra-
tion, proliferation, and differentiation through autocrine 
and paracrine signaling [35, 36]. In this study, we ana-
lyzed whether endogenous PGE2 regulates TLR/NLRP3 
expression and downstream effectors in S. aureus-infect-
ed macrophages. The COX-2-selective inhibitors NS398 
and CAY10404 were used to block endogenous PGE2 
production in macrophages after infection according to 
previous studies [37, 38]. Based on our preliminary re-
sults, 10 µM NS398 or 1 µM CAY10404 was used (online 
suppl. Fig. S1; for all online suppl. material, see www.

karger.com/doi/10.1159/000499604). Flow cytometry 
analysis revealed that in WT S. aureus-infected macro-
phages (MOI 30: 1), COX-2 inhibitors decreased S. aure-
us-induced NLRP3 intracellular expression and TLR2 
surface expression but had no effect on TLR4 surface ex-
pression (Fig. 4a–c). Additionally, TNF-α secretion was 
enhanced, while IL-1β and RANTES secretion was de-
creased by pretreatment with COX-2 inhibitors in mac-
rophages after S. aureus infection for 9 h (MOI 30: 1; 
Fig. 4d–f).

S. aureus can survive and proliferate inside profession-
al phagocytes, such as neutrophils, monocytes, and mac-
rophages, and this phenomenon may even contribute to 
the dissemination of S. aureus within its host [39]. Addi-
tionally, increased SR-A expression is important for S. 
aureus phagocytosis in macrophages [40]. The data indi-
cate that COX-2 inhibitors did not affect SR-A expres-
sion, bacterial phagocytosis, or intracellular killing in S. 
aureus-infected macrophages (MOI 30: 1; Fig.  4g–j). 
These findings suggest that endogenous PGE2 does not 
affect bacterial phagocytosis and intracellular killing, al-
though it regulates WT S. aureus-induced TLR2/NLRP3 
expression and cytokine secretion in macrophages.

Phagocytosis of S. aureus and Their Survival within 
Macrophages Are Dependent on S. aureus Lipoproteins 
and Inhibited by Exogenous PGE2 Treatment
The roles of lipoproteins in the phagocytosis of S. au-

reus and their survival within macrophages, as well as the 
influence of exogenous PGE2 on these processes, were 
unknown. According to the recovered CFUs, compared 
with WT and + pRB S. aureus, infection with the Δlgt 
strain (MOI 30: 1) induced low levels of bacteria invasion 
and survival within macrophages (Fig. 5a). To analyze the 
effect of PGE2 on S. aureus invasion into macrophages, 
cells were pretreated with PGE2 for 24 h before infection 
(MOI 30: 1). Treatment with 0.1–10 µM PGE2 for 24 and 
48 h was not cytotoxic to macrophages and had no effect 
on S. aureus growth. Furthermore, S. aureus invasion into 
macrophages was significantly inhibited by 1 and 10 µM 
PGE2 (online suppl. Fig. S2). Thus, 1 µM PGE2 was used 
for subsequent experiments. Invasion of WT, + pRB, and 
Δlgt S. aureus into macrophages was inhibited by PGE2 
treatment (Fig. 5b).

Next, cytokine production by macrophages exposed to 
WT S. aureus (MOI 30: 1) was measured by ELISA. PGE2 
had no effect on TNF-α or RANTES secretion by macro-
phages into culture supernatants after S. aureus infection 
for 9 h (Fig.  5c, e), whereas IL-1β production was en-
hanced by PGE2 treatment (Fig. 5d). These results dem-
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onstrate that S. aureus invasion into macrophages is de-
pendent on S. aureus lipoproteins and inhibited by PGE2 
treatment, which also leads to enhanced IL-1β secretion.

Analysis of flow cytometry data demonstrated that 
WT S. aureus induced high levels of SR-A expression in 
peritoneal macrophages compared to in cells infected 
with Δlgt S. aureus (MOI 30: 1, p < 0.05), and this process 
was inhibited by PGE2 treatment (p < 0.05; Fig. 5f). Con-
sistent with these results, the microscopy assay indicated 
that compared to infection with the Δlgt strain, infection 
with Hoechst 33258-labeled WT S. aureus (MOI 30: 1) for 
30 min induced higher levels of bacteria invasion into 

macrophages (p < 0.01), and this process was inhibited by 
PGE2 (p < 0.05; Fig. 5g, h). Meanwhile, percent survival 
of WT S. aureus within macrophages 3 h post-infection 
(MOI 30: 1) was higher than that of the Δlgt strain (p < 
0.001; Fig.  5i). The PGE2 pretreatment increased both 
WT and Δlgt S. aureus intracellular killing, as evidenced 
by decreases in the survival of ingested bacteria of ap-
proximately 16 and 35%, respectively (p < 0.001; Fig. 5i). 
Thus, both phagocytosis of S. aureus and their survival 
within peritoneal macrophages are dependent on the 
presence of S. aureus lipoproteins, and these processes are 
inhibited by PGE2 treatment, which limits their invasion.
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Fig. 5. Phagocytosis of S. aureus and survival within macrophages 
are dependent on S. aureus lipoproteins, and these processes are 
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and RANTES production in the supernatants of PGE2-pre-treated 
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Δlgt S. aureus was measured by flow cytometry and quantified as 
median fluorescence intensity using Flowjo 10.0 software (f). 
Phagocytosis of Hoechst 33,258 (blue)-labeled WT or Δlgt S. au-
reus within DiI-labeled macrophages (Orange) was analyzed by 
microscopy assay (×400, g, h). Bacterial intracellular killing was 
measured by tetrazolium dye reduction assay (i). Results are ex-
pressed as the mean ± SD of 3 independent experiments and ana-
lyzed by one-way ANOVA followed by Tukey’s multiple com-
parisons test or 2-way ANOVA. * p < 0.05; ** p < 0.01; *** p < 
0.001. CFU, colony forming units; PGE2, prostaglandin E2; SR-A, 
scavenger receptor A.
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Exogenous PGE2 Regulates TLR2-, TLR4-, and  
NLRP3-Mediated Signaling Activation in 
Macrophages after S. aureus Infection
In this study, we further evaluated the roles of TLR2, 

TLR4, and NLRP3 in S. aureus survival within macro-
phages. Additionally, whether exogenous PGE2 regulates 
TLR2-, TLR4-, and NLRP3-mediated signaling activation 
in macrophages after S. aureus infection was analyzed. WT 
S. aureus invasion and/or survival increased in NLRP3–/– 
macrophages compared with that in macrophages from 
WT, TLR2–/–, and TLR4–/– mice. To clarify the associated 

mechanisms, we analyzed SR-A expression, which was 
tightly correlated to S. aureus phagocytosis in macrophages 
and bacterial intracellular killing after infection (MOI 30: 

1). There was no significant difference in SR-A expression 
among the 4 types of macrophages after WT S. aureus in-
fection. However, percent survival of WT S. aureus within 
NLRP3–/– macrophages after infection increased com-
pared to that of WT, TLR2–/–, and TLR4–/– macrophages 
(p < 0.001). Thus, NLRP3 inflammasomes may play key 
roles in bacterial intracellular killing and preventing S. au-
reus survival within macrophages (Fig. 6a, b).

Fig. 6. TLR2-, TLR4-, and NLRP3-mediated signaling activation in 
macrophages after S. aureus infection is regulated by PGE2 treat-
ment. WT and corresponding gene-deficient macrophages were 
infected using WT S. aureus SA113 at MOI 30: 1 for 3 h, and the 
CFU recovered from lysates was determined (a). SR-A expression 
in WT and corresponding gene-deficient macrophages after WT 
S. aureus infection was measured by flow cytometry and quantified 
as median fluorescence intensity using Flowjo 10.0 software. Bac-
terial intracellular killing was measured by tetrazolium dye reduc-
tion assay to analyze S. aureus invasion into macrophage (b). Mac-
rophages (untreated or pre-treated with 1 µM PGE2 for 24 h) were 
infected with WT S. aureus SA113 at MOI 30: 1 or not infected. 
NLRP3, TLR2, and TLR4 expression in macrophages was mea-

sured by flow cytometry and quantified as median fluorescence 
intensity using Flowjo 10.0 software (c–e). Activation of MAPK 
(P-ERK, P-JNK, and P-p38), NF-κB (P-p65), and caspase-1 (p10, 
pro-IL-1β, and mature IL-1β) pathways were evaluated by western 
blotting; GAPDH was used as a loading control (f). Grayscale val-
ues were measured using ImageJ software (g, h). Results are ex-
pressed as the mean ± SD of 3 independent experiments and were 
analyzed by one-way ANOVA followed by Tukey’s multiple com-
parisons test or 2-way ANOVA with Bonferroni’s post-test. * p < 
0.05; ** p < 0.01; *** p < 0.001. CFU, colony forming units; SR-A, 
scavenger receptor A; NLRP3, NOD-like receptor P3; TLR, toll-
like receptors; PGE2, prostaglandin E2.
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We further examined the effect of exogenous PGE2 on 
NLRP3, TLR2, and TLR4 expression in macrophages af-
ter infection with WT S. aureus (MOI 30: 1). The flow cy-
tometry data demonstrated that intracellular expression 
of NLRP3 in macrophages was induced by S. aureus in-
fection (p < 0.05), whereas PGE2 pretreatment for 24 h 
had no significant effect on NLRP3 expression in S. aure-
us-infected macrophages (Fig. 6c). TLR2 surface expres-
sion on macrophages increased after S. aureus infection 
or PGE2 pretreatment relative to that in untreated control 
cells (p < 0.05). Moreover, S. aureus-induced TLR2 sur-
face expression was enhanced by PGE2 pretreatment rel-
ative to that in cells infected with S. aureus alone (p < 0.01; 
Fig. 6d). Surface expression of TLR4 was also induced by 
PGE2 treatment, but not by S. aureus infection (Fig. 6e). 
To evaluate the effect of PGE2 on S. aureus-induced 
MAPK, NF-κB, and caspase-1 signaling in macrophages, 
activation of ERK, JNK, p38, p65, and caspase-1 was ex-
amined by western blotting. The activation of JNK (15 
and 60 min; p < 0.001), p38 (15 and 60 min; p < 0.001), 
p65 (15, 30, and 60 min; p < 0.01), and caspase-1 (3, 6, and 
9 h) was upregulated by PGE2 in macrophages after S. au-
reus infection (MOI 30: 1; Fig. 6f, g). Meanwhile, S. aure-
us-induced expression of pro-IL-1β (3, 6, and 9 h; p < 
0.001) and mature IL-1β (3 and 6 h; p < 0.001) in total 
macrophage cellular protein was enhanced by PGE2 treat-
ment (Fig. 6f, h). Thus, TLR2-, TLR4-, and NLRP3-me-
diated signaling activation in macrophages can be regu-
lated by exogenous PGE2.

Activation of Caspase-1 in S. aureus-Infected 
Macrophages Depends on TLR2, TLR4, and NLRP3
To evaluate the influence of TLRs on NLRP3 inflam-

masome-mediated signaling activation, the roles of TLR2, 
TLR4, and NLRP3 in caspase-1 activation of macro-
phages after S. aureus infection (MOI 10: 1) were ana-

lyzed. The results indicated that S. aureus-induced activa-
tion of caspase-1 was decreased in NLRP3–/–, TLR2–/–, 
and TLR4–/– macrophages at 3, 6, and 9 h post-infection 
(Fig. 7). Thus, not only NLRP3 but also TLR2 and TLR4 
may be involved in S. aureus-induced caspase-1 activa-
tion in macrophages.

Discussion

The results of this study indicate a correlation between 
PGE2, a known endogenous lipid mediator, and PRR-me-
diated innate immune responses to S. aureus by mouse 
peritoneal macrophages. It is well-known that COX-2 
and mPGES-1 expression and PGE2 biosynthesis are 
closely associated with the host immune response and in-
flammatory process [18, 26]. Here, we found that in mac-
rophages, the S. aureus isogenic mutant strain Δlgt defi-
cient in lipoprotein maturation induced low levels of 
COX-2 and mPGES-1 expression relative to that in cells 
infected with its complemented strain (+ pRB) or WT S. 
aureus (Fig. 1). COX-2 and mPGES-1 expressions were 
also impaired in TLR2–/–, TLR4–/–, and NLRP3–/– macro-
phages (Fig. 2). These results indicate that in S. aureus-
infected macrophages, BLPs are essential for triggering 
COX-2 and mPGES-1 expression. Additionally, S. aure-
us-induced COX-2 and mPGES-1 expression was depen-
dent on the presence of TLR2, TLR4, and NLRP3 in mac-
rophages.

Here, secretion of PGE2, proinflammatory cytokines, 
and chemokines was investigated in S. aureus-infected 
macrophages. Our results show that the S. aureus Δlgt 
strain induced reduced levels of PGE2, TNF-α, IL-1β, and 
RANTES secretion by macrophages compared with the 
corresponding WT and + pRB strains. Furthermore, 
PGE2 and RANTES secretion was impaired in TLR2–/–, 

Pro-casp-1

C57BL6/J WT

0 3 6 9 0 3 6 9

NLRP3–/–

p10

GAPDH

TLR2–/–

0 3 6 9 0 3 6 9

TLR4–/–

Fig.  7. S. aureus-induced activation of 
caspase-1 was decreased in NLRP3–/–, 
TLR2–/–, and TLR4–/– macrophages. WT 
and corresponding gene-deficient macro-
phages were infected with WT S. aureus 
SA113 (MOI 10: 1). Activation of caspase- 
1 was examined by western blotting;  
GAPDH was used as a loading control. 
WT, wild-type; NLRP3, NOD-like receptor 
P3; TLR, toll-like receptors.
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TLR4–/–, and NLRP3–/– macrophages. Moreover, TNF-α 
secretion was impaired in TLR2–/– macrophages, while 
IL-1β secretion was decreased in both NLRP3–/– and 
TLR2–/– macrophages (Fig. 3). These results, particularly 
regarding PGE2 secretion by macrophages, are consistent 
with the COX-2 and mPGES-1 expression data generated 
in this study.

Our results indicated that in addition to MAPK signal-
ing, activation of the cAMP-PKA pathways was involved 
in cytokine release in macrophages after S. aureus infec-
tion (Fig. 3k). We found that the S. aureus Δlgt strain in-
duced low levels of cAMP-PKA and MAPK pathway ac-
tivation. Meanwhile, TLR2–/–, TLR4–/–, and NLRP3–/– 
macrophages exhibited impaired activation of both 
cAMP-PKA and MAPK signaling, consistent with the 
data regarding PGE2 and inflammatory cytokine secre-
tion (Fig.  3). These findings suggest that BLPs are re-
quired for macrophage activation and PGE2 secretion af-

ter S. aureus infection, along with macrophage expression 
of TLR2, TLR4, and NLRP3. Our findings are consistent 
with those of previous studies indicating that activation 
of TLR2 and the NLRP3 inflammasome is induced by S. 
aureus BLPs [12, 15, 41]. There is no clear evidence that 
supports direct recognition of BLPs or other components 
of S. aureus by TLR4; however, while the immune re-
sponse to experimental S. aureus-induced brain abscesses 
is reported to crucially depend on the recognition of S. 
aureus by TLR2, TLR4 is also required for the induction 
of an optimal intracerebral immune response [14].

The cooperation and cross-talk between multiple 
PRRs in the innate immune system are essential for host 
recognition of pathogen-associated molecular patterns/
damage-associated molecular patterns and defense 
against bacterial infection [42, 43]. For example, TLR4 
and TLR2 interact functionally in the basolateral mem-
brane of medullary thick ascending limb cells to mediate 

Fig.  8. The relationship between PGE2 and TLR2-, TLR4-, and 
NLRP3-mediated activation of macrophages after S. aureus infec-
tion. BLP in general of S. aureus is essential immunobiologically 
active compounds that activate mouse peritoneal macrophages via 
TLR2 and NLRP3 inflammasomes. This process can be optimized 
by TLR4 to ensure an effective immune response, which leads to 
the secretion of a series of inflammatory mediators inducing 
TNF-α, IL-1β, RANTES, and PGE2 through MAPK, NF-κB, 
cAMP-PKA, and caspase-1 signaling (a). Meanwhile, BLP is re-
quired for S. aureus phagocytosis and their survival within perito-
neal macrophages. These processes can be modified by exogenous 

PGE2 treatment, but not endogenous PGE2, which can decrease 
bacterial phagocytosis while also increasing intracellular killing, 
activation of TLR-mediated MAPK, and NF-κB signaling and can 
promote NLRP3 inflammasome priming and IL-1β secretion. The 
relationship between NLRP3-mediated IL-1β production and in-
hibition of intracellular invasion by S. aureus is unknown (b). The 
green arrows indicate activation, induction, or invasion; the pink 
arrows indicate recognition or interaction; the red arrows indicate 
modulation. COX-2, cyclooxygenases-2; TLR, toll-like receptors; 
PGE2, prostaglandin E2.
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LPS-induced ERK activation [44]. NLRP3 signaling is 
regulated by a priming signal that induces expression of 
NLRP3 and pro-IL-1β and is mediated by NF-κB activa-
tion via TLRs and the IL-1 receptor [43]. Thus, we con-
clude that BLPs are dominant immunobiologically active 
compounds in S. aureus that activate cells through both 
TLR2 and NLRP3; however, this process could be opti-
mized via TLR4 to ensure an effective immune response 
to S. aureus infection.

It is well-known that PGE2 has important roles in reg-
ulating inflammatory and immune responses [35, 36]. 
Thus, the roles of endogenous PGE2 in regulating TLR/
NLRP3 expression and downstream effectors in S. aure-
us-infected macrophages were analyzed. We found that 
TNF-α secretion was enhanced, while IL-1β secretion 
was decreased in S. aureus-infected macrophages when 
endogenous PGE2 production was blocked (Fig. 4d, e). 
These results, particularly those regarding TNF-α secre-
tion by macrophages, are consistent with the results of a 
previous study showing that TNF-α production in mac-
rophages after stimulation is enhanced by a COX-2 in-
hibitor indomethacin treatment [45]. Subsequent analy-
sis suggested that enhanced IL-1β production is closely 
related to inhibition of intracellular invasion by S. au-
reus. Although IL-1β was decreased, pretreatment with 
COX-2 inhibitors had no effect on S. aureus phagocyto-
sis and survival within macrophages (Fig. 4g–j). Previ-
ous findings demonstrated that the regulation of TNF-α 
secretion can increase the rate of bacterial clearance 
[46]. Thus, the constant S. aureus phagocytosis and in-
tracellular killing in macrophages with blockage of en-
dogenous PGE2 production may be dependent on en-
hanced TNF-α production. According to these results, a 
high concentration of exogenous PGE2 was used to ana-
lyze its roles in macrophages in response to S. aureus 
infection.

In previous studies, 1 µM exogenous PGE2 was used for 
analyzing its effects in alveolar macrophages during bac-
terial infection, suggesting that this concentration of 
PGE2 was acceptable in this study [32, 40, 47]. Here, based 
on preliminary results, a high concentration of PGE2 (1 
µM) was used. We found that BLPs were essential for S. 
aureus invasion and/or survival within macrophages and 
that this process was inhibited by exogenous PGE2 
(Fig. 5a, b). To understand the mechanisms underlying 
this process, bacterial phagocytosis and intracellular kill-
ing were analyzed. Our results showed that WT S. aureus 
induced higher levels of SR-A expression and bacterial 
invasion and lower levels of intracellular killing in perito-
neal macrophages compared to those in cells infected 

with the Δlgt strain, suggesting that S. aureus lipoproteins 
are responsible for both bacterial phagocytosis and sur-
vival within macrophages (Fig. 5f–i). Meanwhile, SR-A 
expression, bacterial phagocytosis, and survival within 
macrophages after S. aureus infection were downregu-
lated by PGE2 (Fig. 5f–i); however, these results are sur-
prisingly different than those found in previous studies 
on the effects of PGE2 on alveolar macrophages [32, 40, 
47]. We suggest that these differences could be explained 
by tissue-specific differences in the macrophage popula-
tions.

A previous study indicated that in mouse bone mar-
row-derived macrophages, PGE2-induced IL-1β produc-
tion was dependent on activation of the transcription 
factor CREB via increased levels of cAMP [48]. We found 
that production of the proinflammatory cytokine IL-1β 
by S. aureus-infected macrophages was enhanced by 
PGE2 treatment (Fig. 5d), consistent with our observa-
tion of enhanced activation of MAPK, NF-κB, and cas-
pase-1 signaling (Fig. 6). NLRP3 inflammasomes are re-
sponsible for activation of caspase-1 and expression of 
mature IL-1β, and the inflammasome priming signal is 
promoted by TLR-mediated activation [43]. We also 
found that S. aureus-induced activation of caspase-1 was 
decreased in not only NLRP3–/– macrophages but also 
TLR2–/– and TLR4–/– macrophages 3, 6, and 9 h post-
infection (Fig.  7). Furthermore, surface expression of 
TLR2 and TLR4, but not intracellular expression of 
NLRP3, increased in S. aureus-infected macrophages 
treated with PGE2 (Fig.  6). These results suggest that 
priming of NLRP3 inflammasomes in macrophages after 
S. aureus infection may be associated with activation of 
TLR2 and TLR4. Although IL-1β secretion is upregulat-
ed by PGE2, there is no direct evidence to support a role 
for IL-1β in suppressing S. aureus macrophage invasion. 
Interestingly, S. aureus invasion was only enhanced in 
NLRP3–/– macrophages, suggesting that NLRP3 inflam-
masomes, but not TLR2 and TLR4, may play a key role 
in preventing S. aureus survival within macrophages 
(Fig. 6a, b); therefore, we infer that there is a tight rela-
tionship between NLRP3-mediated IL-1β production 
and inhibition of intracellular invasion by S. aureus. This 
will be investigated further in our future studies.

Based on the findings of previous studies and our re-
sults, although not all of the results in the figure have 
been experimentally confirmed, we infer that BLPs in S. 
aureus are essential immunobiologically active com-
pounds that activate mouse peritoneal macrophages via 
both TLR2 and NLRP3 signaling. This process can be 
optimized by TLR4 to ensure an effective immune re-
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sponse, inducing release of a series of inflammatory me-
diators, including proinflammatory cytokines (TNF-α 
and IL-1β), a chemokine (RANTES), and PGE2 (Fig. 8a). 
Hence, lipoproteins play a crucial role in S. aureus phago-
cytosis and their survival within peritoneal macrophages. 
These processes can be suppressed by exogenous PGE2 
treatment, in addition to enhanced activation of TLR-
mediated MAPK and NF-κB signaling, and can promote 
NLRP3 inflammasome priming and IL-1β secretion. En-
dogenous PGE2 regulates S. aureus-induced cytokine se-
cretion from macrophages but has no effect on bacterial 
phagocytosis or intracellular killing (Fig. 8b). These re-
sults suggest that TLR2-, TLR4-, and NLRP3-mediated 
activation of macrophages after S. aureus infection can 
be regulated by PGE2. However, the detailed role of 
NLRP3-mediated IL-1β secretion in inhibiting S. aureus 
survival within macrophages was not analyzed in this 
study. Furthermore, whether PGE2 and its analogs can be 
used as a medicine or immunomodulator to protect 
against infectious diseases caused by S. aureus remains 
unknown. Thus, additional studies, especially clinical 
tests, are needed.
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