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ABSTRACT Insights into the host-microbial virulence factor interaction, especially
the immune signaling mechanisms, could provide novel prevention and treatment
options for pneumococcal diseases. Streptococcus pneumoniae endopeptidase O
(PepO) is a newly discovered and ubiquitously expressed pneumococcal virulence
protein. A PepO-mutant strain showed impaired adherence to and invasion of host
cells compared with the isogenic wild-type strain. It is still unknown whether PepO
is involved in the host defense response to pneumococcal infection. Here, we dem-
onstrated that PepO could enhance phagocytosis of Streptococcus pneumoniae and
Staphylococcus aureus by peritoneal exudate macrophages (PEMs). Further studies
showed that PepO stimulation upregulated the expression of microRNA-155 (miR-
155) in PEMs in a time- and dose-dependent manner. PepO-induced enhanced
phagocytosis was decreased in cells transfected with an inhibitor of miR-155, while
it was increased in cells transfected with a mimic of miR-155. We also revealed that
PepO-induced upregulation of miR-155 in PEMs was mediated by Toll-like receptor 2
(TLR2)–NF-�B signaling and that the increased expression of miR-155 downregulated
expression of SHIP1. Taken together, these results indicate that PepO induces up-
regulation of miR-155 in PEMs, contributing to enhanced phagocytosis and host de-
fense response to pneumococci and Staphylococcus aureus.
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Streptococcus pneumoniae endopeptidase O (PepO) is a newly discovered and ubiq-
uitously expressed virulence protein. Through binding to plasminogen, fibronectin,

and complement component C1q, PepO helps pneumococci adhere to host cells (1).
Furthermore, PepO modulates the complement attack by binding to C1q and the
classical complement pathway inhibitor C4BP (2). It is still unknown whether PepO is
involved in the host defense response to pneumococcal infection. Further research is
needed to clarify the interaction between PepO and host immune cells.

Alveolar macrophages are important players in the pulmonary immune system
(3–8). During pneumococcal infection, clearance of pneumococci is initiated by mac-
rophages, not neutrophils. Recruited macrophages utilize a variety of mechanisms to
control invading pneumococci. Decreased macrophage trafficking in infants results in
delayed clearance of pneumococcal colonization (9). Reducing the bactericidal function
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of alveolar macrophages with glucocorticoid leads to inhibition of pulmonary pneu-
mococcal clearance in mice (10), while promoting CCL2-mediated macrophage recruit-
ment with macrolides accelerates clearance of nasopharyngeal pneumococcal coloni-
zation in mice (11). Although the significance of macrophages in clearance of
pneumococci has been well established, the related molecular mechanisms remain
poorly understood.

MicroRNAs are a class of noncoding small RNAs complementary to the noncoding
region of mRNA transcripts. Through promoting the degradation or preventing the
translation of mRNAs (12–16), microRNAs regulate many aspects of physiology and
pathology processes of mammals (17, 18). Increasing evidence shows that a number of
microRNAs participate in modulation of host defense response against Gram-positive
and Gram-negative bacterial infection. As a canonical multifunctional microRNA, miR-
155 plays diverse roles in the host defense response to microbial infection (17).
Francisella novicida-induced increased expression of miR-155 results in decreased
SH2 domain-containing inositol phosphatase (SHIP) expression and enhanced pro-
inflammatory cytokine production (19). Mycobacterium tuberculosis virulence-
associated secreted protein ESAT-6-induced upregulation of miR-155 inhibits pro-
duction of cyclooxygenase 2 (Cox-2) and interleukin-6 (IL-6), which promotes
Mycobacterium tuberculosis survival (20). A recent study on Streptococcus pneu-
moniae shows that miR-155 is also required for clearance of pneumococci from the
nasopharynx (21). However, the related molecular mechanism is still unclear.

It is well reported that macrophages recognize microbial components to modulate
expression of miR-155. Lipopolysaccharide (LPS) from Gram-negative bacteria and
lipoprotein from Gram-positive bacteria upregulate expression of miR-155 via binding
to Toll-like receptor 4 (TLR4) and TLR2, respectively (17, 22). Borna disease virus-
encoded phosphoprotein inhibits expression of miR-155 (23). What kind of pneumo-
coccal components are involved in the regulation of miR-155 is still unclear. We
demonstrated that PepO promoted phagocytosis of pneumococci and Staphylococcus
aureus by macrophages. Further research revealed that PepO induced increased ex-
pression of miR-155 in a TLR2–NF-�B-dependent manner and that the upregulation of
miR-155 downregulated SHIP1, which suggests that PepO may be a novel ligand of
TLR2.

RESULTS
PepO enhanced phagocytosis of Staphylococcus aureus and Streptococcus

pneumoniae by PEMs. Phagocytosis assays were performed to investigate the effect of
PepO on macrophages. As shown in Fig. 1A and C, phagocytosis of Staphylococcus
aureus was increased in PepO-treated peritoneal exudate macrophages (PEMs) in a
time-dependent manner, with the maximum bacterial count occurring in cells stimu-
lated with PepO for 24 h. A protease K-digested or heat-killed PepO preparation failed
to enhance phagocytosis of Staphylococcus aureus by PEMs (Fig. 1A). Recombinant
ΔA146Ply, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and MarR, which
were also purified on a Ni2�-charged column, had no effect on the phagocytosis of
bacteria by PEMs (Fig. 1B). These results suggested a role for PepO in modulating
macrophage phagocytosis. Figure 1D shows that fluorescein isothiocyanate (FITC)-
labeled pneumococci were increased in PepO-treated PEMs in a time-dependent
manner. We also performed experiments to discriminate between extracellular and
intracellular bacteria. As shown in Fig. 1E, there was no significant difference in bacterial
counts between antibiotic-incubated and non-antibiotic-treated macrophages. Most
bacteria cannot be reached by anti-Streptococcus pneumoniae antibody without per-
meabilization of macrophages (Fig. 1F), which suggested that at 30 min of incubation
most bacteria have been ingested by macrophages in our model. With the same
amount of protein stimulation, attached and ingested bacteria increased as incubation
time was prolonged, which excluded the possibility that protein stimulation enhanced
phagocytosis of bacteria by macrophages through binding to them.
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PepO-induced enhanced phagocytosis relied on the upregulation of miR-155
in PEMs. We speculated that PepO might influence phagocytosis through the altera-
tion of macrophage signaling pathways. miR-155 plays an important role in host
defense response, and bacterial components can mediate the expression of miR-155. As
shown in Fig. 2A, miR-155 was upregulated in PepO-stimulated PEMs, while miR-146a
and miR-27a were not. PepO mediated the upregulation of miR-155 in a time- and
dose-dependent manner (Fig. 2D and E). The final concentration of LPS in PepO
preparation was under 0.1 endotoxin units (EU)/ml. As shown in Fig. 2B, expression of
miR-155 induced by protease K-digested PepO was significantly less than that induced
by untreated PepO, while there was no significant difference between protease
K-digested LPS- and LPS-induced expression of miR-155, which suggested that the

FIG 1 PepO enhanced phagocytosis of Staphylococcus aureus and Streptococcus pneumoniae by PEMs. (A) After pretreatment with PepO (1 �g/ml) or heat-killed
(HK) or protease K (PK)-digested PepO for 24 h, PEMs were incubated with Staphylococcus aureus at a multiplicity of infection of 100 and the phagocytic bacteria
were enumerated. Protease K was inactivated after treatment. (B and C) Staphylococcus aureus bacteria phagocytosed by cells stimulated with PepO (1 �g/ml),
ΔA146Ply (1 �g/ml), GAPDH (Gap, 1 �g/ml), or MarR (1 �g/ml) for 24 h (B) or with PepO for indicated times (C) were counted. (D) After stimulation with PepO
for indicated times, PEMs were incubated with FITC-labeled Streptococcus pneumoniae at a multiplicity of infection of 100 and phagocytosis was assessed by
fluorescence microscopy. Representative pictures are shown, and the phagocytosis percentages are from three independent experiments. (E) Staphylococcus
aureus in antibiotic-incubated or non-antibiotic-treated PepO-stimulated macrophages was assessed by dilution plating. Amp, ampicillin; Gm, gentamicin. (F)
PepO-stimulated macrophages were incubated with unlabeled D39, and bacteria were stained using specific anti-Streptococcus pneumoniae antibody following
Alexa Fluor 488-conjugated secondary antibody with or without permeabilization of macrophages. The attached or phagocytic bacteria were assessed by
fluorescence microscopy. The data in panels A to E are shown as the mean � SD (n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not significant.
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effect of protein preparation on expression of miR-155 was dependent on PepO, not
the contaminated LPS. Furthermore, recombinant ΔA146Ply, GAPDH, and MarR had no
effect on the expression of miR-155 (Fig. 2C), which excludes the contamination of
proteins from Escherichia coli. Expression of miR-155 increased in a time- and dose-
dependent manner, which suggested that PepO stimulation changed signal transduc-
tion leading to enhanced phagocytosis of bacteria by macrophages. To investigate
whether miR-155 participates in the regulation of phagocytosis by PEMs, mimics or
inhibitors of miR-155 were transfected into cells. The efficacy of miR-155 mimics and
inhibitors was quantified by showing the fold change of miR-155 with subsequent
stimulation with PepO (Fig. 3A). PepO-induced phagocytosis of Staphylococcus aureus
was significantly augmented in cells transfected with a mimic of miR-155, while it was
decreased in cells transfected with an inhibitor of miR-155. Phagocytosis of Staphylo-
coccus aureus was also enhanced in cells merely transfected with a mimic of miR-155,
indicating that miR-155 can enhance phagocytosis by macrophages (Fig. 3B). In addi-
tion, PepO-induced phagocytosis of FITC-labeled pneumococci was also dramatically
enhanced in cells transfected with a mimic of miR-155, while it was decreased in cells
transfected with an inhibitor of miR-155 (Fig. 3C and D). Taken together, these results
demonstrate that PepO-induced expression of miR-155 regulated the phagocytosis of
bacteria by PEMs.

PepO-induced upregulation of miR-155 downregulated expression of SHIP1. It
is well demonstrated that SHIP1 regulates phagocytosis by macrophages and that
miR-155 can target a SHIP1 gene. In our model, SHIP1 transcript was decreased in
PepO-stimulated PEMs in a time- and dose-dependent manner (Fig. 4A and B). Figure
4C shows that SHIP1 transcript was decreased in cells transfected with a mimic of
miR-155 but was increased in cells transfected with an inhibitor of miR-155. To verify
the interaction between miR-155 and the 3= untranscribed region (UTR) of SHIP1,

FIG 2 PepO induced increased expression of miR-155 in PEMs. (A) Quantitative PCR analysis was used to determine the expression of
miR-155, miR-146a, and miR-27a in PEMs treated with medium, LPS (100 ng/ml), peptidoglycan (PGN) (5 �g/ml), or PepO (1 �g/ml) for
6 h. (B) Cells were incubated with LPS (100 ng/ml), PepO (1 �g/ml), or protease K (PK)-digested LPS or PepO for 6 h, and the expression
of miR-155 was measured by quantitative PCR analysis. Protease K was inactivated after treatment. (C to E) The expression of miR-155 in
cells stimulated with PepO (1 �g/ml), ΔA146Ply (1 �g/ml), GAPDH (Gap, 1 �g/ml), or MarR (1 �g/ml) for 6 h (C) or with different doses
of PepO for 6 h (D) or with PepO (1 �g/ml) for indicated times (E) was evaluated by PCR analysis. The data are shown as the mean � SD
(n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not significant.
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luciferase reporter gene analysis was performed. Luciferase activity of SHIP1 reporter
plasmid was inhibited by miR-155 (Fig. 4D). These results suggested that PepO-induced
upregulation of miR-155 inhibited expression of SHIP1.

PepO-induced upregulation of miR-155 was mediated by the TLR2 signaling
pathway. It is widely accepted that LPS from Gram-negative bacteria can be recog-
nized by TLR4 and that peptidoglycan, teichoic acid, and lipoprotein from Gram-
positive bacteria can be recognized by TLR2. Whether TLRs mediate PepO-induced
enhanced phagocytosis by PEMs is still unknown. Our results showed that in TLR2-
deficient PEMs, PepO failed to enhance phagocytosis of Staphylococcus aureus (Fig. 5A).
Consistently, in TLR2-deficient cells PepO failed to stimulate the upregulation of

FIG 3 PepO-induced enhanced phagocytosis relied on the upregulation of miR-155 in PEMs. (A) The fold change
of miR-155 in macrophages transfected with inhibitors or mimics of miR-155 for 24 h with subsequent stimulation
with PepO for another 24 h was assessed by PCR analysis. (B to D) Macrophages were transfected with inhibitors
or mimics of miR-155 for 24 h and then stimulated with PepO or medium for another 24 h, after which they were
incubated with Staphylococcus aureus (B) or FITC-labeled Streptococcus pneumoniae (C and D) at a multiplicity of
infection of 100, and the phagocytic bacteria were enumerated. Panels C and D show representative pictures, and
the phagocytosis percentages are from three independent experiments. The data are shown as the mean � SD
(n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not significant.
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miR-155 or the downregulation of SHIP1 (Fig. 5B and C), which implied that the effect
of PepO on macrophages was mediated by TLR2. Complement receptor 3 (CR3), one of
the most important phagocytosis-associated receptors on macrophages, is also nega-
tively regulated by SHIP1 (24). As shown in Fig. 5D, PepO induced increased expression
of CR3 in PEMs in a time-dependent manner, while it failed to upregulate the expres-
sion of CR3 in TLR2-deficient cells.

Other researchers have proved that phosphatidylinositol 3-kinase (PI3K)/Akt and
NF-�B signaling mediate the expression of miR-155. Our results showed that PepO
failed to upregulate the expression of miR-155 in PEMs pretreated with LY294002 (a
PI3K inhibitor) or BAY7058 (an I�B-� phosphorylation inhibitor). PepO-induced upregu-
lation of miR-155 was not suppressed by SB203580 (a p38 inhibitor) and U0126 (an
extracellular signal-regulated kinase [ERK] inhibitor) (Fig. 5E). Western blot analysis also
showed the rapid phosphorylation of p65 and Akt (Fig. 5F and 6B), which suggests that
in our model PepO-induced upregulation of miR-155 is mediated by PI3K/Akt and
NF-�B signaling. Figure 6A shows the translocation of p65 to the nucleus of PepO-
treated wild-type (WT) cells. p65 was primarily present in the cytoplasm of unstimulated
cells. In TLR2-deficient cells, PepO failed to induce the nuclear translocation of p65.
Western blot analysis also showed that the phosphorylation of p65 occurred at 15 min

FIG 4 PepO-induced upregulation of miR-155 downregulated expression of SHIP1. (A and B) The SHIP1 transcripts
in PEMs stimulated by different doses of PepO for 6 h (A) or by PepO (1 �g/ml) for different times (B) were analyzed
by quantitative PCR. (C) PEMs were pretreated with or without an miR-155 mimic or inhibitor for 24 h and then
incubated with medium or PepO (1 �g/ml) for another 6 h. PCR analysis was used to determine the expression of
SHIP1. (D) PEMs were transfected with basic reporter plasmid or SHIP1 reporter plasmid for 6 h and then
transfected with miR-155 or scramble microRNA (miRNA) for another 36 h. The luciferase activity of transfected cells
was measured. The data are shown as the mean � SD (n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not
significant.
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of stimulation and was sustained until 24 h of stimulation, while in TLR2-deficient cells,
PepO failed to induce activation of p65 (Fig. 6B).

Interestingly, there was no significant difference in activation of Akt between WT
and TLR2-deficient cells (Fig. 5F), which suggested that other receptors may mediate
PepO-induced Akt activation. To verify it, direct binding experiments were performed.
Figure 7A and B show that PepO could bind to the surface of WT and TLR2- and
TLR4-deficient macrophages but that the PepO level on TLR2- or TLR4-deficient cells is
less than that on WT cells. These results indicated that both TLR2 and TLR4 mediated

FIG 5 PepO-induced upregulation of miR-155 was mediated by the TLR2 signaling pathway. (A) Wild-type (WT) or
TLR2-deficient PEMs were stimulated with medium, LPS (100 ng/ml), or PepO (1 �g/ml) for 24 h and then incubated
with Staphylococcus aureus at a multiplicity of infection of 100, and the phagocytic bacteria were enumerated. (B)
WT or TLR2-deficient PEMs were stimulated with medium, LPS (100 ng/ml), peptidoglycan (PGN) (5 �g/ml), or PepO
(1 �g/ml) for 6 h, after which miR-155 transcripts were determined by PCR analysis. (C and D) After treatment with
PepO for indicated times, SHIP1 (C) and CR3 (D) expression in WT or TLR2-deficient cells was analyzed by Western
blotting and immunofluorescence assays, respectively. (E) PEMs were pretreated with LY294002 (20 �M), BAY7085
(20 �M), SB203580 (20 �M), or U0126 (20 �M) for 1 h and then incubated with PepO for another 6 h. miR-155
transcripts were determined by quantitative PCR. (F) WT or TLR2-deficient cells were treated with PepO for
indicated times. The activation of Akt was analyzed by Western blotting. The data are shown as the mean � SD
(n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not significant.
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recognition of PepO. Our previous work also has shown that PepO elicits cytokine
production and cellular infiltration in mice partially through TLR2 and TLR4 signaling
pathways (25). As shown in Fig. 5B, in this model PepO-induced overexpression of
miR-155 was mediated only by TLR2 signaling. These results suggested that different
responses to PepO stimuli were mediated by different signaling pathways.

DISCUSSION

The significance of macrophages in clearance of nasopharyngeal pneumococcal
colonization has been well established, but the related regulatory mechanisms remain
poorly understood. miR-155 plays diverse roles in the host defense response to
microbial infection. In Pseudomonas aeruginosa-induced keratitis, miR-155 inhibits
macrophage-mediated phagocytosis and intracellular killing to suppress bacterial clear-
ance by targeting Rheb (26), while in tuberculosis miR-155 promotes autophagy to
clear intracellular mycobacteria through targeting Rheb (27). Pathways for Pseudomo-
nas aeruginosa and mycobacteria are different, maybe because Pseudomonas aerugi-
nosa is an extracellular bacterium while mycobacteria are intracellular bacteria. Our
results showed that PepO enhanced phagocytosis and expression of miR-155 in mac-
rophages in a time-dependent manner. In our model, miR-155 promoted PepO-induced
clearance of bacteria by macrophages. PepO-induced phagocytosis was increased in
cells transfected with a mimic of miR-155, while it was decreased in cells transfected
with an inhibitor of miR-155. This is the first demonstration that the pneumococcal
component PepO contributes to phagocytosis by macrophages via modulating expres-
sion of miR-155. Further research is still needed to investigate whether Rheb is involved
in this process.

FIG 6 PepO induces nuclear translocation and phosphorylation of p65 in a TLR2-dependent manner. Immunoflu-
orescence (A) and Western blot (B) assays were performed to determine the translocation and phosphorylation of
NF-�B p65 in WT or TLR2-deficient PEMs. Representative blots of three independent experiments with consistent
outcomes are shown. For panel A, arrows indicate cells where nuclear translocation has occurred. Additionally, 100
cells were examined and percentages of cells that showed evidence of nuclear translocation are indicated. The data
are shown as the mean � SD (n � 3). ***, P � 0.001; ns, not significant.
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Other researchers have proved that miR-155 participates in regulation of phagocy-
tosis (28–30), but the related mechanism is still unclear. Maybe different signaling
mechanisms are utilized to respond to different stimuli. In our model, we detected the
activation of the PI3K/Akt signaling pathway. It is well known that SHIP1 is a negative
regulator of PI3K/Akt signaling (31–34), and SHIP1 plays an important role in modula-
tion of phagocytosis by macrophages (35, 36). Our results demonstrated that SHIP1 was
downregulated in PepO-stimulated macrophages in an miR-155-dependent manner. In
our research, it is still unknown how SHIP1 downregulation results in enhanced
phagocytosis by macrophages. Researchers have proved that the effect of SHIP on
regulation of phagocytosis is mediated by Fc gamma receptors and complement
receptor 3 (CR3) (36). Opsonophagocytosis mediated by Fc gamma receptors is IgG
dependent (37–39), and phagocytosis mediated by CR3 is complement dependent.
There is no IgG or complement involved in PepO-induced phagocytosis by macro-
phages. Increasing evidence shows that CR3 is also a multifunctional pattern recogni-
tion receptor of the innate immune system (40–43). Once activated by its ligand, CR3
mediates a series of signaling transductions, including rearrangement of actin, which
promotes phagocytosis of bacteria by macrophages and contributes to the host
defense response to bacterial infection. In our model, we detected the upregulation of
CR3 in PepO-stimulated macrophages in a time-dependent manner. We hypothesize
that PepO-induced upregulation of miR-155 inhibits expression of SHIP1 and SHIP1
downregulation leads to augmented activity of CR3, which promotes phagocytosis of

FIG 7 PepO binds to WT or TLR2- or TLR4-deficient macrophages. (A) WT or TLR2- or TLR4-deficient
macrophages were treated with PepO (1 �g/ml) for 1 h, fixed, and stained with Alexa 594-conjugated
anti-His antibody and DAPI. Representative fluorescence pictures are shown. (B) Recombinant PepO
(rPepO)-bound cells in 10 high-power fields were counted, and the percentages of rPepO-bound cells
were calculated. The data are shown as the mean � SD (n � 3). *, P � 0.05; **, P � 0.01.
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bacteria by macrophages (Fig. 8). The upregulation of CR3 in some way supports our
hypothesis. Further research is still needed to investigate the direct regulatory role of
SHIP1 in activity of CR3, as well as the regulatory role of CR3 in PepO-induced enhanced
phagocytosis.

TLRs play an important role in the host innate immune system. A variety of
pathogen-associated molecular patterns (PAMPs) can be recognized by TLRs. It is
widely accepted that LPS from Gram-negative bacteria is recognized by TLR4 (44) and
that peptidoglycan, teichoic acid, and lipoprotein are recognized by TLR2 (45–47). In
the context of Streptococcus pneumoniae, some virulence proteins (RrgA pneumococcal
pilus type 1 protein, GHIP, et al.) bind to TLR2 (48, 49) and Ply binds to TLR4 (50). Our
results demonstrated that PepO-induced miR-155 upregulation relied on TLR2. In
TLR2-deficient PEMs, PepO failed to modulate the expression of miR-155, SHIP1, and
CR3, as well as phagocytosis. These results imply that PepO enhances phagocytosis by
macrophages in a TLR2- and miR-155-dependent manner. PepO-induced upregulation
of miR-155 was blocked by a PI3K inhibitor and an I�B-� phosphorylation inhibitor.
PepO failed to stimulate the phosphorylation of p65 in TLR2-deficient cells, which
proves that PepO induces the expression of miR-155 via a TLR2–NF-�B signaling
pathway. We are still exploring whether PepO is a direct ligand of TLR2.

Agarwal et al. have proved that PepO is highly conserved within pneumococci and
other Streptococcus species (1). To date, the enzyme has not been identified in any
high-throughput screens or vaccine studies. The present report is the first demonstra-
tion that PepO enhances phagocytosis of pneumococci and Staphylococcus aureus by
macrophages in a TLR2- and miR-155-dependent manner. As a virulence protein, PepO
also plays an important role in the host defense response to pneumococcal infection,
which may contribute to the prevention and treatment of pneumococcal diseases.

MATERIALS AND METHODS
Reagents. The Ni2�-charged column chromatograph was bought from GE Healthcare (Buckingham-

shire, United Kingdom). Polymyxin B agarose used for removing lipopolysaccharide (LPS) in the protein
preparation was purchased from Sigma Corp. (Santa Clara, CA). Mouse antiactin monoclonal antibody
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and rabbit anti-phospho-Akt, anti-
phospho-p65, and anti-Akt monoclonal antibodies were from Cell Signaling Technology (Beverly, MA).
Mouse anti-SHIP1 polyclonal antibody was bought from Millipore Corp. (Bedford, MA). I�B-� phosphor-
ylation inhibitor BAY7085, phosphatidylinositol 3-OH kinase (PI3K) inhibitor LY294002, p38 mitogen-
activated protein kinase (MAPK) inhibitor SB203580, and extracellular signal-regulated kinase inhibitor
U0126 were bought from Cell Signaling Technology.

Preparation of recombinant pneumococcal proteins. In brief, the amplified full-length genes for
PepO, ΔA146Ply, GAPDH, and MarR were cloned in pET28a (Novagen) for protein expression, after which

FIG 8 Schematic model demonstrating PepO-induced signaling transduction in macrophages. PepO
induces upregulation of miR-155 in a TLR2-, NF-�B-, and Akt-dependent manner. miR-155 inhibits
expression of SHIP1, and SHIP1 downregulation leads to augmented activity of CR3, which may promote
phagocytosis of bacteria by macrophages.
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N-terminal His6-tagged pneumococcal proteins (PepO, ΔA146Ply [51], GAPDH, and MarR) were expressed
in E. coli BL21(DE3) (Stratagene) and purified with the use of a Ni2�-charged column chromatograph
according to the manufacturer’s instructions. Polymyxin B agarose was used to remove LPS in the protein
preparation as much as possible. Residual LPS in the protein preparation was measured by Limulus
amoebocyte lysate (LAL) assay (Lonza), according to the manufacturer’s instructions.

Bacterial strains. Streptococcus pneumoniae strain D39 was purchased from the American Type
Culture Collection (ATCC) and cultured in C�Y medium in 5% CO2 at 37°C for 5 h. Staphylococcus aureus
was obtained from the ATCC and seeded on Columbia sheep blood agar in 5% CO2 at 37°C overnight.

Mice. TLR2-deficient (TLR2-knockout [TLRKO]) mice were obtained from The Jackson Laboratory (Bar
Harbor, ME). All mice used are on a C57BL/6 background. All experimental protocols involving animals
were approved by the Animal Ethics and Research Committee of China University Graduate School of
Medicine.

Cell culture. PEMs were isolated from 6- to 8-week-old C57 or TLR2KO mice with intraperitoneal
injection of 1 ml paroline 4 days prior to the experiment. Cells were washed and seeded on a 24-well
plate (5 � 105/well) or a 6-well plate (1 � 106/well). After removal of nonadherent cells, adherent cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 1% penicillin-
streptomycin and 10% fetal bovine serum (FBS) (HyClone, Barrington, IL, USA) and stimulated as
described below.

Quantitative PCR (Q-PCR) analysis. Total RNA was isolated from PEMs using RNAiso Plus reagent
(TaKaRa) according to the manufacturer’s instructions. The sequences of primers are listed in Table 1. For
quantitative analysis, a Primer PCR SYBR green assay kit (TaKaRa) was used in a Bio-Rad real-time PCR
machine. The annealing temperature and extension time for PCR analysis were 60°C and 10 s, respec-
tively. The gene for GAPDH, U6, was amplified as an endogenous reference. Both relative threshold cycle
(ΔΔCT) and a standard curve were used for determining quantification.

Cell transfection and reporter gene assay. The miR-155 mimic, miR-155 inhibitor, control mimic,
and control inhibitor were purchased from GenePharma (Shanghai, China). These RNA oligomers and
plasmid were transfected into PEMs using Lipofectamine 2000 (Invitrogen). Methods for transfection and
luciferase reporter assays followed the manufacturer’s instructions. For transfection of PEMs, liposome-
DNA complexes were formed by incubating plasmid DNA with Lipofectamine 2000 with appropriate
proportions and fixed volumes for 20 min. The Lipofectamine-DNA mixture was added to cells in
antibiotic-free medium later. After 24 h of incubation, cells were then exposed to PepO. Luciferase
activities of cell lysates were normalized to protein content.

Western blot analysis. After washing with prechilled phosphate-buffered saline (PBS), PEMs in a
24-well plate were lysed with 0.2 ml lysis buffer (radioimmunoprecipitation assay [RIPA] buffer containing
phosphorylase inhibitor and protease inhibitor mixed with SDS loading buffer). After cell debris was
removed, protein extract was boiled for 5 min and then centrifuged at 12,000 � g for 5 min. Before
transfer to a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA), an equal volume of
protein (10 �g) was subjected to 10% SDS-PAGE. The membrane was blocked with 5% defatted milk for
2 h at 37°C and incubated with the indicated antibody at 4°C overnight. After being washed three times,
the membrane was incubated with corresponding horseradish peroxidase-marked secondary goat
anti-rabbit or goat anti-mouse antibodies for 1 h at 37°C. An enhanced chemiluminescence (ECL)
detection system was used to detect antibody-antigen complexes.

Immunofluorescence assays. PEMs cultured on glass coverslips were stimulated with PepO for
indicated times. After fixation with 4% paraformaldehyde, cells were permeabilized with 0.1% Triton
X-100 in PBS for 5 min, washed with PBS, blocked with 2% bovine serum albumin (BSA) in PBS for 2 h,
and incubated with rabbit anti-phospho-p65 or anti-CR3 antibody (1:100 dilution) at 4°C overnight,
followed by 3 washing procedures with PBS and incubation with Alexa Fluor 488- or 594-conjugated
secondary antibody. Cells were then stained with 4=,6-diamidino-2-phenylindole (DAPI) for 5 min. A
Nikon Eclipse 80i microscope equipped with a Nikon Intensilight C-HGFI was used to observe cell
morphology and fluorescence intensity.

TABLE 1 Primers used in this study

Primer name Nucleotide sequence (5=–3=)
U6 forward CTCGCTTCGGCAGCACA
U6 reverse AACGCTTCACGAATTTGCGT
miR-155 forward GGCGTTAATGCTAATTGTGAT
miR-155 reverse GTGCAGGGTCCGAGGT
miR-155 mimic UUAAUGCUAAUUGUGAUAGGGGU

CCCUAUCACAAUUAGCAUUAAUU
miR-155 inhibitor ACCCCUAUCACAAUUAGCAUUAA
Mus GAPDH forward AGGTCGGTGTGAACGGATTTG
Mus GAPDH reverse GGGGTCGTTGATGGCAACA
SHIP1 forward TCCAAGAATGGTCCTGGCAC
SHIP1 reverse CAAACCGTACCACCAGCTCT
miR-146a forward GGCCTGAGAACTGAATTCCA
miR-146a reverse GTGCAGGGTCCGAGGT
miR-27a forward GCAGGGCTTAGCTGCTTG
miR-27a reverse GTGCAGGGTCCGAGGT
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Phagocytosis assays. Phagocytosis assays were performed in the presence of heat-inactivated (56°C,
30 min) serum. PepO-treated PEMs were infected with Staphylococcus aureus for 30 min at 37°C. After
washing with prechilled PBS, cells were lysed with 0.2% Triton X-100. Cell lysates were diluted and
seeded on Columbia sheep blood agar in 5% CO2 at 37°C overnight. Phagocytosis of Streptococcus
pneumoniae was performed as described earlier (52–54). In brief, PepO-treated PEMs were infected with
FITC-labeled D39 for 30 min at 37°C. After washing with prechilled PBS, macrophages were fixed with 4%
paraformaldehyde and stained with DAPI. Phagocytosis was assessed by a Nikon Eclipse 80i microscope
equipped with a Nikon Intensilight C-HGFI. Phagocytosis percentage was quantified by counting
FITC-positive cells in 100 macrophages. To discriminate between extracellular and intracellular bacteria,
attached Staphylococcus aureus cells were killed with the use of ampicillin (10 �g/ml) and gentamicin
(200 �g/ml) for 20 min (Fig. 1E). In Fig. 1F, PepO-stimulated macrophages were incubated with unlabeled
Streptococcus pneumoniae D39 and phagocytosed bacteria were stained using specific anti-Streptococcus
pneumoniae antibody following Alexa Fluor 488-conjugated secondary antibody with or without per-
meabilization of macrophages.

Statistical analysis. All data are shown as means � standard deviations (SDs) from triple indepen-
dent experiments. Differences between groups were determined by unpaired t test. Difference with P
values of �0.05 were deemed significant. All analyses were implemented using the Statistical Package
for Prism 5 statistical software (GraphPad Prism, La Jolla, CA, USA).
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