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ABSTRACT As one of the first lines of host defense, monocytes play important roles
in clearing infected microbes. The defensive response is triggered by recognition of
diverse microbial moieties, including released factors, which modulate host immune
responses to establish a harsh environment for clinically important bacterial patho-
gens. In this study, we found that the expression of PTX3, a soluble form of pattern
recognition receptor, was induced by infection with live Pseudomonas aeruginosa or
treatment of cells with its supernatant. P. aeruginosa GroEL, a homolog of heat
shock protein 60, was identified as one of the factors responsible for inducing the
expression of PTX3 in host cells. GroEL induced PTX3 expression by activating the
Toll-like receptor 4 (TLR4)-dependent pathway via nuclear factor-kappa B (NF-�B),
while simultaneously inhibiting expression of microRNA-9, which targets the PTX3
transcript. Finally, by acting as an opsonin, GroEL-induced PTX3 promoted the asso-
ciation and phagocytosis of Staphylococcus aureus into macrophages. These data
suggest that the host defensive environment is supported by the production of
PTX3 in response to GroEL, which thus has therapeutic potential for clearance of
bacterial infections.
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Pseudomonas aeruginosa is an opportunistic bacterial pathogen that causes acute
and chronic respiratory infections in patients with underlying conditions, such as

immunodeficiency, cystic fibrosis, or ventilator-associated pneumonia (1). The morbid-
ity and mortality of P. aeruginosa infection are influenced by the presence of coinfect-
ing microbes such as Staphylococcus aureus, a well-known human pathogen that has
acquired resistance to the majority of clinically used antibiotics (2). To clear such
clinically important bacterial pathogens from infection sites, host inflammatory re-
sponses sense diverse pathogen-associated molecular patterns (PAMPs) via pattern
recognition receptors (PRRs), including Toll-like receptors (TLRs) (3). Macrophages
expressing TLRs play important roles in the induction of innate immune responses, as
well as in subsequent stimulation of adaptive immune responses (4). Host immune
responses are also modulated by recognition of released microbial moieties, which
promote survival or development of intricate competition between pathogens in the
same infection sites. Together, these observations imply that the microbial moieties
responsible for immune modulation could have therapeutic potential for the control of
bacterial infections.

Received 8 November 2016 Returned for
modification 28 November 2016 Accepted
18 December 2016

Accepted manuscript posted online 28
December 2016

Citation Shin H, Jeon J, Lee J-H, Jin S, Ha U-H.
2017. Pseudomonas aeruginosa GroEL
stimulates production of PTX3 by activating
the NF-κB pathway and simultaneously
downregulating microRNA-9. Infect Immun
85:e00935-16. https://doi.org/10.1128/
IAI.00935-16.

Editor Craig R. Roy, Yale University School of
Medicine

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Un-Hwan Ha,
haunhwan@korea.ac.kr.

H.S. and J.J. contributed equally to this article.

HOST RESPONSE AND INFLAMMATION

crossm

March 2017 Volume 85 Issue 3 e00935-16 iai.asm.org 1Infection and Immunity

https://doi.org/10.1128/IAI.00935-16
https://doi.org/10.1128/IAI.00935-16
https://doi.org/10.1128/ASMCopyrightv1
mailto:haunhwan@korea.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1128/IAI.00935-16&domain=pdf&date_stamp=2016-12-28
http://iai.asm.org


Heat shock proteins (HSPs) are chaperonin proteins that facilitate proper assembly
of unfolded polypeptides (5). HSP60, a cytosolic protein that is released into extracel-
lular spaces as a damage-associated molecular pattern, promotes inflammatory re-
sponses (6). The Escherichia coli homolog of HSP60, GroEL, is essential for cell viability
at all temperatures (7) and stimulates the production of proinflammatory cytokines
interleukin-1� (IL-1�) and IL-6 in human monocytes (8, 9). Given that HSP60 is involved
in promoting the immune responses, bacterial GroEL has the potential to stimulate the
production of inflammatory cytokines and adhesion molecules (8, 9), likely by acting as
a PAMP to modulate immune responses.

Pentraxins, which are humoral soluble PRRs of the innate immune responses, are
classified into two categories, short and long (10). PTX3, a long pentraxin, is produced
and released by multiple cell types, including monocytes, dendritic cells, and endothe-
lial cells, in response to diverse stimuli, such as inflammatory cytokines and microbial
moieties; this process is mediated by TLRs (11). PTX3 promotes immune responses by
producing inflammatory cytokines in monocytes and macrophages (11). In addition,
based on its capacity for opsonization and phagocytosis, PTX3 is widely recognized as
an important molecule for the clearance of damaged tissue, certain fungal pathogens
such as Aspergillus fumigatus, and bacterial pathogens such as P. aeruginosa (12, 13).
PTX3 has a therapeutic effect against P. aeruginosa-mediated lung infection (13), but it
is unclear whether P. aeruginosa can promote production of PTX3 (and, if so, what the
underlying molecular mechanism is).

In this study, we investigated the role of P. aeruginosa in upregulating expression of
PTX3 in human monocytes. GroEL released into the culture supernatant of P. aeruginosa
stimulated the expression of PTX3 via the TLR4 and NF-�B signaling pathways. Inter-
estingly, GroEL also suppressed the expression of a microRNA, miR-9, which is associ-
ated with the stability of the PTX3 transcript. PTX3 induced by P. aeruginosa-derived
GroEL facilitated phagocytosis of S. aureus. Overall, our results suggest that GroEL has
the potential to promote innate immune responses against clinically important bacte-
rial pathogens by modulating the production of PTX3.

RESULTS
Supernatants of P. aeruginosa induce the expression of PTX3. Previous studies

demonstrated the therapeutic potential of PTX3 in P. aeruginosa lung infection (13).
However, it remains unclear whether P. aeruginosa is capable of inducing PTX3 expres-
sion. To determine whether expression of PTX3 is induced by P. aeruginosa infection, we
treated THP-1 human monocyte cells with P. aeruginosa strain PAO1 at a multiplicity of
infection (MOI) of 5 or 10. As shown in Fig. 1A, PTX3 expression was significantly
elevated in response to the treatment, indicating that P. aeruginosa is a potent inducer
of this gene. We next investigated whether expression would be stimulated by treat-
ment with supernatants obtained from stationary-phase cultures of PAO1. PTX3 expres-
sion gradually increased in a time- and a dose-dependent manner in response to the
supernatants, reaching a maximum at 4 h (Fig. 1B). To determine whether the ability to
induce PTX3 is a general feature of P. aeruginosa strains, we compared supernatants
obtained from cultures of P. aeruginosa strains PAK, PA103, and PA14. As shown in Fig.
1C, all supernatants tested were able to induce PTX3 expression, suggesting that the
bacterial factors contributing to expression of PTX3 are produced and released from all
P. aeruginosa strains.

During a respiratory tract infection, P. aeruginosa encounters epithelial cells and
monocytes, which represent the first lines of host defense (1). Therefore, we investi-
gated whether the expression of PTX3 in response to bacterial secreted factors would
occur in both cell types. As shown in Fig. 1D, elevated expression of the PTX3 was
clearly observed in THP-1 cells but not in A549 and BEAS-2B human lung epithelial cells.
Taken together, these observations demonstrate that P. aeruginosa potently induces
expression of PTX3 in monocytes and that the responsible molecules are released into
the culture supernatant.
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P. aeruginosa GroEL is involved in the induction of PTX3. To identify the PTX3-
inducing molecules in the culture supernatant of P. aeruginosa, we fractionated the
bacterial supernatant by filtration through a centrifugal membrane with a 50-kDa
cutoff. The resultant fractions were used to treat THP-1 cells, and their ability to induce
PTX3 was compared to that of the original culture supernatant. As shown in Fig. 2A,
fractions containing molecules larger than 50 kDa induced the expression of PTX3.
Separation of molecules larger than 50 kDa by SDS-PAGE identified five major protein
bands (Fig. 2B), which we further analyzed by matrix-assisted laser desorption ioniza-
tion–time of flight mass spectrometry. The proteins were identified as PlcN (nonhemo-
lytic phospholipase C precursor), GroEL, PhoA (alkaline phosphatase), and two hypo-

FIG 1 P. aeruginosa supernatant-mediated induction of PTX3. (A) THP-1 cells were treated with P.
aeruginosa strain PAO1 at an MOI of 5 or 10 for 4 h. (B) THP-1 cells were treated for the indicated times
with 50 or 100 �l of culture supernatants (Sup) obtained from PAO1 cultivated in MMA. (C) THP-1 cells
were treated for 4 h with 50 or 100 �l of Sup obtained from P. aeruginosa strains PAK, PA103 and PA14
cultivated in MMA. (D) A549, BEAS-2B, and THP-1 cells were treated for 4 h with 50 or 100 �l of Sup
obtained from PAO1 cultivated in MMA. After treatment, PTX3 mRNA levels were quantitated by qRT-PCR.
Data in panels A to D are expressed as means � the standard deviations (SD; n � 3). *, P � 0.05; **, P �
0.01; ***, P � 0.001 versus CON. MOI, multiplicity of infection. PBS (A) or MMA (B to D) was used as a
control (CON).

FIG 2 P. aeruginosa-derived GroEL is involved in induction of PTX3. (A) THP-1 cells were treated for 4 h
with 100 �l of culture supernatants (Sup) obtained from PAO1 cultivated in MMA or size fractionated on
a membrane filter with a 50-kDa cutoff. (B) Concentrated filtrates of P. aeruginosa cultures grown in MMA
were loaded onto SDS-PAGE gels. (C) THP-1 cells were treated with expressed and purified protein
candidates for 4 h. After treatment, PTX3 mRNA levels were measured by qRT-PCR (A and C). Data in
panels A and C are expressed as means � the SD (n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001 versus
CON (A and C). MMA (A) or a control extract (C) was used as a control (CON).
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thetical proteins (PA0572 and PA2635). To evaluate their potential to induce expression
of PTX3, these proteins (but not PlcN) were cloned, expressed, purified, and used
individually to treat THP-1 cells. We were unable to purify PA2635 due to the formation
of inclusion bodies. In these assays, GroEL was identified as the most active inducer
because it increased expression to a greater extent than the other candidates (Fig. 2C).

Because the recombinant protein was produced in E. coli, lipopolysaccharide (LPS)
and nonspecific E. coli-derived proteins might have been introduced during the puri-
fication procedure, thereby possibly contributing to induction of PTX3 (although the
GroEL protein preparations did not contain many nonspecific proteins) (Fig. 3A). To
eliminate this possibility, recombinant GroEL protein was pretreated with the LPS
inhibitor polymyxin B (PMB) and Triton X-114. In addition, we used E. coli harboring an
empty vector to obtain a control extract, which was generated using the same
purification procedure and used as a control alongside proteinase K treatment. As
shown in Fig. 3B and C, treatment with PMB and Triton X-114 did not affect the
induction ability of recombinant GroEL. In addition, Triton X-114-pretreated control
extract did not induce expression of PTX3, suggesting that LPS and nonspecific proteins
play no role in induction. This was further supported by application of proteinase
K-treated recombinant GroEL, which resulted in a clear reduction in expression. There-
fore, we concluded that GroEL plays a central role in induction and used the control
extract and PMB treatment to examine the effect of recombinant GroEL throughout the
study.

ATP is required in the folding cycle of chaperonin (14), and the ATP hydrolysis-
defective mutant GroEL (D398A) protein was less able to induce expression of PTX3

FIG 3 Purified recombinant GroEL is sufficient in induction of PTX3. (A) Recombinant (rec) GroEL was purified from E. coli and loaded onto
SDS-PAGE gels. (B) THP-1 cells were treated for 4 h with recombinant P. aeruginosa GroEL (1 �g/ml) that was itself pretreated with 20 �g
of PMB/ml. DW, distilled water. (C) THP-1 cells were treated with either a control extract or recombinant GroEL (both pretreated with Triton
X-114). (D and E) THP-1 (D) or U937 (E) cells were treated with 1 �g/ml of either wild-type recombinant P. aeruginosa GroEL (wt) or mutant
(mt; D398A) protein for 4 h. (F) THP-1 cells were treated with 1 �g of either recombinant P. aeruginosa GroEL wt or mt protein/ml for the
indicated periods of time. (G) THP-1 cells were treated for 4 h with 1 or 2 �g of recombinant HSP60 derived from P. aeruginosa (Pa), E.
coli (Ec), or human. After treatment, the PTX3 mRNA levels were quantitated by qRT-PCR (B to E and G) and the level of PTX3 protein
released from THP-1 cells was measured by ELISA analysis (F). Data in panels B to G are expressed as means � the SD (n � 3). *, P � 0.05;
**, P � 0.01; ***, P � 0.001 versus CON (B, C, and G) and versus rec GroEL wt (D to F). PBS (C) or a control extract (B, D to G) was used
as a control (CON).
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(Fig. 3D), implying that a particular folded structure of GroEL plays a role in induction
of PTX3 expression. A similar result was also obtained in human monocyte U937 cells
(Fig. 3E). Furthermore, the fold induction of PTX3 production was smaller in response
to mutant GroEL (D398A) than intact GroEL protein (Fig. 3F). Because GroEL is a highly
conserved protein that plays an important role as an intercellular signal in innate
immune responses (15), we investigated whether recombinant HSP60 proteins derived
from E. coli and human could also induce PTX3 as efficiently as the P. aeruginosa
homolog. As shown in Fig. 3G, all recombinant proteins tested induced PTX3 to similar
extents. These findings suggest that GroEL induces expression of PTX3 following its
release into the culture supernatant.

GroEL-induced expression of PTX3 is mediated by the TLR4 and NF-�B signal-
ing pathways. Given that HSP60 is a ligand of TLR4 (16), it is likely that GroEL induces
PTX3 expression via TLR4 signaling. To investigate the involvement of the TLR4 path-
way, we transfected THP-1 cells with dominant-negative (DN) variants that disrupt the
activity of proteins involved in the TLR4 signaling cascade. As shown in Fig. 4A, cells
transfected with DN variants of TLR4, IRAK1, or TRAF6 did not exhibit induction in
response to recombinant GroEL, indicating that induction of PTX3 expression is under
the control of the TLR4 pathway. The involvement of TLR4 was further confirmed by
examining PTX3 expression in mouse embryonic fibroblast (MEF) Tlr4�/� cells (Fig. 4B).
TLR4 leads to the activation of nuclear factor-�B (NF-�B) (17). To determine whether
recombinant GroEL induces the transcription of PTX3 through the activation of NF-�B,
THP-1 cells were pretreated with MG132, a chemical inhibitor of NF-�B activity, prior to
treatment with recombinant GroEL. Expression of PTX3 was significantly reduced by
pretreatment with MG132 (Fig. 4C), suggesting that NF-�B is involved in induction of

FIG 4 GroEL-induced expression of PTX3 is mediated by the TLR4/NF-�B signaling pathways. (A) Overexpression of dominant-
negative (DN) TLR4, IRAK1, and TRAF6 inhibited induction of PTX3 mRNA expression by recombinant P. aeruginosa GroEL (1 �g/ml)
in THP-1 cells. (B) Recombinant P. aeruginosa GroEL (1 �g/ml) induced mouse PTX3 (mPTX3) gene transcription in wt MEFs but not
in Tlr4�/� MEFs. (C) Pretreatment for 1 h with MG132 inhibited induction of PTX3 mRNA expression by recombinant P. aeruginosa
GroEL (1 �g/ml) in THP-1 cells after 4 h of incubation. (D) Recombinant P. aeruginosa GroEL (1 �g/ml) potently induced
phosphorylation of IKK�/� and I�B�, as well as degradation of I�B�, in THP-1 cells, as assessed by Western blotting. (E)
Overexpression of DN IKK� inhibited induction of PTX3 mRNA expression by recombinant P. aeruginosa GroEL (1 �g/ml) in THP-1
cells after 4 h of incubation. (F) Recombinant P. aeruginosa GroEL (1 �g/ml) induced Ptx3 transcription in wt MEFs, but not in IKK��/�

MEFs, after 4 h of incubation. The PTX3 mRNA was measured by qRT-PCR. Data in panels A to C and panels E and F are expressed
as means � the SD (n � 3). Data in panel D are representative of three separate experiments. *, P � 0.05; **, P � 0.01 versus Mock
(A and E), CON (B, C, and F), or wt (B and F). A control extract (A to C, E, and F) was used as a control (CON).
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GroEL-mediated PTX3 expression. We verified the activation of NF-�B in response to the
treatment with recombinant GroEL by detecting phosphorylation of IKK�/� and I�B�,
as well as the degradation of I�B� (Fig. 4D). The involvement of NF-�B was further
confirmed by more specific approaches, i.e., transfection of an IKK� DN overexpression
construct (Fig. 4E) and IKK��/� MEFs (Fig. 4F), in which the absence of IKK� protein was
confirmed as previously reported (18). Taken together, these results suggest that
recombinant GroEL induces the expression of PTX3 via the TLR4 and NF-�B signaling
pathways.

GroEL-induced PTX3 expression is mediated by downregulation of miR-9.
MicroRNAs (miRNAs) are small noncoding RNAs engaged in posttranscriptional control of
gene expression (19). Recent work showed that miR-224 is involved in downregulation of
PTX3 production (20). To expand our knowledge of miRNAs involved in GroEL-mediated
PTX3 induction, we used a target prediction tool (http://www.microrna.org/microrna
/home.do) to obtain a list of miRNA candidates (miR-9, miR-542-3p, miR-181d, miR-410,
miR-204, miR-211, miR-340, miR-224, and miR-29b) that aligned with PTX3 mRNA. We
then performed miRNA qRT-PCR analysis to examine the expression levels of each
candidate in response to GroEL. This analysis revealed that levels of miR-9, miR-340, and
miR-542-3p decreased after GroEL treatment, whereas levels of the remaining miRNAs
were statistically insignificant (Fig. 5A). As predicted by the target prediction tool,
miR-9, which showed the most significant decrease, contains a highly conserved
binding site within PTX3 mRNA; an alignment is provided in Fig. 5B. Next, we investi-
gated whether miR-9 expression in response to recombinant GroEL treatment is
influenced by the TLR4 pathway. As shown in Fig. 5C, cells transfected with TLR4 DN did
not show reduced miR-9 expression, indicating that the reduction in miR-9 expression
is under the control of the TLR4 pathway. To verify the biological effects of miR-9 on
PTX3 expression, we next transfected cells with miR-9 mimics. Since miR-224 targets the
transcript of PTX3 (20, 21), we transfected cells with miR-224 mimics as a positive
control. Similar to the inhibitory effect observed for miR-224 mimics, miR-9 mimics
abrogated recombinant GroEL-mediated induction of PTX3 in a dose-dependent man-
ner (Fig. 5D and E), supporting the idea that GroEL-mediated downregulation of miR-9
plays an important role in inducing PTX3 expression.

GroEL-mediated production of PTX3 enhances the phagocytosis of S. aureus. P.

aeruginosa and S. aureus are the leading causes of nosocomial infections, and their
drug resistance profiles are an increasing cause for concern in the medical com-
munity (22). Although PTX3 is essential for protection against P. aeruginosa (13, 23),
its role against S. aureus remains unclear. Given that recombinant GroEL was
capable of inducing PTX3, we next investigated the effect of GroEL-induced pro-
duction of PTX3 in clearance of S. aureus via phagocytosis. We first treated THP-1
cells with recombinant GroEL for 6, 12, or 24 h to obtain conditioned media, which
were assumed to contain secreted PTX3, and then incubated S. aureus with the
conditioned media for 1 h to allow opsonization of bacteria by PTX3. We then
transferred opsonized S. aureus to dishes containing activated macrophage differ-
entiated THP-1 (dTHP-1) cells, incubated the samples for 1 or 2 h, and counted the
S. aureus organisms associated with and phagocytosed into cells. When we used
conditioned media from cells treated with GroEL for 24 h, macrophage-associated
bacteria appeared, and their number increased with incubation time (Fig. 6A).
Consistent with this, the number of bacteria phagocytosed by dTHP-1 cells in-
creased in a time-dependent manner (Fig. 6B). This observation suggests that
facilitation of phagocytosis could be mediated by an increase of opsonization via
PTX3 induced by GroEL treatment. To determine whether the bacterial association
and phagocytosis were specifically caused by the PTX3, we used a PTX3-specific
polyclonal antibody to neutralize the PTX3. As shown in Fig. 6C, the addition of
antibody clearly decreased the numbers of associated and phagocytosed S. aureus
organisms, suggesting that the increase in phagocytosis was mediated by secreted
PTX3.
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DISCUSSION

PTX3, a nonredundant soluble PRR, plays an important role in preventing pulmonary
infection by promoting P. aeruginosa clearance through opsonization followed by
facilitation of phagocytosis (13). In this study, in response to P. aeruginosa infection,
PTX3 expression increased in a dose-dependent manner (Fig. 1A), suggesting that
microbial moieties are involved in induction. Upregulation of PTX3 is induced by
proinflammatory cytokines, such as interleukin-1� (IL-1�) and tumor necrosis factor
alpha (TNF-�), as well as microbial moieties, such as outer membrane component LPS
and the mycobacterial cell wall component lipoarabinomannan (24–27). However, the
contribution of soluble molecules from P. aeruginosa to induction remained unclear. As
shown in Fig. 1B, supernatants obtained from cultures of P. aeruginosa increased PTX3
expression in an incubation time-dependent manner, indicating the presence of potent
soluble molecules in the culture supernatants. Although the induction of PTX3 was
observed in diverse cell types, including A549 and BEAS-2B lung epithelial cells, in
response to IL-1� and TNF-� (24), supernatant-mediated induction was observed only
in THP-1 monocytes and not in the epithelial cells (Fig. 1D). This indicates that

FIG 5 GroEL-induced PTX3 expression is mediated by downregulation of miR-9. (A) THP-1 cells were treated with
recombinant P. aeruginosa GroEL (1 �g/ml) for 4 h. After treatment, levels of PTX3 mRNA, miRNA-9, miRNA-340, miRNA-410,
and miRNA-542-3p were measured by qRT-PCR. (B) miR-9 was aligned with PTX3 mRNA (predicted by a target prediction
tool [http://www.microrna.org/microrna/home.do]). (C) Overexpression of TLR4 DN in THP-1 cells did not reduce miR-9
expression in response to recombinant P. aeruginosa GroEL (1 �g/ml). (D and E) THP-1 cells were transfected with either
miRNA-9 or miRNA-224 mimic. At 24 h posttransfection, the transfected cells were treated with recombinant P. aeruginosa
GroEL (1 �g/ml) for either 4 h (D) or 24 h (E). After treatment, the PTX3 mRNA level was measured by qRT-PCR (D), and
the level of PTX3 protein in supernatant was measured by ELISA (E). Data in panels A, C, D, and E are expressed as means �
the SD (n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001 versus CON (A, C to E). A control extract (A, C to E) was used as
a control (CON).
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regulation of PTX3 expression in diverse cell types depends on specific stimuli; the
observations here support the notion that monocytes are the major cell type in which
expression of PTX3 is induced in response to components in the culture supernatant.

P. aeruginosa expresses numerous virulence factors, including membrane-associated
PAMPs such as LPS and flagella, as well as soluble molecules, such as extracellular
secreted molecules and effector molecules translocated into host cells through the type
III secretion system (1). Size fractionation and proteomic analysis identified GroEL, a
homolog of HSP60 that facilitates protein folding, as a potent inducing molecule in the
culture supernatant. Therefore, we examined the ability of recombinant GroEL protein
to induce expression of PTX3 after excluding the effects of contaminants such as LPS
and nonspecific E. coli-derived proteins. To neutralize the effect of LPS, the preparations
were first treated with 20 �g of PMB/ml; the concentration of PMB could be sufficient
based on previous results showing that PTX3 expression induced by PMB-treated GroEL
was much higher than that induced by the PMB-treated control extract (Fig. 3B). In
addition, treatment of cells with Triton X-114-pretreated recombinant GroEL still re-
sulted in expression of PTX3 (Fig. 3C). Triton X-114 pretreatment eliminated most of the
residual LPS present in the purified proteins; an LAL endotoxin assay (Pierce Thermo,
Rockford, IL) revealed contamination levels of 0.07 U/ml. Furthermore, the fact that a
mutant GroEL (D398A) protein obtained using the same purification procedure had a
weaker effect than the wild-type protein supports the idea that GroEL itself, rather than
contaminating LPS, was responsible for the induction of PTX3 (Fig. 3D to F). Therefore,
we conclude that GroEL is indeed involved in inducing the expression of PTX3.

GroEL is located primarily in the cytosolic fraction, but we detected it in the
extracellular fraction of P. aeruginosa, an observation consistent with a previous report

FIG 6 GroEL-mediated production of PTX3 promotes phagocytosis of S. aureus. (A and B) THP-1 cells
were pretreated with recombinant P. aeruginosa GroEL (1 �g/ml) for 6, 12, or 24 h. After pretreatment,
supernatants were collected and incubated with S. aureus (Sa) for 1 h. The supernatants containing S.
aureus were transferred onto PMA-induced differentiated THP-1 (dTHP-1) cells and incubated for 1 or 2
h. The numbers of associated (A) or phagocytosed (B) S. aureus organisms were calculated by counting
CFU as described in Materials and Methods. (C) THP-1 cells were pretreated with recombinant P.
aeruginosa GroEL (1 �g/ml) for 24 h. After pretreatment, supernatants were mixed with 4 �g of anti-PTX3
polyclonal antibody (Ab)/ml for 1 h and then incubated with S. aureus for 1 h. The supernatants
containing S. aureus were transferred onto PMA-induced dTHP-1 cells and incubated for 2 h. The
numbers of associated or phagocytosed S. aureus organisms were calculated by counting the CFU. Data
in panels A to C are expressed as means � the SD (n � 3). **, P � 0.01; ***, P � 0.001 versus CON (A to
C) or Mock (C). A control extract (A to C) was used as a control (CON).
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that identified GroEL in an extracellular fraction by two-dimensional gel electrophoresis
analysis (28). Interestingly, HSP60 homologs have no leader sequence or other recog-
nizable motifs to direct their secretion into extracellular space. Thus, these proteins are
nonclassical secreted proteins (29). The mechanisms by which P. aeruginosa releases
GroEL have yet to be elucidated. Given that the human ortholog HSP60 induced PTX3
expression (Fig. 3G), we postulated that induction of PTX3 expression could be medi-
ated by cytotoxic damage, which causes release of the HSP60. However, we did not
observe any signs of cytotoxicity in response to treatment with supernatants or
recombinant GroEL in a lactate dehydrogenase (LDH) release assay.

GroEL requires ATP binding and hydrolysis activities to function properly as a
chaperonin (30). Our data suggest that GroEL is involved in the induction of PTX3
expression and that its ATP hydrolysis activity is at least partly required for this
induction based on results obtained with a GroEL D398A protein defective in ATP
hydrolysis but not ATP binding (14) (Fig. 3D to F). This suggests that the mutation
impairing ATP hydrolysis causes a slight conformational change in GroEL and that this
structural change makes GroEL less effective at inducing PTX3 expression. In addition to
aspartate 398, a previous report suggests that aspartate 52 is also important for ATP
hydrolysis (14). Therefore, we expect that GroEL (D52A/D398A) double mutants could
be less effective at inducing PTX3 expression. However, the precise role of ATP
hydrolysis in induction of PTX3 expression remains unclear. NCBI Protein BLAST re-
vealed that the amino acid sequence of P. aeruginosa-derived GroEL shares 51%
identity with human-derived HSP60, encoded by HSPD1, and 80% with E. coli-derived
GroEL, encoded by groL. All of these homologs were confirmed to induce PTX3 (Fig. 3G).
Similarly, human and chlamydial HSP60 activate JNK and IKK signaling via TLR2 and
TLR4 (31), implying that the underlying mechanisms of PTX3 induction are shared by all
HSP60 homologs.

Although TLR4 is a PRR involved in sensing of the membrane-associated moiety LPS
of Gram-negative bacteria (32), we observed that GroEL could also signal through TLR4
to induce expression of PTX3 (Fig. 4A and B). GroEL derived from Porphyromonas
gingivalis upregulates the expression of PTX3 via TLR4 signaling (33), and TLR4-deficient
mice exhibit reduced expression of PTX3 (17). A549 and BEAS-2B cells have lower levels
of TLR4 activity (24, 34), which could lead to lower levels of PTX3 expression. NF-�B also
acts as a key transcription regulator that initiates inflammatory responses during airway
infections (35). As expected, expression of PTX3 was controlled by the NF-�B signaling
cascade (Fig. 4C to F). Consistent with this, studies show that a regulatory region within
the human PTX3 promoter contains an NF-�B-binding site (36) and that P. gingivalis
GroEL can stimulate the transcriptional activity of NF-�B (33). AKT activation is also
involved in PTX3 expression, as determined by pretreatment of cells with the chemical
inhibitor LY294002 (data not shown), an observation consistent with a previous report
demonstrating that PI3K/AKT is essential for PTX3 activation (37). According to a
previous report that IL-1 signaling phosphorylates AKT, followed by activation of
downstream NF-�B signaling (37), GroEL could activate the AKT signaling cascade,
which subsequently activates the NF-�B pathway. We also investigated whether
mitogen-activated protein kinases (MAPKs) are involved by pretreatment of chemical
inhibitors, but the results revealed that MAPKs have no significant effect on PTX3
induction (data not shown).

miRNAs play major roles in posttranscriptional regulation in many biological systems
(38, 39). miRNAs function by directly binding to the 3= untranslated region (3=UTR) of
specific target mRNAs, thereby suppressing protein expression (20, 21). By applying a
target prediction tool (http://www.microrna.org/microrna/home.do), we obtained a list
of miRNA candidates and ultimately identified miR-9. Transfection of cells with a miR-9
mimic reduced the level of PTX3 transcripts (as observed for a miR-224 mimic) (Fig. 5D
and E), whereas transfection with a miR-340 mimic did not (data not shown), even
though its expression was also clearly reduced in response to GroEL (as shown in Fig.
5A). miR-224 targets the transcript of PTX3, and the expression of miR-224 is inhibited
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by transforming growth factor �1 treatment (20, 21). However, GroEL did not show
significant suppression of miR-224 expression (data not shown).

To promote clearance of infected microbes, hosts must have mechanisms for
modulation of innate immunity in response to microbial moieties. Here, we show that
P. aeruginosa-derived GroEL can increase the production of PTX3, which contributes to
host innate immune responses by protecting against certain infections. GroEL treat-
ment induced PTX3 expression as early as 1 h posttreatment. This peaked by 4 h, before
gradually decreasing again, indicating that responses may occur relatively quickly.
GroEL is recognized by TLR4, resulting in phosphorylation of IKK�� and subsequent
phosphorylation of I�B� via the TLR signaling cascade (Fig. 4D). The resulting free
NF-�B transcription factors move to the nucleus and increase expression of PTX3 at the
mRNA level. In response to GroEL, the level of miRNA-9, which targets the PTX3
transcript, is decreased as early as 4 h posttreatment (Fig. 5A), implying that GroEL is
sufficient to stabilize the PTX3 transcript by reducing the activity of miRNA-9. PTX3,
produced as a soluble recognition receptor, was released and showed effects after as
little as 6 h of incubation (Fig. 6A). During initial infection of the airway, P. aeruginosa
may be recognized by macrophages via interaction with membrane-associated PAMPs
such as LPS. In addition to known PAMPs, the immune system stimulates effective
defense responses by detecting diverse secreted factors such as GroEL. In this way, the
immune system can respond to fluctuations in the number of bacterial pathogens.
Moreover, P. aeruginosa and S. aureus are the leading causes of nosocomial infections,
and their intrinsic and acquired antibiotic resistance is of increasing concern to the
medical community (22) because the pathogens are becoming more difficult to treat.
The potential therapeutic effect of PTX3 is essential for protection against P. aeruginosa
(13). Here, we demonstrated that PTX3 is effective against S. aureus (Fig. 6). The findings
imply that GroEL might be a useful therapeutic tool against such infections. In addition,
a detailed understanding of the regulatory mechanisms underlying GroEL-induced
production of PTX3, especially GroEL-mediated suppression of miR-9, is an important
goal for the future.

MATERIALS AND METHODS
Reagents. MG132 and PMB were purchased from A.G. Scientific (San Diego, CA) and Sigma-Aldrich

(St. Louis, MO), respectively.
Bacterial strains and culture conditions. P. aeruginosa wild-type (wt) strains (PAO1, PAK, PA103,

and PA14) (40–42) and an S. aureus wt strain (ATCC 25923) were used in this study. Unless specified
otherwise, PAO1 was used to treat cells. P. aeruginosa was grown in Luria broth rich medium (yeast
extract, 0.5%; tryptone, 1%; and NaCl, 1%; all wt/vol) or minimal medium A [MMA; 1.05% K2HPO4, 0.45%
KH2PO4, 0.1% (NH4)2SO4, 0.05% sodium citrate·2H2O, 0.845% glutamate, and 1% glycerol (all wt/vol
percentages except for glycerol, which was vol/vol)] at 37°C. S. aureus was cultured in tryptic soy broth
(Difco) medium at 37°C. Whole bacterial cells cultured in MMA were harvested at 10,000 � g for 20 min
at 4°C to obtain the supernatant (Sup) and the pellet after overnight incubation. The bacterial culture
supernatant of P. aeruginosa cultivated in MMA was filtered through either a low-protein-binding
0.2-�m-pore-size membrane (Corning Star, Cambridge, MA) to completely remove the bacteria or a
low-protein-binding 50-kDa-pore-size Unltracel-50 membrane (EMD Millipore, Darmstadt, Germany) for
size fractionation. For the preparation of live bacteria, the bacterial pellet was suspended in Dulbecco
phosphate-buffered saline (HyClone, Rockford, IL).

Cell culture. All media described below were supplemented with 10% heat-inactivated fetal bovine
serum (FBS; HyClone, Rockford, IL), penicillin (100 U/ml), and streptomycin (0.1 mg/ml). A549 cells
(human alveolar epithelial cells), THP-1 cells (human monocytes), and U937 cells (human monocytes)
were cultured in Roswell Park Memorial Institute 1640 (RPMI 1640; HyClone, Rockford, IL). wt MEFs, I�B
kinase �-deficient (IKK��/�) MEFs, and BEAS-2B (human bronchial epithelial) cells were cultured in
Dulbecco modified Eagle medium (HyClone, Rockford, IL). Unless specified otherwise, THP-1 cells were
exposed to bacteria for 4 h at various MOIs or recombinant protein for 4 h at 1 �g/ml. Cells were
maintained at 37°C in a humidified 5% CO2 air-jacketed incubator.

Construction of His-tagged GroEL plasmid and purification of recombinant protein. The coding
regions of groEL (PA4385), groL, and HSPD1 loci were amplified from genomic DNA derived from P.
aeruginosa strain PAO1 and E. coli strain W3110 and from cDNA from human THP-1 cells, respectively, by
PCR using the following primers containing restriction enzyme recognition sites for BamHI, SacI, and
HindIII: P. aeruginosa groEL, 5=-GCCGGATCCTATGGCTGCCAAAGAAGTTAAG-3= and 5=-CCGGAGCTCTCCA
ACCACAGGGGCCGG-3=; E. coli groL, 5=-CAGGAGCTCAATGGCAGCTAAAGACGTAAAATTCG-3= and 5=-CAG
AAGCTTTTGTTTATTTCTGCGAGGTGCAG-3=; and human HSPD1, 5=-CCGGAGCTCAATGCTTCGGTTACCCAC
AG-3= and 5=-CCGAAGCTTGGGCTTCCTGTCACAGTTC-3= (restriction sites are underlined). The resultant
1.6-, 1.6-, and 1.7-kb PCR products were cloned into a pETDuet-1 vector (Novagen, Germany), and the
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construction was confirmed by sequence analysis with pET Upstream primer (69214-3) and DuetDOWN1
primer (71179-3). To stimulate the expression of recombinant GroEL protein in E. coli strain DE3-BL21,
bacteria were cultivated for 16 h at 20°C in the presence of IPTG (isopropyl-�-D-thiogalactopyranoside)
and then harvested prior to suspension in phosphate-buffered saline (PBS). The bacterial cell suspension
was sonicated on ice 600 times at 150 W for 1 s at 5-s intervals using a Digital Sonifier (Branson
Ultrasonics, Danbury, CT). Residual intact cells were removed by centrifugation at 10,000 � g for 30 min
at 4°C. The bacterial lysate was incubated with cobalt resin (Sigma-Aldrich) at 4°C for 1 h and then
washed three times with 10 mM imidazole in PBS, followed by elution with 200 mM imidazole in PBS. To
obtain a control extract, E. coli strain DE3-BL21 harboring a pETDuet-1 vector was subjected to the same
procedures. The control extract was used to evaluate the effect of recombinant GroEL throughout the
study. The recombinant protein and control extract were treated with PMB prior to use. GroEL proteins
were quantitated by using a protein assay (Bio-Rad, Hercules, CA). Purity was further confirmed using a
Coomassie blue-stained SDS-polyacrylamide gel. In addition, LPS was removed by phase-separation
treatment with Triton X-114 as described previously (43), and the amount of residual LPS was examined
using an LAL chromogenic endotoxin quantitation kit.

Transfection of plasmids and miRNA mimic. Expression plasmids for IKK� dominant negative (DN),
TLR4 DN, IL-1 receptor-associated kinases 1 (IRAK1) DN, and TNF receptor-associated factor 6 (TRAF6) DN
were described previously (44). The plasmids were prepared using an Endo-Free Plasmid Maxi kit
(Qiagen, Valencia, CA), and miRNA mimic was purchased in AccuTarget (Bioneer, South Korea). Cells were
transfected using a neon electroporation system (Invitrogen, Carlsbad, CA). Briefly, 5 � 106 cells in 100
�l of R buffer were electroporated in 100-�l tips with 6 or 12 �g of plasmid and plated into 1 ml of RPMI
1640 supplemented with 10% FBS in a 12-well plate. The electroporation parameters of THP-1 were as
follows: 1,400 V, 20 mA, and two pulses. At 24 h posttransfection, 106 cells per ml were plated into each
well of a 12-well plate (45, 46).

Quantitative real-time PCR for PTX3 mRNA. Total RNA was isolated using TRIzol reagent (Invitro-
gen, Grand Island, NY). cDNA was synthesized from total RNA using a ReverTra Ace qRT-PCR kit (Toyobo,
Japan). Quantitative reverse transcription-PCR (qRT-PCR) was performed using SYBR green PCR master
mix (Kapa Biosystems, Woburn, MA). The primer sequences were as follows: human PTX3 (5=-TTGGACA
ACGAAATAGACAATGGA-3= and 5=-GTCGTCCGTGGCTTGCA-3=) and mouse Ptx3 (5=-GTCGTCGGTGGCCTG
CA-3= and 5=-TTGGACAACGAAATAGACAATGGA-3=). Reactions were performed on a CFX96 real-time PCR
system (Bio-Rad) under the following thermal conditions: stage 1, 50°C for 2 min and 95°C for 10 min, and
stage 2, 95°C for 15 s and 60°C for 1 min. Stage 2 was repeated for 40 cycles. The relative quantities of
PTX3 mRNA were calculated using the comparative threshold cycle (CT) method and normalized against
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The primer sequences were as follows: human
GAPDH (5=-CCCTCCAAAATCAAGTGG-3= and 5=-CCATCCACAGTCTTCTGG-3=) and mouse Gapdh (5=-CTCA
TGACCACAGTCCATGC-3= and 5=-CACATTGGGGGTAGGAACAC-3=).

Quantitative real-time PCR for miRNA. Total RNA was isolated using the mirVana kit (Invitrogen).
Expression of microRNA (miRNA) was examined as described previously (47). Briefly, 1 �g of total RNA
was polyadenylated for 1 h at 37°C using a polyadenylation kit (Invitrogen). cDNA was synthesized from
polyadenylated RNA using primer RT1 (5=-GCGAGCACAGAATTAATACGACTCCTGGGCAATTTTTTTTTTTTV
N-3=) and the ReverTra Ace qRT-PCR kit (Toyobo, Japan). Quantitative reverse transcription-PCR (qRT-PCR)
was performed using SYBR green PCR master mix. Primer sequences were as follows: miR-9, 5=-TCTTTG
GTTATCTAGCTGTATGA-3=; miR-340, 5=-TTATAAAGCAATGAGACTGATT-3=; miR-410, 5=-AATATAACACAGA
TGGCCTGT-3=; miR-542-3p, 5=-TGTGACAGATTGATAACTGAAA-3=; and universal primer RACE, 5=-GCGAGC
ACAGAATTAATACGAC-3=. Reactions were performed on a CFX96 real-time PCR system. The relative
quantities of miR-9 were calculated using the comparative CT method and normalized against U6
(5=-ATGACACGCAAATTCGTGAAGC-3=) and RACE (rapid amplification of cDNA ends).

Immunoblotting analysis. Cells were lysed on ice for 10 min in 20 mM Tris-HCl (pH 7.4), 50 mM NaCl,
50 mM sodium pyrophosphate, 30 mM NaF, 5 �M zinc chloride, 2 mM iodoacetic acid, and 1% Triton
X-100 in distilled water supplemented with 1 mM phenylmethylsulfonyl fluoride (Thermo Scientific) and
0.1 mM sodium orthovanadate (Sigma-Aldrich). The lysates were centrifuged at 10,000 � g for 15 min
at 4°C, and the protein concentration was measured using the bicinchoninic acid method (Pierce,
Rockford, IL). Proteins were separated by SDS-PAGE and transferred to polyvinylidene difluoride mem-
branes. Membranes were blocked in TBS (10 mM Tris-HCl [pH 7.5], 150 mM NaCl) with 5% nonfat dry milk
for 1 h and then incubated for 16 h at 4°C with primary antibodies against I�B�, phosphorylated I�B�

(p-I�B�), IKK�, and p-IKK�/� (Cell Signaling Technology, Danvers, MA). Blots were washed and incubated
with appropriate secondary antibodies and visualized using WEST-ZOLplus chemiluminescent substrate
(Intron, South Korea) on an ImageQuant LAS 4000 (GE Healthcare Life Sciences).

Enzyme-linked immunosorbent assay (ELISA). The amount of PTX3 released into supernatants was
assayed using a Quantikine Human Pentraxin 3/TSG-14 immunoassay kit (R&D Systems, Minneapolis,
MN).

CFU quantitation of associated and phagocytosed bacteria. To obtain differentiated THP-1
(dTHP-1) cells, THP-1 monocytes were seeded in a 12-well plate at 106 cells per well in the presence of
phorbol 12-myristate 13-acetate (PMA; 5 ng/ml) (48). The treatment was continued at 37°C for 24 h in
RPMI 1640 supplemented with serum, and then the cells were washed and incubated for 4 h in
serum-free RPMI 1640. To collect supernatants from recombinant GroEL-treated THP-1 cells, the cells
were seeded in a 12-well plate at 106 cells per well, followed by incubation at 37°C for 4 h in serum-free
RPMI 1640. The cultured cells were then treated with recombinant GroEL and incubated at 37°C for 24
h. Supernatants were collected by centrifugation and filtered through a low-protein-binding 0.2-�m-
pore-size membrane (Corning Star) to remove the THP-1 cells. To neutralize the effect of PTX3 present
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in supernatants, the supernatants were treated with anti-PTX3 antibody (4 �g/ml; R&D Systems) for 1 h
at room temperature. For analysis of the associated and phagocytosed S. aureus, prepared supernatants
were incubated with bacteria at an MOI of 10 for 1 h and then transferred to dTHP-1 cells, followed by
incubation for an additional 1 or 2 h. To determine the number of S. aureus organisms, the treated
dTHP-1 cells were washed five times with 1 ml of PBS to remove nonadherent bacteria and then
incubated with 1 ml of 0.2% Triton X-100 in PBS for 10 min. To determine the number of phagocytosed
S. aureus organisms, dTHP-1 cells were treated with 1 ml of serum-free RPMI 1640 supplemented with
200 �g of gentamicin/ml for 1 h to remove membrane-associated S. aureus. After a washing step, the
cells were incubated with 1 ml of 0.2% Triton X-100 in PBS for 10 min. The number of associated or
phagocytosed S. aureus organisms was calculated from the CFU counts.

Statistical analysis. Statistical analyses were performed with Student t test or one-way analysis of
variance, followed by Tukey’s post hoc multiple-range test using the Instat package from GraphPad
(GraphPad Software, Inc., San Diego, CA). A P value of �0.05 was considered statistically significant.
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