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Lipopolysaccharide from biofilm-forming
Pseudomonas aeruginosa PAO1 induces macrophage
hyperinflammatory responses

Sufei Wang', Dandan Xiang? Fangbing Tian? and Ming Ni?*

Abstract

Introduction. Macrophages polarization is essential in infection control. Llipopolysaccharide (LPS) plays an essential role in
host innate immune system-pathogen interaction. The LPS structure of Pseudomonas aeruginosa modifies in the adaptation of
this pathogen to biofilm-related chronic infection.

Gap statement. There have been several studies on LPS induced polarization of human and mouse macrophages with different
results. And it was reported that the lipid A structure of the LPS derived from biofilm-forming Pseudomonas aeruginosa strain
PAO1 was modified.

Aim. This study aimed to investigate the effect and the involved pathway of LPS from biofilm-forming PAO1 on human and
murine macrophage polarization.

Methodology. LPS was isolated from biofilm-forming and planktonic PAO1 and quantified. Then the LPS was added to PMA-
differentiated human macrophage THP-1 cells and Raw?264.7 murine macrophage cells. The expression of iNOS, Arg-1, IL4,
TNF-o, CCL3, and CCL22 was analysed in the different cell lines. The expression of TICAM-1 and MyD88 in human THP-1 mac-
rophages was quantified by Western blot. PAO1 infected macrophages at different polarization states, and the intracellular
bacterial growth in macrophages was evaluated.

Results. LPS from biofilm-forming PAO1 induced more marked hyperinflammatory responses in THP-1 and Raw?264.7 mac-
rophages than LPS derived from planktonic PAO1, and these responses were related to the up-regulation of MyD88. Intracel-
lular growth of PAO1 was significantly increased in THP-1 macrophages polarized by LPS from biofilm-forming PAO1, but
decreased both in THP-1 and Raw?264.7 macrophages polarized by LPS from planktonic PAO1.

Conclusion. The presented in vitro study indicates that LPS derived from biofilm-forming PAO1 induces enhanced M1 polariza-
tion in human and murine macrophage cell lines than LPS from planktonic PAO1T.

INTRODUCTION wide range of infections, especially in immunocompromised
hosts [1]. Pseudomonas aeruginosa can cause not only
acute nfections, but also chronic infections in humans. In
tunistic Gram-negative bacteria, and is responsible for a chronic infections, P. aeruginosa behaves as biofilm-forming

Pseudomonas aeruginosa is one of the most common oppor-
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Table 1. The sequence of primers used in experiments

Primers Sequence

Human-GAPDH-F TGATGACATCAAGAAGGTGGTGAAG

Human-GAPDH-R TCCTTGGAGGCCATGTAGGCCAT

CD14-F TAGACCTCAGCCACAACTCG
CD14-R GTCTGTTGCAGCTGAGATCG
TNFo-F CCTGTGAGGAGGACGAACAT
TNFa-R GGTTGAGGGTGTCTGAAGGA
CCL3-F AGTTCTCTGCATCACTTGCTG
CCL3-R CGGCTTCGCTTGGTTAGGAA
CCL22-F GCCTACTCTGATGACCGTGG
CCL22-R AGAGAGTTGGCACAGGCTTC
CD206-F TGGACTGGGCTGAATGATGT
CD206-R TAGCCTCGTTTACTGTCGCA
Mice-GAPDH-F GTGTTTCCTCGTCCCGTAG
Mice-GAPDH-R ATGGCAACAATCTCCACTTT
iNOS-F GAGCGAGTTGTGGATTGTC
iNOS-R AGGGCTTGGCTGAGTGA
1L4-F TCGTCTGTAGGGCTTCC
IL4-R TGCTCTTTAGGCTTTCC

communities [2]. Biofilms are communities of microor-
ganisms that are typically embedded in a matrix and often
attached to a surface [3]. Bacterial biofilms are recalcitrant
to antibiotics and responsible for the most persistent human
bacterial infections [4]. Two explanations have been proposed
for the increased resistance of biofilm-forming bacteria: (1)
the interaction between bacterial cells and antibiotics or
immune cells is reduced because of the biofilm matrix; (2)
infiltrating phagocytes are less effective in killing bacterial
cells that are enclosed in biofilms [5].

As antigen-presenting cells, macrophages play an impor-
tant role in innate immune response and adaptive immune
response [6]. Owing to their differentiation mechanisms,
tissue distribution, and response to stimuli [7, 8], macrophages
have been broadly classified into two groups: M1 and M2
macrophages. Classically activated macrophages (M1) are
characterized by the secretion of proinflammatory cytokines
such as tumor necrosis factor-o. (TNF-au), cytokine receptors
such as IL-7R, chemokines such as CCL2, CCL3, and CXCLS,
and the chemokine receptor CCR7. Other M1-associated
upregulated genes encode the enzymes indoleamine-pyrrole
2,3 dioxygenase and NO synthase (iNOS) [9]. By contrast,
the M2 macrophages express anti-inflammatory cytokines,
such as Arginase-1 (Argl) and IL10, as well as increasing the
expression of cell surface receptor CD206, and chemokines
such as CCL22 [10]. M1 macrophages are microbicidal and
inflammatory, whereas M2 macrophages limit excessive

inflammatory responses, and promote tissue repair [11]. In
infectious diseases such as sepsis, the imbalance between M1
and M2 macrophages often leads to serious complications
(12, 13].

Macrophages perform essential roles in the defence against
pathogens through pattern recognition receptors (PRRs).
PRRs bind to conserved molecular patterns on microorgan-
isms and initiate appropriate responses. Toll-like receptors
(TLRs) represent a highly conserved class of PRRs, which are
glycoprotein receptors consisting of an extracellular ligand-
binding domain, a transmembrane domain, and an intracel-
lular signalling portion [14, 15]. Lipopolysaccharide (LPS) is
amajor component of the outer membrane in Gram-negative
bacteria and plays an essential role in host innate immune
system—pathogen interaction [16]. TLR2 and TLR4 present
on macrophage cell surfaces bind to LPS from P. aeruginosa
using MyD88 and TICAM-1 as an adaptor protein [17, 18] to
induce an inflammatory response. The classical LPS molecule
is composed of the core region, O-antigen and lipid A [19, 20].
A basic lipid A structure containing an N- and O-acylated
diglucosamine bisphosphate backbone [4-P-f-p-GlcpNII
- (156)-0-D-GlepNI -(1->P)] with chemical variation in
the number of primary acyl groups and the types of fatty
acids substituting the primary and secondary acyl groups.
Most of the laboratory-adapated strains of P. aeruginosa
synthesize a penta-acylated (75% of the molecules) LPS,
with some proportion made as a hexa-acylated LPS (25%
of the molecules). The difference between the two isoforms
is the lack of an O-linked 3-hydroxy decanoic acid (10:0
(3-OH)) group at position 3 of the first glucosamine in the
penta-acylated isoform [21]. Compared with that of plank-
tonic bacteria, the LPS profile of a biofilm-forming clinical
P aeruginosa strain (KK11) showed an almost complete loss
of O-antigen, and the penta-acyl lipid A was characterized
by a lower 12:0 (2-OH) content. The structurally modified
LPS of the biofilm-forming bacteria enhanced inflammatory
cytokine responses in human monocytes, but not in murine
macrophages [22]. Although the biofilm-forming PAO1
strain presented the same smooth-type LPS pattern as that
of the planktonic culture, the hexa- and hepta-acyl lipid A of
PAOI contained 10:0 (3-OH) at both the C3 and C3' positions
[22]. The binding of P. aeruginosa LPS to TLRs depends on
the structure of the lipid A of particular strain, as well as the
species-specific variation in the LPS-binding domain of the
TLR. In the present study, we investigated the effect and the
involved pathway of LPS derived from the biofilm-forming
P aeruginosa PAOL1 strain on human and murine macrophage
polarization.

METHODS
Bacterial strains and medium

The wild-type, non-mucoid P. aeruginosa PAO1 strain was
stored in our laboratory. Luria broth (LB) was used as the
growth medium for both biofilm-forming and planktonic
bacteria. The strain was stored at —80°C in 50% (v/v) glycerol
and subcultured from storage onto LB medium.
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Fig. 1. (a) Cytoscopic images of human THP-1 cells differentiated using different concentrations of PMA (0, 12.5, 25,50, 75 and 100 ng ml™").
(b) IL-10 production by THP-1 cells after treatment with PMA at different concentrations. (c) Cell adherence rate after washing with PBS.
(d) CD14 expression in THP-1 cells treated with different concentrations of PMA. Significant differences among THP-1 cells treated with
different PMA concentrations were calculated using the Student’s t-test; *P<0.05, **P<0.01.

Static biofilm formation and microscopy

PAO1 was inoculated into 3 ml of LB and grown with shaking
at 37°C overnight and standardized to an optical density of
1 at 600nm (OD, =1). This culture was diluted 1:100 in LB
and grown in triplicate in polystyrene 6-well plates with one
glass coverslip in each well at 37°C. After 2, 4, 6 or 8days,
the coverslips were stained using the BacLight LIVE/DEAD
viability kit reagent according to the manufacturer’s instruc-
tions. Images were obtained by fluorescence microscopy
(Leica, DMI3000 B, Germany).

LPS isolation and quantification

Based on the LIVE/DEAD staining results, 6day PAO1
biofilms were selected for LPS isolation. Coverslips were
rinsed five times with PBS to remove planktonic bacteria. The
biofilm was scraped off using a sterilized blade. The biofilm-
producing PAO1 and overnight cultured planktonic PAO1
densities were adjusted to OD =1. The bacterial concentra-
tion was confirmed to be 10° c.f.u. mI™ by plating on agar Petri
dishes. LPS was isolated using an LPS extraction kit (iNtRON)
following the manufacturer’s instructions. Endpoint Chromo-
genic LAL Assays (Shanghai Yeasen BioTechnologies, China)
were used for LPS quantification.

Cell culture and treatment

The human THP-1 monocyte cell line was kindly provided
by Professor Xiongwen Wu from the Department of Immu-
nology, Tongji Medical College, Huazhong University of
Science and Technology. The mouse-derived Raw264.7
macrophage cell line was preserved in our department.
Cells were seeded in 24-well flat-bottom cell culture plates
at 8x10°cells per well in RPMI-1640 medium (the THP-1
cell line) and DMEM (the Raw264.7 cell line) supple-
mented with 10% foetal bovine serum (Thermo Fisher
Scientific). To determine the appropriate concentration of
phorbol-12-myristate-13-acetate (PMA) to differentiate
THP-1 monocytes into macrophages, THP-1 cells were
treated with different concentrations (0, 12.5, 25, 50, 75
and 100 ngml™") of PMA (Solebao Technology Co., Ltd) for
48h. The supernatants were collected for cell counting (to
evaluate cell adherence) and analysis of IL-10 expression
(enzyme-linked immunosorbent assay (ELISA), Multi-
Sciences (Lianke) Biotechnology, China). After washing
with PBS, adherent cells were harvested. The expression
of CDI14 was detected by Real-time Quantitative Reverse
Transcription-Polymerase Chain Reaction (qRT-PCR)
(primers were synthesized by Wuhan Qingke Biological
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Fig. 2. Biofilm formation by PAO1. Fluorescence micrographs of PAO1 biofilms developed on glass coverslips visualized using BacLight
LIVE/DEAD viability staining. Cells with green fluorescence are viable, whereas those with red fluorescence are dead. a-d represent 2,

4, 6 and 8day P. aeruginosa biofilms, respectively (x40).

Co., Ltd; Table 1). All experiments were repeated three
times to determine the appropriate PMA concentration.
LPS derived from biofilm-forming or planktonic PAO1 was
added to Raw264.7 cells and PMA-differentiated THP-1
cells respectively at a concentration of 100 ngml™'. After
5h, the supernatants were collected and the cells harvested.

Measurement of cytokine levels

Cytokine (TNF-q, IL-10) expression levels were measured
by ELISA kit (MultiSciences (Lianke) Biotechnology, China)
according to the manufacturer’s instructions. All experiments
were repeated three times.

Quantitative RT-PCR

The total RNA was extracted by acid-guanidinium-phenol
method (Trizol LS Reagent, Invitrogen, USA). RNA was
dissolved in 50 pl of RNase-free water. For cDNA synthesis,
each 25 pl reaction mixture contained 2 pg of RNA, 0.5 ug
of random hexamer primers, 5l of 5xRT bufter, 1.25 pl
of 10 mml™* dNTPs, 25 U of RNase inhibitor (Promega),
and 200 U of Murine Leukaemia Virus (MLV) Reverse
Transcriptase (Promega). cDNA synthesis was performed
in a PCR Thermal Cycler (Eppendorf) according to the
following procedure: an annealing step for 5min at 70 °C,
followed by reverse transcription for 60 min at 37 °C, and
reverse transcriptase inactivation for 10min at 95°C.
A Light Cycler (Roche) was used for qPCR. The primer
sequences are described in Table 1. Human and mouse
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as the internal control for THP-1 and Raw264.7 cells,
respectively. The Ct was acquired using the CFX Connect
RT-PCR system (Bio-Rad, Hercules, CA, USA). All experi-
ments were repeated three times.

Immunofluorescence staining

LPS obtained from biofilm-forming PAO1, planktonic
PAOI1, or Escherichia coli (Sigma-Aldrich) was added
to PMA-differentiated THP-1 cells at a concentration of
100 ngml™". After 5h, the cells were fixed in 4% paraform-
aldehyde for 15 min at room temperature. The cells were
then treated with 3% bovine serum albumin (BSA) for
30 min at 37 °C to block nonspecific staining, and incubated
overnight at 4 °C with an anti-iNOS antibody (Abcam). The
next day, the cells were rinsed with PBS, and then incubated
for 1 h at room temperature with a horseradish peroxidase
(HRP)-conjugated IgG antibody (Abcam). Nuclei were
counterstained with DAPI (4',6-diamidino-2-phenylindole,
Abcam). The cells were evaluated under an Olympus micro-
scope (CellSens system).

Western blot

PMA-differentiated THP-1 macrophages were treated with
LPS as mentioned above and harvested after 5h. Protein
samples were separated by sodium dodecyl sulphate poly-
acrylamide gel electrophoresis (SDS-PAGE), transferred
onto nitrocellulose membranes, and probed with anti-
Arg-1, anti-iNOS, anti-TICAM-1 (TIR-containing adapter
molecule-1), and anti-MyD88 (myeloid differentiation
factor 88) primary antibodies (Abcam), followed by incu-
bation with a secondary HRP-conjugated IgG antibody
(Abcam). Protein bands were visualized using the Fujifilm
LAS-4000 luminescent image analyser.

PAO1 infection of RAW264.7 macrophages and
PMA-differentiated THP-1 macrophages

Different macrophages were seeded into 48-well plates
at a density of 8x10°ml™" in complete culture medium
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Fig. 3. Comparison of the effects of LPS from biofilm-forming and planktonic PAO1 on human THP-1 macrophage polarization. The
expression of iNOS (a: immunofluorescence staining; b: Western blot), Arg-1 (b: Western blot), TNF-o (c: ELISA; D: gRT-PCR), CCL3,
CD206 and CCL22 (d: gRT-PCR) in THP-1 macrophages after treatment with LPS from biofilm-forming or planktonic PAO1. Significant
differences were calculated by the Student’s t-test; *P<0.05, **P<0.01, ***P<0.001.

(RPMI-1640 or DMEM supplemented with 10% foetal
bovine serum). LPS derived from biofilm-forming or
planktonic PAO1 was added to Raw264.7 cells and PMA-
differentiated THP-1 cells respectively at a concentration
of 100ngml™". The cells were washed twice with PBS 5h
later. Overnight cultured planktonic PAO1 were adjusted
to OD600=1. Macrophages were infected with PAO1 at an
MOI of 10 and incubated at 37°C under an atmosphere
of 5% CO2 for 2h. The cells were washed twice with
PBS, gentamicin (200 pgml™) was added to kill non-
phagocytosed bacteria and macrophages were incubated
at 37°C for another 2 h. The cells were washed twice with
PBS. Intracellular bacteria development was estimated by
lysing the infected macrophages with 0.1% Triton X-100.

Serial dilutions of lysates were plated on Luria-Bertani
(LB) agar (Difco, Detroit, Mich.) plates and CFUs were
counted.

Statistical analysis

Data shown are the meanstSD of triplicates and are
representative of three experiments. Unpaired Student’s
t-tests were applied to determine statistical differences.
In some experiments, one-way ANOVA was applied to
determine statistical differences among groups, followed,
if significant, by a Student-Newman-Keuls test for post-
hoc comparison. Differences were considered significant
when P<0.05.
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Fig. 4. The effects of LPS from biofilm-forming and planktonic PAOT on murine Raw264.7 macrophage polarization. The expression of
iNOS, IL4, and CCL22 and CCL3 in Raw264.7 macrophages after treatment with LPS from biofilm-forming or planktonic PAO1. Significant
differences were calculated using the Student’s t-test; *P<0.05, **P<0.01, **P<0.001, ***P<0.0001,.

RESULTS

PMA-induced differentiation of human THP-1
monocytes into macrophages

Although human monocytes are generally considered to
represent macrophages, PMA was used to differentiate THP-1
cells into macrophages to better compare their polarization
with that of murine macrophages. To find appropriate PMA
concentration to induce THP-1 macrophage differentia-
tion, cell adherence and CD14 expression was evaluated. To
avoid the effects of PMA on macrophage polarization, IL-10
production was compared (Fig. 1). After PMA treatment,
THP-1 cells began to grow adherently and the expression
of CD14 increased. However, with increasing PMA concen-
tration, especially at 50 ngml™!, the production of IL-10 by
THP-1 cells increased significantly (P<0.01, Fig. 1b). Based on
the above results, the PMA concentration of 12.5ngml™ was
selected as it could induce macrophage differentiation while
only minimally affecting the polarization of THP-1 cells.

PAO1 biofilm formation

Formation of non-mucoid PAO1 biofilms was evaluated at 2,
4, 6 and 8 days by fluorescence microscopy. After 48 h, PAO1
formed small microcolonies. Four days post-inoculation, a
layer of PAOLI cells covered the entire surface. After 6days,
a flat biofilm was formed covering the entire glass. By day 8,
dead cells could be observed in the mature cluster of PAO1
biofilm (Fig. 2). This process was similar to that observed
by confocal microscopy in our previous study [23]. Six-day
PAO1 biofilms were selected for LPS isolation.

LPS from biofilm-forming PAO1 induces
hyperinflammatory responses in THP-1 cells to a
greater extent than LPS from planktonic PAO1

To investigate the effect of LPS from biofilm-forming and
planktonic PAO1 on human macrophage polarization, some
polarization markers were analysed. The expression of iINOS
was estimated by immunofluorescence and Western blot
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Fig. 5. The expression of TICAM-1 and MyD88 in human THP-1 macrophages treated with LPS from E.coli, biofilm-forming PAO1 and
planktonic PAOT. The expressions of TICAM1 and MyD88 in human THP-1 macrophages were quantified 5 h after the cells treated with
LPS from E.coli, biofilm-forming PAO1 and planktonic PAO1. One-way ANOVA was applied to determine statistical differences among
groups, followed, if significant, by a Student-Newman-Keuls test for post-hoc comparison.; *P<0.05.

(Fig. 3a, b). When THP-1 cells were treated with LPS, it was
higher compared to the control. The expression of iNOS
was higher in THP-1 cells treated with LPS from biofilm-
forming PAO1 than in those treated with LPS from planktonic
PAOI. The production of TNF-a was quantified by ELISA
and qRT-PCR (Fig. 3c, d), and the expression of CCL3 was
estimated by qRT-PCR (Fig. 3d). Compared with the blank
control and THP-1 cells treated with LPS from planktonic
PAOL1, the expression of TNF-o. and CCL3 were increased
significantly when THP-1 cells were treated with LPS from
biofilm-forming PAO1. However, the expression of Arg-1,
CD206 and CCL22 did not change when treated with LPS
from PAO1 (Fig. 3b, d). These results suggested that LPS from
biofilm-forming PAO1 bacteria promoted M1 polarization in
human THP-1 macrophages to a greater extent than LPS from
planktonic PAO1; the results also indicated that LPS from
biofilm-forming PAO1 induced a more marked inflammatory
response in THP-1 cells than LPS from planktonic PAO1.

LPS from biofilm-forming PAO1 induces
hyperinflammatory responses in Raw264.7 cells to
a greater extent than LPS from planktonic PAO1

To evaluate the effects of LPS from biofilm-forming PAO1
on murine macrophage polarization, the expression of iNOS,
IL4, CCL3, and CCL22 in Raw264.7 was quantified by qRT-
PCR (Fig. 4). As observed in human THP-1 macrophages,
the expression of M1 polarization-related genes, iNOS and
CCL3, was significantly (P<0.05) increased in Raw264.7 cells
treated with LPS from biofilm-forming PAO1 when compared
with that in cells treated with LPS from planktonic PAO1 and
blank control. The inflammatory responses of Raw264.7 cells
were enhanced by treatment with LPS from biofilm-forming
PAO1 when compared with those of cells treated with LPS
from planktonic PAO1. However, the expression of IL4 and
CCL22, which is representative of M2 polarization, showed
a significant increase in murine macrophages when treated
with LPS from PAO1. When comparing the result between
LPS from biofilm-forming PAO1 and LPS from planktonic
PAOLI, the expression of CCL22 was higher significantly in

cells treated with LPS from biofilm-forming PAOL. Yet there
was no difference was observed in the expression of IL4. This
result was not in agreement with that observed in human
macrophages.

The MyD88 pathway was involved in macrophages
polarization induced by LPS from biofilm-forming
PAO1

MyD88- and TICAM-1-dependent pathways play an impor-
tant role in host defenses against P. aeruginosa infection [24].
The expression of TICAM-1 and MyD88 in human THP-1
macrophages was quantified by Western blot. No significant
change in the expression of TICAM-1 was recorded. When
the cells were treated with LPS from biofilm-forming PAO1
and E. coli, the expression of MyD88 showed a significant
increase, compared to treating with LPS from planktonic
PAOLI (Fig. 5).

Intracellular bacterial growth in polarized
macrophages induced by different LPS

To investigate the phagocytic activity of polarized
macrophages, the growth of PAOL1 in polarized RAW264.7
and THP-1 cells were shown in Fig. 6. In macrophages polar-
ized by LPS from planktonic PAO1, intracellular growth of
PAO1 was reduced (P<0.05) in comparison to the control
(without LPS). However, when macrophages polarized by
LPS from biofilm PAO1, we observed a significant increase
of intracellular PAO1 growth in THP-1 macrophages.

DISCUSSION

Biofilm infections are among the greatest challenges facing
the modern medical world. It is possible that all non-obligate
intracellular bacteria and fungi can adopt a biofilm lifestyle
[25]. There are numerous infections related to biofilms.
Lipopolysaccharide (LPS) modification seems to play an
important role in the adaptation of P. aeruginosa to biofilm-
related chronic infection [22, 26].
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Fig. 6. Intracellular bacterial growth in polarized macrophages induced
by different LPS. LPS derived from biofilm-forming or planktonic PAO1
was added to Raw?264.7 cells and PMA-differentiated THP-1 cells
respectively at a concentration of 100ngml. The cells were washed
twice with PBS 5h later. Polarized macrophages were infected with
PAO1 at an MOI of 10. Two hours later, the cells were washed twice
with PBS, gentamicin (200 ug ml™') was added to kill non-phagocytosed
bacteria. Intracellular bacteria were determined 2h later. Data are
shown as the mean of triplicate wells+SD. Significant differences were
calculated using the Student's t-test; *P<0.05, **P<0.01, ***P<0.001.

LPS is a main component of the outer membrane in Gram-
negative bacteria. The classical LPS molecule has a tripartite
structure consisting of lipid A, core oligosaccharide, and
O antigen [19, 20]. Binding of P. aeruginosa LPS to TLRs
depends on the structure of the lipid A and the species-specific
variation in the LPS-binding domain of TLRs. Murine TLR4
appears to react with penta- and hexa-acylated forms lipid A,
however, human TLR4 signalling complexes react strongly
with the hexa-acylated form [11, 27]. Pseudomonas aeruginosa
may produce several varieties of lipid A during chronic infec-
tions or under different growth conditions [21]. The typically
hexa-acylated lipid A induces robust inflammatory responses
when recognised by TLR4 of macrophages, monocytes, and
dendritic cells [27-31]. Modification of the lipid A acyla-
tion pattern confers protection against host innate defenses
through dampening of the host’s inflammatory responses
[32]. The hexa- and hepta-acyl lipid A of biofilm-forming
PAOI1 contained 10:0 (3-OH) at both the C3 and C3’ posi-
tions [22]. We analysed the effect of LPS of biofilm-forming
PAO1 on macrophage polarization. The results showed that
LPS from biofilm-forming PAO1 induced M1 polarization
in both human and murine macrophages. The inflamma-
tory response was markedly enhanced when compared with
LPS from planktonic PAOI. These data are consistent with
the reported effects of LPS from biofilm-forming clinical

P, aeruginosa strains on primary human monocytes [22, 33],
as well as that observed in cystic fibrosis (CF) patients and in a
CF mouse model, in other words, P. aeruginosa biofilm infec-
tion can induce a more pronounced inflammatory response
[34-37]. Because biofilm-forming PAO1 bacteria still exhibit
complete LPS capped with O antigen [22], these results also
convinced us that modification of the lipid A structure is key
to inducing macrophage hyperinflammatory responses. It
was reported that LPS from E. coli mediates time-dependent
polarization of murine bone marrow-derived macrophages,
whereby short-term LPS stimulation inhibits M1 polarization,
while long-term stimulation promotes M1 polarization [38].
We found that the expression of M1 markers (iNOS, CCL3)
increased significantly when Raw264.7 murine macrophage
cell line was short-term stimulated with LPS from PAO1,
but some M2 markers (CCL22, IL4) also increased at the
same time. These varied results that have been obtained for
murine macrophages may be related to the type of cells used.
In the presented study, we selected the Raw264.7 murine
macrophage cell line, while murine peritoneal macrophages
[22] or bone marrow-derived macrophages [38] were used in
other studies. Recent studies suggested that M1 macrophages
could also express M2 markers, but M2 macrophages
expressed higher M2 markers [39]. Macrophages activation
has been shown to be plastic, rapid, and fully reversible,
suggesting that macrophage populations are dynamic, hetero-
geneous and may first take part in inflammation and then
participate in its resolution [40-44]. Briefly, because of the
modification of the lipid A structure, short-term stimulation
with LPS from biofilm-forming PAO1 promote human THP-1
and murine Raw264.7 cells’ M1 polarization. And LPS from
biofilm-forming PAO1 induced more marked inflammatory
responses than LPS from planktonic PAOL.

After the binding of P. aeruginosa LPS, TLR4 has been reported
to activate MyD88- and TICAM-1-dependent pathways for
host defenses against P. aeruginosa infection [45]. TLR2 also
use MyD88 as the adaptor protein to activate the inflamma-
tory response. MyD88 acts as a central role in inflammatory
responses and can induce signalling from several receptors
[46, 47]. MyD88-dependent signalling induces the sequential
phosphorylation of IRAK-4, IRAK-1, TRAF-6 and TAK-1.
The latter activates a cascade of inhibitor of kappa B kinases
(IKKs), resulting in the eventual ubiquitination and degrada-
tion of IxB and the release of NF-«B, which translocates into
the nucleus and regulates the transcription of numerous genes
[17], including cytokines, chemotactic factors, and adhesion
molecules, all of which are important for initiating inflamma-
tory responses [17, 48, 49]. In MyD88-deficient mice, forty-
six pathogens displaying higher growth rates and thirty-three
pathogens for which the mortality was greater in vivo, both
including P. aeruginosa [50]. Moreover, MyD88-deficiency is
vital in infancy and early childhood. The MyD88-deficient
patients are susceptible to invasive pyogenic infections, such
as severe tonsillitis due to P. aeruginosa in particular [50].
TLR4 can also recruit TICAM-1 (TRIF) when bind to TRAM
priorly [44]. The complex activates the kinase TBK1, which
phosphorylates IRF3 and -7, mediating the expression of
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IFN-a and -f. In our study, the MyD88- but not TICAM-
1-pathway was involved in the M1 polarization of human
THP-1 cells induced by LPS of PAO1.

In our study, both LPS derived from planktonic and biofilm-
forming PAO1 induced M1 polarization of macrophages.
The M1 polarized macrophages induced by the latter LPS
produced more inflammatory factors compared to the
macrophages induced by LPS from planktonic PAO1, but
there were more bacteria that grew intracellularly in polarized
THP-1 macrophages induced by LPS derived from biofilm-
forming PAO1, suggesting enhanced M1 polarized THP-1
macrophages were inefficient in killing ingested bacteria.
The limitation of this experiment should also be acknowl-
edged. When we evaluated intracellular PAO1 growth in
macrophages, although obvious death of macrophages was
not observed, we could not rule out the effect of the number of
living macrophages on the results since LPS treatment could
activate cell death pathways in macrophages. It was reported
that macrophages respond to antigenic stimuli and secrete a
range of over 100 substances, which vary in their biological
activities and metabolic functions [51]. The macrophages
secretory products (MSPs) include peptide hormones,
components of complement, enzymes, lipids, reactive oxygen
and other biological substances [52]. The enhancement in
growth of intracellular P. aeruginosa was observed in presence
of MSPs [52-54]. It was indicated that there was a threshold of
cellular activation at which phagocytic cells effectively killed
ingested bacteria. Above this threshold of cellular activation,
however, the intracellular micromilieu become favourable to
the survival and replication of the ingested bacteria [54]. The
interplay between biofilm infection and the host response has
been best characterized for CF patients suffering from chronic
P, aeruginosa lung infections [55]. Several studies have indi-
cated that LPS induces hyperinflammatory responses by
CF macrophages [34-37]. However, in CF patients, hyper-
inflammatory responses result in severe tissue damage but
not pathogen clearance and infection control [56, 57]. The
mechanisms for the impaired phagocytic activity of enhanced
M1 polarized macrophages needs further study.

Taken together, the results of our in vitro study show that
LPS derived from biofilm-forming PAO1 induces enhanced
M1 polarization more in human and murine macrophage cell
lines than LPS from planktonic PAO1. The MyD88- but not
TICAM-1-pathway was involved in this process. Additional
research is required to evaluate the phagocytic activity of the
enhanced M1 polarized macrophages and clarify the mecha-
nisms during the process.
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