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Porphyromonas gingivalis Lipopolysaccharide Weakly Activates M1
and M2 Polarized Mouse Macrophages but Induces Inflammatory
Cytokines
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Porphyromonas gingivalis is associated with chronic periodontitis, an inflammatory disease of the tooth’s supporting tissues.
Macrophages are important in chronic inflammatory conditions, infiltrating tissue and becoming polarized to an M1 or M2 phe-
notype. As responses to stimuli differ between these phenotypes, we investigated the effect of P. gingivalis lipopolysaccharide
(LPS) on M1 and M2 macrophages. M1 and M2 polarized macrophages were produced from murine bone marrow macrophages
(BMMd) primed with gamma interferon (IFN-y) or interleukin-4 (IL-4), respectively, and incubated with a low or high dose of
P. gingivalis LPS or control TLR2 and TLR4 ligands. In M1-Md, the high dose of P. gingivalis LPS (10 pg/ml) significantly in-
creased the expression of CD40, CD86, inducible nitric oxide synthase, and nitric oxide secretion. The low dose of P. gingivalis
LPS (10 ng/ml) did not induce costimulatory or antibacterial molecules but did increase the secretion of IL-1e, IL-6, IL-12p40,
IL-12p70, and tumor necrosis factor alpha (TNF-a). P. gingivalis LPS marginally increased the expression of CD206 and YM-1,
but it did enhance arginase expression by M2-Md. Furthermore, the secretion of the chemokines KC, RANTES, eotaxin, and
MCP-1 from M1, M2, and nonpolarized M was enhanced by P. gingivalis LPS. TLR2/4 knockout macrophages combined with
the TLR activation assays indicated that TLR2 is the main activating receptor for P. gingivalis LPS and whole cells. In conclusion,

although P. gingivalis LPS weakly activated M1-Md or M2-M¢ compared to control TLR ligands, it induced the secretion of
inflammatory cytokines, particularly TNF-o from M1-Md¢ and IL-10 from M2-Md, as well as chemotactic chemokines from

polarized macrophages.

hronic periodontitis is a chronic inflammatory disease associ-
ated with specific bacteria in a biofilm (subgingival plaque)
and is characterized by resorption of the alveolar bone and other
supporting tissues of the teeth (1, 2). Typically, chronic periodon-
titis is characterized by a dense inflammatory cell infiltrate of the
gingival tissue, including macrophages (3). In the mucosal tissues,
macrophages often are the first immune cell to encounter immu-
nostimulatory compounds derived from invading pathogens.
Ligation of Toll-like receptors (TLRs) on the macrophage surface
by bacterial pathogen-associated molecular patterns, such as lipo-
polysaccharide (LPS), leads to macrophage activation (4).
Although chronic periodontitis is associated with a polymicro-
bial biofilm (subgingival plaque), one species of the biofilm, Por-
phyromonas gingivalis, is recognized as a keystone pathogen linked
to disease onset and progression (5, 6). Previous investigations
into the effect of P. gingivalis LPS on nonpolarized macrophages
have shown that the induced immune responses is varied and that
many cytokines were only transiently expressed compared to
Escherichia coli LPS and other Gram-negative pathogens (7-9).
Furthermore, P. gingivalis LPS is atypical in that it is structurally
different from the canonical enterobacterial LPS and has been
reported to stimulate both TLR4 and TLR2 (10-12). The stimula-
tion of TLR4 has been linked to penta-acylated lipid A structures
(13-15); however, the molecular entity for stimulation of TLR2,
even in highly purified LPS samples, has not yet been identified
(12). It has been suggested that TLR2 stimulation is due to the
presence of novel lipoprotein contaminants that copurify with the
P. gingivalis LPS (12).
The exposure of macrophages to cytokines prior to TLR liga-
tion is a process that more closely resembles in vivo macrophage
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activation, especially during a chronic infection where naive
monocytes/macrophages would be recruited from the blood-
stream to an already inflamed site via a cytokine/chemokine gra-
dient. However, no investigation has utilized cytokine priming to
induce an M1 or M2 macrophage phenotype to study the effect P.
gingivalis LPS has on these polarized macrophages.

Macrophages display a remarkable amount of plasticity in their
physiological responses, and the cytokine environment at the time
of TLR ligation has a profound effect on the phenotype of the
activated macrophage (16). Gamma interferon (IFN-vy) polarizes
murine macrophages toward an M1 phenotype (pre-M1-Md)
and, when exposed to E. coli LPS, they mature into a classically
activated macrophage, designated M1 macrophages (M1-Md)
(17). M1-Md¢ exhibit high levels of phagocytosis and nitric oxide
production and upregulate the expression of costimulatory mol-
ecules on the cell surface (17, 18). M1-Md play a critical role in the
resolution of bacterial infections through phagocytosis and killing
of pathogens, the initiation and maintenance of inflammation,
and the recruitment of adaptive immunity effector cells such as T
lymphocytes (19).

Alternative pathways of macrophage activation exist depending
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on the stimulus applied to the macrophage. Interleukin-4 (IL-4)
priming results in the generation of alternatively activated macro-
phages, designated M2 macrophages (M2-Md) (20). M2-M¢ have
been associated with fibrosis and are characterized by arginase pro-
duction, which breaks down arginine into urea and L-ornithine, a
precursor of collagen formation (20-23). M2-Md express high
levels of CD206, FIZZ1, and YM-1, low levels of costimulatory
molecules, such as CD40 and CD86, and low levels of nitric oxide
(18). Despite the indication that M2-M¢ have an important role
in limiting host tissue destruction in chronic infections (24) and
the presence of fibrosis in chronically diseased gingiva (25), alter-
natively activated macrophages in chronic periodontitis have re-
ceived limited attention.

As chronic periodontitis is characterized by inflammation and
alveolar bone resorption and macrophages, M1 macrophages in
particular have an important role in chronic inflammatory dis-
eases (26). Investigating the activation of macrophage phenotypes
in response to a periodontal pathogen may provide insights into
important host-pathogen interactions. We have previously shown
that macrophages in the gingival tissue of mice exhibiting alveolar
bone resorption through infection with P. gingivalis expressed
high levels of CD86 and lower levels of CD206, suggesting M1
macrophage polarization (27). The aim of this study was to inves-
tigate the response P. gingivalis LPS induces in pre-M1-M¢ and
pre-M2-Md and the subsequent maturation of these macro-
phages.

MATERIALS AND METHODS

Ethics statement. All animal experimental procedures were carried out in
strict accordance with the recommendations in the Australian Code of
Practice for the Care and Use of Animals for Scientific Purposes (66). The
protocols for the experiments were approved by The University of Mel-
bourne Ethics Committee for Animal Experimentation (approval num-
ber 1212363).

Generation of macrophage phenotypes. All cell culture reagents were
obtained from Sigma-Aldrich Pty Ltd. (NSW, Australia) unless specified
otherwise. Mammalian cells were routinely grown in complete minimal
essential media (MEM), consisting of MEM supplemented with 10% (vol/
vol) fetal bovine serum (FBS), 20 mM r-glutamine, 10 mM sodium pyru-
vate, and 100 U/100 g penicillin-streptomycin. Immortalized macro-
phages (iMACs) were the gift of Eicke Latz (University of Bonn,
Germany). The mouse fibroblast cell line L929 (obtained from the cell
culture collection at the Melbourne Dental School) was grown in com-
plete MEM supplemented with 1:100 dilutions of 100X MEM nonessen-
tial amino acid solution. To make CSF-1-containing L929 supernatant,
cells were seeded at 1 X 10° cells/ml and allowed to grow for 7 days.
Supernatant then was sterile filtered (0.22 M) and stored at —70°C. All
cells were grown at 37°C in 5% CO, atmosphere.

To generate bone marrow macrophages (BMMd), mouse femurs
aseptically harvested and sterilized in 70% (vol/vol) ethanol for 5 min
then were washed twice in Dulbecco’s phosphate-buffered saline (PBS).
The epiphyses were removed using a sterile scalpel, and the contents of the
femurs were flushed out with complete MEM using a 25-guage needle.
Bone marrow cells were seeded at 1 X 10° cells/ml in complete MEM
supplemented with 5% (vol/vol) L929 supernatant and grown for 5 days
in cell culture petri dishes (Sigma-Aldrich). Spent media was removed,
and fresh complete MEM supplemented with 5% (vol/vol) L929 condi-
tioned media was added on day 3.

To prime macrophages, cells were incubated overnight in complete
MEM supplemented with either 20 U/ml of IFN-y (ABD Serotec, Oxford,
United Kingdom) or 150 U/ml of IL-4 (ABD Serotec) to generate pre-
MI1-Md and pre-M2-Md, respectively. To activate the macrophages, the
pre-M1-M¢ and pre-M2-Md or nonpolarized M0-M¢ were incubated
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with either 10 ng/ml Escherichia coli LPS (Sigma-Aldrich), 10 ng/ml
Pam3CSK4 (Invivogen, CA, USA), or 10 ng/ml or 10 pg/ml ultrapure P.
gingivalis LPS (Invivogen) and incubated overnight in complete MEM.

Analysis of LPS. The ultrapure P. gingivalis LPS (Invivogen) was pre-
pared using a modification of the methods of Westphal and Jann (28) and
Hirschfeld et al. (29) and contained penta-acylated and tetra-acylated
lipid A structures (Invivogen, personal communication). For analysis, it
was diluted in Novex Tricine SDS-PAGE loading buffer and heated to
85°C for 10 min, and 5 mg was loaded onto a 10 to 20% gradient tricine gel
and subjected to SDS-PAGE at 125 V for 90 min (Life Technologies, NSW,
Australia). O-LPS was stained using ProQ Emerald 300 lipopolysaccha-
ride stain (Life Technologies) according to the manufacturer’s instruc-
tions. Protein was stained using Coomassie SimplyBlue safe protein stain
(Life Technologies) according to the manufacturer’s instructions. Stained
SDS-PAGE gels were visualized using the Fujifilm LAS3000 imaging sys-
tem (Fujifilm, Tokyo, Japan). LPS separated by SDS-PAGE was trans-
ferred to a nitrocellulose membrane using the X-cell II transblot module
(Life Technologies) at 30 V for 60 min. The membrane then was blocked
with 5% (wt/vol) skim milk powder in PBS for 1 h at room temperature
and probed with the detection antibodies anti-A-LPS (30, 31) and anti-
RgpA/B (30, 32) in 1% (wt/vol) skim milk powder in PBS overnight at
4°C. The anti-A-LPS antibody (monoclonal antibody [MAb] 1B5) was a
gift from M. A. Curtis (31). The membrane was washed 3 X with PBS, and
bound antibody was detected by incubation with a 1:2,000 dilution of a
goat anti-mouse IgG antibody in 1% (wt/vol) skim milk powder in PBS
(Southern Biotech, Birmingham, AL) for 1 h at room temperature. De-
velopment of the blot was accomplished after incubation in a 1:2,000
dilution of swine anti-goat horseradish peroxidase (HRP) conjugate
(Southern Biotech) for 1 h at room temperature. Bands were visualized by
the addition of 20 ml 3,3',5,5'-tetramethylbenzidine (TMB) substrate for
10 min at room temperature (Mabtech, Nacka, Sweden).

Amino acid analysis of the P. gingivalis LPS preparation. A sample of
ultrapure P. gingivalis LPS (Invivogen) was prepared as a 20 pg/ml solu-
tion in MilliQ water and hydrolyzed at 150°C for 1 h. The sample was
dried and derivatized using the AccQ-Tag method according to the man-
ufacturer’s protocol (Waters Pty Ltd., NSW, Australia). The resultant
hydrolyzed components were separated using an Agilent 1200 series liq-
uid chromatograph instrument (Agilent, NSW, Australia) equipped with
a UV detector (model G1316A) and an AccQ-Tag column (3.9 by 150
mm). Amino acid compounds were detected at 150-nm absorbance using
an acetate-phosphate solution (eluent A; sodium acetate trihydrate-phos-
phoric acid-triethylamine at 19:6:1 [% wt/wt] in MilliQ water) and 60%
(vol/vol) acetonitrile in MilliQ water as elution buffers at a flow rate of 1.0
ml/min and norleucine as an internal standard. Chemstation software
03.01-SR1.1 (Agilent Technologies) was used for peak integration and
amino acid identification.

TLR activation assay. Human embryonic kidney 293 cells (HEK293)
stably transfected with TLR4/MD2 or TLR2 (cell lines were a kind gift
from A. Mansell and P. Hertzog, Monash University) were grown in com-
plete Dulbecco’s MEM (DMEM) supplemented with 150 pg/ml Geneti-
cin (Life technologies). To assay for activity, 2 X 10* cells were seeded into
96-well plates (Sigma-Aldrich) and the following day were transiently
transfected with 10 ng of pNF-kB-firefly luciferase (Stratagene, CA, USA)
and 5 ng pTK-renilla luciferase (Promega, WI, USA) per well using
Fugene HD transfection reagent according to the manufacturer’s instruc-
tions (Promega). pTK-renilla luciferase was used as a transfection control.
For HEK293 cells expressing TLR4/MD2, 1 ng of a plasmid encoding
CD14 was added to the transfection mix. After 24 h at 37°C, cells were
incubated with serial dilutions (50 p.g/ml to 0.5 ng/ml) of P. gingivalis LPS,
E. coli LPS, or PAM3CSK for 4 h before lysis with 100 .l of passive lysis
buffer (Promega). Half the lysate was added to 50 pl of luciferase assay
substrate (Promega), and half was added to 50 pl of 2 pg/ml coelentera-
zine (Promega). The assays were read on a Victor3 1420 multilabel coun-
ter (PerkinElmer, MA, USA) and expressed as the luminescence of firefly
luciferase relative to that of renilla luciferase.
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Nitric oxide assay. Nitric oxide was measured using the Greiss reagent
kit (Life Technologies) according to the manufacturer’s instructions.
Briefly, the day after macrophage activation with TLR ligand, 150 wl of the
BMM¢ supernatant was combined with 130 .l of distilled water (dH,O),
10 pl of N-(1-naphthyl) ethylenediamine dihydrochloride (1 mg/ml), and
10 wl of sulfanilic acid (1.0 mM). A standard curve was generated using
2-fold serial dilutions of a 100 M nitrite standard solution (100 wM to
1.56 wM). The reaction was allowed to proceed for 30 min at room tem-
perature, and then the absorbance was measured at 550 nm on a Victor3
1420 multilabel counter (PerkinElmer).

Arginase assay. TLR ligand-activated M0-Md, M1-Md, and M2-M
were lysed with the addition of 100 wl PBS containing 0.1% (vol/vol)
Triton X-100. After the addition of 100 pl of 25 mM Tris, 1 mM MnCl,,
the collected cell lysate was heated to 55°C for 10 min. Once cooled, 200 .l
of 0.5 M arginine in PBS (Sigma-Aldrich) was added to the cell lysate
solution, which then was incubated at 37°C for 1 h. The arginase reaction
was stopped by the addition of 900 pl of 44.6N H,PO,, 36N H,SO,. The
cell lysate reaction solution then was incubated for 30 min at 100°C after
the addition of 40 pl of 9% (vol/vol) isonitrosopropiophenone in ethanol
(Sigma-Aldrich). Absorbance was measured at 550 nm on a Victor3 1420
multilabel counter (PerkinElmer). A standard curve generated using
2-fold serial dilutions of 200 mM urea (200 mM to 3.12 mM) was used to
quantify the assay (Sigma-Aldrich).

Flow cytometry analysis of surface marker expression. Cells from
TLR activation assays were washed twice in situ in 2 ml PBS containing
0.1% (wt/vol) bovine serum albumin (BSA; Sigma-Aldrich) (PBS-BSA
buffer), removed from the petri dish using a 23-gauge syringe, and then
incubated with anti-mouse CD16/CD32 antibody (clone 2.4G2; BD Bio-
sciences, Franklin Lakes, NJ) for 20 min on ice. Cells were washed in 5 ml
PBS-BSA buffer a further two times prior to incubation with various flu-
orochrome-conjugated antibodies against molecules of interest for 30
min on ice. Detection antibodies used for phenotyping and activation
analysis were anti-CD206-fluorescein isothiocyanate (FITC) (clone
MR5D3; AbD Serotec), anti-CD40-allophycocyanin (APC) (clone 3/23),
anti-CD86-phycoerythrin (PE)-Cy7 (clone GL1), anti-CD11c-FITC
(clone HL3), anti-CD11b-APC (clone M1/70), and anti-CD11a-PE
(clone 2D7). Unless otherwise stated, all antibodies were purchased from
BD Biosciences. All cells were washed twice in 5 ml PBS-BSA buffer and
then analyzed on a Beckman Coulter FC500 flow cytometer (Beckman
Coulter Pty Ltd., NSW, Australia). The FC500 was equipped with an
argon ion laser operating at an excitation wavelength of 488 nm and a red
solid-state diode laser operating at 635 nm. The fluorescence from FITC
was measured with a 525-nm filter (FL1), PE was measured through a
575-nm filter (FL2), APC was measured through a 660-nm filter (FL4),
and PE-Cy7 was measured through a 755-nm filter (FL5). The data were
analyzed using FlowJo software, V7.0 (Tree Star, OR, USA). Forward and
side scatter properties were used to acquire a total of 10,000 cells and to
gate out the cell debris.

Cytokine bead array analysis of cell culture supernatant. Cell culture
supernatant from TLR activation assays was analyzed for cytokines using
the Bioplex Pro mouse cytokine 23-plex assay (Bio-Rad, NSW, Australia).
The 23-plex assay measures IL-1a, IL-1(, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9,
IL-10, IL-12(p40), IL-12(p70), IL-13, IL-17A, eotaxin, granulocyte colo-
ny-stimulating factor (G-CSF), granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), IFN-v, KC, MCP-1, MIP-1a, MIP-183, RANTES,
and tumor necrosis factor alpha (TNF-a). The assay was performed ac-
cording to the manufacturer’s instructions. Briefly, 50 wl of beads was
added to the assay plate and washed 2 times with 100 .l wash buffer. The
samples, standards, blanks, and controls then were added in a volume of
50 l and incubated with the beads for 1 h at room temperature, no light,
and constant mixing at 300 rpm on a MX4 micromixer (FINEPCR, Seoul,
South Korea). Beads then were washed 3 times with 100 pl of wash buffer
using a Bioplex Proll wash station (Bio-Rad), and 25 pl/well of biotinyl-
ated anticytokine detection antibody was added. Plates then were incu-
bated at room temperature with no light and constant mixing at 300 rpm
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for 1 h. Wells then were washed 3 times with 100 pl of wash buffer using
a Bioplex Proll wash station (Bio-Rad) before bound biotin-labeled anti-
cytokine antibody was detected by the addition of 25 pl of streptavidin-
PE. Plates were incubated at room temperature with no light and constant
mixing at 300 rpm for 10 min. Beads then were washed 3 times with 100 .l
of wash buffer using a Bioplex Proll wash station (Bio-Rad), and the beads
were resuspended in 125 pl of assay buffer before reading the assay on a
Bio-plex 200 system (Bio-Rad).

RNA extraction and reverse transcriptase PCR. BMM¢ from the
TLR activation assays were collected and incubated with 0.5 ml of RNA
Protect reagent and stored at 4°C until RNA extraction (Qiagen, NSW,
Australia). RNA was extracted from BMM¢ using the RNeasy plus RNA
extraction kit by following the manufacturer’s instructions (Qiagen).
RNA was quantified by absorbance at 260 nm using a NanoDrop 1000
spectrophotometer (NanoDrop, Wilmington, DE, USA). First-strand
cDNA synthesis was performed using ImProm II reverse transcriptase
(Promega). RNA (0.5 mg) was added to 0.5 g of oligo(dT) primer and
incubated at 70°C for 5 min before being chilled on ice. The RNA-primer
mix then was added to 5 pl of 5X buffer, 2 pl of MgCl,, 1.2 pl of deoxy-
nucleoside triphosphate (ANTP), 0.5 wl of RNasin, and 1 pl of ImProm II
reverse transcriptase enzyme and mixed with up to 30 pl with nuclease-
free water. The reaction mix was incubated at 42°C for 1 h and then at
70°C for 15 min. PCR was performed to detect glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), inducible nitric oxide synthase (iNOS),
YM-1, and Arg-1 mRNA using Taq DNA polymerase (M0267S; New Eng-
land BioLabs, MA, USA). PCRs were set up in a total volume of 25 pl,
consisting of 2.5 .l of 10X buffer, 0.2 WM forward primer, 0.2 uM reverse
primer, 0.5 pl of ANTP, 20 ng of cDNA, and 0.2 U of Taq polymerase, and
it was mixed with up to 25 pl with nuclease-free water. PCR was per-
formed on a G-storm thermocycler (G-storm, Somerset, United King-
dom) with an initial denaturing step of 95°C for 30 s; 30 cycles of 95°C for
30 s; an annealing temperature of either 60°C for iNOS, 55°C for Arg-1,
55°C for YM-1, or 55°C for GAPDH for 30 s; and extension at 68°C for 1
min. A final extension of 68°C for 5 min then was performed before
storage of the amplified gene products at 4°C. Primers for iNOS, Arg-1,
and GAPDH were from reference 18, and YM-1 was from reference 33.
The primers used in this study were iNOS forward, CCCTTCCGAAGTT
TCTGGCAGCAGC; iNOS reverse, GGCTGTCAGAGCCTCGTGGCTT
TGG; Arg-1 forward, CAGAAGAATGGAAGAGTCAG; Arg-1 reverse,
CAGATATGCAGGGAGTCACC; YM-1 forward, GGGCATACCTTTAT
CCTGAG; YM-1 reverse, CCACTGAAGTCATCCATGTC; GAPDH for-
ward, GCACTTGGCAAAATGGAGAT; and GAPDH reverse, CCAGCA
TCACCCCATTAGAT. A 2% (wt/vol) agarose gel in 1X Tris-acetate-
EDTA (TAE) buffer was prepared with Sybrsafe directly incorporated to
stain PCR products (Life Technologies). PCR products were separated by
electrophoresis at 70 V for 1 h in 1X TAE buffer. The PCR products then
were visualized using a Fujifilm LAS3000 imaging system (Fujifilm, To-
kyo, Japan). Quantification of the density of PCR products was performed
using the Multi Gauge V3.0 software suite (Fujifilm). The densities of
YM-1, Arg-1, and iNOS were normalized against the expression of
GAPDH and displayed relative to unstimulated BMM .

Statistical analysis. Data were analyzed by two-way analysis of vari-
ance (ANOVA) with Bonferroni posttest and are presented as means =+
standard deviations (SD) (GraphPad Prism V5.0). Statistical significance
was considered at P < 0.05. The data presented are representative of at
least three biological replicates.

RESULTS

Characterization of the P. gingivalis LPS preparation. The com-
mercially available ultrapure P. gingivalis LPS from Invivogen ini-
tially was subjected to Tricine SDS-PAGE and immunoblotting
and stained with ProQ Emerald 300 and Coomassie SimplyBlue
safe stain or probed with the P. gingivalis A-LPS-specific MADb 1B5.
The P. gingivalis LPS formed a characteristic O-LPS ladder, and
probing the immunoblot with MADb 1B5 confirmed the presence
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FIG 1 Characterization of P. gingivalis LPS preparation. (A) The P. gingivalis LPS used in this study first was analyzed by SDS-PAGE and stained with ProQ
emerald to detect LPS (lane 1). An immunoblot was probed with MADb 1B5 (lane 2) to show the presence of O-LPS and A-LPS, respectively, and stained with
Coomassie SimplyBlue safe stain to detect protein (lane 3). Molecular mass markers are indicated in kilodaltons. We then performed TLR activation assays using
HEK293 cells stably transfected with TLR2 (B) or TLR4/MD2 (C), transiently transfected with plasmids encoding CD14, NK-kB-luciferase, and TK-renilla
luciferase, and incubated with serial dilutions of the P. gingivalis LPS-p and control TLR ligands.

of A-LPS in the preparation (Fig. 1A). Protein was detected by
Coomassie stain and found to be present as a diffuse 60- to 80-kDa
band (Fig. 1A). We further characterized P. gingivalis LPS by
amino acid analysis after acid hydrolysis. Amino acid composi-
tional analysis confirmed the presence of amino acids in the LPS
preparation (Table 1). The total amount of amino acid in the
sample was 5.6% by weight. No amino acids were detected with-
out acid hydrolysis, indicating that the amino acids were present
as proteins/peptides. As A-LPS or a glycolipid reactive with MAb
1B5 is recognized as the covalently attached anchor of a class of
secreted proteins referred to as CTD proteins, which include the
abundant gingipains (RgpA/B and Kgp) (30, 32), we probed the
LPS preparation for the presence of RgpA/B using antibodies
raised to RgpB (30, 32). The presence of the modified form of
RgpB as a diffuse band at 60 to 80 kDa was confirmed in the LPS
preparation, whereas the discrete (unconjugated) form of the pro-
tease, which runs as a sharp band at 50 kDa, was not detected.
These results indicate that the P. gingivalis LPS preparation con-
tained O-LPS, A-LPS, and CTD protein conjugate.
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TABLE 1 Amino acid analysis of the P. gingivalis LPS preparation

% (wt/wt) amino

Amino acid acid residue
Asp/Asn 0.22 = 0.03
Ser 0.22 £ 0.08
Glu/GIn 1.10 £ 0.17
Gly 0.28 £ 0.04
His

Arg

Thr

Ala 1.42 £ 0.18
Pro 1.07 £ 0.07
Tyr 0.21 = 0.02
Val 0.18 = 0.03
Met

Lys 0.16 = 0.01
Ile 0.09 = 0.01
Leu 0.64 = 0.08
Phe 0.03 = 0.02
Total 5.62 £ 0.74
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As P. gingivalis LPS previously has been thought to activate
TLR2, the ability of the P. gingivalis LPS to stimulate cells via TLR2
and/or TLR4 was investigated. HEK293 cells expressing TLR2 or
TLR4/MD2/CD14 were transiently transfected with pNF-«kB-fire-
fly luciferase and pTK-renilla luciferase and then incubated with
serial dilutions of P. gingivalis LPS, a TLR2 ligand (Pam3CSK4),
and a TLR4 ligand (E. coli LPS), and TLR activation was moni-
tored by a luciferase reporter assay. Pam3CSK4 and the P. gingi-
valis LPS, but not E. coli LPS, significantly (P < 0.0001) activated
the TLR2-expressing HEK293 cells compared to medium-alone
controls (Fig. 1B). For TLR4-expressing HEK293 cells, E. coli LPS
and the P. gingivalis LPS, but not Pam3CSK4, induced significant
(P < 0.0001) activation compared to medium-alone controls (Fig.
1C). Although the P. gingivalis LPS induced activation via TLR2
and TLR4, the level of activation was significantly (P < 0.05) less
than that of the defined TLR ligands of E. coli LPS and Pam3CSK4
(Fig. 1B and C). As P. gingivalis LPS contains both TLR2- and
TLR4-stimulating components, we compared the ability of the P.
gingivalis LPS to activate and induce cytokine secretion in bone
marrow-derived macrophages with the response induced by E.
coli LPS and Pam3CSK4 in all of the subsequent assays.

Effect of P. gingivalis LPS on IFN-y-primed macrophages.
The ability of P. gingivalis LPS to induce a response and activate
murine M1 macrophages was investigated. Bone marrow cells
were removed from the tibia of C57BL6 mice and differentiated
into macrophages for 5 days in the presence of CSF-1 derived from
1929 fibroblasts, termed MO cells, and used as control cells
throughout. After this period, MO cells were found to be CD11b
and F4/80 positive and expressed low levels of CD86 and CD206,
indicating a nonpolarized macrophage phenotype (Fig. 2A to C).
BMM¢ (MO cells) then were incubated overnight with IFN-y to
prime an M1 phenotype (pre-M1-Md, CD86", and CD2067)
(Fig. 2D) before activation with two concentrations of P. gingivalis
LPS, E. coli LPS, or Pam3CSK4 to generate an M1 phenotype (M1-
Md). A representative flow cytometry plot is shown in Fig. 2E.

Initial experiments using 10 ng/ml P. gingivalis LPS showed no
increase in expression of M1 macrophage costimulatory markers
CD40 or CD86 or nitric oxide secretion (data not shown). Further
experiments were performed using higher concentrations of P.
gingivalis LPS; however, significant upregulation of costimulatory
markers CD40 (P < 0.05) and CD86 (P < 0.0001) compared to
control cells were not observed until 10 pg/ml P. gingivalis LPS
was added to pre-M1-Md (Fig. 3A and B). The addition of 10
ng/ml E. coli LPS or Pam3CSK4 resulted in significant upregula-
tion of CD40 (P < 0.01) and CD86 (P < 0.0001). The concentra-
tion of P. gingivalis LPS required to significantly upregulate CD40
and CD86 was 1,000-fold higher than the concentration required
by E. coli LPS or Pam3CSK4.

An important differentiating factor between M1 and M2 mac-
rophages is the difference in arginine metabolism: M1-M¢ con-
vert arginine via iNOS to nitric oxide and citrulline, and M2-Md
convert arginine via arginase-1 to polyamine and urea. Therefore,
we investigated the metabolism of arginine in M1 macrophages, as
iNOS mRNA expression and nitric oxide (NO) secretion were
induced by P. gingivalis LPS. High levels of INOS mRNA were
observed in M1-M¢ activated with E. coli LPS (P < 0.0001) and
Pam3CSK4 (P < 0.0001); however, although both the low and
high doses of P. gingivalis LPS produced significantly (P < 0.01)
higher levels of INOS mRNA than did pre-M1-M cells, the level
was significantly (P < 0.01) less than that induced by the other
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FIG 2 Characterization of bone marrow-derived M0, M1, and M2 macro-
phages. (A) Bone marrow-derived cells were grown in DMEM supple-
mented with L929-derived CSE-1 for 5 days and were found to be CD11b
positive and F4/80 positive. (B) After that period, the cells were CD11b™
F4/80" and were termed bone marrow-derived macrophages (M0-Md).
(C) M0-M¢ expressed low levels of CD86 and CD206. Priming with IFN-vy
increased the expression of CD86 (D), and TLR ligation of primed cells
further boosted the CD86 expression (E). Priming with IL-4 increased the
expression of CD206 (F); however, TLR ligation showed no further in-
crease in CD206 expression (G).
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three biological replicates.

TLR ligands (Fig. 3C). Despite the lower levels of iNOS mRNA
detected in the M1-M¢ activated with the high dose of P. gingivalis
LPS, these macrophages produced significant (P < 0.0001) and
similar amounts of NO compared to that induced by E. coli LPS
and Pam3CSK4 (Fig. 3D). We were unable to detect CD40, CD86,
or iNOS mRNA or NO production in M0 and M2-Md activated
with any of the TLR ligands (Fig. 3A to D).

Effect of P. gingivalis LPS on IL-4-primed macrophages. The
ability of P. gingivalis LPS to induce an immune response and
activate murine BMM ¢ IL-4-primed macrophages (pre-M2-Md)
was investigated. BMM¢ were generated as described above and
incubated overnight with IL-4 to produce a pre-M2-Md pheno-
type (CD86~ and CD206™) (Fig. 2F) before stimulation with two
concentrations of P. gingivalis LPS, E. coli LPS, or Pam3CSK4 (Fig.
2G) to generate an M2 phenotype (M2-Md).

Prior to TLR ligand activation, the priming of MO-M¢ to a
pre-M2-M¢ phenotype resulted in the significantly (P < 0.05)
increased expression of M2-Md costimulatory markers CD206
and YM-1 mRNA as well as the increased expression of Arg-1
mRNA (Fig. 4A to C). Despite the upregulation of Arg-1 mRNA in
the M0-M¢ after TLR ligation, only incubation with P. gingivalis
LPS (10 pg/ml) resulted in urea secretion (Fig. 4D). Interestingly,
all of the TLR ligands increased the expression of YM-1 mRNA
and Arg-1 mRNA but not CD206 in the nonpolarized M0-Md
(Fig. 4A to C).

Incubation of pre-M2-Md¢ with P. gingivalis LPS resulted in a
small but significant (P < 0.05) increase in CD206 and YM-1
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mRNA expression comparable to that induced by E. coli LPS and
Pam3CSK4 (Fig. 4A and B). Of the TLR ligands, only P. gingivalis
LPS induced a small but significant increase in Arg-1 mRNA ex-
pression and urea secretion in M2-M¢ (Fig. 4C and D). We were
unable to detect significant levels of M2 markers pre- or postin-
cubation with TLR ligands in pre-M1-Md.

The production of cytokines and chemokines by M0, M1, and
M2 polarized macrophages after polarization with P. gingivalis
LPS preparation. After demonstrating the increased expression of
macrophage activation markers in response to P. gingivalis LPS,
we investigated the production of cytokines and chemokines by M0,
M1, and M2 polarized macrophages incubated with the different TLR
ligands by cytokine bead array. Generally, inflammatory cytokines
are produced by M1-Md, whereas M2-Md produce low levels of
inflammatory cytokines. BMM¢ were produced, primed, and acti-
vated with the different TLR ligands as described above, and after 48
h the culture supernatants were collected and analyzed by cytokine
bead (Bioplex) array assay.

Of the 24 cytokines and chemokines analyzed in the culture
supernatant, only twelve, i.e., IL-1a, IL-1(3, IL-6, IL-10, IL-12p40,
IL-12p70, TNF-o, KC, RANTES, eotaxin, MCP-1, and MIP-1q,
were consistently secreted by either M0, M1, or M2 polarized M
after incubation with P. gingivalis LPS, E. coli LPS, or Pam3CSK4
(Fig. 5 and 6). None of the TLR ligands induced the secretion of
IL-2, IL-3, IL-4, IL-5, IL-9, IL-13, IL-17A, IFN-vy, G-CSF, GM-
CSF, or MIP-1f3 by M0, M1, or M2-M¢ (data not shown).

The addition of the low-dose P. gingivalis LPS (10 ng/ml) to
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replicates.

MO-Md resulted in significant (P < 0.01) expression of IL-1f3,
IL-6, IL-10, IL-12 p40, and IL-12 p70 compared to that of medi-
um-alone controls (Fig. 5B to F). The exposure of pre-M1-M¢ to
the low dose of P. gingivalis LPS gave significantly higher (P <
0.0001) expression of all of the cytokines mentioned above, as well
as inducing the expression of IL-1a and TNF-a (Fig. 5A and G).
Although P. gingivalis LPS at both concentrations induced the
above-mentioned cytokines in pre-M1-Md, to induce a similar
level of cytokine as that induced by E. coli LPS and Pam3CSK4, a
1,000-fold higher concentration of P. gingivalis LPS was required.
However, P. gingivalis LPS at the same concentration (10 ng/ml)
as that of E. coli LPS induced significantly (P < 0.05) larger
amounts of TNF-a (Fig. 5G). TLR ligation of pre-M1-Md signif-
icantly (P < 0.05) increased the levels of cytokine production
compared to MO-M¢ regardless of the TLR ligand used, indicat-
ing that M1 polarized M¢ have a much higher sensitivity to P.
gingivalis LPS, even at low doses.

Incubation of pre-M2-Md with P. gingivalis LPS resulted in the
secretion of IL-1B, IL-12p70, and IL-10 at levels similar to that
induced by either E. coli LPS and/or Pam3CSK4 and significantly
(P < 0.05) higher than that of the medium-alone M2 polarized
M control (Fig. 5B, D, and F). However, the levels of proinflam-
matory cytokines (IL-1@ and IL-12p70) produced by M2-M¢ al-
ways were lower than those produced by M1-Md.

The production of chemokines KC, eotaxin, RANTES, MCP-1,
and MIP-1a were dependent on TLR ligation and not on priming
with cytokines, as there were no distinct differences in the levels of
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chemokines induced by the TLR ligands in M0, M1, and M2 po-
larized M¢ (Fig. 6). RANTES and MCP-1 in particular were pro-
duced at similar concentrations after the addition of all TLR li-
gands tested (Fig. 6B and D). KC, MIP-1q, and eotaxin responded
to P. gingivalis LPS in a dose-dependent manner and were pro-
duced at lower levels than those of E. coli LPS or Pam3CSK4 (Fig.
6A, C,and E).

The effect of TLR2 and TLR4 deficiency on macrophage acti-
vation by P. gingivalis LPS. As the M1 and M2 macrophages re-
sponded differently to the TLR2 and TLR4 ligands (Pam3CSK4 and
E. coli LPS, respectively) as well as to P. gingivalis LPS, the effect of
removing one TLR signaling pathway on macrophage activation
was investigated. Immortalized bone marrow-derived macro-
phages (iMACs), either from C57BL/6 mice (wild type [WT]) or
TLR2- or TLR4-deficient mice (TLR2™/~ and TLR4 /"), were
primed with cytokines (IFN-y and IL-4), and the resultant
pre-M1 and pre-M2 macrophages then were exposed to P. gingi-
valis LPS (10 pg/ml) or control ligands. Nitric oxide secretion and
arginase activity were measured as markers of mature M1 or M2
activation, respectively.

Unprimed M0 macrophages, as well as IL-4-primed M2 mac-
rophages, produced negligible amounts of nitric oxide in response
to E. coli LPS and no nitric oxide in response to Pam3CSK4 or P.
gingivalis LPS (data not shown). Pre-M1 (IFN-y-primed) macro-
phages derived from WT mice responded to all of the ligands
tested in a manner similar to that previously observed with
BMM¢ (Fig. 7A). Pre-M1 TLR2™'~ macrophages were not acti-
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vated by Pam3CSK4 but did respond to E. coli LPS, albeit at re-
duced levels compared to the pre-M1 WT macrophages. How-
ever, TLR2 deficiency in these pre-M1 macrophages completely
eliminated the production of nitric oxide in response to P. gingi-
valis LPS (Fig. 7A). TLR4 deficiency removed the ability of pre-M1
to produce nitric oxide in response to E. coli LPS and had a re-
duced response to P. gingivalis LPS and Pam3CSK4 compared to
the pre-M1 WT macrophages (Fig. 7A).

Arginase was used as a marker for M2 macrophage polarization
in this study, and as observed previously, arginase activity was
induced by the addition of IL-4 alone. The additional exposure to
TLR ligands had no additive effect on the level of arginase pro-
duced by these cell types (Fig. 7B).
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M1 and M2 macrophage activation by P. gingivalis whole
cells. We have shown that P. gingivalis LPS weakly activates M1
macrophages. Therefore, experiments were performed with whole
P. gingivalis cells in order to determine the polarization of macro-
phages to intact bacteria. Immortalized bone marrow-derived
macrophages were primed with cytokine (IFN-vy and IL-4), and
the resultant pre-M1 and pre-M2 macrophages then were exposed
to various multiplicities of infection (MOI) of P. gingivalis whole
cells. The next day, nitric oxide or arginase activity levels were
measured as a marker of mature M1 or M2 activation.

Unprimed (M0) WT macrophages produced low levels of
nitric oxide in response to both E. coli LPS and Pam3CSK4 as well
as the high (1,000:1 MOI) dose of P. gingivalis whole cells
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FIG 6 Chemokine expression by bone marrow-derived macrophages. BMM¢ were primed with either IL-4 or IFN-y overnight and activated with various
concentrations of TLR ligand. Culture supernatant was removed 48 h later and analyzed using a 23-plex Bioplex assay. (A) KC, (B) RANTES, (C) eotaxin, (D)
MCP-1, and (E) MIP-1a. Expression of G-CSF, GM-CSF, and MIP-1f was not detected.

(Fig. 8A). The TLR2/~ and TLR4 '~ MO macrophages produced
nitric oxide in response to the high dose of P. gingivalis but at a
lower level than that of the MO WT macrophages. A similar acti-
vation pattern was observed for the IL-4-primed macrophages
and the MO (unprimed) macrophages (Fig. 8C).

The M1 (IFN-vy-primed) WT macrophages produced signifi-
cant amounts of nitric oxide in response to E. coli LPS and
Pam3CSK4 and a dose-dependent response to P. gingivalis whole
cells (Fig. 8B). The M1 TLR2 ™/~ macrophages did not respond to
Pam3CSK4 but did produce significant amounts of nitric oxide in
response to E. coli LPS. M1 TLR2 ™/~ macrophages produced ni-
tric oxide in response to P. gingivalis whole cells only at the highest
MOI of 1,000:1 and then at significantly (P < 0.05) lower levels
than that produced by the M1 WT macrophages, indicating that
the TLR2 ligands of P. gingivalis whole cells are the major stimu-
latory ligands. Confirming this, the M1 (IEN-y-primed) TLR4 '~
macrophages produced significant quantities of nitric oxide only
in response to E. coli LPS, not Pam3CSK4, and were not compro-
mised in their ability to respond to P. gingivalis whole cells. More-
over, they produce higher quantities of nitric oxide than the M1
WT macrophages.
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Arginase was used as a marker for M2 macrophage polarization
in this study, and as observed previously, arginase activity was
induced by the addition of IL-4 alone. The additional exposure to
TLR ligands had no effect on the level of arginase produced by
these cell types (Fig. 8D).

DISCUSSION

The innate immune system is the first line of defense against
pathogenic organisms. Macrophages are a critical component of
this innate immune response and are integral for initiating and
sustaining the adaptive immune response (19). We investigated
the effect of priming macrophages with IFN-+y or IL-4 to produce
aprimed M1 or M2 macrophage phenotype, respectively, on their
activation and immune response to P. gingivalis LPS. There are a
number of studies that have investigated the cytokines present in
diseased tissue during chronic periodontitis, reviewed in Gemmell
etal. (34) and Pathirana et al. (35), and it is widely acknowledged
that the levels of various proinflammatory cytokines are increased.
This inflammatory milieu is the first environment that monocytes
recruited from the bloodstream will encounter; therefore, a naive
macrophage will be exposed to various cytokines and stimuli

Infection and Immunity


http://iai.asm.org

>

N’
-
S

3 WTiMAC

= TLR2 /- MAC

Bl TLR4 /- MAC
*=p<0.05

w

e
H *

H *

h *

Nitric Oxide mM
s 2
*

>

Urea mM
S @

wn
rh

[}
T

o L %\4
-\*

i Q®

FIG 7 Polarization of macrophages lacking TLR2 or TLR4. Immortalized
macrophages (wild type, TLR2™/~, or TLR4™/") were left unprimed or were
primed overnight with IFN-y (A) or IL-4 (B) and then activated with E. coli
LPS (10 ng/ml), Pam3CSK4 (10 ng/ml), or P. gingivalis LPS (10 pg/ml). (A)
Nitric oxide expression was used as a marker for M1 polarization. Results were
normalized against the medium control. (B) Arginase activity (urea produc-
tion) was used as a marker for M2 polarization.

shortly after exiting the bloodstream. We have used exposure to
two different polarizing cytokines and TLR ligands to mimic this
exposure.

P. gingivalis LPS previously has been thought to be a TLR2
agonist based on its ability to activate cells from C3H/He] mice (7,
36). We found that the LPS preparation contained O-LPS, A-LPS,
and CTD protein conjugate. The presence of a second type of LPS
in P. gingivalis was first demonstrated by Rangarajan et al. (37),
who showed that the O antigen of O-LPS was replaced with a
phosphorylated-branch mannan repeating unit. The authors also
demonstrated differences in the lipid A structures of the two types
of LPS, with the A-LPS containing nonphosphorylated tetra- and
penta-acylated isoforms which exhibited reduced proinflamma-
tory activity compared with total LPS, containing both O-LPS and
A-LPS (37). Recently, Chen et al. (30) suggested that A-LPS or a
glycolipid containing the phosphorylated mannan epitope that
reacts with MAb 1B5 was the cell surface anchor for a unique range
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of proteins secreted through the outer membrane and covalently
attached to the surface of P. gingivalis. These secreted proteins
contain a C-terminal signal sequence (CTD) which is cleaved
from the protein at the surface and then is covalently attached to
the membrane anchor (30, 32). The most abundant CTD proteins
are the gingipains (RgpA/B and Kgp), and the RgpB conjugate is
displayed on an SDS-PAGE gel as a diffuse 60- to 80-kDa band,
whereas the unconjugated form of the protein is a sharp 50-kDa
band (30, 32). The P. gingivalis LPS preparation used in this study
contained the diffuse 60- to 80-kDa RgpB-conjugated band but
not the 50-kDa unconjugated enzyme, indicating that the prepa-
ration contained the CTD protein conjugate.

We analyzed the activity of the P. gingivalis LPS preparation
using a TLR2 or TLR4 HEK293 cell luciferase reporter assay sys-
tem and found that both TLR2- and TLR4-expressing HEK293
cells were stimulated, indicating that the preparation was able to
ligate TLR2 and TLR4. The TLR4 ligand of P. gingivalis LPS has
been shown to be penta-acylated forms of lipid A, with the diphos-
phorylated form being the most potent (15, 38, 39). Although P.
gingivalis TLR2 signaling has been attributed to a Pg1828 lipopep-
tide contaminant of the LPS preparation (10), Jain et al. (12) recently
showed that a P. gingivalis mutant not producing PG1828 still
stimulated TLR2 and suggested that P. gingivalis expresses a novel
class of lipoproteins which contaminate P. gingivalis LPS prepara-
tions that stimulate TLR2. At this stage, due to the complex and
atypical nature of P. gingivalis LPS, the molecular structure of the
TLR2 agonist has not been identified (10-12, 38, 40—44). How-
ever, it is possible that the novel contaminant responsible for
TLR2 stimulation is associated with the CTD protein conjugate,
which is present even in ultrapure LPS preparations.

Several previous studies into the effects of P. gingivalis LPS on
macrophages, both murine and human, have been reported. It has
been found that P. gingivalis LPS fails to induce sustained cytokine
responses in thioglycolate-induced peritoneal macrophages. In
particular, IL-12p35 and TNF-oo mRNA were quickly induced, but
levels decreased within 10 h (36). The transient production of
cytokines by human macrophages in response to P. gingivalis LPS
also has been observed (45). Other groups, however, found that
high levels of TNF-a and IL-12, along with many other macro-
phage-derived cytokines and chemokines, still were produced by
mouse macrophages at 24 h (46). In this investigation, nonpolar-
ized (M0) macrophages were found to produce significant levels
of IL-1B, IL-6, IL-12, and TNF-a 48 h after TLR stimulation.
Differences in LPS preparations may explain the variation in cy-
tokine expression observed between reports, as the complex and
atypical nature of P. gingivalis LPS has only recently been discov-
ered. In the current study, we did find that several of the cytokines
previous groups tested were induced by P. gingivalis LPS even at
low doses, and exposure to IFN-y or IL-4, producing M1 or M2
polarized M¢, induces significantly higher proinflammatory cy-
tokine responses than MO-M.

The results of this study indicate that P. gingivalis LPS, when
used at concentrations similar to those used for E. coli LPS or
Pam3CSK4, is unable to cause the maturation of macrophages
primed with IFN-vy into M1 macrophages, as measured by up-
regulation of CD40 and CD86 and iNOS expression. However, the
cytokine expression profile of these cells suggests that low doses of
P. gingivalis LPS are able to produce significant levels of cytokines
despite not being able to induce high levels of costimulatory
marker expression or antimicrobial compounds. The ability to
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FIG 8 Polarization of macrophages by P. gingivalis whole cells. Immortalized macrophages (wild type, TLR2 ™', or TLR4~'") were left unprimed (A), primed
overnight with IFN-y (B) or IL-4 (C and D), and then activated with E. coli LPS (10 ng/ml), Pam3CSK4 (10 ng/ml), or P. gingivalis at various MOIs (10:1, 100:1,
or 1,000:1). (A, B, and C) Nitric oxide expression was used as a marker for M1 polarization. (D) Arginase activity (urea production) was used as a marker for M2
polarization. Results shown in panels A, B, and C were normalized against the medium control.

induce cytokine expression but not upregulate surface marker ex-
pression may be an example of the ability of P. gingivalis to dys-
regulate the immune response (47). The ability to promote in-
flammation by IL-1f, IL-6, TNF-q, and IL-12 production and
recruit other immune cells through chemokine production but
not activate the adaptive immune system through costimulatory
marker expression may result in a chronic inflammatory condi-
tion without clearance of the pathogen or pathogen products (e.g.,
outer membrane vesicles) released from the biofilm into the sub-
jacent gingival tissue (48).

We further demonstrated that to obtain levels of costimulatory
marker activation at a level similar to that of E. coli LPS or
Pam3CSK4, 1,000-fold higher levels of P. gingivalis LPS are re-
quired. P. gingivalis is known to produce monophosphorylated
penta- or tetra-acylated lipid A molecules depending on the envi-
ronmental stimulus (49, 50). A number of studies have shown that
monophosphorylated penta- or tetra-acylated lipid A molecules
have significantly reduced biological activity compared to diphos-
phorylated hexa-acylated lipid A molecules typically produced by
E. coli (39, 51, 52). Despite P. gingivalis producing lipid A moieties
of differing structures depending on environmental stimuli, only
penta-acylated monophosphorylated forms or forms with fewer
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acyl chains and, hence, even less stimulatory activity have been
observed (38, 49). This gives a plausible explanation for the low
level of costimulatory marker activation by P. gingivalis LPS even
after macrophage priming with IFN-v.

The P. gingivalis LPS preparation, even at low concentrations,
induced TNF-a at levels higher than that of E. coli LPS and com-
parable to that of Pam3CSK4. TNF-a, as well as other proinflam-
matory cytokines, such as IL-13 and IL-6, plays an important role
in the pathogenesis of chronic periodontitis and is implicated in
the systemic complications arising from the disease (53, 54). The
higher TNF-a production by macrophages in response to P. gin-
givalis LPS observed in this study indicates that macrophages are a
significant source of this inflammatory cytokine and play a central
role in driving the inflammation observed in chronic periodonti-
tis. Indeed, it has been shown recently that the absence of bone loss
in TLR2 knockout mice can be reconstituted by the adoptive
transfer of TLR2-expressing macrophages (55), emphasizing their
importance in chronic periodontitis. However, the lack of co-
stimulatory molecule expression and the inability to produce sig-
nificant quantities of nitric oxide at biologically relevant doses
indicates that they are not fully effective at clearing P. gingivalis.
These results must be interpreted in the context of the whole bac-
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terium and, indeed, the whole polymicrobial biofilm in which P.
gingivalis exists. Other TLR ligands released into the host tissue
may be able to compensate for the lack of immunological activity
of the P. gingivalis LPS. Interestingly, where P. gingivalis has
emerged as a major constituent of the biofilm against the peri-
odontal pocket epithelium, its LPS may subvert innate responses
to the other bacteria, as it has been shown to interfere with TLR4
signaling by LPS from other bacteria (14).

The results of the TLR knockout experiments, combined with
the TLR activation assays, indicate that TLR2 is the main activat-
ing receptor for the P. gingivalis LPS preparation. The lack of TLR2
completely eliminated nitric oxide production by macrophages in
response to P. gingivalis LPS, whereas the lack of TLR4 only low-
ered the response. The knockout macrophage cell lines also were
exposed to whole P. gingivalis cells to investigate the ability of
other TLR ligands present on the cell to compensate for the lack of
TLR2 stimulation. Unprimed MO and IL-4-primed M2 macro-
phages were able to produce nitric oxide at the highest MOI tested,
1,000:1, in the latter case overcoming the IL-4 effect. This indicates
that a high enough exposure to TLR ligands can alter the pheno-
type of the macrophage regardless of the cytokine priming.

Macrophages derived from C57BL6 mice exhibited a dose-de-
pendent response to P. gingivalis whole cells, as did the cells lack-
ing TLR4. The elimination of TLR2 signaling resulted in no nitric
oxide production by M1 macrophages until the highest MOI
(1,000:1) where nitric oxide was produced, although at lower lev-
els than that produced by WT. These results also suggest that
TLR2 is the main signaling pathway that macrophages use to de-
tect P. gingivalis.

The current study also investigated the ability of P. gingivalis
LPS to stimulate alternatively activated macrophages, such as M2
polarized M. This was measured by a lack of inflammatory cy-
tokine production, the production of arginase-1, and the expres-
sion of YM-1 (among other markers) (56). Our results demon-
strated that low levels of YM-1 and high levels of arginase-1 were
able to be induced by the addition of TLR ligand alone without the
need to prime macrophages with IL-4. It has been shown previ-
ously that, in addition to IFN-vy and IL-4 cytokines producing M1
and M2 polarized macrophage phenotypes, respectively, the addi-
tion of GM-CSF and CSF-1 polarizes murine macrophages (57,
58). The use of CSF-1 in this study to generate a MO macrophage
phenotype from bone marrow cells may have predisposed the
MO-Md to the generation of M2 markers. However, this M2-Md
predisposition did not prevent the expression of M1 macrophages
markers after the addition of IFN-v, indicating a certain amount
of plasticity in the phenotypes (26). Furthermore, our results
demonstrate that IL-4 alone was able to induce the M2 phenotype
without the addition of further TLR ligands, although the addition
of TLR ligand did increase the expression of certain M2 markers.
M2 macrophages have been shown play a role in tissue remodel-
ling by increasing the production of effectors that both synthesize
and degrade collagen (59) and are becoming the focus of research
in fibrotic diseases (60, 61). Fibrotic gingival tissue is commonly
observed in chronic periodontitis (25), and gingival fibroblasts
have been thought to be largely responsible for collagen remodel-
ling during disease (62). However, an M2 macrophage marker,
CD163 (RM3/1), found associated with healthy gingival tissue,
also has been found in chronically inflamed periodontal tissue
(63, 64). It has been shown recently that P. gingivalis tolerates M2
macrophages but not M1 macrophages (65), potentially suppress-
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ing the anti-inflammatory and tissue repair functions of M2 mac-
rophages while the proinflammatory M1 macrophages remain
unaffected. Considering the role of M2 macrophages in differen-
tiation of fibrocytes and fibroblasts in liver fibrosis (60), M2 mac-
rophages require more attention in the context of periodontal
disease, particularly as better analytical techniques and more reli-
able biomarkers become available.

The alternative activation of macrophages during this study
was found to be largely independent of TLR ligation. However,
nonpolarized (M0) macrophages upregulated the M2 marker
arginase-1 after exposure to P. gingivalis LPS, which may have
been due to their culture with CSF-1 and warrants further inves-
tigation. The significant levels of cytokines produced by M1 mac-
rophages in this study, combined with the inability to induce
nitric oxide and costimulatory marker expression at similar levels
of TLR ligand, may contribute to the immune dysregulation ob-
served during chronic periodontitis. This dysregulation may lead
to the survival and persistence of P. gingivalis in subgingival
plaque and its products in gingival tissues, resulting in chronic
inflammation.
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