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The Poly-y-p-Glutamic Acid Capsule Surrogate of the Bacillus
anthracis Capsule Is a Novel Toll-Like Receptor 2 Agonist
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Bacillus anthracis is a pathogenic Gram-positive bacterium that causes a highly lethal infectious disease, anthrax. The poly-y-p-
glutamic acid (PGA) capsule is one of the major virulence factors of B. anthracis, along with exotoxins. PGA enables B. anthracis
to escape phagocytosis and immune surveillance. Our previous study showed that PGA activates the human macrophage cell line
THP-1 and human dendritic cells, resulting in the production of the proinflammatory cytokine interleukin-1f3 (IL-13) (M. H.
Cho et al., Infect Immun 78:387-392, 2010, http://dx.doi.org/10.1128/IA1.00956-09). Here, we investigated PGA-induced cyto-
kine responses and related signaling pathways in mouse bone marrow-derived macrophages (BMDMs) using Bacillus lichenifor-
mis PGA as a surrogate for B. anthracis PGA. Upon exposure to PGA, BMDMs produced proinflammatory mediators, including
tumor necrosis factor alpha (TNF-a), IL-6, IL-12p40, and monocyte chemoattractant protein 1 (MCP-1), in a concentration-
dependent manner. PGA stimulated Toll-like receptor 2 (TLR2) but not TLR4 in Chinese hamster ovary cells expressing either
TLR2 or TLR4. The ability of PGA to induce TNF-« and IL-6 was retained in TLR4 ™/~ but not TLR2™'~ BMDMs. Blocking ex-
periments with specific neutralizing antibodies for TLR1, TLR6, and CD14 showed that TLR6 and CD14 also were necessary for
PGA-induced inflammatory responses. Furthermore, PGA enhanced activation of mitogen-activated protein (MAP) kinases and
nuclear factor-kappa B (NF-kB), which are responsible for expression of proinflammatory cytokines. Additionally, PGA-in-
duced TNF-« production was abrogated not only in MyD88 '~ BMDM:s but also in BMDM s pretreated with inhibitors of MAP

kinases and NF-kB. These results suggest that immune responses induced by PGA occur via TLR2, TLR6, CD14, and MyD88

through activation of MAP kinase and NF-kB pathways.

Bacillus anthracis, the causative agent of anthrax, is a Gram-
positive, spore-forming, facultative anaerobic bacterium and
is classified as a tier 1 select agent by the Centers for Disease Con-
trol and Prevention (CDC) (1). After infecting a host, anthrax
spores are rapidly phagocytosed by antigen-presenting cells, such
as macrophages and dendritic cells, and subsequently are trans-
ported to regional lymph nodes in which the spores geminate and
become toxin-producing vegetative bacteria (2, 3). The bacteria
then enter the bloodstream and multiply extracellularly, reaching
107 to 10® organisms per milliliter of blood (4).

Vegetative B. anthracis secretes high levels of exotoxins, which
cause edema or cell death (5). In addition to exotoxins, the other
virulence factor of B. anthracis is the capsule, which is surrounded
by PGA, a homopolymer of D-glutamic acid linked by y-carboxyl
groups (6). The antiphagocytic abilities of the PGA capsule allow
B. anthracis to evade host immune surveillance via mechanisms
that are similar to those of capsular polysaccharides that protect
bacteria such as streptococci, staphylococci, and meningococci
from phagocytosis (7, 8). A recent study demonstrated that deg-
radation of PGA by treatment with the PGA depolymerase CapD
enhances in vitro macrophage phagocytosis and neutrophil-medi-
ated killing of encapsulated B. anthracis in vitro and in vivo (9, 10).
Additionally, overexpression of CapD attenuates B. anthracis vir-
ulence (11). PGA capsule released from B. anthracis is associated
with lethal toxin (LT) in experimental infection models (12). PGA
enhances LT-mediated macrophage death (13), indicating that
PGA can intensify the LT-induced toxemia that occurs at the ter-
minal stage of anthrax infection.

The innate immune response is the first line of defense against
infection, and recognition of invading pathogens by the host in-
nate immune system is a key event in controlling infection (14).
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Innate immune cells recognize highly conserved structural motifs
of microbial pathogens, called pathogen-associated molecular
patterns (PAMPs), using diverse pattern recognition receptors,
such as toll-like receptors (TLRs), nucleotide-binding oligomer-
ization domain (NOD) receptors, and RIG-I-like receptors
(RLRs) (15). Among pattern recognition receptors, TLRs play a
central role in innate immunity by sensing various PAMPs of in-
fectious agents and by initiating a response to eliminate them (16).
To date, 13 TLR members have been identified in mammals, each
sensing a different set of bacterial and viral PAMPs (17). TLR2
recognizes diverse bacterial products, including peptidoglycans,
lipoteichoic acid (LTA), lipoproteins, and mycobacterial lipoara-
binomannan (17, 18). The unique ability of TLR2 to sense various
microbial ligands comes from its ability to associate with het-
erodimerization partners such as TLR1 or TLR6 (19). LTA and
diacylated lipoproteins induce activation of the innate immune
system through TLR2/TLR6, whereas triacylated lipoproteins re-
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quire TLR1/TLR2 for activation (19, 20). CD14, a glycophosphati-
dylinositol-anchored glycoprotein, also is involved in the corecog-
nition of various TLR ligands, including TLR2 ligands LTA and
lipoproteins (21, 22). The engagement of TLR2 by a ligand subse-
quently recruits MyD88, a common adaptor molecule in TLR-
mediated signaling, with the exception of TLR3 signaling. The
interaction of TLR2 and MyD88 leads to the activation of mito-
gen-activated protein (MAP) kinases and the transcription factor
nuclear factor-kappa B (NF-kB), which are responsible for induc-
ing expression of proinflammatory cytokines (15, 17).

In the present study, we examined how the innate immune
system senses PGA and the molecular mechanisms of inflamma-
tory responses induced by PGA using Bacillus licheniformis PGA as
a surrogate of B. anthracis PGA. We found that PGA induced the
secretion of proinflammatory mediators such as tumor necrosis
factor alpha (TNF-a) and interleukin-6 (IL-6) through TLR2.
Furthermore, TLR6 and CD14 were required for PGA-induced
inflammatory responses. We also found that MyD88, MAP kinase,
and NF-«B pathways were involved in PGA-induced inflamma-
tory responses. These results indicate that PGA is involved in an-
thrax pathogenesis by inducing proinflammatory cytokine pro-
duction.

MATERIALS AND METHODS

Reagents and chemicals. MAP kinase inhibitors, including U0126,
SB203580 (SB), and SP600125 (SP), were purchased from Calbiochem
(Darmstadt, Germany). The NF-kB inhibitor parthenolide was obtained
from Sigma-Aldrich (St. Louis, MO). Antibodies recognizing the phos-
phorylated and nonphosphorylated forms of MAP kinases, IkB-a, and
B-actin were from Cell Signaling Technology (Beverly, MA). The TLR1/
TLR2 ligand PAM3CSK4 (P3C), the TLRY ligand CpG2395, and the
TLR4 ligand Escherichia coli lipopolysaccharide (LPS) were purchased
from InvivoGen (Cayla SAS, Toulouse, France). The TLR2/TLR6 ligand
MALP2 was purchased from Alexis Biochemicals (San Diego, CA). Highly
purified Staphylococcus aureus LTA was kindly provided by Seung Hyun
Han (Seoul National University, Seoul, South Korea). Blocking antibod-
ies for CD14 and TLR2 were purchased from R&D Systems (Minneapolis,
MN), and blocking antibodies for TLR1 and TLR6 were obtained from
InvivoGen. HEK 293 cells expressing TLR2, TLR1/2, and TLR2/6 were
purchased from InvivoGen. Dulbecco’s modified Eagle medium
(DMEM), F12 medium, fetal bovine serum (FBS), and antibiotics for cell
culture were purchased from Invitrogen (Carlsbad, CA). The plasmid
expressing human CD14 and control plasmid were purchased from Invi-
voGen.

Purification of PGA. B. licheniformis ATCC 9945a was grown in E
medium, which contained 20 g r-glutamic acid, 12 g citric acid, 80 g
glycerol, 7 g NH,Cl, 0.5 g K,HPO,, 0.5 g MgSO, - 7H,0, 0.04 g FeCl, -
6H,0, 0.15 g CaCl, - 2H,0, and 0.104 g MnSO, - H,O per liter (23).
Usually under these conditions, B. licheniformis 9945a has been known to
produce PGA with approximately 80 to 90% D-enantiomer (23, 24). After
4 days of culture, highly viscous bacterial culture was centrifuged at 4°C
(6,500 X g, 20 min) to remove bacteria, and collected supernatant was
precipitated with 3 volumes of ethanol at 4°C overnight. PGA precipitate
was collected by centrifugation and dialyzed against deionized water. Di-
alyzed PGA was acidified to pH 1.5 with 6 M HCl and immediately pre-
cipitated with 3 volumes of 1-propanol at —20°C. PGA was collected by
centrifugation and washed twice with acetone and then dissolved in ultra-
pure deionized water. PGA solution was dialyzed against deionized water
and then lyophilized. As the molecular mass of purified PGA was ~500
kDa, PGA was fragmented to a molecular mass of <50 kDa with 600 mM
HCI at 85°C for 0.5 h. The hydrolyzed PGA was neutralized, dialyzed
against deionized water, and lyophilized prior to use in experiments. The
purity and structure of PGA were verified by UV-visible scanning from
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190 to 300 nm and by 'H nuclear magnetic resonance (NMR) spectros-
copy. Endotoxin levels in the purified PGA were measured in endotoxin
units per milliliter (EU/ml) using a Limulus amebocyte lysate assay kit
(Lonza, Walkersville, MN). According to this assay, 100 pg/ml PGA con-
tained <0.1 EU/ml.

Animals. All animal studies were conducted with the approval of the
Institutional Animal Care and Use Committee (IACUC) of the Korea
National Institute of Health. C57BL/6 and BALB/c wild-type (WT) mice
were purchased from Orient Bio (Seoul, South Korea). TLR2-knockout
(KO) C57BL/6 mice were obtained from the Jackson Laboratory (Bar
Harbor, ME), and TLR4-KO C57BL/6 and MyD88-KO BALB/c mice were
kindly provided by Shizuo Akira (Osaka University, Osaka, Japan).

Cell culture and stimulation. Bone marrow-derived macrophages
(BMDMs) were prepared as described previously (25). In brief, bone mar-
row cells were isolated from 6-week-old C57BL/6, BALB/c, TLR2-KO
C57BL/6, TLR4-KO C57BL/6, or MyD88-KO BALB/c mice by flushing
the marrow space of tibiae and femora with a syringe filled with DMEM
supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin,
and 100 pg/ml streptomycin. For macrophage differentiation, cells were
cultured in the aforementioned medium in the presence of 30% L1929
conditioned medium as a source of macrophage colony-stimulating fac-
tor (M-CSF) and 50 uM B-mercaptoethanol for 6 to 8 days at 37°Cin a
humidified incubator with 5% CO,. BMDMs were trypsinized and seeded
in 24-well plates at 1 X 10°/ml. Cells then were stimulated with various
concentrations of PGA (0, 12.5, 25, 50, or 100 pg/ml), P3C (0.1 pg/ml), or
CpG2395 (1 wM) for 24 h. Chinese hamster ovary (CHO) cells expressing
either TLR2/CD14 (CHO/TLR2/CD14) or TLR4/CD14 (CHO/TLR4/
CD14) were cultured in F12 medium in the presence of G418 (1 mg/ml)
and hygromycin (400 pg/ml). CHO/TLR2/CD14 or CHO/TLR4/CD14
cells (2 X 10°/ml) were stimulated with PGA, P3C, LPS, or LTA for 18 h.
HEK 293-TLR2, TLR1/2, and TLR2/6 cells were incubated in DMEM in
the presence of blasticidin (10 pg/ml) and stimulated with PGA, P3C, or
MALP?2 for 24 h.

ELISA. Concentrations of mouse TNF-a, IL-6, IL-12p40, and mono-
cyte chemoattractant protein 1 (MCP-1) and of human IL-8 were mea-
sured by enzyme-linked immunosorbent assay (ELISA) using superna-
tants from BMDMSs or HEK293-TLR2, TLR1/2, and TLR2/6 cells
stimulated as described above using commercially available ELISA kits
(BioLegend, San Diego, CA) according to the manufacturer’s instruc-
tions.

Blocking experiments with anti-TLR1, anti-TLR2, anti-TLR6, or
CD14. HEK 293-TLR2 cells were preincubated for 1 h with human anti-
TLR1 (5 pg/ml), anti-TLR2 (10 pg/ml), anti-TLR6 (5 pg/ml), or an iso-
type control mouse IgG1 (10 pg/ml) and then stimulated with PGA, P3C,
or MALP?2 for an additional 24 h. IL-8 concentrations were measured
using an IL-8 ELISA kit (BioLegend). For the CD14 blocking experiment,
CHO/TLR2/CD14 cells were preincubated for 1 h with human anti-CD14
(10 pg/ml) or an isotype control antibody, followed by stimulation with
PGA or LTA for an additional 18 h.

Flow cytometry analysis. CHO/TLR2/CD14 and CHO/TLR4/CD14
cells, which are NF-kB reporter cell lines, were used to analyze the ability
of PGA to stimulate TLR2 or TLR4 as described previously (26). These cell
lines express the human membrane CD25 gene under the control of the
E-selectin promoter, which is regulated by NF-«kB activation. CHO/
TLR2/CD14 or CHO/TLR4/CD14 cells were stimulated with PGA, P3C,
LTA, or LPS for 18 h and then stained with fluorescein isothiocyanate
(FITC)-conjugated human anti-CD25. TLR2- or TLR4-dependent
NEF-kB activation was determined by flow cytometry analysis of CD25 on
a FACSCalibur (Becton Dickinson, Mountain View, CA) or FC500 (Beck-
man Coulter, Palo Alto, CA) flow cytometer with Flow]Jo software (Tree
Star, Ashland, OR).

Western blot analysis. BMDM:s were stimulated with 100 w.g/ml PGA
for 0, 5, 15, 30, or 60 min or 0.1 pg/ml LPS for 15 min. Cells then were
lysed with NP-40 cell lysis buffer (Invitrogen) on ice for 30 min. Cell
lysates were collected by centrifugation at 13,000 X g for 10 min, and a
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30-g sample of total protein was separated by 10% SDS-PAGE and elec-
trotransferred onto a polyvinylidene fluoride membrane. The membrane
was blocked with 5% skim milk in TBS (50 mM Tris-HCI, 150 mM NacCl,
pH 7.6) at room temperature for 1 h and then incubated with rabbit
anti-MAP kinase (1:1,000), anti-IkB-a (1:1,000), or B-actin (1:3,000) at
4°C overnight. After washing three times with TBST (TBS with 0.05%
Tween 20), the membrane was incubated with horseradish peroxidase-
conjugated goat anti-rabbit IgG secondary antibody (1:3,000) in blocking
buffer at room temperature for 1 h. Finally, the membrane was washed
three times with TBST, and the immunoreactive bands were detected
using ECL Western blotting reagents (Invitrogen) and analyzed on a
ChemiDoc XRS system (Bio-Rad, Hercules, CA).

Immunofluorescence microscopy. To examine NF-kB activation by
PGA, BMDMs (1 X 10°/ml) were seeded on a chamber slide (Nalge Nunc)
and treated with 100 pg/ml PGA for 1 h. Cells then were washed with cold
phosphate-buffered saline (PBS) (Invitrogen) and fixed with 4% parafor-
maldehyde for 15 min. Cells were permeabilized in PBS containing 0.1%
saponin and 5% FBS and then incubated with anti-NF-kB p65 primary
antibody (1:50; Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h at
room temperature. Cells then were incubated with Alexa Fluor 488-con-
jugated anti-mouse secondary antibody (1:100; Invitrogen) for 1 h at
room temperature and washed three times with PBS containing 0.1%
saponin. Samples were mounted with Prolong Gold antifade reagent with
4',6-diamidino-2-phenylindole (DAPI) and analyzed using an Olympus
FV1000 confocal microscope (Tokyo, Japan).

Transfection and luciferase reporter gene assay. HEK293-TLR2 cells
were plated at 5 X 10°/ml on 24-well plates. The next day, cells were
transfected with 10 ng pNF-kB luciferase plasmid (Clontech, Mountain
View, CA) or 1 ng pRL-TK (Promega, Madison, WI) plus the CD14 ex-
pression plasmid or vector control (100 ng each) using transfection re-
agent (TransFectin; Bio-Rad) according to the manufacturer’s instruc-
tions. After 24 h of transfection, cells were stimulated with PGA (100
pg/ml) or LTA (10 pg/ml) for 8 h. Stimulated cells were lysed with re-
porter lysis buffer (Promega), and the dual-luciferase assay was per-
formed using the dual-luciferase assay system (Promega) according to the
manufacturer’s instructions. Firefly luciferase activity was normalized to
Renilla luciferase activity to obtain the relative luciferase activity.

Statistical analysis. Statistical analyses were performed using Graph-
Pad Prism 6 software (GraphPad Software, San Diego, CA). All experi-
ments were performed at least three times. Mean values = standard devi-
ations (SD) were determined for each treatment group in each individual
experiment. Treatment groups were compared with the appropriate con-
trol. Two-sample comparisons were conducted with Student’s ¢ test, while
multiple comparisons were made with a one-way analysis of variance
(ANOVA) followed by a Tukey-Kramer’s post hoc test. Differences were
considered significant when the P value was <0.05.

RESULTS

PGA stimulates the secretion of proinflammatory cytokines
from BMDMs. Previously, we demonstrated that PGA induces
the release of the proinflammatory cytokine IL-1B from THP-1
macrophages and human monocyte-derived dendritic cells
through activation of caspase-1 (27). To further characterize
PGA-mediated inflammatory responses, we examined whether
PGA can induce inflammatory responses in mouse BMDMs
(Fig. 1). Stimulation of cells with PGA significantly augmented the
production of the proinflammatory cytokines TNF-«, IL-6, IL-
12p40, and MCP-1 in a concentration-dependent manner (Fig.
1A to D).

PGA induces TLR2-dependent production of cytokines by
BMDMs. Because TLRs play a pivotal role not only in recognition
of PAMPs but also in control of host immune responses against
invading pathogens (16), we examined whether immune re-
sponses by PGA were mediated through TLR2 or TLR4. CHO/
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FIG 1 PGA induces production of inflammatory mediators in a dose-depen-
dent manner. BMDMs from C57BL/6 mice were incubated with various con-
centrations of PGA (0, 12.5, 25, 50, and 100 pg/ml) or P3C (0.1 pg/ml) for 24
h. After incubation, levels of TNF-a (A), IL-6 (B), IL-12p40 (C), and MCP-1
(D) in culture supernatants were measured by ELISA. Data are the mean val-
ues * SD from triplicate results. Statistical significance was calculated using
one-way ANOVA followed by a Tukey’s post hoc test. *, P < 0.05, and **, P <
0.01, compared with the untreated control group; NS, not significant. One of
three similar results is shown.

TLR2/CD14 or CHO/TLR4/CD14 cells, which coexpress CD14
and either TLR2 or TLR4, were stimulated with PGA and either
P3C or LPS, respectively, for 18 h. CD25 expression, which is
regulated by activation of NF-kB, then was analyzed by flow cy-
tometry. In CHO/TLR2/CD14 cells, CD25 expression was aug-
mented by PGA stimulation (Fig. 2A). In contrast, CD25 expres-
sion was not enhanced in CHO/TLR4/CD14 cells stimulated with
PGA, although the TLR4 ligand LPS did markedly enhance CD25
expression compared to the level in untreated control cells.

To further verify whether PGA induces inflammatory re-
sponses through TLR2, we examined cytokine production in-
duced by PGA in BMDMs from TLR2- and TLR4-KO mice.
BMDMs from C57BL/6 and either TLR2- or TLR4-KO mice were
stimulated with PGA, P3C, or CpG DNA or with PGA, LPS, or
LTA, respectively, for 24 h. As shown in Fig. 2B and C, PGA-
induced secretion of TNF-a and IL-6 was significantly reduced in
TLR2-KO BMDMs. A similar effect was seen for P3C-induced
secretion but not for CpG-induced secretion. Furthermore, no
changes in PGA-mediated or LTA-mediated TNF-o and IL-6 se-
cretion were observed in TLR4-KO BMDMs, whereas secretion of
LPS-induced TNF-a and IL-6 was significantly reduced in
TLR4-KO BMDMs (Fig. 2D and E). Taken together, these results
indicate that PGA induced inflammatory responses through TLR2
but not TLR4.

We next examined whether the stimulatory effect of PGA on
TLR2 activation is due to contaminants such as lipoproteins, LTA,
or peptidoglycan. As shown in Fig. S1A in the supplemental ma-
terial, NMR analysis of our purified PGA demonstrated a conven-
tional peak pattern of y-PGA with no additional peak, which is
consistent with previously published results (23, 28). Pretreat-
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FIG 2 TLR2, but not TLR4, is involved in PGA-mediated inflammatory responses. (A) CHO/TLR2/CD14 or CHO/TLR4/CD14 cells were stimulated with 62.5
pg/ml PGA, 0.1 pg/ml P3C, or 0.1 pg/ml LPS for 18 h and then stained with FITC-conjugated anti-CD25. TLR2- or TLR4-dependent NF-kB activation was
determined by flow cytometry analysis of CD25. Values in histograms indicate the percentage of CD25-expressing cells. One of three similar results is shown. (B
and C) BMDMs from C57BL/6 and TLR2-KO C57BL/6 mice were stimulated with 100 pug/ml PGA, 0.1 wg/ml P3C, or 1 uM CpG2395 for 24 h. Levels of TNF-a
and IL-6 were measured by ELISA. (D and E) BMDM:s from C57BL/6 or TLR4-KO C57BL/6 mice were stimulated with 100 pg/ml PGA, 0.1 pg/ml LPS, or 10
pg/ml LTA for 24 h. Levels of TNF-a and IL-6 were measured by ELISA. Data are the mean values = SD from triplicate samples. Statistical significance was

calculated using the ¢ test. **, P < 0.01 compared with the appropriate control group. The results shown are representative of three separate experiments.

ment of PGA with hydrofluoric acid (HF), which has been known
to deactivate lipoproteins and LTA (29), did not significantly af-
fect PGA-induced TNF-a production in RAW264.7 cells (data not
shown). Additionally, preincubation of PGA with lipase did not
significantly affect PGA-induced TNF-a production, while pre-
treatment of P3C and LTA with lipase attenuated their stimula-
tory effects on TNF-a production (see Fig. S1B). Furthermore,
pretreatment of proteinase K caused significant reduction in IFN-
v-induced TNF-a production, whereas it did not influence PGA-
induced TNF-a production (data not shown). Taken together,
these data demonstrate that our purified PGA does not contain the
minimum amounts of LTA or lipoproteins required to induce
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cytokine production. Peptidoglycan, which contains a carbohy-
drate backbone of alternating units of N-acetyl glucosamine and
N-acetyl muramic acid, has been known to be a potent inducer of
proinflammatory cytokines in immune cells, and it is recognized
by the intracellular receptor NOD2 (30, 31). We examined
whether our purified PGA contains peptidoglycan by measuring
total carbohydrate quantity. The assay result showed that the
quantity of carbohydrate in the purified PGA is almost similar to
that of the water control (data not shown). To further verify
whether the purified PGA contains peptidoglycan, we examined
TNF-a production by PGA in BMDMs from C57BL/6 and
NOD2-KO mice. As shown in Fig. S1C, no difference in
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FIG 3 TLR6 is required for inflammatory responses by PGA. (A) HEK293-
TLR2 cells were pretreated with control IgG1 (10 pg/ml), anti-TLRI (5 pg/
ml), anti-TLR6 (5 pg/ml), or anti-TLR2 (10 pg/ml) for 1 h and then stimu-
lated with 60 pg/ml PGA, 10 ng/ml P3C, or 10 ng/ml MALP2 for an additional
24 h. Cell culture medium was collected and IL-8 production was measured by
ELISA. (B) HEK293-TLR2, TLR1/TLR2, and TLR2/TLR6 cells were treated
with 10 ng/ml P3C, 60 pg/ml PGA, or 10 ng/ml MALP2 for 24 h, and the level
of IL-8 was measured by ELISA. Data are the mean values = SD from triplicate
results. Statistical significance was calculated using one-way ANOVA followed
by a Tukey’s post hoc test. **, P < 0.01 compared with the appropriate control
group. One of three similar results is shown.

TNF-a production between C57BL/6 and NOD2-KO BMDMs
was found, indicating that purified PGA does not contain pepti-
doglycan.

TLR6 and CD14 also are required for PGA-induced inflam-
matory responses. Unlike other TLRs, TLR2 functions as a het-
erodimer with either TLR1 or TLR6, which mediates inflamma-
tory responses depending on the ligand (19, 32). Thus, we
examined whether PGA isaligand for TLR1/TLR2 or TLR2/TLR6.
Because HEK293 cells endogenously express TLR1 and TLRe,
HEK293-TLR2 cells were pretreated with blocking antibodies
against TLR1, TLR2, or TLR6 or isotype-matched control anti-
body for 1 h and then stimulated with PGA, P3C (a TLR2/TLR1
ligand), or MALP2 (a TLR2/TLR6 ligand) for 24 h (Fig. 3A). As
expected, pretreatment of cells with TLR2 blocking antibody
markedly reduced PGA-, P3C-, and MALP2-induced IL-8 secre-
tion (Fig. 3A). Furthermore, addition of TLR6 blocking antibody
significantly attenuated IL-8 secretion from PGA- and MALP2-
stimulated cells, whereas TLR1 blocking antibody decreased IL-8
secretion only in P3C-treated cells (Fig. 3A). To further verify the
role of TLR6 in PGA-induced inflammatory responses, HEK293
cells expressing TLR2, TLR1/TLR2, or TLR2/TLR6 were stimu-
lated with P3C, PGA, or MALP?2 for 24 h. As expected, P3C and
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MALP2 specifically augmented IL-8 secretion from HEK293-
TLR1/TLR2 cells and TLR2/TLRG6 cells, respectively, compared to
secretion from HEK293-TLR2 cells. PGA significantly enhanced
IL-8 production by HEK293-TLR2/TLR6 cells but not TLR1/
TLR2 cells (Fig. 3B). These results indicate that PGA induces in-
flammatory responses through the TLR2/TLR6 heterodimer.

Because CD14 plays an important role in TLR2-mediated in-
flammatory responses (33), we determined the involvement of
CD14 in PGA-induced immune responses. CHO/TLR2/CD14
cells were preincubated with CD14 blocking antibody or isotype-
matched control antibody for 1 h and then stimulated with either
PGA or LTA for an additional 18 h (Fig. 4A). Stimulation of CHO/
TLR2/CD14 cells with PGA or LTA markedly enhanced CD25
expression compared with that of untreated control cells, and this
enhancement was attenuated by pretreatment with CD14 neutral-
izing antibody. Moreover, addition of soluble CD14 augmented
the PGA- and LTA-induced IL-8 secretion from HEK293-TLR2
cells in a concentration-dependent manner (Fig. 4B).

Since soluble CD14 augmented PGA-induced IL-8 production
in HEK293-TLR2 cells, we next examined whether enforced CD14
expression can enhance PGA-induced inflammatory responses.
HEK293-TLR2 cells were transiently transfected with human
CD14 expression vector or control vector with an NF-kB lucifer-
ase reporter plasmid. The cells then were stimulated with PGA or
LTA for 24 h. Stimulation with either PGA or LTA increased
NE-kB luciferase reporter activity in control vector-transfected
HEK293-TLR2 cells, and this effect was further enhanced by over-
expression of CD14 (Fig. 4C). These results indicate that CD14
also is involved in PGA-mediated inflammatory responses.

MyD88, MAP kinase, and NF-kB signaling pathways are in-
volved in the PGA-induced inflammatory response. Because
TLR2 requires the intracellular adaptor molecule MyD88 to in-
duce inflammatory responses and activation of downstream sig-
naling pathways involving MAP kinases and NF-kB (16, 17), we
investigated the effect of MyD88 deficiency on PGA-induced
TNEF-a production (Fig. 5A). TNF-a secretion by PGA as well as
P3C and LPS was completely abolished in MyD88-KO BMDMs,
indicating that MyD88 is required for PGA-induced cytokine pro-
duction.

Because MAP kinase pathways play a pivotal role in TLR2-
mediated inflammatory responses (17, 34), we examined whether
PGA can induce activation of the MAP kinases ERK, p38, and JNK
in TLR2-WT and TLR2-KO BMDMs by Western blot analysis
using LPS as a control. PGA induced phosphorylation of all three
MAP kinase isoforms with maximal activation after 15 min of
stimulation in TLR2-WT BMDMs, but these enhancements were
not seen in TLR2-KO BMDMs (Fig. 5B). Unlike PGA, LPS in-
duced phosphorylation of these three MAP kinases after 15 min of
stimulation in TLR2-KO BMDMs (Fig. 5B). To further confirm
the involvement of MAP kinase subtypes on PGA-induced in-
flammatory responses, BMDMs were pretreated with inhibitors of
ERK (U0126), p38 (SB), or JNK kinases (SP) for 1 h and then
stimulated with PGA for an additional 24 h. As shown in Fig. 5C,
all three MAP kinase inhibitors significantly attenuated PGA-in-
duced TNF-a secretion in BMDMs, indicating that MAP kinases
play an important role in PGA-induced cytokine production.

We next examined the effect of PGA on NF-kB activation by
Western blotting and confocal microscopy analysis in BMDMs.
Stimulation of cells with PGA enhanced maximal degradation of
I-kB-a, which inhibits nuclear translocation of the NF-kB tran-
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FIG 4 CD14 is involved in PGA-induced inflammatory responses. (A) CHO/TLR2/CD14 cells were preincubated with 10 pg/ml control IgG1 or anti-CD14 for
1 h and then stimulated with 100 pg/ml PGA or 10 pg/ml LTA for an additional 18 h. Cells were stained with FITC-conjugated anti-CD25 and subjected to flow
cytometry. Values in histograms represent the percentage of CD25-expressing cells. The results shown are representative of three separate experiments. (B)
HEK293-TLR2 cells were treated with increasing concentrations (0, 0.25, 0.5, or 1 pg/ml) of soluble CD14 in the presence or absence of PGA or LTA for 24 h. IL-8
concentrations were measured by ELISA. Data are the mean values = SD from triplicate results. Statistical significance was calculated using one-way ANOVA
followed by a Tukey’s post hoc test. P < 0.05 (*) and P < 0.01 (**) compared with the appropriate control group. One of three similar results is shown. (C)
HEK293-TLR2 cells were transiently transfected with an NF-«B luciferase reporter plasmid together with a Renilla luciferase plasmid in the presence of a CD14
expression plasmid or control vector for 24 h. Cells then were stimulated with PGA (100 p.g/ml) or LTA (10 pg/ml) for an additional 24 h. Culture supernatants
were used for analysis of IL-8 secretion by ELISA. Data are the mean values = SD from triplicate samples. Statistical significance was examined using a  test. **,

P < 0.01 compared with the appropriate control group. One of three similar results is shown.

scription factor, after stimulation for 15 min (Fig. 5D) and subse-
quently induced nuclear translocation of NF-kB p65 after 1 h of
stimulation (Fig. 5E). Additionally, PGA-induced TNF-a produc-
tion was abrogated by pretreatment with the NF-«kB inhibitor par-
thenolide (Fig. 5F). Taken together, these results indicate that
MAP kinase and NF-kB signaling pathways are crucially involved
in PGA-induced inflammatory responses.

DISCUSSION

The PGA capsule is considered a major virulence factor of B. an-
thracis because of its antiphagocytic activity (7, 8). However, the
mechanisms underlying the immune stimulatory activity of PGA
have remained largely unknown. Using TLR2-WT and TLR2-KO
BMDMs, we demonstrated that PGA induced inflammatory re-
sponses through TLR2, a pattern recognition receptor that plays a
pivotal role in the host immune response to invading pathogens.
In addition, we showed that PGA required TLR6, but not TLR1, to
initiate inflammatory cytokine production. Furthermore, CD14,
an accessory molecule required for TLR-mediated signaling, ap-
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peared to be involved in the PGA-mediated inflammatory re-
sponse. Among various signaling molecules, MyD88, MAP kinase,
and NF-kB signaling pathways were involved in PGA-mediated
immune responses. These results suggest that PGA stimulates the
innate immune system through TLR2/6/CD14/MyD88-depen-
dent signaling pathways.

TLR2 appears to be required for PGA-induced innate immune
responses, because PGA directly stimulated TLR2 followed by
production of TNF-a and IL-6, which did not occur in TLR2-
deficient macrophages. TLR2 plays an important role in B. anthra-
cis-mediated innate immunity. Hughes et al. reported that TLR2
plays a pivotal role in recognition of B. anthracis and the subse-
quent cytokine responses (35). TLR2 is involved in CD14-depen-
dent Mac-1 activation and spore internalization by macrophages
(36). In addition, anthrax cell wall components trigger inflamma-
tory responses via TLR2/TLR6 heterodimers (37). In accordance
with our results, Broos et al. showed that PGA nanoparticles in-
duce dendritic cell maturation, and this response is attenuated by
preincubation with TLR2 blocking antibody (38). Furthermore,
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FIG 5 MyD88, MAP kinase, and NF-kB signaling pathways are involved in PGA-induced cytokine production. (A) BMDMs from BALB/c and MyD88-KO
BALB/c mice were stimulated with 100 pg/ml PGA, 100 ng/ml P3C, or 100 ng/ml LPS for 24 h. TNF-« concentrations were measured by ELISA. (B) BMDMs
from C57BL/6 and TLR2-KO C57BL/6 mice were stimulated with 100 pg/ml PGA for the indicated times (0, 5, 15, 30, or 60 min) or with 0.1 pg/ml LPS for 15
min. Cells were lysed, and equal amounts of lysates were subjected to Western blot analysis using antibodies specific to MAP kinases in their nonphosphorylated
(ERK, p38, and JNK) and phosphorylated (p-ERK, p-p38, and p-JNK) forms. (C) BMDMs were pretreated with the MAP kinase inhibitor U0126 (ERK inhibitor;
1 or5 wM), SB (p38 inhibitor; 2.5 or 10 uM), or SP (JNK inhibitor; 5 or 10 uM) for 1 h and then stimulated with 100 pg/ml PGA for an additional 24 h. TNF-a
concentrations were measured by ELISA. (D) BMDMs were stimulated with 100 pug/ml PGA for the indicated times (0, 5, 15, 30, or 60 min). Cells then were lysed,
and lysates were subjected to Western blot analysis to determine levels of IkB-a protein. (E) BMDMs were left untreated or were treated with 100 pwg/ml PGA for
1 h and then stained with anti-p65- and Alexa Fluor 488-conjugated secondary antibody. Fluorescence images were obtained by confocal microscopy. (F)
BMDMs were pretreated with parthenolide (5 or 10 pM) for 1 h and then stimulated with 100 wg/ml PGA for an additional 24 h. TNF-a concentrations were
measured by ELISA. Data are the mean values = SD from triplicate samples. Statistical significance was examined using one-way ANOVA followed by a Tukey’s
post hoc test. **, P < 0.01 compared with PGA alone. The results shown are representative of three separate experiments. ND, not detected.
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Weiss et al. showed that PGA induces TLR2-dependent cytokine
production using macrophages from hamster strains with or
without functional TLR2 (39). These results suggest that PGA is a
functional TLR2 ligand.

TLR2 recognizes lipidated antigens, including lipoproteins,
LTA, lipomannans, and certain lipoarabinomannans (18). Here,
we showed that PGA, which is a nonlipidated molecule, stimu-
lated TLR2. Several lines of evidence have shown that nonlipi-
dated antigens also can stimulate TLR2. Drage et al. showed that
the Mycobacterium tuberculosis lipoprotein LprG retains TLR2-
stimulating activity regardless of N-terminal lipidation (40).
Wang et al. demonstrated that the zwitterionic charge motif of
Bacteroides fragilis capsular polysaccharides is important for
TLR2-agonist activity (41). Similarly, peptide sequences also af-
fect TLR2-stimulating activity (42). Furthermore, nonlipidated
intracellular proteins such as heat shock proteins 60 and 70 stim-
ulate TLR2, although heat shock protein 70 also activates TLR4
(43, 44).

Immunopathological studies with a particular cellular compo-
nent of pathogens need special care for purity of the tested com-
ponents, because many different cellular components can elicit
the same biological effects. The immunostimulatory activity of
PGA observed in this study is unlikely to be due to contamination
of other bacterial cellular components, such as LPS, lipoproteins,
LTA, and peptidoglycan. When we tested for LPS contamination
in PGA preparations using an endotoxin assay kit, the levels of
endotoxin, a well-known TLR4 ligand, were very low (0.1 EU/ml).
Furthermore, cytokine production and MAP kinase activation by
PGA were almost completely abolished in TLR2-KO BMDMs but
not in TLR4-KO BMDMs. Additionally, PGA specifically en-
hanced NF-kB activation in a TLR2-dependent manner, indicat-
ing that purified PGA did not contain LPS. In addition, NMR
analysis of purified PGA showed a conventional peak pattern of
v-PGA without additional peaks. Treatment of HF and lipase,
which are known to deactivate lipoproteins and LTA, did not sig-
nificantly affect PGA-induced cytokine production. Furthermore,
digestion of the purified PGA with proteinase K did not influence
PGA-induced TNF-a production, implying that purified PGA did
not contain lipoproteins. Moreover, stimulation of NOD2-WT
and NOD2-KO macrophages with purified PGA did not induce
any significant change in TNF-a production, demonstrating that
PGA-mediated cytokine production is not due to peptidoglycan
contamination.

We conducted experiments with B. licheniformis PGA as a sur-
rogate for B. anthracis PGA. It has been known that the B. anthra-
cis capsule is composed of only D-glutamate, while the B. licheni-
formis capsule contains both D and L enantiomers on the surface
(45). Thus, we maximized the production of the D-glutamate cap-
sule by B. licheniformis using E medium. The PGA from B. licheni-
formis, which is a nonpathogenic bacterium treated in a biosafety
level 1 facility, has been used as a surrogate for PGA from B. an-
thracis in several studies, including ours (13, 27, 46, 47). In addi-
tion, it has been known that B. anthracis PGA capsule was first
polymerized on the cell surface to the high-molecular-mass form
(>100 kDa) and then degraded by capsule depolymerase to the
lower-molecular-mass capsule, concomitantly releasing from the
cell surface (48). Thus, we fragmented the purified B. licheniformis
PGA (~500 kDa) to the molecular mass of <50 kDa using HCL.
Although PGA from B. licheniformis was used in this study, further
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study using highly purified B. anthracis PGA will be required to
confirm our conclusions.

Although we used high concentrations of PGA (60 to 100 pg/
ml) to examine the immunostimulatory activity of PGA com-
pared with that of other PAMP, these concentrations could be
relevant, because high levels of serum PGA approaching 1 mg/ml
were observed in B. anthracis infection models (49). Moreover,
local concentrations may be much higher than those in serum,
because specific tissues such as liver appear to be primary tissue
depots for PGA (49).

Specific recognition of bacterial components through TLR2
occurs via heterodimerization with either TLR1 or TLR6. Triacy-
lated lipoproteins, lipomannan, and meningococcal PorB are rec-
ognized by TLR1/TLR2 (50), whereas diacylated lipoproteins,
LTA, and Shigella dysenteriae porin are recognized by TLR2/TLR6
(51). Here, we showed that TLR6 in conjunction with TLR2 is
critically involved in the PGA-induced immune response. TLR6
plays an important role in the host immune response to invading
pathogens or PAMPs. Blocking of TLR6 with a transmembrane
domain-derived peptide significantly attenuates S. aureus LTA-
induced cytokine production but not LPS-induced cytokine pro-
duction (52). In addition, TLR6 plays an important role in host
innate resistance to Brucella abortus infection (53) and a protective
role in Aspergillus fumigatus or house dust mite antigen-induced
chronic asthma (54). Further studies are needed to clarify the role
of TLR6-mediated recognition of PGA in anthrax pathogenesis.

In conclusion, the current study demonstrates that the PGA
capsule is recognized by TLR2/6/CD14, and that recognition stim-
ulates cytokine production via MyD88, MAP kinase, and NF-«kB
signaling pathways in murine macrophages. To the best of our
knowledge, our current study is the first to demonstrate that the
PGA-induced cytokine response is mediated by TLR2/6/CD14,
and our findings may contribute to a better understanding of the
pathogenesis of anthrax.
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