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Lipids Derived from Virulent Francisella tularensis Broadly Inhibit
Pulmonary Inflammation via Toll-Like Receptor 2 and Peroxisome

Proliferator-Activated Receptor o
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Francisella tularensis is a Gram-negative facultative intracellular pathogen that causes an acute lethal respiratory disease in hu-
mans. The heightened virulence of the pathogen is linked to its unique ability to inhibit Toll-like receptor (TLR)-mediated in-
flammatory responses. The bacterial component and mechanism of this inhibition are unknown. Here we show that lipids iso-
lated from virulent but not attenuated strains of F. tularensis are not detected by host cells, inhibit production of
proinflammatory cytokines by primary macrophages in response to known TLR ligands, and suppress neutrophil recruitment in
vivo. We further show that lipid-mediated inhibition of inflammation is dependent on TLR2, MyD88, and the nuclear hormone
and fatty acid receptor peroxisome proliferator-activated receptor o (PPAR«). Pathogen lipid-mediated interference with in-
flammatory responses through the engagement of TLR2 and PPAR« represents a novel manipulation of host signaling pathways
consistent with the ability of highly virulent F. tularensis to efficiently evade host immune responses.

Fruncisella tularensis subsp. tularensis is the causative agent of
tularemia. Tularemia is an acute, often lethal disease that de-
velops following inhalation of very low numbers of F. tularensis
organisms, i.e., 10 to 15 bacteria (1). There are two virulent sub-
species of F. tularensis. F. tularensis subsp. holarctica can cause
disease in humans but typically is not lethal (2). In contrast, F.
tularensis subsp. tularensis causes more-severe infections and,
when left untreated, has a mortality rate of approximately 30%. F.
tularensis subsp. tularensis is a relatively promiscuous pathogen
capable of infecting a wide variety of mammals, arthropods (in-
cluding ticks and biting flies), and amoebae (2). The acute nature
of infections mediated by F. tularensis subsp. tularensis, combined
with the low numbers of bacteria capable of causing disease, pro-
voked development of this bacterium as a biological weapon by
both the United States and the Soviet Union and its eventual clas-
sification as a tier 1 select agent in the United States (3). Thus,
there is renewed interest in defining and understanding virulence
mechanisms employed by this bacterium during its interactions
with mammalian hosts.

Unlike many Gram-negative bacterial pathogens and attenu-
ated strains and subspecies of Francisella (e.g., F. tularensis subsp.
holarctica live vaccine strain [LVS] and Francisella novicida), vir-
ulent F. tularensis fails to elicit a strong proinflammatory response
in cells in vitro and in vivo. For example, following in vitro infec-
tion of primary human dendritic cells, F. tularensis subsp. tular-
ensis strain SchuS4 does not elicit production of tumor necrosis
factor alpha (TNF-a), interleukin 6 (IL-6), or the IL-12 p40 sub-
unit (IL-12p40), whereas the LVS and F. novicida readily induce
production of all three cytokines in human cells (4-6). Unlike
attenuated F. novicida, which has been routinely used as a model
for inflammasome activation, virulent Schu$4 fails to activate in-
flammasomes, resulting in an absence of secretion of two potent
inflammatory cytokines, IL-13 and IL-18 (C. M. Bosio and T. J.
Bauler, unpublished observations). Similarly, early inflammatory
responses that are detected following intranasal inoculation of
mice with F. novicida are largely absent during infection with
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SchuS4 (7, 8). Further, when inflammation after infection with
SchuS4 does appear, it is not effective at controlling bacterial rep-
lication and, in some instances, has been suggested to contribute
to death of the host (9, 10).

In addition to evading stimulation of proinflammatory re-
sponses, we have shown that SchuS4 interferes with the ability of
host cells to mount inflammatory responses to other, unrelated,
microbial ligands in primary human cells, in mouse cells, and in
the lung following intranasal infection (4, 5, 7, 11, 12). Thus, the
ability of SchuS4 both to evade and to inhibit protective host in-
flammatory responses is considered an important feature of its
virulence. However, the bacterial ligands, host cell receptors, and
signaling pathways modulated by these ligands remain largely un-
known.

In this report, we demonstrate that lipids isolated from F. fu-
larensis subsp. tularensis strain SchuS4 but not attenuated F. novi-
cida represent an important virulence factor harbored by this or-
ganism. We show that SchuS4 lipids readily suppress the ability of
primary mouse and human cells to respond to various secondary
stimuli. Suppression of host cell responses by SchuS4 lipids in vitro
and in vivo was dependent on the host cell membrane receptor
Toll-like receptor 2 (TLR2) and the nuclear receptor peroxisome
proliferator-activated receptor o (PPARa). These observations
reveal an unappreciated role for Francisella lipids in modulating
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host immune responses and a novel role for two host receptors in
executing these responses.

MATERIALS AND METHODS

Mice. Specific-pathogen-free, 6- to 8-week-old C57BL/6] (wild type [WT]
for TLR2™/~ and PPARa /"), B6.129S1-Tlh2"kiryy (TLR2™/7),
B6.129S4-PPARa'™¢°"* (PPARa /™), C3HeB/Fe] (WT for C3H/He]),
and C3H/HeJ (TLR4~/7) mice (n = 4 or 5/group) were purchased from
Jackson Laboratories (Bar Harbor, ME). Mice were housed in sterile mi-
croisolator cages in the biosafety level 2 facility at the Rocky Mountain
Laboratories. All mice were provided sterile water and food ad libitum. All
research involving animals was conducted in accordance with animal care
and use guidelines, and animal protocols were approved by the animal
care and use committee at Rocky Mountain Laboratories.

Bacteria. Virulent Francisella tularensis subsp. tularensis strain SchuS4
was provided by Jeannine Peterson (Centers for Disease Control and Pre-
vention, Fort Collins, CO). F. novicida strain U112 was provided by Fran
Nano (University of Victoria, Victoria, BC, Canada). Bacteria were cul-
tured overnight in modified Mueller-Hinton broth at 37°C, with constant
shaking, aliquoted into 1-ml samples, frozen at —80°C, and thawed just
prior to use, as described previously (10).

Isolation of bacterial lipids. Lipids were isolated from SchuS4 and F.
novicida using the standard modified Folch method for isolation of bac-
terial lipids (13-16). Briefly, bacteria were thawed and plated onto
150-mm petri dishes containing modified Mueller-Hinton agar. Bacteria
were incubated for 48 h at 37°C in 7% CO,, scraped from the agar plates,
and added to high performance liquid chromatography (HPLC)-grade
chloroform/methanol (2:1) (both from Sigma). The resulting mixture
was stirred vigorously for 15 min at room temperature. Then, 20 ml of
endotoxin-free water was added and the mixture was stirred for an addi-
tional 10 min. The mixture was centrifuged at 4,000 X g for 10 min at
room temperature, to separate the organic and aqueous phases. The or-
ganic phase was pipetted into a separate container and dried under nitro-
gen. Dried organic samples were reconstituted in absolute ethanol
(EtOH) (Warner-Graham) to 20 mg/ml. The average yield of lipids from
Francisella was 80 mg/4 g (wet weight) of bacteria, representing approxi-
mately 2% of wet weight. Thus, 10 pg/ml of lipid is 0.00025% (wet weight)
of bacteria. Lipid preparations were stored at 4°C for up to 2 months. An
absence of proteins and carbohydrates present in the organic phase was
confirmed by analysis of preparations on silver-stained SDS-PAGE gels,
protein quantification using the Bradford assay (Sigma) according to the
manufacturer’s instructions, periodate staining of SDS-PAGE gels, and
Western blotting for Francisella O antigen and capsule. No evidence for
proteins or carbohydrates was observed in organic-phase preparations.

Culture of bone marrow-derived and alveolar macrophages. Alveo-
lar macrophages were collected and immediately used in assays as de-
scribed previously (7). Bone marrow-derived macrophages were gener-
ated as described previously (17), with the following modifications.
Progenitor cells isolated from femurs from the indicated strains of mice
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% heat-inactivated fetal calf serum (FCS), 0.2 mM r-glu-
tamine, 1 mM HEPES buffer, and 0.1 mM nonessential amino acids (all
from Invitrogen, Carlsbad, CA) (complete DMEM [cDMEM]) plus 10
ng/ml macrophage colony-stimulating factor (M-CSF) (Peprotech), in
75-cm? flasks. On day 2 of culture, nonadherent cells were collected and
placed in fresh 75-cm? flasks, and the cultures were replenished with fresh
medium. Adherent cells were collected on day 5, resuspended at 2 X 10°
cells/ml, and seeded in a 48-well tissue culture plate at 0.5 ml/well. All
bone marrow-derived cells were used on day 6 of culture.

Generation of monocyte-derived human macrophages. Human
macrophages were differentiated from apheresis-prepared monocytes as
described previously, with the following modifications (18). Human
monocytes, enriched by apheresis, were obtained from peripheral blood
provided by the Department for Transfusion Medicine and the NIH Clin-
ical Center at the National Institutes of Health (Bethesda, MD), under a
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protocol approved by the NIH Clinical Center institutional review board.
Signed informed consent was obtained from each donor, acknowledging
that the donation would be used for research purposes by intramural
investigators throughout the NIH. Monocytes were further enriched us-
ing Ficoll-Paque (GE Healthcare) and were differentiated into macro-
phages following culture in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal calf serum (FCS), 0.2 mM L-glutamine, 1 mM
HEPES buffer, and 0.1 mM nonessential amino acids (all from Invitro-
gen) (complete RPMI 1640 medium [cRPMI]) plus either 100 ng/ml
granulocyte-macrophage colony-stimulating factor (GM-CSF) (for as-
sessment of production of IL-12p40) or 100 ng/ml M-CSF (for assessment
of production of IL-10) (both from Peprotech), in 75-cm? tissue culture
flasks. On day 3 of culture, one-half of the medium was replaced with
cRPMI supplemented with 200 ng/ml of cytokine. The following day,
medium was removed and adherent cells were released from the tissue
culture flasks following incubation with 0.05% trypsin. Cells were washed,
resuspended in reserved cRPMI, and placed in 48-well plates at 5 X 10*
cells/well. The next day, one-half of the tissue culture medium was re-
placed with cRPMI supplemented with 200 ng/ml cytokine. All cells were
used on day 6 of culture.

In vitro assessment of lipid activity. Bacterial lipids were diluted in
cDMEM, vortex-mixed, and added to macrophages at the indicated final
concentrations. EtOH was diluted using the same scheme and was utilized
as the vehicle control. In some experiments, macrophages were treated
with the PPARYy antagonist GW9662 at 2.5 uM or the PPAR« antagonist
GW6471 at 2.0 uM (both from Tocris, Minneapolis, MN) 1 h prior to the
addition of lipids. At the indicated time points after the addition of lipids,
cells were stimulated with the following TLR agonists: 5 ng/ml ultrapure
Escherichia coli K-12 lipopolysaccharide (LPS) (TLR4), 5 ng/ml
Pam3Csk4 (TLR2), 0.25 pM CpG oligodinucleotide 2395 (TLR9), 2
ng/ml R848 (TLR8), and 100 pg/ml poly(I-C) (TLR3) (all from Invivo-
Gen). Eighteen hours later, culture supernatants were collected and
assessed for cytokines with enzyme-linked immunosorbent assays
(ELISAs). The viability of macrophages following incubation with EtOH
and lipids was assessed by staining cells with trypan blue (Invitrogen) and
counting trypan blue-negative (viable) cells versus trypan blue-positive
(dead/dying) cells. The percentage of viable cells was calculated using the
following formula: number of trypan blue-negative cells/total cells
counted X 100.

In vivo assessment of lipid activity. Mice were anesthetized by intra-
peritoneal injection of 100 pl of 12.5 mg/ml ketamine plus 3.8 mg/ml
xylazine. Mice were given 25 g SchuS4 lipids in 25 pl phosphate-buft-
ered saline (PBS) intranasally. Mice receiving EtOH alone served as neg-
ative controls for lipid-treated mice. Sixteen hours later, mice were anes-
thetized as described above and were given either ultrapure E. coli K-12
LPS (InvivoGen) or LPS derived from E. coli 0127:B8 (Sigma) (200 ng/25
wl). Similar results were observed regardless of which LPS type was ad-
ministered to the animals. At the indicated time points, mice were eutha-
nized. Tracheas were exposed and cannulated with disposable 18-gauge
catheters. Airways were repeatedly flushed with 0.5 ml PBS. The first
0.5-ml wash from the bronchoalveolar lavage (BAL) was collected for
assessment of cytokines, followed by 4 additional 0.5-ml washes to collect
cells for analysis by flow cytometry.

Detection of secreted cytokines and chemokines. TNF-a, IL-6, IL-
12p40, IL-10, and transforming growth factor 3 (TGF-B) (all from BD
Biosciences), prostaglandin E, (PGE,) (Cayman Chemical), RANTES,
and keratinocyte chemoattractant (KC) (R&D Systems) present in cell
culture supernatants or bronchoalveolar lavage fluid were quantitated
using commercially available ELISA kits, following the manufacturers’
instructions.

Flow cytometry. Populations of cells in bronchoalveolar lavage fluid
were assessed by flow cytometry as described previously (10). Briefly, the
following antibodies in various combinations were used for flow cytomet-
ric analysis: PerCp/Cy5.5-CD11c¢, PECy7-CD11b, phycoerythrin (PE)-
Ly6C, fluorescein isothiocyanate (FITC)-Ly6G, and antigen-presenting
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FIG 1 Lipids derived from virulent F. tularensis strain SchuS4 inhibit inflammatory responses in primary mouse and human macrophages. (A) Schu$4 lipids,
F. novicidalipids, or EtOH (vehicle control) was added to bone marrow-derived macrophages at 10 pg/ml. Additional controls included untreated cells (—). Cells
were incubated overnight. Culture supernatants were evaluated for IL-12p40 and IL-10. (B) SchuS4 lipids or EtOH (vehicle control) was added to primary bone
marrow-derived macrophages at the indicated concentrations for 18 h, followed by stimulation of cells with E. coli LPS (5 ng/ml) or Pam3Csk4 (5 ng/ml) for an
additional 18 h. Culture supernatants were evaluated for IL-12p40 and IL-6 by ELISAs. (C) Primary bone marrow macrophages were incubated with 10 pg/ml
Schu$4 lipids for the indicated periods of time prior to the addition of E. coli LPS (5 ng/ml). Eighteen hours after the addition of LPS, supernatants were evaluated
for IL-12p40 and IL-6. (D and E) Freshly isolated alveolar macrophages (D) and monocyte-derived human macrophages (E) were cultured with SchuS4 lipids
(10 pg/ml) for 18 h, followed by stimulation of cells with E. coli LPS (10 ng/ml) for an additional 18 h. Culture supernatants were evaluated for IL-12p40, IL-6,
and IL-10 by ELISAs. BLD, below the level of detection. Error bars, standard errors of the mean (SEMs). #, significantly less than the EtOH controls (P < 0.05);
#%, significantly greater than all other samples (P < 0.05). All conditions were assayed in triplicate. Data are representative of three experiments of similar design.

cell major histocompatibility complex IT (MHC-II) (all from eBioscience,
San Diego, CA). Neutrophils were characterized as Ly6G™ MHC-II".
Alveolar macrophages were characterized as CD11c¢™ Ly6G~ Ly6C~
MHC-II*'". Staining was performed in fluorescence-activated cell sort-
ing (FACS) buffer at room temperature. Following staining, cells were
washed and fixed for 30 min in 1% paraformaldehyde at 4°C. Cells were
washed a final time, resuspended in FACS buffer, and stored at 4°C until
analysis. Samples were collected using a LSRII flow cytometer (BD Bio-
sciences). Analysis gates were set on viable unstained cells and were de-
signed to include all viable cell populations. Approximately 10,000 gated
events were analyzed for each sample. Isotype control antibodies were
included when analyses were first being performed, to ensure the speci-
ficity of staining, but were not routinely included in each experiment.
Data were analyzed using FlowJo software (TreeStar, Ashland, OR).

Statistical analysis. Statistical differences between two groups were
determined using an unpaired ¢ test, with significance set at P < 0.05. For
comparisons of three or more groups, analysis was done by one-way anal-
ysis of variance (ANOVA) followed by Tukey’s multiple-comparisons
test, with significance determined at P < 0.05.

RESULTS

Lipids from virulent F. tularensis SchuS4 inhibit inflammatory
responses in vitro. We established previously that, unlike more-
attenuated subspecies, a primary mechanism of virulence embod-
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ied by virulent F. tularensis subsp. tularensis strain SchuS4 is its
ability to evade and to suppress inflammatory responses (4, 5, 7,
11, 12). Our earlier work also suggested that a heat-stable compo-
nent derived from SchuS4 was capable of inhibiting inflamma-
tion, similar to findings observed for cells infected with viable
organisms (5, 12). Thus, we reasoned that lipids derived from
SchuS4 may be acting as potent anti-inflammatory agonists. We
first determined if lipids derived from virulent SchuS4 and atten-
uated F. novicida stimulated or inhibited inflammatory responses
in primary macrophages. SchuS4-derived lipids did not induce
secretion of detectable levels of IL-12p40, IL-6, TGF-f3, IL-10, or
PGE, (Fig. 1A, B, D, and E and data not shown). In contrast, lipids
isolated from F. novicida readily induced production of IL-12p40
and IL-10 (Fig. 1A). Stimulation of secretion of IL-12p40 and
IL-10 from bone marrow-derived macrophages by lipids derived
from F. novicida was similar to the production of these cytokines
among cells infected with F. novicida (see Fig. S1 in the supple-
mental material). Thus, consistent with infection with viable or-
ganisms, lipids isolated from F. novicida induced an inflammatory
response, whereas SchuS4 lipids did not.

We then assessed the ability of SchuS4 lipids to inhibit in-
flammatory cytokines. SchuS4 lipids significantly inhibited the
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FIG 2 Schu$S4 lipids inhibit production of chemokines. Schu$S4 lipids or EtOH
(vehicle control) was added to primary bone marrow-derived macrophages
(10 pg/ml) for 18 h, followed by stimulation of cells with Pam3Csk4 (5 ng/ml)
for an additional 18 h. Culture supernatants were evaluated for KC and
RANTES by ELISAs. *, significantly less than the EtOH-treated controls
(P < 0.05). All conditions were assayed in triplicate. Data are representa-
tive of three experiments of similar design.

ability of bone marrow-derived macrophages to secrete IL-
12p40 and IL-6 in response to E. coli LPS, Pam3Csk4, CpG
oligonucleotides, or R848 (Fig. 1B; see also Fig. S2 in the sup-
plemental material). SchuS4 lipid-mediated inhibition of sec-
ondary responses occurred rapidly after the addition of lipids
to cells, with significant impairment of cytokine secretion be-
ing apparent within 4 h after the addition of SchuS4 lipids (Fig.
1C). In addition to macrophages derived in vitro, we deter-
mined the ability of SchuS4 lipids to inhibit the responsiveness
of freshly isolated alveolar macrophages. Similar to our obser-
vations with bone marrow-derived macrophages, SchuS4 lipids
did not induce secretion of proinflammatory cytokines and
subsequently inhibited secretion of IL-12p40 and IL-6 by alve-
olar macrophages in response to LPS (Fig. 1D). Inhibition of
cytokine production by lipids was not due to toxicity of the
lipids for macrophages, as the viability was 96.7% for EtOH-
treated cells and 96.8% for lipid-treated macrophages.

For a human pathogen, it was also critical to determine if
Schu$4 lipids were effective at limiting inflammatory responses in
primary human cells. Thus, we also assessed the activity of SchuS4
lipids in primary human macrophages. As in mouse cells, SchuS4
lipids failed to induce secretion of TNF-«, IL-6, IL-12p40, IL-10,
TGF-B3, or PGE, from human macrophages (Fig. 1E and data not
shown). Upon secondary stimulation with LPS, SchuS4 lipids sig-
nificantly impaired secretion of IL-12p40, IL-10, and IL-6 by hu-
man macrophages. Importantly, these data also confirmed that
the suppressive activity of SchuS4 lipids in macrophages was not
due to induction of IL-10 production and, in fact, lipids sup-
pressed production of IL-10 by macrophages. Thus, Schu$4 lipids
represent important components of virulent F. tularensis that are
capable of broadly inhibiting inflammatory responses in primary
mouse and human cells.

SchuS4 lipids inhibit secretion of chemokines. In addition to
proinflammatory cytokines, induction of chemokines is essential
for initiating and sustaining inflammation in the host. Thus, we
extended our studies to determine if SchuS4 lipids also had nega-
tive effects on the production of chemokines associated with in-
duction of inflammatory responses. SchuS4 lipids did not induce
significant production of RANTES or KC by macrophages (Fig. 2).
Furthermore, SchuS4 lipids also significantly reduced the secre-
tion of RANTES and KC by macrophages stimulated with LPS
(Fig. 2). Thus, Schu$4 lipids appear to broadly dampen induction
of inflammatory responses in primary macrophages.
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FIG 3 Schu$4 lipid-mediated modulation of inflammatory responses in mac-
rophages is dependent on TLR2 and MyD88. Primary bone marrow-derived
macrophages from wild-type (A to C), TLR2™/~ (A), TLR4 '~ (B), or
MyD88 '~ mice were treated with 10 pg/ml SchuS4 lipids for 18 h, followed
by stimulation of cells with E. coli LPS (5 ng/ml) (A), Pam3Csk4 (5 ng/ml) (B),
or poly(I-C) (100 pg/ml) (C) for an additional 18 h. Culture supernatants were
evaluated for IL-12p40 by ELISA. BLD, below the level of detection; ns, not
significantly different. Error bars, SEMs. *, P < 0.05, compared to EtOH con-
trol; **, significantly greater than untreated and EtOH-treated controls (P <
0.05). All conditions were assayed in triplicate. Data are representative of three
experiments of similar design.

Schu$4 lipid modulation of inflammatory responses is de-
pendent on TLR2 and MyD88. The ability of SchuS4 lipids to
rapidly inhibit production of inflammatory cytokines (Fig. 1C)
initially suggested that lipids may engage receptors on the host cell
surface. It has been suggested that Francisella subspecies possess
both TLR2 and TLR4 ligands. However, studies have been largely
restricted to attenuated subspecies and point toward a stimula-
tory, rather than inhibitory, function. Recent reports have pointed
toward an alternative role for TLR2 in mediating anti-inflamma-
tory responses following engagement of specific ligands (19).
Thus, we tested whether suppression of cytokine production by
Schu$4 lipids was dependent on TLR2 or TLR4. The absence of
TLR4 on macrophages had no effect on the ability of SchuS4 lipids
to inhibit secretion of IL-12p40 in response to Pam3Csk4 (Fig.
3B). In contrast, the absence of TLR2 reversed the inhibition of
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host cell responses by SchuS4 lipids (Fig. 3A). Both TLR2 and TLR4
require the adaptor MyD88 to signal responses in host cells. Thus, we
next determined if SchuS4 lipid modulation of host cell responses was
dependent on MyD88. Since cells lacking MyD88 do not respond to
TLR2 or TLR4 agonists, we utilized poly(I-C) (TLR3 agonist) as the
secondary stimulus following exposure of cells to SchuS4 lipids. Sur-
prisingly, SchuS4 lipids enhanced macrophage responsiveness to
poly(I-C) in wild-type cells (Fig. 3C). However, this enhancement
was nullified in MyD88-deficient cells (Fig. 3C). Together, these data
show that TLR2 and MyD88 are required for SchuS4 lipid modula-
tion of host cell responses to microbial ligands.

PPAR«aisrequired for SchuS4 lipid-mediated suppression of
cytokine responses in vitro. PPARs are important nuclear immu-
noregulatory receptors that can specifically modulate inflamma-
tory responses emanating from TLRs (20). Further, PPARs are
activated following ligation of lipids (21). Recent reports have
shown that the TLR2 ligand lipoteichoic acid (LTA) inhibits neu-
trophil recruitment in vivo and this inhibition is dependent on
TLR2 and the nuclear receptor PPARYy (19). Additionally, others
have shown that activation of PPAR+y by other microbial ligands
induces suppression of host inflammatory responses in vitro and
in vivo (22). The presence of PPAR« is required for modulation of
inflammation following exposure to LPS or sepsis in vivo (23-26).
Therefore, we hypothesized that suppression of inflammatory re-
sponses mediated by SchuS4 lipids in macrophages may require
either PPARy or PPARa«. Since deletion of PPARY is lethal in
mice, we utilized PPAR-specific antagonists to block signaling
through these receptors. GW9662 specifically antagonizes
PPARYy, while GW6471 antagonizes PPARa. Addition of GW9662
to macrophages had no effect on lipid-mediated inhibition of IL-
12p40 or IL-6 secretion in response to LPS (Fig. 4). In contrast,
inhibition of LPS-driven secretion of IL-12p40 and IL-6 cells by
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Schu$4 lipids was reversed in cells incubated with GW6471 (Fig.
4). Thus, Schu$4 lipids also require PPARa, but not PPARYy, to
mediate inhibitory responses in vitro.

SchuS4 lipids inhibit pulmonary inflammation. Given the
potent anti-inflammatory effects of SchuS4 lipids on macro-
phages in vitro, we next determined if SchuS4 lipids could provoke
or inhibit inflammatory responses in vivo. Mice were given either
Schu$4 lipids, EtOH (vehicle control), or E. coli LPS intranasally,
and cellular infiltration and cytokine and chemokine production
in the airways were monitored over time. As shown previously
(27), LPS induced infiltration of statistically significant numbers
of neutrophils and production of TNF-a and IL-6 as early as 4 h
after inoculation (Fig. 5B and C). Neither Schu$4 lipids nor EtOH
induced significant changes in neutrophil or macrophage popula-
tions, compared to untreated controls, throughout the time
course of the experiment (Fig. 5B). Furthermore, neither EtOH
nor Schu$4 lipids elicited detectable concentrations of TNF-« or
IL-6 in the BAL fluid (Fig. 5C). Interestingly, neither LPS, EtOH,
nor Schu$4 lipids reproducibly provoked statistically significant
increases in IL-12p40 levels in the airways (data not shown). Fi-
nally, lipid treatment did not alter the expression of MHC-II on
airway cells (data not shown). We next assessed the ability of
Schu$4 lipids to inhibit pulmonary responsiveness to LPS. Mice
exposed to SchuS4 lipids had significantly fewer neutrophils in
their airways in response to LPS than did EtOH-treated controls
(Fig. 6A). However, neutrophils that were recruited to the airways
of Schu$4 lipid-treated mice expressed levels of CD11b similar to
those observed in EtOH-treated controls. We did not observe
changes in MHC-II expression on macrophages from any mice
treated with LPS at the time point assessed. Exposure to SchuS4
lipids also significantly reduced the amounts of TNF-a, IL-6, and
KC detected in the airways of mice following exposure to LPS,
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compared to EtOH-treated controls (Fig. 6A and B). RANTES
levels were not significantly increased above levels in untreated
controls for any group (data not shown). Together, these data
suggest that, while SchuS4 lipids fail to induce inflammatory re-
sponses in the lung, these bacterial components significantly at-
tenuate secondary pulmonary inflammation.

Schu$S4 lipid-mediated suppression of pulmonary inflam-
mation is dependent on TLR2 and PPARa. We established that
suppression of inflammatory responses mediated by SchuS4 lipids
among macrophages in vitro required both TLR2 and PPAR«
(Fig. 3 and 4). Thus, we next determined if inhibition of inflam-
mation required these two receptors in vivo. SchuS4 lipids medi-
ated significant inhibition of neutrophil recruitment into the air-
ways of wild-type and TLR2 ™/~ mice in response to LPS (Fig. 7A).
Consistent with inhibition of neutrophil recruitment, lipid treat-
ment also suppressed production of the neutrophil chemoattrac-
tant KCin WT and TLR2 ™/~ animals (Fig. 7A). However, in con-
trast to wild-type mice, there was no significant difference in
TNF-a and IL-6 levels detected in the airways of TLR2 ™/~ mice
following exposure to LPS (Fig. 7A). This suggested that, while
Schu$4 lipid-mediated inhibition of neutrophil recruitment was
not dependent on TLR2, this host receptor was critical for lipids to
limit production of proinflammatory cytokines in vivo. We also
examined the requirement for the host nuclear receptor PPAR« in
vivo. Unlike in TLR2™/~ mice, PPARa was required for lipid-
mediated suppression of neutrophil recruitment and production
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of TNF-a, IL-6,and KC in the airways of mice in response to LPS (Fig.
7B). Therefore, TLR2 was required for selective inhibition of cytokine
responses, while PPARa was required for broad suppression of cyto-
kines, chemokines, and neutrophil recruitment in the lung.

DISCUSSION

The data presented here established that lipids isolated from vir-
ulent but not attenuated F. tularensis strain SchuS4 are potent

October 2013 Volume 20 Number 10

anti-inflammatory agonists that suppress antimicrobial responses
in vitro and in vivo. Remarkably, and in contrast to other bacteri-
um-associated antagonists, SchuS4 lipids potently suppressed in-
flammation in the absence of initiation of any detectable inflam-
matory response. Therefore, our data identified SchuS4 lipids as
important virulence factors embodied by F. tularensis, and they
provided evidence for a completely novel bacterial component
capable of profoundly disabling host immune responses. Al-
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though the specific nature of the SchuS4 lipids responsible for
inhibiting host inflammatory responses was not fully defined, our
data suggest that interaction of Schu$4 lipids with a host cell sur-
face receptor typically required for defense against invading
pathogens, i.e., TLR2, is an important step in pathogenesis medi-
ated by these microbial ligands. In addition to engagement with
TLR2, Schu$4 lipids mediated their suppressive activity via the
nuclear receptor PPARa following either direct interaction or in-
duction of endogenous PPAR« ligands.

The immunomodulatory nature of Schu$4 lipids is unique in
that these lipids are TLR2 agonists that fail to first elicit the requi-
site inflammatory response common to all other naturally occur-
ring TLR2 agonists associated with pathogens. Although previous
reports have suggested that other bacterial lipoglycans and lipo-
peptides that interact with TLR2 may suppress inflammatory re-
sponses, there are several important features of these bacterial
components that distinguish them from SchuS4 lipids. First,
modifications of many of these TLR2 agonists that allow the prov-
ocation of anti-inflammatory responses result in a mechanism
that is no longer dependent on TLR2. For example, lipomannans
(LMs) isolated from mycobacteria are well known TLR2 agonists
capable of provoking strong inflammatory responses (28). When
LMs are altered from tetra- or triacylated forms to di- or mono-
acylated species, they both fail to provoke an inflammatory re-
sponse and inhibit the ability of cells to respond to secondary
stimuli (28-30). However, the inhibition of inflammation medi-
ated by diacylated LM is independent of TLR2, suggesting that this
molecule is no longer a TLR2 agonist (29). This feature effectively
dissociates the suppressive activity of modified LM from the TLR2
receptor. Second, inhibition of inflammation mediated by modi-
fied LM has routinely been shown to be associated with IL-10
production (31). This is in contrast to our findings that SchuS4
lipids both failed to induce IL-10 production and inhibited the
secretion of this cytokine (Fig. 1A and E).

In addition to LMs, there are other examples of TLR2 agonists
that are capable of interfering with inflammatory responses. How-
ever, the functions of these agonists diverge from those of SchuS4
lipids in that they act directly on neutrophils, do not affect the
production of cytokines, and function only in vive. One such bac-
terial lipid mediating these effects is lipoteichoic acid (LTA). LTA
is a surface component present in Gram-positive bacteria and a
well-known TLR2 agonist with the ability to induce proinflamma-
tory responses that is considered an important virulence factor
(32). However, when purified and delivered in vivo, LTA inhibited
neutrophil recruitment independent of its ability to induce pro-
inflammatory cytokine production (19, 33). LTA-mediated inter-
ference with neutrophil recruitment was tissue dependent, in that
it did not inhibit neutrophil recruitment when delivered to the
lung (34). Thus, SchuS4 lipids are unique, compared to previously
described bacterial components capable of modulating inflamma-
tion, in that they broadly interfered with induction of inflamma-
tory responses via inhibition of proinflammatory cytokines and
chemokines and suppressed neutrophil recruitment in vitro and in
vivo.

There are several possibilities that could explain how SchuS4
lipids are able to mediate an anti-inflammatory signal through
TLR2. A simple explanation would be that SchuS4 lipids alter the
expression of TLRs within cells. However, we have not observed
differences in TLR expression among lipid-treated mouse macro-
phages (C. M. Bosio, unpublished observation). Provocation of a
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strong inflammatory signal through TLRs is dependent on the
ability of ligands to interact with specific sites in the receptors. For
example, signaling through TLR4 is dependent on the ability of
the TLR4 ligand LPS to interact with specific sites on the TLR and
with the coreceptor MD-2 (35). Modifications of LPS that alter
these interactions result in dampened or absent proinflammatory
responses and/or inhibition of the ability of nonmodified LPS to
stimulate responses (36). It is possible that the structure of SchuS4
lipids prevents the full interactions with TLR2 that are required
for elicitation of proinflammatory responses. Alternatively,
Schu$S4 lipids may interact with different binding sites within
TLR2 that initiate anti-inflammatory responses in host cells. An-
other possibility is that TLR2 acts as a “carrier” receptor. It has
been proposed that the requirement for TLR2 in LTA-mediated
anti-inflammatory responses in vivo involves TLR2 acting to
transport LTA into and through the intracellular environment,
delivering it to PPARYy. Thus, the anti-inflammatory signal is de-
pendent on TLR2 but does not emanate from this receptor.
Rather, TLR2 delivers LTA to the receptor (PPARY), which initi-
ates the anti-inflammatory response (19). SchuS4 lipid-mediated
suppression of inflammatory responses was dependent on both
TLR2 and PPARa. Thus, TLR2 may be acting to deliver SchuS4
lipids to PPAR« in a manner similar to that observed for LTA and
PPARYy.

PPARs are nuclear receptors that sense and bind both endog-
enous and exogenous fatty acids. The critical role PPARs play in
regular maintenance of host glucose, cholesterol, and lipid metab-
olism is well established (37). However, over the past 15 years
there has been a growing understanding of how these receptors
function to suppress and to downmodulate inflammation.
Among the PPARs, PPARy has been routinely implicated in bac-
terium-mediated suppression of inflammation (38). This sup-
pression can occur via direct interactions with PPAR+y or follow-
ing induction of host ligands that bind to this receptor (38).
PPARy mediates its inhibitory activity via trans repression of
NE-kB or the N-CoR transcription complex and has been noted to
inhibit cytokine production by inhibiting the binding of inter-
feron regulatory factor 3 (IRF3) to interferon signaling response
elements (ISREs) in specific genes (39). PPARYy is also closely as-
sociated with induction of alternative activation of macrophages,
astate of macrophage activation associated with downmodulation
of Th1-type inflammatory responses (40). We did not observe an
overt role for PPARy in Schu$4 lipid-mediated inhibition of in-
flammation (Fig. 4). Moreover, SchuS4 lipids had no effect on the
activation and translocation of IRF3 following exposure of cells to
LPS (41). Finally, neither SchuS4 lipids nor intact viable SchuS4
induced alternative activation of macrophages in vitro or in vivo
(C. M. Bosio and A. J. Griffin, unpublished observations). Thus,
with our data demonstrating that addition of a PPAR+y antagonist
had no effect on SchuS4 lipid-mediated suppression (Fig. 4), it is
unlikely that PPARYy plays a role in the interference with inflam-
matory responses we observed with SchuS4 lipids.

In contrast, we found that PPARa was required for the inter-
ference with inflammatory responses mediated by SchuS4 lipids in
vitro and in vivo (Fig. 4 and 7). Ligands for PPAR« include endog-
enously produced leukotriene B, (LTB,) and, like other PPARs,
saturated and unsaturated fatty acids. Several synthetic ligands
have also been generated, including fibrates, phthalates, and de-
rivatives of trichloroethylene (38, 42). It is unlikely that the endog-
enous ligand leukotriene B, is the active PPARa agonist at work in
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our study, since the first function of LTB, is to promote inflam-
mation. Induction of inflammatory responses was not noted in
cells treated with SchuS4 lipids, arguing against LTB, as the
PPARa ligand. Preliminary data suggest that the “active” lipid
species present in our preparations of SchuS4 lipids are fatty acids
(G. Nardone, R. Ireland, and C. M. Bosio, unpublished observa-
tions). As described above, fatty acids represent important ligands
for all PPARs (38). Fatty acids have been implicated as TLR ago-
nists capable of both positive and negative induction of inflam-
matory responses (43, 44). Thus, it is possible that one or more of
the fatty acids enriched in SchuS4 lipid preparations interact di-
rectly with TLR2 followed by PPARa to provoke anti-inflamma-
tory responses in host cells. Alternatively, SchuS4 lipids may in-
duce increased production of host fatty acids (e.g., via oxidation of
arachidonic acid) that act as efficient agonists for PPARa.

There is a growing body of literature detailing the importance
of lipids and lipid metabolism in the function of the immune
system. For example, synthetic PPAR agonists have been, and con-
tinue to be, developed to stem the destructive inflammation asso-
ciated with diabetes and other metabolic disorders (45). It is also
appreciated that bacterial lipids play an integral role in the patho-
genesis of infections. However, this role is typically one in which
excessive inflammation caused by the lipids promotes pathogen-
esis and death (46). We provide evidence herein that virulent F.
tularensis SchuS4 possesses a naturally occurring, purely anti-in-
flammatory lipid. We also demonstrate that, unlike lipids derived
from other bacteria, SchuS4 lipids broadly inhibit multiple facets
of inflammation, similar to findings observed following infection
with intact organisms (7). Thus, we have identified a critical bac-
terial component and host cell receptors utilized by this compo-
nent that contribute to the unique virulence of F. tularensis. Fi-
nally, given the broad anti-inflammatory activity of these lipids,
they may represent novel therapeutic agents for use against a va-
riety of inflammation-driven diseases.
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