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Abstract
Liver X receptor (LXR) α and β are members of the nuclear receptor superfamily of ligand-activated
transcription factors. Best known for triggering “reverse cholesterol transport” gene programs upon
their activation by endogenous oxysterols, LXRs have recently also been implicated in regulation of
innate immunity. In this study, we define a role for LXRs in regulation of pulmonary inflammation
and host defense and identify the lung and neutrophil as novel in vivo targets for pharmacologic LXR
activation. LXR is expressed in murine alveolar macrophages, alveolar epithelial type II cells, and
neutrophils. Treatment of mice with TO-901317, a synthetic LXR agonist, reduces influx of
neutrophils to the lung triggered by inhaled LPS, intratracheal KC chemokine, and intratracheal
Klebsiella pneumoniae and impairs pulmonary host defense against this bacterium. Pharmacologic
LXR activation selectively modulates airspace cytokine expression induced by both LPS and K.
pneumoniae. Moreover, we report for the first time that LXR activation impairs neutrophil motility
and identify inhibition of chemokine-induced RhoA activation as a putative underlying mechanism.
Taken together, these data define a novel role for LXR in lung pathophysiology and neutrophil
biology and identify pharmacologic activation of LXR as a potential tool for modulation of innate
immunity in the lung.

Liver X receptor α (LXRα,4 also known as NR1H3) and LXRβ (NR1H2) are members of the
nuclear receptor (NR) superfamily of ligand-activated transcription factors, a superfamily
which includes the perhaps better known glucocorticoid receptor (GR), estrogen receptor,
thyroid receptor, and peroxisome proliferator-activated receptors (PPARs). The LXRs are
activated by physiologic sterol ligands (e.g., oxysterols, cholesterol intermediates (1,2)) and
by synthetic agonists (e.g., TO-901317 (3-5)). In recent years, our understanding of the
importance of LXRs has expanded across several fields of (patho-)physiology. Perhaps best
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known from a sizeable literature as homeostatic “cholesterol sensors” that drive transcriptional
programs promoting cellular cholesterol efflux, “reverse cholesterol transport,” and bile acid
synthesis (2,5-8), more recent roles for LXRs in atherosclerosis (9-11), renin expression (12),
glucose homeostasis (13-15), and innate immunity (3,4,16) have also been identified.

LXRs are, in fact, reported to fulfill a pivotal role in innate immunity of the macrophage. They
inhibit macrophage apoptosis (17) and negatively regulate proinflammatory gene expression
(e.g., IL-6, cyclooxgenase 2) induced by LPS and bacteria (4) in macrophages, at least in part
through inhibition of NF-κB (3,4,18). LXRs and other NRs such as GR repress overlapping
yet distinct sets of proinflammatory genes (19). An interesting negative bidirectional cross-
talk has been described between LXRs and TLR3/4 agonists (3). Reports that LPS and LPS-
induced cytokines attenuate activity of LXR upon its cognate DNA sequence (3,20), taken
together with a report that LXRαβ double knockout mice are hypersensitive to i.p. LPS (4)
suggest that endogenous LXR modulation in inflammatory disease states may play a role in
pathogenesis. Exploiting these insights, a potential anti-inflammatory therapeutic role for
synthetic LXR agonists has recently been described in vivo in a model of dermatitis (4), and
data suggest the possibility of therapeutic synergy among NR agonists (19). Nevertheless, a
report that LXRαβ double knockout mice are susceptible to infection with the Gram-positive
intracellular bacterial pathogen Listeria monocytogenes (16) suggests that therapeutic
manipulation of LXRs cannot progress without an appreciation of their effects upon host
defense in vivo.

4Abbreviations used in this paper:

LXR  
liver X receptor

ABCA1  
ATP-binding cassette transporter A1

BALF  
bronchoalveolar lavage fluid

BAL  
bronchoalveolar lavage

GR  
glucocorticoid receptor

LIX  
LPS-induced CXC chemokine

MPO  
myeloperoxidase

NR  
nuclear receptor

PPAR  
peroxisome proliferator-activated receptor

RXR  
retinoid X receptor

PMN  
polymorphonuclear neutrophil

i.t.  
intratracheal(ly)

SPC  
surfactant protein C.

Smoak et al. Page 2

J Immunol. Author manuscript; available in PMC 2008 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The lung is continuously exposed to inflammatory environmental stimuli and bacterial
microbes alike. Although effective host defense is critical, so too is avoidance of dysregulated
inflammatory tissue injury. Hence, precise regulation of pulmonary recruitment of the
neutrophil (polymorphonuclear neutrophil (PMN)), a pivotal effector cell in both lung infection
and inflammation, is critical. Along with the PMN itself, the alveolar macrophage plays a
central regulatory role at this crossroads of pulmonary PMN recruitment. We hypothesized
that LXR regulates PMN recruitment to the inflamed and infected lung. LXRα and LXRβ gene
expression has been described in the lung (21,22) and pulmonary expression of endogenous
LXR agonists (23-25) and LXR gene targets (18,26) have also independently been described.
Nevertheless, we are aware of no previous reports describing a role for the LXRs in lung
pathophysiology nor in the biology of the PMN. In this study, we demonstrate protein
expression of LXR in murine PMNs, alveolar macrophages, and alveolar epithelial type II
cells. We show that treatment with the synthetic LXR agonist TO-901317 attenuates PMN
recruitment to the lung triggered by inhaled LPS, and we identify the lung and the PMN as
novel in vivo targets for LXR stimulation. LXR agonism is associated with selective attenuation
of airspace cytokine expression and with impairment of PMN migration and PMN Rho GTPase
activation. Extending our observations to the antimicrobial face of innate immunity, we
demonstrate that LXR stimulation attenuates early PMN recruitment to the lung triggered by
the clinically relevant extracellular Gram-negative bacterial pathogen Klebsiella
pneumoniae and thereby impairs host defense and survival against this microorganism. These
observations shed new light upon the complex roles of LXRs in innate immunity and highlight
new areas requiring future investigation.

Materials and Methods
Reagents

TO-901317 was purchased from Cayman Chemical. Aprotinin, leupeptin, and AEBSF were
obtained from Sigma-Aldrich. Escherichia coli 0111:B4 LPS purified by phenol extraction
was purchased from Sigma-Aldrich, the Rho activation assay from Upstate Biotechnology,
and rabbit anti-RhoA, rabbit anti-LXRβ, and rabbit anti-LXRαβ Abs were from Santa Cruz
Biotechnology. Mouse anti-LXRα Ab, KC, and MIP-2 were purchased from R&D Systems.
Rabbit anti-ATP-binding cassette A1 (ABCA1) was obtained from Novus Biologicals. Rabbit
anti-pro-SPC Ab was purchased from Millipore. K. pneumoniae 43816 (serotype 2), HEK293
cells, DMEM, and FBS were obtained from American Type Culture Collection. ELISA kits
for murine TNFα, KC, MIP-2, and LPS-induced CXC chemokine (LIX) were purchased from
ElisaTech. Lipofectamine PLUS reagent was obtained from Invitrogen Life Technologies.
LXRα, LXRβ, and RXRα (gifts from P. Tontonoz, University of California Los Angeles, CA)
and LXRE luciferase (gift from D. Ory, Washington University, St. Louis, MO) plasmids were
expanded by transformation in Escherichia coli, isolated, and quantified by spectrophotometry.
The Luciferase Assay Kit was purchased from Promega and the Nuclear Extract Kit and p65
TransAM ELISA were obtained from Active Motif. The Bio-Rad protein assay was used.

Animals
Female C57BL/6 mice (Harlan Sprague Dawley), 6-10 wk old and weighing 18-22 g, were
used in all experiments. All experiments were performed in accordance with the Animal
Welfare Act and the U.S. Public Health Service Policy on Humane Care and Use of Laboratory
Animals after review of the protocol by the animal care and use committees of the National
Jewish Medical and Research Center and the National Institute of Environmental Health
Sciences. Anesthesia was provided by a single i.p. injection of 333 mg/kg Avertin (Sigma-
Aldrich) as described.
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Animal treatments
Mice were gavaged with 50 mg/kg TO-901317 in 0.5% hydroxypropylmethylcellulose daily
for 5 consecutive days (27,28) and then exposed to aerosolized E. coli 0111:B4 LPS (300 μg/
ml, 20 min) as previously reported (29,30). Animals were then sacrificed by cervical dislocation
at 2, 8, or 24 h after LPS exposure for selected analyses. In parallel experiments, identically
pretreated mice were: 1) treated at time 0 intratracheally (i.t.) with 0.5 μg of KC in 50 μl of
saline with 0.1% human serum albumin (or saline/albumin control) or 2) treated at time 0 i.t.
with 2 × 103 CFU of K. pneumoniae serotype 2 (43816; American Type Culture Collection)
as reported elsewhere (29).

Bronchoalveolar lavage fluid (BALF) collection and analysis
BALF was collected immediately following sacrifice as previously described (29,30). Total
protein was quantified by the method of Bradford et al. (31) and bronchoalveolar lavage (BAL)
total leukocyte and differential counts were performed as previously described (29). Cytokine
concentrations from BAL supernatant were quantified using the relevant ELISA kits.

LXR luciferase assay
HEK293 cells were seeded in 12-well culture dishes at 2 × 105 cells/well for 24 h and
transfected with TK-Renilla luciferase and with LXRα, LXRβ, RXRα, and LXRE luciferase
constructs (0.2 μg/construct) using Lipofectamine PLUS per the manufacturer’s protocol. After
overnight incubation in DMEM/10% FBS at 37°C, the medium was replaced with 50% volume
cell-free, sterile-filtered (0.22 μm) BALF (approximately one-sixth total BALF volume per
animal) from animals treated with vehicle or TO-901317. After subsequent overnight
incubation, cells were washed and then lysed in passive lysis buffer (Promega) supplemented
with aprotinin, leupeptin, AEBSF, sodium fluoride, and sodium orthovanadate. Lysates were
assayed in triplicate for firefly and Renilla luciferase activity on a MonoLight 2010
luminometer (Analytical Luminescence Laboratory) using the Promega Dual Luciferase Assay
Kit per the manufacturer’s protocol.

Neutrophil functional assays
Human PMNs were isolated from normal healthy donors by discontinuous plasma Percoll
centrifugation (32,33) in accordance with a National Jewish Medical and Research Center
Institutional Review Board-approved protocol. Mature murine bone marrow PMNs were
isolated from mouse femurs and tibias by discontinuous Percoll gradient centrifugation as
previously reported (30). Both of these preparations yield cell populations that are >95% PMNs
(data not shown). PMNs were treated with 10 μM TO-90137 or 0.1% DMSO vehicle (4 h, 37°
C) and then assayed for chemotaxis to 50 ng/ml IL-8 in a modified Boyden chamber assay
(34) and for superoxide anion generation to PMA and fMLP (35). In brief, pretreated PMNs
(1 × 106) were labeled with calcein-AM (1 ng/ml, 10 min, 37°C), washed once in Krebs-
Ringer’s phosphate dextrose (KRPD), resuspended in KRPD, and placed into the upper wells
of modified Boyden chambers. IL-8 (50 ng/ml) or KRPD was placed into the lower wells and
percentage of PMN migration was monitored by fluorescence (excitation wavelength 485,
emission wavelength 528) in the lower chamber every 2 min over a 60-min period (FLX800
fluorescent plate reader; Bio-Tek Instruments). Chemotaxis was determined as percentage of
migration to IL-8 and nondirectional movement as percentage of migration to KRPD.

In vitro RhoA activation assay
Active RhoA was quantified by Rhotekin pull-down as previously described (32).
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Lung parenchymal assays
Myeloperoxidase (MPO) activity, a quantitative surrogate measure of PMN abundance, was
quantified in lung homogenates 8 and 24 h following LPS inhalation as previously described
(30). Activation of the p65 component of NF-κB in lung homogenates 2 h after LPS inhalation
was quantified by use of a sandwich ELISA (p65 TransAm kit; Active Motif) on 15 μg
(Bradford protein assay) of nuclear fraction from lung homogenates (Nuclear Extract Kit, per
the manufacturer’s instructions; Active Motif).

Lung immunohistochemistry
Lungs were fixed with 4% paraformaldehyde at 25 cm H2O pressure, as previously described
(30). Sections (5 μm) taken across the entire lung were embedded in paraffin. Between two
and four animals were studied for each condition. Assessment of pulmonary expression of
LXRα and prosurfactant protein C (SPC; a specific marker of alveolar type II cells (36,37))
was done using an automated stainer (Discovery XT; Ventana Medical Systems) that performs
deparaffinization and Ag retrieval with proprietary reagents. For LXRα, mouse anti-LXRα Ab
(R&D Systems) was used as reported previously (12) at a 1/75 dilution (or murine monoclonal
IgG2A was used as a control). A secondary rabbit anti-mouse IgG (AffiniPure Rabbit Anti-
Mouse IgG; Jackson ImmunoResearch Laboratories) was subsequently applied at a 1/1000
dilution, followed by a proprietary anti-rabbit HRP (multimer HRP; Ventana Medical
Systems). Staining was visualized with diaminobenzidine substrate. The sections were
counterstained with hematoxylin and a bluing reagent was applied for postcounterstaining. A
serial section from the same animal was stained for pro-SPC as described above, except that
primary rabbit anti-pro-SPC Ab (Millipore) at a 1/5000 dilution was used, followed directly
by anti-rabbit HRP (multimer HRP; Ventana Medical Systems). Sections were scanned at ×40
using an Aperio ScanScope model T108A and Aperio ImageScope software and interpreted
by a pathologist.

Lung histopathologic scoring
Lungs were fixed with 4% paraformaldehyde using a body weight-based volume, embedded
in paraffin, sectioned (5 μm), stained with H&E, and then semiquantitatively scored for the
degree of inflammation by a pathologist blinded to animal treatment. The composite scoring
system, which grades (scale 0-4) inflammatory cell infiltration (primarily PMNs in this study)
in alveolar, perivascular, and bronchial regions, as well as bronchial wall changes, and alveolar
macrophage accumulation, has been reported previously (38,39).

Western blot
Murine tissues were homogenized in 1 ml of buffer containing 0.5% Triton X-100
supplemented with protease inhibitors (leupeptin, aprotinin, AEBSF) and then normalized by
protein assay (Bio-Rad). Fifty micrograms of protein was resolved by 10% SDS-PAGE,
transferred to nitrocellulose (Bio-Rad) and then probed with primary Abs. Goat anti-LXRα
(1/500 dilution), rabbit anti-LXRαβ (1/1000), and mouse anti-α-tubulin (1/1000) were
purchased from Santa Cruz Biotechnology. Rabbit anti-LXRβ (1/500) was obtained from
Abcam and rabbit anti-ABCA1 (1/1000) was from Novus Biologicals. Membranes were then
washed in Tween 20-TBS (TTBS) and exposed for 60 min to a 1/5000 dilution of species-
specific, HRP-conjugated secondary Ab (GE Healthcare) in 5% milk/TTBS. Following further
TTBS washes, signal was detected with 60 s of exposure to ECL Western Blot Detection
Reagents (GE Healthcare), followed by application to film (GE Healthcare).

Bacterial inoculation and colony quantification
Vehicle- and TO-901317-treated mice were administered K. pneumoniae i.t. (2 × 103 CFU,
24-gauge needle, fascial cutdown). Lungs and spleen were homogenized in sterile saline 24
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and 48 h later, and serial dilutions were plated on MacConkey agar for bacterial quantification
as previously described (29).

Statistical analysis
Analysis was performed using GraphPad Prism statistical software. Data are represented as
mean ± SEM. A two-tailed Student t test was applied for comparisons of two groups and
ANOVA with Tukey’s posttest was applied for analyses of three or more groups. Survival was
evaluated by the log rank test. For all tests, p < 0.05 was considered significant.

Results
LXR protein is expressed in alveolar macrophages and alveolar epithelial cells and is
functional in the murine lung

To date, very few studies have investigated a role for LXR in the lung, and we are aware of no
reports that have confirmed LXR protein expression in lung. Consequently, in an attempt to
more directly demonstrate a role for LXR in lung (patho-)physiology, we first confirmed
LXRα and LXRβ protein expression in murine lung homogenates by immunoblotting (Fig.
1A). Relative protein expression among different murine organs was liver≫lung>spleen for
LXRα and lung∼spleen>liver for LXRβ. We further characterized LXRα distribution within
the lung by immunohistochemistry (Fig. 1B). As shown in Fig. 1B, LXRα expression was
detected in nuclei of both alveolar macrophages and alveolar epithelial type II cells, the latter
identified by positive cytoplasmic staining with anti-pro-SPC Ab (36,37).

To confirm the functionality of pulmonary LXR, we administered oral TO-901317 to C57BL/
6 mice using a published protocol (27,28). A 5-day regimen of 50 mg/kg per day TO-901317
induced expression of the LXR target gene ATP-Binding Cassette transporter A1 (ABCA1)
in lung homogenates as indicated by immunoblotting (Fig. 1C). Successful penetration of orally
administered TO-901317 into BALF was suggested by enhanced LXRE luciferase activity in
transfected HEK293 cells incubated with BALF from TO-901317-treated animals as compared
with BALF from vehicle-treated animals (Fig. 1D). No increase in LXRα or LXRβ was detected
in lung nuclear isolates of TO-901317-treated animals (data not shown) and only a very modest
increase was seen in nuclear isolates of TO-901317-treated (10 μM, 16 h) monocytic U937
cells (data not shown), suggesting that nuclear translocation of total LXR is not a primary
mechanism for regulation of LXR activity in the lung. In sum, these studies: 1) confirm LXR
expression in two different cell types within murine lung and 2) demonstrate its functional
activation by oral treatment of mice with a synthetic LXR agonist. As ABCA1 expression has
been reported in both rodent alveolar macrophages and alveolar type II cells (40-42), the present
data do not distinguish the TO-901317 effect upon the alveolar macrophage vs the type II cell.

LXR agonist treatment reduces PMN influx into the LPS-exposed lung
LXR agonists have been reported to have anti-inflammatory effects (3,4,18,19,43,44), and
LXR-null mice to have enhanced inflammation (4). Thus, we next queried whether treatment
of mice with TO-901317 would exert an anti-inflammatory effect in the inhaled LPS model.
Our model of murine LPS inhalation induces essentially a selective recruitment of PMNs to
the lung within the first 24 h after exposure (45). A 5-day pretreatment regimen with 50 mg/
kg per day TO-901317 significantly reduced PMN influx into the airspaces triggered by inhaled
LPS (Fig. 2A). TO-901317 treatment was also associated with a modest reduction of PMN
infiltration into the lung parenchyma at 8 and 24 h following inhaled LPS, as quantified by an
MPO assay upon lung homogenates (Fig. 2, B and C), whereas no effect was seen upon baseline
(unexposed) lung MPO activity with the LXR agonist (data not shown). No significant
difference was noted in LPS-induced lung histopathology between TO-901317- and vehicle-
treated animals (data not shown). Moreover, there was no difference between vehicle- and
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TO-901317-treated animals in the peripheral leukocyte count nor in the peripheral leukocyte
percentage of neutrophils, lymphocytes, monocytes, or eosinophils (data not shown).

LXR agonist treatment selectively modulates BALF cytokine induction
To further address the mechanisms by which pharmacologic LXR activation attenuates PMN
influx into the lung, we next assayed the effect of orally administered TO-901317 upon BALF
cytokine and chemokine expression. Cytokine and chemokine expression by resident lung
cells, in particular alveolar macrophages and epithelial cells, plays a key role in migration of
PMNs from the blood-stream into the lung (29,30,46). LXR has been reported to regulate the
expression of some LPS-induced cytokines (4). As shown in Fig. 3, TO-901317-treated mice
exposed to aerosolized LPS had attenuated induction of BALF TNFα at 2 and 6 h following
LPS exposure, but no change in induction of three chemokines that have been reported to play
important roles in recruitment of PMNs to the lung (29,30,46), KC, MIP-2 (both of alveolar
macrophage and epithelial origin (47,48)), and LPS-induced CXC chemokine (LIX, CXCL5;
of selective alveolar epithelial type II cell origin (46)).

Because TNFα induction is tightly linked to NF-κB activation (49) and NF-κB has been
reported to be inhibited by LXR agonists in cell culture (3,4), we next tested the effect of oral
TO-901317 upon LPS-induced activation of NF-κB in lung homogenates. As shown in Fig.
3E, TO-901317 treatment had no significant effect upon DNA-binding activity of p65 from
lung nuclear isolates.

LXR agonist treatment attenuates PMN migration and Rho GTPase activation
TNFα expression has been reported to play an important role in recruitment of PMNs to the
lung (50). Nevertheless, given the lack of effect of TO-901317 upon BALF chemokine levels,
we next queried whether systemic LXR activation might exert additional inhibitory effects
directly upon PMN migration, as has been reported with agonism of other nuclear receptors
(e.g., PPARγ (51) and GR (52)). To address this, we first modeled in vivo PMN migration into
the lung more directly by performing intratracheal instillation of the chemokine KC as
previously reported (29). As shown in Fig. 4A, similar to the scenario with inhaled LPS,
TO-901317-treated animals had a significant reduction in KC-induced influx of PMNs to the
airspace. We confirmed that murine PMNs express LXR protein by immunoblotting of lysates
(Fig. 4A).

Our observation that PMNs express LXR protein suggested to us that they might be direct
cellular targets for LXR agonists. Thus, in an effort to further confirm a direct effect of LXR
agonism upon PMN migration and also to extend our findings to the human system, we
incubated human PMNs in 10 μM TO-901317 or 0.1% DMSO vehicle (4 h, 37°C) and then
quantified their migration to IL-8, a KC homolog, in a modified Boyden chamber. As shown
in Fig. 4B, PMN chemotaxis to IL-8 and nondirectional migration to buffer were both inhibited
by the LXR agonist, suggesting an inhibitory effect of LXR upon PMN motility. No effect of
TO-901317 was seen upon PMA- or fMLP-induced superoxide anion generation by the PMN
(Fig. 4C), arguing against a nonspecific, generalized inhibitory effect of TO-901317 upon PMN
functions.

Lastly, to further characterize the molecular mechanism underlying LXR effects upon PMN
migration, we next tested the effect of TO-901317 upon RhoA activation in the PMN. Rho
GTPases are well known to play a pivotal role in leukocyte migration (53). Whereas the Rho
GTPase Cdc42 has been more closely associated with regulation of leukocyte directionality,
RhoA and its effectors have been connected to leukocyte motility. Hence, we retrieved bone
marrow PMNs from TO-901317- and vehicle-treated animals and compared their RhoA
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activation upon ex vivo exposure to KC. As shown in Fig. 4D, bone marrow-derived PMNs
from TO-901317-treated animals had marked attenuation of KC-induced RhoA activation.

In summary, these are the first reported data, to our knowledge, confirming LXR protein
expression in the PMN and identifying a role for LXR in cell migration and in Rho GTPase
activation. They identify a second putative mechanism, in addition to down-regulation of
airspace TNFα, for the observed inhibitory effect of LXR upon migration of PMNs to the
inflamed lung. The observed inhibition of PMN motility noted with direct ex vivo TO-901317
treatment of isolated PMNs, taken together with our finding of LXR protein expression in the
PMN, suggests that the PMN may be a direct cellular target of TO-901317.

LXR agonist treatment impairs pulmonary antibacterial host defense
Antimicrobial host defense and inflammation are alternate arms of the innate immune response
that use common effector mechanisms. Mechanisms of PMN recruitment to the lung differ
between LPS and bacterial exposures (54), due, at least in part, to the fact that intact bacteria
bear additional pathogen-associated molecular patterns and Ags. Having demonstrated a
significant inhibitory effect of LXR upon PMN influx and BALF TNFα triggered by the Gram-
negative bacterial pathogen-associated molecular pattern LPS, we next queried what effect
LXR activation would have upon pulmonary exposure to a clinically relevant strain of the intact
Gram-negative bacterial pathogen K. pneumoniae, an organism whose clearance is largely
PMN dependent (55).

As shown in Fig. 5A, TO-901317-treated animals had an altered profile of PMN influx into
the airspace triggered by i.t. inoculation with K. pneumoniae, with a marked reduction of BAL
PMNs at 6 h postinoculation and a trend toward reduction 24 h postinoculation, as compared
with vehicle-treated animals. By contrast, TO-901317-treated animals had an excess of BAL
PMNs 48 h postinoculation. There was no difference between vehicle and TO-901317
treatment in alveolar macrophage number 48 h postinfection (data not shown). No significant
change in lung histopathology score was noted with LXR agonist treatment 48 h following K.
pneumoniae inoculation (Fig. 5B). As observed with LPS inhalation (Fig. 3B), TO-901317
attenuated K. pneumoniae-induced TNFα expression in BALF (Fig. 5C). However, unlike the
LPS model, LXR agonism was associated with increased BALF MIP-2 levels (Fig. 5C).

Treatment with the LXR agonist was associated with significantly increased K. pneumoniae
CFUs in lung and in spleen 24 and 48 h following i.t. inoculation (Fig. 5, D and E), indicating
impairment of both pulmonary antibacterial host defense and compartmentalization of
infection. In support of the significance to the organism of impaired antibacterial host defense
with pharmacologic LXR activation, we found that TO-901317 treatment significantly
worsened survival of mice following i.t. K. pneumoniae (Fig. 6).

Discussion
LXRα and LXRβ are oxysterol-activated NRs. Although perhaps best known for their role in
triggering transcriptional programs that promote reverse cholesterol transport, in recent years
there has been a growing appreciation of their complex roles in innate immunity. In this
capacity, LXRs are recognized to participate in bidirectional negative cross-talk with TLR3/4
and to inhibit proinflammatory gene expression in large part through their inhibition of NF-
κB. In the present work, we extend the sphere of influence of LXRs to the lung and the PMN.
Our finding in this manuscript of a relative pattern of liver≫lung>spleen for LXRα protein
expression and lung∼spleen>liver for LXRβ protein expression directly parallels a previous
report of relative LXRα and LXRβ mRNA abundance in murine tissues (22). More specifically,
we demonstrate expression of LXR in alveolar macrophages, alveolar type II cells, and PMNs
and proceed to show potent anti-inflammatory and antihost defense effects of synthetic LXR
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agonists in the lung. These anti-inflammatory and antihost defense effects share in common
impairment of PMN recruitment to the lung and attenuation of lung TNFα expression. LXR
stimulation appears to attenuate PMN migration to the lung, at least in part, through inhibition
of pulmonary TNFα expression and through impairment of PMN motility. Of note, although
the effects of TO-901317 on TNFα parallel those previously reported for glucocorticoid
treatment in a rodent LPS lung injury model (56), our finding that LPS-induced LIX expression
is insensitive to LXR agonism represents an important difference, since LIX was originally
cloned as a GR-sensitive target (57). We provide circumstantial evidence that the effect on
PMN motility, in turn, may reflect underlying inhibition of RhoA.

We report that synthetic LXR agonists inhibit PMN motility and that this may reflect inhibition
of Rho GTPases (Fig. 4). Cellular migration requires precisely timed and spaced cycling of
Rho GTPase activation within the cell (53). Although RhoA has been reported to inhibit LXR
(58), suggesting integration between Rho-dependent functions and LXR activation, we are
aware of no previous reports of LXR activation inhibiting RhoA. As for other NR agonists,
mixed effects upon Rho signaling have been reported. Androgens have been reported to
stimulate Rho signaling (59). PPARγ agonists have been reported to stimulate motility in
intestinal epithelial cells, at least in part, through activation of the Rho GTPase Cdc42 (60), to
inhibit migration in leukocytes (51,61,62), and to inhibit Rho activation in smooth muscle
(63). Our study design, which used a 4-h preincubation of PMNs with TO-901317 preceding
KC exposure, does not fully discount the possibility that LXR activation may even activate
Rho GTPases acutely and transiently. Such “nongenomic,” rapid signaling events have been
described for other NR ligands (64). This notwithstanding, our data do clearly show that
prolonged pharmacologic activation of LXR in the PMN (mimicking our in vivo-dosing
regimen) does markedly impair proper activation of RhoA triggered by acute exposure to KC.
Of interest, this effect upon motility is similar to what we have previously reported for treatment
of PMNs with hydroxymethylglutaryl CoA reductase inhibitors (29), agents that have been
reported to activate LXR in the leukocyte (58). A previous report that the LXR ligand 25-
hydroxycholesterol impairs phagocytosis in macrophages (65) suggests that LXR may impact
additional Rho-dependent macrophage functions that are relevant to host defense. Future
studies will need to dissect further the responsible molecular mechanisms.

The present work raises several new issues that will require future investigation. Although
synthetic LXR agonists appear to be promising therapeutic candidates for modulation of lung
innate immunity, the present work does not address whether the observed effects were
specifically LXR dependent, whether some of the in vivo effects might be “second-tier”
consequences of LXR activation (e.g., secondary consequences of LXR-dependent changes in
lipid metabolism), nor whether LXRα and LXRβ may play distinct roles as has been reported
with other phenotypes (12,16). Because synergistic effects have been reported among different
NR agonists in cell culture (19), we speculate that there may be a role for LXR agonists in
combination therapy of inflammatory lung disease, e.g., as “steroid-sparing” agents. Although
the apparent adverse effects of LXR stimulation upon host defense against extracellular
bacteria (Figs. 5 and 6) will require further careful study, it is worth noting that glucocorticoids
are used widely to good clinical effect despite their untoward effects upon host defense (66).
In our study, although conclusions should be tempered as lung histopathology was quantified
at only one time point following K. pneumoniae inoculation (48 h), we speculate that the
enhanced mortality seen with the LXR agonist (Fig. 6) was not due to aggravated lung injury.
Instead, we speculate that it may reflect worsened septicemia due to enhancement of bacterial
dissemination with the LXR agonist (Fig. 5E). Of interest, it has been reported that LXR-null
mice are more susceptible to bloodstream infection with the Gram-positive intracellular
bacterium L. monocytogenes (16). Because microbial virulence factors, host compartments,
and host defense mechanisms differ markedly between these two bacteria, these observations,
taken together, indicate that LXR may exert mixed influences upon the different effector arms
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of host defense. A report that a fungal metabolite, paxilline, is a potent LXR agonist (67)
suggests that pathogen-specific molecules may add a further layer of complexity to the role of
LXR in host defense.

Finally, in a broader sense, we speculate that LXR may possibly underlie associations that have
been noted between metabolic disorders such as obesity, in which a role for LXR has been
identified (68), and inflammatory lung diseases, such as asthma (69). The present work suggests
that cholesterol metabolism may play a much more important role in lung biology than has
previously been recognized, and that therapies targeting disordered cholesterol metabolism
may well impact lung biology.
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FIGURE 1.
Functional LXR is expressed in alveolar macrophages and alveolar epithelial cells. A, Fifty
micrograms (Bradford assay) of lung, liver, and spleen homogenate protein from C57BL/6
mice was immunoblotted with goat anti-LXRα, rabbit anti-LXRβ, and mouse anti-α-tubulin
(loading control) Abs. Results from three representative animals are shown for each organ. ns,
Nonspecific band. B, Immunohistochemistry was performed for LXRα (murine IgG2A as
control) and for pro-SPC (normal rabbit serum as control) on 5-μm serial sections of
paraformaldehyde-fixed normal C57BL/6 mouse lung. (upper left) Arrowheads indicate two
alveolar macrophages with positive nuclear staining for LXRα. Lower left, Arrow indicates an
alveolar epithelial type II cell with positive nuclear staining for LXRα. In the images at the
right, arrows indicate alveolar type II cells with positive cytoplasmic staining for pro-SPC and
arrowheads indicate alveolar macrophages with absent pro-SPC staining. Images are
representative of findings in four independent animals. C, Lung homogenates (10 μg of protein)
from C57BL/6 mice treated orally with vehicle or TO-901317 (50 mg/kg per day for 5 days)
were immunoblotted with rabbit anti-ABCA1 (an LXR target gene) and also for LXRαβ using
a rabbit dual recognition Ab. Representative blots are shown from two animals per treatment.
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D, BALF from C57BL/6 mice treated orally with vehicle or TO-901317 (50 mg/kg per day for
5 days) was screened for LXR-modifying activity by incubation upon HEK293 cells transiently
transfected with LXRE luciferase and TK-Renilla luciferase and with LXRα, LXRβ, and
RXRα expression constructs. Normalized luciferase activity was measured in triplicate from
three to five animals per treatment in two independent experiments (*, p < 0.0001).
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FIGURE 2.
LXR agonist treatment reduces influx of PMNs to the LPS-exposed lung. A, C57BL/6 mice
were treated orally with vehicle or TO-901317 (50 mg/kg per day for 5 days) and then exposed
to aerosolized LPS. BAL total white blood cells were counted 4, 6, and 24 h after exposure (*,
p < 0.001). MPO activity, a quantitative measure of PMNs, was assayed in lung homogenates
of vehicle- and TO-901317-treated animals 8 h (B) and 24 (C) h after LPS exposure (*, p <
0.05). Data shown are representative of three independent experiments.
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FIGURE 3.
LXR agonist treatment selectively inhibits LPS-induced airspace cytokine expression. BALF
MIP-2 (A), TNFα (B), and KC (C) were measured by ELISA 2 and 6 h after LPS exposure,
and LIX (D) was measured 2 h after LPS exposure in vehicle- and TO-901317-treated C57BL/
6 mice (*, p < 0.05; all other comparisons were NS). E, NF-κB activation was measured in
lung nuclear isolates of vehicle- and TO-901317-treated animals 0 and 2 h following LPS
inhalation using an ELISA that measures DNA binding of the p65 component of NF-κB, as
previously described (32) (p = NS for vehicle/LPS vs TO-901317/LPS). Data shown represent
four independent experiments involving n = 16 mice/experiment.
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FIGURE 4.
LXR agonist treatment inhibits PMN migration in vivo and ex vivo and attenuates chemokine-
induced RhoA activation. A, Vehicle- and TO-901317-treated C57BL/6 mice underwent i.t.
instillation of 0.5 μg of KC. BAL PMNs were quantified 6 h later (*, p < 0.05). Murine bone
marrow-derived PMNs were lysed and immunoblotted using a dual anti-LXRαβ Ab. B, Human
PMNs were incubated with 0.1% DMSO vehicle or 10 μM TO-901317 (4 h, 37°C). Chemotaxis
to IL-8 and nondirectional migration to buffer were then assayed in a modified Boyden chamber
as previously described (34) (p < 0.0001 × two-way ANOVA for effect of TO-901317 upon
both chemotaxis and nondirectional migration). Data shown are representative of three
independent experiments. C, Human PMNs pretreated with DMSO vehicle or TO-901317 as
in B were tested for PMA- and fMLP-induced superoxide anion (O2

-) generation as previously
described (35). D, Bone marrow PMNs were harvested from vehicle- and TO-901317-treated
animals as previously described (29). Cells were then exposed to 25 ng/ml KC for the indicated
times, and RhoA activation was assayed by Rhotekin-binding domain pull-down, as described
previously (32), from three independent experiments. Lysates were immunoblotted for total
RhoA as a loading control. Normalized RhoA activation was quantified by densitometry (p <
0.05 for TO-901317 treatment by two-way ANOVA).
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FIGURE 5.
LXR agonist treatment modifies lung inflammation triggered by a host defense against
Klebsiella pneumoniae. Vehicle- and TO-901317-treated C57BL/6 mice underwent i.t.
inoculation with 2000 CFU of K. pneumoniae. A, BAL PMNs were quantified 6, 24, and 48 h
postinoculation (*, p < 0.05). B, Lung histopathology was quantified by a pathologist blinded
to treatment conditions in the left lung of vehicle- and TO-901317-treated mice 48 h following
K. pneumoniae inoculation using a 0 -4 composite scoring system that grades inflammatory
cell infiltration of alveoli and bronchioles, bronchial wall changes, and alveolar macrophage
accumulation (38,39) (p = NS, n = 20 animals/treatment pooled from four independent
experiments). C, BALF TNFα and MIP-2 were quantified 6 h postinoculation (*, p < 0.05 for
both). Data shown represent three to four independent experiments. D and E, Vehicle- and
TO-901317-treated C57BL/6 mice underwent i.t. inoculation with 2000 CFU of K.
pneumoniae. At the indicated times following inoculation, lung (D) and splenic (E)
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homogenate CFUs were quantified as previously described (*, p < 0.05) (29). Data shown
represent four independent experiments.
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FIGURE 6.
LXR agonist treatment enhances mortality induced by intratracheal K. pneumoniae. C57BL/6
mice were pretreated with vehicle or TO-901317 (50 mg/kg per day for 3 days) and then
inoculated i.t. with 2000 CFU of K. pneumoniae. Daily treatment was continued
postinoculation and mortality was monitored (*, p = 0.002 by log rank test). Data shown
represent n = 10 mice/treatment group from one of two representative independent
experiments.
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