The American Journal of Pathology, Vol. 170, No. 3, March 2007
Copyright © American Society for Investigative Pathology
DOI: 10.2353/ajpath.2007.060391

Cardiovascular, Pulmonary and Renal Pathology

Aryl Hydrocarbon Receptor-Deficient Mice Develop
Heightened Inflammatory Responses to Cigarette
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The transcription factor aryl hydrocarbon receptor
(AhR) plays an important role in the response to envi-
ronmental pollutants. However, its role in normal
physiology is unclear. To investigate the role of AhR in
acute lung inflammation, control and AhR knockout
(KO) mice were exposed to inhaled cigarette smoke or
bacterial endotoxin. Smoke-induced lung inflammation
was twofold to threefold more severe in AhR KO mice
than controls. Intriguingly, levels of tumor necrosis fac-
tor-a and interleukin-6 in the bronchoalveolar lavage of
air-exposed KO mice were equal to the levels seen in
smoke-exposed controls, suggesting that AhR-deficient
mice are inflammation prone. AhR KO mice challenged
with inhaled endotoxin, which does not contain AhR
ligands, also developed greater lung neutrophilia than
controls, and bronchoalveolar lavage cells from AhR
KO mice produced elevated levels of tumor necrosis
factor-a and interleukin-6 when treated with endotoxin
in vitro. Nuclear factor-kB DNA-binding activity was el-
evated in smoke-exposed AhR KO mice compared with
controls and was associated with a rapid loss of RelB
only in the KO mice. We propose that AhR is a previ-
ously unrecognized regulator of inflammation that in-
teracts with nuclear factor-«kB so that in the absence of
AhR RelB is prematurely degraded, resulting in height-
ened inflammatory responses to multiple proinflam-
matory stimuli. (4m J Pathol 2007, 170:855-864; DOI:
10.2353/ajpath.2007.060391)

Cigarette smoking is widely recognized as a cause or
leading risk factor for many chronic diseases including
cancer, chronic obstructive pulmonary disease, hyper-
tension, and cardiovascular disease. One common pro-
cess involved in all these conditions is chronic inflamma-
tion. For example, recent research has focused on the
role of inflammation and inflammatory cell mediators in
the pathogenesis of chronic obstructive pulmonary dis-
ease.”™ It is now believed that atherosclerosis and
thrombosis are related to inflammatory processes in
smokers,®” and it has been hypothesized that chronic
inflammation creates a predisposition to the development
of cancer.®® Smoking is also a significant risk factor for a
diverse range of diseases with inflammatory components
including psoriasis, Graves’ ophthalmopathy, and diabe-
tes.'9~'2 Therefore, to understand the pathogenic role of
smoking in chronic disease, it is necessary to understand
the molecular and cellular mechanisms by which ciga-
rette smoke induces acute and chronic inflammation.
One signaling pathway that may link cigarette smoke
exposure and inflammation involves the aryl hydrocarbon
receptor (AhR). The AhR is a ligand-activated, basic
helix-loop-helix transcription factor, well known as the
receptor for 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
and other polyaromatic hydrocarbons.’>'® TCDD, a
powerful environmental toxicant, was the first AhR ligand
identified, and it is believed that a key role of the AhR is
to provide protection against environmental toxicants via
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up-regulation of phase | and phase Il genes such as
CYP1A1.17:'8 Cigarette smoke contains more than 4000
chemicals, including many polyaromatic hydrocarbons
that are AhR ligands.™ It has been shown that compo-
nents of cigarette smoke compete with dioxin for AhR
binding®® and that cigarette smoke extract can activate
AhR-dependent gene transcription in vitro and in
vivo.'72122 \We have recently reported that cigarette
smoke extract induces a proinflammatory response in
human lung fibroblasts, with induction of prostaglandin H
synthase-2 (cyclooxygenase-2, Cox-2), microsomal pros-
taglandin E synthase (mPGES)-1, and prostaglandin
(PG)E,, which is AhR-dependent.®® Thus, the AhR may
be an important regulator of cigarette smoke-induced
inflammation, either through direct activation of AhR-de-
pendent gene transcription or via the activation or detox-
ification of inflammatory components of cigarette smoke
via AhR-mediated up-regulation of phase | and phase I
genes.

Although the role of the AhR in the response to
polyaromatic hydrocarbons has been extensively stud-
ied, its role in normal physiology is poorly understood.
A potential endogenous AhR ligand has been identi-
fied, but its function is unknown.?* Several lines of
evidence suggest that the AhR may play a role in
regulating immunity and inflammation in the absence of
exogenous polyaromatic hydrocarbons. It has been
shown that interleukin (IL)-4 induces transcription of
the AhR gene in B cells,?® whereas AhR-deficient mice
exhibit abnormalities in hematopoietic stem cell devel-
opment, have significantly higher numbers of pre/pro-B
cells, and develop splenomegaly after immunization
with ovalbumin.?®27 Furthermore, although it has been
shown that cigarette smoke exposure activates the
critical proinflammatory transcription factor nuclear
factor (NF)-kB and induces transcription of NF-«B-
dependent genes,?® 2" recent reports suggest that
AhR and NF-«kB may regulate each other’s activity
through mutual co-repression.®2® These results sug-
gest that AhR may play a role in regulating in vivo
inflammatory responses through interactions with
NF-kB both in the presence and the absence of exog-
enous AhR ligands. This hypothesis was tested by
analyzing acute lung inflammation in wild-type and
AhR knockout (KO) mice exposed to cigarette smoke
or inhaled bacterial lipopolysaccharide (LPS).

Materials and Methods
Mice

AhR KO mice (AhR™/", strain B6.129-Ahr™'Era) were
purchased from The Jackson Laboratory (Bar Harbor,
ME) and bred at the University of Rochester. This strain
carries a targeted deletion of exon 2 of the AhR gene and
was backcrossed for 12 generations onto C57BL/6.%* For
some experiments, heterozygous colony littermates
(AhR*™) were used as controls; for other experiments,
C57BL/6 mice were purchased from The Jackson Labo-
ratory. No differences were observed between C57BL/6

and AhR™/~ mice. All animal procedures were performed
under the supervision of the University Committee on
Animal Research.

Cigarette Smoke Exposure

Age- and gender-matched AhR™/~ (KO) mice and
C57BL/6 (B6) or heterozygous littermate (AhR*/™) con-
trols were placed in individual compartments of a wire
cage, which was placed inside a closed plastic box
connected to the smoke source. Research cigarettes
(1R3F; University of Kentucky, Lexington, KY) were
smoked according to the Federal Trade Commission pro-
tocol (1 puff/minute/cigarette of 2 seconds duration and
35-ml volume) in a Baumgartner-dJaeger CSM2072i ciga-
rette smoking machine (CH Technologies, Westwood,
NJ). Mainstream cigarette smoke was diluted with filtered
air and directed into the exposure chamber. The smoke
exposure (total particulate matter per cubic meter of air,
TPM) was monitored in real time with a MicroDust Pro
aerosol monitor (Casella CEL, Bedford, UK) and verified
by gravimetric sampling. The smoke concentration was
set at a nominal value of 250 mg/m® TPM by adjusting the
flow rate of the dilution air. The average actual exposure
for these experiments was 286 + 45 mg/m® TPM. Mice
received two 1-hour exposures, 4 hours apart, on days 1
and 2, a single exposure on day 3, and were euthanized
4 or 24 hours after the final exposure. Control mice were
exposed to filtered air in an identical chamber according
to the same schedule.

LPS Aerosol Exposure

Age- and gender-matched AhR KO and B6 controls were
exposed to an aerosol of saline alone (control) or saline
containing Pseudomonas aeruginosa LPS (Sigma, St.
Louis, MO) as described.®® Total exposure time was 8
minutes, and the estimated deposition in the lungs was 5
endotoxin units (EUs) per animal. Four hours after LPS
exposure, the mice were euthanized and the lungs were
lavaged as described below.

Tissue Harvest and Bronchoalveolar Lavage
(BAL)

Mice were anesthetized with 2,2,2-tribromoethanol (Aver-
tin, 250 mg/kg i.p.; Sigma) and euthanized by exsangui-
nation. The heart and lungs were removed en bloc, and
the lungs were lavaged twice with 0.5 ml of phosphate-
buffered saline (PBS). The lavage fluid was centrifuged,
and the cell-free supernatants were frozen for later anal-
ysis. The BAL cell pellet was resuspended in PBS, and
the total cell number was determined by counting on a
hemocytometer. Differential cell counts (minimum of 300
cells per slide) were performed on Cytospin-prepared
slides (Thermo Shandon, Pittsburgh, PA) stained with
Diff-Quik (Dade Behring, Newark, DE). In some experi-
ments, the remaining BAL cells were pelleted and frozen
for electrophoretic mobility shift assays (EMSAs) (see



below). The left and right lungs were frozen separately
in liquid nitrogen for later analysis.

Analysis of BAL Fluid

Mouse IL-6, tumor necrosis factor (TNF)-a, MIP-2, and
KC were measured in BAL samples by commercial en-
zyme-linked immunosorbent assay (ELISA) (R&D Sys-
tems, Minneapolis, MN). PGE, was measured by enzyme
immunoassay using commercially available reagents
(Cayman Chemical, Ann Arbor, Ml) as described.®® The
limit of detection was 7 pg/ml for IL-6, MIP-2, and KC, 15
pg/ml for TNF-a, and 30 pg/ml for PGE,. To assay B-glu-
curonidase activity, the liberation of p-nitrophenol from
4-nitrophenol glucuronide (Sigma) was measured in fresh
(not frozen) BAL samples as described.3”2® Total protein
in lavage fluid was measured by the bicinchoninic (BCA)
colorimetric assay (Pierce, Rockford, IL).

Histological Analysis and Immunohistochemistry

Mouse lungs (which had not been lavaged) were fixed by
inflation with 10% neutral buffered formalin at a pressure
of 15 cm H,0. Tissues were embedded in paraffin, sec-
tioned (5 wm), and stained with hematoxylin and eosin.
To visualize tissue neutrophils, sections were stained
with a rat monoclonal anti-mouse neutrophil antibody
(MCA771GA, 1:25 dilution; Serotec, Oxford, UK), devel-
oped with NovaRed (Vector Laboratories, Burlingame,
CA), and counterstained with hematoxylin.

Myeloperoxidase Assay

Frozen lung tissue was homogenized in 50 mmol/L potas-
sium phosphate buffer, pH 6.0, containing a protease inhib-
itor cocktail and 0.5% hexadecyltrimethylammonium bro-
mide (Sigma), sonicated with a probe sonicator (Branson
Ultrasonics, Danbury, CT), and then subjected to one
freeze-thaw cycle in a dry ice-ethanol bath. The suspension
was centrifuged at 16,000 X g, and the resulting superna-
tant was assayed. Myeloperoxidase activity was deter-
mined by monitoring the oxidation of o-dianisidine dihydro-
chloride (Sigma) spectrophotometrically at 460 nm as
described.®®

BAL Cell Cultures

BAL cells were obtained from naive control and AhR™/~
mice as described, except that the lungs were lavaged
10 times with Dulbecco’s modified PBS (Invitrogen,
Carlsbad, CA), containing 1% glucose, for a total volume
of 5 ml. BAL cells from four to six mice per strain were
pooled, washed twice with PBS, resuspended in RPMI
medium containing 10% fetal calf serum and supple-
mented with L-glutamine (2 mmol/L) and gentamicin (50
ng/ml) (Invitrogen), and counted with a hemocytometer.
Quadruplicate cultures were established containing 1 X
10° cells in 0.2 ml of medium per well in 96-well plates
and incubated at 37°C. After 2 hours, nonadherent cells
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were removed by gentle washing with serum-free me-
dium, and the adherent cells were cultured in medium
containing 1% fetal calf serum, with or without the addi-
tion of LPS (10 EU/mI P. aeruginosa endotoxin; Sigma). In
some experiments, the cells were pretreated for 1 hour
with the NF-kB inhibitors SN50 (25 wg/ml) or helenalin (5
wmol/L) (Biomol, Plymouth Meeting, PA). After 18 hours,
the culture medium was harvested and assayed for in-
flammatory cytokines by ELISA, as described.

EMSA

Nuclear extracts were prepared from frozen lung tissue
or BAL cell pellets as described.*® Nuclear extracts were
incubated with radiolabeled oligonucleotide probes for
NF-«kB and OCT-1 and analyzed by autoradiography of
polyacrylamide gels as described.*’

Western Blot Analysis

To analyze the immediate effect of smoke and LPS expo-
sure on NF-kB, mice were exposed to mainstream smoke
for 1 hour as described and sacrificed 30 minutes and 4
hours later or exposed to LPS as described and sacrificed
30 minutes and 3 hours later. The lungs were lavaged to
obtain BAL cells and then homogenized to prepare total
and nuclear lung cell protein extracts using a commercially
available kit according to the supplier’s instructions (Active
Motif, Carlsbad, CA). BAL cells from three mice per group
were pooled, and protein extracts were prepared. Lung and
BAL proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and analyzed by West-
ern blot using antibodies specific for NF-kB p65 and RelB
(Santa Cruz Biotechnology, Santa Cruz, CA) and total and
phosphorylated IkBa (Cell Signaling, Danvers, MA).

Statistical Analysis

All results are reported as the mean = SEM. The differ-
ences between air- and smoke-exposed AhR KO and
control mice on differential cell counts, lavage cytokines,
and biochemical markers were assessed by one-factor
analysis of variance and the Student’s t-test. A P value
<0.05 was considered significant.

Results

Elevated Inflammatory Cells in BAL of AhR KO
Mice Exposed to Cigarette Smoke

To investigate the potential role of the AhR in regulating
the inflammatory response to cigarette smoke, wild-type
and AhR KO mice were exposed to cigarette smoke for 1
hour, twice a day, for 3 days and sacrificed 4 or 24 hours
after the final smoke exposure. This exposure protocol
elicits an acute inflammatory response characterized by
a twofold to threefold increase in the total number of cells
and a greater than 100-fold increase in the number of
neutrophils recovered by BAL (Figure 1). Compared with
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Figure 1. AhR KO mice exhibit increased lung inflammation markers in BAL
after cigarette smoke exposure. Wild-type (B6, gray bars) and AhR KO (black
bars) mice were exposed to air or cigarette smoke (CS) as described and
sacrificed 4 or 24 hours after the final exposure. Differential counts were per-
formed on BAL cells, and the total cell number (A), number of neutrophils (B),
percentage of neutrophils (C), and number of lymphocytes (D) are reported. E:
Total protein in BAL fluid was measured by BCA assay. F: B-Glucuronidase
activity was measured in fresh BAL fluid and is expressed as units of activity per
mg total protein. Results shown are the means = SE for 7 = 6 mice per group
from a single experiment and are representative of three independent experi-
ments. *Significant increase over air-exposed wild-type mice; 'significant in-
crease over smoke-exposed, wild-type mice (2 < 0.05).

wild-type B6 mice, AhR KO mice developed significantly
greater neutrophilic influx into the lungs, with twofold to
threefold more neutrophils recovered in BAL at both 4
and 24 hours after exposure (Figure 1, B and C). The total
number of cells recovered by BAL is also significantly
elevated in the AhR KO mice 24 hours after exposure
(Figure 1A). Cigarette smoke exposure resulted in in-
creased numbers of BAL lymphocytes that were not sig-
nificant (Figure 1D), but no changes in BAL eosinophils
(data not shown). The protein content of BAL fluid, a
marker of inflammation, was significantly increased by
cigarette smoke exposure, but the differences between
wild-type and AhR KO mice were not significant (Figure
1E). B-Glucuronidase, a hydrolytic enzyme found in
phagocytic cells and thought to be involved in tissue
breakdown in inflammatory lung disease,*? is also ele-
vated in BAL fluid of smoke-exposed animals, with en-
zyme activity 60% higher in smoke-exposed AhR KO
mice compared with controls (Figure 1F). Similar results
were observed in experiments comparing AhR heterozy-
gote and KO mice (data not shown).

AhR KO Mice Exposed to Cigarette Smoke
Exhibit Increased Lung Tissue Inflammation

Acute cigarette smoke exposure at the dose used in this
study results in a mild inflammation marked by perivas-

cular accumulation of inflammatory cells, including neu-
trophils, and increased numbers of alveolar macro-
phages and neutrophils (Figure 2C). Perivascular
infiltrates are more pronounced in the AhR KO mice, as is
the appearance of neutrophils in alveolar capillaries (Fig-
ure 2D). Immunohistochemical staining using an anti-
body specific for mouse neutrophils confirms these ob-
servations, with increased numbers of neutrophils in the
airspaces and perivascular infiltrates in AhR KO mice
(Figure 2, E and F).

Lung neutrophilia in the AhR KO™ mice was confirmed
biochemically by assaying whole lung tissue for myelo-
peroxidase (MPO), an enzyme found in neutrophil gran-
ules that can be used to estimate the level of neutrophilic
inflammation in tissues.®® MPO activity is significantly
higher in naive AhR KO mice than B6 controls and is
further increased in these mice by cigarette smoke ex-
posure to levels threefold higher than smoke-exposed B6
controls (Figure 3).

AhR KO Mice Produce Elevated Levels of
Proinflammatory Cytokines

Acute cigarette smoke exposure induces several proin-
flammatory cytokines in the BAL of wild-type mice, in-
cluding IL-6, TNF-«, and PGE, (Figure 4, A, B, and E).
The neutrophil chemoattractant CXC chemokines MIP-2
and KC are also significantly elevated by cigarette smoke
(Figure 4, C and D). Interestingly, air-exposed AhR KO
mice express threefold to fivefold higher levels of proin-
flammatory cytokines and chemokines than untreated
controls. In the case of IL-6, MIP-2, TNF-«, and PGE,, the
basal levels in AhR KO mice are as high or higher than in
smoke-exposed B6 mice. AhR KO mice exposed to
smoke express higher levels of TNF-a, MIP-2, and PGE,
than control mice at 4 hours after exposure but not at 24
hours after exposure (Figure 4, B, C, and E).

Increased BAL Neutrophils in AhR KO Mice
Exposed to Inhaled LPS

The presence of elevated levels of proinflammatory
cytokines in naive AhR KO mice suggested that these
mice are more inflammation-prone than wild-type B6
mice. To investigate this possibility, mice were ex-
posed to an aerosol of bacterial LPS, a strong inflam-
matory stimulus that does not signal through the AhR.
Mice exposed to inhaled LPS develop neutrophilic lung
inflammation within 4 hours.®® BAL from AhR KO mice
contained two to three times more neutrophils than B6
controls (Figure 5), indicating that the AhR mice de-
velop a heightened inflammatory response to LPS, as
well as cigarette smoke.

Production of Inflammatory Cytokines in Vitro Is
Elevated in Cells from AhR KO Mice

The heightened response to LPS seen in the AhR KO
mice was further investigated in vitro. Cells recovered
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Figure 2. Lung inflammation is increased in AhR KO mice exposed to cigarette smoke. Mice were exposed to air or smoke as described and sacrificed 24 hours
after the final smoke exposure. Lungs were inflated and fixed with formalin, and sections were stained with H&E. A and B: Air-exposed mice have normal alveoli
and blood vessels. C: Smoke-exposed mice exhibit perivascular inflammation with extravasating monocytes and neutrophils and monocytes and neutrophils in
the alveolar capillaries. D: Perivascular infiltrations and alveolar neutrophils are more prominent in smoke-exposed AhR KO mice. Sections were immunostained
with an antibody against mouse neutrophils (red) and counterstained with hematoxylin. Tissue-infiltrating neutrophils are much more prominent in AhR KO mice
(F) than wild-type (E). White arrows, monocyte; black arrows, neutrophil. Scale bars = 25 um.

from the lungs of naive AhR KO and control mice
(either B6 or heterozygous littermates) by BAL were
cultured with LPS for 18 hours. These BAL cells from
untreated mice were >99% macrophages when
checked by differential counting (data not shown). LPS
stimulated the release of proinflammatory cytokines
including IL-6 and TNF-«a from BAL cells in vitro (Figure
6). BAL cells from AhR KO mice produced significantly
higher levels of IL-6 and TNF-a than cells from AhR
heterozygous controls.

Mouse TNF-q, IL-6, and MIP-2 are regulated by NF-
kB,*37%% and recent reports have suggested that AhR
and NF-kB may regulate each other’s activity.>2*2 To
investigate the NF-«kB dependence on cytokine pro-
duction in the AhR KO mice, BAL cells from naive mice
were incubated with LPS and the NF-«B inhibitors hel-
enalin and SN50. Both helenalin and SN50, which
block NF-«kB activity by different mechanisms, 47 re-
duced the production of IL-6 and TNF-a to background
levels, confirming that IL-6 and TNF-a production is
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Figure 3. AhR KO mice exposed to cigarette smoke have elevated levels of
myeloperoxidase activity in lung tissue compared with wild-type controls.
Wild-type (B0, gray bars) and AhR KO (black bars) mice (7 = 4 to 5 per
group) were exposed to air or cigarette smoke (CS) and sacrificed 24 hours
after the final exposure as described. Myeloperoxidase activity in the left lung
was measured as described in Materials and Methods. Results shown are the
means * SE for 7 = 6 mice per group from a single experiment and are
representative of two independent experiments. *Significant increase com-
pared with air-exposed wild-type mice; 'significant increase compared with
smoke-exposed, wild-type mice (P < 0.05).

NF-kB-dependent in the AhR KO mice (Figure 6, A
and B).

AhR KO Mice Exhibit Enhanced NF-xkB DNA
Binding Activity after Exposure to Cigarette
Smoke

To determine whether NF-kB activity was altered in AhR-
deficient mice, EMSAs were performed on nuclear ex-
tracts prepared from lung tissue of mice exposed to air or
cigarette smoke. Cigarette smoke induced a twofold in-
crease in NF-kB-specific DNA binding in the lungs of B6
mice (Figure 7, A and B). Interestingly, air-exposed AhR
KO mice had a 40% higher basal level of NF-«B activity,
although this was not significant (P = 0.13). Smoke ex-
posure induced a twofold increase in NF-kB activity in the
AhR KO mice, resulting in significantly higher activity than
smoke-exposed B6 mice. NF-«B activity was also higher
in BAL cells harvested from air and smoke-exposed AhR
KO mice compared with controls (Figure 7C).

AhR KO Mice Exhibit a Rapid Loss of Nuclear
RelB after Smoke and LPS Exposure

To investigate the mechanism of increased NF-«kB DNA
binding, whole cell and nuclear extracts from lung were
analyzed by Western blot. Cigarette smoke induced nu-
clear accumulation of p65 (RelA) and phosphorylation of
IkBa in both control and AhR KO mice, but there were no
differences between the groups (data not shown). Con-
trol mice also exhibited a loss of RelB from lung cell
nuclei 4 hours after smoke exposure. Intriguingly, AhR
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Figure 4. Proinflammatory cytokine levels are elevated in the BAL of smoke-
exposed AhR KO mice. Wild-type (B6, gray bars) and AhR KO (black bars)
mice (17 = 6 per group) were exposed to air or cigarette smoke (CS) and
sacrificed 4 or 24 hours after the final exposure. IL-6 (A), TNF-a (B), MIP-2
(C), KC (D), and PGE, (E) were measured in BAL fluid by commercial ELISA
or enzyme immunoassay, as described. Results shown are the means = SE
for n = 6 mice per group from a single experiment and are representative of
three independent experiments. *Significant difference from air-exposed
wild-type mice; 'significant difference from smoke-exposed, wild-type mice
(P <0.05).

KO mice exhibited a profound, rapid loss of nuclear RelB
30 minutes after smoke exposure (Figure 8A). The inflam-
matory cells extracted by BAL were also analyzed by
Western blot. Although no differences were observed
between KO and control mice with respect to p65 and
IkBa, cigarette smoke exposure induced a loss of nu-
clear RelB from the BAL cells of AhR KO mice but not
control mice (Figure 8B). Because the AhR KO mice
exhibited enhanced inflammation to LPS, as well as to
cigarette smoke, we determined the effect of LPS expo-
sure on RelB. Similar to the response seen to cigarette
smoke, LPS exposure induced rapid loss of RelB in BAL
cells from KO but not control mice (Figure 8C).

Discussion

Chronic inflammation associated with cigarette smoking
is a major contributing factor to the pathogenesis of
smoking-related diseases, including chronic obstructive
pulmonary disease and cardiovascular disease, and may
also explain why smoking is a significant risk factor for
other diseases including diabetes and Graves’ ophthal-
mopathy.'#5719712 Cigarette smoke and smoke ex-
tracts have been shown to induce lung inflammation in
vivo and the production of inflammatory mediators in
vitro,*28:3848:49 A number of molecular pathways have
been implicated including the MAP kinases, chromatin
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Figure 5. AhR KO mice exhibit increased neutrophils in BAL after exposure
to bacterial endotoxin. Wild-type (B6, gray bars) and AhR KO (black bars)
mice were exposed to an aerosolized suspension of bacterial endotoxin
(LPS) in saline, or saline aerosol alone, and sacrificed 4 hours later. Differ-
ential cell counts were performed on BAL cells, and the number (A) and
percentage (B) of neutrophils in the BAL is reported. Values shown are the
mean = SE of n = 4 mice per group and are representative of two indepen-
dent experiments. *Significant increase compared with air-exposed wild-type
mice; 'significant increase compared with smoke-exposed, wild-type mice
(P <0.05).

remodeling, oxidative stress responses, and NF-«B.55°
Recently, it has been shown that cigarette smoking acti-
vates AhR-dependent gene transcription,'”?"#? and we
have recently demonstrated that smoke extract stimu-
lates a proinflammatory response in primary human lung
fibroblasts that is AhR-dependent.?® These results sug-
gest that the AhR is important in regulating cigarette
smoke-induced inflammation in vivo.

To test the hypothesis that AhR is a regulator of
smoked-induced inflammation, mice lacking AhR were
exposed to cigarette smoke using an exposure protocol
that results in mild acute inflammation in B6 mice.*® AhR
KO mice developed more severe inflammation, with in-
creased BAL neutrophils and B-glucuronidase activity
(Figure 1), increased tissue neutrophils (Figures 2 and 3),
and elevated levels of proinflammatory cytokines (Figure
4). Of great interest was the fact that naive AhR KO mice
expressed elevated levels of the proinflammatory cyto-
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Figure 6. BAL cells from AhR KO mice treated in vitro with bacterial endo-
toxin produce elevated levels of proinflammatory cytokines. Lung cells were
obtained by lavage from six naive AhR heterozygous (Het) and KO mice,
pooled by strain, and cultured in vitro with or without 3.3 ng/ml bacterial
endotoxin (LPS), 5 wmol/L helenalin, or 25 ug/ml SN50. After 18 hours,
culture supernatants were harvested and assayed for IL-6 (A) and TNF-a (B)
by commercial ELISA. The results shown are the mean * SEM of quadrupli-
cate cultures and are representative of three independent experiments per-
formed using both AhR Het littermates and B6 mice as controls. *Significant
increase compared with control cells (P < 0.05).

kines TNF-a and IL-6, neutrophilic chemokines MIP-2 and
KC, and the inflammatory prostaglandin PGE, (Figure 4).
This suggested that AhR KO mice were not merely more
prone to cigarette smoke-induced inflammation but were
generally prone to inflammatory stimuli. To investigate
this possibility, we used bacterial endotoxin, an inflam-
matory stimulus that does not signal through the AhR.
AhR KO mice challenged with inhaled LPS developed
more acute lung inflammation and neutrophilia than wild-
type controls (Figure 5). Because alveolar macrophages
are one of the key cell types involved in the inflammatory
response in the lung,®°" we tested the response of BAL
cells (containing >99% alveolar macrophages) isolated
from naive mice to LPS in vitro. Although BAL cells from
control strains produced significant amounts of TNF-«
and IL-6, BAL cells from AhR KO mice expressed twofold
to threefold higher levels of these inflammatory cytokines
(Figure 6). These results confirm that AhR KO mice ex-
hibit a phenotype of heightened responsiveness to mul-
tiple inflammatory stimuli.

TNF-a and IL-6 are both regulated by NF-kB. Given the
recent data suggesting that NF-kB and AhR engage in
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Figure 7. AhR KO mice exhibit elevated levels of NF-«kB DNA-binding
activity in lung tissue with and without cigarette smoke exposure. Nuclear
extracts were made from lung tissue of wild-type (B6) and AhR KO mice
exposed to air or cigarette smoke as described. DNA-binding activity to
radiolabeled oligonucleotide probes containing NF-«B (left) or OCT-1 (right)
consensus binding sequences was analyzed by EMSA. Arrows indicate
nonspecific (NS), NF-kB-specific, and OCT-1-specific DNA binding activity.
A total of 20 mice were analyzed (n = 4 per air-exposed group and 6 per
smoke-exposed group). A: One representative animal per group; B: NF-«kB
activity relative to air-exposed B6 mice, determined by densitometric analysis
of all 20 mice, normalized to OCT-1. *Significant increase over air-exposed
B6 mice; Tsignificant exposure over both air-exposed KO and smoke-ex-
posed B6, P< 0.05. C: BAL cells harvested from air- and smoke-exposed AhR
heterozygous (Het) and KO mice were pooled in groups of two to obtain
sufficient nuclear extract for EMSA (a total of four Het and six KO mice were
exposed in this experiment). NF-kB and OCT-1 binding activity was deter-
mined as described.

mutual repression,®® we hypothesized that the loss of
AhR leads to derepression of NF-«B. We tested this hy-
pothesis by performing EMSAs using lung tissue from
mice that had been exposed to air or cigarette smoke.
Wild-type mice exhibited a twofold increase in NF-«B
activity after exposure to mainstream cigarette smoke
(Figure 7, A and B). In contrast, NF-kB activity was sig-
nificantly elevated in smoke-exposed AhR KO mice com-
pared with both air-exposed KOs and smoke-exposed
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Figure 8. AhR KO mice exhibit rapid loss of RelB after smoke and LPS
exposure. Control (Het) and AhR KO mice were exposed to cigarette smoke
for 1 hour, and BAL cells and lung tissue were harvested 30 minutes and 4
hours later. Control mice were exposed to air only. A: Nuclear extracts were
prepared from lung tissue and analyzed by Western blot. One representative
mouse per group is shown. Equal amounts of protein were loaded in each
lane. The blots were probed with antibodies to RelB and actin (a loading
control). NS, a nonspecific band sometimes observed with this antibody.
Data are representative of two independent experiments with three mice per
group in each experiment. B: The BAL cells retrieved from all three mice in
each group were pooled and total protein extracts were prepared and
analyzed by Western blot for RelB. Equal amounts of protein were loaded in
each lane. The results are representative of two independent experiments. C:
Control (Het) and AhR KO mice were exposed to LPS as described, and BAL
cells were harvested after 30 minutes and 3 hours. Control mice were
exposed to saline only. BAL cell protein extracts were analyzed by Western
blot for RelB.

controls (Figure 7, A and B). NF-kB activity is also ele-
vated in BAL cells from AhR KO mice (Figure 7C). Thus,
AhR and NF-kB seem to coordinately regulate cigarette
smoke-induced inflammation so that the loss of the AhR
leads to increased NF-«B activity and increased smoke-
induced inflammation. To further explore the regulation of
NF-kB in AhR KO mice, levels of p65 (RelA), RelB, and
total and phosphorylated |kBa were analyzed by Western
blot. Although there were no differences in the levels of
p65 or IkBa between AhR KO and control mice, lung cell
nuclei and BAL cells from AhR KO mice exhibited a rapid
loss of RelB after exposure to both cigarette smoke and
LPS that was not seen in control mice (Figure 8).

These results demonstrate that AhR plays a critical role
in modulating innate immune responses in the lung. The
current literature on AhR suggests two mechanisms by
which the AhR might regulate cigarette smoke-induced
lung inflammation; a direct mechanism in which AhR
ligands in cigarette smoke induce transcription of AhR-
dependent genes, some of which may be involved in
immune responses, and an indirect mechanism involving



the activation or detoxification of inflammatory chemicals
in cigarette smoke via AhR-dependent up-regulation of
phase | and phase Il enzymes.'"'® Significantly, our
results indicate that AhR modulates inflammation through
a novel mechanism involving interaction with RelB. Al-
though RelB can activate NF-kB-dependent gene tran-
scription via the alternative pathway,®® recent evidence
indicates that RelB plays a critical role as a negative
regulator of immune responses. For example, morphine-
induced suppression of cytokine production is RelB-
dependent,®* whereas RelB~/~ fibroblasts exhibit pro-
longed induction of inflammatory cytokines when stimu-
lated with LPS.%®> RelB~/~ mice housed under standard
conditions develop severe multiorgan inflammation.®® Of
particular interest is a recent report that endotoxin toler-
ance in monocytes is RelB-dependent. Endotoxin-toler-
ant monocytes respond to LPS treatment with degrada-
tion of IkBa and nuclear translocation of p65 without
concomitant activation of cytokine genes. However, small
inhibitory RNAs that decreased RelB production restored
the LPS response, whereas overexpression of RelB in
nontolerant cells inhibited the endotoxin response.®” This
is comparable with our finding that NF-kB DNA-binding
activity is increased in the AhR KO mice but that |kBa
phosphorylation and p65 nuclear translocation are not
affected. We suggest that, as in endotoxin tolerance, the
loss of RelB leads to increased p65 activity, possibly
through loss of inhibitory p65/RelB heterodimers.>”-%8

Our results demonstrate for the first time that the AhR is
crucial for the regulation of inflammation. Our new findings
suggest that the mechanism involves interaction with RelB
such that loss of the AhR leads to a rapid loss of RelB on
stimulation with either cigarette smoke or LPS. The rapidity
of the decline, from both lung nuclear fractions and BAL
cells, combined with previous reports that RelB synthesis is
a late effect of activation of the alternative NF-«xB pathway,®
suggests the mechanism involves active degradation of
RelB. The fact that loss of RelB occurs in response to both
LPS and cigarette smoke suggests that the mechanism
does not involve signaling by exogenous AhR ligands, in-
cluding cigarette smoke. It is possible that the effect is
ligand-independent, or that it involves endogenous AhR
ligands. The role of the AhR in normal homeostasis is poorly
understood. A putative endogenous AhR ligand has been
identified in porcine lung, but its function is unknown.?* AR
KO mice exhibit abnormalities in liver development, hema-
topoiesis, and reproduction,®®3+° implying that endoge-
nous ligands are involved in regulating these developmen-
tal processes. It should be noted that different AhR ligands
can have very different activities in vivo and in vitro. For
example, mice carrying the AhR® allele are only weakly
responsive to TCDD but exhibit enhanced responses to
benzo[a]pyrene, a component of tobacco smoke.®%¢" The
putative endogenous ligand ITE activates an AhR reporter
gene in the same tissues of developing embryos as TCDD,
but without causing the same developmental abnormali-
ties.®2 It will be interesting to determine whether AhR regu-
lation of RelB levels is dependent or independent of endog-
enous ligands and to determine whether the regulation of
RelB is altered in B6.AhRY congenic mice, which carry a
low-affinity AhR allele.
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