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The Journal of Immunology

Cigarette Smoke-Induced Pulmonary Inflammation Is
TLR4/MyDS88 and IL-1R1/MyD88 Signaling Dependent’

Emilie Doz,>* Nicolas Noulin,>*" Elisabeth Boichot,* Isabelle Guénon,” Lizette Fick,*
Marc Le Bert,* Vincent Lagente,” Bernhard Ryffel,** Bruno Schnyder,*
Valérie F. J. Quesniaux,* and Isabelle Couillin>*

Acute cigarette smoke exposure of the airways (two cigarettes twice daily for three days) induces acute inflammation in mice. In this
study, we show that airway inflammation is dependent on Toll-like receptor 4 and IL-1R1 signaling. Cigarette smoke induced a
significant recruitment of neutrophils in the bronchoalveolar space and pulmonary parenchyma, which was reduced in TLR4-, MyD8§8-,
and IL-1R1-deficient mice. Diminished neutrophil influx was associated with reduced IL-1, IL-6, and keratinocyte-derived chemokine
levels and matrix metalloproteinase-9 activity in the bronchoalveolar space. Further, cigarette smoke condensate (CSC) induced a
macrophage proinflammatory response in vitro, which was dependent on MyD88, IL-1R1, and TLR4 signaling, but not attributable to
LPS. Heat shock protein 70, a known TLR4 agonist, was induced in the airways upon smoke exposure, which probably activates the
innate immune system via TLR4/MyD88, resulting in airway inflammation. CSC-activated macrophages released mature IL-1f3 only in
presence of ATP, whereas CSC alone promoted the TLR4/MyD88 signaling dependent production of IL-1« and pro-IL-1f implicating
cooperation between TLRs and the inflammasome. In conclusion, acute cigarette exposure results in LPS-independent TLR4 activation,
leading to IL-1 production and IL-1R1 signaling, which is crucial for cigarette smoke induced inflammation leading to chronic ob-

structive pulmonary disease with emphysema. The Journal of Immunology, 2008, 180: 1169-1178.

hronic obstructive pulmonary disease (COPD)* is a ma-

jor cause of morbidity among pulmonary diseases with

high mortality (1). COPD is defined as a disease state
characterized by poorly reversible chronic inflammatory response
with progressive loss of lung function commonly as a result of
cigarette smoking (2). In the bronchoalveolar lavage (BAL) fluid
from COPD patients, an increase of proinflammatory cytokines
and chemokines including TNF-« and IL-8 has been reported, and
these mediators may play an important role in establishing and
maintaining the inflammatory condition, characterized by high lo-
cal neutrophilia (3). Cigarette smoke-induced chronic inflamma-
tion leads to the destruction of alveolar septae, and to the loss of
surface area for gas exchange and to loss of elasticity known as
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emphysema (4). Cigarette smoke exposure rapidly induces pro-
duction of reactive oxygen species impairing endothelial functions
(5). The mechanisms leading to these changes after lung exposure
to cigarette smoke are not completely understood. Emphysema
may be due to a relative excess of cell-derived proteases, mainly
serine proteases such as neutrophil elastase and matrix metallo-
proteinases (MMPs), that degrade the connective tissue of the
lung, and to a relative paucity of antiproteolytic defenses (3).
Among the MMPs, MMP-9 and MMP-12 produced by inflamma-
tory cells or tissue cells seem to play a predominant role in the
pathogenesis of emphysema. Indeed, increased concentrations of
MMP-12 have been reported in the BAL fluid from COPD patients
(6). In this study, using an acute model of cigarette smoke-induced
inflammation in mice (7), we asked whether cigarette smoke com-
ponents may be recognized by molecular pattern recognition re-
ceptors of the innate immune system such as TLRs, which sense
not only microorganism associated molecular patterns but also en-
vironmental agents (8) or danger signals like heat shock proteins
(hsp) (9—12) or high mobility group box 1 protein (13, 14).

The endotoxin that activates TLR4 is a component of pollution
and smoke (15). Therefore, we addressed the role of TLR4 recog-
nition and signaling in cigarette smoke-induced airway inflamma-
tion. Using mice deficient for TLR4, the adaptor protein MyD8&8
(16), or IL-1R1 (17), we report in this study for the first time that
TLR4 is involved in the inflammatory response to cigarette smoke
both in vitro and in vivo, and that MyD88/IL-1R1 signaling is
central to this response.

Materials and Methods

Animals

Mice deficient for MyD88 (18), TLR4 (19), or IL-1R1 (17) were used at
backcross 10 on C57BL/6 genetic background. All mice, including wild
type (WT) control C57BL/6, were bred in our animal facility at the Trans-
genose Institute (Centre National de la Recherche Scientifique, Orleans,
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France). For experiments, adult (8—10-wk-old) animals were kept in ven-
tilated cages. All animal experiments complied with the French govern-
ment’s ethical and animal experiment regulations. All animals had access
to water and food ad libitum before and after exposure.

Cigarette smoke and endotoxin exposure

Mice were placed in a plexiglass chamber (volume of 17L) covered by a
disposable filter. The smoke produced by cigarette burning was introduced
at a rate of 25 ml/min into the chamber with the continuous airflow gen-
erated by a mechanical ventilator (Heidolph PD 5101), with no influence
on the chamber temperature (<0.1°C variation). The animals received
smoke of two references 1R3 cigarettes (Tobacco Health Research; Uni-
versity of Kentucky, Lexington, KY) per exposure, 2 exposures a day
during 3 days. After the last exposure, the airway resistance was measured
for 15 h. Sixteen hours after exposure, BAL was performed.

For comparison, mice were exposed to endotoxin as described before
(20). In brief, LPS (0.01 to 0.1 ng) from Escherichia coli (serotype 055:
BS, Sigma-Aldrich) in saline or saline alone was given by intranasal in-
stillation (50 wl) under light ketamine-xylasine anesthesia. After challenge,
respiratory function was measured. Sixteen hours after LPS administration,
BAL fluid was collected.

Measurement of respiratory dysfunction

The airway resistance was evaluated by whole-body plethysmography (21).
Unrestrained conscious mice were placed in whole-body plethysmography
chambers (EMKA Technologies). Enhanced Respiratory Pause (Penh) was
recorded over a period of 3 to 15 h. Penh can be conceptualized as the
phase shift of the thoracic flow and the nasal flow curves. Increased phase
shift correlates with increased respiratory system resistance. Penh is cal-
culated by the formula Penh = (Te/RT-1) X PEF/PIF, where Te is expi-
ratory time, RT is relaxation time, PEF is peak expiratory flow, and PIF is
peak inspiratory flow (21). Data are analyzed using Datanalyst Software
(EMKA Technologies) and expressed as mean = SEM of Penh per group.

Bronchoalveolar lavage

Sixteen hours after LPS challenge or after the last cigarette smoke expo-
sure, mice were sacrificed and BAL was performed. The BAL fluid was
collected by canulating the trachea under deep ketamine-xylasine anesthe-
sia and washing the lung four times with 0.5 ml of saline at room temper-
ature as described before (21).

Total cell count was determined in BAL fluid using a Malassez
chamber. Differential cell counts were performed on cytospin prepara-
tions (Cytospin 3, Thermo-Shandon) after May-Griinwald/Giemsa
staining (DiffQuick, Medion Diagnostics). Differential cell counts were
made on >200 cells using standard morphological criteria.

Western blotting for hsp70 expression

Proteins contained in BAL samples were separated by SDS-PAGE and
transferred to polyvinylidene difluoride membrane (5 wg of total protein
per lane). The membrane was blocked for 1h at room temperature with
10% nonfat dry milk in Tween 20 Tris Buffer Saline (TTBS). The blot was
then incubated for 1 h at room temperature with the primary Ab (anti
hsp70, clone 7; BD Biosciences) in blocking buffer as above. After two
washes in TTBS, the bands were visualized with HRP-conjugated rabbit
anti-mouse IgG (Sigma-Aldrich) via an ECL detection system (Amersham
Biosciences).

Western blotting for IL-18 expression

Proteins contained in cell culture supernatants were precipitated by addi-
tion of 0.2 volume of chloroform and 1 volume of methanol. Protein pre-
cipitates were resolubilized in 0.5 M Tris-HCI (pH 6.8). Proteins were
separated by SDS-PAGE and transferred to polyvinylidene difluoride
membrane (2 ug of total protein per lane). The membrane was blocked for
1 h at room temperature with 10% nonfat dry milk in Tween 20 TTBS. The
blot was then incubated for 2 h at room temperature with the primary Ab
(anti IL-1B, clone B122, Santa Cruz Biotechnology) in blocking buffer
(TTBS with 5% nonfat dry milk). After two washes in TTBS, the bands
were visualized with HRP-conjugated goat anti-Armenian hamster IgG
(Santa Cruz Biotechnology) via an ECL detection system (Amersham
Biosciences).

Lung homogenization

After BAL, lungs were removed and placed inside a microtube (lysing
matrix D, Q Bio Gene) with 1 ml of PBS (Invitrogen Life Technologies),
total lung tissue extract was prepared using a Fastprep system (FP120,

TLR4-MyD88 DEPENDENT AIRWAY INFLAMMATION

Q Bio Gene); the extract was then centrifuged and the supernatant
stored at —80°C.

Mediator measurements

TNF, IL-1B, IL-6, and keratinocyte-derived chemokine (KC) levels in
BAL fluid, lung homogenate, or cell culture supernatants were determined
using ELISA kits (Duoset R&D Systems) according to the manufacturer’s
instructions. MMP-9 levels in BAL fluid or lung homogenate were deter-
mined by gelatin zymography. In brief, nonreduced supernatant samples of
BAL fluid (15 ul) were loaded onto 7% polyacrylamide gels (wt/vol) in-
corporating 0.1% (wt/vol) gelatin substrate. Proteins were subjected to
electrophoresis at 30 mA for 3 h. The gel was then washed twice in 2.5%
Triton X-100 (vol/vol; ICN Pharmaceuticals), rinsed three times quickly
with distillated water, and placed two times for 20 min in distillated water.
Each different wash was made under gentle stirring. Gels were incubated
20 h at 37°C in 50 mM Tris buffer (containing CaCl, 5 mM and ZnCl, 2
uM). Finally, gels were stained in Coomassie Blue and then destained
progressively until bands of lysis (enzyme activity) in the gels showed up
as regions of negative staining. The areas of lysis in the gels were analyzed
using a densitometric analyzer (BIO1D, Vilbert-Lourmot), images were
taken, and band densities were measured.

Histological investigation

For histological analysis, the lung vascular system was perfused through
the right heart ventricle with ISOTON II. After complete perfusion, the
lungs were excised and fixed in 4% buffered formaldehyde and processed
for microscopic examination using H&E (22). The lesions were assessed
semiquantitatively using a severity score ranging from 0 to 5 (from no
lesion to severe lesions). Lungs from other animals in the experimental
groups were frozen in isopentane at —40°C and stored at —80°C. Cryostat
sections (8 wm) of the median region of the right lobe were fixed in acetone
and stored at —80°C. The number of neutrophils present in the lung slides
was evaluated in situ using a myeloperoxidase activity detection. In brief,
myeloperoxidase in neutrophils reacts with H,O, and O-dianisidine added to
the section, giving a brown-black staining color that is detected by microscopy.
Myeloperoxidase (MPO) positive cells were scored in 20 microscopy fields
per mouse and given in arbitrary units.

Cigarette smoke condensate

Cigarette smoke from 1R4F reference cigarette (University of Kentucky,
Louisville, KY) was collected on Cambridge filter pads as described (23).
The mass of particulate matter was determined by weighing the dried filter
pads before and after cigarette smoke filtration. The particulate phase was
then dissolved in DMSO at a final concentration of 10 mg/ml. The CSC
concentration used in the in vitro experiments corresponded to <1% of
pure DMSO (vol/vol) in the final volume of cell cultures in the presence of
stimuli and in controls.

BMDM culture and stimulation in vitro

Primary bone marrow-derived macrophages (BMDM) were obtained from
femoral bone marrow as described (24). In brief, cells from the femur of
mice deficient for TLR4, MyD88 or IL-1R1 and C57BL/6 mice were iso-
lated and cultured at 10° cells/ml for 7 days in DMEM (Sigma-Aldrich)
supplemented with 20% horse serum and 30% L.929 cell conditioned medium
as a source of M-CSF. Three days after washing and reculturing in fresh
medium, the cell preparation contained a homogenous population of >95%
macrophages. The BMDM were plated in 96-well microculture plates (at 10°
cells/well) and stimulated with LPS (Escherichia coli, serotype 055:BS, at 100
ng/ml), a synthetic bacterial lipopeptide Pam;CSK, ([S-[2,3-bis-(palmitoy-
loxy)-(2-RS)-propyl]-N-palmitoyl-(R)-Cys-(S)-Ser-Lys,-OH],  trihydro-chlo-
ride, EMC Microcollections at 0.5 ug/ml), or cigarette smoke condensate
(CSC, 1-25 ug/ml). To neutralize endotoxins, samples were treated with poly-
myxin (10 wg/ml) at a concentration pretitrated for neutralizing 100 ng/ml
LPS. For IL-13 maturation, the activated macrophages were incubated in the
presence of 5 mM ATP 20 min before harvesting. Alternatively, CSC (25
ug/ml) was added for 6 h onto activated cells before cell harvest. Cell super-
natants were collected after 20 h of stimulation and analyzed immediately for
cytokine content or stored at —80°C. Absence of cytotoxicity of the different
stimuli used was verified by MTT using standard protocol. Briefly thiazollyl
blue tetrazolium bromide solution was added onto the cells after supernatant
collection and incubated for 2 h at 37°C. 10% SDS acetic acid solution is then
added. MTT reduction to formazan was quantified by the absorbance at 610
nm. Necrosis and apoptosis were also monitored by flow cytometry using
7-aminoactinomycin D (7-AAD) and Annexin V staining. Although 1 mg/ml
CSC induced necrosis with 93% of 7-AAD and Annexin V double positive
cells, at concentrations of CSC up to 25 ug/ml >94% of cells were viable,
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FIGURE 1. Cell recruitment in the airways after smoke exposure me-
diated by TLR4, MyD88, and IL-1R1. Cell recruitment into the BAL
after two cigarettes twice a day for three consecutive days was ana-
lyzed. A, Total cell counts in the BAL of C57BL/6 (WT). B, Neutrophil
in the BAL of WT, TLR4, MyD88 and IL-1R1 deficient mice. Data are
representative of three independent experiments and are expressed as
mean values = SD (n = 4 mice per group). Some macrophages, but no
neutrophils, were detected in the BAL of wild-type and IL-1R1-defi-
cient mice not exposed to smoke (n = 3), and <1400-3600 neutrophils
were detected in MyD88- and TLR4-deficient mice, respectively (n =
2-3). (x*, p < 0.01; =%, p < 0.001).

double negative for Annexin V and 7-AAD, similar results were obtained in
wild-type, TLR4-, MyD88-, or IL-1R1-deficient macrophages, and the viabil-
ity was not affected in the presence of polymyxin or ATP.

Statistical Analysis

Data are presented as mean values and SD indicated by error bars, if not
otherwise indicated. Statistical significance was determined by ANOVA
analysis with Bonferroni’s multiple comparison test, or by Student’s 7 test
for two group comparison. p values of <0.05 were considered statistically
significant.

Results
Cigarette smoke exposure induces TLR4, MyD88, and
IL-1R1-dependent cellular inflammation in the airways

C57BL/6 mice exposed to two cigarettes twice a day for three
consecutive days developed a marked inflammatory cell recruit-
ment into the bronchoalveolar space (Fig. 1A), consisting of neu-
trophils, and to a lesser extent of macrophages and lymphocytes, as
previously described (7). To assess the potential contribution of
endotoxins contained in cigarette smoke, we first asked whether
the cellular influx was TLR4 dependent. Cigarette smoke-exposed
TLR4-deficient mice displayed reduced neutrophil recruitment in
BAL (Fig. 1B), whereas macrophages and lymphocytes were es-
sentially unchanged (data not shown). Furthermore, the neutrophil
inflammatory response was ablated in MyD88-deficient mice, in
which most TLR dependent signals are impaired (Fig. 1B). Be-
cause MyDS88 is also involved in IL-1R1/IL-1R-associated kinase
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FIGURE 2. Microscopic analysis of the presence of neutrophils in lung
tissues after smoke exposure in C57BL/6, TLR4, MyDS88, and IL-1R1-
deficient mice. A, Micrographs of the lungs with reduced neutrophils in
TLR4-, MyD88-, and IL-1R1-deficient mice, H&E staining (X20, X100).
B, Myeloperoxidase staining of frozen sections as described in methods in
WT and MyD88-deficient mice (X20). C, MPO activity score in all groups.
The number of MPO positive cells was determined in 20 fields per mouse.
Mean values = SD (n = 4; *, p < 0.05; **, p < 0.01) from one of two
representative experiments are shown.

signaling, we investigated the response of IL-1R1-deficient mice to
smoke exposure. We show that in the absence of IL-1R1, neutro-
phil recruitment in response to smoke exposure was dramatically
decreased (Fig. 1B).
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FIGURE 3. Comparison of low-dose intranasal LPS and cigarette smoke exposure effects on respiratory dysfunction in C57BL/6 and MyD88 deficient
mice. A, LPS given intranasally at a dose of 0.1 ug induces an augmentation of Penh measured by plethysmography, whereas 0.01 pg LPS behaved as
saline control. Macrophage and neutrophil recruitments into BAL, 24 h after challenge with LPS (0.01 pg or 0.1 wg) (B) or after a single day cigarette smoke
exposure (D) are shown. Cigarette smoke exposure, either on a single day (C) or on three consecutive days (E) had no effect on Penh, neither in WT nor
in MyD88-deficient mice. F, Western blot analysis revealed an induction of Hsp70 in BAL fluid after 3-day cigarette smoke exposure in WT, but also in
MyD88- and TLR4-deficient mice, as compared with air-exposed control mice (results from two individual mice per genotype are shown). Mean values *
SD (n = 4) or blots from individual mice from one of three representative experiments are shown.

Investigations of the lung parenchyma confirmed the presence
of increased numbers of neutrophils in lung tissue sections of mice
exposed to cigarette smoke (Fig. 24), which was less pronounced
in TLR4- and MyD88-deficient mice. Neutrophil recruitment in
the lung was quantified by assessing MPO activity in frozen sec-
tion. The MPO activity induced after cigarette smoke exposure
was found to depend on TLR4 and MyDS88, but also IL-1R1. Stain-
ing of MPO activity revealed increased neutrophil recruitment in

the lung parenchyma of wild-type mice and a clear reduction of
MPO positive cells in the other groups (Fig. 2, B and C). The
reduced lung inflammation in IL-1R1-deficient mice suggests that
IL-1 production probably induced after TLR4/MyDS88 signaling is
central for lung inflammation in response to cigarette smoke.
Therefore, neutrophil recruitment in the airway and lung paren-
chyma is TLR4 dependent and mediated by MyDS88/IL-1R1
signaling.
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FIGURE 4. Cytokine and chemokine release in the airways upon cigarette smoke exposure. IL-13 (A), IL-6 (B), and KC (D) levels in lung homogenates
and IL-6 (C), KC (E), and MMP-9 activity (F) in BAL fluids after 3 days of cigarette smoke exposure twice a day in C57BL/6 (WT), TLR4-, MyD88-,
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mice were 142 = 101 pg/ml IL-183, 223 = 74 pg/ml IL-6, and 42 £ 15 pg/ml KC in lung homogenates, and <15 pg/ml IL-6, 32 * 46 pg/ml KC, and
16 = 1 RI latent MMP9 in BAL (n = 2). (*, p < 0.05 vs control; **, p < 0.01; ##*, p < 0.001).

Because TLR4 was identified as a critical component of the LPS
receptor, we asked whether the response observed by cigarette smoke
was due to endotoxin contamination. We investigated the direct bron-
choconstrictive effect of LPS in comparison to cigarette smoke. In-
tranasal LPS at 10 ug is known to induce a rapid increase of
respiratory pause or Penh (Pause enhanced), a measure of respi-
ratory dysfunction and inflammation obtained by noninvasive
plethysmography (20, 22). We determined the threshold dose of
LPS eliciting significant respiratory dysfunction, 0.01 or 0.1 ug
LPS intranasally per mouse (Fig. 3A). Twenty-four hours later
BAL analysis revealed inflammatory cells recruitment (Fig. 3B).
By contrast, twice daily cigarette smoke exposure on a single or
three consecutive days did not cause any detectable Penh increase

(Fig. 3, C and E). Compared with LPS 0.01 or 0.1 ug, twice daily
cigarette smoke exposure was not sufficient to induce neutrophils
recruitment (Fig. 3D). The LPS content in smoke is difficult to
assess. Endotoxin content in cigarettes was reported to be around
18 mg LPS per cigarette before combustion, with 1% remaining
after combustion (15). The absence of relevant bronchoconstric-
tion after single or repeated exposure to cigarette smoke makes
endotoxin an unlikely factor contributing to smoke activation of
TLR4/MyD88, and suggests that other components in the cigarette
smoke may directly or indirectly trigger TLR4.

In an attempt to identify a mechanistic explanation for the TLR4
dependent inflammatory response, we searched for known endog-
enous TLR4 agonists, such as heat shock protein (hsp) 70 (9, 10,
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12). Indeed, we identified a marked induction of hsp70 in the BAL
fluid upon smoke exposure (Fig. 3F). The induction of hsp70 itself,
after 3-day smoke exposure, was independent of the presence of its
receptor TLR4 or the MyD88 adaptor (Fig. 3F). Therefore, the
data suggest that yet undefined components in the smoke induce
hsp, and potentially other “stress markers” release in the airways,
and that these stress proteins may contribute to the TLR4-depen-
dent lung inflammation induced by cigarette smoke.

Cigarette smoke induces TLR4, MyDS8S, and IL-1R1 dependent
IL-1B, KC, IL-6, and MMP-9 in the airways

We then asked whether soluble factors implicated in neutrophil
recruitment are induced in the lung upon smoke exposure. We
showed that cigarette smoke exposure induced IL-1[ production in
lung homogenate, which was markedly reduced in TLR4-,

CsC LFS

MyD88-, or IL-1R1-deficient mice (Fig. 4A). IL-1 was undetect-
able in the BAL fluids (data not shown). The production of another
inflammatory cytokine, IL-6 (Fig. 4, B and C) and the neutrophil
chemotactic factor KC (Fig. 4, D and E) were elevated in the BAL
fluids and in the lung tissue homogenates after 3 days of smoke
exposure, but were reduced in mice deficient for TLR4, MyD88, or
IL-1R1. MIP-1a expression was also diminished in these deficient
mice, but these trends did not reach statistical significance (data
not shown). To assess the effect of MyD88 pathways on MMPs
expression, we quantified the gelatinase activity of latent MMP-9
(96 kDa) produced by inflammatory cells such as neutrophils using
zymography, as described (7). Densitometry analysis of the band
showed that the latent MMP-9 induced after cigarette smoke ex-
posure in the BAL fluid was significantly reduced in mice deficient
for TLR4, MyD88, and IL-1R1 (Fig. 4F). In contrast, no marked
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difference of latent or active MMP-2 between the different defi-
cient mice was found (data not shown). Thus, cigarette smoke-
induced expression of proinflammatory cytokine and chemokine
and production of latent MMP-9 depend both on TLR4/MyD88
and IL-1R1/MyD88 signaling pathways.

TLR4-, MyD88-, and IL-1RI-dependent in vitro activation of
macrophages by CSC

To test the direct effect of smoke on target cells, we investigated the
effects of CSC on in vitro cultured BMDM. Macrophages from
C57BL/6 and TLR4-, MyD88-, or IL-1R1-deficient mice were incu-
bated with increasing concentrations of CSC from 1-25 pg/ml. CSC
effects were compared with those of the TLR4 and TLR2 agonists,
LPS and bacterial lipopeptide, respectively. We first confirmed the
MyD88 dependence of TNF (Fig. 5A) and KC (data not shown) pro-
duction from macrophages in response to both TLR2 and TLR4 ago-
nists and the absence of response to LPS of TLR4-deficient macro-
phages. The LPS-induced TNF production (100 ng/ml) was fully
inhibited by addition of polymyxin (10 wg/ml), while the response to
bacterial lipopeptide was unaffected (Fig. SA). CSC induced a dose-
dependent production of TNF by wild-type macrophages. This re-
sponse was not affected by polymyxin addition (Fig. 5B). In vitro
TNF and KC production by wild-type macrophages after CSC stim-
ulation in presence of polymyxin was clearly dose-dependent (Fig. 5,
Cand D). We verified that CSC is not cytotoxic for cells in our culture
conditions at concentrations up to 25 ug/ml (as measured by MTT
assay but also by Annexin V and 7-AAD staining, with >94% of
double negative cells; data not shown). CSC-induced TNF and KC
release were strongly inhibited in IL-1R1-deficient cells and com-
pletely absent in TLR4 and MyD88 deficient macrophages (Fig. 5, C,
D, and G). To address the contribution of IL-1 in this response, we
first confirmed the MyD88 dependence of IL-1« release after mac-
rophage stimulation by TLR2 and TLR4 agonists (Fig. SE), the ab-
sence of IL-1a response to LPS in TLR4-deficient macrophages or
after addition of polymyxin (Fig. 5E), and showed that the IL-l1a
produced after exposure to CSC was not affected by polymyxin ad-
dition (Fig. 5F). Interestingly, CSC-induced IL-1a was strongly in-
hibited in IL-1R1 deficient cells and absent in TLR4 or MyD88 de-
ficient macrophages (Fig. 5G). We verified that endotoxin potentially
present in the CSC preparation did not block polymyxin activity by
adding sequentially polymyxin plus CSC then LPS, or conversely
polymyxin plus LPS, then CSC on wild-type and TLR4-deficient
BMDM. In both cases polymyxin spared the response to CSC stim-
ulation, in terms of TNF, IL-1e, or KC release (Fig. 5H and data not
shown), whereas this concentration of polymyxin efficiently neutral-
ized the LPS stimulation (Fig. 5, A and E).

Therefore, the data show that CSC activation of macrophages
is TLR4 dependent and not attributable to a potential endotoxin
contamination. IL-1R1 signaling is necessary to TNF and KC pro-
duction, and therefore both IL-1 production and TLR activation
seem to be required for optimal TNF and KC production upon
CSC stimulation of macrophages. In conclusion, CSC-induced
production of TNF and KC by macrophages is strictly dependent
on TLR4/MyD88 and IL-1R1/MyD88 pathways.

TLR4-MyD88 DEPENDENT AIRWAY INFLAMMATION

Contribution of the inflammasome/IL-13 pathways in vitro

Cigarette smoke-induced inflammation is significantly decreased
in the absence of IL-1R1 which highlights the importance of IL-1
in this process. Because that cigarette exposure induced IL-1f3 pro-
duction in the lungs (Fig. 4A), we further investigated whether
IL-183 was also produced by macrophages in response to cigarette
smoke condensate. Processing and release of IL-18 by macro-
phages ex vivo require two distinct stimuli: first, an inflammatory
one such as LPS to prime pro-IL-1f transcription and a second,
stimulus such as ATP for pro-IL-1f maturation and release (25).
We tested the potential effect of CSC on both steps. Wild-type
macrophages were stimulated with CSC or LPS as control over-
night and then pulsed with either 25 ug/ml CSC for 6 h or 5 mM
ATP for 20 min. The production of mature IL-13 in culture su-
pernatant was analyzed. CSC alone did not activate macrophages
to produce mature IL-13 whereas addition of ATP to CSC-acti-
vated macrophages led to IL-18 release (Fig. 6A) that was not
reduced in the presence of polymyxin (Fig. 6B). ATP alone did
not trigger IL-1B3 production in non stimulated cells. Con-
versely, incubation with CSC for 6 h after macrophage stimu-
lation by LPS did not lead to release of mature IL-13 (Fig. 6B).
We therefore performed Western blot analysis to evaluate pro-
IL-1B vs IL-1 production in cell lysates and macrophage cul-
ture supernatants after CSC stimulation. We showed that CSC
activated macrophages produced intracellular pro-IL-1 but did
not produce mature IL-18 (Fig. 6C). Addition of ATP to CSC-
activated macrophages led to release of both pro- and mature
IL-1B8 (Fig. 6C). Similarly, LPS alone triggered intracellular
pro-IL-13 production, whereas addition of ATP allowed pro-
IL-1B and IL-1p release as described (25). CSC incubation for
6 h did not promote the maturation of LPS-induced pro-IL-1p,
because no mature IL-18 could be detected (LPS plus CSC; Fig.
6C). The release of pro-IL-13 and IL-1B after CSC or LPS
stimulation and addition of ATP was abrogated in TLR4-defi-
cient mice (undetectable by ELISA or Western blot; data not
shown). These results demonstrate that CSC induced the pro-
duction of pro-IL-1[ and that a second signal, such as ATP, is
needed to activate the inflammasome complex leading to
caspase-1 activation and maturation of pro-IL-1f into IL-18.

To further address the potential involvement of the inflamma-
some in this pathway, we stimulated macrophages with CSC in the
presence of the caspase-1 inhibitor, z-yvad-fmk. z-yvad-fmk had
no influence on TNF (Fig. 6D) and IL-1a (Fig. 6F) release, but it
decreased significantly KC in CSC-activated wild-type macro-
phages (Fig. 6E), suggesting that KC production is dependent on
mature IL-183. We confirmed by Western blot analysis that mature
IL-1p released after stimulation with CSC plus addition of ATP
was indeed inhibited in presence of z-yvad-fmk, while pro-1L-183
release was unimpaired (Fig. 6G).

Therefore, we document that CSC triggers the production of
pro-1L-18 but does not induce the inflammasome activation result-
ing in maturation of pro-IL-13 into mature IL-1p.

FIGURE 6. Inflammasome implication in pro-IL-1p3, IL-18, TNF, KC, and IL-1« production upon activation with CSC. Macrophages were stimulated
overnight with LPS (100 ng/ml) or cigarette smoke condensate (CSC 25 wg/ml). The induction of pro-IL-18 maturation after addition of ATP (5 mM, 20
min) or CSC (25 wg/ml, 6 h) was analyzed by ELISA in cell culture supernatants in the absence (A) or in presence of polymyxin (10 wg/ml) (B). The
production of pro-IL-18 and IL-18 upon CSC stimulation was analyzed by Western blot in C57BL/6 macrophage cell lysates or culture supernatants (C).
The release of TNF (D), KC (E), and IL-1« () upon LPS and CSC stimulation and in presence of the caspase-1 inhibitor z-yvad-fmk (20 uM) was analyzed
by ELISA. The production of pro-IL-13 and IL-18 after LPS or CSC stimulation and addition of ATP (5 mM, 20 min) was analyzed by Western blot
analysis in the absence or in presence of z-yvad-fmk (20 uM) (G). Results are represented as bar graphs are mean * SD of two mice per genotype and

are from one representative of three independent experiments.
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Discussion

The present study clearly demonstrates that acute lung inflamma-
tion induced by 3 days of exposure to cigarette smoke is TLR4,
IL-1R1, and MyD88 dependent. Absence of TLR4, MyD88, or
IL-1R1 signaling abrogated neutrophil recruitment to the lung pa-
renchyma and BAL with low IL-18, KC, and IL-6 as well as
MMP-9 levels. Therefore, TLR4 activation by cigarette smoke
causes an inflammatory response with IL-18 production. Interac-
tion of IL-18 with its receptor, IL-1R1, is then leading to pulmo-
nary inflammation. MyD88, which is both necessary for TLR4 and
IL-1R1 signaling, is a crucial adaptor protein in this response.

The molecular mechanisms by which cigarette smoke causes the
inflammatory process and pathology of COPD are not fully un-
derstood and, therefore, we believe that experimental models may
help to elucidate the pathogenesis. In the acute model, cigarette
smoke (two cigarettes twice per day for three consecutive days)
causes a pronounced influx of neutrophils in the lung tissue and in
the bronchoalveolar space with increased levels of KC and IL-6
(7). Chronic exposure to cigarette smoke leads to development of
chronic pulmonary inflammation with increased recruitment of
macrophages and neutrophils as well as production of inflamma-
tory mediators (4), reduced in the tlr4 mutant C3H/HeJ mice after
5 wk of extensive exposure (26).

Endotoxin/LPS, a potential contaminant of cigarette smoke,
given intranasally causes rapid respiratory dysfunction and inflam-
mation with increased cytokine production and recruitment of neu-
trophils to the lung and BAL. This process occurs in a TLR4-
dependent manner (27) and requires MyD88, TIR-domain
containing adaptor protein, and p38 MAPK pathways (20, 22), but
is independent of IL-1R1 and IL-18R signaling (22).

The development of cigarette smoke-induced acute pulmonary
inflammation is also TLR4 dependent. Indeed, we show in this
study that neutrophil recruitment, cytokine, and chemokine pro-
duction (IL-18, IL-6, KC) and MMP-9 activation upon smoke ex-
posure were greatly reduced in TLR4-deficient mice. MMP-9 ex-
pression was shown to be associated with neutrophil recruitment
and to potentiate the action of neutrophil chemokines (28). There-
fore, cigarette smoke triggered inflammation bears similarities
with LPS-induced airway pathology. However, we demonstrate in
this study that cigarette smoke-induced inflammation required in
addition IL-1R1 signaling, whereas the LPS response is IL-1R1
independent (22). Therefore, cigarette smoke activates TLR4,
leading to IL-1 production and amplification of the response by
IL-1/IL-1R1 engagement. MyD88, which is an adaptor for both
TLR4 and IL-1R1 signaling pathways, is a crucial component of
cigarette smoke-induced lung inflammation. Cigarette smoke ex-
posure was previously associated with early IL-13 production, al-
veolar macrophage activation, and recruitment, and treatment with
an anti-IL-13 Ab significantly reduced both IL-183 levels and al-
veolar macrophage influx, suggesting amplification loop of IL-18
production in vivo (29).

The present data suggest that LPS is not responsible for TLR4/
MyD88-dependent inflammation upon exposure to cigarette
smoke, because the airway responses to LPS and cigarette smoke
are qualitatively and quantitatively different. The 1R4F cigarettes
used in this study reportedly contain a LPS bioactivity equivalent
to 18 pug LPS/cigarette (15). However, only 1% of bioactive LPS
remains after combustion, so such a low LPS contamination is
unlikely responsible for the TLR4-dependent inflammation ob-
served. Indeed, the titration and direct comparison of LPS and
cigarette smoke revealed that LPS at 0.1 wg, but not cigarette
smoke, caused bronchoconstriction with respiratory dysfunction.
Moreover, LPS at 0.01 and 0.1 g induced a recruitment of neu-
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trophils respectively 6- to 10-fold more important than what is
seen after 3-day cigarette smoke exposure. Therefore, the data sup-
port the notion that TLR4 sensing is essential for the inflammatory
response to cigarette smoke and that IL-1 acts as a central medi-
ator, contributing to the amplification of the response. CSC should
thus contain molecular species that may act as TLR4 ligands, and
we cannot exclude that it contains also IL-1R1 ligands. Moreover,
several endogenous activators of TLR4 have been described re-
cently, including the proteins Mrp8 and MrP14 that are released
during phagocyte activation and contribute to amplify endotoxin-
triggered inflammatory responses (30). However, the nature of en-
dotoxin-independent, TLR4-activating cigarette smoke constitu-
ents requires further investigations.

We tested possible involvement of alternative TLR4 signal in-
duced by smoke. Reactive oxidant species from inhaled cigarette
smoke cause cell necrosis or apoptosis of both parenchyma and
alveolar septae (31). Dying cells produce danger signals such as
hsp (11), or high mobility group box 1 protein (13), which may
activate TLR2 and TLR4 and/or the receptor for advanced glyca-
tion end products (9, 14) and cause apoptosis (32, 33). We show a
marked expression of hsp70 in the BAL fluid after cigarette smoke
exposure, which is independent of TLR4 and MyD88 signaling.
Therefore, hsp70 is likely the candidate activating TLR4 in our
model. As yet undefined smoke components induce the release of
hsp and potentially other “stress markers” in the airways, and these
stress proteins rather than endotoxins mediate lung inflammation
through TLR4 and MyD88 pathway.

Further, cell injury may also activate proteases with degradation of
collagen and matrix proteins, which may cause inflammation (34).
Dying cells further generate danger signals resulting in inflammasome
activation in macrophage, allowing maturation of pro-IL-18 to IL-183
by caspase-1 (35). Our in vitro data demonstrate that TLR4 activation
of macrophages by CSC promotes pro-IL-18 production, while the
maturation of IL-1f3 requires a second danger signal, probably pro-
vided by in vivo damaged cells that may depend on inflammasome
activation (35). CSC also promotes a TLR4-dependent production of
IL-1a independent of inflammasome activation. Other important
players in the immune response to cigarette smoke are epithelial cells
(36-38), and the role of TLR4, IL-1R1 and MyDS88 in these cells
requires further investigations.

In conclusion, acute cigarette exposure results in LPS indepen-
dent TLR4 activation, leading to IL-18 production and IL-1R1
signaling, which is crucial for cigarette smoke-induced inflamma-
tion in vivo. MyD88 plays a central role in this inflammatory re-
sponse as it is at the crossroad of a TLR4 activation pathway and
the regulatory/amplification inflammatory loop involving IL-183
and IL-1a secretion and response through IL-1R1. Therefore, in-
hibitors of TLR4 and IL-1/IL-1R1 may prove useful in diminish-
ing cigarette smoke induced pulmonary inflammation and chronic
pathology.
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