
Cigarette Smoke Differentially Affects Eosinophilia and
Remodeling in a Model of House Dust Mite Asthma

Fernando M. Botelho1, Alba Llop-Guevara2, Nancy J. Trimble2, Jake K. Nikota2, Carla M. T. Bauer2,
Kristen N. Lambert1, Sussan Kianpour1, Manel Jordana1, and Martin R. Stämpfli1,3
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Although a similar prevalence of smoking is evident among patients
with asthma and the general population, little is known about the
impact of cigarette smoke on the immune inflammatory processes
elicited by common environmental allergens. We investigated the
impact of exposure to cigarette smoke on house dust mite (HDM)–
induced allergic airway inflammation and its consequences for tis-
sue remodeling and lung physiology in mice. BALB/c mice received
intranasal HDMs daily, 5 days per week, for 3 weeks to establish
chronic airway inflammation. Subsequently, mice were concurrently
exposed to HDMs plus cigarette smoke, 5 days per week, for 2 weeks
(HDMs 1 smoke).We observedsignificantly attenuatedeosinophilia
in the bronchoalveolar lavage of mice exposed to HDMs 1 smoke,
compared with animals exposed only to HDMs. A similar activation
of CD4 T cells and expression of IL-5, IL-13, and transforming
growth factor–b was observed between HDM-treated and HDM 1

smoke–treated animals. Consistent with an effect on eosinophil
trafficking, HDMs 1 smoke exposure attenuated the HDM-induced
expression of eotaxin-1 and vascular cell adhesion molecule–1,
whereas the survival of eosinophils and the numbers of blood
eosinophils were not affected. Exposure to cigarette smoke also
reduced the activation of B cells and the concentrations of serum IgE.
Although the production of mucus decreased, collagen deposition
significantly increased in animals exposed to HDMs 1 smoke,
compared with animals exposed only to HDMs. Although airway
resistance was unaffected, tissue resistance was significantly de-
creased in mice exposed to HDMs 1 smoke. Our findings demon-
strate that cigarette smoke affects eosinophil migration without
affecting airway resistance or modifying Th2 cell adaptive immunity
in a murine model of HDM-induced asthma.
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The adverse health effects of tobacco use are well-established
(1). Cigarette smoking is the main cause of lung cancer (2) and
a key risk factor in chronic obstructive pulmonary disease
(COPD) (3). Increasing evidence suggests that cigarette smok-
ing adversely affects immunity (4). Defects appear to be related
to the seemingly contradictory nature of cigarette smoke as
a proinflammatory but also immune-suppressive factor. The
consequences of this altered immune status on immune and

inflammatory processes elicited by environmental agents, such
as aeroallergens, are not well-understood, even though the
prevalence of smoking among patients with asthma is compa-
rable to that in the general population (5).

Extensive human and animal studies demonstrated a central
role for Th2-polarized CD41 T helper cells in allergic inflam-
mation (6–12). Clinical and experimental evidence further
suggests that chronic airway inflammation is associated with
tissue remodeling (e.g., increased smooth muscle mass and the
deposition of extracellular matrix) (13). Moreover, compelling
evidence indicates that cigarette smoking is associated with
worsening symptoms in patients with asthma, accelerated de-
cline in lung function, and an impaired therapeutic response to
corticosteroids (14). However, the consequences of smoking on
the inflammatory processes elicited by environmental allergens
and tissue remodeling remain poorly understood, both clinically
and experimentally.

Numerous rodent models mimic the immunopathology of
asthma (15). To date, most animal studies examining the impact
of cigarette smoke on allergic airway inflammation used oval-
bumin (OVA) (16–19), a surrogate allergen that unless in-
troduced in the context of an adjuvant induces inhalation
tolerance (20, 21). In contrast to OVA, the house dust mite
(HDM), the most common environmental allergen, is intrinsi-
cally capable of inducing allergic sensitization (22). Moreover,
continued exposure to HDMs is associated with persistent
eosinophilic airway inflammation, tissue remodeling, and bron-
chial hyperresponsiveness (23), which are all hallmarks of
allergic asthma.

This study investigated the impact of cigarette smoke on
airway inflammation, tissue remodeling, and airway responsive-
ness, using a model of HDM-induced allergic airway inflamma-
tion, tissue remodeling, and airway hyperresponsiveness. We
observed that although cigarette smoke generates a proinflamma-
tory environment, it also attenuates HDM-induced eosinophilic
airway inflammation. Mechanistically, we provide evidence that
cigarette smoke does not affect CD4 T-cell activation and the
expression of Th2 cytokines, but compromises eosinophil traf-
ficking, likely through the decreased expression of eotaxin-1 and
vascular cell adhesion molecule–1 (VCAM-1). Despite attenu-
ated eosinophilia, mice exposed to smoke showed an increased
deposition of collagen and unchanged airway resistance. Our
results demonstrate the possible impact of cigarette smoke on the
cellular trafficking of inflammatory cells in asthma, with differing
effects on tissue remodeling and lung function.

MATERIALS AND METHODS

Animals

Female BALB/c mice (6–8 weeks old) were purchased from Charles
River Laboratories (Montreal, PQ, Canada). Mice were maintained
under specific pathogen-free conditions in an access-restricted area, on
a 12-hour light–dark cycle, with food and water provided ad libitum.
The Animal Research Ethics Board of McMaster University approved
all experiments.
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Protocol of Exposure to Cigarette Smoke

Mice were exposed to cigarette smoke using a whole-body smoke
exposure system (SIU-48; Promech Lab AB, Vintrie, Sweden), as
described previously (24). Details of the cigarette smoke exposure
protocol are described in the online supplement.

Protocol of Exposure to HDM

Anesthetized mice were inoculated intranasally with 1 or 25 mg of
HDM extract total protein in 10 ml of saline, 5 days/week, for 5
consecutive weeks, as described previously (23). The delivery of HDM
occurred between the morning and the afternoon exposures to
cigarette smoke. Mice were killed 72 hours after the final allergen
challenge. Details are provided in the online supplement.

Bronchoalveolar Lavage and Peripheral Blood Collection

Bronchoalveolar lavage (BAL) fluid was collected after instilling the lungs
with ice-cold 1 3 PBS (Invitrogen, Carlsbad, CA), as described in detail
elsewhere (6). Peripheral blood was obtained via retro-orbital bleeding.
Total cell numbers were determined using a hemocytometer, and BAL
cytospins and blood smears were prepared for differential cell counts and
stained with Hema 3 (Biochemical Sciences, Inc., Swedesboro, NJ).

Histological Analysis, Immunohistochemistry, and

Flow Cytometry

After BAL, the right lobe of the lung was tied off for flow cytometric
analysis, whereas the left lobe was fixed at 30 cm H2O pressure in
10% formalin for histological assessment. Details of lung cell iso-
lation, flow cytometric analysis, tissue histology, immunohistochem-
istry, and quantifications of image analysis are provided in the online
supplement.

Measurement of Cytokines, Soluble VCAM-1,

and Immunoglobulins

ELISA kits for murine eotaxin-1 and soluble VCAM-1 were purchased
from R&D Systems (Minneapolis, MN). Concentrations of HDM-
specific IgE in serum were determined by ELISA, as previously
described (17, 22).

RNA Extraction and Real-Time Quantitative PCR

Lung tissues were collected and placed into 200 ml of RNAlater
(Qiagen, Mississauga, ON, Canada), and stored at 2808C until further
use. RNA extraction and real-time quantitative PCR were performed
as described in the online supplement.

Figure 1. House dust mite (HDM)–induced eosinophilia is attenuated with increased frequency of exposure to cigarette smoke. Mice were exposed

to HDM for 5 days per week for 3 weeks, before concurrent exposure to HDM and cigarette smoke for 2 weeks. Saline was used as a control for

exposure to HDM, and room air as a control for exposure to cigarette smoke. Cells were harvested 3 days after the final exposure. (A) Scheme of the
experimental protocol. (B) Total cells, mononuclear cells, neutrophils, and eosinophils in bronchoalveolar lavages (BALs) of HDM-treated (25 mg) or

saline-treated mice exposed once or twice daily to cigarette smoke or room air. (C ) Saline (control), a low (1 mg) dose, or a high (25 mg) dose of

HDM was administered to mice for 5 weeks with or without combined exposure to cigarette smoke during the final 2 weeks. Total cells,

mononuclear cells, neutrophils, and eosinophils in the BAL are shown. Room air–exposed versus smoke-exposed mice, *P , 0.05, **P , 0.01, and
***P , 0.001. Saline-treated mice versus HDM-inoculated mice, †P , 0.05. NS, not significant. Results are presented as means 6 SEMs of at least

5 mice per group, and data represent at least two separate experiments.
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Measurement of Lung Responsiveness

Airway resistance, tissue damping, and tissue elastance were deter-
mined as previously detailed (25), and as described in the online
supplement.

Statistical Analysis

Data were analyzed using IBM SPSS Statistics Software, version 18.0
(SPSS, Inc., Chicago, IL), and are expressed as means 6 SEMs. Details
of the statistical analysis are described in the online supplement. In all
figures, symbols (* and †) are used to indicate significant differences
observed between room air–treated versus cigarette smoke–treated
groups, and saline-treated versus HDM-treated groups, respectively
(i.e., *P , 0.05 and †P , 0.05, **P , 0.01 and ††P , 0.01, and ***P ,

0.001 and †††P , 0.001).

RESULTS

Exposure to Cigarette Smoke Attenuates HDM-Induced

Eosinophilic Inflammation

To investigate whether exposure to cigarette smoke affects
HDM-induced eosinophilia, BALB/c mice were inoculated in-
tranasally with 25 mg of HDM daily for 3 weeks to establish
maximal eosinophilic airway inflammation, as previously de-
scribed (22, 23). Subsequently, mice were concurrently exposed
to HDM plus cigarette smoke for 2 weeks (HDM 1 smoke). An
outline of the experimental protocol is presented in Figure 1A.
Groups of animals were exposed to cigarette smoke either once
or twice daily. As controls, we included room air–exposed and
smoke only–exposed animals that were inoculated with vehicle
only (saline), and room air–exposed animals that were inoculated
with HDM. We observed significantly increased total cell and
mononuclear cell numbers in the BAL after exposure to cigarette
smoke once or twice daily, compared with room-air controls
(Figure 1B). The effect of HDM 1 smoke on mononuclear cell
numbers was marginal, and only reached significance under the
conditions depicted in Figure 1B, but not in Figure 1C (or after 2
days of exposure to cigarette smoke, in Figure E1). In agreement
with our previous observations, neutrophilia was only observed in
saline-treated animals that were exposed to cigarette smoke twice
daily (26). Inoculation with HDM for 5 weeks resulted in robust
eosinophilia. The number (Figure 1B) and percentage (not

shown) of eosinophils were significantly decreased after either
once-daily or twice-daily exposure to cigarette smoke. Similarly,
concurrent exposure to HDM 1 smoke for 2 days significantly
attenuated eosinophilia (Figure E1). We opted for twice-daily
exposure to smoke for 2 weeks in all subsequent experiments,
because the extent of attenuation was most robust under those
experimental conditions.

We previously reported that the response elicited by HDMs
was dose-dependent, and that a concentration of 1 mg of HDM
elicited only minimal eosinophilia (25). We therefore investigated
whether exposure to cigarette smoke would affect the inflamma-
tory response elicited with a suboptimal concentration of HDM.
To this end, BALB/c mice were inoculated with a low dose (1 mg)
or 25 mg of HDM for 3 weeks. Subsequently, mice were
concurrently exposed to HDM plus cigarette smoke for 2 weeks.
Figure 1C shows robust eosinophilia in room air–exposed mice
inoculated with a high dose of HDM. In agreement with the data
shown in Figure 1B, cigarette smoke significantly attenuated the
BAL total cell number and number of eosinophils (Figure 1C).
Inhalation of the low dose of HDM elicited a small eosinophilic
response that was not affected by concurrent exposure to
cigarette smoke. Interestingly, low-dose and high-dose HDM
significantly attenuated cigarette smoke–induced neutrophilia in
animals exposed to cigarette smoke twice daily for 2 weeks.
Similar numbers of neutrophils were evident in mice exposed to
HDM 1 smoke for 2 days, compared with mice exposed only to
HDM (Figure E1).

Impact of Cigarette Smoke on T Cells, Dendritic Cells,

and B Cells

CD41 T helper cells play a central role in allergic airway
inflammation through the elaboration of Th2 cytokines (27).
We therefore investigated whether attenuated eosinophilia was
associated with decreased T-cell activation and expression of the
Th2 cytokines IL-5 and IL-13. Flow cytometric analysis was used
to examine T cells in lung-tissue digests. Whether alone or in
combination with cigarette smoke, exposure to HDM resulted in
similar increases of CD41 T cells expressing the early activation
marker CD69, and the cytokines IL-5 and IL-13 (Figure 2A). In
line with our previous observations, exposure to cigarette smoke
alone led to a small but significant increase in T cells expressing

Figure 2. Effects of exposure to HDM and cigarette

smoke on adaptive immunity. Mice were exposed

to HDM and cigarette smoke, as described in Figure

1A, and flow cytometric analysis was performed on
whole lungs to examine the frequency of (A)

CD691, IL-51, and IL-131 CD41 (CD31) T cells

within the live cell gate (defined using side-scatter
and forward-scatter parameters), (B) transforming

growth factor (TGF)–b1 CD41 (CD31) T cells

within the live cell gate, (C ) CD11chi major histo-

compatibility complex (MHC) IIhi dendritic cells
(DCs) in live cell gate (left) and percentage of

CD861 cells in the DC gate (right), and (D)

CD691 (left) and CD861 (CD191) B cells (right).

(E ) HDM-specific serum IgE concentrations. Statis-
tical significance is shown for smoke 1 saline versus

smoke 1 HDM (P , 0.05). Room air–exposed mice

versus smoke-exposed mice, *P , 0.05, **P , 0.01,

and ***P , 0.001. Saline-treated mice versus HDM-
inoculated mice, †P , 0.05, ††P , 0.01, and †††P ,

0.001. Results are presented as means 6 SEMs of at

least 5 mice per group, and the data represent at
least two separate experiments.
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CD69 and IL-5 (24). Because transforming growth factor–b

(TGF-b) was shown to regulate allergic responses (28), we also
examined the number of TGF-b1 (CD41) T cells in the lungs
(Figure 2B). Although TGF-b1 (CD41) T cells were increased
after challenge with HDM, the numbers were similar between
room air–exposed and cigarette smoke–exposed animals.

Hammad and colleagues clearly showed that dendritic cells
(DCs) are necessary for eliciting an allergic response to HDM
(29). Both exposure to cigarette smoke and HDM challenge
alone led to a significant increase of CD11chi major histocom-
patibility complex Class IIhi lung DCs (Figure 2C). We observed
a similar increase of DCs in mice exposed to HDM and HDM 1

smoke. The number of DCs expressing the costimulatory
molecule CD86 also increased to a similar degree after expo-
sure to cigarette smoke, HDM, and HDM 1 smoke.

Because B cells and IgE were shown to regulate allergic
responses (30), we assessed the activation status of B cells and
IgE production in mice exposed to HDM 1 smoke. Inoculation
with HDM alone led to a significant increase in activated
(CD691 or CD861) B cells (Figure 2D). Concurrent exposure
to HDM and cigarette smoke significantly attenuated the
activation of B cells. HDM-induced increases in HDM-specific
serum IgE also declined after co-exposure to cigarette smoke
(Figure 2E).

Cigarette Smoke Reduces HDM-Induced Airway Eosinophilia

without Significantly Altering Eosinophil Survival in

Lung Tissue

To explore further the mechanism of decreased eosinophilia in
response to HDM 1 smoke, we studied whether the reduction in
BAL eosinophils after exposure to HDM 1 smoke was also
evident in lung tissue and blood. Lung eosinophils were identified
in Hema-3–stained cytospins prepared from lung single-cell
suspensions. Consistent with the BAL, the numbers (Figure
3A) and percentages (data not shown) of eosinophil decreased
in the lung tissues of mice concurrently exposed to HDM 1

smoke, compared with those receiving HDM only. Importantly,
we observed a similar increase in blood eosinophils in mice
exposed to HDM alone or mice exposed to HDM 1 smoke
(Figure 3B), suggesting that decreased numbers of eosinophils in
the BAL and lung tissue may result from either increased cell
death as a consequence of exposure to cigarette smoke, or altered
eosinophil trafficking to the lungs. To that end, we assessed
markers of eosinophil cell death by flow cytometry. Eosinophils
were characterized as high side-scatter (SSC), Gr-1–low cells
(SSChi Gr-1lo), as reported previously (24, 31). In agreement with
the data shown in Figure 3A, using standard hemocytologic
procedures to classify eosinophils, we observed decreased per-
centages of eosinophils in the lungs of HDM 1 smoke–exposed
mice compared with HDM only–exposed mice (Figure 3C).
Despite differences in tissue eosinophils, markers of cell death
(Annexin V1 7-Aminoactinomycin D1) were decreased to
a similar extent in the presence and absence of smoke (Figure

Figure 3. Recruitment and viability of eosinophils to the lungs during

exposure to smoke and HDM. Mice were exposed to HDM or saline

(control) for 5 weeks, with or without concurrent exposure to cigarette
smoke during the final 2 weeks. Data show eosinophil counts in whole-

lung tissue (A) or blood (B), as determined by Hema-3 staining and

differential cell counts. (C ) Percentage of tissue eosinophils, as assessed
by flow cytometry (side-scatter high [SSChi]/Gr-1lo]. (D) Frequency of

annexinV17AAD1 (SSChi/Gr-1lo) tissue eosinophils. AnnV, annexin V.

(E ) Vascular cell adhesion molecule–1 (VCAM-1) and (F ) eotaxin-1

expression in whole-lung homogenates. Room air–exposed mice versus
smoke-exposed mice, *P , 0.05 and **P , 0.01. Saline-treated mice

versus HDM-inoculated mice, †P , 0.05, ††P , 0.01, and †††P , 0.001.

Results are presented as means 6 SEMs of at least 5 mice per group,

and the data represent at least two separate experiments.

Figure 4. Expression of mucus in the

lungs of HDM-exposed and cigarette

smoke–exposed mice. (A) Formalin-fixed
lung tissue samples of mice exposed to

HDM and cigarette smoke (as outlined in

Figure 1A) were stained with alcian blue/

periodic acid–Schiff (AB/PAS) (magnifica-
tion, 3100). (B) Quantitative analysis of

image signal intensity. (C) Quantitative

real-time PCR analysis of Mucin5AC mRNA

expression of whole lung from mice,
treated as described in MATERIALS AND

METHODS. Room air–exposed mice versus

smoke-exposed mice, *P , 0.05. Saline-
treated mice versus HDM-inoculated mice,
†P , 0.05 and ††P , 0.01. Results are

presented as means 6 SEMs of at least 5

mice per group, and the data represent at
least two separate experiments.
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3D). This suggests that the decreased eosinophilia in the HDM 1

smoke–exposed mice may not be explained by increased cell
death, implicating the altered trafficking of eosinophils from the
blood to the lung tissue in mice exposed to cigarette smoke.

Given the central role of the chemokine eotaxin-1 and the
adhesion molecule VCAM-1 in eosinophil trafficking (32), we
assessed the expression of these molecules in response to HDM
and HDM 1 smoke in whole-lung cell homogenates. Notably,
exposure to cigarette smoke significantly attenuated the expres-
sion of VCAM-1 and eotaxin-1 in the lungs of mice exposed to
HDM (Figures 3E and 3F).

Cigarette Smoke Decreases the Production of Mucus while

Increasing Collagen Deposition in Mice Exposed to HDM

In light of smoke’s dampening effect on inflammation, we
investigated whether cigarette smoke affects the production of
mucus, smooth muscle mass, and the deposition of extracellular
matrix. As shown in Figures 4A and 4B, exposure to HDM
markedly increased the amount of alcian blue/periodic acid–
Schiff staining in the airways, which was attenuated in mice
concurrently exposed to HDM and cigarette smoke. Similarly,
we observed a significantly decreased expression of Mucin5AC
mRNA in HDM 1 smoke–exposed mice compared with HDM
only–exposed mice (Figure 4C). Challenge with HDM led to

a modest increase in smooth muscle actin staining that was not
affected by concurrent exposure to cigarette smoke (Figure
5A). In contrast, the combination of HDM 1 smoke led to
a significant increase in subepithelial collagen deposition,
compared with smoke-alone or HDM-alone controls (Figure
5B).

Cigarette Smoke Does Not Affect Airway Resistance but

Attenuates Tissue Resistance and Elastance in

HDM-Exposed Mice

Finally, we assessed the consequences of concurrent exposure to
HDM and cigarette smoke in lung function. Mice were exposed
to increasing doses of aerosolized methacholine (MCh), and
parameters of respiratory mechanics were measured by flexi-
Vent (SCIREQ Inc., Montreal, PQ, Canada). As shown in
Figure 6A, neither exposure to cigarette smoke nor challenge
with HDM changed baseline airway or tissue resistance. Nota-
bly, exposure to smoke attenuated baseline tissue elastance,
a measure of lung stiffness. After MCh nebulization, mice
exposed to HDM for 5 weeks showed a significant increase in
airway resistance, tissue resistance, and tissue elastance, com-
pared with saline-exposed animals (Figures 6B–6D). The in-
crease in airway resistance was similar in mice concurrently
exposed to HDM 1 smoke, indicating a similar narrowing of
the central airways. In the lung parenchyma and small airways,
we observed a significant increase of tissue resistance and
elastance in HDM-challenged mice (Figures 6C and 6D). Mice
exposed to HDM 1 smoke showed significantly decreased
tissue resistance, whereas tissue elastance was similar to that
in HDM-challenged mice. Thus, although we observed no
significant difference in airway resistance or tissue elastance
between HDM-treated and HDM 1 smoke–treated animals,
cigarette smoke significantly attenuated tissue resistance in
HDM-exposed mice.

DISCUSSION

Compelling evidence suggests that cigarette smoking adversely
affects patients with asthma (14). We therefore sought to
investigate the impact of cigarette smoke on immune inflam-
matory processes associated with asthma in a murine model
using HDM, a common environmental allergen.

Mice were challenged with HDM for 3 weeks before
concurrent exposure to HDM and cigarette smoke for 2 days
or 2 weeks. We opted for 3 weeks of exposure to HDM because
Johnson and colleagues reported maximal airway eosinophilic
inflammation at that time point (23). This experimental pro-
tocol also mimics the clinical scenario in which the asthmatic
phenotype would be expressed before the commencement of
smoking. We used HDMs because they are the most common
environmental allergen and they are clinically relevant. HDM,
unlike the commonly used surrogate allergen, ovalbumin, is
intrinsically capable of eliciting allergic sensitization via the
respiratory mucosa. We included exposure to cigarette smoke
for either 2 days or 2 weeks to account for the acute (2-day) and
more prolonged effects of cigarette smoke on allergic airway
inflammation.

Exposure to cigarette smoke significantly attenuated the
eosinophilic response elicited by HDM. This finding was un-
expected, because cigarette smoke is a known proinflammatory
stimulus, generating a lung environment seemingly conditioned
to exacerbate allergen-induced inflammatory processes. For
example, exposure to smoke is associated with increased
expression of granulocyte-macrophage colony stimulating fac-
tor (GM-CSF) (33), an inflammatory mediator that is known to
facilitate allergic mucosal sensitization, and to exacerbate

Figure 5. Smooth muscle actin and collagen expression in lungs of

HDM-exposed and cigarette smoke–exposed mice. Formalin-fixed lung

tissue samples of mice exposed to HDM or saline and cigarette smoke or
room air were stained with (A) anti–smooth muscle actin (aSMA) or (B)

Picro Sirius red (PSR) to detect aSMA and collagen, respectively (magni-

fication, 3100). Unstained samples depicted in insets in A. Left: Represen-

tative images. Right: Quantitative analysis of image signal intensity. Room
air–exposed mice versus smoke-exposed mice, *P , 0.05. Saline-treated

versus HDM-inoculated mice, †P , 0.05, ††P , 0.01, and †††P , 0.001.

Results are presented as means 6 SEMs of at least 5 mice per group, and
the data represent at least two separate experiments.
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immune inflammatory processes (22, 34). However, our findings
are consistent with previous reports of smoke’s ability to
attenuate eosinophilic inflammation, in both experimental
models (16, 17, 33, 35) and patients with asthma (5). The
presence of eosinophils after 3 days of rest at the end of the
HDM–cigarette smoke protocol is consistent with the sustained
presence of cytokines after the cessation of exposure to HDM,
as previously described (23). Concurrent exposure to HDM and
cigarette smoke also attenuated smoke-induced neutrophilia,
and further investigations of the mechanism involved will be of
interest. In contrast to these clinical and experimental observa-
tions, Moerloose and colleagues (18) reported that exposure to
cigarette smoke exacerbated inflammatory processes in a model
of OVA-induced allergic airway inflammation. Mechanisms
contributing to this exacerbated response were not provided,
making differences between the studies difficult to interpret.

Allergic inflammation is regulated by components of the
adaptive immune system that include Th2-polarized CD4 T
cells (36). We observed a similar expansion of T cells expressing
the Th2 cytokines IL-5 and IL-13 in HDM-sensitized mice
exposed to smoke or room air. Hence decreased eosinophilia
was unlikely to be related to the attenuated Th2 cell function.
Similar reductions in eosinophils occur when the environmental

allergen ragweed is combined with cigarette smoke, without any
apparent change in Th2 cells (17). These findings are at variance
with a report by Thatcher and colleagues (19), which showed
a reduced expression of IL-4 and IL-5 in the lungs of mice
exposed to cigarette smoke. Differences in the experimental
approach, such as the use of an innocuous antigen versus
a complex environmental allergen, the route of sensitization,
and the timing of allergen and smoke exposure may in part
account for the disparities between studies.

Immune mechanisms that mediate the suppression of eosin-
ophilic inflammation were described in previous models of
asthma. The production of both IL-10 and TGF-b by FoxP31

regulatory T cells and the production of IL-10 by dendritic cells
were shown to suppress allergic airway inflammation (37–39).
Because we detected a similar increase in TGF-b1 T cells and in
FoxP31 T cells (data not shown) in HDM–exposed and HDM 1

smoke–exposed mice, the attenuated eosinophilia was unlikely to
be related to regulatory T cells, suggesting that responses to
environmental allergens may be regulated by T cell–independent
mechanisms.

The observation that cigarette smoke led to diminished lung
eosinophilia without affecting blood eosinophil counts suggests
that cigarette smoke affects eosinophil trafficking. In support of

Figure 6. Baseline measurements and

dose–response relationship of airway re-

sistance, tissue resistance, and tissue ela-
stance. Airway mechanics in mice

exposed to HDM or saline for 5 weeks,

with or without cigarette smoke in the

final 2 weeks, were assessed using the
flexiVent TM system. (A) Mean values of

two measurements before methacholine

(MCh) nebulization are depicted for

each parameter (room air–exposed mice
versus smoke-exposed mice, *P , 0.05).

Rn, airway resistance; G, tissue damping;

H, tissue elastance. The entire dose–
response to MCh for (B) airway resis-

tance, (C ) tissue resistance, and (D)

tissue elastance is shown as mean value

per measurement. Results are presented
as means 6 SEMs of 19 or 20 mice per

group, from two independent experi-

ments. For statistical analyses shown in

B–D, the treatment groups saline 1

room air, saline 1 smoke, HDM 1 room

air, and HDM 1 smoke are represented

as 0, 1, 2, and 3, respectively.
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this notion, cigarette smoke attenuated the HDM-induced ex-
pression of the eosinophil chemoattractant eotaxin-1 (40) and the
cell adhesion molecule VCAM-1 (41), providing a molecular
mechanism for compromised eosinophil trafficking. Lung epithe-
lium and endothelium are the primary sources of eotaxin-1 and
VCAM-1 expression, respectively (42, 43). Although the mech-
anisms of attenuated eotaxin-1 and VCAM-1 expression remain
elusive, the compromising effects of cigarette smoke on the
airway epithelium and endothelium are well established (44).
The attenuated expression of VCAM-1 may also affect neutro-
phil recruitment, because previous reports documented a role of
this adhesion molecule in neutrophil migration in vitro, and
in vivo in a model of hepatic injury (45, 46).

Exposure to cigarette smoke also attenuated the HDM-
induced activation of B cells and the production of IgE. Because
B cells and IgE were shown to regulate eosinophilia in models of
asthma (30, 47), we cannot rule out that attenuated eosinophilia
in HDM 1 smoke–exposed mice may be, at least in part, related
to the observed reduction in serum IgE and B-cell activity.

Airway collagen deposition is a characteristic feature of
asthma. Although we observed decreased eosinophilia, HDM-
induced collagen deposition was further increased in mice
exposed to cigarette smoke. The mechanisms of increased
collagen deposition, however, remain elusive, because concen-
trations of TGF-b, a critical tissue-remodeling factor, were
similar between HDM-exposed and HDM 1 smoke–exposed
animals. In contrast to collagen deposition, decreases in the
production of mucus and goblet cells mirrored the decline in
eosinophilic inflammation.

One of the most striking observations in this study involves
HDM-induced airway hyperresponsiveness (as measured by
airway resistance to nebulized MCh), which not altered by
cigarette smoke, although eosinophilia was attenuated by more
than 80%. In concordance with our findings, Fattouh and
colleagues showed that eosinophils were nonessential for tissue
remodeling and hyperresponsiveness in HDM models of asthma
(48). Tissue remodeling and chronic inflammation are both
believed to contribute significantly to lung dysfunction, al-
though the relative contribution of each to the clinical mani-
festation of asthma remains controversial. Tissue remodeling
was reported in murine models wherein eosinophils were
depleted (49, 50). Interestingly, cigarette smoke in the context
of exposure to HDM significantly decreased the tissue resistive
properties of the lung. Both airway and tissue resistance before
MCh nebulization were comparable among groups, but tissue
elasticity, the degree of lung stiffness, was decreased by
exposure to smoke (Figure 6A). These lower values for baseline
tissue elasticity are likely attributable to smoke inducing
permanent alterations in mechanical lung properties. In con-
trast, the changes in tissue elasticity attributable to HDM
exposure were likely influenced by small airway narrowing.
Collectively, these data suggest that the classic model of allergic
asthma that begins with inflammation and leads to tissue
remodeling, followed by lung dysfunction, is oversimplified.
Instead, the interactions between allergic inflammation, tissue
remodeling, and lung dysfunction are complex, and may even
occur independently.

In conclusion, we show that exposure to cigarette smoke
attenuates allergic inflammation in response to the environ-
mental allergen HDM. The production of mucus decreased and
collagen deposition increased, whereas tissue resistance, but not
airway resistance, was reduced. Mechanistically, cigarette
smoke down-regulated the expression of the HDM-induced
eosinophil-recruiting factors, eotaxin-1 and VCAM-1, and re-
duced the activation of B cells and the production of IgE. Taken
together, these data indicate that cigarette smoke regulates

inflammatory mechanisms of eosinophil migration, with varying
effects on lung remodeling and physiology in allergic asthma.
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JK, Bauer CMT, Stämpfli MR. Innate immune processes are sufficient
for driving cigarette smoke–induced inflammation in mice. Am J
Respir Cell Mol Biol 2010;42:394–403.

25. Llop-Guevara A, Colangelo M, Chu DK, Moore CL, Stieber NA,
Walker TD, Goncharova S, Coyle AJ, Lundblad LKA, O’Byrne
PM, et al. In vivo–to–in silico iterations to investigate aeroallergen–
host interactions. PLoS ONE 2008;3:e2426.

26. Gordon T, Bosland M. Strain-dependent differences in susceptibility to
lung cancer in inbred mice exposed to mainstream cigarette smoke.
Cancer Lett 2009;275:213–220.

27. Barrett NA, Austen KF. Innate cells and T helper 2 cell immunity in
airway inflammation. Immunity 2009;31:425–437.

28. Fattouh R, Midence NG, Arias K, Johnson JR, Walker TD, Goncharova
S, Souza KP, Gregory RC Jr, Lonning S, Gauldie J, et al. Trans-
forming growth factor–beta regulates house dust mite–induced aller-
gic airway inflammation but not airway remodeling. Am J Respir Crit
Care Med 2008;177:593–603.

29. Hammad H, Plantinga M, Deswarte K, Pouliot P, Willart MAM, Kool
M, Muskens F, Lambrecht BN. Inflammatory dendritic cells—not
basophils—are necessary and sufficient for induction of Th2 immunity
to inhaled house dust mite allergen. J Exp Med 2010;207:2093–2111.

30. Coyle AJ, Wagner K, Bertrand C, Tsuyuki S, Bews J, Heusser C. Central
role of immunoglobulin (Ig) E in the induction of lung eosinophil
infiltration and T helper 2 cell cytokine production: inhibition by
a non-anaphylactogenic anti-IgE antibody. J Exp Med 1996;183:1303–
1310.

31. Al-Garawi AA, Fattouh R, Walker TD, Jamula EB, Botelho F,
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