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To better define the roles of CD11b, CD11a, and one of their
endothelial cell receptors, intercellular adhesion molecule-1
(ICAM-1), in the lower respiratory tract inflammatory re-
sponse to inhaled lipopolysaccharide (LPS), we evaluated the
physiologic and biologic response to inhaled LPS in mice re-
ceiving anti-CD11b antibody, anti-CD11a antibody, and anti–
ICAM-1 antibody. Mice receiving anti-CD11b antibody had a
dramatic reduction in pulmonary neutrophil recruitment com-
pared with control mice (18,300 versus 143,000 cells/ml, and
neutrophils 16.7% versus 77%), whereas mice receiving anti-
CD11a antibody did not demonstrate a reduction in lavage
cellularity. Mice receiving anti–ICAM-1 antibody also demon-
strated a dose-dependent reduction in inflammatory cell re-
cruitment to the alveolar space. Despite the significant reduc-
tion in inflammatory cell infiltrate in mice receiving either CD11b
or ICAM-1 antibodies, there was no reduction in the develop-
ment of airway hyperreactivity. These findings suggest that
CD11b and ICAM-1 are important mediators of LPS-induced
airway inflammation, but do not appear to be critical to the
development of LPS-induced airway hyperreactivity.

 

Endotoxin or lipopolysaccharide (LPS) has been impli-
cated in the pathogenesis of multiple forms of airway dis-
ease. The role of endotoxin in airway disease has been
most thoroughly studied in the setting of occupational ex-
posure to organic dusts, where the concentration of endo-
toxin in the bioaerosol is associated with the development
and progression of airway disease (1, 2). Exposure to or-
ganic dusts causes a variety of acute respiratory problems,
including wheezing, dyspnea, and decreased airflow (3).
More recently, a role for endotoxin in the pathogenesis of
asthma has been suggested by the relationship between
endotoxin concentration in the domestic environment and
its correlation to the clinical severity of asthma (4) and to
the development of wheezing in infants (5). Recent studies
have also shown that particulate matter from air pollution,
which is strongly associated with the progression of airway
disease (6), is contaminated with endotoxin (7). These
findings suggest a potential role for endotoxin in air pollu-
tion–initiated airway disease.

Inhalation of endotoxin experimentally leads to rapid
recruitment of neutrophils to the lower respiratory tract
(8), accompanied by the development of airflow obstruc-

tion and airway hyperreactivity (AHR). In the traditional
paradigm of airway inflammation, neutrophil recruitment
has been causally linked to the development of increased
airway resistance. The components of the pulmonary re-
sponse to inhaled endotoxin have been studied using inha-
lation studies in humans (8, 9) and mice (8, 10, 11). The
lower respiratory tract inflammatory response also includes
production and release of proinflammatory cytokines (in-
terleukin [IL]-1

 

�

 

, tumor necrosis factor [TNF]-

 

�

 

, and IL-
6) and chemokines (IL-8 and macrophage inflammatory
protein [MIP]-2) for up to 48 h. This cytokine response has
been viewed as pivotal to the initiation and propagation of
the neutrophil recruitment component; however, we have
recently demonstrated that TNF-

 

�

 

 and IL-1

 

�

 

 may not be
essential to the initiation of this process, but are produced
and released as part of the generalized inflammatory re-
sponse (12).

These findings suggest that mediators other than TNF-

 

�

 

or IL-1

 

�

 

 govern the movement of the neutrophil from the
vasculature to the airspace. The process of neutrophil emi-
gration from the systemic circulation has been fairly well
defined and occurs in a series of distinct phases, during
which multiple families of leukocyte and endothelial cell
adhesion molecules actively move the neutrophil from the
postcapillary venules to the site of inflammation (13, 14).
The role of each of these families of molecules has not been
clearly defined in the pulmonary circulation, where neu-
trophil recruitment takes place from the pulmonary capil-
laries rather than the postcapillary venules. The impor-
tance of this difference in vessel type is that leukocytes in
the pulmonary bed are already in prolonged contact with
the endothelial cells as they pass through the narrower capil-
laries, whereas in postcapillary venules, the leukocyte must
be attracted from the flowing stream of cells to the wall of
the vessel, to establish contact with endothelial cells (15).

In addition, although the requirement for CD18 for
neutrophil recruitment to systemic sites of inflammation
has been demonstrated with a number of animal models
(16, 17), pulmonary neutrophil recruitment has been dis-
tinguished from many models of systemic inflammation by
the existence of both CD18-dependent and CD18-inde-
pendent migration pathways. The goal of the current in-
vestigation was to specifically address the role of two of the

 

�

 

2

 

 integrins, CD11a/CD18 and CD11b/CD18, in pulmo-
nary neutrophil recruitment in response to inhaled LPS,
using function-blocking antibodies to the 

 

�

 

 chains of these
molecules. Intercellular adhesion molecule-1 (ICAM-1), a
primary endothelial receptor for the 

 

�

 

2

 

 integrins, was con-
currently studied. We demonstrate that use of a mono-
clonal antibody to ICAM-1 and an antibody to CD11b led
to a dramatic reduction in pulmonary neutrophil recruit-
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ment after aerosolized LPS exposure, but had no effect on
the development of bronchial hyperreactivity. Antibody to
CD11a did not diminish pulmonary neutrophil recruit-
ment or affect AHR under the same conditions.

 

Materials and Methods

 

General Protocol

 

Pulmonary function testing was performed 1 d before and imme-
diately after a 4-h inhalation challenge with LPS. In a separate
group of mice, the lower respiratory tract inflammatory response
to inhaled LPS was evaluated by whole lung lavage, again imme-
diately following the LPS inhalation challenge. The inflammatory
response was analyzed by comparing alterations in cellularity and
cytokine levels (TNF-

 

�

 

, IL-1

 

�

 

, and MIP-2) in whole lung lavage
fluid.

 

Mice

 

C57BL/6J (CD11a and CD11b experiments) and C3H/HeBFeJ
(ICAM-1 experiments) mice, 6–10 wk old, were purchased from
Jackson Laboratories (Bar Harbor, ME). All animals had free
access to food and water except during the 4-h endotoxin expo-
sure period. Experimental protocols were reviewed and ap-
proved by the Institutional Animal Care and Use Committee at
the University of Iowa.

 

Monoclonal Antibodies

 

Mice were injected intravenously with anti-CD11b at a dose of
130 

 

�

 

g (Clone M1/70), anti-CD11a at a dose of 130 

 

�

 

g (clone
M17), just before exposure, or anti–ICAM-1 at doses of 100 

 

�

 

g
or 150 

 

�

 

g (Clone 3EL; PharMingen, La Jolla, CA), 1 h before ex-
posure to aerosolized LPS. Dosing was based on previous studies
using the same antibodies (18–21). Control mice were injected
with the same dose of rat or hamster IgG, the isotype matched
control.

 

LPS Inhalation Challenge

 

Exposures were performed in a 20-liter exposure chamber with a
Collison nebulizer (CH Technologies, Westwood, NJ) delivering
the aerosolized LPS. The mass median aerodynamic diameter of
particles produced using this system is 1.4 

 

�

 

m, which results in an
aerosol distribution with 

 

�

 

 4% of particles reaching the alveolar
region. The LPS concentrations generated by the aerosols during
the exposure period were assayed using the chromogenic 

 

Limu-
lus

 

 amoebocyte lysate assay (QCL-1000; BioWhittaker, Inc.,
Walkersville, MD) with sterile pyrogen-free labware and a tem-
perature-controlled microplate block and microplate reader (405
nm), as previously described (3). Briefly, four separate samples
were taken during each 4-h exposure period by drawing air from
the exposure chamber through 47-mm binder-free glass microfi-
ber filters (EPM-2000; Whatman, Mainstone, UK) held within a
47-mm stainless in-line air sampling filter holder (Gelman Sci-
ences; Ann Arbor, MI). LPS was extracted from the filters with
pyrogen-free water at room temperature with gentle shaking.
The extracts were then serially diluted and assayed for endotoxin.
Endotoxin concentrations ranged from 2.6–3.8 

 

�

 

g/m

 

3

 

. This con-
centration of endotoxin was chosen because it represents a suffi-
cient challenge of LPS that does not result in a maximal inflam-
matory response (10).

 

Assessment of Pulmonary Function

 

Mice were placed in 80 ml whole body plethysmographs (Buxco
Electronics, Inc.; Troy, NY) ventilated by bias airflow at 0.2 liters/
min. This unit was interfaced with differential pressure transduc-
ers, analog-to-digital converters, and a computer. The breathing

patterns and pulmonary functions of each individual mouse were
monitored over time. Direct measurements were made of respi-
ratory rate, pressure change within the plethysmograph, and “box
flow,” which is the difference between the animal’s nasal airflow
and the flow induced by thoracic movement; this difference var-
ies in the presence of airflow obstruction because of pulmonary
compression (due to forced expirations). The Buxco system mea-
sures both the magnitude of the box pressure variations and the
slope of the box pressure. Airway resistance is estimated by ex-
posing mice to increasing doses of methacholine and recording
the enhanced pause pressure (P

 

enh

 

), where P

 

enh

 

�

 

 [T

 

e

 

 (expiratory
time)/40% of T

 

r

 

 (relaxation time) 

 

�

 

 1 

 

�

 

 P

 

ef

 

 (peak expiratory
flow)/ P

 

if

 

 (peak inspiratory flow) 

 

�

 

 0.67]. The validity of P

 

enh

 

 as a
measure of bronchoconstriction or airway hyperresponsiveness
has been examined (22). Pulmonary function was measured at
baseline and after inhaled methacholine challenge with doses of
5, 10, and 15 mg/ml delivered using a DeVilbiss nebulizer.

 

Lung Lavage and Tissue Processing

 

Immediately following completion of the endotoxin exposure,
animals were killed by CO

 

2

 

 inhalation to perform lavage. The
trachea was isolated and cannulated with PE-90 tubing, and 1-ml
aliquots of normal saline were infused into the lungs by gravity,
with a total volume of 6 ml infused. The lavage fluid was centri-
fuged at 200 

 

�

 

 

 

g

 

 for 5 min. The supernatant was then decanted
and stored at –70

 

�

 

C until further use. The cell pellet is resus-
pended with Hanks’ balanced salt solution, and a small aliquot is
used for counting cells with a hemocytometer. Another aliquot of
the cell suspension was spun onto a slide using a cytocentrifuge
(Shandon, Southern Sewickley, PA). The cytospun cells were
stained with Diff Quik Stain Set (Harleco, Gibbstown, NY), air-
dried, and coverslipped for counting with light microscopy.

 

Cytokine Protein Analysis

 

Commercially available kits (R&D Systems, Minneapolis, MN)
were used according to manufacturer’s instructions to determine
concentrations of murine TNF-

 

�

 

, IL-1

 

�

 

, and MIP-2 in the lavage
fluid. In all cases, a monoclonal antibody was used as a capture
reagent in a standard sandwich enzyme-linked immunosorbent
assay (ELISA). Standard curves were derived using known con-
centrations of the recombinant specific cytokine supplied by the
manufacturer. These cytokines/chemokines were chosen because
in previous experiments in LPS-induced airway disease, we have
shown that these proteins are produced and released by macro-
phages and other inflammatory cells (8).

 

Statistical Analysis

 

The primary comparison under investigation was the effect of
blockade of ICAM-1, CD11a, or CD11b on the pulmonary in-
flammatory response to inhaled LPS. Specifically, comparisons
evaluated differences in whole lung lavage cellularity, cytokine
expression, and airway resistance. Statistical comparisons were
made using nonparametric statistics, specifically the Mann-Whit-
ney U test (23).

 

Results

 

Lung Inflammation

 

Lung lavage performed on control mice before exposure
to endotoxin demonstrates between 28,000 and 30,000
cells/ml of lavage fluid, which are 

 

	

 

 99% macrophages.
Immediately following the inhalation challenge with aero-
solized LPS, whole lung lavage demonstrates a greater than
5-fold increase in the total cell number, and a complete
shift in the population of cells, to a predominantly neutro-
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philic infiltrate in the control mice (receiving isotype IgG).
The use of ICAM-1 Ab at a dose of 100 

 

�

 

g intravenously,
1 h before LPS exposure, led to a significant reduction in
the number of cells in the lung lavage fluid. An increased
dose of 150 

 

�

 

g intravenously of anti–ICAM-1 resulted in a
more marked reduction in cell recruitment as determined
by whole lung lavage, with a significant reduction in the
percentage of recruited neutrophils (Figures 1A and 1B).
Mice receiving the higher dose of ICAM-1 antibody were
noticeably more sluggish to wake up from the anesthetic
used to give the injections, and then temporarily demon-
strated some unusual neurologic behaviors, including epi-
sodic severe lethargy alternated with hyperactivity; how-
ever, no seizure activity was observed. Mice who received
130 

 

�

 

g of intravenous anti-CD11b antibody before LPS
exposure had a dramatic reduction in cellular recruitment,
with total cell counts unchanged from average pre-expo-
sure levels. Similarly, the percentage of neutrophils in the
lung lavage was reduced strikingly from 77% in the IgG
control mice to 16.7% in mice receiving anti-CD11b anti-
body. Mice who received the anti-CD11a antibody before
LPS exposure had no reduction in total number of cells re-
cruited to the airspace or percentage of neutrophils, as
compared with controls (Figure 2).

The lung lavage fluid was also assayed for the presence
of inflammatory cytokines following exposure to aero-
solized LPS, as an additional marker of the pulmonary in-

flammatory response, including levels of TNF-

 

�

 

, IL-1

 

�

 

,
and MIP-2. Despite the dramatic reduction in inflamma-
tory cell recruitment to the airspace after CD11b antibody,
levels of the inflammatory cytokines TNF-

 

�

 

, IL-1

 

�

 

, and
MIP-2 were unchanged between the groups (Table 1).
Mice who received CD11a antibody had lavage levels of
TNF-

 

�

 

, IL-1

 

�

 

, and MIP-2 similar to other groups. In mice
receiving ICAM-1 Ab, TNF-

 

�

 

 and IL-1

 

�

 

 levels were simi-
lar; interestingly, lavage protein levels of MIP-2 were sig-
nificantly increased in both groups receiving ICAM-1 anti-
body (Table 1).

 

Airway Physiology

 

Pulmonary function testing was initially performed on all
mice before inhalation of LPS. There were no differences
in P

 

enh

 

 values between the control mice and the mice re-
ceiving the antibodies at baseline (0 mg/ml methacholine)
or following increasing doses of methacholine (Figure 3A).
After exposure to aerosolized LPS for 4 h, all groups of
mice demonstrated significant increases in P

 

enh

 

 at baseline
(no methacholine) and with methacholine challenge. How-
ever, there were no differences between any of the experi-
mental groups (Figure 3B), despite the dramatic reduction
in neutrophil recruitment in mice receiving antibody to
CD11b. Similarly, in the ICAM-1 blockade studies, inhala-
tion of LPS led to an increase in airway resistance (P

 

enh

 

) in
all groups (compared with pre-exposure PFTs), including

Figure 1. Whole lung lavage was performed to
assess the cellular inflammatory response to in-
haled LPS. Lung lavage fluid was assayed for
the total number of cells (cell/ml) and the con-
centration of neutrophils (% PMNs) was calcu-
lated. Number of total cells/ml (A) and %
PMNs (B) in the lung lavage fluid in mice unex-
posed to LPS, and after 4 h exposure to aero-
solized LPS in mice receiving ICAM-1 anti-
body (100 or 150 �g intravenously), or isotype
IgG as control. There was a dose-dependent
decrease in the lung lavage cellularity with in-
creasing ICAM-1 Ab dose. *P 
 0.05, com-
pared with IgG control.

Figure 2. Whole lung lavage was performed to assess the
cellular inflammatory response to inhaled LPS. Lung lav-
age fluid was assayed for the total number of cells (cell/
ml) and the concentration of neutrophils (% PMNs) in
mice before exposure to LPS (pre-exposure), and imme-
diately after 4 h exposure to aerosolized LPS in mice re-
ceiving anti-CD11a antibody, anti-CD11b antibody (130
�g intravenously), or isotype IgG as control. Mice receiv-
ing anti-CD11b antibody had a marked reduction in both
the total number of cells in lung lavage fluid and in the
percentage of neutrophils. *P 
 0.05, compared with IgG
control.
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control mice, and those receiving anti–ICAM-1 Ab intra-
venously at either 100 or 150 

 

�

 

g (Figures 4A and 4B).
Both groups of data indicate that blockade of neutrophil
recruitment to the alveolar space does not offer protection
against the development of increased airway resistance as
measured noninvasively (P

 

enh

 

) following LPS inhalation.

 

Discussion

 

The current investigation is focused on the role of two of
the leukocyte 

 

�

 

2

 

 integrins, CD11a/CD18 and CD11b/CD18,
and one of their endothelial cell receptors, ICAM-1, in
mediating the lower respiratory tract inflammatory response
after inhaled LPS exposure. We have demonstrated that
acute functional blockade of CD11b or ICAM-1 using in-
travenous antibody delivered just before LPS exposure
dramatically inhibits neutrophil recruitment to the alveo-
lar space as measured by whole lung lavage. Interestingly,
despite this profound reduction in the cellular inflamma-
tory infiltrate to the alveolar space, there appear to be sig-
nificant increases in AHR in these animals after LPS ex-
posure, suggesting that LPS-induced inflammatory cell
recruitment is not the sole cause of LPS-induced AHR.

In addition, in the animals with significantly decreased
neutrophil recruitment, levels of the neutrophil chemo-
kine MIP-2 in the lavage fluid were either unchanged or

elevated. Previous studies have indicated that MIP-2 alone
is not sufficient for neutrophil recruitment, demonstrating
incomplete blockade of neutrophil recruitment to the lung
by MIP-2 antibodies in response to various inflammatory
stimuli (24). In addition, a rat model of glucocorticoid in-
hibition of neutrophil recruitment after LPS challenge
similarly reported no change in lavage MIP-2 levels (25).
However, the finding of elevated MIP-2 levels in the lav-
age fluid of mice undergoing ICAM-1 blockade is novel.
Soluble ICAM-1 has been demonstrated to activate rat al-
veolar macrophages to produce MIP-2 (26), and to induce
MIP-2 production by brain microvascular endothelial cells

 

in vitro

 

 (27). In our studies, it is possible that antibody liga-
tion of ICAM-1 on the surface of alveolar macrophages,
endothelial cells, or epithelium stimulated increased MIP-2
production from one of these cell types.

The importance of the 

 

�

 

-chain (CD18) of the 

 

�

 

2

 

 inte-
grin family is well-established not only in reference to the
human disease, LAD I, but also in several models of acute
systemic inflammation (17, 28). In the setting of pulmo-
nary inflammation, certain inflammatory stimuli (

 

Escheri-
chia coli

 

,

 

 Pseudomonas aeruginosa

 

, immune complex injury)
appear to be 

 

�

 

2

 

 integrin–dependent, and other stimuli utilize
a CD18-independent pathway (Gram-positive bacteria, hy-
peroxia, HCl-induced pneumonia) (29, 30). Although LPS
has previously been considered to be a CD18-dependent
stimulus, the source of the inflammatory stimulus as well
as the nature of the stimulus is important. A recent re-
port indicates that only a small component of PMN trans-
migration into the lung in a sepsis model, following intra-
peritoneal instillation 

 

E. coli

 

, is CD18-dependent, whereas
all of the changes in microvascular permeability in the lung
depend on the 

 

�

 

2

 

 integrins (31). Additionally, the bacterial/
inflammatory stimulus in all of the previous animal studies
has been instilled into the trachea in a model of a “pneu-
monic” process. The role of the 

 

�

 

2

 

 integrins in inflamma-
tory cell recruitment following aerosolized inhalation of
LPS to the lower respiratory tract has not been studied,
and the relative contributions of each of the 

 

�

 

-subunits
(CD11a, b, c, and d) are poorly understood, especially in
pulmonary models of inflammation. Previous studies fo-
cused specifically on CD11b have had controversial results
dependent on the method of blockade of CD11b and the
inflammatory stimulus applied. Monoclonal antibody block-

 

TABLE 1

 

Cytokine protein levels in lung lavage fluid after aerosolized 
LPS exposure

 

TNF-

 

�

 

IL-1

 

�

 

MIP-2

 

IgG control* 889 

 

�

 

 72.4 22.3 

 

�

 

 3.2 981 

 

�

 

 239
CD11b Ab 986 

 

�

 

 173 26.4 

 

�

 

 4.6 1030 

 

�

 

 60.4
CD11a Ab 560 

 

�

 

 78.3 19.6 

 

�

 

 2.9 1145 

 

�

 

 250

IgG control

 

†

 

1604 

 

�

 

 167 25.6 

 

�

 

 3.4 1441 

 

�

 

 356
ICAM-1 Ab (100 

 

�

 

g) 1541 

 

�

 

 115 28.1 

 

�

 

 5.5 2493 

 

�

 

 389

 

‡

 

ICAM-1 Ab (150 

 

�

 

g) 1391 

 

�

 

 159 20.3 

 

�

 

 2.76 2850 

 

�

 

 419

 

‡

 

Definition of abbreviations

 

: ICAM-1, intercellular adhesion molecule-1; IL-1

 

�

 

,
interleukin-1

 

�

 

; LPS, lipopolysaccharide; MIP, macrophage inflammatory pro-
tein; TNF-

 

�

 

, tumor necrosis factor-

 

�

 

.
* Control values for LPS exposure with CD11b and CD11a antibodies.

 

†

 

 Control values for LPS exposure with ICAM-1 antibody.

 

‡

 

 Significantly increased over control value, 

 

P

 

 

 




 

 0.05.

Figure 3. Airway resistance before and after exposure to
aerosolized LPS. Penh was measured prior to exposure to LPS
(A) and immediately following exposure for 4 h to aero-
solized LPS (B) at baseline (no methacholine) and with
gradually increasing doses of methacholine challenge in
control mice (open circles), mice receiving anti-CD11b an-
tibody (open squares), and mice receiving anti-CD11a an-
tibody (open triangles). All mice demonstrated increased
airway resistance following LPS exposure, and there were
no significant differences between the groups.
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ade of CD11b led to reduction in neutrophil recruitment in
both a peritonitis model (32), and a rat E. coli pneumonia
model (33). However, Lu and coworkers concluded that
CD11b/CD18 was not necessary for effective neutrophil
emigration in peritonitis, using the CD11b�/� mutant mice
(18), and these results were supported by more recent
studies using monoclonal antibodies to block CD11b in
rabbit peritonitis (34). This investigation demonstrates the
requirement for CD11b/CD18 for neutrophil recruitment
after exposure to aerosolized LPS, as mice receiving anti-
CD11b antibody had a reduction in cellular recruitment to
pre-exposure levels.

In the current investigation, antibody to CD11a did not
have any effect on the number of recruited inflammatory
cells in the alveolar space. This is in contrast to several
previous studies demonstrating at least a partial require-
ment for CD11a/CD18 for neutrophil emigration to the lung
after intratracheal endotoxin (35) or P. aeruginosa (19).
However, these were models of a pneumonic process with
tracheal installation of the bacteria or bacterial product, as
compared with the inhalation exposure currently reported.

In animal studies involving pulmonary uptake of a par-
ticle or pathogen, there have been a number of reports
which demonstrate that intratracheal instillation is not equiv-
alent to aerosol exposure (36, 37). Inhalation of aerosolized
particles generates a more homogeneous distribution
throughout the lower respiratory tract, although a large per-
centage of the delivered dose may be retained in the nose
and upper airways. Intratracheal instillation has been
demonstrated to more reliably deliver a specific dose to
the lung, but the distribution may be very nonhomoge-
neous, with fewer particles reaching the lung periphery.
There are also distinct differences in clearance and reten-
tion when administered by instillation versus inhalation.
Although intratracheal instillation has been accepted as an
alternative approach in certain models, aerosol inhalation
by the spontaneously breathing animal is likely to provide
a better model for airway diseases acquired from environ-
mental exposures. The role of ICAM-1 in acute lung in-
flammation caused by aerosolized pathogens/pollutants has
not been studied; however, ICAM-1 has been demon-
strated to participate in pulmonary neutrophil emigration
following intratracheal instillation of P. aeruginosa (19) or
LPS (35, 38). In addition to models of bacterial pneumo-
nia, antibody to ICAM-1 has been shown to reduce neu-

trophil recruitment in phorbol-ester–induced lung inflam-
mation (39), immune-complex mediated–lung injury (40),
and several model systems of ischemia–reperfusion (41,
42). Our findings demonstrate partial blockade of neutro-
phil recruitment by anti–ICAM-1 following aerosolized
exposure to LPS. There are a number of potential expla-
nations for this incomplete blockade. First, as we demon-
strated a dose-dependent reduction, our highest dose of
antibody may not have been sufficient to block enough of
the expressed ICAM-1 molcules, and we were limited from
attempting increasing doses by the unusual toxicity of the
antibody. Second, ICAM-1 serves as the endothelial ligand
for several molecules expressed by leukocytes. During neu-
trophil recruitment, both CD11a/CD18 and CD11b/CD18
bind ICAM-1 before transmigration, but at different sites
on the ICAM-1 molcule. Our antibody may bind to an
epitope, which only prevents attachment of one of these
neutrophil integrins (13, 14). Finally, the expected redun-
dancy within the system may allow for upregulation of al-
ternate endothelial cell adhesion molecules under these
circumstances.

The role of ICAM-2 in pulmonary neutrophil recruit-
ment, for example, has not been well described, but is a
known ligand for CD11a/CD18, and its tissue distribution
with high concentration in vascular endothelium makes it
an important molecule for further study in this system
(43). Constitutive expression of ICAM-2 is significantly
higher than that of ICAM-1; however, it is reportedly not
further upregulated by inflammatory mediators (44). Fur-
ther study of the interaction of the CD11/CD18 family
with ICAM-2 in pulmonary systems is certainly warranted.

The findings presented here question the relationship
between neutrophil recruitment and AHR following inha-
lation of endotoxin. In the traditional view of airway dis-
eases (including asthma and chronic bronchitis), airway in-
flammation—characterized by cellular infiltrate, release of
inflammatory mediators, and increased airway secretions—
and AHR have been suggested to be causally linked (45,
46). However, more recently a number of studies question
this traditional paradigm whereby the induction of inflam-
matory cells and mediators directly initiates AHR. In an
allergic murine asthma model, Henderson and colleagues
demonstrated that soluble IL-4 receptor blocked eosino-
phil infiltration into the airway, without reduction in AHR
to methacholine challenge (47). This discordance between

Figure 4. Airway resistance before and after exposure to
aerosolized LPS. Penh was measured prior to exposure to LPS
(A) and immediately following exposure for 4 h to aero-
solized LPS (B) at baseline (no methacholine) and with
gradually increasing doses of methacholine challenge in
control mice (open circles) and in mice receiving anti-
ICAM-1 antibody 100 �g intravenously (open squares) or
150 �g intravenously (open triangles). All mice demon-
strated increased airway resistance following LPS expo-
sure, and there were no significant differences between the
groups.
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airway eosinophilia and AHR has also been reported in
other allergic asthma models, using ovalbumin as well as
more common aeroallergens, such as house dust mite al-
lergen, as the initiating antigens (48, 49). Similarly, in acute,
nonallergic models of airway inflammation and hyperre-
sponsiveness, it appears that neutrophil influx may not al-
ways be directly linked to the development of AHR (50).
The current investigation supports the hypothesis that in-
flammatory cell recruitment and AHR are independently
initiated components of the pulmonary response to in-
haled endotoxin exposure.

The more significant question raised by our findings is
the determination of whether chronic airway remodeling
caused by repeated exposure to aerosolized toxins can be
altered by preventing recurrent neutrophil recruitment to
the airways. Hoshino and coworkers (51) demonstrated
that inhaled corticosteroid treatment in patients known to
have asthma led to inhibition of airway infiltration by in-
flammatory cells and reduced the thickness of the lamina
reticularis of the basement membrane. This patient popu-
lation experienced improvement in respiratory symptoms.
In our laboratory, using a chronic murine model of aero-
solized endotoxin exposure, we have demonstrated that
endotoxin-resistant mice (C3/HeJ), who do not have in-
flammatory cell recruitment in response to acute or chronic
inhalation of endotoxin, also do not develop chronic air-
way remodeling, unlike the C3H/HeBFeJ mice, who de-
velop significant airway thickening after chronic endo-
toxin exposure (52). However, to date there are no studies
focused on prolonged blockade of adhesion molecules, or
the role of adhesion molecules in tissue damage and air-
way remodeling.

The contribution of each of the �2 integrin molecules to
pulmonary neutrophil emigration from the vasculature is
an extremely complex process that is in need of further in-
vestigation. The results of the current studies refocus at-
tention on CD11b and one of its receptors, ICAM-1, as
important components of the adhesion cascade in pulmo-
nary inflammation in response to aerosolized LPS, and
raise a number of important questions about the observed
dichotomy between cellular inflammation and AHR.
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