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ABSTRACT: Intercellular adhesion molecule-1 (ICAM-1) is known to play a central
role in lung inflammation. Limited information, however, is available regarding the
expression and biological function of ICAM-1 in the alveolar epithelial compartment.
The current report analyses the expression pattern of ICAM-1 in primary cultures of
rat alveolar epithelial cells (AECs) and in the rat lung following instillation of bacterial
endotoxin (lipopolysaccharide (LPS)) in order to better define the role of alveolar
epithelial ICAM-1.
AECs stimulated in vitro with LPS were evaluated for ICAM-1 and ICAM-1

messenger ribonucleic acid content. Adherence assays with neutrophils and macro-
phages were performed. Endotoxin-induced ICAM-1 upregulation on AECs was
demonstrated in vivo by immunofluorescence staining. In addition, the effect of
intratracheally-instilled anti-ICAM-1 was assessed.
Significant upregulation of ICAM-1 occurred in vitro and in vivo on AECs after LPS

stimulation. Adherence assays showed a 114% increase in adhesion of neutrophils to
AECs. Antibody directed against ICAM-1 reduced this adhesion by 40%. A significant
reduction in the number of neutrophils in bronchoalveolar lavage fluid and whole lung
was seen under airway ICAM-1 blockade.
These data indicate that intercellular adhesion molecule-1 participates in the

inflammatory response to lipopolysaccharide-induced lung injury in the distal airways
by interacting mainly with neutrophils.
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Recent studies have identified requirements for
adhesion molecules and leukocytes in the lung vas-
cular compartment in several models of acute lung
injury [1–3]. Leukocytes homing to sites of acute
inflammation is a crucial step during an inflammatory
response. Adhesion molecules, such as intercellular
adhesion molecule-1 (ICAM-1), play a major part
in this process by mediating adherence of leukocytes
to endothelium and initiating extravasation of these
cells [4]. ICAM-1, a member of the immunoglobulin
superfamily, is a cell surface glycoprotein and a ligand
for the b2 integrins CD11a/CD18 (leukocyte function-
associated antigen-1) and CD11b/CD18 (Mac-1). In
the vascular compartment, b2 integrin molecules
reacting with endothelial cell "counter-receptors",
such as ICAM-1, mediate firm adhesion of the
leukocytes to the endothelium [5]. Epithelial ICAM-
1, however, has been characterized much less and
its functional role might be different from that of
endothelial ICAM-1. Previous studies hypothesized
that in cases of inflammatory response, leukocytes
from the extravascular space penetrate through the

alveolar epithelial barrier and reach the alveolar
space, where they interact with alveolar epithelial
cells (AECs) [6]. Furthermore, it is known that poly-
morphonuclear cells (PMNs) can impair the integrity
of endothelial cells and even kill microvascular endo-
thelial cells [7]. One of the goals of the present work
was, therefore, to investigate the eventual effect of
PMNs on respiratory epithelial cells.

Distal airway epithelial cells are vital for main-
tenance of the pulmonary air/blood barrier. Gaseous
diffusion occurs across alveolar type I cells, large
thin cells that cover the majority of the alveolar
surface. Type II cells, however, are cuboidal cells that
produce pulmonary surfactant. They are also pro-
genitor cells, proliferating and differentiating into type
I cells [8]. AECs are known to play a major role in
the regulation of immune responses in the lung [9, 10].
Although it is known that ICAM-1 is expressed
on AECs, the exact role of epithelial expression in
lipopolysaccharide (LPS)-induced lung injury has not
been demonstrated to date.

In the present study, the in vitro and in vivo
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expression of the adhesion molecule ICAM-1 on
AECs was evaluated and their functional implications
assessed.

The results of this study must be interpreted with
the understanding that in vitro and in vivo animal
studies of LPS-induced lung injury are experimental
systems, which might not fully reproduce clinical
situations. However, investigations using this and
similar models have enormously advanced the under-
standing of inflammation and will provide further
insight into the immunopathology underlying human
septic situations.

Material and methods

Material

Except where noted, all reagents were purchased
from Sigma (Buchs, Switzerland).

Animals

Pathogen-free male Long-Evans rats (250–300 g)
were purchased from M & B, Ry, Denmark. Rats
were anaesthetized with subcutaneously adminis-
tered Hypnorm1 (fentanyl/fluonisone; Janssen, Beerse,
Belgium) 0.25 mL?kg body weight-1, Domitor1
(medetomidine; Pfizer, Inc., Westchester, PA, USA)
0.25 mL?kg body weight-1 and 0.1% atropine 0.05 mL?
kg body weight-1. All animal experiments and animal
care were approved by the Swiss Veterinary Health
Authorities.

Isolation and culture of alveolar epithelial cells

AECs from rat lungs were collected following
previously described protocols [11, 12]. Cells were
grown to confluence over a 3-day period. Purity was
assessed using a fluorescein-labelled lectin, Griffonia
simplicifolia I (macrophage staining).

Stimulation with lipopolysaccharide and cytokines

Confluent AECs were stimulated overnight with
various agents: LPS (Escherichia coli, serotype
055:B5) at 100 mg?mL-1, recombinant mouse tumour
necrosis factor-a (TNF-a) at 20 ng?mL-1 and inter-
feron gamma (IFN-c) at 500 U?mL-1. Prior to cell
stimulation, the medium was changed to Dulbecco
modified Eagle medium (DMEM)/1% foetal bovine
serum (FBS).

Northern blot for intercellular adhesion molecule-1

Ribonucleic acid (RNA) was extracted from con-
fluent monolayers of unstimulated (control) and
stimulated AECs using TRIZOL1 (Life Techno-
logies, Basel, Switzerland), chloroform (Fluka, Buchs,
Switzerland) and isopropanol (Fluka). The RNA
(5 mg) was loaded on to a 1% agarose/formaldehyde
gel. After electrophoresis, the RNA was transferred

to a nylon Zeta-Probe1 blotting membrane (BioRad,
Hercules, CA, USA). Equal loading was confirmed
by rehybridization with b-actin. The RNA was cross-
linked using an ultraviolet filter and the blots were
prehybridized for 30 min. Hybridization was per-
formed overnight with a 32P-labelled probe using a
random priming method (Life Technologies). The
blots were exposed to XAR5 Kodak film at -70uC.

Enzyme-linked immunosorbent assay for intercellular
adhesion molecule-1 expression

To determine ICAM-1 expression on the surface
of AECs, a cell-based enzyme-linked immunosorbent
assay (ELISA) was performed according to a pre-
vious protocol [13]. Final optical density (OD) at
492 nm was calculated by subtracting the OD of cells
incubated with the secondary antibody alone or with a
control antibody (mineral oil-induced plasmocytoma
cell (MOPC) 21, mouse immunoglobulin-G (IgG))
(Pharmingen, San Diego, CA, USA) from the OD of
cells incubated with primary and secondary antibody
together.

Preparation of neutrophils

Whole blood was obtained from healthy human
volunteers and neutrophils were isolated as described
previously [13, 14]. Neutrophils were pre-incubated
with blocking antibodies to FcRII (mouse antihuman
CD32) and FcRIII (mouse antihuman CD16, Phar-
mingen) (10 mg?mL-1) at 37uC for 15 min, washed and
added to the wells.

Assay of neutrophil adherence to alveolar epithelial cells

AECs were added to 96-well plates at a density of
56104 cells?well-1 and grown to confluence at 37uC
in 5% carbon dioxide. Cells were stimulated with
100 mg?mL-1 LPS overnight, washed six times and
then incubated with monoclonal mouse anti-ICAM-1
(10 mg?mL-1, 1A29; Serotec, Oxford, UK) or control
antibody (10 mg?mL-1, MOPC-21) at 37uC in 5% CO2

for 20 min. After washing the cells once with DMEM/
10% FBS, 16105 neutrophils, previously incubated
with FcRII and FcRIII, were added to each well and
incubated at 37uC in 5% CO2 for 30 min. Nonadher-
ent cells were removed by washing each well four
times with culture medium. The remaining neutrophils
were counted immediately using a cell chamber.

Alveolar macrophages: isolation, preparation and
adherence to alveolar epithelial cells

Rat alveolar macrophages were harvested as
described previously [15]. Unstimulated and stimu-
lated AECs were incubated with anti-ICAM-1 (1A29)
or control antibody (MOPC-21) at a concentration of
10 mg?mL-1 at 37uC for 20 min. Macrophages were
preincubated with blocking antibodies to FcRII and
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FcRIII, as described above. AECs were washed and
incubated with macrophages at 37uC in 5% CO2 for
30 min. Nonadherent cells were washed away and
adherent cells were counted.

Cytotoxicity assay

Cytotoxicity was measured using a standard lactate
dehydrogenase (LDH) assay (Promega, Madison, WI,
USA). AECs were seeded into the wells of a 96-well
culture dish, as described above. Cells were stimulated
with 100 mg?mL-1 LPS overnight. Neutrophils (16106)
in phosphate-buffered saline (PBS; pH 7.4)/0.02%
bovine serum albumin (BSA) were added to each
well. The neutrophils were allowed to settle on to
the epithelial cell monolayer for 30 min before being
stimulated with phorbol 12-myristate 13-acetate
(PMA) (100 ng?well-1). After incubation for 2 h,
the supernatant was removed from each well and
centrifuged at 7006g for 5 min. Some AECs were
incubated with lysing solution (from assay kit) for
45 min (target cell maximum LDH release). Super-
natant was also collected from wells of AECs that had
not been incubated with neutrophils (spontaneous
LDH release). Cytotoxicity was calculated according
to the following formula:

Cytotoxicity (%)~
ER{SR

TR{SR
|100 ð1Þ

where ER is experimental release, SR is spontaneous
release, and TR is total release.

Fluorescence staining for intercellular adhesion
molecule-1 in lipopolysaccharide-injured lungs

LPS resuspended in PBS or PBS alone (control
animals) was applied intratracheally, as described
previously [16]. After 6 h, rat lungs were frozen in
liquid nitrogen. Dual staining was performed with
anti-ICAM-1 and a monoclonal goat antimouse
vascular endothelial (VE) cadherin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Sections
were incubated with control antibody or with the
secondary antibody alone. All antibodies were diluted
in PBS/1% BSA. Slides were fixed with 3% parafor-
maldehyde (PFA), blocked with PBS/10% FBS and
incubated overnight with anti-VE cadherin at a
concentration of 10 mg?mL-1 in PBS/1% BSA/0.3%
Triton X-100 at 4uC. Incubation with a flurorescein
isothiocyante (FITC)-labelled secondary rabbit anti-
goat IgG followed. Slides were then fixed with 3%
formalin, which was followed by ICAM-1 staining.
Mouse antirat ICAM-1 was diluted to 1 mg?mL-1

and incubated with the slides at 4uC for 1 h. Staining
with a secondary Cy3-goat antimouse IgG conjugate
(1:500, Jackson Immunoresearch Laboratories, Inc.,
West Grove, PA, USA) was performed. Finally, sec-
tions were covered with mounting medium (DAKO
Corporation, Carpinteria, CA, USA) containing 1,4-
diazabicyclo[2.2.2]octane. Immunofluorescence stain-
ing was examined using a confocal laser scanning
microscope (Zeiss, Jena, Germany).

A second dual staining was performed with anti-
ICAM-1 and a type II cell antibody directed against
the type IIb sodium phosphate (NaPi) cotransporter,
which is exclusively found in the apical membrane of
type II cells of the alveolar epithelium [17]. Sections
were first incubated with anti-ICAM-1 and the
secondary Cy3-labelled antibody as described above.
Sections were then fixed with 3% PFA and incu-
bated overnight with anti-NaPi-IIb antiserum (diluted
1:500 in PBS/1% BSA/0.3% Triton X-100) at 4 uC.
A secondary FITC-labelled pig antirabbit antibody
(DAKO Corporation) was added. The final steps were
the same as described above.

In vivo blocking studies with intercellular adhesion
molecule-1 antibody

Rats were anaesthetized as described above. LPS
(150 mg), together with 200 mg polyclonal rabbit
antirat ICAM-1, was instilled intratracheally in
300 mL PBS [18]. IgG was used as a control.
Bronchoalveolar lavage (BAL) was performed and
cells were counted and stained with Diff Quick
(Dade Behring, Duedingen, Switzerland) after 4 h of
injury. Lungs were homogenized and myeloperoxidase
(MPO) levels were determined after 240 s, as pre-
viously described [19].

Lactate dehydrogenase release

In order to evaluate the toxicity of the cytokine
and LPS concentrations employed, LDH levels in
the supernatants of stimulated and unstimulated cells
were measured using a nonradioactive assay system
(Promega).

Statistical analysis

All experiments were performed at least three
times. Three different sets of ELISAs were analysed.
Analysis of variance (ANOVA) with post-ANOVA
comparison was performed to assess the significance
of differences. A p-value of v0.05 was considered
significant. All values are expressed as mean¡SEM.

Results

Characterization of alveolar epithelial cells

Monolayers of AECs were stained to detect macro-
phages. There wasv5% contamination. If the cultures
were v95% pure, they were not used for further
experiments.

Upregulation of rat intercellular adhesion molecule-1
and its messenger ribonucleic acid in stimulated
alveolar epithelial cells

In order to define the expression pattern of ICAM-1
under different stimulation conditions, AECs were
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exposed overnight to several agonists, including LPS
(100 mg?mL-1), recombinant mouse TNF-a (20 ng?mL-1)
and recombinant rat IFN-c (500 U?mL-1). LDH
assays demonstrated all the concentrations described
above to be nontoxic (data not presented). The
relatively high concentration of LPS was chosen in
accordance with the in vivo assay and pre-existing data
[13]. In addition, concentration-dependent ICAM-1
expression revealed the same results with 10 and
100 mg?mL-1 LPS stimulation. Figure 1a shows up-
regulation of ICAM-1 in AEC primary culture 24 h
after stimulation with any of the three agonists. LPS
enhanced ICAM-1 expression by 39%, TNF-a by 21%
and IFN-c by 13%. ICAM-1 expression on stimulated
cells was significantly increased compared to expres-
sion on control cells (pv0.01). At the messenger
RNA (mRNA) level there was a similar result, with
the most prominent upregulation of ICAM-1 occur-
ring under LPS stimulation, as assessed by Northern
blot (fig. 1b).

Time course of upregulation of rat intercellular
adhesion molecule-1 and its messenger ribonucleic acid
in stimulated alveolar epithelial cells

A time course was established for upregulation of
ICAM-1 and ICAM-1 mRNA in primary cultures
of AECs stimulated with LPS. Cells were incubated
for 2, 4, 6, 8 and 24 h with LPS (100 mg?mL-1) and
a cell-based ELISA for ICAM-1 was performed.
Control cells were exposed to PBS instead of LPS.
Maximal expression of ICAM-1 occurred after 6 h
(36% increase; pv0.01) (fig. 2a). Upregulation of
ICAM-1 mRNA is shown in figure 2b. Early expres-
sion started after 2 h with sustained expression for
¡24 h. A relatively high baseline expression of ICAM-1
was found. This finding is in contrast with the result
with L2 cells, where there was only slight expression
in unstimulated cells [13].

As only a 40% increase in cell surface ICAM-1
expression was seen after LPS stimulation, compared
to the significant increase in ICAM-1 mRNA levels,
soluble ICAM-1 concentrations in the media were
measured by Western blot. Interestingly, there was
no difference between ICAM-1 concentrations in the
supernatant from control cells and LPS-stimulated
cells.

Adherence of neutrophils and alveolar macrophages to
alveolar epithelial cells

In order to evaluate the biological implications of
ICAM-1 expression on AECs, adherence assays were
performed with neutrophils and alveolar macro-
phages. Neutrophil adherence to unstimulated AECs
was appreciable (35 adherent cells?square-1) (fig. 3).
Compared to unstimulated AECs, the adherence of
neutrophils to LPS-stimulated AECs increased by
114% (75 adherent cells?square-1). Neutrophil adher-
ence to stimulated AECs decreased by 40% (pv0.001)
in the presence of blocking antibodies to ICAM-1. At
the beginning of the experiment, different antibody
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Fig. 1. – Upregulation of a) rat intercellular adhesion molecule-1
(ICAM-1) protein and b) ICAM-1 messenger ribonucleic acid
(mRNA) in alveolar epithelial cells. Cells were unstimulated (con-
trol (C)) or stimulated with lipopolysaccharide (LPS; 100 mg?mL-1),
recombinant mouse tumour necrosis factor-a (TNF-a; 20 ng?mL-1)
or recombinant rat interferon-c (IFN-c; 500 U?mL-1) for 24 h. a)
ICAM-1 measured by enzyme-linked immunosorbent assay
(ELISA). Three ELISAs were evaluated. Data are expressed as
mean¡SEM. b, c) Northern blot (5 mg ribonucleic acid). Equal
loading was shown by rehybridization with b-actin (c). All
stimulated cells showed increased ICAM-1 mRNA levels, with
LPS being the most potent agent. **: pv0.01 versus control.
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concentrations in the range 5–100 mg?mL-1 were
evaluated, with 10 mg?mL-1 being the most efficient
concentration concerning blockade.

Similar adherence assays were performed with
rat alveolar macrophages obtained from normal rat
lungs by BAL. Adherence to nonstimulated AECs
was 38 cells?square-1, increasing to 55 cells?square-1

in LPS-stimulated AECs (45% increase). Blocking of
ICAM-1 on the surface of AECs before incubation
with macrophages resulted in a decrease in adhesion
to stimulated AECs by 28% (pv0.001) (fig. 4).

Damage to alveolar epithelial cells caused by neutrophils

The ability of neutrophils to damage AECs was
examined. PMA-stimulated neutrophils were incu-
bated with LPS-stimulated AECs or with control cells
for 2 h. Figure 5 shows LDH release as an indirect
measure of cell death. Neutrophils as a source of
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Fig. 3. – Adherence of neutrophils to alveolar epithelial cells
(AECs) unstimulated (control; h) or stimulated (u) overnight
with lipopolysaccharide (LPS; 100 mg?mL-1). Blocking intercellular
adhesion molecule-1 (ICAM-1) with monoclonal mouse antirat
ICAM-1 (1A29; 10 mg?mL-1) resulted in decreased adherence of
neutrophils to AECs compared to control antibody (40% less on
stimulated cells). The results of three single assays were analysed.
Data are expressed as mean¡SEM. **: pv0.001.
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Fig. 2. – Time course of upregulation of a) intercellular adhesion
molecule-1 (ICAM-1) protein and b) ICAM-1 messenger ribonu-
cleic acid (mRNA) in alveolar epithelial cells incubated with LPS.
a) ICAM-1 measured by enzyme-linked immunosorbent assay
(ELISA). Three ELISAs were evaluated. A 36% increase in ICAM-1
was seen after 6 h. Data are expressed as mean¡SEM. b, c) Northern
blot (5 mg ribonucleic acid). Equal loading was shown by rehy-
bridization with b-actin (c). Maximal expression of ICAM-1 mRNA
occurred within 2 h. **: pv0.01 versus time 0 (control).
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Fig. 5. – Alveolar epithelial cell (AEC) killing by phorbol 12-
myristate 13-acetate (PMA)-stimulated neutrophils (100 ng?well-1).
AECs were unstimulated (control) or stimulated overnight with
lipopolysaccharide (LPS; 100 mg?mL-1) and then incubated with
PMA-stimulated neutrophils for 2 h. Data are expressed as
mean¡SEM. The experiment was carried out three times with
similar results. pv0.005.
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Fig. 4. – Adherence of alveolar macrophages to alveolar epithelial
cells (AECs) unstimulated (control; h) or stimulated (u) over-
night with lipopolysaccharide (LPS; 100 mg?mL-1). A modest
decrease in adherence of macrophages to stimulated AECs (28%)
occurred in the presence of anti-intercellular adhesion molecule-1
(ICAM-1). The results of three single assays were analysed. Data
are expressed as mean¡SEM. **: pv0.001.
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possible LDH release could be excluded by trypan
blue staining, which showed them to be intact.
Control AECs exposed to stimulated neutrophils
showed a cytotoxicity of 30%, whereas that of LPS-
stimulated AECs increased to 54% (pv0.005).

In vivo upregulation of rat intercellular adhesion
molecule-1 in lungs after stimulation with
lipopolysaccharide

In order to study upregulation of airway ICAM-1
by LPS in vivo, sections of LPS- or PBS-treated

lungs were used for immunostaining to assess
ICAM-1 content. Costaining with VE cadherin and
ICAM-1 showed clear ICAM-1 expression on endo-
thelial cells in control lungs (fig. 6a). The pattern
in LPS-stimulated lungs was similar, but with a
clear increase in nonendothelially localized ICAM-1
(fig. 6b).

In addition, type II cell staining was performed
to evaluate ICAM-1 expression on type I and type II
cells. Interestingly, there was no ICAM-1 expression
on type II cells in control animals (fig. 6c) or LPS-
stimulated animals (fig. 6d).

a) b)

c) d)

Fig. 6. – Immunofluorescence staining of intercellular adhesion molecule-1 (ICAM-1) in rat lung after harvesting 6 h after intratracheal
instillation of: a, c) phosphate-buffered saline (PBS); and b, d) lipopolysaccharide (LPS). Frozen sections were immunostained for ICAM-1
(red) and vascular endothelial (VE)-cadherin (green; a and b) or the type IIb sodium phosphate cotransporter (green; c and d). a) The
yellow/orange colour represents double staining for ICAM-1 and VE-cadherin (arrow). The asterisk indicates a vessel lumen with yellow/
orange vascular endothelial lining. b) The red lined area (arrow) shows epithelial ICAM-1. Internal scale bars=a, b) 20 mm and c, d) 10 mm.
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Airway blocking of intercellular adhesion molecule-1

Airway ICAM-1 was blocked using a polyclonal
antibody [18]. Of the BAL fluid cells analysed with
Diff Quick, 95% were neutrophils and 5% macro-
phages. After ICAM-1 blockade, the total BAL fluid
cell content was reduced by 50% (pv0.05) (fig. 7),
whereas MPO levels were reduced by 35% (pv0.01)
compared to controls (fig. 8).

Discussion

Cytokines and LPS have been used extensively for
stimulation of ICAM-1 expression on endothelial cells
[3, 16, 20, 21]. For the airway compartment, however,
there is only limited information available concern-
ing ICAM-1 upregulation and its possible biological
function. As shown in previous studies, ICAM-1 is
expressed on the bronchial epithelium (upper airways)
and can also be induced there by instillation of LPS
in vivo [16]. A functional role of ICAM-1 on bronchial
cells in the pathogenesis of asthma has been sug-
gested [22]. Although earlier studies demonstrated
that ICAM-1 was not upregulated by cytokines or
endotoxin on AECs in vitro [23], recent data have
shown different results. FAKLER et al. [24] demon-
strated clear upregulation of ICAM-1 on human
AECs after LPS stimulation. On L2 cells, a line of rat
AECs, increased ICAM-1 expression was seen exclu-
sively on the apical part of the cell, assuming that
interactions between neutrophils in the alveolar space
and AECs were limited to this apical surface [13].
In addition, DENTENER et al. [25] described a human
AEC line producing LPS-binding protein in response
to interleukin-1b and TNF-a. The results of this
group also implicated these cells in the inflamma-
tory processes. In the in vitro studies presented here,
enhancement of ICAM-1 expression in AEC culture
in response to stimulation was also observed.

The first part of the present study was undertaken
to assess regulation of ICAM-1 on AECs after
exposure to TNF-a, IFN-c and LPS. The study
clearly showed upregulation of ICAM-1 protein
and ICAM-1 mRNA after stimulation with any of
these three agonists. LPS was demonstrated to cause
the strongest upregulation. A similar LPS-induced
increase has previously been shown on alveolar
macrophages [16, 18]. The macrophages, however,
displayed a faster pattern of surface ICAM-1 upregu-
lation than the AECs used in the present studies.
This could be due to the fact that macrophages are
the first cells interacting with a foreign substance
in the airways. In addition to these in vitro results, the
present data provide evidence that in vivo ICAM-1
expression on AECs can indeed be upregulated by
exposure to LPS. Therefore, these studies provide
strong evidence that epithelial upregulation of
ICAM-1 occurs not only in bronchial cells (proximal
airways) [16] but also on AECs (distal airways).

Compared to a line of AECs (L2 cells), ICAM-1
upregulation on AECs in primary culture revealed
a similar expression pattern. With both cell types, a
seven-fold increase in ICAM-1 mRNA levels was
seen. However, baseline expression of ICAM-1 on
L2 cells was significantly lower. This might be due to
the fact that primary culture cells reflect type I rather
than type II character. Type II staining of AEC
primary cultures showed that the majority of the cells
did not have type II character after 3 days in culture
(data not shown).

The results of the adherence assays clearly demon-
strate a functional role for ICAM-1 in the adhesion
of neutrophils and macrophages to stimulated AECs.
However, it appears that other adhesion molecules
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Fig. 8. – Neutrophil content of rat lung after intratracheal inter-
cellular adhesion molecule-1 (ICAM-1) blockade in the lipo-
polysaccharide (LPS)-injured lung. Lungs were instilled with
phosphate-buffered saline (PBS; h) or LPS (u) in the presence of
immunoglobulin-G (IgG) or anti-ICAM-1 (200 mg?mL-1). The vas-
cular system of the lungs was flushed 4 h later and the broncho-
alveolar system lavaged. This was followed by determination of
myeloperoxidase (MPO) levels, a measure of neutrophil content.
Blocking airway ICAM-1 reduced MPO levels by 35%. Data are
expressed as mean¡SEM (n=5). AU: arbitrary units. **: pv0.01.

0

10

20

30

40

50
To

ta
l c

el
l c

ou
nt

  c
el

ls
×1

0-
6

IgG Anti-ICAM-1
Treatment

*

Fig. 7. – Total cell count in bronchoalveolar lavage fluid from rat
lung after intratracheal intercellular adhesion molecule-1 (ICAM-
1) blockade in the lipopolysaccharide (LPS)-injured lung. Lungs
were instilled with phosphate-buffered saline (PBS; h) or LPS (u)
in the presence of immunoglobulin-G (IgG) or anti-ICAM-1
(200 mg?mL-1). The vascular system of the lungs was flushed 4 h
later and the bronchoalveolar system lavaged four times with cold
PBS. Blocking airway ICAM-1 reduced the cell count by 50% in
bronchoalveolar lavage fluid. Data are expressed as mean¡SEM

(n=5). *: pv0.05.
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are also involved in this process, since only y40%
of neutrophil adherence could be blocked by anti-
ICAM-1. Adherence of neutrophils to LPS-stimulated
AECs was much more robust than that of macro-
phages. In stimulated AECs, adhesion of neutrophils
increased 114% as compared to macrophages, which
increased 45%. Increased adhesiveness between
pneumocytes and neutrophils or macrophages in
the setting of an inflammatory response would be
expected to lead to intensified injury of the alveolar
cell-lined barrier. The present in vitro studies with
AECs incubated with PMA-stimulated neutrophils sup-
ported this. LPS-stimulated AECs showed enhanced
cytotoxicity, implying that neutrophil adherence
induces AEC killing. Although several recent studies
have shown endothelial cell killing by neutrophils
[26, 27], the present study suggests susceptibility of
epithelial cells to injury related to AEC stimulation
by LPS.

Airway instillation of antirat ICAM-1 demon-
strated protective effects in the present studies. Simi-
lar results were seen with intravenous blockade of
ICAM-1 in mice after intratracheal instillation of LPS
[28]. A protective effect of intratracheally-applied
anti-ICAM-1 was also found in an IgG immune
complex-mediated lung injury [29]. In a model of
Klebsiella pneumoniae-induced lung injury, however,
epithelial blockade of ICAM-1 resulted in an impaired
ability to clear K. pneumoniae from the lungs [30],
implying that ICAM-1 also plays an important role
in host defence. The present data are in contrast
to these findings, for which there could be several
reasons. One striking difference might be the severity
of the injury. Although the K. pneumoniae-induced
injury is described as causing mild inflammation, the
endotoxin-induced injury is severe in terms of the
inflammatory response. This is reflected by the cell
count in BAL fluid being doubled in the bacterially-
induced injury as opposed to the endotoxin evoking
a 10-fold increase. Furthermore, O9BRIEN et al. [30]
assessed the effect of anti-ICAM-1 after 24 h, whereas
the present studies were performed after 4 h. Further-
more, upregulated ICAM-1 expression on different
cell types (epithelial cells and macrophages) might
not have the same effect in the inflammatory cascade.
In addition, ICAM-1 might show pleiotropic effects
depending on the time point of the response to injury.
For instance, at an early time point after injury it
might have pro-inflammatory character, whereas at
a later time point, enhanced ICAM-1 expression
might be protective. Blockade of ICAM-1 on alveolar
macrophages could be excluded in the present study,
as there was no increased ICAM-1 expression seen on
macrophages after 4 h [16].

One interesting finding was the fact that ICAM-1
was not expressed on type II cells. The staining
showed exclusively type I-located ICAM-1 expression.
These data support previous in vitro results [23]. Type
II cells have two functions: surfactant expression
and conversion into type I cells. This mitotic and
secretory activity might be one reason for the lack
of immunoreactivity of these cells. Conversely, down-
regulation of the detected protein as a possible

explanation for the absence of immunofluorescence
staining cannot be fully excluded.

In conclusion, the present studies demonstrate that
intercellular adhesion molecule-1 is upregulated on
alveolar epithelial cells in vitro and in vivo following
lipopolysaccharide stimulation. The increased expres-
sion of intercellular adhesion molecule-1 leads to
enhanced adherence of neutrophils and macrophages,
clearly demonstrating a biological function of inter-
cellular adhesion molecule-1 on alveolar epithelial
cells. Intercellular adhesion molecule-1-mediated neu-
trophil adherence to lipopolysaccharide-stimulated
alveolar epithelial cells triggers alveolar epithelial
cell injury with increased cytotoxicity. These studies
indicate that the lower airway compartment plays
an important role in endotoxin-induced inflammation.
Again, these in vitro and in vivo studies may not
fully reflect endotoxin-induced lung injury in patients.
Further investigations providing clinical data will
increase understanding of the corresponding clinical
situation.
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