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ABSTRACT: Bleomycin-induced lung injury has been extensively used as a model of
interstitial pneumonia and pulmonary fibrosis. Intercellular adhesion molecule
(ICAM)-1 is a ligand for lymphocyte function-associated antigen (LFA)-1a and has
been shown to be required for leukocyte migration into inflamed areas. The purpose
of this report was to investigate the role of the ICAM-1/LFA-1a pathway in a murine
model of bleomycin-induced lung injury.

Animals received 75 mg.kg-1 bleomycin (BLM) i.v. followed by treatment with
phosphate-buffered saline (BLM group), anti-ICAM-1 and LFA-1a monoclonal
antibodies (mAb) (BLM+mAb group). Inflammatory cell counts of bronchoalveolar
lavage (BAL) fluid, hydroxyproline content and histological findings were compared
between these groups.

In the BLM group, significant increases in total cell count, macrophage count and
neutrophil count of BAL fluid were observed on days 7 and 14. In the BLM+mAb
group, bleomycin-induced accumulation of neutrophils was significantly reduced on
days 7 and 14 (p<0.01). However, the administration of mAb to ICAM-1 and LFA-1a
did not decrease the lung hydroxyproline content or the histopathological fibrosis
grading score, indicating that the antagonism of ICAM-1 and LFA-1a did not
attenuate bleomycin-induced pulmonary fibrosis.

This study suggests that the intercellular adhesion molecule-1/lymphocye function-
associated antigen-1a pathway mediates the accumulation of inflammatory cells in the
injured lung caused by bleomycin; however, other mechanisms are important for the
subsequent development of pulmonary fibrosis.
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Pulmonary fibrosis is characterized by the presence of
chronic inflammation and increased deposition of collagen
in lung parenchyma [1, 2]. Bleomycin is a well-known
toxic substance which produces lung injury and pulmonary
fibrosis in both humans and other animals. Bleomycin-
induced lung injury has been extensively used as a model
of interstitial pneumonia and pulmonary fibrosis [3±6].
Many types of cell, such as macrophages, neutrophils and
lymphocytes, are potential participants in the inflammatory
process of pulmonary fibrosis. In particular, macrophages
recruited to the lung are generally supposed to be involved
in the evolution of pulmonary fibrosis by the secretion of
fibrogenic cytokines [1, 4, 5, 7], whereas the neutrophils
accumulated in the lung are supposed to play some role in
ameliorating fibrogenesis [3, 8].

In the process of leukocyte migration into inflamed tissue,
it is essential for leukocytes to adhere to the microvascular
endothelium [9]. Intercellular adhesion molecule (ICAM)-
1 is a member of the immunoglobulin (Ig) superfamily and
a ligand for lymphocyte function-associated antigen (LFA)-
1a [10]. It has been reported that ICAM-1 is required for
leukocyte migration into inflamed areas [11±13] and plays
an important role in inflammatory pulmonary disease, in-

cluding bronchial asthma and hyperoxia-induced damage
[14±16]. The purpose of this report was to investigate the
role of the ICAM-1/LFA-1a pathway in a murine model of
lung injury and the subsequent development of pulmonary
fibrosis induced by bleomycin.

Materials and methods

Monoclonal antibodies

A rat anti-mouse ICAM-1 monoclonal antibody (mAb;
clone KAT-1, rat IgG2a) [17] and a rat anti-mouse LFA-1a
(CD11a) mAb (clone KBA, rat IgG2a) [18, 19] were
purchased from Seikagaku Co. (Tokyo, Japan). A control
polyclonal rat IgG was purchased from Organo Teknika
Corporation (Durham, NC, USA). These mAb and IgG
were free from azide and other preservatives.

Preparation of animals

Seventy-one male 8-week-old Institute for Cancer Re-
search (ICR) mice (Japan S.L.C., Shizuoka, Japan), weigh-
ing 33±35 g, were studied and maintained in a specific
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pathogen-free environment. Mice were divided into four
experimental groups: 1) saline-i.v.-challenged, phosphate-
buffered saline (PBS)-treated group (control (CTRL),
group, n=27); 2) bleomycin (BLM)-i.v.-challenged, PBS-
treated group (BLM group, n=22); 3) bleomycin-i.v.-
challenged, anti-ICAM-1 and LFA-1a mAb-treated group
(BLM+mAb group, n=21); and 4) bleomycin-i.v.-chal-
lenged, control IgG-treated group (BLM+IgG group,
n=21). The mice in the BLM, BLM+mAb and BLM+IgG
groups received i.v. 75 mg.kg-1 of bleomycin (Nippon
Kayaku Co., Tokyo, Japan). The mice in the CTRL group
received i.v. the same volume of saline (0.15 mL).
Immediately after bleomycin or saline injection, animals in
the CTRL and BLM groups were treated i.v. with 0.20 mL
of PBS, followed by i.p. administration of 0.3 mL of PBS.
The mice in the BLM+mAb group were treated i.v. with
0.7 mg.kg-1 of anti-mouse ICAM-1 mAb and 0.7 mg.kg-1

of antimouse LFA-1a mAb, followed by i.p. administra-
tion of 1.0 mg.kg-1 of anti-mouse ICAM-1 mAb and 1.0
mg.kg-1 of anti-mouse LFA-1a mAb. The mice in the
BLM+IgG group were treated i.e. with 1.4 mg.kg-1 of con-
trol rat IgG, followed by i.p. administration of 2.0 mg.kg-1

of control rat IgG. At days 3 and 5 after bleomycin or
saline administration, animals in each group received i.p.
the same amount of PBS, anti-mouse ICAM-1 and anti-
mouse LFA-1a mAb and control IgG, respectively.

Bronchoalveolar lavage fluid and assessment of differ-
ential cell count

On days 7 and 14 after i.v. bleomycin administration,
bronchoalveolar lavage (BAL) was performed (0.7 mL
saline administered three times) in five animals from each
group. After the BAL fluid was centrifuged, the total and
differential cell counts of the BAL fluid were determined
from the cell fraction.

Lung hydroxyproline contents

To estimate the total lung collagen content, the hyd-
roxyproline content was measured according to an est-
ablished method with modifications in five or 11 animals
in each group on day 14 [20]. In brief, the whole lung from
each animal was dissected free of the major bronchi. The
lobes were homogenized and then hydrolysed in 6 N HCl
for 24 h at 1108C. After centrifugation, the hydrolysate was
neutralized with KOH. Each 0.25 mL of sample was mixed
with 0.25 mL of 0.01 M CuSO4, 0.25 mL of 2 N NaOH
and 0.25 mL of 6% H2O2. Then, each sample was analysed
colorimetrically for hydroxyproline content after the
addition of 1 mL of 1.5 N H2SO4 and 0.5 mL of 5%

dimethylaminobenzaldehyde. The hydroxyproline concen-
tration of each sample was determined from the standard
curve giving the absorbance at 560 nm by the known
concentrations of reagent hydroxyproline.

Histopathology

Thirty-five days after bleomycin or saline administra-
tion, six animals from each group were killed by cervical
dislocation followed by exsanguination. Midsagittal 5-mm
thick sections of paraffin-embedded lung tissues were
prepared and stained with Azan. The severity of pul-
monary fibrosis in these sections was scored semiquanti-
tatively according to the method of ASHCROFT et al. [21],
with minor modifications [22], as follows. Grade 1: normal
lung; grade 2: minimal fibrotic thickening of alveolar or
bronchial walls; grade 3: moderate thickening of walls
without obvious damage to lung architecture; grade 4:
increased fibrosis with definite damage to lung structure
and formation of fibrous bands or small fibrous masses;
and grade 5: severe distortion of structure and large fibrous
areas. The grading was performed in a double-blind
fashion by examining more than 10 fields selected at
random in each section.

Data analysis

Parametric comparisons of data among the four ex-
perimental groups were carried out with analysis of vari-
ance (ANOVA) in conjunction with Fisher's least squares
difference (LSD) test. In a histopathological study, non-
parametric comparison were made by the Kruskal±Wallis
test in conjunction with the ScheffeÂ multiple-comparisons
t-test. Data were expressed as mean�SEM. A p-value <0.05
was taken as significant.

Results

Bronchoalveolar lavage fluid and assessment of differ-
ential cell count

The recovery rates of BAL and total cell count of BAL
fluid on days 7 and 14 after bleomycin treatment are shown
in tables 1 and 2. Macrophages, lymphocyte and neutrophil
counts in each experimental group on days 7 and 14 are
shown in figures 1 and 2, respectively. There were no
significant differences in the recovery rate of BAL among
the four groups (tables 1 and 2). The number of mac-
rophages, lymphocytes and neutrophils in the BLM group

Table 1. ± Bronchoalveolar lavage on day 7

CTRL BLM BLM+mAb BLM+IgG

Recovery rate % 84.4�2.7 85.9�3.3 84.5�3.5 90.2�2.1
(range) (77.6±90.5) (76.2±95.2) (71.4±90.5) (85.7±95.2)
Total cell count 6104 4.7�0.9 74.3�21.4** 23.6�3.0{ 26.8�5.2{

Values are means�SEM. CTRL: saline-challenged, phosphate-buffered saline (PBS)-treated group; BLM: bleomycin-challenged, PBS-
treated group; BLM+mAb: bleomycin-challenged, anti-intercellular adhesion molecule-1 and lymphocyte function-associated antigen-
1a monoclonal antibody-treated group; BLM+IgG: bleomycin-challenged, control immunoglobulin G-treated group. There were five
animals in each group. **: p<0.01 versus CTRL group; {: p<0.01 versus BLM group.
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was significantly greater than in the CTRL group on days 7
and 14 (p<0.01).

Bleomycin-induced increases in total cell count, the
number of macrophages and neutrophils were significantly
attenuated by the treatment with anti-ICAM-1 and LFA-1a
mAb after bleomycin challenge on days 7 and 14 (tables 1
and 2, figs. 1 and 2). However, the treatment of control IgG
did not decrease the number of neutrophils significantly at
either time point. Both the treatment with anti-ICAM-1 and
LFA-1a mAb and that with control IgG decreased the
number of lymphocytes on days 7 and 14 and the number
of macrophages on day 7.

Hydroxyproline content of bleomycin-treated lungs

Fourteen days after bleomycin treatment, total lung col-
lagen, as measured by hydroxyproline content, increased in
the BLM group (69.9% increase, p<0.01). Figure 3 shows
the lung hydroxyproline content of each experimental
group. The lung hydroxyproline content in both the BLM+
mAb group and the BLM+IgG group was not different
from that in the BLM group.

Histopathology

There was no fibrotic lesion in tissue sections from
control animals on day 14. In contrast, peripleural fibrosis
was observed in both the BLM and BLM+mAb groups, as
assessed by haematoxylin and eosin (H&E) staining and
Azan staining (fig. 4).

Photomicrographs of representative Azan staining of
parenchymal tissue from the CTRL, BLM and BLM+mAb
group animals on day 35 after bleomycin treatment are
shown in figure 5. Increased fibrosis with definite damage
to the lung structure and formation of small fibrous masses
was observed in the BLM and BLM+mAb group animals.

The fibrosis grading score in the BLM group on day 35
was significantly higher than that in the CTRL group (p<
0.01) (fig. 6). However, there were no significant differ-
ences in fibrosis grading scores among the BLM, BLM+
mAb and BLM+IgG groups. These results indicate that
there were no significant inhibitory effects of anti-ICAM-
1/LFA-1a mAb on pulmonary fibrosis.

Discussion

Bleomycin stimulates a pulmonary inflammatory resp-
onse, characterized by an increase in leukocyte infiltration,
fibroblast proliferation and collagen deposition [23]. The
results of the current study show that the ICAM-1/LFA-1a
pathway is involved in the pathogenesis of inflammation
induced by bleomycin. Treatment with mAb to ICAM-1
and LFA-1a in combination attenuated macrophage and
neutrophil sequestration. Simultaneous administration of
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Fig. 1. ± Macrophage, lymphocyte and neutrophil counts of bron-
choalveolar lavage fluid in each experimental group: CTRL (n=5), BLM
(n=5), BLM+mAb (n=5) and BLM+IgG group (n=5) at day 7. For
definitions see footnote to table 1. Values are presented as individual
data (s) and group means�SEM (*). *: p<0.05; **: p<0.01.

Table 2. ± Bronchoalveolar lavage on day 14

CTRL BLM BLM+mAb BLM+IgG

Recovery rate % 84.5�1.7 87.3�1.6 82.8�1.8 88.1�2.5
(range) (79.0±88.1) (82.4±9.10) (78.6±87.1) (78.6±92.9)
Total cell count 6104 5.8�1.4 61.6�13.0** 16.3�3.0{ 41.1�7.2**

Values are means�SEM. For definitions see footnote to table 1. There were five animals in each group. **: p<0.01 versus CTRL group; {:
p<0.01 versus BLM group.
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anti-ICAM-1 and LFA-1a mAb completely reduced the
neutrophil count to almost baseline levels. However, it did
not inhibit bleomycin-induced pulmonary fibrosis.

In the process of leukocyte migration into inflamed areas,
it is essential for leukocytes to adhere to the microvascular
endothelium [9]. ICAM-1 is an 80±110 kDa glycoprotein
consisting of five immunoglobulin-like domains and a lig-
and for LFA-1a [9, 10]. It has been demonstrated that the
ICAM-1/LFA-1a pathway functions in cell±cell adhesion

[11] and plays an important role in various inflammatory
diseases [14±17, 19]. In the present study, it was hy-
pothesized that the ICAM-1/LFA-1a pathway could be
involved in the pathogenesis of bleomycin-induced lung
inflammation. To test this hypothesis, the effects of mAb to
ICAM-1 and LFA-1a on bleomycin-induced chronic lung
inflammation were investigated in mice.

The results of this study demonstrate that bleomycin
caused significant increases in total cell, macrophage,
lymphocyte and neutrophil counts in BAL fluid and that
these increases were significantly reduced by the admin-
istration of mAb to ICAM-1 and LFA-1a. The lymphocyte
count on days 7 and 14 and macrophage count on day 7
were also reduced by the administration of control IgG.
These findings indicate the possibility of nonspecific effects
of the antibody used in this study, which has Fc receptors,
on the immune system [17]. Neutrophil accumulation was
completely attenuated by treatment with mAb to ICAM-1
and LFA-1a and there were no effects of control IgG on
this neutrophil accumulation on day 14. These findings
suggest that these mAb to ICAM-1 and LFA-1a specif-
ically attenuate the neutrophil accumulation and that the
ICAM-1/LFA-1a pathway may be involved in the patho-
physiological mechanism of neutrophil accumulation in
bleomycin-induced lung inflammation in this model.

In a hamster model of pulmonary fibrosis caused by int-
ratracheal instillation of bleomycin, it has recently been
reported that neutrophil elastase plays an important role in
pulmonary fibrosis [24]. MITUHASHI et al. [22] have also
demonstrated that the administration of truncated secretory
leukoprotease inhibitor ameliorates bleomycin-induced pu-
lmonary fibrosis in hamsters. Thus, it is speculated that
adhesion and activation of neutrophils might be the initial
action, leading to the secretion of neutrophil elastase and
increases in lung injury to develop pulmonary fibrosis.
However, the role of neutrophils in pulmonary fibrosis is
controversial. It is also supposed that increased neutrophils
in pulmonary fibrosis may play some roles in ameliorating
fibrogenesis because of increased collagenolytic activity
and/or decreased collagen synthesis [3, 8].
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To test the role of the ICAM-1/LFA-1a-mediated
neutrophil accumulation in pulmonary fibrosis induced
by bleomycin, the effect of treatment with anti-ICAM-1/
LFA-1a mAb on histopathology and pulmonary collagen
deposition was also studied. Fibrotic lesions were observed
under the pleura in the BLM group on day 14. Moreover, a
significant 69.9% increase in total collagen (hydroxypro-
line content) relative to control animals was observed in
animals on day 14. In addition to the increased lung hy-

droxyproline content, the histopathological fibrosis grad-
ing score on day 35 in the BLM group was significantly
higher than that in the control group.

Peripleural fibrosis was also observed in the BLM+mAb
group. Furthermore, neither the lung collagen content on
day 14 nor the histopathological fibrosis grading score on
day 35 was significantly decreased by mAb to ICAM-1
and LFA-1a. These findings suggest that the ICAM-1/
LFA-1a pathway does not play a pivotal role in the

Fig. 4. ± Photomicrographs of lung parenchymal tissues from: A) a saline-challenged animal treated with phosphate-buffered saline (PBS)
(haematoxylin and eosin (H&E) stain); B) a saline-challenged animal treated with PBS (the same tissue as in part A) (Azan stain); C) a bleomycin
(BLM)-challenged animal treated with PBS (H&E stain): D) a BLM-challenged animal treated with PBS (the same tissue as part C) (Azan stain); E) a
BLM-challenged animal treated with anti-intercellular adhesion molecule-1 and lymphocyte function-associated antigen-1a monoclonal antibodies
(Azan stain); and F) a BLM-challenged animal treated with immunoglobulin G, at day 14 (Azan stain). (Internal scale bar = 80 mm.)
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subsequent development of pulmonary fibrosis induced by
bleomycin. It is also suggested that the ICAM-1/LFA-1a
pathway-mediated neutrophil accumulation may have opp-
osite effects on the fibrotic response to those of bleomycin.
These findings indirectly support previous experimental
studies in which neutrophil-depleted bleomycin-treated an-
imals showed an increased lung collagen deposition and
increased collagen synthesis [3, 8]. In the present study,
antagonism of ICAM-1 and LFA-1a decreased the re-

cruitment of macrophages, lymphocytes and neutrophils
into the lungs of bleomycin-treated animals. While it has
been supposed that the partially decreased levels of mac-
rophages and lymphocytes may result in a partial decrease
in lung collagen deposition, the complete decrease in
neutrophil accumulation shown in this study may result in
an increase in collagen synthesis and/or decrease in col-
lagenolysis. Therefore, it would appear that these opposite
effects may cancel each other out and that combined
treatment of mAb to ICAM-1 and LFA-1a did not reduce
the lung collagen deposition in this model.

The present data, however, seem to contradict those
reported by PIGUET and coworkers [25, 26], who showed
that administration of an antibody to either CD-11a (LFA-
1a) or CD-11b caused inhibition of pulmonary fibrosis
induced by bleomycin and silica and that this inhibition
correlated with a reduction in platelet trapping in lung
tissue [26]. Furthermore, they reported that treatment with
an anti-CD11a or anti-CD11b antibody had little or no
effect on the cellularity of BAL. These differences between
the present data and those of PIGUET and coworkers [25, 26]
may be related to either the dose or the potency of anti-
bodies, or both. In particular, it is most likely that the fail-
ure to reduce the number of cells recovered by BAL in the
previous study was due to the lack of simultaneous admi-
nistration of the anti-ICAM-1 antibody. Because two mAb
to ICAM-1 and LFA-1a are supposed to act synergistically
[19], the administration of the mAb to CD11a (LFA-1a)
alone may not be enough to reduce the number of cells in
the BAL. The difference in the effect of antibodies on lung
collagen deposition induced by bleomycin in the present
data and those of PIGUET and coworkers [25, 26] may also
be due to the extent of reduction of neutrophil recruitment.
In contrast with their experimental model, wherein the
number of neutrophils did not decrease with anti-CD11a
mAb treatment, the number of neutrophils was reduced
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Fig. 5. ± Photomicrographs of parenchymal tissues from: A) a saline-
challenged animal treated with phosphate-buffered saline (PBS); B) a
bleomycin (BLM)-challenged animal treated with PBS; and C) a BLM-
challenged animal treated with anti-intercellular adhesion molecule-1
and lymphocyte function-associated antigen-1a monoclonal antibodies,
at day 35 (Azan stain). (Internal scale bars = 80 mm.)
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almost to the baseline value by mAb to ICAM-1 and LFA-
1a in the present study, which may have promoted lung
collagen deposition [3, 8].

SMITH et al. [27] demonstrated that treatment with anti-
monocyte inflammatory protein (MIP)-1a antibodies sig-
nificantly reduced pulmonary mononuclear cell accumula-
tion and fibrosis in bleomycin-challenged mice, which
conflicts to some extent with the present findings. How-
ever, passive immunization with anti-MIP-1a antibodies
did not reduce pulmonary neutrophils [27]. Therefore, the
difference between their findings and the present results
could also be explained by the lack of a reduction in
neutrophils in their study.

In summary, this study demonstrated that the antibodies
to intercellular adhesion molecule-1 and lymphocyte func-
tion-associated antigen-1a significantly attenuated bleomy-
cin-induced recruitment of neutrophils into the lung. How-
ever, these antibodies had no effect on bleomycin-induced
pulmonary fibrosis, despite the considerable inhibition of
leukocyte recruitment. These observations suggest that the
intercellular adhesion molecule-1/lymphocyte function-ass-
ociated antigen-1a pathway contributes significantly to the
accumulation of neutrophils in the bleomycin-induced
lung lesion, but is not a key step in the development of
pulmonary fibrosis. It is also likely that neutrophils accu-
mulating in the lung by the intercellular adhesion molec-
ule-1/lymphocyte function-associated antigen-1a pathway
play a role in the attenuation of bleomycin-induced pul-
monary fibrosis.
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