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ABSTRACT. Integrins are a family of transmembrane glycoproteins that can interact with components of the
extracellular matrix. The a4B1 and a4B7 integrins are heterodimeric leukocyte cell surface molecules critical to
their cell and matrix adhesive interactions. Evidence for a central role for the a4 integrins in leukocyte
pathophysiology in the lung is well documented. In this study, we tested the hypothesis that neutralizing
antibody for integrin a4 (PS2) may reduce bleomycin (BL)-induced lung fibrosis in vivo. Male C57BL/6 mice
were injected intratracheally with saline (SA) or BL (0.08 U/mouse) followed by intraperitoneal injection of SA,
isotype control antibody (1E6), or PS2 (100 pg) three times a week. Twenty-one days after the intratracheal
instillation, mice were killed for bronchoalveolar lavage (BAL), biochemical, histopathological, and immuno-
histological analyses. Treatment with PS2 significantly reduced BL-induced increases in lung lipid peroxidation
and hydroxyproline content. Lung histopathology also showed reduced fibrotic lesions in the BL-treated lungs
by treatment with PS2. BL-treated mouse lungs also showed induction of cells with the myofibroblast phenotype,
as indicated by the increased expression of a-smooth muscle actin (aSMA), whereas treatment with PS2
minimized the BL-induced aSMA expression. Furthermore, treatment with PS2 reduced the BL-induced
increase in the BAL total cell number, and attenuated the BL-induced increase in the BAL protein level. It is
concluded that integrin a4 may play an important role in BL-induced pulmonary fibrosis, and the use of anti-a4
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antibody offers therapeutic antifibrotic potential in vivo.
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IPE] is the final pathway of many interstitial lung diseases
that leads to a reduction of lung compliance and impair-
ment of the vital gas exchange function. Regardless of the
etiology, IPF is characterized by inflammatory and fibropro-
liferative changes of the lung and an excess accumulation of
collagen in the interstitium [I, 2]. Patients with IPF
generally demonstrate the presence of recruited immune
and inflammatory cells during active pulmonary fibrosis,
indicating that pulmonary fibrosis is the result of aberrant
repair after an initial inflammatory insult. Recruited in-
flammatory cells are likely to be involved in the initial
insult in many instances. In addition, these cells may play
a complex role in regulating the repair process. In either
case, the recruitment of immune and inflammatory cells
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into the lung may play an important role in the determi-
nation of the fibrotic response.

Much evidence has documented the involvement of
inflammatory cells and mediators in pulmonary fibrosis in
widely used BL-rodent models [3, 4]. This model is appeal-
ing because it produces a characteristic picture of fibrosis
with many of the components of human disease, and
because BL-induced pulmonary fibrosis is a well-recognized
adverse effect in human chemotherapy. Instillation (i.t.) of
BL in rodents has been widely used for studying mecha-
nisms of fibrogenesis and for screening potentially desirable
antifibrotic reagents [5, 6]. Although the initial cause of
BL-induced pulmonary toxicity is attributed to the gener-
ation of ROS once it binds to iron and DNA, the process
leading to the final manifestation of pulmonary fibrosis
involves release of various inflammatory mediators [4, 7].
The pathogenesis of BL-induced lung injury is ushered in
initially by edema, hemorrhage, and a cellular infiltrate
predominated by neutrophils and macrophages [8, 9]. An
excess accumulation of the inflammatory leukocytes in
vascular, interstitial, and alveolar spaces of the lung could
inflict vascular and parenchymal injury by the generation of
ROS and proteolytic enzymes [10]. Neutrophils contain
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substantial amounts of myeloperoxidase that can oxidize
CI" to hypochlorous acid (HOCI) in a reaction with H,0,
that is known to cause cellular toxicity [11]. Macrophage-
and neutrophil-derived ROS is able to stimulate the pro-
duction of proinflammatory and fibrogenic cytokines that
mediate enhanced fibroproliferative response [12, 13]. Be-
sides a large inflammatory cell infiltration, the fibrotic
process is characterized further by a hyperproliferative
response of activated fibroblasts [14]. The fibroblast-like
cells are primarily responsible for an absolute increase in lung
collagen content, and an abnormality in the ultrastructural
appearance and spatial distribution of collagen types [15].

The influx of inflammatory cells and activated fibroblasts
into the injured lung depends on the ability of these cell
types to interact with components of the ECM, comprised
primarily of collagens. Integrins, heterodimeric transmem-
brane cell surface receptors, are required for the cell
movement through and communication with the ECM
[16]. The traffic and state of activation of leukocytes are
modulated by various integrins. Since the initial lung
response to BL is the influx of inflammatory cells including
neutrophils, which exacerbate BL-induced damage by re-
leasing more ROS, the prevention of the influx of inflam-
matory cells into lungs may be critical in containing the
subsequent fibrotic response. We have investigated the
possible role of the a4 integrin in the pathogenesis of
fibrosis by administering an anti-a4 integrin antibody to
mice with BL-induced lung fibrosis. The beneficial effect
that this antibody has on both total collagen accumulation
and the extent of pulmonary fibrotic lesions as shown in the
present study suggests that the o4 integrin may be a
reasonable target for anti-fibrotic therapy.

MATERIALS AND METHODS

The antibody against integrin a4 (PS2) and control anti-
body (1E6) were characterized previously [17] and produced
by Biogen Inc. Chronic respiratory disease-free male
C57BL/6 mice weighing 25-30 g were purchased from
Charles River Laboratories. Bleomycin sulfate (Blenox-
ane) was a gift from Bristol Laboratories. The 1-[3,4-
*Hiproline for labeling the procollagen substrate of prolyl
hydroxylase was obtained from NEN Life Science Products.
Z-fix, an aqueous buffered zinc formalin, was purchased
from Anatech, LTD. All other reagents were of reagent
grade or higher purity and were obtained from standard
commercial sources.

Treatment of Animals

Mice were housed four per cage and cared for in accordance
with the NIH Guidelines for Animal Welfare. The mice
were allowed to acclimate in the facilities for 1 week prior
to all treatments. A 12-hr/12-hr light/dark cycle was main-
tained, and mice had access to water and Rodent Labora-
tory Chow ad lib. Animals were divided randomly into four
experimental groups: (1) SA-+SA; (2) BL+1E6; (3)

Q. Wang et al.

BL+SA; and (4) BL+PS2. Mice were injected i.t. with a
single dose of saline or BL at 0.08 U/100 pwL/mouse under
xylazine and ketamine anesthesia. After i.t. instillation, the
mice received i.p. injection of 1E6, SA, or PS2 (100 g in
0.2 mL/mouse) three times a week. Twenty-one days after
the BL instillation, mice were killed under pentobarbital
anesthesia for BALF, biochemical, and histopathological
analyses.

Preparation of BALF and Lung Tissue

After anesthesia, the abdominal cavity was opened fol-
lowed by exsanguination of the descending abdominal
aorta. The lungs were prepared for lavage by cannulating
the trachea with a blunt needle attached to a syringe. The
lung lavage was carried out with 3 mL of cold isotonic
saline delivered in 1-mL aliquots. An aliquot of the BALF
was portioned for total cell count. The remaining BALF
was centrifuged at 1500 g for 20 min at 4°; the resulting
supernatant was aliquoted and then was stored at —70°.
After BALF, the lung lobes were quickly dissected free of
non-parenchymal tissue, immediately frozen in liquid nitro-
gen, and stored at —70°. Later, the frozen lungs were
thawed and homogenized in 0.1 M KCI, 0.02 M Tris (pH
7.6) with a Polytron homogenizer (Brinkmann Instruments
Inc.). The homogenate was mixed thoroughly by repeated
inversions, and the final homogenate volumes (4-5 mL)
were recorded. The homogenate was divided into several
aliquots and stored at —70° for biochemical measurements.

Determination of Lung Malondialdehyde Equivalent and
Hydroxyproline Content

Lung malondialdehyde equivalent was estimated from the
total amount of thiobarbituric acid-reacting products in
unfractionated homogenate by the method of Ohkawa et al.
[18]. For lung hydroxyproline assay, 1 mL of homogenate
was precipitated with 0.25 mL of ice-cold 50% (w/v)
trichloroacetic acid and centrifuged, and the precipitate
was hydrolyzed in 2 mL of 6 N HCl for 18 hr at 110°. The
hydroxyproline content was measured by the technique

described by Woessner [19].

Determination of Prolyl Hydroxylase (EC 1.14.11.2)
Activity

The preparation of prolyl hydroxylase substrate (procolla-
gen) and the method for prolyl hydroxylase assay were
described in our previous paper [20]. Briefly, tibias freshly
isolated from 10-day-old chicken embryos were labeled
with [PH]proline in proline-free culture medium at 37° for
6 hr. After removing the unincorporated label by washing,
the tissue was homogenated and centrifuged at 3000 g for
20 min at 4°. The resulting supernatant was dialyzed
extensively to remove the unincorporated label. The la-
beled procollagen substrate was aliquoted and stored at
—170°. The incubation mixture for the enzyme assay in a
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total volume of 2 mL consisted of ferrous ammonium sulfate
(0.1 mmol/L), a-ketoglutaric acid (0.1 mmol/L), [*H]pro-
line procollagen (200,000 dpm), lung homogenate (0.2
mL), ascorbic acid (0.5 mmol/L), and Tris-hydrochloric
acid buffer (0.1 mol/L, pH 7.8). The reaction was started by
the addition of ascorbic acid and stopped by adding 0.2 mL
of 50% trichloroacetic acid after 30 min at 37° in a Dubnoff
metabolic shaker. During the reaction, tritiated water is
released in stoichiometric proportion to prolyl hydroxyla-
tion and is used as a measure of the enzyme activity. The
tritiated water of the reaction system was separated by
vacuum distillation of the whole reaction mixture and
counted for radioactivity. The enzyme activity was ex-
pressed as dpm of *H,O released per total lung per 30 min.

Determination of Cell Counts in BALF

The total and differential cell numbers in the BALF were
determined as previously described [21]. Total leukocyte
number in the BALF was estimated by a Coulter counter
(model F, Coulter Electronics, Inc.), according to the
User’s Manual. Slides for differential cell counts were
prepared on a Shandon cytospin using 100 L of lavage
fluid and stained with Diff-Quik (American Scientific).
Differential cell counts were done on a Zeiss microscope at
X630. Macrophages, neutrophils, and lymphocytes were
counted based on 400 cells per slide.

BALF Protein Assay

Protein content in the BALF supernatant was determined
using the Bio-Rad protein assay (Bio-Rad laboratories), and
BSA was used as the standard.

Histopathologic and Immunohistochemical Analysis

Three to four animals from each treatment group were
chosen randomly for histopathologic and immunohisto-
chemical evaluation at the end of the experiment. The
abdominal cavity of the animal was opened followed by
exsanguination of the descending abdominal aorta. Imme-
diately thereafter, the lung tissue was prepared for histologic
analysis as described [21]. After cannulating the trachea
with a blunt needle, the thoracic cavity was opened, and
then both heart and lung were removed en bloc. The lungs
were fixed with Z-fix solution via the trachea at a pressure
of 30 cm of water. The right cranial and caudal lobes and
the left lobe were later blocked, embedded in paraffin, cut
in 7-pm sections, and stained with hematoxylin and eosin.
For immunohistochemical staining for aSMA, frozen lung
sections of pulmonary tissue were fixed in -20° acetone for 10
min, briefly dried, and blocked with 3% BSA in PBS. A
monoclonal antibody to aSMA, conjugated to Cy3 (Sigma
No. F3777), was diluted 1:300 in 3% BSA/PBS and applied to
the slides for 1 hr at room temperature. The slides were washed
three times for 10 min per wash in PBS. Movoil (Calbiochem
No. 475904) and coverslips were then applied to the sections.

1951

Statistical Analysis of Data

Animal data were expressed on the basis of per total lung
and were reported as means * SEM. The data were
compared within the four groups using two-way analysis of
variance (SIGMASTAT) and the Student—Newman—
Keuls method. A value of P = 0.05 was considered
significant.

RESULTS
Lipid Peroxidation in the Mouse Lung

Lung malondialdehyde equivalent content as an index of
lipid peroxidation in various groups of mice is shown in Fig.
1. BL instillation significantly increased malondialdehyde
equivalent content in mouse lungs in both BL+1E6 and
BL+SA groups as compared with the SA+SA and
BL+PS2 groups, and the malondialdehyde equivalent con-
tent in the BL+1E6 group was higher than that in the
BL+SA group. The treatment with PS2 effectively blocked
BL-induced lung lipid peroxidation since the lung malon-
dialdehyde equivalent level in the BL+PS2 group was no
different from that of the SA+SA group.

Lung Hydroxyproline Content in the Mouse Lung

Lung hydroxyproline, the key index of lung collagen level,
was determined for the four groups of mice, and the results
are presented in Fig. 2. The i.t. instillation of BL elevated
the lung hydroxyproline level in the BL+1E6 and BL+SA
groups significantly to 185 and 205% of the SA+SA
control group (178 * 9.4 pg/lung), respectively. The
BL-induced increase in the lung hydroxyproline level in the
BL+PS2 group was decreased significantly by 35% by the
treatment with PS2 compared with the BL+SA group. The
lung hydroxyproline level in the BL+PS2 group was not
significantly higher than that of the control (SA+SA) group.

Prolyl Hydroxylase Activity in the Mouse Lung

The prolyl hydroxylase activities in the mouse lungs of
various groups are shown in Fig. 3. BL alone increased the
lung prolyl hydroxylase activity in the BL+SA group
significantly to 207% of the SA+SA control group
(34,500 = 900 dpm/30 min/lung). PS2 decreased the prolyl
hydroxylase activity elevated by the BL treatment in the
BL+SA group significantly. However, the prolyl hydroxy-
lase activity in the BL+1E6 group was also significantly
lower than that in the BL+SA group.

Total and Differential BALF Cell Counts in the Mouse
Lung

The numbers of total cells in the BALF of various groups at
21 days after i.t. instillation of saline or BL are summarized
in Fig. 4. BL treatment increased the total cell counts in the
BALF from the BL+1E6 and BL+SA groups significantly
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compared with the saline control group (SA+SA). The
BALF cell count in the BL+PS2 group was not different
from that of the SA+SA group. The differential cell counts
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FIG. 1. Effect of PS2 treatment on BL-induced
increase in lipid peroxidation of mouse lungs. The
lungs were processed for lipid peroxidation assay as
described in Materials and Methods. The number of
animals in each group is shown in parentheses
below each bar, and treatment groups are indicated
along the x-axis. SA+SA: saline + saline;
BL+1E6: bleomycin + antibody control; BL+SA:
bleomycin + saline; and BL+PS2: bleomycin +
anti-a4 antibody. Values are expressed as means =
SEM. Key: (*) significantly (P =< 0.05) higher than
all other groups; and (+) significantly (P = 0.05)
higher than the SA+SA and BL+PS2 groups.

sented in Table 1. There were higher numbers of macro-
phages and lymphocytes in the BL-treated lungs, but there
was no significant difference in the number of neutrophils
among all four groups at 21 days after BL treatment.
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FIG. 2. Effect of PS2 treatment on BL-induced
increase in hydroxyproline content of mouse lungs.
The lungs were processed for hydroxyproline assay
as described in Materials and Methods. The number
of animals in each group is shown in parentheses
below each bar, and treatment groups are indicated
along the x-axis. SA+SA: saline + saline;
BL+1E6: bleomycin + antibody control; BL+SA:
bleomycin + saline; and BL+PS2: bleomycin +
anti-a4 antibody. Values are expressed as means =
SEM. Key (*) significantly (P = 0.05) higher than
the SA+SA and BL+PS2 groups.
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The protein content of the BALF supernatant for the four
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FIG. 3. Effect of PS2 treatment on BL-induced
increase in prolyl hydroxylase activity of mouse
lungs. The lungs were processed for prolyl hydrox-
ylase activity assay as described in Materials and
Methods. The number of animals in each group is
shown in parentheses below each bar, and treat-
ment groups are indicated along the x-axis.
SA+SA: saline + saline; BL+1E6: bleomycin +
antibody control; BL+SA: bleomycin + saline;
and BL+PS2: bleomycin + anti-a4 antibody. Val-
ues are expressed as means * SEM. Key: (*)
significantly (P = 0.05) higher than all other
groups.

of BL significantly increased the BALF protein of all the
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BL-treated groups as compared with the SA+SA group.
However, treatment with PS2 in the BL+PS2 group

FIG. 4. Effect of PS2 treatment on BL-induced
increase in BALF total inflammatory cells of mouse
lungs. The lungs were lavaged and total cells in the
BALF were counted as described in Materials and
Methods. The number of animals in each group is
shown in parentheses below each bar, and treat-
ment groups are indicated along the x-axis.
SA+SA: saline + saline; BL+1E6: bleomycin +
antibody control; BL+SA: bleomycin + saline;
and BL+PS2: bleomycin + anti-a4 antibody. Val-
ues are expressed as means * SEM. Key: (*)
significantly (P =< 0.05) higher than the SA+SA
and BL+PS2 groups.
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TABLE 1. Effects of PS2 treatment on BL-induced changes in differential cell counts in BALF from mice

Treatment Macrophages Neutrophils Lymphocytes
groups® (N) (X 10™>/lung) (X 107>/lung) (X 10™>/lung)
SA + SA (8) 319.5 £ 3.8 1.28 = 0.9 205+ 3.0
BL + 1E6 (5) 437.3 = 52.71 8.81 £5.7 104.6 = 47.1
BL + SA (7) 340.0 = 50.7 8.66 * 2.4 123.5 + 48.7%
BL + PS2 (8) 268.0 = 22.6 3.52 £ 2.7 80.5 = 20.5

* The determination of total and differential cell counts is described in Materials and Methods. The number of animals in each group is shown in parentheses following the
treatment group. SA + SA: saline + saline; BL + 1E6: bleomycin + antibody control; BL + SA: bleomycin + saline; and BL + PS2: bleomycin + anti-a4 antibody. Values

are expressed as means = SEM.
T Significantly higher than the SA + SA and BL + PS2 groups.
¥ Significantly higher than the SA + SA group.

significantly decreased the BL-induced increase in the
BALF supernatant protein, although it was still signifi-
cantly higher than that in the SA+SA group.

Histopathology of the Mouse Lung

Histological examination of the mouse lungs revealed
normal pulmonary parenchymal tissue in the SA+SA
group (Fig. 6A). However, as shown in panels B and C of
Fig. 6, the lungs from the BL+1E6 and BL+SA groups
showed a patchy alveolitis and multifocal interstitial fibro-
sis containing an accumulation of extracellular fibers. The
lungs of mice in these groups had thickened interalveolar
septa and inflammatory cells in adjacent airspaces. Com-
pared with the BL+1E6 and BL+SA groups, lungs from the
BL+PS2 group had much less fibrotic lesions, although
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some lobes still showed a mild degree of interstitial fibrosis

(Fig. 6D).

Immunohistochemical Staining for aSMA in the Mouse
Lung

To determine the accumulation of fibroblasts and fibro-
blast-like cells in mice after BL treatment, we examined the
expression of aSMA in the lung tissue using a monoclonal
antibody against aSMA. In the control lungs, the immu-
nopositivity occurred in the vascular and bronchial smooth
muscle layers (Fig. 7A). In lungs treated with BL and
control antibody (Fig. 7B) or BL and saline (Fig. 7C), there
was extensive and intense immunostaining within fibrotic
areas, both in the interstitium and pleura. However, lungs
treated with BL and PS2 showed much reduced immuno-

FIG. 5. Effects of PS2 treatment on BL-induced
increases in BALF protein content of mouse lungs.
The lungs were lavaged and the BALF was pro-
cessed for protein assay as described in Materials
and Methods. The number of animals in each group
is shown in parentheses below each bar, and treat-
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ment groups are indicated along the x-axis.
SA+SA: saline + saline; BL+1E6: bleomycin +
antibody control; BL+SA: bleomycin + saline;
and BL+PS2: bleomycin + anti-a4 antibody. Val-
ues are expressed as means * SEM. Key: (*)
significantly (P =< 0.05) higher than the SA+SA
and BL+PS2 groups; and (+) significantly (P =
0.05) higher than the SA+SA group.
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FIG. 6. (A) Representative photomicrograph of pulmonary proximal acini from a mouse in the SA+SA group. Note the normal
appearance of the thin interalveolar septa acinus and lack of inflammatory cells and fibrosis. (B) Representative photomicrograph of
pulmonary proximal acini from a mouse in the BL+1E6 group. Note the fibrotic lesions and multifocal thickening of interalveolar septa
(arrows). (C) Representative photomicrograph of pulmonary proximal acini from a mouse in the BL+SA group. Note the fibrotic
lesions and multifocal thickening of interalveolar septa (arrows). (D) Representative photomicrograph of pulmonary proximal acini
from a mouse in the BL+PS2 group. Note the largely normal appearance of parenchyma and only moderate thickening of interalveolar
septa (arrow). Paraffin sections, hematoxylin and eosin stain. B = bronchus; TB = terminal bronchiole. Bar = 100 pm.

staining of aSMA in the lungs (Fig. 7D), compared with
the BL+1E6 and BL+SA groups.

DISCUSSION

IPF is a crippling disease and responds poorly to current
therapy. Consequently, a great deal of effort has been
devoted to searching for a more effective therapeutic
modality as exemplified by targeting fibrogenic growth
factor TGF-B in our laboratory [5, 6, 22]. In the present
study, we provide evidence that integrin expressed in
leukocytes is another possible therapeutic target in manag-
ing IPF. The antifibrotic effect of PS2 antibody was
demonstrated by its ability to decrease an excessive amount
of collagen and prolyl hydroxylase activity in the lungs of
the BL4+SA group. Increases in the prolyl hydroxylase
activity in various animal models of lung fibrosis including
BL-treated rodents usually but not always precede or par-
allel the accumulation of collagen in the lung [20, 23]. The
enzyme-catalyzed hydroxylation of proline is an important
posttranslational event in the processing of highly cross-
linked mature collagen fibers [24]. However, the prolyl
hydroxylase activity in the BL4+1E6 group was not signifi-

cantly higher than that of the SA+SA group. This discrep-
ancy might result from some unexpected biological effect of
the “irrelevant” control 1E6 antibody. Our data are consis-
tent with other models of tissue injury, since immunosup-
pression of the a4 integrin was found to reduce the myocyte
dysfunction caused by the emigrated neutrophils [25].

[t is generally assumed that the leukocytes of the lung are
involved in the evolution of pulmonary fibrosis by the
secretion of ROS, fibrogenic cytokines, and growth factors
[26]. During the acute inflammatory process of BL-induced
lung injury, neutrophils migrate to and accumulate in the
lung tissues, and the accumulation of neutrophils lasts as
long as the fibrotic lesions persist [27]. Neutrophil seques-
tration within the pulmonary microvasculature contributes
to the pathogenesis of various types of acute lung injury [28,
29]. It has been documented that neutrophil-derived ROS,
proteolytic enzymes, and HOCI via myeloperoxidase are
able to mediate cellular toxicity [10, 11]. The biocidal
property of HOCI in oxidizing a variety of biologically
significant substances including carbohydrates, nucleic ac-
ids, peptide linkages, and amino acids is well known. The
release of HOCI from activated neutrophils was found to
cause depletion of cellular NAD and ATP, leading to cell
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FIG. 7. (A) Representative immunohistochemical ®SMA staining of pulmonary proximal acini from a mouse in the SA+SA group.
Note that the «SMA expression occurred mainly at the vasculature and bronchiole smooth muscle. (B) Representative immunohis-
tochemical ®SMA staining of pulmonary proximal acini from a mouse in the BL+1E6 group. Note the increased «SMA expression
in the lung parenchyma. (C) Representative immunohistochemical «SMA staining of pulmonary proximal acini from a mouse in the
BL+SA group. Note the increased «SMA expression in the lung parenchyma. (D) Representative immunohistochemical «SMA
staining of pulmonary proximal acini from a mouse in the BL+PS2 group. Note the relatively less ®SMA expression in the lung
parenchyma compared with that in the BL+1E6 and BL+SA groups.

injury [30]. Neutrophils generate ROS that have deleteri-
ous effects on parenchymal cells [31] and endothelial cells
[32]. These inflammatory cells also secrete a variety of
potent degradative lysosomal enzymes such as acid phos-
phatase. Macrophages [33] and possibly lymphocytes [34]
are capable of producing various cytokines, including in-
trinsically active TGF-B. TGF-B-producing macrophages
are a prominent feature in a variety of fibrotic pulmonary
pathologies [35]. It has been demonstrated that alveolar
macrophages isolated from animals with BL-induced fibro-
sis are capable of producing significant quantities of both
active and latent TGF-B protein [36].

The traffic and state of activation of leukocytes are
modulated by various surface proteins such as the integrins.
It is clear that cell-cell interactions as well as cellFECM
interactions are critical for the pathogenesis of pulmonary
fibrosis. A consistent finding in patients with active pul-
monary fibrosis and in animal models of fibrotic lung
diseases is the accumulation of increased numbers of im-
mune and inflammatory cells in areas undergoing fibrosis
[37]. The a4 integrin subunit CD49d associates with either
the Bl (CD29) or B7 subunit to form the integrin het-
erodimers called very late antigen (VLA)-4 (a4B1; CD49d/
CD29) and a4B7 [38, 39]. The a4 integrins are het-

erodimeric leukocyte cell surface molecules central to their

cell and matrix adhesive property. The integrin a4p1
interacts with the immunoglobulin superfamily member,
vascular cell adhesion molecule-1 (VCAM-1), and with an
alternatively spliced form of fibronectin [40]. VLA-4 is
expressed on all circulating leukocytes, and binds to
VCAM-1 (CD106), a member of the Ig gene superfamily
that is expressed on cytokine-activated endothelial cells,
and to the matrix protein fibronectin. a4B7 is expressed on
a subset of T and B cells, natural killer cells, and eosino-
phils. It binds to the mucosal vascular addressin (MAd-
CAM-1), a member of the Ig and mucin-like families of
adhesion molecules, as well as to VCAM-1 and fibronectin
[39, 41]. Studies in vitro have demonstrated that VLA-4
interaction with VCAM-1 is involved in mononuclear
leukocyte and eosinophil adherence to endothelium and
transendothelial migration [38, 42]. «4B7 is thought to be
involved primarily in leukocyte recruitment to gut-associ-
ated lymphoid tissue [41]. Studies in vivo using blocking
mAbs have established a role for CD49d in leukocyte
recruitment in a variety of inflammatory and immune
disorders [42]. CD49d appears to play a particularly impor-
tant role in inflammatory cell recruitment in allergic
disorders. In a rat model of nephrotoxic nephritis, mAbs to
VLA-4 significantly attenuated renal injury [43]. Evidence
for a central role for the integrins a4Bl and a4B7 in
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leukocyte pathophysiology is accumulating rapidly. Five
distinct a4 mAbs, each able to block a4-dependent adhe-
sion in vitro, show beneficial effects in vivo in six different
species, and in several organs. a4 integrins will likely be
critical to both the normal physiology and pathology of the
lung in humans [44].

In the present study, treatment with PS2 decreased
BL-induced increases in total leukocytes in the BALF.
However, the number of neutrophils was not significantly
different among the four groups. It should be noted that at
the time point (21 days after BL) we chose to study, an
advanced degree of lung fibrosis was not ideal for inflam-
matory cell analysis since at this time the number of
neutrophils in the lung has been reported to be decreased or
back to the levels found in control-treated animals [14, 45].
In a previous study, analysis of inflammatory cell counts at
different times after BL treatment revealed that total cells
peak at day 2 by a factor of 8-fold. However, the number
dropped to only half of the peak value at day 4 and to about
one-fourth of the peak number at days 14 and 21 [27]. If
early time points were included, the PS2 antibody might
have shown a more marked effect on inflammatory cell
influx into the alveoli. It has also been shown that mAbs
specific for the leukocytic integrins CD-11a or CD-11b
prevent lung fibrosis in a BL-mouse model of lung fibrosis
without effect on the BALF cellularity [46]. The decreased
total leukocytes in the lungs of BL+PS2 mice may be
responsible for the diminished inflammatory injury and
fibrosis in the lungs of BL-treated animals. The BL-induced
lung injury was reduced significantly by the treatment of
PS2, as indicated by measuring the lipid peroxidation and
vascular permeability in the lung. Malondialdehyde equiv-
alent, as indicated by the amount of thiobarbituric acid-
reacting products, has been used as an index of lipid
peroxidation [47]. The increase in lipid peroxidation in the
lungs of BL-treated animals was due at least partly to the
ROS generated by infiltrating leukocytes. PS2 could have
minimized tissue lipid peroxidation by blocking the emigra-
tion of leukocytes into the lung initiated by the BL-induced
injury. Similarly, the decreased injury was reflected by a
decreased level of total protein in BALF supernatant, an
index of vascular permeability, in the BL+PS2 group.

The increased collagen in the lung has been associated
with increased numbers of fibroblasts in the interstitium
and in the alveolar space itself [14]. Many of these fibro-
blast-like cells are myofibroblasts, which have a distinctive
phenotype that includes the expression of aSMA, a con-
tractile protein commonly found in smooth muscle cells
[48], and thought to be important in fibrogenesis and
wound healing [49]. In another BL model of fibrosis, most
cells expressing procollagen mRNA have been demon-
strated to be myofibroblasts [50]. The origin of these
myofibroblasts is uncertain, although currently the fibro-
blast is the most favored cellular precursor. The emergence
of aSMA -expressing fibroblast-like cells also suggests that
BL induced a new cellular phenotype, the myofibroblast.
Myofibroblasts have been demonstrated in a variety of
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fibrotic and healing tissues, and they are likely important in
repair and fibrogenesis [49, 51]. One of the significant
findings of the present study was that PS2 treatment
attenuated the BL-induced myofibroblast proliferation. The
mechanism for the inhibitory effect of myofibroblast pro-
liferation by PS2 is not clear. However, the treatment with
antibody against a4 integrin may have reduced the level of
growth factors in the lung released by infiltrating leukocytes
or have directly affected the behavior of myofibroblasts. In
either case, the reduced proliferating myofibroblasts could
lead to a decrease in the lung collagen accumulation in the
BL-treated animals in the BL+PS2 group.

This work was supported by Biogen Inc., Cambridge, MA, and Grant
ROI HL56262 from the National Heart, Lung and Blood Institute of
the National Institutes of Health, Bethesda, MD.

References

1. Colby TV and Churg AC, Patterns of pulmonary fibrosis.
Pathol Annu 21: 277-309, 1986.

2. Weissler JC, Idiopathic pulmonary fibrosis: Cellular and
molecular pathogenesis. Am J Med Sci 297: 91-104, 1989.

3. Thrall RS and Scalise P, Bleomycin. In: Pulmonary Fibrosis
(Eds. Phan SH and Thrall RS), pp. 231-292. Marcel Dekker,
New York, 1995.

4. Giri SN and Wang QJ, Miscellaneous mediator systems in
pulmonary fibrosis. In: Pulmonary Fibrosis (Eds. Phan SH and
Thrall RS), pp. 777-836. Marcel Dekker, New York, 1995.

5. Giri SN, Hyde DM and Hollinger MA, Effect of antibody to
transforming growth factor B on bleomycin induced accumu-
lation of lung collagen in mice. Thorax 48: 959-966, 1993.

6. Wang Q, Wang Y, Hyde DM, Gotwals PJ, Koteliansky VE,
Ryan ST and Giri SN, Reduction of bleomycin induced lung
fibrosis by transforming growth factor B soluble receptor in
hamsters. Thorax 54: 805-812, 1999.

7. Giri SN and Wang Q, Mechanisms of bleomycin-induced
lung injury. Comments Toxicol 3: 145-176, 1989.

8. Wallick SC, Figari IS, Morris RE, Levinson AD and Palladino
MA, Immunoregulatory role of transforming growth factor 8
(TGF-B) in development of killer cells: Comparison of active
and latent TGF-B, J Exp Med 172: 1777-1784, 1990.

9. Giri SN, Schwartz LW, Hollinger MA, Freywald ME, Schiedt
M]J and Zuckerman JE, Biochemical and structural alterations
of hamster lungs in response to intratracheal administration of
bleomycin. Exp Mol Pathol 33: 1-14, 1980.

10. Weiss SJ, Tissue destruction by neutrophils. N Engl ] Med
320: 365-376, 1989.

11. Klebanoff SJ, Phagocytic cells, Products of oxygen metabo-
lism. In: Inflammation: Basic Principles and Clinical Correlates
(Eds. Gallin JI, Goldstein IM and Snyderman R), pp. 391-
444. Raven Press, New York, 1988.

12. Phan SH and Kunkel SL, Lung cytokine production in bleomy-
cin-induced pulmonary fibrosis. Exp Lung Res 18: 29-43, 1992.

13. Scheule RK, Perkins RC, Hamilton R and Holian A, Bleo-
mycin stimulation of cytokine secretion by the human alve-
olar macrophage. Am J Physiol 262: 1L386-1L391, 1992.

14. Chandler DB, Hyde DM and Giri SN, Morphometric esti-
mates of infiltrative cellular changes during the development
of bleomycin-induced pulmonary fibrosis in hamsters. Am J
Pathol 112: 170-177, 1983.

15. Seyer JM, Hutcheson ET and Kang AH, Collagen polymor-
phism in idiopathic chronic pulmonary fibrosis. ] Clin Invest

57: 1498-1507, 1976.



1958

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Hynes RO, Integrins: Versatility, modulation, and signaling
in cell adhesion. Cell 69: 11-25, 1992.

Miyake K, Weissman IL, Greenberger ]S and Kincade PW,
Evidence for a role of the integrin VLA-4 in lympho-
hemopoiesis. ] Exp Med 173: 599-607, 1991.

Ohkawa H, Ohismi N and Yagi K, Assay for lipid peroxides in
animal tissues by thiobarbituric acid reaction. Anal Biochem
95: 351-358, 1979.

Woessner JF Jr, The determination of hydroxyproline in tissue
and protein samples containing small proportions of this
imino acid. Arch Biochem Biophys 93: 440—447, 1961.

Giri SN, Misra HP, Chandler DB and Chen Z, Increases in
lung prolyl hydroxylase and superoxide dismutase activities
during bleomycin-induced lung fibrosis in hamsters. Exp Mol
Pathol 39: 317-326, 1983.

Wang Q, Hyde DM and Giri SN, Abatement of bleomycin-
induced increases in vascular permeability, inflammatory cell
infiltration, and fibrotic lesions in hamster lungs by combined
treatment with taurine and niacin. Lab Invest 67: 234-242,
1992.

Giri SN, Hyde DM, Braun RK, Gaarde W, Harper JR and
Pierschbacher MD, Antifibrotic effect of decorin in a bleo-
mycin hamster model of lung fibrosis. Biochem Pharmacol 54
1205-1216, 1997.

Kelley J, Newman RA and Evans JN, Bleomycin-induced
pulmonary fibrosis in the rat. Prevention with an inhibitor of
collagen synthesis. ] Lab Clin Med 96: 954-963, 1980.
Miller RL and Udenfriend S, Hydroxylation of proline resi-
dues in collagen nascent chains. Arch Biochem Biophys 139:
104-113, 1970.

Poon BY, Ward CA, Giles WR and Kubes P, Emigrated
neutrophils regulate ventricular contractility via a4 integrin.
Circ Res 84: 1245-1251, 1999.

Kovacs EJ, Fibrogenic cytokines: The role of immune medi-
ators in the development of scar tissue. Immunol Today 12:
17-23, 1991.

Giri SN, Hyde DM and Nakashima JM, Analysis of bron-
choalveolar lavage fluid from bleomycin-induced pulmonary
fibrosis in hamsters. Toxicol Pathol 14: 149-157, 1986.
Heflin AC Jr.; Brigham KL, Prevention by granulocyte
depletion of increased vascular permeability of sheep lung
following endotoxemia. J Clin Invest 68: 1253-1260, 1981.
Till GO, Johnson KL, Kunkel R and Ward PA, Intravascular
activation of complement and acute lung injury: Dependency
on neutrophils and toxic oxygen metabolites. ] Clin Invest 69:
1126-1135, 1982.

Dallegri F, Goretti R, Ballestrero A, Ottonello L and Patrone
F, Neutrophil-induced depletion of adenosine triphosphate in
target cells: Evidence for a hypochlorous acid-mediated pro-
cess. ] Lab Clin Med 112: 765-772, 1988.

Martin WJ, Gadek JE, Humminghake GW and Crystal RG,
Oxidant injury of lung parenchymal cells. J Clin Invest 68:
1277-1288, 1981.

Sacs R, Moldow CF, Craddock PR, Bowers TK and Jacob HS,
Oxygen radicals mediate endothelial cell damage by comple-
ment stimulated granulocytes: An in vitro model of immune
vascular damage. ] Clin Invest 61: 1161-1167, 1978.

Khalil N, Whitman C, Zuo L, Danielpour D and Greenberg
A, Regulation of alveolar macrophage transforming growth
factor-B secretion by corticosteroids in bleomycin-induced
pulmonary inflammation in the rat. J Clin Invest 92: 1812—
1818, 1993.

Roberts AB, Sporn MB, Assoian RK, Smith JM, Roche NS,
Wakefield LM, Heine UI, Liotta LA, Falanga V, Kehrl JH and
Fauci AS, Transforming growth factor type B: Rapid induc-
tion of fibrosis and angiogenesis in vivo and stimulation of
collagen formation in wvitro. Proc Natl Acad Sci USA 83:
4167-4171, 1986.

35.

36.

37.

38.
39.

40.

41.

42.
43.

4.

45.

46.

47.

48.

49.

50.

51.

Q. Wang et al.

Corrin B, Butcher D, McAnulty BJ, Dubois RM, Black CM,
Laurent GJ and Harrison NK, Immunohistochemical local-
ization of transforming growth factor-B, in the lungs of
patients with systemic sclerosis, cryptogenic fibrosing alveoli-
tis and other lung disorders. Histopathology 24: 145-150,
1994.

Khalil N, Corne S, Whitman C and Yacyshyn H, Plasmin
regulates the activation of cell-associated latent TGF-B,
secreted by rat alveolar macrophages after in vivo bleomycin
injury. Am J Respir Cell Mol Biol 15: 252-259, 1996.
Doherty DE, Worthen GS and Henson PM, Inflammation in
interstitial lung disease. In: Interstitial Lung Disease (Eds.
Schwarz M and King T), pp. 23—43. Mosby Yearbook, St.
Louis, 1993.

Carlos TM and Harlan JM, Leukocyte-endothelial adhesion
molecules, Blood 84: 20682101, 1994.

Berlin C, Berg EL, Briskin MJ, Andrew DP, Kilshaw PJ,
Holzmann B, Weissman IL, Hamann A and Butcher EC,
a4B7 integrin mediates lymphocyte binding to the mucosal
vascular addressin MAdCAM-1. Cell 74: 185-195, 1993.
Lobb RR, Pepinsky B, Leone DR and Abraham WM, The role
of a4 integrins in lung pathophysiology. Eur Respir ] 9 (Suppl
22): 104s-108s, 1996.

Erle DJ, Briskin MJ, Butcher EC, Garcia-Pardo A, Lazarovits
Al and Tidswell M, Expression and function of the MAd-
CAM-1 receptor, integrin a4B7, on human leukocytes. J Im-
munol 153: 517-528, 1994.

Lobb RR and Hemler ME, The pathophysiologic role of a4
integrins in vivo. ] Clin Invest 94: 1722-1728, 1994.

Allen AR, McHale ], Smith ], Cook HT, Karkar A, Haskard
DO, Lobb RR and Pusey CD, Endothelial expression of
VCAM-1 in experimental crescentic nephritis and effect of
antibodies to very late antigen-4 or VCAM-1 on glomerular
injury. J Immunol 162: 5519-5527, 1999.

Lobb RR, Abraham WM, Burkly LC, Gill A, Ma W, Knight
JA, Leone DR, Antognetti G and Pepinsky RB, Pathophysi-
ologic role of a4 integrins in the lung. Ann NY Acad Sci 796:
113-123, 1996.

Lindenschmidt RC, Tryka AF, Godfrey GA, Frome EL and
Witschi H, Intratracheal versus intravenous administration of
bleomycin in mice: Acute effects. Toxicol Appl Pharmacol 853
69177, 1986.

Piguet PF, Rosen H, Vesin C and Grau GE, Effective
treatment of the pulmonary fibrosis elicited in mice by
bleomycin or silica with anti-CD-11 antibodies. Am Rev
Respir Dis 147: 435-441, 1993.

Giri SN, Chen ZL, Younker WR and Schiedt M], Effects of
intratracheal administration of bleomycin on GSH-shuttle
enzymes, catalase, lipid peroxidation and collagen content in
the lungs of hamsters. Toxicol Appl Pharmacol 71: 132-141,
1983.

Darby I, Skalli O and Gabbiani G, a-Smooth muscle actin is
transiently expressed by myofibroblasts during experimental
wound healing. Lab Invest 63: 21-29, 1990.

Desmouliere A, Rubbia-Brandt L, Abdiu A, Walz T, Ma-
cieira-Coelho A and Gabbiani G, a-Smooth muscle actin is
expressed in a subpopulation of cultured and cloned fibro-
blasts and is modulated by y-interferon. Exp Cell Res 201:
64-173, 1992.

Zhang K, Rekhter MD, Gordon D and Phan SH, Myofibro-
blasts and their role in lung collagen gene expression during
pulmonary fibrosis. A combined immunohistochemical and in
situ hybridization study. Am ] Pathol 145: 114125, 1994.
Xing Z, Tremblay GM, Sime PJ and Gauldie ], Overexpres-
sion of granulocyte-macrophage colony-stimulating factor
induces pulmonary granulation tissue formation and fibrosis
by induction of transforming growth factor-g1 and myofibro-
blast accumulation. Am J Pathol 150: 59-66, 1997.



