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The development of bleomycin-induced lung injury,
which is a model of pulmonary fibrosis, results from
inflammatory cell infiltration, a process highly regu-
lated by the expression of multiple adhesion mole-
cules. Therefore, bleomycin-induced lung fibrosis
was examined in E-selectin™’~ mice, P-selectin™’~
mice, and E-selectin™’~ mice treated with anti-P-se-
lectin monoclonal antibody (mAb) in comparison of
wild-type mice. E-selectin™’~ mice treated with anti-
P-selectin mAb exhibited augmented lung fibrosis his-
tologically, increased lung collagen deposition, and
increased mortality compared to wild-type mice. Fur-
thermore, lung interferon-y mRNA expression de-
creased in E-selectin™/~ mice treated with anti-P-se-
lectin mAb relative to wild-type mice, while tumor
necrosis factor-« and interleukin-6 mRNA expression
increased in these mice. Similar changes were ob-
served in E-selectin™’~ mice, albeit to a lesser extent
than those treated with anti-P-selectin mAb. Remark-
ably, flow cytometric analysis revealed that the fre-
quency of interferon-y-producing natural killer T
(NKT) cells in the bronchoalveolar lavage was de-
creased in E-selectin™/~ mice and E-selectin™/~ mice
treated with anti-P-selectin mAb compared with wild-
type mice. Moreover, the majority of NKT cells ex-
pressed high levels of CXCR3, suggesting that NKT
cell infiltration is also dependent on CXCR3 expres-
sion. These results suggest that E- and P-selectins syn-
ergistically inhibit lung fibrosis by promoting the re-
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cruitment of NKT cells. (4m J Patbol 2006, 169:740-749;
DOI: 10.2353/ajpath.2006.060086)

Idiopathic pulmonary fibrosis is a chronic and often fatal
disorder with a 5-year survival rate of ~50%." In addition,
pulmonary fibrosis is frequently associated with certain
connective tissue diseases, especially systemic sclero-
sis, dermatomyositis, and polymyositis. It comprises a
diverse group of diseases characterized by inflammatory
infiltrates, disruption of alveolar structure, and excessive
synthesis and deposition of extracellular matrix.' Active
pulmonary fibrosis is accompanied by increased number
of leukocytes in the bronchoalveolar lavage (BAL) flu-
id."? Although the pathogenesis of pulmonary fibrosis
remains unknown, these findings suggest that leukocyte
infiltration regulates subsequent fibrosis in the lung. Bleo-
mycin-induced lung fibrosis is widely used as an estab-
lished animal model of pulmonary fibrosis. Intratracheal
administration of bleomycin induces acute alveolitis and
interstitial inflammation, characterized by the sequential
recruitment of leukocytes in the first week.® Subsequent
to these inflammatory responses, fibrotic responses char-
acterized by fibroblast proliferation and extracellular ma-
trix synthesis occur in the second week.? It is generally
assumed that leukocytes infiltrating into the lung are in-
volved in the evolution of pulmonary fibrosis by secreting
reactive oxygen species, fibrogenic cytokines, and
growth factors.’

Leukocyte recruitment into inflammatory sites involves
adhesive interactions between leukocytes and the vas-
cular endothelium. The first of these interactions is medi-
ated predominantly by the selectin family of adhesion
molecules, which are specialized at capturing free-
flowing leukocytes from the blood. The selectin family
consists of three cell-surface molecules expressed by
leukocytes (L-selectin), vascular endothelium (E- and P-
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selectins), and platelets (P-selectin).* While P-selectin is
rapidly mobilized to the surface of activated endothelium
or platelets, E-selectin expression is induced within sev-
eral hours after activation with inflammatory cytokines.*
Inhibition or loss of P- or E-selectins lead to a significant
reduction in neutrophil rolling and acute emigration in
many inflammatory models, such as the Arthus reaction,
dermal inflammation, and peritonitis models.®>~” By con-
trast, some studies have suggested that loss of P-selectin
expression exacerbates inflammatory responses, such
as experimental glomerulonephritis and collagen-in-
duced arthritis models.®° Thus, E- and P-selectins regu-
late inflammatory responses either positively or nega-
tively, according to the tissue site and the nature of the
inflammatory stimuli.

We previously reported that the deficiency of L-selectin
and/or ICAM-1 inhibited bleomycin-induced pulmonary
fibrosis,® suggesting that adhesion molecules regulate
the fibrotic process in this model. A previous study
showed that bleomycin-induced pulmonary fibrosis was
inhibited in transgenic mice overexpressing soluble E-
selectin that inhibits the binding of leukocytes to E-selec-
tin on the endothelium.’™ However, studies investigating
the contribution of E- and P-selectins to this model are
limited. The results of the present study indicate that E-
and P-selectins synergistically inhibit bleomycin-induced
lung fibrosis by promoting the recruitment of NK1.17 T
lymphocytes.

Materials and Methods

Animals

/ /

E-selectin™’~ and P-selectin™’~ mice were obtained from
The Jackson Laboratory (Bar Harbor, ME). All mice were
backcrossed 10 generations onto the C57BL/6 genetic
background. All mice were healthy, fertile, and did not
display evidence of infection or disease. Mice used for
experiments were 12 to 16 weeks old. Age-matched wild-
type (C57BL/6) mice (Jackson Laboratory) were used as
controls. Both body and lung size was similar for mutant
and wild-type mice (data not shown). All mice were
housed in a specific pathogen-free barrier facility and
screened regularly for pathogens. All studies and proce-
dures were approved by the Committee on Animal Ex-
perimentation of Kanazawa University Graduate School
of Medical Science.

Bleomycin Administration

Bleomycin sulfate (Nippon Kayaku, Tokyo, Japan) was
administered to mice anesthetized by inhalation of diethyl
ether. Using aseptic techniques, a single incision was
made at the neck and the muscle covering the trachea
was snipped to expose the tracheal rings. A single intra-
tracheal instillation of bleomycin sulfate (8 mg/kg) in 250
wl of sterile saline was performed. For a blocking study,
monoclonal antibodies (mAbs) to P-selectin (RB40.34, rat
IgG1, 30 ng per mouse; BD PharMingen, San Jose, CA)
were injected intravenously 30 minutes before bleomycin
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challenge and after challenge three times per week. The
mAb concentration used in this study was that required to
inhibit P-selectin-dependent leukocyte rolling in vivo as
previously described.’

Preparation of BAL

BAL cells were prepared as described elsewhere.’?
Briefly, at 2, 4, 8, 12, and 16 days after instillation, the
mice were sacrificed and both lungs were excised. BAL
fluid was collected as follows: 1 ml of saline was instilled
three times and withdrawn from the lungs via an intratra-
cheal cannula. A 500-ul aliquot of the recovered BAL
fluid was analyzed for total and differential leukocyte
counts after lysis of erythrocytes. Total leukocyte counts
were performed using a hemocytometer in the presence
of trypan blue. Cell differential counts were determined
after cytospin centrifugation with May-Giemsa staining. A
total of 200 cells were counted from randomly chosen
high-power microscopic fields for each sample.

Histological Examination

The same mice were used for histological evaluation of
fibrosis and measurement of hydroxyproline content,
whereas separate mice were used for analysis of BAL
components. After the right lung of each mouse was
removed for hydroxyproline assay, the left lung was in-
flated and fixed with 3.5% paraformaldehyde and then
paraffin-embedded. Six-um sections were stained with
hematoxylin and eosin (H&E) to evaluate alveolitis and
with Azan-Mallory stain to identify collagen deposition in
the lung. Five sections of the entire lung stained with H&E
were chosen randomly from each mouse. The severity of
lung inflammation was determined by semiquantitative
scoring system as previously described.'® The patholog-
ical scores were defined as follows: 0, no lung abnormal-
ity; 1, presence of inflammation and fibrosis involving
<25% of the lung; 2, lesions involving 25 to 50% of the
lung; and 3, lesions involving >50% of the lung. The
mean of the pathological scores for five sections was
determined for individual mice.

Hydroxyproline Assay

Hydroxyproline is a modified amino acid uniquely found
at a high percentage in collagen. Therefore, the tissue
hydroxyproline content of lungs was measured as a
quantitative measure of collagen deposition as previously
described.' Briefly, lungs were harvested 16 days after
bleomycin administration and homogenized in 2 ml of
phosphate-buffered saline, pH 7.4, with a Tissue Tearor
(luchi, Osaka, Japan). Each sample (0.5 ml) was desic-
cated overnight at 110°C and then digested in 1 ml of 6
N HCI for 8 hours at 120°C. Samples were again desic-
cated for 6 hours at 120°C. Fifty ul of citrate/acetate
buffer (5% citric acid, 7.24% sodium acetate, 3.4%
NaOH, 1.2% glacial acetic acid, pH 6.0) and 1 ml of
chloramine T solution (1.13 g of chloramine T, 8 ml of
1-propanol, 8 ml of H,O, 64 ml of citrate/acetate buffer)



742  Horikawa et al
AJP September 2006, Vol. 169, No. 3

were added to each sample and the samples were left at
room temperature for 20 minutes. Then, 1 ml of Ehrlich’s
solution [10.13 g of p-(dimethylamino)benzaldehyde,
41.85 ml of 1-propanol, 17.55 ml of 70% perchloric acid]
was added and incubated for 15 minutes at 65°C. Sam-
ples were cooled for 10 minutes, spun at 3100 X g for 5
minutes, and read at 550 nm on a spectrophotometer. A
hydroxyproline standard solution of 0 to 4 mg/ml was
used to generate a standard curve.

Flow Cytometric Analysis

BAL cells were stained with anti-CD3-PerCP Ab (clone 145-
2C11; BD PharMingen) and either anti-NK1.1-phycoeryth-
rine antibody (Ab) (clone PK136; BD PharMingen) or anti-
CXCR3-phycoerythrin Ab (clone 220803; R&D Systems,
Minneapolis, MN). Cells were washed and analyzed on a
FACScan flow cytometer (BD PharMingen). Positive and
negative populations of cells were determined using unre-
active isotype-matched mAbs (Beckman-Coulter, Fullerton,
CA) as controls for background staining.

Intracellular Cytokine Analysis

Interferon (IFN)-y production in BAL lymphocytes was de-
termined by flow cytometric intracellular cytokine analysis,
as previously described.® Briefly, cells were suspended at
10%ml in RPMI 1640 containing 2 mmol/L L-glutamine and
incubated with 10 ug of brefeldin A for 2 hours at 37°C.
Samples were stained for cell surface markers, NK1.1 and
CD3, for 30 minutes at 4°C. After permeabilizing with FACS
permeabilizing solution according to the manufacturer’s in-
structions (BD PharMingen), the cells were then stained for
intracellular IFN-y. Cells were washed and analyzed on a
FACScan flow cytometer (BD PharMingen). Positive and
negative populations of cells were determined using unre-
active isotype-matched mAbs (Beckman-Coulter) as con-
trols for background staining.

Real-Time Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR)

Lungs were harvested 8 days after bleomycin adminis-
tration, and total RNA was isolated from frozen lung spec-
imens using RNeasy spin columns (Qiagen Ltd., Crawley,
UK) and digested with DNasel (Qiagen Ltd.) to remove
chromosomal DNA in accordance with the manufactur-
er's protocols. Total RNA was reverse-transcribed to
cDNA using a reverse transcription system with random
hexamers (Promega, Madison, WI). Expression of cyto-
kines was analyzed by using real-time PCR quantification
method, according to the manufacturer’s instructions
(Applied Biosystems, Foster City, CA). Sequence-spe-
cific primers and probes were designed by pre-
developed TagMan assay reagents (Applied Biosys-
tems). Real-time PCR (40 cycles of denaturation at 92°C
for 15 seconds and annealing at 60°C for 60 seconds)
was performed on an ABI Prism 7000 sequence detector
(Applied Biosystems). Glyceraldehyde-3-phosphate de-

hydrogenase (GAPDH) was used to normalize mRNA.
Relative expression of real-time PCR products was de-
termined by using the AACt method® to compare target
gene and GAPDH mRNA expression. One of the control
samples was chosen as a calibrator sample.

In Vivo Depletion of NK1.1" Cells

Anti-NK1.1 mAb (PK136, 200 wg/mouse; BD PharMin-
gen) was injected intraperitoneally at 4 and 2 days before
bleomycin instillation and weekly thereafter. These were
the mAb concentrations required to deplete NK1.1% cells
in vivo as previously described.” Lungs were harvest 16
days after bleomycin administration. Depletion of NK1.17
cells was confirmed by two-color flow cytometric analy-
sis. The pathological scores, hydroxyproline assay, and
BAL cell counts were performed and evaluated as de-
scribed above.

Statistical Analysis

The Mann-Whitney U-test was used for determining the
level of significance of differences in sample means and
Bonferroni’s test was used for multiple comparisons.

Results

Pulmonary Fibrosis Is Augmented by Loss of
E-Selectin Expression with or without
P-Selectin Blockade

In bleomycin-induced pulmonary fibrosis, leukocytes accu-
mulate mainly during the first week with subsequent fibrotic
responses occurring in the second week. To estimate the
fibrotic changes in the lung, H&E and Azan-Mallory stain-
ings were performed 16 days after bleomycin administra-
tion. E-selectin ™/~ mice and E-selectin™/~ mice treated with
anti-P-selectin mAb exhibited an increase in lung paren-
chyma consolidation with disruption of the alveolar archi-
tecture and increased inflammatory cell infiltration com-
pared with wild-type and P-selectin™/~ mice (Figure 1A).
The pathological scores of lung sections were significantly
increased in E-selectin™/~ mice and E-selectin™/~ mice
treated with anti-P-selectin mAb compared with wild-type
mice (P < 0.01 and P < 0.01, respectively; Figure 1B). Lung
sections from saline-treated mutant mice showed no signif-
icant pulmonary consolidation or fibrosis (data not shown).
Collagen deposition assessed by Azan-Mallory staining
was similar in wild-type and P-selectin™/~ mice (Figure 1A).
In contrast, E-selectin™’~ mice and E-selectin™/~ mice
treated with anti-P-selectin mAb showed augmented colla-
gen deposition.

Pulmonary fibrosis was further assessed by quantita-
tively measuring the hydroxyproline content in the lungs.
Sixteen days after bleomycin administration, the hy-
droxyproline content of lungs from E-selectin™/~ mice
and E-selectin™/~ mice treated with anti-P-selectin mAb
were significantly increased compared with wild-type
mice (P < 0.01 and P < 0.005, respectively; Figure 2),
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whereas there was no significant difference between
wild-type and P-selectin™/~ mice. Consistent with the
histological and quantitative evaluation, E-selectin™/~
mice and E-selectin™/~ mice treated with anti-P-selectin
mAb suffered an increase in mortality relative to wild-type
mice (20 and 40% increase, respectively; Figure 3). Thus,
loss of E-selectin alone or concurrent loss of P- and
E-selectin function resulted in a severe exacerbation of
bleomycin-induced lung fibrosis.

Leukocyte Infiltration Is Increased by Loss of
E-Selectin Expression with or without

P-Selectin Blockade

The effects of cell adhesion molecule blockade on leu-

kocyte infiltration into the lung were evaluated by count-
ing the inflammatory cells in the BAL at 2, 4, 8, 12, and 16
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Figure 1. Bleomycin-induced lung fibrosis was augmented in E-selectin™
mice and E-selectin™/~ mice treated with anti-P-selectin. A: Representative
histological sections of lungs from wild-type, P-selectin™’ /

~, E-selectin™’ ",
and E-selectin™/~ mice treated with anti-P-selectin mAb 16 days after intra-

tracheal bleomycin administration. Wild-type mice that received intratracheal
saline injection served as controls (control). The lung sections were stained
with H&E to evaluate alveolitis and with Azan-Mallory to identify collagen
deposition. B: Lung fibrosis was evaluated according to the criteria described
in Materials and Methods. The results are indicated as a mean * SEM of eight
mice in each group. Original magnifications, X100.

days after bleomycin challenge. The number of neutro-
phils in the BAL reached a maximum 8 days after bleo-
mycin challenge and then gradually decreased in wild-
type mice (Figure 4A). The neutrophil influx at day 8 after
challenge was significantly increased in P-selectin ™/~
mice (P < 0.01), E-selectin™/~ mice (P < 0.05), and
E-selectin™~ mice treated with P-selectin mAb (P <
0.001) compared with wild-type mice (Figure 4A). There
were no significant increases in neutrophil numbers in
saline-treated mutant and wild-type mice (data not
shown). Similar to neutrophil numbers, lymphocyte num-
bers peaked in the BAL 8 days after bleomycin adminis-
tration (Figure 4B). At this time point, there was a signif-
icant increase in lymphocyte numbers in E-selectin™/~
mice and E-selectin™/~ mice with P-selectin blockade
relative to wild-type mice (P < 0.05 and P < 0.05, re-
spectively), whereas there was no significant difference
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Figure 2. Hydroxyproline content of lungs in mutant and wild-type mice 16
days after intratracheal bleomycin administration. Symbols represent results
from individual mice with the horizontal line indicating the mean value for
each group of mice.

in lymphocyte numbers between P-selectin™~ and wild-
type mice. Macrophage numbers were similar between
all groups at all time points (Figure 4C). Thus, E-selectin
deficiency with or without the additional P-selectin block-
ade increased neutrophil and lymphocyte accumulation
in the lung.
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Figure 3. Time course of survival in mutant and wild-type mice after intra-
tracheal bleomycin administration (15 mice in each group).

Effect of E- or P-Selectin Loss or Blockade on
Cytokine and Growth Factor Production

A variety of cytokines and growth factors are impli-
cated in the development of bleomycin-induced pul-
monary fibrosis, including tumor necrosis factor
(TNF)-«, IFN-v, interleukin (IL)-6, and transforming
growth factor (TGF)-B1."8 2" These cytokines are gen-
erated and released, in part, by inflammatory cells
infiltrating into the lungs. To assess the effects of P-
and E-selectin blockade on production of these effec-
tor cytokines, their mRNA expression level in the lung
was examined 8 days after bleomycin challenge by
real-time reverse transcriptase-polymerase chain reac-
tion (RT-PCR). E-selectin™’~ mice and E-selectin™/~
mice treated with anti-P-selectin mAb showed a signif-
icant decrease in IFN-y mRNA levels compared with
wild-type mice (Figure 5A). In contrast, TNF-a mRNA
expression level was significantly increased in E-selec-
tin~/~ mice and E-selectin™/~ mice treated with anti-P-
selectin mAb relative to wild-type mice (Figure 5B).
P-selectin ™/~ mice showed similar expression levels of
IFN-y and TNF-« relative to wild-type levels. There was
no significant difference in IFN-y and TNF-a mRNA
expression levels between saline-treated mutant mice
and controls (data not shown). IL-6 mRNA expression
levels were significantly increased in E-selectin™/~
mice with P-selectin blockade and P-selectin™/~ mice
but not in E-selectin™/~ mice (Figure 5C). There was no
significant difference between any groups of mice in
TGF-B mRNA expression level (Figure 5D). Thus, the
combined blockade of P- and E-selectins decreased
IFN-y expression but increased TNF-a and IL-6
expression.

E-Selectin™’~ Mice and E-Selectin™'~ Mice
Treated with Anti-P-Selectin mAb Exhibit
Defective Natural Killer T (NKT) Cell
Recruitment to the Lungs

To further define the lymphocyte influx into the lung,
expression levels of CD3, NK1.1, and intracellular
IFN-y in BAL lymphocytes from wild-type, P-selec-
tin™/~, and E-selectin™/~ mice and E-selectin~’~ mice
treated with anti-P-selectin mAb were assessed by flow
cytometry 4 days after bleomycin instillation. E-selec-
tin~/~ mice and E-selectin™/~ mice treated with anti-
P-selectin - mAb exhibited significantly reduced
NK1.1"CD3™ cell number in BAL compared with wild-
type mice (P < 0.05 and P < 0.01, respectively; Figure
6A), but not in homogenate lung parenchyma (data
not shown). There was no significant difference in
NK1.1*CD3™* cell number between wild-type mice and
P-selectin™/~ mice (Figure 6A). No significant differ-
ence was found in NK1.17CD3™" cell numbers between
wild-type mice and E-selectin™/~ mice in peripheral
blood and spleen before or after bleomycin instillation
(data not shown). Furthermore, IFN-y expression level
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Figure 4. Time course of neutrophil (A), lymphocyte (B), and macrophage (C) influx into the BAL from mutant and wild-type mice. BAL was collected at 2, 4,
8, 12, and 16 days after intratracheal bleomycin administration. Saline-treated mutant mice or wild-type mice showed no significant increase in leukocyte numbers
(data not shown). All values represent the mean * SEM of results obtained using eight mice in each group. Statistical analysis is presented in the Results section.

of CD3" lymphocytes was significantly reduced in (Figure 6B). Thus, E-selectin”/~ mice and E-selec-
P-selectin™/~ mice (P < 0.05), E-selectin™~ mice (P < tin™/~ mice treated with anti-P-selectin mAb exhibited
0.01), and E-selectin™/~ mice treated with anti-P-selec- defective NKT cell recruitment to the lungs with re-
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Figure 5. mRNA expression of IFN-y (A), TNF-a (B), IL-6 (C), and TGF-B1 (D) in the lungs of mutant and wild-type mice 8 days after intratracheal bleomycin
administration. mRNA expression was assessed by real-time RT-PCR. Values represent the mean * SEM of results from seven mice in each group.
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>

mice and E-selectin™/~ mice treated with

anti-P-selectin mAb. BAL fluid was analyzed by flow cytometry 4 days after bleomycin administration. Total number of NK1.1"CD3™ cells (A), intracellular TFN-y
expression level of CD3™ cells (B), CXCR3 expression levels of CD3™" cells (C), and representative dot plots of CXCR3"CD3™" cell frequency (D). Percentages
of CXCR3*CD3" cells are shown in the upper right quadrants. These data are representative of three independent experiments.

Reduced CXCR3 Expression Levels on

BAL Lymphocytes from E-Selectin™'~ Mice
and E-Selectin™’~ Mice Treated with Anti-P-
Selectin Ab

CXCR3 is a chemokine receptor expressed preferentially
on NKT cells®? as well as Th1 and NK cells.?® To deter-
mine CXCR3 expression on BAL lymphocytes, BAL lym-
phocytes from wild-type and E-selectin mice 4 days after
bleomycin administration were stained with anti-CD3 and
anti-CXCR3 mAbs. BAL lymphocytes from E-selectin ™/~
mice and E-selectin™/~ mice treated with anti-P-selectin
mAb exhibited significantly lower CXCR3 expression lev-
els compared with wild-type mice (P < 0.05 and P <
0.05, respectively; Figure 6C). Furthermore, the fre-
quency of CXCR3"CD3™* cells was significantly reduced
in E-selectin™/~ mice and E-selectin™/~ mice treated with
anti-P-selectin mAb compared with wild-type mice (Fig-

ure 6D). Therefore, loss of E-selectin expression de-
creased the expression level and frequency of
CXCR3"CD3™" cells in BAL with more extensive de-
creases when treated with anti-P-selectin mAb.

Depletion of NK1.1% Cells Augmented
Bleomycin-Induced Lung Fibrosis

To confirm a role of NK1.1" cells in bleomycin-induced
lung fibrosis, depletion of NK1.1% cells by mAbs was
performed. Wild-type mice were treated with mAbs to
NK1.1 intraperitoneally at 4 and 2 days before bleomycin
administration and weekly thereafter. Wild-type mice in-
jected with anti-NK1.1 mAbs exhibited an increase in
lung parenchyma consolidation with disruption of the
alveolar architecture and increased inflammatory cell in-
filtration compared with untreated wild-type mice. Ac-
cordingly, the pathological scores of lung sections were



significantly increased in wild-type mice treated with anti-
NK1.1 mAb compared with untreated wild-type mice
(P < 0.05, Figure 7A). Additionally, lung hydroxyproline
content from wild-type mice treated with anti-NK1.1 mAb
was significantly increased compared with untreated
wild-type mice (P < 0.05, Figure 7B). Total leukocyte
count from BAL fluid was significantly increased in wild-
type mice treated with anti-NK1.1 mAb relative to un-
treated wild-type mice (P < 0.05, Figure 7C). Thus, de-
pletion of NK1.1" cells results in aggravation of
pulmonary fibrosis in this model.

When wild-type mice treated with anti-NK1.1 mAb
were compared with E-selectin™/~ mice treated with anti-
P-selectin mAb, pathological scores, hydroxyproline con-
tent, and total leukocyte count were milder in wild-type
mice treated with anti-NK1.1 mAb (Figure 7), although
only hydroxyproline content reached statistical difference
(P < 0.05). These results suggest that, although defec-
tive NKT cell recruitment is critical in the exacerbation of
bleomycin-induced lung fibrosis by E- and P-selectin
blockade, other components also participate in the de-
velopment of lung fibrosis. Nonetheless, in E-selectin™'~
mice treated with anti-P-selectin mAb, depletion of
NK1.1* cells by anti-NK1.1 mAb did not further augment
pathological scores, hydroxyproline content, or total leu-
kocyte count (Figure 7). Thus, defective recruitment of
NKT cells by the absence of E- and P-selectins appeared
to have a major role in aggravation of pulmonary fibrosis
in this model.

Discussion

Cell adhesion molecules are thought to play critical roles in
the development of several inflammatory diseases. Inhibi-
tion or loss of cell adhesion molecules attenuates inflamma-
tory response in vivo in many experimental models. In this
study, we investigated a role for P- and E-selectins in the
development of pulmonary fibrosis. Unexpectedly, E-selec-
tin deficiency exacerbated bleomycin-induced pulmonary
fibrosis resulting in increased mortality, more severe histo-
logical changes, and increases in lung collagen deposition.
Furthermore, treatment with anti-P-selectin mAb in E-selec-
tin~/~ mice generally exacerbated pulmonary fibrosis be-
yond that produced by loss of E-selectin alone, indicating
an overlapping function of P- and E-selectins in this model.
Consistent with this, the cutaneous contact hypersensitivity
response and TNF-a-induced leukocyte rolling are almost
completely eliminated by loss of both E- and P-selectins,
whereas loss of each molecule alone results in little inhibi-
tion, if any.?*72® Therefore, the results of the present study
reveal an inhibitory and cooperative role of P- and E-selec-
tins in the development of bleomycin-induced pulmonary
fibrosis.

Although it is assumed that leukocytes and cytokines
produced by leukocytes participate in the induction of
pulmonary fibrosis, it is still controversial as to which
subtype of leukocyte plays an essential role. Some evi-
dence suggests that neutrophils play a central role in
pulmonary fibrosis. Neutrophils release mediators that
stimulate fibroblasts to proliferate and produce excess
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Figure 7. Lack of NK1.1" cells augmented bleomycin-induced lung fibrosis.
The mean pathological score (A), lung hydroxyproline content (B), and total
leukocyte counts from BAL fluid (C) of wild-type mice, wild-type mice
injected with anti NK1.1 mAD, E-selectin™/~ mice injected with anti-P-selec-
tin mAb, and E-selectin™/~ mice injected with anti-P-selectin mAb and
anti-NK1.1 mAb. Lungs were harvest 16 days after bleomycin administration.
The pathological scores, hydroxyproline assay, and BAL cell counts were as
described in the Materials and Methods section. The results were obtained
from four mice in each group.
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collagen.?” Bleomycin-induced fibrotic regions are not
detected in mice treated with a neutrophil elastase inhib-
itor®® and neutrophil elastase-deficient mice are resistant
to bleomycin-induced fibrosis.?® Moreover, patients with
idiopathic pulmonary fibrosis generally demonstrate neu-
trophil-predominant alveolitis, and the frequency of neu-
trophils in the BAL is a clinical indicator for active pulmo-
nary fibrosis associated with systemic sclerosis.”? In the
present study, mice lacking P- and/or E-selectin function
exhibited increased neutrophil numbers after bleomycin
treatment. These results suggest that other adhesion
pathways or mechanical forces, which do not require P-
or E-selectins, primarily mediate neutrophil recruitment in
bleomycin-induced lung inflammation. Consistent with
this, mice lacking both L-selectin and ICAM-1 exhibited
almost complete elimination of neutrophil entry into the
alveolar space after bleomycin treatment.®

It is possible that loss of P- and/or E-selectin function
selectively alters the trafficking patterns of specific lym-
phocyte subpopulations to the lung. This may result in
differential production of cytokines, which may then di-
rectly or indirectly influence the development of lung
fibrosis. Previous studies have demonstrated anti-fibrotic
effects of IFN-y on bleomycin-induced pulmonary fibro-
sis.'®30-32 These studies suggest that the mechanisms
by which IFN-y inhibits tissue fibrosis could be through
the inhibition of TGF-B1 signaling. Two studies have dem-
onstrated that neutralizing IFN-y by administration of anti-
IFN-y mAb before bleomycin treatment augmented lung
fibrosis with increased lung collagen content.3"%2 By
contrast, other studies have shown that IFN-y production
is increased in bleomycin-induced pulmonary fibrosis,
suggesting a pathogenic role for IFN-y.2"33 Furthermore,
bleomycin-induced lung fibrosis was attenuated in IFN-
v-deficient mice.?' Results of this study showed that lack
of E-selectin, with or without P-selectin blockade, re-
duced IFN-y expression and augmented lung fibrosis,
suggesting a protective effect of IFN-y. However, exog-
enous IFN-vy treatment did not affect the severity of lung
fibrosis or mortality rate in E-selectin™/~ mice (data not
shown), although Jiang and colleagues®? have demon-
strated that treatment with exogenous IFN-yin CXCR3 ™/~
mice could reverse the fibrotic phenotype and signifi-
cantly attenuate the development of lung fibrosis. In ad-
dition, loss of E-selectin alone or with P-selectin blockade
increased TNF-a mRNA expression. Several studies have
shown that TNF-a plays a key role among various cyto-
kines in bleomycin-induced lung fibrosis.'® High levels of
TNF-a have also been demonstrated in the lungs of pa-
tients with idiopathic pulmonary fibrosis.®* Furthermore,
loss of E-selectin with P-selectin blockade increased ex-
pression of IL-6 that induces the production of collagen
and glycosaminoglycans by fibroblasts.®® These results
indicate that one of the major mechanisms by which loss
of P- and E-selectin function exacerbated the fibrotic
process is by regulating cytokine balance.

Our flow cytometric analysis revealed that NKT cells in
the BAL were markedly reduced in E-selectin™/~ mice
and E-selectin™/~ mice treated with anti-P-selectin mAb
(Figure 6A). Indeed, depletion of NKT cells in wild-type
mice augmented lung fibrosis with increased BAL cell

count (Figure 7). NKT cells are innate memory cells that
play important roles in the initiation and regulation of the
immune response because of their ability to produce
large amounts of cytokines by stimulation with their gly-
colipid ligand, a-galactosylceramide («a-GalCer). On
stimulation with a-GalCer, NKT cells rapidly produce cy-
tokines, including IFN-y."® Consistent with our results, a
recent study showed that treatment with a-GalCer atten-
uates the development of bleomycin-induced pulmonary
fibrosis.' Another study showed that mice lacking NKT
cells aggravated pulmonary fibrosis and adoptive trans-
fer of NKT cells into these mice attenuates pulmonary
fibrosis.®! The present study is the first to reveal that NKT
cell infiltration into the lung is dependent on E- and P-
selectin expression. Furthermore, in E-selectin™/~ mice
treated with anti-P-selectin mAb, depletion of NK1.1"
cells did not further augment the severity of lung fibrosis
(Figure 7), suggesting that defective recruitment of NKT
cells plays a major role in exacerbating lung fibrosis by
the blockade of E- and P-selectins. Because it has been
shown that P- and E-selectins preferentially mediate roll-
ing and emigration of Th1 cells over Th2 cells,*¢2” E- and
P-selectins may mediate the recruitment of NKT cells into
the lung. In this study, CD3" lymphocytes in BAL from
wild-type mice expressed high levels of CXCR3 (Figure
6C), suggesting that lymphocytes accumulating in the
lungs are Thi-type cells rather than Th2-type cells
whereas CXCR3 expression level and frequency were
reduced in E-selectin™/~ mice and E-selectin™/~ mice
with P-selectin blockade (Figure 6, C and D). Further-
more, these mice exhibited significantly reduced NKT
cell number in BAL compared to wild-type mice. A pre-
vious study showed that NKT cells expressed high levels
of CXCR3%8:39 and that CXCR3 plays a significant role in
recruiting NKT cells to inflammatory sites in human.3®
Moreover, CXCR3™/~ mice exhibit augmented fibrosis in
the bleomycin-induced pulmonary fibrosis model.®? Col-
lectively, these results suggest that E- and P-selectins
selectively and synergistically recruit NKT cells into the
lungs in collaboration with CXCR3, although the precise
mechanisms underlying this molecular interaction require
further study.

To date, there have been few reports directly address-
ing an in vivo role of selectins in bleomycin-induced pul-
monary fibrosis. The present study indicates that P- and
E-selectins both contribute to pulmonary fibrosis by me-
diating the accumulation of type 1 cells, especially NKT
cells that may have a protective effect. Furthermore, func-
tional loss of these molecules resulted in increased pro-
duction of TNF-« that may initiate early lung inflammation
by mediating the accumulation of neutrophils and exac-
erbating fibrosis. These results provide additional clues
to understanding the complexity of the pathogenesis of
pulmonary fibrosis.
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