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Abstract

Background

Chronic asthma is often associated with neutraoplmiiltration in the airways. Neutrophi
contain elastase, a potent secretagogue in theysrwionetheless the role for neutro
elastase as well as neutrophilic inflammation largen-induced airway responses is not
defined. In this study, we have investigated thpaot of neutrophil elastase inhibition on
development of allergic airway inflammation andway hyperresponsiveness (AHR)
previously sensitized and challenged mice.

Methods

BALB/c mice were sensitized and challenged (prihavith ovalbumin (OVA). Six weekK
later, a single OVA aerosol (secondary challenga$ @delivered and airway inflammati
and airway responses were monitored 6 and 48 tes kn inhibitor of neutrophil elasta
was administered prior to secondary challenge.

Results

Mice developed a two-phase airway inflammatory oese after secondary allerg
challenge, one neutrophilic at 6 hr and the otlesir®philic, at 48 hr. PAR-2 expression

Is
phil
vell
the
in

O O

n

2
(¢

en
n

the lung tissues was enhanced following secondaajlenge, and that PAR-2 intracellular

expression on peribronchial lymph node (PBLN) Tlscelbas also increased followiy
allergen challenge of sensitized mice. Inhibitiofi meutrophil elastase significant
attenuated AHR, goblet cell metaplasia, and inflatary cell accumulation in the airwal
following secondary OVA challenge. Levels of ILH5 and IL-13, and eotaxin in BA
fluid 6 hr after secondary allergen challenge wagaificantly suppressed by the treatmg
At 48 hr, treatment with the neutrophil elastadeibitor significantly reduced the levels
IL-13 and TGFB1 in the BAL fluid. In parallel, in vitro IL-13 prduction was significantl
inhibited in spleen cells from sensitized mice.

Conclusion

These data indicate that neutrophil elastase paysnportant role in the development
allergic airway inflammation and hyperresponsivenesd would suggest that the neutro
elastase inhibitor reduced AHR to inhaled methankdhdicating the potential for its use
a modulator of the immune/inflammatory responsdatth the neutrophil- and eosinopl
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dominant phases of the response to secondaryafi@ttpllenge.
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Background

Bronchial asthma is a complex syndrome characigrizg airway obstruction, airway
inflammation and airway hyperresponsiveness (AHR) [n the pathogenesis of asthma,
various inflammatory cells contribute to the deypehmnt of AHR and allergic airway
inflammation. A common theory is that the diseasilts from chronic airway inflammation
leading to AHR and reversible airway obstructioh B adults with stable asthma treated
with inhaled corticosteroids, ~40% have eosinoplabthma, whereas 25% have neutrophilic
asthma [3], and asthmatics with neutrophilic airwglammation also have AHR, along with
many other phenotypes of asthma. Neutrophils aee ajrthe pro-inflammatory cell types
whose role in the pathology of asthma has been asgdd recently. Acute severe asthma
has been shown to be associated with neutrophiffdtration of the airways [4,5].
Neutrophils were reported to predominate in fatedcks of short duration [3], and in the
early stages of status asthmaticus, neutrophifittration of the airways was demonstrated
[6,7]. However, the specific role of neutrophilstire pathogenesis of asthma has not been
clarified.

We have previously shown important differences wheprimary challenge approach was
compared with mice that had previously been semsitand challenged and later provoked
with a single airway challenge (secondary chall¢f8k It has been shown that neutrophils
increase in bronchoalveolar lavage (BAL) fluid 6ul® after provocation, whereas
eosinophils increase 48 hours after provocationT8]s model perhaps more closely mimics
the human situation of previous exposure than pgimreodels of acute exposure.

Among the neutrophil proteases, elastase has detegt potential to cause tissue injury and
alter airway function [10]. Neutrophil elastase leen shown to play an important role in
neutrophil-endothelial adhesion and extravasatilicitedd by pro-inflammatory mediators
[11]. Association of neutrophil elastase activitythwasthmatic subjects has been reported
[12-14]. Recent study demonstrated that significaateases of sputum IL-8 and neutrophil
elastase protein and IL-8 receptor gene expressgswa shown in the neutrophilic asthma and
systemic inflammation was increased in patient$ wiutrophilic airway inflammation and
associated with worse clinical outcomes [15]. Gbbkdl degranulation was inhibited when
neutrophil recruitment was prevented or when n@hiteelastase activity was inhibited after
antigen challenge of sensitized guinea pigs [16,h7Ascaris suum allergen-induced sheep
model, Fujimoto et al. reported that the neutroghéstase inhibitor, ONO-5046, reduced
asthmatic responses but did not affect the numbeosinophils and lymphocytes in BAL
fluid [18]. In this study, we evaluated the role mdutrophil elastase in allergen-induced
inflammation and AHR on a background of previoushktablished disease, provoked by
secondary challenge.

In established asthma, the importance of neutrogladtase on allergen-induced AHR and
airway inflammation has not been elucidated. Initawld the mechanisms whereby
neutrophil elastase affects allergic airway respensind inflammation remain to be
identified. In the present study, to define theerof neutrophil elastase following established
allergen-induced AHR and inflammation and respaiwseecondary challenge, we utilized
sivelestat, a specific synthetic inhibitor of newtnil elastase.



Material and methods

Animals

Female BALB/c mice (8-10 wk of age) were purchafedn Charles River Japan, Inc.
(Yokohama, Japan). The mice were maintained ors drele of ovalbumin (OVA). All
experimental animals used in this study were houseter constant temperature and light
cycles and experiments performed under a protopptaaed by the Institutional Animal
Care and Use Committee of Okayama University Meédcaool (Okayama, Japan).

Sensitization and airway challenge

Mice were sensitized by intraperitoneal injectidr20 ug of OVA (Grade V; Sigma-Aldrich,
St. Louis, MO) emulsified in 2.25 mg aluminum hyxide (Alumimuject; Pierce, Rockford,
IL) in a total volume of 10QL on days 0 and 14. Mice were challenged (priméuallenge)
via the airways with OVA (1% in saline) for 20 mam days 28, 29 and 30 using ultrasonic
nebulizer. On day 72, mice received a single semgndhallengevia the airways with 1%
OVA for 20 min. Mice were studied 6 and 48 hr attex secondary challenge [8].

Administration of the neutrophil elastase inhibitor

Sivelestat (N-[2-[4-(2,2-dimethylpropionyloxy)-ph@sulfonylamino]lbenzoyl] aminoacetic
acid) is a specific synthetic inhibitor of neutrdpdlastase (Ono Pharmaceutical Co., Osaka,
Japan). Mice received sivelestat, 100 mg/kg/daaaritoneally, from day 68 through to the
day of study. Control groups of mice received salmthe same fashion.

Determination of airway responsiveness

A flexiVent small-animal ventilator (SCIREQ, Mon#le PQ, Canada) was used to assess
airway function (Snapshot) in anesthetized (intriapeeal injection of sodium pentobarbital,
70 mg/kg), mechanically ventilated animals, measuchanges in lung resistance (RL) in
response to increasing doses of inhaled methaehdMCh) [18]. Airway responsiveness
was assessed (150 breaths/min, tidal volume: 1Kginds a change in airway function after
challenge with aerosolized MCh administered forsl(60 breaths/min, tidal volume: 20
ml/kg) in increasing concentrations (0, 3.125, 6 A5 and 25 mg/ml). Baseline RL values
in response to saline at 6 and 48 hr were firstrdahed. The data of RL was continuously
collected for up to 3 min and maximum values wakeh.

Bronchoalveolar lavage

After assessment of AHR, lungs were lavaged vidrdneheal tube with Hanks’ balanced salt
solution (2 x 1 ml, 37°C). The volume of collectBAL fluid was measured in each sample
and the number of BAL fluid cells was counted. Gyio slides were stained and
differentiated in a blinded fashion by countindeatst 200 cells under light microscopy. BAL
fluid supernatants were collected and stored at€3Mtil measurement [19].



Histological and immunohistochemistry studies

After obtaining the BAL fluid, lungs were fixed 0% formalin. Blocks of lung tissue were
cut around the main bronchus and embedded in pataficks. Tissue sectionsyn thick
were affixed to microscope slides and deparaffohizeung sections were stained with
hematoxylin-eosin (H&E) especially for analyzingethifference between eosinophils and
neutrophils (final magnification:x1000), periodicid Schiff (PAS) for identification of
mucus-containing cells (goblet cells) (final magmfion:x1000) and granulocyte-
differentiation antigen (Gr-1) monoclonal antibo(BioLegend, San Diego, CA) [20] for
detection of neutrophil infiltration (final magrgftion:x400) and confirmed H&E stained
data. In hematoxylin-eosin and anti-Gr-1 monocloaatibody stained lung section, the
number of eosinophils, lymphocytes, and neutroplpkr square millimeter in the
peribronchial and perivascular tissue were analymag NIH Image Analysis system. More
than 10 bronchioles in a minimum of 10 high-powietds per lung tissue were randomly
examined in a blinded fashion. The numbers of meaugaining cells were counted in more
than 10 bronchioles in the 10 high-power fields paimal by measuring the length of
epithelium defined along the basement membranelanéhal area using the NIH Image
Analysis system [20]. Some lungs were stored af€8a paraffin blocks and stained with
proteinase-activated receptor 2 (PAR-2) antibodgn{® Cruz Biotechnology, Santa Cruz,
CA), and were examined under light microscopy (fimagnification:x400). PAR-2 positive
cells per square millimeter in the lung tissue wamalyzed using NIH Image Analysis
system. More than 10 bronchioles in a minimum ohigh-power fields per lung tissue were
randomly examined in a blinded fashion.

Measurement of cytokine, chemokine and growth facto

The levels of cytokine, chemokine and growth faatorthe BAL fluid and cell culture
supernatants were measured by ELISA according & rfanufacturer’s directions as
previously described [21]. The limits of detectiwere 2 pg/ml for IL-4, KC and IFN; 7
pg/ml for IL-5, 1.5 pg/ml for IL-13 and MIP-2, 3 pygl for eotaxin 4.61 pg/ml for TGB1
(R&D Systems, Minneapolis, MN).

Measurement of serum anti-OVA antibody

Serum anti-OVA IgE antibody levels were measuredBbySA (DS pharma biomedical,
Osaka, Japan), 6 and 48 hr after the last airwallecige as previously described [22]. The
antibody titers of samples were related to poolahdards that were generated in the
laboratory and expressed as ELISA (ng/ml). Thetraf detection were 2.7 ng/ml.

Flow cytometry

To stain intracellular protease-activated recet@AR-2) in the peribronchial lymph nodes
(PBLN), fixation and permeabilization of the ceNsre performed with BD cytofix/cytoperm
kit (BD Biosciences Pharmingen, San Diego, CA, US#id then incubated with anti-human
PAR-2 mAb (Santa Cruz Biotechnology) accordinghte manufacturer’s directions. 1,610
cells were incubated with PerCP-conjugated anti-CPB-conjugated anti-human PAR-2
mAb or control antibody, FITC-conjugated anti-CD4tibodies (BD Biosciences), and then
2x10" cells were analyzed by flow cytometry (FACScalibuBecton Dickinson
Immunocytometry Systems) as previously describ&gl [2



Cell preparation and culture

Spleens from secondary challenged mice were remawedplaced in PBS. Tissue was
dispersed into single-cell suspensions, and moreaucells (MNC) were purified by Ficoll-
Hypaque gradient centrifugation (Sigma-Aldrich) aefls (4x168) were cultured for 24 hr in
96-well round-bottom plates in the presence or mtsef OVA (100ug/ml) as previously
described [23].

Statistical analysis

All results were expressed as mez®D. Multiple comparisons were performed by ANOVA
following Newman-Keuls’s multiple comparison tesifie comparisons between two groups
were performed by Mann—-Whitney U-test. The p-vdaresignificance was set at 0.05.

Results

Inhibition of neutrophil elastase attenuates AHR ad airway inflammation 6
hr after secondary challenge

Mice sensitized and challenged (primary) and miballenged only were re-challenged
(secondary) with OVA. Those mice which had previpuseen sensitized and challenged
with OVA and treated with vehicle developed AHR gared to the non-sensitized but OVA
challenged and re-challenged mice. When mice wezatdd with sivelestat, AHR were
significantly reduced compared to vehicle salireated mice (Figure 1A). In parallel,
inflammatory cell recruitment into the airways wasreased 6 hrs after secondary airway
challenge of previously sensitized and challengadals (Figure 1B). Increased total cell
numbers were largely due to increased numbers wiophils in BAL fluid (47% of total
BAL fluid cells). When mice were treated with sigsiat, the numbers of eosinophils and
lymphocytes were decreased significantly comparia wehicle-treated mice.

Figure 1 Neutrophil elastase inhibitor attenuates AHR 6 hr &er secondary challenge.
(A) Changes in R6 hr after secondary challenge. Wlues to increasing concentrations of
inhaled MCh were measured in non-sensitized/OVAlehged mice receiving saline
(PBS/OVA/vehicle/OVA), OVA-sensitized/OVA-challengienice receiving saline
(OVA/OVA/vehicle/OVA), and OVA-sensitized/OVA-chalhged mice receiving sivelestat
(OVA/OVA/Sivelestat/OVA). Results for each groum@axpressed as the meadD.
(n=16-24 in each group)Bj Cell composition in BAL fluid obtained 6 hr afteecondary
challenge. Results for each group are expresstasear: SD. (n=16 in each group).
*Significant differences®#<0.05) between PBS/OVA/OVA/vehicle and
OVA/OVA/OVAlvehicle. #Significant differenced?(< 0.05) between
OVA/OVA/vehicle/OVA and OVA/OVA/Sivelestat/OVA.

Lung inflammation 6 hr after secondary challenge

In previous studies, the development of AHR wa®aased with inflammatory changes in
lung tissue [24]. To determine if sivelestat aféetinflammatory changes in the lung, we
assessed tissue inflammation 6 hr after second&# €hallenge. Hematoxylin-eosin and
anti-Gr-1 monoclonal antibody stained lung tisshevged significant increases of neutrophil
and lymphocyte numbers in peribronchial inflammation previously sensitized and



challenged animals compared to the non-sensitizegk.nMice treated with sivelestat
demonstrated reduced the numbers of lymphocytemmtissue (Figure 2A, 2B, 2C).

Figure 2 Treatment with sivelestat reduces airway inflammaiton 6 hr after secondary
challenge.(A) H&E—stained lung tissue (final magnification:x40(&)
PBS/OVA/vehicle/OVA, (b) OVA/OVA/vehicle/OVA, (c) WA/OVA/Sivelestat/OVA. B)
Inflammatory cell numbers in the peribronchial gadivascular tissue were measured (final
magnification:x1000).) Anti-Gr-1 monoclonal antibody stained lung tisgfieal
magnification:x400). (a) PBS/OVA/vehicle/OVA, (b)MB/OVA/vehicle/OVA, (c)
OVA/OVA/Sivelestat/OVA. D) Treatment with sivelestat suppresses gobletneetaplasia.
PAS staining was performed to identify mucus-camitey cells in the airway epithelium
(final magnification:x1000). (a) PBS/OVA/vehicle/@y (b) OVA/OVA/vehicle/OVA, (c)
OVA/OVA/Sivelestat/OVA. E) The number of mucus-positive cells. Data repreten
meant SD. (n=8 in each group). *Significant differencd?<0.05) between
PBS/OVA/vehicle/OVA and OVA/OVA/vehicle/OVA. #Sigincant differencesR<0.05)
between OVA/OVA/vehicle/OVA and OVA/OVA/SivelestaWA.

Lung sections were stained with PAS to identify masicontaining cells in the airway
epithelium (Figure 2D). A significant increase inmbers of PAS positive cells was found in
previously sensitized and challenged mice compargidl non-sensitized but re-challenged
mice. Treatment with sivelestat significantly reddahe number of PAS positive cells per
millimeter of basement membrane (Figure 2E).

Cytokines, chemokines and growth factor levels in BL fluid 6 hr after
secondary challenge

Six hr after secondary allergen challenge, BALdlwas obtained to assess cytokine and
chemokine levels. After secondary challenge, Th24(11L-5 and IL-13) cytokines were all
increased in sensitized and challenged mice treatdvehicle compared to non-sensitized
mice. Treatment with sivelestat significantly reddcthe levels of IL-4, IL-5 and IL-13
(Figure 3). Levels of eotaxin, KC, and MIP-2 in BAluid were also increased in sensitized
and challenged mice treated with saline comparewinsensitized mice, and treatment with
Sivelestat significantly reduced the level of eatebut not KC or MIP-2 (Figure 3).

Figure 3 Treatment with sivelestat alters cytokine, chemokia, and growth factor levels
in BAL fluid 6 hr after secondary challenge.The levels of ) IL-4, (B) IL-5, (C) IL-13,
(D) TGF1, (E) Eotaxin, F) KC, and G) MIP-2 in BAL fluid were measured. The results
for each group are expressed as the ni&id. (n=16 in each group). *Significant
differences P <0.05) between PBS/OVA/vehicle/OVA and OVA/OVA/veletOVA.
#Significant differencesR<0.05) between OVA/OVA/vehicle/OVA and
OVA/OVA/Sivelestat/OVA.

Inhibition of neutrophil elastase prior to seconday challenge attenuates lung
allergic responses 48 hr after secondary challenge

We previously showed that at 48 hr after secon@dlargen challenge, the inflammatory
reaction and AHR developing after primary challerrgsolved but that the re-challenge
induced a strong inflammatory reaction with devatept of AHR [8]. Indeed, as observed
with the increases in AHR 6 hr after the seconddugilenge, these increases in AHR 48 hr



after the secondary challenge were also signifi¢gkidure 4A). Under these conditions,
treatment with sivelestat significantly preventbd increases in AHR.

Figure 4 Treatment with sivelestat reduces AHR and airway ilammation 48 hr after
secondary challenge. (AChanges in R48 hr after secondary challenge. Results for each
group are expressed as the me&MD. (n=16 in each group)B) Cell composition in BAL
fluid. Results for each group are expressed am#taat SD. (n=16 in each group)Q)
H&E—stained lung tissue (final magnification:x40@®) PBS/OVA/vehicle/OVA, (b)
OVA/OVAlvehicle/OVA, (c) OVA/OVA/Sivelestat/OVA.ID) Inflammatory cell numbers in
the peribronchial and perivascular tissue (finagmfcation:x1000). E) Anti-Gr-1
monoclonal antibody stained lung tissue (final miggtion:x400). (a)
PBS/OVA/vehicle/OVA, (b) OVA/OVA/vehicle/OVA, (c) WA/OVA/Sivelestat/OVA. F)
PAS staining (final magnification:x1000). (a) PBS/A&vehicle/OVA, (b)
OVA/OVAlvehicle/OVA, (c) OVA/OVA/Sivelestat/OVA(G) The number of mucus-
positive cells. Data represent the me&D. (n=8 in each group). *Significant differences
(P<0.05) between PBS/OVA/vehicle/OVA and OVA/OVA/vele/OVA. #Significant
differences P <0.05) between OVA/OVA/vehicle/OVA and OVA/OVA/Siasdtat/OVA.

At 48 hr, increased total cell numbers were largklg to increased numbers of eosinophils
and lymphocytes in the recovered BAL fluid. Admiregion of sivelestat at the time of the
secondary challenge led to a significant decreas®sinophil numbers in BAL fluid (Figure
4B). Sensitized and challenged mice treated withcle showed remarkable accumulation of
the numbers of eosinophils and lymphocytes in Itisgue at 48 hr and administration of
sivelestat significantly reduced the numbers ofiregghils and lymphocytes in lung tissue
(Figure 4C, 4D, 4E) as well as numbers of goblés ¢Eigure 4F, 4G).

Forty-eight hr after the secondary challenge, ILd4®d IL-5 levels were increased in
sensitized and challenged mice treated with vehedenpared to non-sensitized mice.
Treatment with sivelestat significantly reducedllBevels in BAL fluid. Levels of TGIBL,
and MIP-2 in BAL fluid were also increased in séimsid and challenged mice treated with
vehicle compared to non-sensitized mice, and treatmwith sivelestat significantly reduced
the levels of TGH1 (Figure 5).

Figure 5 Treatment with sivelestat alters cytokine and growh factor levels in BAL fluid
48 hr after secondary challengeThe levels of ) IL-4, (B) IL-5, (C) IL-13, (D) TGF{31,
(E) Eotaxin, F) KC, and G) MIP-2 in BAL fluid were measured. The results &ach group
are expressed as the me=z8D. (n=16 in each group). *Significant differencd3<(.05)
between PBS/OVA/vehicle/OVA and OVA/OVA/vehicle/OVASIignificant differences
(P<0.05) between OVA/OVA/vehicle/OVA and OVA/OVA/Siadtat/ OVA.

Serum anti-OVA IgE antibody levels after secondarychallenge

6 hr and 48 hr after secondary allergen challesgeim was obtained to assess OVA-specific
IgE levels. Levels of OVA-specific IgE were sigedintly increased in sensitized and
challenged mice treated with vehicle compared witim-sensitized but challenged mice.
Treatment with sivelestat did not affect serum Ogecific IgE levels, likely since initial
sensitization and challenge were completed befdna@rastration of the inhibitor (Table 1).



Table 1 Concentrations of OVA-specific IgE in the serum

6hrs (ng/ml) 48hrs (ng/ml)
PBS/OVA/vehicle/OVA 5.5+10.0 4.71+9.4
OVA/OVAl/vehicle/lOVA 4682.1+ 3919.8* 4182.& 2819.6*
OVA/OVA/Sivelestat/OVA 4560.2+ 2901.4 4855.6:2101.6

Mice were sensitized and challenged as describ&tkethods. Serum levels of anti-OVA IgE
antibody were assessed 6 h and 48h after the ilmgyachallenge. Mean values+SD are
given (n=8-12 in each group); PBS/OVA/vehicle/OVA: non-séimed but challenged mice
followed by treatment with vehicle; OVA/OVA/vehid@VA: sensitized and challenged
mice followed by treatment with vehicle; OVA/OVA&iestat/OVA: sensitized and
challenged mice followed by treatment with sivedkstSignificant differencesP<0.05)
PBS/OVA/vehicle/OVA and OVA/OVA/vehicle/OVA.

PAR-2 expression in lung tissue

PAR-2 has been reported to be one of the recefpvorseutrophil elastase [25], and is
expressed on a variety of cells including airwaytheghal cells, fibroblasts, myocytes,

sensory neurons, and bronchial and vascular smmottle [26,27]. PAR-2 was detected
intracellularly in eosinophils but at undetectatdeels on the cell surface. However, once
these few receptors became activated, PAR-2 wastnibdted from intracellular stores to

the surface of the cell [28]. In lung tissue asséd®r PAR-2 staining, non-sensitized and
challenged mice showed few PAR-2 positive cellsg@Fe 6A(a), 6A(b), 6B), whereas

sensitized and challenged and both 6 and 48 hr sfteondary allergen challenged mice
showed increased numbers of PAR-2 positive celigu(é 6A(c), 6A(e), 6B). Treatment

with sivelestat did not affect the number of PAReaitive cells (Figure 6A(d), 6A(f), 6B).

Figure 6 PAR-2 expression on lung tissue and T cells in PBLNA) PAR-2 stained lung
tissue obtained 6hr and 48 hr after secondaryegd! (final magnification:x400). (a) 6
hr:PBS/OVA/vehicle/OVA, (b) 48 hr:PBS/OVA/vehicle¥@, (c) 6 hr:
OVA/OVAlvehicle/OVA, (d) 6 hr:OVA/OVA/Sivelestat/OX, (e) 48 hr:
OVA/OVAlvehicle/OVA, (f) 48 hr:OVA/OVA/Sivelestat/@A. (B) The number of PAR-2-
positive cells. *Significant difference®<€0.05) between PBS/OVA/vehicle/OVA and
OVA/OVAlvehicle/OVA. Data represent the mea8D (n=6 in each group) Q) Dotted
line: Control antibody, Thin line: anti-human PAR¥Ab, Non/Non/Non, Bold line: anti-
human PAR-2 mAb, OVA/OVA/OVA. PAR-2 expression db8 and CD4 T Cells in
PBLN. (a) CD3 T cells in the PBLN and (b) CD4 Cells in PBLN were assessed by
intracellular staining. The data shown are reprizgme of three independent experiments.
Increased numbers of PAR-2 positive CR8id CD4 T cells from the PBLN of the
sensitized and challenged mice were observed.

PAR-2 expression on PBLN T cells

To determine the expression of PAR-2 in T cellsceetages of PAR-2-positive CDand
CD4" T cells in PBLN were assessed by intracellulaingtg. As shown in Figure 6C,
increased numbers of PAR-2 positive CR®id CD4 T cells were observed in the PBLN of
sensitized and challenged and secondary challemged. Sivelestat did not have any
significant effect on the number of PAR-2 posit®3" and CD4 T cells in the PBLN (data
not shown).



Effect of neutrophil elastase inhibition on in vitro cytokine production from
spleen cells

To determine whether the difference in cytokineelswobserved in the BAL fluid of mice
treated with sivelestat were due to a differenceamtigen-specific T-cell responsiveness,
spleen cells were isolated 6 hr after secondary @Wallenge, and re-stimulated in culture
for 24 hrs with OVA. There were no significant @ifénces in cultures of cells from mice
treated with sivelestat and those treated withneailn for IFNy production. After culture
with OVA, spleen cells from mice treated with sestht secreted significantly lower
amounts of IL-13 than did spleen cells from mi@ated with vehicle (Figure 7).

Figure 7 Effect of neutrophil elastase inhibitor for in vitro cytokines production.In vitro
cytokine production from spleen cells obtainedd&tkr secondary challenge. The levels of
(@) IL-4, (b) IL-5, (c) IL-13 and ¢l) IFN-y in culture supernatant of spleen cells from mice
after OVA sensitization and challenge were measurbkd results for each group are
expressed as the meaB8D. (n=12 in each group). *R0.05 without re-stimulation with
OVA groups (medium) vs. with re-stimulation with @\groups. #Significant differences
(P<0.05) between OVA/OVA/vehicle/OVA and OVA/OVA/Siadtat/ OVA.

Discussion

The main finding of this study is that a specifihibitor of neutrophil elastase, sivelestat,
influences the lymphocytes, which produce less 3l +esulting in a decreased AHR and
airway inflammation. In the present study, we ea#dd the role of neutrophil elastase in
allergen-induced inflammation and AHR on a backgobof previously established disease,
provoked by secondary challenge. This model perhmapee closely mimics the human
situation of previous exposure than primary moaélacute exposure. We demonstrated that
treatment with sivelestat administered after prynsgnsitization and challenge but prior to
secondary challenge effectively prevented the ¢iigg of AHR, eosinophilic inflammation,
Th2 cytokine production and goblet cell metaplasiae effects were similar whether
examined at 6 hr during a stage characterized byraowhilic inflammation and at 48 hr when
eosinophilic inflammation predominated.

Administration of house dust mite (HDM) by inhatati was shown to induce airway
inflammation without systemic immunization. Ryd&élbrmanen et al. demonstrated that 20
weeks of HDM extract exposure resulted in a reducin the proportion of eosinophils and
an increase in neutrophils compared with the infrfeatory response induced by 7 weeks, and
that HDM extract exposure induced airway and vascoémodeling [29]. Unlike OVA,
HDM extract is complex materials consisting of mamgtein and non-protein components,
which are biochemically active and may play a roleenhancing Th2 immune responses.
HDM allergens have proteinase activity, which isical for sensitization, and react with toll-
like receptor 4 (TLR4) [30,31]. In addition, theogp 2 major mite allergen (Der f2)
possesses structural homology to myeloid diffeagioin factor (MD) 2, the
lipopolysaccharide (LPS)-binding component of thédR¥ signaling complex [32,33]. These
findings indicate that HDM allergen sensitizatiditl ;mvolves complex interactions between
antigen-specific responses and innate immune regsaihat have not yet been clarified. On
the other hand, recent studies demonstrated tffatedit OVA-mouse models induced the
neutrophilic allergic airway inflammation. Bobic at. have shown that IL-13 and IL-17
levels and the total cell counts in BAL fluid waernereased with higher neutrophil as well as



eosinophil, lymphocyte in Balb/c mice which werensitzed with OVA by seven
intraperitoneal injections and exposed to aerosdli@VA for 8 subsequent days [34]. Nabe
et al. have reported that in Balb/c mice which weasitized with OVA on days 0, 14 and
28, and challenged by intratracheal administrabbi®©®VA on days 35, 36, 37 and 40, the
numbers of neutrophils, which increased before aftdr the 2nd and 3rd challenges,
returned towards baseline prior to the 4th chakehgt showed recurrent airway neutrophilia
after the 4th challenge. Furthermore, systemictrireat with the anti-Gr-1 monoclonal
antibody markedly suppressed 4th challenge-indag@dhy neutrophilia and the induction of
a late-phase increase in AHR [35]. In the presamdtys mice developed a two-phase airway
inflammatory response after secondary allergenleigé, one neutrophilic at 6 hr and the
other eosinophilic, at 48 hr. AHR to inhaled MChswietected at both phases of the response
to secondary challenge. In the first phase, 6 tar dést antigen challenge, mice developed
AHR and a neutrophil-dominant airway inflammatoegponse with relatively small numbers
of lymphocytes and eosinophils in the BAL fluid. radhistration of the neutrophil elastase
inhibitor, sivelestat, reduced AHR and the numbkeasinophils and lymphocytes in the
airways. Of note, the numbers of neutrophils in Biklid were only marginally reduced. In
asthmatics [36] and in animal models [37], neutiisphave been shown to be the major
inflammatory cells in the airways early after ajen challenge. The timing of the peak
neutrophil influx coincided with development of AHRhe response to antigen challenge at
48 hrs was characterized by a marked increasenrbars of eosinophils, also accompanied
by development of AHR. Treatment with sivelestamikrly reduced the numbers of
eosinophils and suppressed AHR at this point irtifrhus, inhibition of neutrophil elastase
may represent a novel therapeutic target. Thetsestibur study differ somewhat from with

a previous study showing that neutrophil elastasgributes to asthmatic responses where a
different sheep model of allergen-induced airwagpomses was assessed using, nonetheless
neutrophil elastase inhibitor but did not affea tumber of eosinophils and lymphocytes in
BAL fluid [18]. The basis for this discrepancy istrclear but may reflect the use of a totally
different protocol as well as model, using Ascaigim antigen in sheep. Moreover, the
levels of cytokine, chemokine and growth factorshie BAL fluid were not measured in the
study.

To address the underlying mechanisms whereby nghitrelastase inhibition affects
allergen-induced airway inflammation and AHR, BAlytakine levels were assayed.
Although sivelestat did not affect levels of theutmephil chemoattractant, KC or MIP-2, it
significantly reduced the levels of BAL Th2 typetakines, IL-4, IL-5 and IL-13, and
eotaxin in BAL fluid 6 hr after secondary allergehallenge. At 48 hr, treatment with
sivelestat significantly reduced the levels of [B-dAnd TGF31 in the BAL fluid. Assessment
of in vitro Th2 cytokine production from spleen Iselafter re-stimulation with OVA
confirmed that cells obtained from the mice whigraived sivelestat treatment also
produced lower levels of IL-13 whereas levels dfiHf-were unaffected. These data suggest
that inhibition of neutrophil elastase affects Tdy2okine production which, in turn, leads to
reduction in allergic airway responses.

Protease-activated receptors (PARS) are a novelyfarh G-protein-coupled receptors that

are activated upon cleavage of the N terminus efrédteptor by proteases. This cleavage
exposes a previously cryptic, tethered ligand, Whien binds intramolecularly to the second
extracellular loop to activate the associated Ggino[38,39]. PARs are expressed on a
variety of cells including platelets, eosinophiigutrophils, mononuclear cells and epithelial
cells in the airway [40]. PAR-2 is one of the retoep for the neutrophil elastase, which has
been reported to mediate eosinophil infiltratio &HR [41]. Neutrophil serine proteinases



activate human nonepithelial cells to produce mfiaatory cytokines through PAR-2 [25].
Since eosinophils express PAR-2 intracellularlyj[2@utrophil-derived serine proteases may
activate eosinophils [42]. We found that PAR-2 egsion in the lung tissues was enhanced
following secondary challenge, and that PAR-2 icetlular expression on PBLN T cells was
also increased following allergen challenge of geesl mice, suggesting the involvement of
PAR-2 in allergic airway responses. In the prestmdy, treatment with a specific inhibitor
of neutrophil elastase, sivelestat, did not altee thumber of PAR-2 positive cells,
nonetheless a PAR-2-neutrophil elastase pathway pleay an important role in allergic
inflammation since sivelestat effectively preventé triggering of AHR, eosinophilic
inflammation, Th2 cytokine production. Thereforeldd@ional mechanisms beyond PAR-2
positive cell numbers but which involve PAR-2 pa#tyw critical to the development of
allergic airway responses need further investigatio

Interestingly, Kikuchi et al. have shown that neptrils enhance the trans-basement
membrane migration of eosinophils in vitro, therefaactivation of neutrophils may enhance
the accumulation of eosinophils in the airwaystangg allergic inflammation [43]. LTB4,

a lipid mediator that is derived from membrane pihadipid, is thought to play an important
role in the activation and recruitment of leukosytencluding neutrophils [44]. We have
recently shown that chemoattraction and activatibneutrophils through LTB4-BLT1 may
contribute, at least in part, to allergic airwaffammation in established asthma [45]. Further
understanding of the relationship between neutis@nd eosinophils, and between LTB4-
BLT1 and the PAR-2-neutrophil elastase pathway nm@yp clarify the complicated
mechanisms of asthma development.

Mouse eotaxin has been shown to be a potent chaamant for eosinophils during

inflammation and allergic reactions [46]. Eotaxnmoguction by bronchial epithelial cells was
up-regulated by IL-4 and IL-13, and attenuatedfy-. In this study, eotaxin levels in BAL

fluid were increased 6 hrs after allergen re-expmsn previously sensitized mice and
significantly decreased by treatment with the rehil elastase inhibitor. Inhibition of IL-4

and IL-13 production by the neutrophil elastaseibitbr may down-regulate eotaxin
secretion, thus suppressing migration of eosineghithe airways.

After treatment with the neutrophil elastase intubithe levels of TG in BAL fluid were
also decreased. It has been shown that IL-13 irgdtiggue fibrosis by selectively stimulating
and activating TGHB1 and that IL-13 action in concert with TBE-may increase the release
of eotaxin from human fibroblasts [47,48]. Minshatlal. and ourselves demonstrated that
TGF{1 might play a role in the fibrotic changes ocaugrivithin asthmatic airways, and that
activated eosinophils were a major source of thitolkine [49,50]. Thus, manipulating
neutrophil elastase may be effective for reducimgay fibrotic changes and remodeling
through suppression of eosinophil activation andFPG& secretion.

Conclusion

Administration of the neutrophil elastase inhibjtaivelestat, reduced AHR slightly but
significantly in mice with established airway diseaand to reduce BAL fluid Th2 cytokine,
eotaxin and TGHB1 levels and goblet cell metaplasia. This was apeoned by reducing
eosinophils in the airways at the two distinct @sasf the response to secondary allergen
challenge, but not specific IgE level. Taken togetin both the neutrophil- and eosinophil-
dominant phases of the response to secondary ellezgallenge, the neutrophil elastase



inhibitor reduced AHR to inhaled methacholine irading the potential for its use as a
modulator of the immune/inflammatory response taldgshed asthma.
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