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Leukotrienes (i.e., products of the 5-lipoxygenase pathway) are thought
to be contributors to lung pathologies. Moreover, eosinophils have been
linked with pulmonary leukotriene activities both as potential sources
of these mediators and as responding effector cells. The objective of the
present study was to define the role(s) of leukotrienes in the lung
pathologies accompanying eosinophil-associated chronic respiratory
inflammation. A transgenic mouse model of chronic T helper (Th)
2-driven inflammation expressing IL-5 from T cells and human eotaxin-
2 locally in the lung (I5/hE2) was used to define potential in vivo
relationships among eosinophils, leukotrienes, and chronic Th2-
polarized pulmonary inflammation. Airway levels of cys-leukotrienes
and leukotriene B, (LTB,) are both significantly elevated in I5/hE2
mice. The eosinophil-mediated airway hyperresponsiveness (AHR)
characteristic of these mice was abolished in the absence of leuko-
trienes (i.e., 5-lipoxygenase-deficient 15/hE2). More importantly, the
loss of leukotrienes led to an unexpectedly significant decrease in
collagen deposition (i.e., pulmonary fibrosis) that accompanied el-
evated levels of IL-4/-13 and TGF-B in the lungs of 15/hE2 mice. Fur-
ther studies using mice deficient for the LTB, receptor (BLT-1"//I5/
hE2) and I5/hE2 animals administered a cys-leukotriene receptor
antagonist (montelukast) demonstrated that the AHR and the en-
hanced pulmonary fibrosis characteristic of the 15/hE2 model were
uniquely cys-leukotriene-mediated events. These data demonstrate
that, similar to allergen challenge models of wild-type mice, cys-
leukotrienes underlie AHR in this transgenic model of severe
pulmonary Th2 inflammation. These data also suggest that an under-
appreciated link exists among eosinophils, cys-leukotriene-mediated
events, and fibrotic remodeling associated with elevated levels of
IL-4/-13 and TGF-B.
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CLINICAL RELEVANCE

The role(s) of leukotrienes and, more specifically, cys-leukotrienes,
in lung remodeling events in chronic eosinophil-associated
pulmonary disease is unresolved. Data using a mouse model
of chronic respiratory inflammation show that the presence of
eosinophils in the lungs may alone elicit sustained expression of
pulmonary cys-leukotrienes and, as a result, progressive lung
fibrosis. If translatable to human respiratory subjects, it would
suggest that the long-term use of antagonists of cys-leukotriene
activities (e.g., montelukast) may be a previously underap-
preciated strategy to impede the fibrotic pulmonary changes
that are concomitant with chronic T helper type 2—polarized
inflammation.
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Leukotrienes represent a biologically active group of low molecular
weight lipid mediators (i.e., eicosanoids) formed from arachidonic acid
that is derived from membrane phospholipids (1). 5-Lipoxygenase
(5-LO) is a primary component to this process, initiating the ox-
idation of arachidonic acid (1) and the subsequent production of
intermediate metabolites (e.g., 5-oxe-eicosatetraenoic acid (2),
promoting proinflammatory cell recruitment as well as the even-
tual formation of the prominent leukotriene subtypes (reviewed
in Ref. 1).

5-LO activities and the production of leukotrienes are linked
with a variety of leukocytes that are both resident and recruited
in response to allergen provocation, including neutrophils, eosi-
nophils, mast cells, macrophages, and basophils (3). As such,
leukotriene-mediated pathways are the targets of pharmaceuti-
cal intervention, including the targeting of 5-LO (e.g., ziluton
[Abbott Laboratories, Abbott Park, IL]), as well as antagonists
of the high affinity receptors mediating leukotriene B, (LTBy,)
(e.g., RO5101576 [Roche, Basel, Switzerland]; moxilubant
maleate [Novartis, Basel, Switzerland]), and leukotriene
C4 (LCTy4) (e.g., montelukast [Merck Inc., West Point, PA]).
The availability of gene knockout mice that completely abolish
either leukotriene production (5-LO~'~ [4]) or the high-affinity
receptors for each leukotriene subtype, LTB, (BLT-1""" [5] and
LTC, [CysLT-1""" (6)]), offer ideal models of drug approaches
targeting these pathways in human subjects.

We have previously reported the creation of a transgenic mouse
model of chronic T helper (Th) 2—polarized inflammation (I5/hE2)
that is characterized by pathological changes that are abolished in
the absence of the induced eosinophilia of this model (7). The
strain of mice that we created (i.e., constitutive, systemic T cell-
driven expression of IL-5 and constitutive airway epithelial cell-
driven expression of human eotaxin-2) was a strategic approach to
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developing a chronic inflammatory model. The importance of this
model is that it allows the definition of eosinophil effector func-
tions as causative events leading, and/or contributing to, the pul-
monary remodeling events and airways dysfunction associated with
sustained Th2-polarized airway inflammation. In addition, unlike
any allergen provocation model (acute or chronic) or any previous
transgenic or gene knockout/knockin model of pulmonary inflam-
mation, I5/hE2 mice display extensive eosinophil degranulation in
the interstitial regions of the lung as well as in the airway lumen.
Moreover, the induced pulmonary remodeling/airways dysfunction
in the chronic I5/hE2 model are progressive pathologies that in-
crease in magnitude and breadth with time postpartum.

Microarray assessment of gene expression and the development
of potential gene regulatory networks showed that the enzymes
linked with key leukotriene pathways were up-regulated in the
lungs of I5/hE2 mice, particularly pulmonary levels of expression
of 5-LO and 5-LO-activating protein. In the studies presented
here, metrics of pulmonary pathology were monitored for nearly
2 months (weaning [3/4 wk postpartum] to a postpartum age of
11/12 wk) in the parental I5/hE2 model relative to age-matched
negative wild-type controls [C57BL/6J], I5/hE2 mice devoid of
leukotriene activities [5-LO " /I5/hE2]), and mice targeting the
activities linked with each of the two leukotriene subtypes; LTB,4
using knockout mice devoid of the high affinity LTB, receptor
(BLT-1"""/I5/hE2) and LTC, through the blockade of the cys-
leukotriene high-affinity receptor (CysLT-1) with the antagonist
drug, montelukast (MK/I5/hE?2).

Our studies using the I5/hE2 model confirmed previous reports
using allergen provocation models in the mouse (8, 9) showing that
airway hyperresponsiveness (AHR) to methacholine challenge in
I5/hE2 mice is dependent on cys-leukotriene activities, suggesting
that, in rodents, cys-leukotrienes underlie AHR at a fundamental
level, with no available concurrent or overlapping pathways. Sig-
nificantly, the progressive pulmonary fibrosis (i.e., extracellular
collagen deposition) occurring in I5/4 E2 mice appears to occur as
a consequence of leukotriene-mediated activities. In particular,
this chronic inflammatory metric was shown to be a function of
cys-leukotrienes, and not LTB,. If this result extrapolates to hu-
man respiratory subjects, it would suggest that the long-term use
of montelukast or other antagonists of cys-leukotriene activities
may be a previously underappreciated strategy to slow the fibrotic
pulmonary changes that are concomitant with chronic Th2-polarized
inflammation.

MATERIALS AND METHODS
Mice

All studies were performed with mice on the C57BL/6J genetic back-
ground, including wild-type controls, I5/hE2 mice ([7], back-crossed
[n > 12 generations]), and compound double-transgenic/gene knockout
animals (5-LO~/"/I5/hE2 and BLT-1"""/I5/hE2 mice). Protocols and
studies involving animals were performed in accordance with National
Institutes of Health and Mayo Foundation institutional guidelines.

Microarray and Molecular Network Analysis

The lungs from eosinophil-sufficient I5/hE2 (n = 4) and eosinophilless
PHIL/I5S/hE2 (n = 4) mice were taken, RNA was extracted, checked
for integrity, and Whole Transcript Expression Array Service (Asuragen,
Inc., Austin, TX) was performed and analyzed as single individual
assays using Affymetrix GeneChip Mouse Genome 430 2.0 Array
(including statistical analysis of the results; Affymetrix, Santa Clara,
CA). Gene—protein interaction networks were developed and identified
using Ingenuity Pathway Analysis software (Ingenuity Systems, Red-
wood City, CA; www.ingenuity.com) with differential gene expression
cutoffs set at log ratio 1/—1 and P < 0.05 (see Table E1 in the online
supplement). The genes significantly up-regulated in I5/hE2 mice

(relative to the eosinophil-deficient PHIL/I5/hE2) that are critical to
the inflammatory network developed here were validated at the pro-
tein level by ELISA, immunohistochemistry, or histochemical staining.
These include arachidonate 5-lipoxygenase (ALOXS) (i.e., increased
production of leukotrienes [ELISA]), individual eosinophil granule pro-
teins (i.e., major basic protein-1, eosinophil associated ribonucleases, and
eosinophil peroxidase [EPX] [ELISA]), IL-4/-5 (ELISA), mucins (histo-
chemical staining), TGF-B1 (immunohistochemistry), and extracellular
matrix collagens (histochemical staining).

Administration of Montelukast

Montelukast was administered (as per the manufacturer, Merck & Co.,
Inc.) to postweaned mice orally (MK/I5/hE2) as part of a powdered
formulation of mouse chow that achieved a Cyax of 3.72 pg/ml of
maximal concentration of the drug montelukast in the plasma of mice
that stably remained at this level throughout the experimental period.
Specifically, upon weaning, mice were transferred to cages in which the
food source was exclusively montelukast-containing powdered mouse
chow (0.25 g montelukast per 1,000 g mouse chow or 50 pg/g body
weight/d) contained in light protected feeders. The mice were main-
tained on this diet for 6 weeks, changing out the montelukast with fresh
food twice a week.

Collection of Bronchoalveolar Lavage Fluid and Cell
Differentials of Bronchoalveolar Lavage-Derived Leukocytes

Collection of bronchoalveolar lavage (BAL) fluid and cell differential
assessments were completed as described previously (7).

Assessment of Pulmonary Cytokine and Leukotriene Levels

Cytokine (IL-4, IL-13, and TGF-B1) levels were measured in cell-free
BAL fluid using R&D Quantikine ELISA kits (R&D Systems, Minne-
apolis, MN) and leukotrienes (LTC,/LTD4/LTE,4 and LTB,) (Cayman
Chemical Co., Ann Arbor, MI), respectively, according to the manu-
facturer’s instructions.

Assessments of Pulmonary Histopathology: Epithelial and
Airway Smooth Muscle Hyperplasia, Goblet Cell
Metaplasia/Epithelial Cell Mucus Accumulation,

and Collagen Deposition/Fibrosis

Lungs of mice were inflated and then fixed with 10% formalin before
embedding in paraffin. Mid-lung coronal sections (4 pm) were stained
with either hematoxylin-eosin (general histological assessments),
periodic acid-Schiff (PAS; goblet cell metaplasia/airway epithe-
lial cell mucin accumulation), Masson’s trichrome (MT; collagen
deposition/fibrosis), and Picrosirius Red (PSR; collagen deposition/
fibrosis).

Quantitative morphometric assessments of PAS-stained (goblet cell
metaplasia/airway epithelial cell mucin accumulation) slides were per-
formed as previously described (10). Briefly, mucin index (MI) was
calculated from mid-coronal sections of the lungs of each mouse in
a given cohort using ImagePro Plus software (Silver Spring, MD). Total
counts of bronchioles in a given section were determined, and for each
bronchiole the total pixel density of PAS staining (i.e., sum of PAS
stained pixels multiplied by average intensity of stained pixels) was
normalized by bronchiole epithelial area. MI was calculated for each
mouse in a given cohort as mean value resulting from the sum of
normalized PAS staining values for each bronchiole divided by the
number of bronchioles counted in a given section.

Morphometric assessments quantifying the levels of subepithelial fi-
brosis occurring in each experimental cohort of mice were determined
from PSR-stained lung sections evaluated under polarized light as de-
scribed previously (11).

Several additional remodeling/inflammatory markers were qualita-
tively evaluated by immunohistochemistry of sections from cohorts of
mice (n = 3-6), including staining with a mouse anti—a smooth muscle
antibody (clone 1A4; Dako, Glostrup, Denmark), rabbit polyclonal
anti-TGF-B (1, 2) antibody (sc-146; Santa Cruz Biotechnology, Inc.,
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Dallas, TX), and staining for pulmonary Cys-leukotriene receptor (cysLTR1)
expression with rabbit polyclonal anti-CysLT1 receptor (no. 120500; Cayman
Chemical Co.).

Identification of Lung-Infiltrating Eosinophils and Evidence
of Tissue-Associated Degranulation

Immunohistochemical identification of eosinophils and evidence of de-
granulation was performed using a monoclonal antibody recognizing
EPX (12).

Assessments of Airway Luminal Eosinophil Degranulation

Quantitative measures of eosinophil degranulation in the airway of ex-
perimental and control mice were determined by EPX-based ELISA
of BAL fluid, as recently described (13).

Assessment of Lung Function: Determination of AHR

Pulmonary function phenotypes of the mice were assessed using tech-
niques previously described (7, 14).

Statistical Analysis

GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA) was used for
basic analysis, including the generation of graphs and plots. Statistical
analysis for comparisons between groups was performed using ANOVA
followed by Tukey’s multiple comparisons test or a Student’s ¢ test.
Data are expressed as the mean (=SEM). Differences between mean
values were considered significant when P was less than 0.05.

RESULTS

Constitutive T Cell-Derived Expression of IL-5 and Ectopic
Airway-Specific Expression of Human Eotaxin-2 Elicit
Significant and Chronic Respiratory Inflammation Linked with
Elevated Airway Levels of Leukotrienes

Concomitant expression of the eosinophilic proliferative cytokine,
IL-5, systemically from all mature T cells together with ectopic ex-
pression of the eosinophil agonist chemokine specifically from lung
epithelium creates a unique model (I5/hE2) of life-long chronic
pulmonary inflammation that is eosinophil dependent (7). I5/hE2
animals display overt histopathologies, including a prominent
proinflammatory cell infiltrate, smooth muscle hyperplasia, as well
as fibrotic structural changes to the lung parenchyma, and the
appearance of a significant level of goblet cell metaplasia, as well
as epithelial cell mucin accumulation. More importantly, all of
these characteristic remodeling events are directly linked with
the induced pulmonary eosinophilia, as triple-transgenic animals
(i.e., PHIL/I5S/hE2), created by crossing the I5/hE2 mice with
animals devoid of eosinophils (PHIL), have no evidence of pul-
monary histopathology, displaying an identical phenotype relative
to unmanipulated C57BL/6J control mice (Figure 1).
Eosinophil-mediated gene expression in the lungs of the paren-
tal eosinophil-sufficient I5/h#E2 model was determined by tran-
script microarray assessment, comparing the relative abundances
of mRNAs in the lungs of I5/hE2 mice to those found in eosino-
philless animals (PHIL/I5/hE2). These data revealed a large co-
hort of genes, the differential expression of which was observed in
array assessments of log ratio of |1] or greater and P value of less
than 0.05 (Table E1). Changes in gene expression were used with
Ingenuity Pathway Analysis software to identify multiple molec-
ular networks previously suggested by published studies that are
relevant to chronic pulmonary diseases. These pathways include
lipid metabolism, airway fibrosis and remodeling, AHR, and
asthma (Table E1). Figure 2 represents the overlay of these four
molecular networks with the identified changes in associated gene
expression. This preliminary molecular pathway analysis of the

eosinophil-mediated changes occurring in I5/AE2 mice demon-
strated several important nodes of gene expression that appeared
to impact both AHR and remodeling events, such as considerably
higher transcript levels of genes encoding the proteins in part re-
sponsible for leukotriene production (5-LO or ALOXS5), as well as
its 5-LO-associated protein (ALOXSAP). Indeed, follow-up stud-
ies demonstrated that the increase in airway leukotriene levels in
I5/hE2 mice were both profound in magnitude and diverse in
scope, occurring in both LTB, (Figure 3A) and cys-leukotrienes
(Figure 3B). More importantly, the observed increases in both
leukotriene subtypes in 15/hE2 mice was dependent on the pres-
ence of eosinophils, as both subtypes returned to unquantifiable
levels in eosinophilless transgenic mice (PHIL/I5/hE?2). cysLTR1
expression also similarly paralleled eosinophil-mediated changes
in the lung among these mice (Figure 3C). Namely, whereas
cysLTR1 expression in eosinophil-deficient PHIL/I5S/hE2 mice
was comparable to C57BL/6J wild-type mice, expression of this
receptor was greatly enhanced in several lung cell types in the
eosinophil-sufficient parental I5/hE2 model, including airway ep-
ithelium, airway smooth muscle, and even the eosinophils infiltrat-
ing the lung tissues/airways.

Experimental Strategies Targeting either Total Leukotrienes
or the Activities Mediated by Each of the Two Significant
Subtypes: LTB4 and Cys-Leukotrienes

Possible strategies to target various leukotriene-mediated path-
ways in the mouse are facilitated by both the availability of gene
knockout mice and the availability of pharmaceutical agents spe-
cific for one or all leukotriene subtypes targeting these inflamma-
tory mediators (Figure 3D). The requirement of leukotrienes in
the induced pathologies in the I5/hE2 model of chronic respi-
ratory inflammation was accomplished using a multipronged
approach exploiting complementary targeting strategies. 15/hE2
mice display life-long chronic inflammation of the lung that
progresses from little to no histopathologies/lung dysfunction
at weaning to the appearance of extensive structural changes
to the pulmonary parenchyma (i.e., lung remodeling) and sig-
nificant increases in lung dysfunction (i.e., AHR) 4-8 weeks
later (7). The experimental strategy investigating leukotrienes
in this study targets this 4- to 8-week window of time (Figure
E1). Specifically, all leukotriene production in I5/AE2 mice was
abolished by crossing these animals with gene knockout mice
deficient in the enzyme, 5-LO (5-LO '~ /I5/hE2). Alternatively,
targeting the activities mediated by each of the prominent leu-
kotriene subtypes in 15/AE2 mice was achieved either through
a cross with knockout mice devoid of the high-affinity receptor
for LTB4 (BLT-1"""/I5/hE2) or the treatment of the parental
15/hE2 model with the cys-leukotriene high-affinity receptor
(CysLT;) antagonist (montelukast [MK/I5/hE2]).

Blockade of Leukotriene-Mediated Activities Has No Effect on
the Pulmonary Eosinophil Infiltrate or Extent of Eosinophil
Degranulation Occurring in I15/hE2 Mice

The logistical advantage of using I5/AE2 mice is that the eosin-
ophilia and subsequent events promoting chronic lung inflam-
mation are driven by constitutive ectopic transgene expression.
The independence of the induced eosinophilia in I5/AE2 mice
from changes in leukotriene activities was suggested by the lack
of a decrease in both BAL eosinophil numbers (Figure 4) and
tissue eosinophilia (Figure 5) in mice targeting either all leuko-
trienes (5-LO~/"/I5/hE2) or each of the prominent classes (LTB4
[BLT-1"""/I5/hE2] and LTC,/LTD,LTE, [MK/I5/hE2)).

The activation state of the eosinophils accumulating in the lungs
of I5/hE2 mice was shown to be independent of leukotriene-
mediated events (Figure 5), judged by the observed levels of



Ochkur, Protheroe, Li, et al.: Cys-Leukotriene-Mediated Pulmonary Pathologies 1077

sin Periodic Ac

TR

P
3
=

C57BL/6J

id-Schiff
—r—

Figure 1. The chronic inflammatory pathologies occurring
in 15/hE2 mice are completely dependent on one or more
eosinophil effector functions. Representative airways from

coronal lung sections from wild-type (C57BL/6]) mice are

I5/hE2 |,

shown in comparison to airways in similar sections from
age-matched (12 wk postpartum) double-transgenic (/15/
hE2) mice and triple-transgenic (eosinophilless transgenic
animals, PHIL/I5/hE2). Sections stained with hematoxylin-
eosin (H&E) and periodic acid-Schiff (PAS) provide evi-
dence of the eosinophil-dependent pulmonary changes
(inflammatory cell infiltrate and lung structural perturba-
tions [H&E] and goblet cell metaplasia/epithelial cell mu-
cin accumulation [PAS], respectively) that occurred in the

PHIL/I5/hE2

parental /5/hE2 model and lost in the absence of eosino-
phils, but not cytokine/chemokine transgene expression
(PHIL/I5/hE2). Scale bar, 50 pm

eosinophil degranulation with lung tissue by EPX-specific im-
munohistochemistry (12) and EPX-based ELISA of cell-free
BAL fluid (13).

Leukotriene-Mediated Events Do Not Elicit an Increase in

Airway Smooth Muscle Mass, or Contribute to the Central
Airways Goblet Cell Metaplasia or the Changes Occurring
in the Distal Airway Spaces of the I5/hE2 Mice

Hematoxylin-eosin—stained lung sections (Figure 6) revealed that
gross morphological changes occurring in the lung parenchyma in
I5/hE2 mice (i.e., proinflammatory cell infiltrate, airway epithelial
hypertrophy, smooth muscle hyperplasia, the development of sig-
nificant changes in the distal airway spaces, and the appearance of
mucus and cellular debris in the central airways) were unaffected
by targeting leukotrienes (5-LO ™' /I5/hE2) or either of the prom-
inent leukotriene subtypes (LTBy [BLT-1"""/I5/hE2] and LTCy/
LTD,/LTE, [MK/I5/hE2]). For example, immunohistochemistry
of lung sections from each cohort of double-transgenic mice using
an anti-a—smooth muscle actin antibody showed an increase in
airway smooth muscle thickness similar to what occurs in the
parental I5/hE2 mice (7). These studies failed to detect significant
leukotriene-dependent changes occurred in airway smooth muscle
thickness from mice of the various cohorts (Figure E2). In addi-
tion, lung sections stained with PAS also showed that neither of
the prominent leukotriene subtypes nor total leukotriene-mediated
activities had any effect on the observed increase in this histopath-
ologic metric relative to C57BL/6J controls (Figure 6). Quantita-
tive morphometric assessments of this staining (MI) from coronal
sections of each mouse (n = 4-10/experimental cohort from three
independent studies) demonstrated that the magnitude of the ob-
served goblet cell metaplasia/airway epithelial cell mucin accumu-
lation occurring in these mice (wild-type control animals displayed
no evidence of goblet cell metaplasia and/or airway epithelial cell
mucin accumulation) was unchanged regardless of the status of
leukotriene activities (I5hE2, MI = 22.9 = 5.3; 5-LO™""/I5/hE2,
MI = 21.3 + 4.5; BLT-1"""/I5/hE2, MI = 18.4 + 4.9; and MK/I5/

hE2, MI = 19.5 = 2.2). The elevated and unchanging levels of
goblet cell metaplasia/airway epithelial cell mucin accumulation
observed among the different I5/hAE2 animal cohorts reflected
a similar and unchanged increase in BAL IL-13 (i.e., relative to
its absence in wild-type mice): I5/hE2 (98.9 + 7.6 pg/ml); 5-LO™""/
IS/hE2 (85.6 + 6.7 pg/iml); BLT-1"""/IS/hE2 (89.5 + 22 pg/ml);
and MK/I5S/hE2 (91.5 = 7.4 pg/ml). However, the loss of all leuko-
trienes (5-LO ™" /I5/hE2) did have a nominal, yet statistically sig-
nificant (P < 0.05), impact on BAL IL-4 levels (I5/hE2, 285.6 =
29.9 pg/ml versus 5-LO " /I5/hE2, 178.9 £ 17.9 pg/ml). The bio-
logical significance of this observation is unclear, although a similar,
yet not significant (P = 0.06), decrease in IL-4 levels was observed
in montelukast-treated mice (MK/I5/hE2, 234.6 + 52.3 pg/ml), but
not animals targeting LTB, pathways (BLT-1"""/I5/hE2, 269.6 =+
13.9 pg/ml).

Cys-Leukotrienes, but Not LTB4-Mediated Pulmonary
Activities, Contribute to the Induced AHR Occurring
in 15/hE2 Mice

Assessments of the de novo appearance (i.e., without allergen prov-
ocation) of AHR in the I5/AE2 model demonstrated that this
induced pathophysiological response was dependent on leukotriene-
mediated activities (Figure 7). Significantly, this loss of AHR oc-
curred independent of the pulmonary IL-13 levels, which remained
elevated in 5-LO ™~ /I5/hE2 mice. Figure 7 also shows that this loss
of responsiveness to methacholine provocation occurred in mice
after a blockade of cys-leukotriene activities (M K/I5/hE2), but not
in mice targeting LTB4-mediated events (BLT-1"""/I5/hE2).

Cys-Leukotrienes, but not LTB4,-Mediated Pulmonary
Activities, Contribute to the Induced Airway Fibrosis that
Accompanies Elevated Levels of TGF-$ in the Lungs

of 15/hE2 Mice

Histopathologic assessments of MT-stained lung sections showed
significant increases (relative to wild-type control animals) in
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collagen deposition around airways in all of the I5/hE2 cohorts
examined (i.e., I5hE2, 5-LO™/I5/hE2, BLT-1"""/I5/hE2, and
MK/I5/hE2 mice; Figure 8A). In each case, this increase in fibrosis
was accompanied by significant increases in BAL levels of TGF-8
relative to wild-type mice (wild-type, 170 * 39 pg/ml; I5/hE2, 758 +
50 pg/ml; 5-LO~""/IS/hE2, 883 = 97 pg/ml; BLTI '~ /I5/hE2,
1,443 = 163 pg/ml; and MK/I5S/hE2, 1,360 = 307 pg/ml). In addi-
tion, immunohistochemistry using a TGF-B1/-B2 polyclonal anti-
body provided the spatial distribution of TGF- expression in the
lungs of the various I5/hE2 cohorts and an apparent explanation
for the high levels observed in each cohort relative to wild-type
mice (Figure 8B). Specifically, elevated TGF-B expression (brown
to dark brown-staining areas and cells) was observed in the airway
epithelium of these mice. More importantly, the significant num-
ber of eosinophils infiltrating the lungs of each I5/hE2 cohort also
displayed very high levels of TGF-B expression (Figure 8B).
Interestingly, qualitative surveys of the MT-stained lung sections
suggested that the extent of this induced pulmonary fibrosis also
appeared to be a function of the leukotriene-mediated activities
and, in particular, a consequence of cys-leukotriene activities more
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molecular pathways derived
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IL tial gene expression in the

lungs of eosinophil-sufficient

I15/hE2 versus eosinophilless

PHIL/I5/hE2 mice. Ingenuity

Adenosin 2b Pathway Analysis of the tran-
Receptor script array profiles derived

N from eosinophil-sufficient 15/
L~ hE2 versus eosinophilless PHIL/
15/hE2 mice was used in con-

junction with previously pub-

lished studies to identify four

molecular networks (lipid me-
tabolism, airway fibrosis and
remodeling, airway hyperres-
ponsiveness [AHR], and asthma
[Table E1]) relevant to chronic
pulmonary diseases. These path-
ways were then combined to
create a larger network scheme
of gene expression linked with
the eosinophil-mediated inflam-
mation associated with [5/hE2
mice.

Extracellular
Matrix Modifiers
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than LTB,. The significance of these observed qualitative differ-
ences were determined by morphometric assessments of PSR-
stained coronal sections from each mouse under polarized light
(Figure 9A). The interstitial area of all airways in coronal sections
from each mouse within an experimental cohort (normalized per
millimeter of central airway basement membrane) was evaluated
for the extent and magnitude of this PSR staining (Figure 9B).
These data were very reproducible and clearly demonstrated that
the loss of all leukotrienes (5-LO " /I5/hE2) resulted in a signifi-
cant loss in the airway fibrosis occurring in the I5/4E2 model (Fig-
ure 9A). The evaluation of the PSR staining demonstrated that this
loss of fibrosis did not occur in the absence of LTB, activities
(BLTI™"~/I5/hE2 mice), and was exclusively linked with the cys-
leukotriene subtype (MK/IS/hE2).

DISCUSSION

The Th2-polarized chronic pulmonary inflammation in /5/4E2 mice
induces lung dysfunction as well as structural changes and other
remodeling events that are significant in magnitude and
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Figure 3. The eosinophil-mediated chronic pul-
monary inflammation that occurs in 15/hE2 mice
is accompanied by significant increases in both
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levels, leading to experimental strategies target-
ing leukotrienes. The levels of (A) LTB4 and (B)
cys-leukotrienes in cell-free bronchoalveolar la-
vage fluid were assessed by ELISA from wild-
type (C57BL/6)), I15/hE2, and eosinophilless
PHIL/I5/hE2 transgenic mice (n = 5-8 mice/
group; *P < 0.05). Data presented are means
(£ SEM). (C) Immunohistochemistry (brown
staining areas/cells) of lung sections from wild-
type (C57BL/6)), 15/hE2, and eosinophilless
PHIL/I5/hE2 mice demonstrated that the eosin-
ophil-mediated events in /5/hE2 mice were also
accompanied by increases in Cys-leukotriene re-
ceptor (cysLTR1) expression that appeared to
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progressive with age (our unpublished observations and Ref. 7).
Collectively, these characteristics, as well as the eosinophil de-
pendence of I5/hE2 mice, provide a unique mouse model to
understand the role(s) of pulmonary leukotrienes, including both
cys-leukotrienes and LTB,, in the underlying changes occurring in
patients with asthma with chronic and progressive disease. Inter-
estingly, in this model, the observed increase in pulmonary leuko-
trienes is linked with the induced pulmonary eosinophilia of the

Montelukast™
Pranlukast™
Zafrilukast™

CysLT-1-/-

model, despite previous studies that showed that, although eosi-
nophils synthesize leukotrienes, their level of production was
much smaller than some other resident pulmonary cells (e.g.,
basophils [15, 16]). These observations suggest that inflamma-
tory conditions that induce a focal accumulation of high num-
bers of eosinophils in the lung may be sufficient (as in I5/hE2
mice) to increase leukotriene levels and, in turn, contribute to
concomitant pulmonary pathologies. The demonstration that
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Figure 4. The pulmonary eosinophilia
displayed by 15/hE2 mice occurred inde-
pendent of leukotriene-mediated activi-
ties. Bronchoalveolar lavage cell counts
and differential assessments showed that
the increased airway eosinophilia (rela-
tive to wild-type [C57BL/6J]) occurring in
transgenic mice targeting all leukotrienes
(5-LO™/~/I5/hE2), the LTB4 high-affinity
receptor (BLT-1"""/I5/hE2), or I15/hE2 mice
administered the cys-leukotriene antago-
nist drug, montelukast (MK/I5/hE2), re-
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local eosinophil-derived cys-leukotrienes induce fibrotic
changes in a mouse model of atopic dermatitis after allergen
challenge highlights the potential importance of such a mecha-
nism even beyond of the lung (17).

The eosinophil-mediated inflammation in I5/hE2 mice occurs
exclusively as a result of ectopic transgene expression and is not
a downstream consequence of either the chemotactic activities

associated with leukotrienes (18) or potential effects mediated
on pulmonary immune responses following allergen provocation
(19). The data derived from targeting leukotrienes (5-LO ™" /I5/
hE2) or cither of the prominent subtypes (LTB, [BLT-1"""/I5/
hE2] or cys-leukotrienes [MK/I5/hE2]) present clear mechanisms
of action that, in some cases, were leukotriene subtype specific. For
example, the AHR associated with the chronic eosinophil-mediated

Wild Type - I15/hE2 Sy

Figure 5. The extent of eosinophil degranulation associ-
ated with the I5/hE2 model is not a function of pulmonary
leukotriene-mediated events. Immunohistochemistry of
lung sections using a monoclonal antibody that specifi-
cally recognizes eosinophil peroxidase (EPX [12]) demon-

| 5LO-/-/IS/hE2 - i

strated that the induced tissue eosinophilia of the parental
15/hE2 model remained unchanged in /5/hE2 mice devoid
of all leukotrienes (5-LO™/~/I5/hE2), LTB, activities (BLT-
1’/’/15/hE2), or the blockade of cys-leukotriene-mediated
events (MK/I5/hE2). Moreover, assessments of extracellu-
lar matrix—associated EPX deposition in the lungs of these
animals showed that the extensive eosinophil degranula-
tion (i.e., increased EPX) linked with the /5/hE2 model was
not a function of leukotriene-mediated activities. Scale bar,
50 wm. ELISA-based assessments of bronchoalveolar la-
vage (BAL) fluid using paired monoclonal antibodies spe-

=2
3
'S-‘
|\>

Airways Eosinophil Degranulation T Z .
(Eo Equivalents/mL of BAL (x 10-5)) f&° 4 e
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cific for EPX (13) showed that the level of airway
eosinophil degranulation (expressed as the amount of
EPX in an eosinophil [Eo]; equivalents per milliliter of
BAL) in all groups of mice targeting leukotrienes was no
different than the level observed in the parental I5/hE2
model. Scale bar, 100 pm.

Wild  15/hE2 5LO-/- BLT1-/- MK
15/hE2
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Figure 6. The chronic pulmo-
nary pathologies displayed
by 15/hE2 mice do not occur
as a function of leukotriene-
mediated events. Representa-
tive airways in coronal lung
sections from C57BL/6) mice
wild-type (negative controls)
and age-matched (12 wk post-
partum) double-transgenic 15/
hE2 mice (positive controls) are

shown in comparison to air-
ways in similar sections from
transgenic mice targeting all
leukotrienes (5-LO™/"/I5/hE2),
the LTB,4 high-affinity receptor
(BLT-17~ /I5/hE2), or I5/hE2 mice
treated with the cys-leukotriene
antagonist drug, montelukast
(MK/I5/hE2). Sections were sta-
ined with H&E and PAS. These
data provide evidence of in-

creased inflammatory cell infiltrates, Iung structural perturbations (H&E), and goblet ceII metaplasna/eplthellal cell mucin accumulation (PAS), all of
which remained unchanged in the cohorts of double-transgenic mice, despite the targeting of leukotriene pathways activities. Scale bars, 100 um. B,

bronchiole; PV, pulmonary vessel.

pulmonary inflammation occurring in allergen-naive I5/hE2
mice was shown to be dependent on cys-leukotriene activities
with no effects linked to LTB,. This pulmonary expression of
cys-leukotrienes appears to be an all-or-none phenomenon, re-
ducing responses in I5/AE2 mice to that observed in allergen-
naive wild-type C57BL/6J control mice. It is significant that this
result replicates observations reported earlier using an ovalbumin
sensitization/aerosol challenge model that demonstrated this all-
or-nothing effect on AHR mediated by leukotriene activities (9,
20); that is, the association of cys-leukotrienes and AHR was not
model specific and, apparently, a generalized mechanism. More-
over, this cys-leukotriene-dependent AHR does not appear to be
linked with concomitant leukotriene-dependent changes in air-
way smooth muscle thickness. However, the increased expression
of cysLTR1 levels in the lungs of I5/hE2 mice relative to
eosinophil-deficient PHIL/I5S/hE2 mice does suggest that cys-
leukotrienes may elicit AHR, in part, through eosinophil-
mediated increased expression of cysLTR1 receptors.

Cys-leukotriene activities also appear to be downstream of
the inflammatory events occurring in the lungs of these mice,
as well as any potential effects on AHR mediated by eosinophil
degranulation (21). Regardless of the ultimate definition of the
causative mechanism(s), this link between cys-leukotrienes and
lung dysfunction in the mouse appears to reflect a subgroup of
patients with asthma who display demonstrable improved lung
function in response to blockade of cys-leukotriene activities or
antieosinophil (IL-5) approaches (22).

In contrast to the induced AHR associated with I5/4E2 mice,
leukotriene activities did not contribute to the progressive goblet
cell metaplasia and the gross morphological changes in the lung
(e.g., changes of the distal airspaces) occurring in this model of
chronic inflammation. However, leukotriene-mediated events were
shown to contribute to the pulmonary fibrosis (i.e., airway collagen
deposition) that occurred in the I5/4E2 model. Moreover, this con-
tribution to fibrosis was shown to be a function of cys-leukotriene,
but not LTB,-mediated activities. Specifically, the data showed that
the pulmonary fibrosis accompanying both elevated levels of IL-13
and TGF-B in I5/hE2 mice is further augmented by elevated levels
of cys-leukotrienes in the lungs of these mice. This larger link be-
tween IL-13, TGF-B, and cys-leukotrienes was also suggested in

allergen provocation studies (reviewed in Ref. 23), and implies that
eosinophil-mediated increases in pulmonary cys-leukotrienes may
elicit additional and/or alternative fibrotic events extended beyond
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Figure 7. The dose-dependent airway sensitivity to methacholine provo-
cation occurring in the chronic 15/hE2 inflammatory model is dependent
on cys-leukotriene-mediated airway activities. Aerosolized methacholine-
induced airway resistance (R) was assessed using an invasive ventilator-
based technique (flexiVent; SCIREQ, Montreal, PQ, Canada). Unlike
C57BL/6) wild-type controls, 15/hE2 mice displayed enhanced dose-
dependent responses to aerosolized methacholine that remained
unchanged in transgenic mice deficient in LTB4-mediated activities (BLT-
1’/’/I5/hE2). However, elimination of all leukotrienes (5-LO’/’/I5/hE2)
and, more specifically, 15/hE2 mice administered the cys-leukotriene an-
tagonist, montelukast (MK/I5/hE2), eliminated all evidence of AHR, return-
ing airway resistance as a function of methacholine dose to levels
observed in C57BL/6) wild-type controls. Baseline airway resistance (cm
H,O - s/ml) of each experimental cohort (mean = SEM): C57BL/6] wild-
type, 0.84 = 0.03; I5/hE2, 1.04 + 0.08; 5-LO/~/I5/hE2, 1.10 * 0.15;
BLT-17/~/I5/hE2, 0.77 *+ 0.06; and MK/I5/hE2, 1.12 + 0.13. *P < 0.05.
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Figure 8. Pulmonary fibrosis
(i.e., airway collagen deposi-
tion) occurring in 15/hE2
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mice is accompanied by sig-
nificantly elevated levels of
TGF-B derived from multiple
pulmonary cell types. (A) Repre-
sentative airways from coronal
lung sections stained with
Masson’s trichrome from
C57BL/6] wild-type mice (neg-
ative controls) and age-matched
(12 wk postpartum) double-
transgenic 15/hE2 mice (posi-

Wild Type

e

3 tive controls) are shown in
comparison to airways in simi-
lar sections from transgenic
mice targeting all leukotrienes
(5-LO™/" /I5/hE2), the LTB,4 high-
affinity receptor (BLT-17/~/I5/
hE2), or 15/hE2 mice administered
the cys-leukotriene antagonist,
montelukast (MK/I5/hE2). Quali-

tative assessments of collagen

I5/hE2 -

deposition (blue extracellular
matrix staining) showed that
increased airway fibrosis oc-
curred in all 15/hE2 cohorts ex-
amined (relative to wild-type).
(B) Immunohistochemical stain-
ing (brown to dark brown staining
areas and cells) with a TGF-
B1/-B2 rabbit polyclonal anti-

sera revealed significant and

| BLT-1-1115/hE2 .

somewhat invariant expression
of TGF-B in the lungs of all the
I5/hE2 cohorts. Enhanced ex-
pression (relative to wild-type)
was observed in multiple lung
cell types, with particularly high
expression observed in both
airway epithelial cells and the

simply increasing pulmonary IL-13 and TGF- expression. We sug-
gest that cys-leukotriene—induced eosinophil release of proteases
and other extracellular matrix-modulating mediators may represent
an additional/alternative fibrotic mechanism. This suggestion is sup-
ported both by our assessments of elevated cysLTRI1 levels in the
lungs of I5/hE2 mice, which were particularly pronounced on the
many eosinophils infiltrating the lungs of these mice, and by tran-
script microarray assessments of gene expression that have implicated
multiple candidate pathways connecting eosinophils, cys-
leukotrienes, and fibrosis/remodeling events. These include, but
are not limited to, the expression of extracellular matrix—acti-
vating/—-degrading proteases with demonstrable roles in fibrotic
events (e.g., matrix metalloproteinase 12, 13, and 19 as well as
cathepsin K), and the expression of profibrotic cytokines, such
as IL-6 and IL-4. Indeed, the small but reproducible decrease in
the BAL IL-4 levels in 5-LO " /I5/hE2 and MK/I5/hE2 mice
may reflect a link between the cys-leukotriene—induced re-
lease of eosinophil-derived IL-4 in specific models and induced
pulmonary fibrosis.

Eosinophil release of secondary granule proteins (i.e., degranu-
lation) may also be an additional contributor to pulmonary fibrosis.

robust pulmonary eosinophil
infiltrate. Scale bars, 100 pm. B,
bronchiole; PV, pulmonary vessel

That is, previous studies in both patients with asthma (24) and mouse
models (25) have suggested that eosinophil release of secondary
granule proteins is a potential contributor to fibrotic changes occur-
ring in the lung. Moreover, our studies have also shown that the
value of the I5/AFE2 model, unlike allergen provocation models, is
that the significant remodeling events measureable in these trans-
genic mice correlate with the extensive eosinophil degranulation.
This extensive eosinophil degranulation occurs irrespective of the
targeting of total leukotrienes (5-LO™""/I5/hE2) or each of the
prominent subtypes (LTB, [BLT-1"""/I5/hE2] or cys-leukotrienes
[MK/I5/hE2]), suggesting that, in addition to IL-13 and TGF-8
expression, the release of eosinophil granule proteins may be a con-
tributing mechanism to the fibrosis observed in I5/hE2 mice. Inter-
estingly, this was also an independently derived conclusion of our
differential transcriptome analyses of I5/AE2 mice versus eosino-
philless double-transgenic mice (I5/hE2/PHIL).

The unexpected link between cys-leukotriene activities in chronic
eosinophilic inflammation and pulmonary parenchymal fibrosis may
have potential value to patient care if this mechanism can be extrap-
olated to human subjects. The data presented here show that eosi-
nophils appear to be a significant local source of cys-leukotrienes that
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Figure 9. The pulmonary fi-
brosis in 15/hE2 mice decreases
significantly in animals target-
ing cys-leukotriene-mediated
events. (A) Picrosirius red (PSR)-
stained slides from each group
(visualized under polarized light)
provided a quantifiable assess-
ment of the decreased collagen
deposition (red extracellular
staining) occurring in mice
targeting total leukotrienes (5-
LO™/~/I5/hE2) and, more spe-
cifically, cys-leukotriene events
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(MK/I5/hE2). Scale bars, 100
wm. B, bronchiole; PV, pulmo-
nary vessel. (B) Quantitative
assessments of PSR-stained lung
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sections demonstrated that the
pulmonary fibrosis occurring in
I5/hE2 mice was significantly
lower in mice targeting either
total leukotrienes and, more spe-
cifically, cys-leukotriene-mediated
activities. Under polarized light,
the submucosal interstitial area
surrounding all central airways
within the entire pulmonary pa-

Wild Type I5/hE2

5LO-/-/I5/hE2 BLT-1-/-/I5/hE2 MK/I5/hE2

renchyma represented in coro-
nal lung sections (n = 3-9

mice/group) were evaluated at a magnification of 200X (i.e., 6-21 central airways/section, evaluating all airways <0.7 mm in diameter). The extent
and intensity of PSR staining was quantified as the sum total (%) of pixel values (pixel number X average pixel intensity within the region surrounding
the basement membrane of a given central airway) normalized to the total length of central airway basement membrane evaluated. *P < 0.05.

may contribute to fibrotic events mediated by several cell types res-
ident in the lung, including eosinophils themselves. Moreover, the
specific blockade of cys-leukotriene-mediated activities (via phar-
maceutical intervention) significantly attenuated fibrotic remodeling
in the lung, and occurred by a novel unresolved mechanism.
This also represents a departure from rationale for the use of
agents that block cys-leukotriene activities (e.g., montelukast),
which are often prescribed as a treatment for acute/short-term
inflammatory symptoms and lung dysfunction (26, 27). We
recognize that the use of Th2-polarized chronic inflammatory
mice that are specifically engineered to understand the short-
term/long-term consequences of pulmonary eosinophil activi-
ties is limited as a model of lung dysfunction characteristic of
human respiratory disease. Instead, our goal was a reductionist
approach to understanding mechanisms potentially mediating
eosinophil activities during Th2-driven inflammatory events,
which we have suggested are likely shared between humans
and mice (28). Thus, if further studies suggest that our obser-
vations in mice are translatable to patients with asthma, this
result would have significant implications by suggesting that
the chronic presence of eosinophils in the lungs of some
patients with asthma may elicit sustained expression of pulmo-
nary cys-leukotrienes and, in turn, progressive lung fibrosis.
Thus, extended use of a cys-leukotriene-blocking agent, either
alone or in combination with other anti-inflammatory agents,
may represent a previously underappreciated strategy target-
ing the lung structural changes accompanying the chronic eo-
sinophilic inflammation in many patients with asthma.
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