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Rationale: Bioactive lipid mediators, derived from membrane lipid
precursors, are released into the airway and airspace where they
bind high-affinity cognate receptors and may mediate asthma path-
ogenesis. Lysophosphatidic acid (LPA), a bioactive lipid mediator
generated by the enzymatic activity of extracellular autotaxin
(ATX), binds LPAreceptors, resulting in an array of biological actions
on cell proliferation, migration, survival, differentiation, and motil-
ity, and therefore could mediate asthma pathogenesis.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Lysophosphatidic acid (LPA) is a bioactive lipid mediator
with multiple functions, particularly as an inducer of cell
proliferation, migration, and survival. Although most studies
to date have focused on the role of LPA in diseases of blood
vessels, cancer, and idiopathic pulmonary fibrosis, there is
a lack of studies on how LPA participates in allergic in-
flammation, particularly in the lung in asthma.

What This Study Adds to the Field

The enzyme autotaxin (ATX) and two of its LPA products,
LPA 22:5 and LPA 22:6, are markedly and selectively in-
creased in the bronchoalveolar lavage fluid of human patients
with asthma in response to airway allergen challenge. The
ATX/LPA pathway also plays a critical role in the devel-
opment of allergic lung inflammation in a murine allergic
asthma model. The results of this study suggest that inter-
ventions targeting the ATX/LPA pathway could lead to the
development of a new class of therapy for human asthma.

Objectives: To define a role for the ATX-LPA pathway in human asthma
pathogenesis and a murine model of allergic lung inflammation.
Methods: We investigated the profiles of LPA molecular species and the
level of ATX exoenzyme in bronchoalveolar lavage fluids of human
patients with asthma subjected to subsegmental bronchoprovocation
with allergen. We interrogated the role of the ATX-LPA pathway in
allergic lung inflammation using a murine allergic asthma model in
ATX-LPA pathway-specific genetically modified mice.

Measurements and Main Results: Subsegmental bronchoprovocation
with allergen in patients with mild asthma resulted in a remarkable
increase in bronchoalveolar lavage fluid levels of LPA enriched in
polyunsaturated 22:5 and 22:6 fatty acids in association with increased
concentrations of ATX protein. Using a triple-allergen mouse asthma
model, we showed that ATX-overexpressing transgenic mice had
a more severe asthmatic phenotype, whereas blocking ATX activity
and knockdown of the LPA; receptor in mice produced a marked at-
tenuation of Th2 cytokines and allergic lung inflammation.
Conclusions: The ATX-LPA pathway plays a critical role in the pathogen-
esis of asthma. These preclinical data indicate that targeting the ATX-
LPA pathway could be an effective antiasthma treatment strategy.

Keywords: asthma; lysophosphatidic acid; autotaxin; allergic airway
inflammation
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Lysophosphatidic acid (LPA) is a naturally occurring biologi-
cally active lipid that is generated from lysophosphatidylcho-
line (LPC) by the extracellular enzyme, autotaxin (ATX), also
known as lysophospholipase D (lysoPLD). ATX is present in
plasma, saliva, follicular fluid, and malignant effusions (1, 2).
Through engagement with distinct high-affinity cell-surface
G-protein—coupled receptors, LPA exhibits a wide range of
effects on a variety of cell types, including bronchial epithe-
lium, smooth muscle cells, fibroblasts, and lymphocytes (3-5).
LPA augments cytokine synthesis and chemotaxis in lympho-
cytes (6-9), induces contractility and proliferation of airway
smooth muscle cells (10), and modulates inflammatory signal-
ing in bronchial epithelial cells (10-12), suggesting a possible
role in the molecular pathogenesis of asthma. In this regard,
LPA has been shown to increase intracellular Ca** and che-
motaxis of Th2 T cells (13), augment IL-13 gene expression
and secretion by activated T cells, and enhance transcriptional
activity of the IL-13 promoter in Th2 cells (9). Thus, LPA
could play a role in Th2 chemotaxis and cytokine release in
allergen-induced asthmatic airway inflammation and remodel-
ing. In vitro, LPA has chemotactic activity for inflammatory
cells, such as eosinophils, and stimulates eosinophil superox-
ide production, increases intracellular Ca?", and induces actin
polymerization (14). In vivo, LPA aerosol inhalation in the
guinea pig was found to induce eosinophil and neutrophil re-
cruitment into the airspaces and induced airways hyperreactiv-
ity (6). Increased LPA levels and LPA 22:6 molecular species
have been reported in bronchoalveolar lavage (BAL) fluids
after segmental allergen challenge of patients with asthma
(15). LPA levels were increased in the airways of patients with
idiopathic pulmonary fibrosis and in BAL fluids after bleomycin-
induced lung injury of mouse model, and mice lacking the LPA;
receptor were markedly protected from fibrosis and mortality
(16). To our knowledge, no other studies to date have directly
addressed the roles of ATX, LPA, and its cognate receptors in
allergic airway inflammation and the asthmatic diathesis in hu-
man subjects.

In the current study, we have interrogated the ATX/LPA axis
in patients with mild asthma subjected to subsegmental bron-
choprovocation with allergen (SBP-AG) to induce localized al-
lergic lung inflammation, and in a triple-allergen—house dust
mite, ragweed, Aspergillus sp. (DRA)—mouse model of aller-
gic asthma in studies using ATX overexpressing transgenic,
heterozygous ATX '* deficient (knockout) mice combined with
pharmacologic inhibition of ATX enzymatic activity, and LPA,
receptor knockout mice. Our findings in both human asthmatic
SBP-AG subjects and mouse allergic asthma models show that
LPA levels are substantially increased in the airspaces in response
to allergen challenge, that signature polyunsaturated LPA
species (LPA 22:5 and 22:6) comprise more than 50% of the
released LPA, and that blocking ATX expression/enzyme ac-
tivity and LPA receptor expression in the mouse allergic asthma
model substantially abrogates airway inflammation in terms of
both inflammatory cell recruitment and expression of Th2
cytokines. These findings support a role for ATX, its unique
polyunsaturated LPA products, and their receptors in the
pathogenesis of asthma, suggesting novel therapeutic targets
for asthma intervention.

METHODS
SBP-AG Bronchoscopy Protocol

This protocol was approved by the Institutional Review Board of
the University of Illinois (Chicago, IL), and an investigational new
drug was obtained from the U.S. Food and Drug Administration for

bronchoscopic administration of allergens to volunteers. Subjects un-
derwent screening for inclusion and exclusion criteria that included
skin prick testing to house dust mite, short ragweed, and cockroach
allergens and spirometry with bronchodilator reversibility and/or
methacholine challenge. Subjects taking asthma-controlling medica-
tions were excluded. To obtain the prechallenge bronchial sample,
BAL was performed at a subsegmental bronchus before allergen chal-
lenge. Subsegmental bronchoprovocation with the identified allergen
(SBP-AG) was performed in a different subsegment. A starting dose
of 10-fold greater than the previously defined skin endpoint titration
dose in bioequivalent allergen units (BAU) or weight/volume (wt/
vol) of allergen was administered. If no significant airway edema was
noted after 10 minutes, the challenge dose of allergen (i.e., 100-fold
greater than the previously defined skin endpoint titration dose)
was administered to the subsegment. The maximum challenge dose
for SBP-AG was 5 mL of a 100 BAU/mL or 1:2,000 wt/vol concentra-
tion of allergen. At 48 hours after the initial bronchoscopy, BALs from
three different sites were obtained from the unlavaged segment contra-
lateral to the challenge site (contralateral site), the unchallenged seg-
ment adjacent to the challenged lobe (adjacent site), as well as the
challenged segment of the challenged lobe (experimental site) (see
Figure E1 in the online supplement). Additional detail on the methods
for the SBP-AG protocol is provided in the online supplement.

Mice

All of the mice were bred and housed in a specific pathogen-free barrier
facility maintained by the University of Illinois at Chicago, Biologic
Resources Laboratory. All experiments involving mice were conducted
with protocols approved by the Institutional Animal Care and Use Com-
mittee of the University of Illinois (Chicago, IL). Adult male, 8- to 10-
week-old mice with an average weight of 20 to 25 g were used for the
experiments. The breeding pairs of ATX-Tg and ATX heterozygous
(ATX ") mice on the FVB background, provided by Dr. Susan Smyth
(University of Kentucky), were successfully bred at the University of
Illinois at Chicago (UIC) animal facility (17). LPA, '~ mice were
provided by Dr. Chun (The Scripps Research Institute, La Jolla,
CA) (18).

Lung Tissue Preparation

Mouse lung tissue was prepared using pressurized low-melting aga-
rose. Briefly, 0.5% wt/vol low-melting-point agarose was boiled at
60°C and then kept at 42°C in water bath. After tracheostomy was
performed, the 0.5% melted agarose was infused through the tra-
cheostomy tube from height of 28 cm H,O to pressurize equally over
lung fields. The tracheostomy tube was tied and lung tissue was put
into a formalin container that was refrigerated overnight to facili-
tate solidification and fixation. Additional detail on the method for
Western blot and immunohistochemistry is provided in the online
supplement.

DRA Triple-Allergen Asthma Model

We used the published triple-allergen (DRA)-induced allergic mouse
asthma model with minor modifications (19) to recapitulate the path-
ophysiologic features of SBP-AG of human patients with asthma. Ad-
ditional detail on the method for the DRA triple-allergen asthma
model is provided in the online supplement and Figure E2.

Morphometric Analysis and Digital Pathology

We used the Genie System (Aperio Technologies, Vista, CA), a tool for
automated classification of tissue in whole slide images. Additional de-
tail on this method is provided in the online supplement.

Liquid Chromatography with Tandem Mass Spectrometry

Levels of total LPA and its molecular species were determined as de-
scribed previously (15, 20), with minor modifications. Additional detail
on the method for liquid chromatography with tandem mass spectrom-
etry (LC/MS/MS) is provided in the online supplement.
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Figure 1. (A) Total cell and differential counts of bronchoalveolar lavage (BAL) fluid recovered from patients with mild asthma enrolled in the
subsegmental bronchoprovocation with allergen (SBP-AG) protocol. The total cell count increased approximately eightfold in the BAL fluid from
the allergen-challenged subsegment and consisted primarily of eosinophils (Eos) and alveolar macrophages (AM). There was only a mild increase in
the eosinophil count in the adjacent segment and no increase in the contralateral segment, indicating that the allergic reaction was confined to the
experimental site, with minimal spillover to adjacent segments. n = 4. *P < 0.05. (B) Western immunoblot for autotaxin (ATX) in BAL fluid samples
obtained pre- and post-allergen challenge in the SBP-AG protocol. The BAL fluids were obtained from patients with mild asthma before and after
allergen challenge as described in Figure E1. BAL fluid (40 pl/lane) from each of the different lung subsegments was analyzed. The strongest band
was ~110 kD, corresponding to the size of ATX as reported in the literature (3). The 110-kD bands were completely abolished by preabsorption of
the anti-ATX antibody with an ATX-specific peptide (Figure E3). Analyses of BAL fluids from two additional SBP-AG subjects provided identical
results. The signal density of immunoblot was measured using Image | software. (C) Immunofluorescent staining for ATX in BAL cells recovered from
an SBP-AG protocol subject pre- and post-allergen challenge. Cytospin slides of BAL cells from an SBP-AG asthma subject were prepared from the
allergen-challenged subsegment before and after allergen challenge and stained by immunofluorescence for CD14 and ATX. Anti-CD14 (pink) was
used a biomarker for AM. The anti-ATX antibody was conjugated with green fluorescent protein (green). In the bottom panel, murine bone marrow—
derived macrophages (BMDM) were treated with various concentrations of IL-4 (0-20 ng/ml) for 48 hours, and the culture supernatants were
analyzed by Western blotting for ATX; a dose-response relationship was demonstrated for the IL-4-induced secretion of ATX by BMDM. The entire
image of this immunoblot is provided in the online supplement (Figure E4). (D) Immunohistochemistry for ATX expression in allergic lung
inflammation induced by the triple-allergen (house dust mite, ragweed, Aspergillus sp.) mouse model. ATX was highly expressed in airway epithelial
cells in the distal airway, mostly on the luminal side, as well as by AM, whereas expression by endothelial cells, eosinophils, and type 1 pneumocytes
was significantly lower or minimal. Additional images are provided in the online supplement (Figures E5 and E6). EP = bronchial epithelial cells.

Statistical Analysis

Statistical analyses were performed independently by a professional
statistician at the Center for Clinical and Translation Science, Design
and Analysis Core at UIC. In brief, normality was examined for all data
using Kolmogorov-Smirnov test and Q-Q plots. For normal distributed
data, the two-sample ¢ test was used for two-group comparisons with
equal variance or unequal variance assumptions. For nonnormal dis-
tributed data, a nonparametric method (signed rank test) was used for
comparisons of two paired samples. All analyses were conducted using
the SAS statistical package (version 9.2, SAS Institute, Cary, NC).

RESULTS

Increased ATX Protein Is Present in BAL Fluid of Patients with
Asthma after Allergen Challenge and in Lung Tissue of Mice
Subjected to a Triple-Allergen Model of Asthma

Volunteers with mild asthma were recruited and screened for the
study using allergen skin testing to identify the allergen as well as
spirometry with a bronchodilator response or a methacholine
challenge test to confirm asthma. Subjects meeting inclusion cri-
teria underwent SBP-AG; BAL was performed before allergen
challenge and at 48 hours after allergen challenge (Figure E1).
As demonstrated, allergen challenge resulted in pronounced eo-
sinophilic allergic lung inflammation in a localized fashion (Fig-
ure 1A). ATX protein expression was determined by Western
blotting of BAL fluid obtained before allergen challenge and
from three different locations after allergen challenge using the
SBP-AG protocol. A remarkable increase in ATX level was
documented in the allergen-challenged site compared with the
prechallenge or contralateral post-challenge sites, with a signif-
icantly lower level in the subsegment adjacent to the allergen-
challenged site (Figure 1B). Because this was unexpected, the
specificity of the ATX immunoblot was confirmed by using an
antibody-neutralizing peptide (Figure E3). Before allergen chal-
lenge, ATX was observed in the cytoplasm of alveolar macro-
phages and shifted to a perinuclear localization in response to
allergen challenge (Figure 1C, upper panel). Although it was
not possible to culture a sufficient number of human alveolar
macrophages, bone marrow—derived murine macrophages were
treated with IL-4 and found to secrete ATX into the culture
supernatant (Figure 1C, lower panel; Figure E4).

We subjected mice to sensitization and challenge with a com-
bination of house dust mite, ragweed, and Aspergillus allergen
(DRA), as previously described, with minor modifications (19).

DRA included two of the major allergens used for the human
SBP-AG protocol. This triple-allergen DRA model produced
abundant eosinophilic allergic lung inflammation (Figure E2).
In this model, ATX protein was detected by immunostaining in
lung tissue, especially in terminal bronchial epithelial cells and
alveolar macrophages, whereas endothelial cells, eosinophils,
and type 1 pneumocytes showed minimal ATX staining (Figure
1D and Figures E5-E7).

Polyunsaturated LPA 22:5 and 22:6 Are the Major LPA
Molecular Species Present in BAL Fluid of Allergen-challenged
Patients with Asthma

We next measured the enzymatic product of ATX, LPA, in the
UIC SBP-AG discovery cohort (n = 4) by using LC/MS/MS
(Figure 2A). Total LPA levels in BAL fluids were increased
by allergen challenge in patients with mild asthma, mainly
due to the elevation of LPA 22:5 and 22:6, with individual
increases ranging from 2- to 100-fold (Figure 2B). Interestingly,
LPA 22:5 was increased only in the allergen-challenged lung
segment, with very little spillage into adjacent pulmonary sub-
segments (Figures E8 and E9). We also analyzed an indepen-
dent verification cohort of patients with mild asthma who were
subjected to the SBP-AG protocol at the University of Wiscon-
sin (Wisconsin cohort). Twenty-one additional paired pre- and
post-allergen-challenge BAL fluids and nine paired plasma
samples were analyzed. Before allergen challenge, saturated
LPA 16:0 and LPA 18:0 were the predominant species in
BAL fluid of the patients with mild asthma (Figure 2C, solid
bar). In response to allergen challenge, there was a major in-
crease in polyunsaturated LPA 22:5 and, to a lesser degree,
LPA 22:6 (Figure 2C). In the Wisconsin cohort, LPA 22:5 and
LPA 22:6 were significantly increased by 11- and 7-fold, respec-
tively, in response to allergen challenge (Figure 2D). However,
the levels of saturated LPA 16.0 and LPA 18.0 were not af-
fected by the allergen challenge (Figure 2E and Figure E10).
In the Wisconsin cohort, there was a slight but statistically sig-
nificant elevation of total plasma LPA level (Figure 2F), which
was attributed to a small increase in saturated LPA 16:0 and
LPA 18:0, in contrast to the pattern seen in BAL fluids (Figures
2G and 2H). These data indicate that polyunsaturated LPA 22.5
and LPA 22.6 are produced within the lavageable airspaces and
are not due simply to extravasation from plasma.
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Figure 2. (A) Representative figure of the
lysophosphatidic acid (LPA) molecular species
identified by liquid chromatography with
tandem mass spectrometry (LC/MS/MS) in
the bronchoalveolar lavage (BAL) fluid of
a subject with mild asthma enrolled in the
subsegmental bronchoprovocation with aller-
gen (SBP-AG) protocol before and after aller-
gen challenge. There was a significant
increase in polyunsaturated LPA 22:5, and
to a lesser degree polyunsaturated LPA
22:6, at the allergen-challenged experimental
site. (B) Total LPA, LPA 22:5, and LPA 22:6 in
BAL fluid pre- and post-allergen challenge in
the University of lllinois at Chicago (UIC)
discovery cohort (n = 4). LPA levels were
quantified in BAL fluid from the allergen-
challenged lung subsegment; the standard
error for each value represents the variation
in the measurement among the four separate
aliquots of the BAL fluid return. LPA 22:5 and
LPA 22:6 were elevated by allergen challenge
ranging from 2- to 100-fold increases, con-
tributing to the overall increase in total LPA.
(C) Profiles of the various LPA molecular spe-
cies in the BAL fluids of patients with mild
asthma subjected to the SBP-AG protocol in
the Wisconsin verification cohort (n = 21).
LPA levels were measured by LC/MS/MS as
described in MetHops. Changes in the LPA
level pre- and post-allergen challenge were
analyzed statistically using the paired t test
as described in MetHops. *P < 0.05. (D) Levels
of total and polyunsaturated LPA molecular
species, LPA 22:5 and LPA 22:6, in the BAL
fluid of subjects with mild asthma induced by
the SBP-AG protocol in the Wisconsin cohort.
LPA levels pre- and post-allergen challenge
were compared statistically using the paired
t test as described in MetHops. (E) Levels of
saturated LPA molecular species, LPA 16:0
and LPA 18:0, in the BAL fluid of subjects with
mild asthma undergoing the SBP-AG proto-
col in the Wisconsin cohort. The pre- and
post-allergen challenge LPA levels were com-
pared statistically using the paired ¢ test as
described in MetHobs. (F) Profiles of LPA mo-
lecular species in the plasma of patients with
mild asthma induced by the SBP-AG protocol
in the Wisconsin cohort (n = 9). LPA levels
were measured by LC/MS/MS as described in
MerHops. LPA levels pre- and post-allergen
challenge were compared using the paired
t test as described in MetHops. *P < 0.05.
(G) Levels of total and saturated LPA molec-
ular species, LPA 16:0 and LPA 18:0, in the
plasma of subjects with mild asthma induced
by the SBP-AG protocol in the Wisconsin co-
hort. The pre- and post-allergen challenge
LPA levels were compared using the paired
t test as described in MetHops. (H) Levels of
the polyunsaturated LPA molecular species,
LPA 22:5 and LPA 22:6, in the plasma of
subjects with mild asthma induced by the
SBP-AG protocol in the Wisconsin cohort.
The pre- and post-allergen challenge LPA
levels were compared statistically using the
paired t test as described in METHODS.
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Figure 2. (continued).

Overexpression of ATX Accentuates Allergic
Lung Inflammation

As astrong association between allergen challenge, ATX protein
production, and generation of polyunsaturated LPA 22:5 and
LPA 22:6 in human BAL fluids from allergen-challenged
patients with asthma was observed, we next investigated the
role of the ATX/LPA axis in the pathogenesis of asthma by
using genetically modified mice. First, we compared transgenic
mice that overexpressed ATX (ATX-Tg) to wild-type (WT)
mice (WT-FVB) of the same background that were subjected
to the triple-allergen DRA asthma model. Some polyunsatu-
rated LPA 22:5 was present in BAL fluid in the control mice
(Figure E11), and DRA challenge increased the level of LPA
22:5 in BAL fluid compared with sham (phosphate-buffered
saline)-challenged mice (Figure 3A and Figure E11). Compared
with WT mice, ATX-Tg mice had more inflammatory cells,
mostly eosinophils (Figure 3B), but there was no difference in
the percentage differential cell counts (Figure E12). Total se-
rum IgE was elevated in response to DRA sensitization equally
in both groups of mice (Figure 3C). In the DRA model, the
levels of IL-4 and IL-5 in lung homogenates and BAL fluids
were significantly greater in ATX-Tg mice (Figures 3D and
3E) compared with WT mice (WT-FVB), whereas IFN-y
showed no change between the two groups (data not shown).
We analyzed the severity of allergic lung inflammation by using
automated digital morphometric analyses of cross-sections of
the entire lung field. ATX-Tg mice had a greater degree of
lung inflammation compared with WT mice when subjected to
DRA challenge (Figure 3F and Figure E13). ATX-Tg mice also
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showed a greater degree of goblet cell metaplasia than WT mice
in response to allergen (Figure 3G and Figure E14).

Blocking the ATX/LPA Axis Attenuates Allergic
Lung Inflammation

We next determined if blocking the ATX-LPA pathway attenu-
ates allergic lung inflammation. LPA receptor 2 (LPA;) has been
shown to be expressed in the lung tissue and in many cell types
(21), and preliminary studies showed that LPA, mRNA was
highly expressed by eosinophils (data not shown). Therefore,
we used LPA, knock-out mice (LPA, ") that have defective
LPA, receptor signaling (18). Our data showed that DRA-
sensitized and -challenged LPA, '~ mice had fewer inflamma-
tory cells in BAL fluid (Figure 4A) and attenuated levels of IL-4
and IL-5 in lung tissue and BAL fluid, compared with WT mice
with the same genetic background (WT-129SV) (Figures 4B and
4C), whereas IFN-y showed no change between the two groups
(data not shown). Surprisingly, LPA22:5 levels in BAL fluids of
LPA, '~ mice showed a blunted response, suggesting a possible
link between the LPA, receptor and LPA 22:5 production (Fig-
ure 4D). Quantification of lung pathology also showed a lesser
degree of inflammation with the DRA model in LPA, '~ mice
(Figure 4E and Figure E15).

Pharmacologic Inhibition of ATX Enzymatic Activity Reduces
the Severity of the Murine Asthmatic Phenotype

Next, we determined whether inhibiting ATX affects allergic
lung inflammation. Because total knockdown of ATX is embryonic
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Figure 3. (A)The level of lysophosphatidic acid (LPA) 22:5 was analyzed in bronchoalveolar lavage (BAL) fluids from autotaxin (ATX)-overexpressing
transgenic mice (ATX-Tg) and wild-type (WT)-FVB mice induced by the house dust mite, ragweed, Aspergillus sp. (DRA) triple-allergen model. LPA
levels were measured by liquid chromatography with tandem mass spectrometry as described in MeTHoDs. *P < 0.05; n = 4. (B) Total cell counts in
BAL fluid of ATX-Tg mice. ATX-Tg mice had higher number of BAL cells before and after allergen challenge, compared with WT mice of the same
background. *P < 0.05. (C) Total serum IgE concentrations in WT versus ATX-Tg mice as induced by the DRA triple-allergen model. Total serum IgE
levels were measured by ELISA as described in the online supplement. *P < 0.05. (D) Concentration of IL-4 in lung homogenates and BAL fluids of
ATX-Tg versus WT-FVB mice induced by the DRA triple-allergen model. Experiments were done at least twice with similar results. n = 5 mice per
group. *P < 0.05. (E) Concentration of IL-5 in lung homogenates and BAL fluids of ATX-Tg and WT-FVB mice induced by the DRA triple-allergen
model. Experiments were performed at least twice with similar results. n = 5 mice per group. *P < 0.05. (F) The pathologic severity of allergic lung
inflammation in ATX-Tg versus WT-FVB mice induced by the DRA triple-allergen model. Total lung inflammation was quantified using digital
morphometry software systems as described in MetHobs. Whole lung fields were scanned and analyzed to classify regional involvement of inflam-
mation in a blinded fashion. The numeric values correspond to the percentage of the regional area of lung inflammation. The analysis was repeated
at least twice with similar results. The color codes represent the following: green = inflammation, blue = alveolar space, yellow = structural tissue,
and pink = void area. (G) Quantitation of goblet cell metaplasia in ATX-Tg versus WT-FVB mice induced by the DRA triple-allergen model. Using the
digital morphometric software system described in MetHobs, bronchial epithelial cells were automatically identified. The presence of periodic acid
Schiff (PAS) staining was assessed using the same threshold setting for the whole lung field. The left figures show the raw PAS staining, the middle
figures show the identification of individual bronchial epithelial cells, and the right figures identify the PAS-positive goblet cells using digital signal
threshold as described in MetHoDps. The numeric values represent the percentage of PAS-positive cells of total bronchial epithelial cells. The analysis
was repeated at least twice with similar results. PBS = phosphate-buffered saline.

lethal, we used ATX"'~ heterozygous (ATX-het) mice that ex-
press ~50% less ATX than their WT counterparts (17). We also
used a selective pharmacological inhibitor, GWJ-23 (Figure E16),
to block the remaining ATX enzymatic activity (22, 23) following
the protocol described in Figure SA. Compared with WT mice, the
ATX-het mice had lower levels of IL.-4 and IL-5 in BAL fluids and
lung tissues induced in the DRA model, which were further

suppressed by pretreatment with the ATX inhibitor (Figures 5B
and 5C). The ATX inhibitor, GWJ-23, blocked choline release
from LPC16:0 with a K; (nM) of 73 and inhibitory concentration
50% (nM) of 140 (Figure E16) in vitro. In vivo, plasma LPA levels
were significantly diminished at 0.5, 1, 2, 4, 8, and 16 hours post
GW]/J-23 administration comparable to LPA levels of vehicle con-
trols with a maximum concentration of 40 pM at maximum
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Figure 4. (A) Total cell counts in bronchoalveolar lavage (BAL) fluid of wild-type (WT) versus lysophosphatidic acid (LPA), /™ knock-out (KO) mice
induced by the house dust mite, ragweed, Aspergillus sp. (DRA) triple-allergen model. LPA, /~mice had lower numbers of total cells in BAL fluid after
allergen challenge compared with WT mice of the same background (WT-129SV). n = 5 mice per group. *P < 0.05; ***P < 0.001. (B) Concentration
of IL-4 in whole lung homogenates and BAL fluids of the LPA, ™/~ versus WT-129SV mice induced by the DRA triple-allergen model. Experiments
were done at least twice with similar results. n = 5 mice per group. *P < 0.05; *P = 0.10. (C) Concentration of IL-5 in whole lung homogenates and
BAL fluids of LPA, ™/~ versus WT-129SV mice induced by DRA triple-allergen model. Experiments were done at least twice with similar results. n = 5
mice per group. *P < 0.05; P = 0.055. (D) Level of LPA 22:5 in BAL fluids from LPA,~/~ versus WT-129SV mice induced in the DRA triple-allergen
model. LPA levels were measured by liquid chromatography with tandem mass spectrometry as described in MeTHops. *P < 0.05; n = 9. (E)
Pathologic severity of allergic lung inflammation in LPA,™/~ versus WT-129SV mice in the DRA triple-allergen model. The whole lung field was
scanned and analyzed as described in MeTHops. The numeric values represent the percentage of regional area of lung inflammation. The analysis was
repeated at least twice with similar results. The color codes represent the following: green = inflammation, blue = alveolar space, yellow = structural

tissue, and pink = void area. PBS = phosphate-buffered saline.

temperature equal to 1 hour (Figure E16). Quantification of lung
pathology also showed reduced inflammation with ATX inhibitor
treatment (Figure 5D). These results indicate that the ATX/LPA
axis is necessary for the generation of asthmatic inflammation and
may be an important new target for therapeutic intervention in
severe asthma.

DISCUSSION

Asthma is a heterogeneous allergic airway inflammatory disease
of unknown etiology that is believed to result from a combination
of environmental exposure and genetic susceptibility. Many
pathogenic mechanisms of asthma have been proposed, but
few have been successfully translated into effective treatments.
The pathophysiology of asthma involves various cellular compo-
nents and many inflammatory protein mediators, including che-
mokines, cytokines, growth factors, and various lipid mediators
(24). Bioactive lipid mediators such as cysteinyl leukotrienes
and prostaglandins are believed to play an important role in
asthma pathophysiology, and interdiction with leukotriene re-
ceptor antagonists is an effective and widely used treatment that
alleviates symptoms in some patients with asthma (25). Recent
evidence suggests that prostaglandin D2 may play an important
role in orchestrating interaction between mast cells, lympho-
cytes, and eosinophils (26), and this finding is currently being
translated into antiasthmatic therapeutics with some initial ev-
idence of efficacy (27).

Here, we report that a novel bioactive lipid mediator, LPA,
has a pivotal role in the pathogenesis of asthma through studies
exploring a model of human asthmatic lung inflammation and
a triple-allergen—-induced model of lung inflammation in genet-
ically modified mice. LPA is synthesized from LPC through the
enzymatic activity of ATX (2). Our clinical data show that the
levels of ATX protein, and very specific polyunsaturated mo-
lecular species of the enzymatic products of ATX, LPA 22:5 and
22:6, are significantly elevated the in airspaces of patients with
mild asthma in response to subsegmental bronchial allergen
challenge in both a discovery and verification cohort of volun-
teers. LPA22:5 and LPA 22:6 are rare LPA molecular species in
biologic fluids. Because of an exceptionally long acyl chain,
LPA22:6, and probably LPA 22:5, are folded into the enzymatic
pocket of ATX in a unique U-shaped conformation (28). Our
result showed that LPA 22:5 and 22:6 in the BAL fluids were
elevated 11- and 7-fold, respectively, in response to allergen
challenge (Figures 2B-2D). It is highly unlikely that these
LPA species are derived from plasma leak into the airspaces,
because there was no increase in the plasma level of LPA 22:5
and 22:6 induced by subsegmental challenge. Furthermore, the
saturated fatty acid profile of plasma LPA species induced by
allergen challenge was completely different from that of the

BAL fluid (Figure 2F). It is unclear how these two different
LPA profiles are generated in the blood and airspace compart-
ments by allergen challenge, but differences in the bioavailabil-
ity of saturated versus polyunsaturated LPC substrates and/or
the presence of different ATX isoenzymes may contribute to
the dichotomy. Interestingly, the ATX/LPA pathway has been
proposed as a homeostatic mechanism for lymphocyte traffick-
ing. There is growing evidence that the expression of ATX on
high-endothelial venules (HEVs) of secondary lymphoid tissues
and its metabolic products of LPA play an important role
in lymphocyte trafficking across HEVs (29, 30). LPA with
18:0, 18:1, and 18:2 long-chain fatty acids are important LPA
molecular species produced by HEVs and play a role in system-
ic lymphocyte trafficking (30). However, in the case of locally
induced inflammation models used in our current experiments,
LPA 22:5 and 22:6 are likely important for the local proallergic
reaction, which could be negatively counterbalanced by sys-
temic production of LPA 16:0 and 18:0 that would promote
lymphocyte homing and confine the allergic reaction to the lo-
cally challenged site. Of note, similar to previously reported
asthma phenotypes (31), we also observed a heterogeneity in
the ATX-LPA responsiveness of our asthma cohorts; some subjects
showed a more blunted increase in their allergen challenge-induced
LPA response in BAL fluid, although the overall responsiveness
was statistically significant by paired ¢ test (Figure 2D).
Ovalbumin has been widely used in animal models of allergic
lung inflammation, but it is not a clinically relevant allergen for
human asthma. Because house dust mite and ragweed were the
major aeroallergens used for our human SBP-AG protocol in
patients with mild asthma, we used these as well in the murine
triple-allergen (DRA) allergic asthma model, instead of ovalbu-
min. By using the DRA murine asthma model, we were highly
successful in recapitulating the findings from human asthmatic
SBP-AG subjects in mice. Additionally, we confirmed that
a gain-of-function increase in ATX expression in mice accentu-
ates the asthma phenotype in terms of Th2 cytokine production
and allergic lung inflammation. We also demonstrate that the
combined genetic (partial ATX gene knockout) and pharmaco-
logic (ATX enzyme inhibitor) inhibition of the ATX-LPA path-
way significantly attenuates the development of both Th2
immunologic responses and inflammatory reactions in the mouse
DRA model. Of note, mice lacking the LPA, receptor were
resistant to the development of asthmatic lung inflammation
in this model. LPA,, a member of the LPA receptor family, is
a G-protein—coupled transmembrane receptor. LPA, has been
shown to promote cell migration through interactions with the
focal adhesion molecule TRIP6 (32), and zinc finger proteins
are also reported to interact directly with the carboxyl terminal
tail of LPA, (33), suggesting LPA, signaling has cross-regulation
between classical G-protein signaling and other pathways to
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Figure 5. (A) Diagram of the experimental design used for the autotaxin (ATX) inhibitor, GWJ-23, in wild-type (WT) and ATX-heterozygous (ATX-
het) mice in the house dust mite, ragweed, Aspergillus sp. (DRA) triple-allergen model. All mice had received either GW] (ATX inhibitor) or equivalent
dose of the vehicle (dimethyl sulfoxide). (B) Concentration of IL-4 in bronchoalveolar lavage (BAL) fluids of ATX-het versus WT mice induced in the
DRA triple-allergen model. ATX-het and WT mice were sensitized and challenged in the DRA model, with and without treatment using an ATX
enzyme inhibitor (GWJ-23). The ATX inhibitor was administered intranasally multiple times after allergen sensitization but before intranasal
challenge with the DRA allergens, as described in detail in A. n = 5 mice per group. *P < 0.05; **P < 0.01. (C) Concentration of IL-5 in BAL fluids
of ATX-het versus WT mice induced in the DRA triple-allergen model. ATX-het and WT mice were interrogated using the DRA model with and
without treatment with the ATX inhibitor, GWJ-23. The ATX inhibitor was administered intranasally at multiple times before intranasal challenge
with the DRA allergens, as described in A. n = 5 mice per group. **P < 0.01; ***P < 0.001. (D) Pathologic severity of allergic lung inflammation in
WT, ATX-Het mice, and ATX-Het with ATX inhibitor treatment in the DRA triple-allergen model. The numeric values represent the percentage of

regional area of lung inflammation. The analysis was repeated at least twice, with similar results. PBS = phosphate-buffered saline.

regulate the efficiency and specificity of signal transduction (21).
In contrast to our current findings and an earlier report on LPA,
and allergic airway inflammation (34), a previous study showed
that LPA, deficiency negatively regulated dendritic cell activa-
tion and allergic inflammation in a murine model of asthma (35).
The reasons for this discrepancy are unclear, but may be related
to the nature of the allergens used for sensitization and challenge
and the genetic backgrounds of the mice.

There are some limitations to our current study. In the al-
lergic airspace, ATX produced unique LPA molecular spe-
cies, LPA 22:5 and LPA 22:6, but we have yet to determine
the cell source of the enzymatic substrate, polyunsaturated
LPC, for their generation. Although our data suggest alveolar
macrophages as a source of ATX, the contribution of other
cell types, including airway epithelial cells, which are rich
in polyunsaturated phospholipids (36) and eosinophils, can-
not be excluded. The recently reported crystal structure of
ATX revealed that the somatomedin B (SMB) domains of
ATX are homologous to the SMB domain of vitronectin,
whose RGD motif binds integrins (37). It has been proposed
that the interaction between integrin and SMB domain of
ATX enables localized production of LPA in the area of
activated integrins expression. The interaction of both plate-
let B1 and B3 integrins with ATX via the SMB2 domain in an
activation-dependent manner has been reported (38). Re-
cruitment of eosinophils into sites of local allergic inflam-
mation requires the expression of integrins, including B1
(39). It would be of interest to determine whether integrins
expressed on eosinophils interact with ATX, which could
then act on its own receptors. Although the biological re-
sponse to LPA is mediated in part through binding to the
LPA, receptor in the murine allergic asthma model, which
may be present on eosinophils, T lymphocytes, and airway
smooth muscle cells, the participating LPA receptors on hu-
man inflammatory and airway cells has not been determined.
Finally, future studies that address the direct effects of poly-
unsaturated LPA 22:5 and LPA 22:6 on the experimental
asthma phenotype are needed to fully interrogate their po-
tentially selective role in ATX/LPA signaling before our pre-
clinical findings can be translated into the development of
novel antiasthmatic therapeutics.
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