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Of the potent lipid inflammatory mediators comprising the cysteinyl leukotrienes (LTs; LTC,,
LTD,, and LTE,), only LTE, is stable and abundant in vivo. Although LTE, shows negligible
activity at the type 1 and 2 receptors for cys-LTs (CysLT,R and CysLT,R), it is a powerful
inducer of mucosal eosinophilia and airway hyperresponsiveness in humans with asthma.
We show that the adenosine diphosphate (ADP)-reactive purinergic (P2Y,,) receptor is
required for LTE,-mediated pulmonary inflammation. P2Y,, receptor expression permits
LTE, -induced activation of extracellular signal-regulated kinase in Chinese hamster ovary
cells and permits chemokine and prostaglandin D, production by LAD2 cells, a human mast
cell line. P2Y,, receptor expression by LAD2 cells is required for competition between
radiolabeled ADP and unlabeled LTE, but not for direct binding of LTE,, suggesting that
P2Y,, complexes with another receptor to recognize LTE,. Administration of LTE, to the
airways of sensitized mice potentiates eosinophilia, goblet cell metaplasia, and expression
of interleukin-13 in response to low-dose aerosolized allergen. These responses persist in
mice lacking both CysLT,R and CysLT,R but not in mice lacking P2Y,, receptors. The effects
of LTE, on P2Y,, in the airway were abrogated by platelet depletion. Thus, the P2Y,, recep-
tor is required for proinflammatory actions of the stable abundant mediator LTE, and is a

novel potential therapeutic target for asthma.

Cysteinyl leukotrienes (LTs [cys-LTs]) are lipid
inflammatory mediators generated in vivo by
mast cells (MCs), eosinophils, myeloid DCs, ba-
sophils, and macrophages (Kanaoka and Boyce,
2004). They abound in mucosal inflammation,
play a validated role in human asthma (Wenzel
et al., 1990; Israel et al., 1996; Liu et al., 1996),
and are important mediators in mouse mod-
els of pulmonary inflammation, remodeling,
and fibrosis (Beller et al., 2004; Henderson
et al., 2006; Kim et al., 2006). LTC,, the par-
ent cys-LT, is synthesized from arachidonic
acid, which is liberated by calcium-depen-
dent cPLA, (cytosolic phospholipase A,) from
membrane phospholipids (Clark et al., 1991).
Arachidonic acid is then converted to LTA, by
5-lipoxygenase (5-LO) in concert with 5-LO-
activating protein (Dixon et al., 1990; Malaviya
et al., 1993). LTA, is conjugated to reduced
glutathione by LTC, synthase, a homotrimeric
integral nuclear membrane protein (Ago et al.,
2007), forming LTC,. LTC, is exported to
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the extracellular space by a multidrug-resistant
protein after synthesis (Robbiani et al., 2000),
where it is converted to LTD, by y-glutamyl
leukotrienase-mediated removal of glutamic
acid (Shi et al., 2001). LTD, is then converted
to LTE, by dipeptidase-mediated removal of
glycine (Lee et al., 1983). Thus, the cys-LTs
comprise three ligands that form in a spatially
and temporally distinct fashion. LTC, is the
only intracellular cys-LT, and LTD, is the most
powerful contractile agonist of the airway smooth
muscle. The half-life of LTD, is short (minutes)
because of its rapid conversion to LTE,, effec-
tively limiting its duration of action in vivo.
LTE, is stable and excreted in the urine (Sala
et al., 1990). The stability of LTE, accounts for
the fact that it is the dominant cys-LT detected
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in biological fluids. Consequently, LTE, levels can be moni-
tored in the urine (Drazen et al., 1992), sputum (Lam et al.,
1988), and exhaled breath condensate (Csoma et al., 2002) as
an index of the cys-LT synthetic pathway activity in human
disease states such as asthma, where its concentrations can be
markedly elevated.

To date, two G protein—coupled receptors (GPCRs) for
cys-LTs, termed type 1 and type 2 cys-LT receptors (CysLT| R
and CysLT,R), have been cloned and characterized (Lynch
et al., 1999; Heise et al., 2000). These receptors share 38%
amino acid identity. Each is 24-32% identical to the puriner-
gic (P2Y) class of GPCRs that regulate cellular responses to
extracellular nucleotides (Mellor et al., 2001), suggesting a
phylogenetic relationship between these two GPCR classes.
The human CysLT R, encoded by a gene on chromosome
Xq21.13, is a high-afhinity receptor for LTD, (K; ~1 nM;
Lynch et al., 1999), whereas the human CysLT,R is encoded
by a gene on chromosome 13q14 and has equal affinity for
LTC, and LTD, (K; ~~10 nM; Heise et al., 2000). As neither
receptor has significant affinity for LTE,, the existence of an
additional cys-LT receptor with a preference for LTE, has
long been suspected. Early studies demonstrated that purified
LTE, is more potent than LTC, or LTD, for inducing con-
traction of guinea pig tracheal rings (Lee et al., 1984), whereas
LTC, and LTD, were more potent on peripheral lung. Of
the three cys-LTs, only LTE, potentiates the contractile re-
sponse of guinea pig trachea to histamine, a response which
can be blocked by the administration of indomethacin, a
nonselective inhibitor of the cyclooxygenase (COX) enzymes
(Lee et al., 1984). LTE, inhalation by asthmatic individuals
potentiates airway hyperresponsiveness to subsequent chal-
lenges with histamine. This potentiation is also blocked by
oral administration of indomethacin (Christie et al., 1992a).
Inhalation of LTE,, but not of LTD,, causes eosinophils, ba-
sophils, and MCs to accumulate in the bronchial mucosa of
asthmatic individuals (Laitinen et al., 1993; Gauvreau et al.,
2001). Patients with aspirin-exacerbated respiratory disease
(AERD), a syndrome characterized by asthma, nasal poly-
posis, and marked cys-LT overproduction, exhibit selectively
enhanced bronchoconstriction in response to LTE, relative
to LTC, or to histamine when compared with aspirin-toler-
ant asthmatic individuals (Christie et al., 1993). Mice lacking
both CysLT R and CysLT,R (Cysltr1/ Cysler2~/~ mice) ex-
hibit enhanced skin swelling in response to intracutaneous
LTE, relative to WT controls, indicating that a putative
LTE,-reactive GPCR (termed CysLTgR) exists in the skin
(Maekawa et al. 2008). Thus, the potency of LTE, as an in-
ducer of inflammatory and physiological effects in vivo is not
explained by the pharmacology of the classical GPCRs for
cys-LTs, which preferentially bind the metabolic precursors
of LTE,. Thus, the three cys-LTs are all potent mediators,
and show considerable tissue specificity for their respective
actions. Both a 5-LO inhibitor (zileuton) and the drugs that
block CysLT R (Knorr et al., 1998) show clinical efficacy in
asthma, despite the negligible activity of LTE, at CysLT R
and the fact that zileuton blocks only ~50% of cys-LT
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generation in vivo (Israel et al., 1996; Liu et al., 1996). Iden-
tification of receptors and pathways through which LTE,
exerts its effects may be highly significant in terms of the
pathobiology of mucosal inflammation, as well as the treat-
ment of asthma, AERD, and related diseases in which local
concentrations of LTE, are elevated and/or end-organ reac-
tivity to LTE, is high.

MCs respond strongly to cys-LTs and are a useful cell
type for modeling cys-LT—-induced signaling events and re-
ceptor functions. We previously demonstrated that human
and mouse MCs express both CysLT ;R (Mellor et al., 2001)
and CysLT,R (Mellor et al. 2003) and that these receptors
constitutively form heterodimers on this cell type (Jiang et al.,
2007). Stimulation of MCs with LTD,, the most potent
agonist of the CysLT R, transactivates the kit tyrosine ki-
nase (Jiang et al., 2006), induces calcium flux (Mellor et al.,
2001), and phosphorylates extracellular signal-regulated ki-
nase (ERK; Jiang et al., 2006). These signaling events amplify
MC proliferation and induce their generation of cytokines
and chemokines (Mellor et al., 2002). CysLT R is required
for all of these LTD,-induced responses, whereas CysLT,R
inhibits them (Jiang et al., 2007). MCs also express several
P2Y receptors (Feng et al., 2004). We recently reported that
LTE, induces ERK activation and COX-2 expression, and
causes prostaglandin (PG) D, and macrophage inflammatory
protein 13 (MIP-1f3) generation by LAD2 cells, a well-
differentiated human MC line (Kirshenbaum et al. 2003;
Paruchuri et al., 2008), and to a lesser extent by primary cord
blood-derived human MCs (hMCs). LTE,-mediated produc-
tion of PGD, by LAD2 cells was unaffected by short hairpin
RNA (shRNA)-mediated knockdown of either CysLT R
or CysLT,R (Paruchuri et al., 2008), supporting the pres-
ence of a previously unrecognized LTE,-reactive receptor on
this cell type. A computer model (Nonaka et al., 2005) had
predicted that the P2Y, receptor, an adenosine diphosphate
(ADP)—reactive GPCR which is the target of the thieno-
pyridine anti-thrombotic drugs (Foster et al., 2001), could
be an LTE, receptor. In this study, we demonstrate a po-
tent unique proinflammatory function for LTE, in the lung,
and we demonstrate that P2Y,, receptors are required for
the functions of LTE, in vitro and in the lung in vivo. Our
results suggest that P2Y, receptors may be a novel target for
the treatment of asthma.

RESULTS

Recombinant human P2Y,, receptors convey cellular
responses to LTE,

To determine if P2Y, receptors could mediate responses to
LTE,, we stably transfected Chinese hamster ovary (CHO)
cells (which do not natively express classical CysLTRs
[Maekawa et al., 2001] or P2Y, receptors) with constructs
encoding the human P2Y, receptor protein in forward and
reverse orientation. The transfectants were stimulated with
exogenous LTC,, LTD,, or LTE,. Fura-2 AM—loaded CHO
cells expressing P2Y, receptors failed to flux calcium in re-
sponse to LTE, but did exhibit a response to ADP, reflecting
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endogenous P2Y receptors (Fig. 1 A). However, CHO cells
transfected with the P2Y, receptor construct in forward (but
not reverse) orientation responded to LTE, (and to LTD,)
with ERK activation (Fig. 1 B), which occurred at doses as
low as 1 nM and reached a plateau at 100 nM (Fig. S1). The
cys-LT—induced ERK activation was partially blocked by
pretreatment of the cells with 2-methylthioadenosine mono-
phosphate (2-MesAMP), a selective antagonist of the P2Y,
receptor (Fig. 1 C), and was also sensitive to pertussis toxin
(PTX; Fig. 1 D) but was resistant to MK571 (Fig. 1 D), an
inhibitor which blocks CysLT,R and some P2Y receptors
(Mamedova et al., 2005). Although ERK activation in the
P2Y,, receptor transfectants was at least as robust in response
to LTE, as to LTD, (Fig. 1 D), CysLT,R and CysLT,R
transfectants reacted to LTD, in marked preference to LTE,,
even at high (500 nM) ligand concentrations. These responses
were resistant to PTX and 2-MesAMP and, in the case of the
CysLT R transfectants, susceptible to MK571.

P2Y,, receptor requirement for LTE,-mediated activation
and binding to LAD2 cells

‘We had previously reported that LAD2 cells (a well-differen-
tiated human MC sarcoma line; Kirshenbaum et al., 2003)
exhibited activation responses to LTE, > LTD,. To deter-
mine whether P2Y, receptors were responsible for these re-
sponses, Fura-2 AM—loaded LAD?2 cells were stimulated with
LTD, or LTE, in the presence or absence of 2-MesAMP or
MK571. As reported previously (Paruchuri et al., 2008),
MKS571 blocked calcium responses of LAD2 cells to both
ligands (unpublished data). In contrast, 2-MesAMP treatment
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failed to attenuate LTD - or LTE,-mediated calcium flux in
LAD?2 cells (Fig. 2 A). We determined the effect of MK571
and 2-MesAMP on MIP-1f3 generation by LAD2 cells in re-
sponse to stimulation for 6 h with LTD, and LTE,, using IgE
plus anti-IgE as a positive control. LTE, at doses of 100 and
500 nM induced the generation of large amounts of MIP-1f3,
exceeding the amounts generated in response to LTD, and to
IgE plus anti-IgE (Fig. 2 B). Pretreatment of the LAD2 cells
with 2-MesAMP blocked the LTE,-mediated increment in
MIP-183 production by >50% (Fig. 2 B). 2-MesAMP also
reduced the response to the higher concentrations of LTD,.
MKS571 suppressed the response to both ligands and was ad-
ditive with 2-MesAMP for the suppression of the response to
LTD,. Neither antagonist altered the production of MIP-13
in response to IgE plus anti-IgE. To exclude potential off-
target effects of the inhibitors, samples of LAD2 cells were
transfected with lentiviruses encoding a P2Y, sequence-
specific shRINA, a CysLT R-specific sShRINA, or an empty
vector control before stimulation. Knockdown of P2Y, re-
ceptors decreased the receptor messenger RNA (mRNA)
expression by ~90% (Fig. 2 D) and did not alter expression
of CysLT R or CysLT,R proteins (not depicted). P2Y, re-
ceptor knockdown nearly abrogated MIP-1[3 production, com-
pletely eliminated PGD, production in response to LTE,, and
minimally affected the response to LTD,. The knockdown of
CysLT R completely blocked MIP-1B and PGD, produc-
tion in response to LTD, and slightly (but not significantly)
decreased the responses to LTE, (Fig. 2 C, bottom). Neither
knockdown altered MIP-1f3 generation or PGD, production
in response to IgE—anti-IgE (Fig. 2 C). LTE,-mediated
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Figure 1. Activation by recombinant human P2Y,, receptors in response to cys-LTs. The human P2Y,, receptor complementary DNA (cDNA) was
cloned in forward and reverse orientation into the expression vector pEF1/His B and transfected into CHO cells using Fugene HD reagent. Stably express-
ing clones were selected using 1,000 pg/ml G418, and expression of the construct was confirmed by cytofluorographic detection of the polyhistidine (HIS)
tag. (A) Calcium fluxes in CHO transfectants in response to 500 nM LTE,, 500 nM LTD,, and 100 uM ADP. Results in a second experiment were identical.

(B) SDS-PAGE immunoblots showing phosphorylation of ERK2 by CHO cells stably expressing human P2Y,, receptors in reverse (negative control) or for-
ward orientations. Cells were stimulated with 100 uM ADP (positive control ligand), 500 nM LTD,, or 500 nM LTE, for 15 min. The blots were stripped and
reprobed with an antibody recognizing total ERK1 and ERK2. Dose responses are displayed in Fig. S1. (C) Effect of the selective P2Y, receptor antagonist
2-MesAMP (MeS) on ligand-induced ERK phosphorylation. P2Y, receptor-expressing CHO cells were stimulated with the same doses of agonists used in
A, in the absence or presence of 100 uM 2-MesAMP. (D) Comparison of P2Y;, receptor-mediated responses to cys-LTs with those of recombinant human
CysLT,R and CysLT,R expressed in CHO cells, and the effect of 1 uM of the CysLT,R antagonist MK571. Data in B-D are from individual experiments that

were repeated at least three times with similar results.
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MIP-1 generation (Fig. S2 A) and ERK activation (Fig. S2 B)
were not altered by treatment of LAD2 cells with apyrase to
degrade extracellular ADP.

To determine whether P2Y, receptors directly mediated
LTE, binding, membranes were prepared from LAD2 cells
with and without P2Y,, knockdown. We first performed
competitive radioligand binding assays using [PH]ADP (the
known natural ligand of P2Y,, receptors) and unlabeled LTs
as competitors. Unlabeled LTE, competed with labeled ADP,
blocking 39 £ 9 and 50 £ 9% of specific ADP binding at doses
of 0.1 and 1 nM, respectively, and reaching a plateau (60 £
7%) at 1 pM (mean + SEM for four separate experiments, as
shown for one experiment [Fig. S3 A]). LTE, was more effi-
cacious than LTD, (Fig. S3 B). Knockdown of P2Y, recep-
tors reduced binding of [PH]ADP by 40-60% and completely
eliminated competition by LTE, (Fig. S3, A and B, right).
LAD?2 cell membranes weakly bound [*H|LTE, (converted
from commercially prepared [*H]LTD,; Fig. S3 C), but spe-
cific binding of [PH|LTE, was not altered by the knockdown
of P2Y, receptor (Fig. S3 C). To determine whether LTE,
could block the ADP binding of P2Y, receptors expressed in
isolation, the human forward and reverse P2Y, constructs
were transiently expressed in COS-7 cells. The membranes
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from the transfectants expressing the forward construct bound
[?*P]2-MesADP, a selective P2Y, receptor agonist. In con-
trast to ADP binding to LAD2 membranes, this binding was
not competed by unlabeled LTE, or LTD, (Fig. S3 D). Ad-
ditionally, these membranes failed to bind [*H|LTE, (unpub-
lished data).

LTE, potentiates allergen-induced bronchial inflammation

To determine whether LTE, could induce or potentiate histo-
logical signatures of pulmonary inflammation in mice, we de-
termined the effect of 2.2 nmol of intranasal LTE, administered
on three successive days on the lung histology of naive BALB/c
mice. We compared the effect to that of LTD,. The lungs of
naive BALB/c mice showed no evidence of cellular influx or
goblet cell metaplasia after three doses of either cys-LT alone
(unpublished data). Thus, we sought to determine whether ei-
ther cys-L'T amplified pulmonary inflammation induced by
the inhalation of low-dose allergen in sensitized mice. 2 wk
after sensitization with chicken egg OVA by i.p. injection,
BALB/c mice received inhalation challenges on three consec-
utive days with low-dose OVA (0.1%) for 30 min. 30 min be-
fore each challenge, the mice received 2.2 nmol of intranasal
LTD,, LTE,, or a buffer control. A cohort of mice treated
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Figure 2. Requirement for P2Y,, receptors in LTE,-mediated MC activation. (A) Calcium flux of LAD2 cells stimulated with 500 nM of the LTs in
the presence or absence of 100 pM 2-MesAMP. MK571 completely blocked both LTD,- and LTE,-mediated calcium fluxes (not depicted). Results in two

additional experiments were similar. (B) Effect of 100 uM 2-MesAMP, 1 uM MK571, or both on MIP-1B generation by LAD2 cells in response to the indi-
cated doses of LTD, and LTE,. Cells sensitized overnight with IgE and challenged with anti-IgE were used as the positive control. (C) Effect of shRNA-
mediated knockdowns of CysLT,R or P2Y,, receptors on MIP-13 generation (left) and PGD, generation (right) by LAD2 cells stimulated with 100 nM LTD, or
100 nM LTE,. Results in B and C are mean + SEM from three independent experiments each. Statistical differences were assessed by analysis of variance.
(D) Effect of shRNA-mediated knockdown of P2Y,, receptor mRNA expression by LAD2 cells. Real-time PCR was performed on an ABI PRISM 7700

Sequence detection system. FACS analysis was used to confirm the knockdowns of CysLT;R (not depicted). Mock, cells transfected with empty lentivirus.

Results in two additional experiments were similar.
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with 1% OVA were maintained as a positive control. The mice
were then euthanized, their bronchoalveolar lavage (BAL)
fluid was collected, and their lungs were examined histologi-
cally for evidence of inflammation and goblet cell metaplasia.
Compared with saline-treated sensitized mice, mice challenged
with low-dose OVA demonstrated low-grade BAL fluid eo-
sinophilia (Fig. 3 A). These mice showed very mild pulmonary
inflammation, as indicated by the accumulation of lympho-
cytes, plasma cells, and eosinophils around the bronchovascular
bundles (Fig. 3, B and C). The administration of LTD, did not
increase BAL fluid eosinophilia (Fig. 3 A) and slightly potenti-
ated both bronchovascular inflammation (Fig. 3, B and C) and
goblet cell metaplasia (Fig. 3, D and E). In contrast, LTE, sig-
nificantly enhanced BAL fluid eosinophilia (Fig. 3 A), inflam-
mation (Fig. 3, B and C), and goblet cell metaplasia (Fig. 3,
D and E). The extent of the cellularity and goblet cell re-
sponses of the LTE -treated animals approached the levels of
these parameters in the mice treated with 1% OVA.

LTE,-mediated pulmonary inflammation depends on P2Y,,
receptors and is independent of classical CysLTRs

To determine whether P2Y, receptors accounted for the
LTE,-mediated augmentation of pulmonary inflammation,
sensitized mice were treated with clopidogrel, an antithrom-
botic agent that is converted in vivo to an active metabolite
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that covalently binds to and irreversibly inactivates P2Y,
receptors (Savi et al., 2006). Drug treatment began 2 d before
the first administration of LTs to allow conversion of the
prodrug. A separate cohort of sensitized mice was maintained
without clopidogrel treatment as a control group. Both groups
were challenged with low-dose OVA with or without addi-
tional LTE,. Treatment with clopidogrel eliminated LTE,-
induced potentiation of both inflammation and goblet cell
metaplasia (Fig. 4, A and B). To determine the effect of P2Y,
receptor blockade on the induced expression of mRNAs
encoding proteins involved in goblet cell metaplasia, real-
time PCR was used to analyze the lungs of the mice for the
expression of IL-13 and the goblet cell-associated glycopro-
tein MUCS5AC. LTE, modestly increased the expression of
both transcripts, whereas clopidogrel treatment substantially
suppressed the expression of both (Fig. 4 C). There was no
detectable induction of IL-4 or IL-5 transcripts (unpub-
lished data).

Because pharmacologic antagonists can act in an off-
target manner, we sought to determine the receptors required
to mediate the effect of LTE, in the lungs of allergen-sensi-
tized and -challenged mice using a molecular approach. First,
we studied the ability of LTE, to amplify pulmonary inflam-
mation in OVA-sensitized and -challenged C57BL/6 mice
lacking P2Y, receptors (p2ry12~/~ mice; Andre et al., 2003)

@
o
T

|—p=0‘001 —

I

B 2}
[=] [=]
T T

Goblet cells /mm O
n
o

Saline (-)

IS
5
|

W
(=]
T

LTD, LTE, OVA
e —
0.1% OVA

0

Saline () LTD, LTE, OVA
(1%) O T Qo)
0.1% OVA

Eosinophils (%)

A

o (3]
.

I

Total eosinophils
(x104/mouse)
5

0
Saline (-) LTD, LTE, OVA
0.1%0VA (1%

Figure 3. LTE,-mediated amplification of allergen-induced pulmonary inflammation. Male BALB/c mice (6-8 wk old) were sensitized on days 0 and 7
with i.p. injections of 10 pg Alum-precipitated chicken egg OVA. Mice were challenged with LTs on days 13-15 and OVA on days 14-16 as described in the
text. Mice were euthanized 24 h after their third and final aerosol challenge. (A) BAL fluid total cell counts (top) with percentages (middle) and total num-
bers per mouse (bottom) of eosinophils. (B) Quantitative analysis of pulmonary inflammation performed on 0.5-um-thick glycol methacrylate sections of
lungs. The extent of cellular infiltration in 15 bronchovascular bundles of each mouse in hematoxylin and eosin (H&E)-stained sections was evaluated with-
out knowledge of the treatment groups. (C) Representative fields of H&E-stained lungs from mice from the indicated experimental groups. (D) Morphomet-
ric analysis of goblet cell metaplasia, measured as the numbers of periodic acid-Schiff (PAS)-positive goblet cells per millimeter of bronchial basal lamina
(determined by ImageJ image analysis software). (E) Representative PAS stains showing goblet cells (arrows). Results in A, B, and D are mean + SEM from
eight to nine mice per group. The experiments were repeated three times. Statistical differences were determined by analysis of variance. Bars, 100 pm.
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Figure 4. Role of P2Y12 receptors on potentiation of pulmonary inflammation by LTE,. (A) Bronchovascular inflammation (top) and goblet cell
metaplasia in sensitized mice challenged with low-dose OVA with or without the prior administration of 2.2 nmol LTD, or LTE, 30 min before each chal-
lenge. 500 pg/ml clopidogrel was added to the drinking water of the indicated groups of mice for 72 h before the first intranasal dose of LTs and was
maintained throughout the treatment. Results are mean + SEM from at least nine mice in each group. The experiments were repeated three times with
similar results. (B) PAS stains (left) from representative mice in the indicated groups showing the effect of clopidogrel on goblet cell metaplasia. Higher
magnification images of H&E stains (right) from the same animals showing cellular characteristics of the bronchovascular infiltrates. (C) Effect of clopi-
dogrel administration on the steady-state expression of IL-13 and MUC5AC mRNA as determined by real-time PCR of whole lung RNA extracted 24 h
after the last OVA challenge of the indicated groups. Data are mean + SEM from four to five mice per group from a single experiment. Results in a second
experiment were similar. (D-F) Male and female C57BL/6 p2ry12=/~ mice and age- and sex-matched controls were sensitized and challenged with 0.1%
aerosolized OVA on three consecutive days with or without intranasal LTE, 30 min before each challenge. (D) Total cell numbers (top), percentages of
eosinophils (middle), and total numbers of eosinophils (bottom) in BAL fluid recovered 24 h after the last challenge with OVA. (E) Goblet cell metaplasia
(top) and representative PAS stains (bottom) from WT and p2ry 12/~ mice subjected to the same protocol. (F) Inflammation scores from the same mice. Data in
D-F are from four mice per group. Results in a second experiment were similar. (G) BALB/c Cysitr1/Cysitr2~/~ mice and age-matched WT controls were
subjected to the same protocol as the p2ry12~/~ mice. Total cell numbers (top), percentages of eosinophils (middle), and total numbers of eosinophils
(oottom) in BAL fluid recovered 24 h after the last challenge with OVA. Results are from six mice per group. Three experiments were performed with simi-
lar results. (H) Goblet cell numbers (top) and representative PAS stains (bottom). (I) Quantitative assessment of bronchovascular inflammation as deter-
mined by H&E stain (top). Results are from six mice per group. Representative stains are shown (bottom). Error bars represent + SEM. Bars, 100 um.
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along with age- and sex-matched C57BL/6 controls. Al-
though cellular infiltration into the lung and BAL fluid was
less pronounced in the C57BL/6 mice than in the BALB/c
mice, LTE, potentiated BAL fluid eosinophilia (Fig. 4 D),
goblet cell metaplasia (Fig. 4 E), and bronchovascular infiltra-
tion (Fig. 4 F) in the WT controls, all of which were severely
blunted in the p2ry12~/~ mice (Fig. 4, D-F). To determine
whether classical GPCRs for cys-LTs were also required for
the LTE, effects, BALB/c mice lacking both CysLT ;R and
CysLT,R (Cysltr1/ Cysltr2=/~ mice; Maekawa et al., 2008)
were also studied. Because of limited numbers of available
mice, all animals were sensitized and challenged with low-
dose OVA, and half were treated with exogenous LTE,.
Strikingly, the potentiation of OVA-induced BAL fluid eo-
sinophilia (Fig. 4 G), goblet cell metaplasia (Fig. 4 H), and
inflammation (Fig. 4 I) by LTE, were completely intact in
the Cysltrl/ Cyslir2™/~ mice, indicating that LTE, was work-
ing independently of the known GPCRs for cys-LTs. Thus,
the intrapulmonary actions of LTE, in vivo require P2Y,
receptors but not classical cys-LT—reactive GPCRs.

Blockade of P2Y,, receptors blunts pulmonary inflammation
induced by house dust mite antigen

To determine whether pharmacologic blockade of P2Y, re-
ceptors altered pulmonary inflammatory responses in a more
physiological model of pulmonary inflammation, C57BL/6
mice were administered an extract of house dust mite Derma-
tophagoides farinae (Der f) intranasally twice weekly for 3 wk,
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with or without clopidogrel treatment. Two different doses
of Der f were used to elicit moderate (3 pg) and severe (10 pg)
inflammation, respectively. At both antigen doses, the mice
treated with clopidogrel showed ~75% attenuation of BAL
fluid eosinophilia (unpublished data), as well as significant
reductions in pulmonary inflammation, and goblet cell meta-
plasia compared with the cohort that did not receive clopido-
grel (Fig. 5, A and B).

LTE,/P2Y,, receptor-mediated amplification of pulmonary
inflammation requires platelets

Because P2Y, receptors are essential for normal platelet acti-
vation in vivo (Andre et al., 2003), we sought to determine
whether platelets were required for the response of sensitized
challenged mice to exogenous LTE,. Platelets were depleted
in sensitized BALB/c mice by the i.v. injection of a rat mAb
against mouse CD42b (GPIba; Nieswandt et al., 2000) or an
isotype-matched control IgG 48 h before to the first admin-
istration of LTD, or LTE,. Treatment with the anti-CD42b
antibody depleted platelets almost completely (99% depletion
[unpublished data]) at the time of the first dose of LT Platelet
depletion resulted in a complete loss of the LTE,-mediated
potentiation of airway eosinophilia, inflammation, and goblet
cell metaplasia (Fig. 6, A and B). The effect of platelet deple-
tion was identical to the effect of treatment of the mice with
clopidogrel, and the two treatments were not additive (Fig. 6 B).
Platelet depletion, like clopidogrel treatment, sharply reduced
the LTE,-mediated expression of mRNA encoding IL-13

Saline

Der f

Der f
+

Figure 5. Role of P2Y,, receptors in inflammation mediated by dust mite allergen. C57BL/6 mice were treated intranasally with the indicated
dose of Der f extract twice weekly for 3 wk. Animals were euthanized 24 h after the last dose. (A) Effect of clopidogrel treatment on bronchovascular
inflammation and goblet cell metaplasia in C57BL/6 mice subjected to intranasal challenge with the indicated doses of an extract from the house dust
mite. Results are the mean + SEM from five mice per group. The experiment was repeated thee times with similar results. (B) Representative PAS stains of

the lungs from mice in the indicated groups. Bar, 100 pm.
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and MUCS5AC (unpublished data). To determine whether
LTE, alone induced platelet activation (leading to ADP re-
lease with potential resultant autocrine stimulation of P2Y,,
receptors), human blood platelets were stimulated with 1 pM
LTE, or with 100 uM ADP, and degranulation was assessed
by cytofluorographic detection of P-selectin (CD62P). As
expected, ADP elicited CD62P expression, but no CD62P
expression was detected in response to stimulation with
LTE, (Fig. 6 C).

DISCUSSION

This study establishes that P2Y,, receptors are essential for the
actions of LTE,, the only long-lived stable abundant member
of the cys-LTs, in inflamed lung. Our findings help to explain
long-recognized but unexplained properties of LTE, in air-
way biology. The involvement of cys-LTs in the pathobiology
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Figure 6. Platelet dependence of the LTE, effect on bronchial in-
flammation and goblet cell metaplasia. Sensitized mice were treated
i.v. with 50 g (~2 ug/g body weight) of a monoclonal rat IgG directed
against mouse CD42b (GPlba) or an equal amount of isotype control
(ooth from Cemfret Analytics) 48 h before the first dose of LTE,. Each
antibody was diluted in 50 pl of sterile saline. The depletion of platelets
was confirmed by automated counting, and some mice were treated with
clopidogrel. (A) PAS stains of the lungs of representative mice treated
with isotype control (top) or with an anti-CD42 platelet-depleting anti-
body (bottom). (B) Inflammation (top) and goblet cell metaplasia (bottom)
in the lungs of mice treated with the indicated LT and antibody. A cohort
of mice was treated with clopidogrel as indicated. Results in B are from a
single experiment with five mice per group. A second experiment with an
equal number of mice showed similar results. Error bars represent + SEM.
(C) Cytofluorographic detection of surface expression of CD62P (P-selec-
tin) by platelets stimulated for 10 min with 100 uM ADP or 1 pM LTE,.
Percentages of CD61-postitive platelets expressing CD62P are displayed in
the top right quadrants. Results are from a single experiment performed
three times on different donors. Bars, 100 um.
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of asthma is established by the fact that 5-LO inhibitors (Israel
etal., 1996; Liu et al., 1996) and CysLT,R antagonists (Knorr
et al., 1998) have clinical efficacy. The cloning and functional
characterization of the CysLT R (Lynch et al., 1999) and
CysLT,R (Heise et al., 2000) explained the pharmacology of
LTC, and LTD, predicted from studies of contractile tissues
(Lee et al., 1984). The finding that neither GPCR showed
significant binding or reactivity to LTE, was surprising given
the plethora of data in human and animal studies that indicate
the unique characteristics of this stable ligand relative to its
short-lived precursors (Christie et al., 1992a, 1993; Laitinen
et al., 1993; Gauvreau et al., 2001). Because we had previously
demonstrated that LTE, could activate LAD2 cells by a mech-
anism independent of CysLT R and CysLT,R (Paruchuri
et al., 2008), and because LTE, was previously identified by
an in silico model as a potential surrogate ligand for the P2Y,,
receptor (Nonaka et al., 2005), we undertook this study to
determine whether the P2Y, receptor was a bona fide LTE,-
reactive receptor and to determine its contribution to LTE,-
induced proinflammatory events.

We first established that recombinant human P2Y,, re-
ceptor protein conveyed activation responses by CHO cells
to LTE,. Unlike most members of the P2Y receptor class,
native P2Y, receptors do not couple to Goq proteins or ac-
tivate calcium flux; instead, they induce signaling through
PTX-sensitive Gai2 proteins when stimulated with ADP
(Foster et al. 2001; Lova et al., 2002; Woulfe et al., 2002). It
was, thus, not surprising that CHO cells expressing P2Y , re-
ceptors failed to flux calcium in response to cys-LTs (Fig. 1 A)
or that blockade of P2Y, receptors on LAD2 cells with
2-MesAMP failed to alter cys-LT—mediated calcium flux
(Fig. 2 A), which was totally abrogated by MK571. How-
ever, heterologously expressed P2Y, receptors responded to
LTE, with PTX-sensitive ERK activation (Fig. 1). The dose
range for this response (Fig. S1) is similar to the LTE, dose
range required to compete with radiolabeled ADP for bind-
ing to LAD2 cell membranes (Fig. S3) and is consistent with
that reported by Nonaka et al. (2005) using a P2Y ,-Ga16
fusion protein to demonstrate calcium flux, also in CHO cells.
The finding that cys-LT—induced ERK activation in the
transfectants was resistant to MK571 (Fig. 1 D) implies that
P2Y,, receptors could contribute to an element of cys-LT—
driven pathobiology that is relatively selective for LTE, and
may resist conventional CysLT R antagonists. This element
may be especially relevant to pathological situations where
LTE, is abundant as a result of its relative stability.

In our previous study, LTE, had exhibited unanticipated
potency for inducing ERK activation and the generation
of MIP-1 and COX-2—dependent PGD, by LAD2 cells
(Paruchuri et al., 2008). Because both ERK and calcium-
dependent transcriptional events are essential for MC activation,
we sought to determine the potential contribution of P2Y,,
receptors to the activation responses of LAD2 cells to LTE,
and to contrast these responses to those elicited by LTD,, the
most potent CysLT R ligand. Although ineffective for block-
ing cys-LT—induced calcium flux, 2-MesAMP eftectively
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blocked the LTE,-mediated increment in MIP-1 produc-
tion (Fig. 2 B) and also reduced the response to the higher
concentrations of LTD,, indicating that LTD, at high con-
centrations can also activate native P2Y,, receptors, as sup-
ported by its actions as an agonist for ERK activation in the
P2Y, receptor transfectants (Fig. 1). MK571 suppressed MIP-1[3
generation in response to both ligands (likely reflecting the
requirement for calcium flux for chemokine generation) and
was additive with 2-MesAMP for the suppression of the
response to LTD,. The shRNA-mediated knockdowns of
CysLT R and P2Y,, receptors revealed strong dependence
of LTD,-mediated activation on CysLT,R, whereas LTE,-
mediated responses were clearly P2Y, receptor dependent
(Fig. 2 C). Although there is segregation of the receptor re-
quirements for these two related ligands on the same cell, the
ability of LTE, to “cross over” and induce some calcium
signaling through the CysLT ;R may permit some complemen-
tarities between the CysLT,R (via Gaq proteins and calcium-
induced pathways) and P2Y, receptors (via Gai proteins),
particularly for chemokine generation. This is analogous to
the cooperation by Gag-linked P2Y receptors with P2Y,
receptors in regulating ADP responses of platelets (Lova et al.,
2002; Woulfe et al., 2002). The P2Y,-dependent activation
of LAD2 cells does not likely reflect autocrine effects of re-
leased ADP because it was resistant to treatment of the cells
with the ectonucleotidase apyrase (Fig. S2).

Surprisingly, although P2Y, receptors were essential for
competition between LTE, with ADP for binding to mem-
branes of LAD2 cells (Fig. S3, A and B), they were not in-
volved in the direct low-affinity binding of [3H|LTE, to
these same membranes (Fig. S3 C). Additionally, LTE, could
not compete for binding to P2Y, receptors expressed in iso-
lation on COS-7 cells (Fig. S3 D). The fact that P2Y, recep-
tors do not directly bind LTE, despite their essential nature
implies that they are components of a complex with another
LTE,-reactive GPCR, perhaps with the putative CysLTzR
reported in the mouse skin (Maekawa et al., 2008). The facts
that P2Y, receptors are required for LTE, to activate trans-
fected CHO cells (Fig. 1) and LAD2 cells (Fig. 2), and for
competition between LTE, and ADP for binding to LAD2
cells (Fig. S3 B), and that knockdown of P2Y, receptors did
not reduce direct binding of radiolabeled LTE, (Fig. S3 C)
are all consistent with this thesis. Precedents for such com-
plexes on MCs include CysLT R and CysLT,R heterodi-
mers (Jiang et al., 2007) and a functional requirement of
CysLT R for the uridine diphosphate-reactive P2Y6 recep-
tor (Jiang et al., 2009). Our data indicate that presence of
P2Y, is required for signaling and activation by LTE, in a
cell-specific context.

The fact that LTE,, but not LTD,, induces bronchial eo-
sinophilia when administered by inhalation to the airways of
individuals with asthma (Gauvreau et al., 2001) argued for
the presence of an LTE,-reactive receptor in inflamed lung.
In our model, which was designed to study potentiation of
submaximal bronchial inflammation in sensitized mice, we
found that LTE, exceeded the potency of LTD, for potenti-
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ating BAL fluid eosinophilia (Fig. 3 A), cellular infiltration of
the bronchovascular bundles (Fig. 3, B and C), and goblet
cell metaplasia (Fig. 3, D and E). Thus, LTE, exceeds the
efficacy of LTD, for potentiating bronchial inflammation in
both mouse and man, a pattern not explicable by the known
properties of CysLT ;R or CysLT,R. Several pieces of evi-
dence link these LTE,-mediated responses in mice to the
P2Y,, receptor. First, treatment of the mice with a highly
potent selective antagonist of the P2Y, receptor, clopido-
grel, completely eliminated the histological response to LTE,
(Fig. 4, A and B), which is associated with blockade of LTE,-
potentiated expression of IL-13, the Th2 cytokine most
closely linked to the development of goblet cell metaplasia
(Zhu et al., 1999), and of MUC5AC, a major mucus glyco-
protein which is controlled by IL-13 (Fig. 4 C). Second,
LTE, fully amplified pulmonary inflammation in Cysltr1/
Cysltr2=/~ mice (Fig. 4, G-I). Lastly, the ability of LTE, to
potentiate mucosal inflammation and goblet cell metaplasia
was nearly completely abrogated in the absence of P2Y, re-
ceptors (Fig. 4, D—F). Thus, LTE, requires P2Y, receptors,
but not the classical CysLTRs, to amplify the histological sig-
natures of allergen-induced pulmonary inflammation. Be-
cause LTD, is converted in vivo to LTE,, it was somewhat
surprising that the ligands do not behave interchangeably in
potentiating bronchial eosinophilia in mouse or man. In ad-
dition to P2Y ,-dependent eftects of LTE,, LTD, may initi-
ate inhibitory signals through CysLT,R (Jiang et al., 2007) or
other yet-to-be-identitied GPCRs that recognize LTD, but
not LTE,. The effects of clopidogrel in the model of airway
disease induced by the natural allergen Der f without the use
of exogenous LTE, (Fig. 5) support the importance of the
P2Y, pathway in the integrated biology of pulmonary in-
flammation (although this does not discriminate between ef-
fects mediated by LTE, from ADP). The blockade of the
response by clopidogrel distinguishes the P2Y, receptor-
dependent response of the lung to LTE, from the clopidogrel-
resistant LTE, response in the skin (Maekawa et al., 2008).
Thus, it 1s likely that different receptors or receptor com-
plexes mediate response to the stable ligand LTE, in distinct
anatomical distributions.

Platelets accumulate in the lungs of individuals with asthma
(Jeftery et al., 1989) and also are recruited to the lungs of
OVA-sensitized and -challenged mice by an IgE-dependent
mechanism (Pitchford et al., 2008). Activated platelets generate
mediators (serotonin and thromboxane) that can potentiate
airway inflammation. The essential nature of P2Y, receptors
for normal platelet function (Andre et al., 2003) led us to ex-
amine the effect of platelet depletion on the response of
sensitized challenged mice to exogenous LTE,. Indeed, the
response to LTE, was totally abrogated by platelet depletion
(Fig. 6, A and B). Whether the requirement for platelets is di-
rect or indirect is less clear. The fact that LTE, did not induce
platelet expression of CD62P (an activation marker used as a
surrogate for ADP release; Abrams and Shattil, 1991; Fig. 6 C)
argues that LTE, does not trigger an ADP-dependent auto-
crine loop initiated by LTE,~mediated activation of another

2551

920z Arenigad 60 uo 1senb Aq 4pd-01Z1600Z Wel/yL60L6L/EYGZ/L L/190Z/HPd-ajone/wal/Bio sseidny//:dpy wouy papeojumoq



JEM

receptor. Because platelet activation involves complementary
signaling in both Gi and Gq protein—mediated pathways (Jin
et al., 2002; Lova et al., 2002; Woulfe et al., 2002) and P2Y,
provides only the Gi-linked component, LTE, (and P2Y},)
likely synergizes in vivo with a second agonist to facilitate
platelet functions in the lung. It is noteworthy that LTE,-
mediated potentiation of the contractile responses of both guinea
pig and human airway smooth muscle is COX dependent
(Christie et al., 1992a) and was attributed to secondary gener-
ation of thromboxane, a major platelet-derived eicosanoid
(Jacques et al., 1991). In retrospect, this finding may have re-
flected P2Y,, receptor-dependent signaling on platelets or
other cell types. The fact that LTE, potentiated inflammation
only in sensitized challenged mice may reflect the previously
described platelet-mediated pathway for leukocyte recruit-
ment that depends on sensitization and IgE (Pitchford et al.,
2008). The complete lack of LTE, reactivity in the face of
platelet depletion argues against a role for MCs and other
P2Y |,-bearing cell types, at least in this model.

Our findings suggest a potential therapeutic application
for P2Y, receptor antagonists that may be especially relevant
to AERD, which is associated with both high levels of
LTE, in the urine (Christie et al., 1992b) and selective hyper-
responsiveness to LTE, (Christie et al., 1993). In AERD,
both 5-LO antagonists and CysLT,R antagonists provide dis-
ease control and attenuate the consequences of aspirin chal-
lenge (Israel et al., 1993; Dahlén et al., 1998, 2002; White et al.,
2006), in which the reaction is characterized by a marked
surge in LTE, generation. The fact that the effects of LTE,
persist in the absence of CysLT R and CysLT,R implies that
this pathway would be resistant to the available cys-LT re-
ceptor antagonists, all of which selectively block CysLT;R.
We speculate that simultaneous interference with the bron-
choconstrictive effects of LTD,, (via CysLT;R) and with pro-
inflammatory effects of LTE, (by P2Y},), or more complete
blockade of 5-LO, might improve clinical efficacy. Our study
furthermore highlights the biological significance of the struc-
tural and functional relationships between the P2Y and cys-LT—
reactive classes of GPCRGs.

MATERIALS AND METHODS

Animals. All animal protocols were approved by the Dana Farber Cancer
Institute Animal Care and Ultilization Committee. BALB/c mice lacking
both CysLT ;R and CysLT,R (Cysltr1/Cysltr2~/~ mice) and their WT lit-
termate controls were derived as described elsewhere (Maekawa et al., 2008).
Mice lacking P2Y, receptors (p2ry12~/~ mice) were derived as described
elsewhere (Andre et al., 2003) on a mixed C57BL/6-129 background and
backcrossed for 10 generations with C57BL/6 mice. WT BALB/c and C57BL/6

mice were purchased from Taconic.

Cell culture. The LAD2 line (Kirshenbaum et al., 2003) isolated from the
bone marrow of a patient with MC leukemia was a gift from A. Kirshenbaum
(National Institutes of Health). These cells were cultured in StemPro-34
(Invitrogen) supplemented with 2 mM L-glutamine (Invitrogen), 100 ITU/ml
Pen-strep (Invitrogen), and 100 ng/ml stem cell factor (SCF; Thermo Fisher
Scientific). Cell culture medium was hemidepleted every week with fresh
medium and 100 ng/ml SCF. CHO cells were grown in DMEM/F-12 with
10% FBS and 100 IU/ml Pen-strep (Invitrogen). Primary cord blood MCs
were derived in vitro in RPMI 1640 (Invitrogen) supplemented with 10%
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fetal bovine serum (Sigma-Aldrich), 2 mM r-glutamine, 0.1 mM nonessential
amino acids, 0.2 pM 2-ME, 100 U/ml penicillin, 100 pg/ml streptomycin,
and 2 pg/ml gentamycin supplemented with SCF, IL-6, and IL-10 (R&D
Systems) as previously described (Ochi et al., 1999).

Calcium flux. 0.5-1 X 10° cells/sample were washed and labeled with Fura
2-AM for 30 min at 37°C. Cells were stimulated with the indicated concen-
trations of LTD, or LTE,, and changes in intracellular calcium concentration
were measured using excitation at 340 and 380 nm in a fluorescence spectro-
photometer (F-4500; Hitachi; Paruchuri et al., 2008). The relative ratios of
fluorescence emitted at 510 nm were recorded and displayed as a reflection of
intracellular calcium concentration. In some experiments, cells were preincu-
bated with the 1 pM of the CysLT;R antagonist MK571 or with 100 pM of
the P2Y, receptor antagonist 2-MesAMP for 5 min before the stimulation.

Real-time quantitative PCR. The expressions of human P2Y, receptor
mRNA and mouse IL-13 and MUC5AC RNAs were determined with real-
time PCR performed on an ABI PRISM 7700 Sequence detection system
(Applied Biosystems). RINA was isolated with an RINeasy mini kit (QIAGEN)
and was treated with RNase-free DNase (Invitrogen) according to the manu-
facturer’s protocol. cDNA was synthesized from 1 pg RNA with Superscript IT
RNase H-RT (Invitrogen). RT was performed using TagMan RT reagents.
Primers and FAM-labeled PCR mix were purchased from SABiosciences.

shRNA knockdowns. shRINA constructs targeting human CysLT R and
P2Y, receptors were purchased from Thermo Fisher Scientific. The con-
structs were cloned into a lentiviral vector (pLKo1; Thermo Fisher Scientific)
and used to generate infectious particles with a lentiviral packaging mix
(Virapower; Invitrogen) according to the manufacturer’s protocol. The trans-
fections were performed as described previously (Jiang et al., 2007). FACS
analysis was used to confirm the knockdowns of CysLT R, whereas quantita-
tive PCR was used to verify the knockdown of the P2Y, receptor.

Generation of stable P2Y,, receptor transfectants. A human P2Y, re-
ceptor cDNA was amplified by 30 cycles of PCR from RT total RNA extracted
from primary hMCs. The primer sequences were 5'-CAACAAGAAATG-
CAAGCCGTCGA-3" and 5'-TACATTGGAGTCTCTTCATTTGG-3'.
The fragment was cloned into a TA vector (Invitrogen). After verifying the
nucleotide sequence, the fragment was subcloned into the multiple cloning
site of the expression vector pEF1/His B, encoding a C-terminal HIS tag.
A plasmid expressing the P2Y, receptor construct in the forward orienta-
tion was transfected into CHO cells using Fugene HD reagent according to
manufacturer’s protocol. A construct in the reverse sequence was transfected
in parallel as a negative control. Stably expressing clones were selected in
the medium containing 1,000 pg/ml G418 (Invitrogen), and expression of
the construct was confirmed by FACS analysis of permeabilized cells with a
mAD against the HIS tag.

Cell activation. LAD2 cells were stimulated with the indicated concentra-
tions of LTD, or LTE, (Cayman Chemical) in the presence or absence of
MKS571 (Cayman Chemical) or 2-MesAMP (Sigma-Aldrich) or were pas-
sively sensitized with 2 pg/ml of human myeloma IgE (Millipore) overnight
and stimulated with 1 pug/ml of rabbit anti-human anti-IgE (Millipore) as
detailed elsewhere (Paruchuri et al., 2008). In some experiments, LAD2 cells
were incubated with 10 pM apyrase (Sigma-Aldrich) to degrade extracellular
nucleotides during the activation. The concentration of MIP-1f was mea-
sured by an ELISA (Thermo Fisher Scientific). PGD, was quantitated by a
PGD,-methoxylamine hydrochloride assay (Cayman Chemical).

SDS PAGE immunoblotting. After stimulation with the respective ago-
nists, 0.5 X 10° LAD2 cells and CHO cells were lysed with lysis buffer (BD)
supplemented with protease inhibitor cocktail (Roche) and 1 mM sodium
vanadate. Lysates were subjected to 4-12% SDS-PAGE and transferred to
PVDF membranes. The membranes were incubated with antibodies against
phospho and total ERK (Cell Signaling Technology) in PBS, 5% dry milk, and
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0.1% Tween-20 (1:1,000) overnight at 4°C on shaker and then with second-
ary antibody (peroxidase-conjugated anti—rabbit or anti-mouse). Bands were
visualized with enhanced chemiluminescence (Thermo Fisher Scientific).

Binding assays. [*H] LTD, ([14,15,19,20-*H(N)]; specific activity 100-240
Ci/mmol; PerkinElmer) was converted to [’H|LTE, by the dipeptidases
present in the serum. In brief, 100 pl (80 nM) [PH|LTD, was incubated with
100 pl of 10% serum for 2 h at room temperature. The converted product
was extracted into 400 pl of methanol, evaporated in the presence of nitro-
gen, and diluted to the required concentration with the binding buffer for
the binding assay. The conversion was confirmed by running an aliquot on
high-performance reverse-phase liquid chromatography. The fraction elut-
ing with the LTE, peak accounted for >99% of the radioactivity used in the
assays. The specific activity of the resultant LTE, was consistently 80-100%
that of the LTD, from which it was converted. [’HJADP and [*’H|LTE,
binding assays were performed using membrane proteins as described earlier
(Maekawa et al., 2001). In brief, cells were washed in PBS, resuspended in
PBS supplemented with protease inhibitor cocktail, and lysed by sonication
for 5 min. The lysed cells were centrifuged at 100,000 ¢ for 45 min and the
microsomal pellet was resuspended in 1 ml PBS. Protein concentration was
determined using a Protein Assay kit (Bio-Rad Laboratories). 50 pg of mem-
brane protein was incubated for 1 h at room temperature in 250 pl of 10 mM
Hepes/KOH, pH 7.4, with various concentrations of radiolabeled ligand
and cold competitor. Bound [*H| was separated from free [*H] by filtration
through GF/C filters (GE Healthcare) and washed twice with 10 mM
Hepes/KOH, pH 7.4, containing 0.01% BSA. The residual membrane-
associated [*H] on the filter was determined in 2 ml scintillation fluid by 8
counter (PerkinElmer). For [PH]ADP, specific binding was determined by
subtracting the amount of [°H] bound in the presence of 100 uM 2-MesADP
from total binding. For [*H|LTE,, nonspecific binding was calculated as the
residual radioactivity bound in the presence of 10 uM of unlabeled LTE,.

Induction of pulmonary inflammation. Male BALB/c mice (68 wk
old) received i.p. injections of 10 pg of reagent-grade chicken egg OVA pre-
cipitated with 2.25 pg aluminum hydroxide on days 0 and 7. On days 14-16,
the mice received single intranasal doses of 2.2 nmol LTD,, LTE,, or buffer.
30 min after each dose, the mice were exposed to an aerosol of 0.1% OVA
for 30 min delivered by an ultrasonic nebulizer. As a positive control group,
some mice received 1% OVA without LTD, or LTE, pretreatment. The
mice were euthanized 24 h after their third and final OVA aerosol challenge.
In some experiments, the mice received 500 pg/ml clopidogrel in drinking
water for 3 d before the first intranasal dose of LTs. The treatment was con-
tinued throughout the procedure. For Der f-mediated pulmonary inflamma-
tion, 6—8-wk-old C57BL/6 mice were lightly anaesthetized and received
either 3 or 10 pg Der f extract (Greer Laboratories) on days 0, 3, 7, 10, 14,
and 17. Some mice received clopidogrel throughout the duration of the ex-
periment. Mice were euthanized 24 h after the last intranasal instillation.

Platelet depletion. Sensitized mice were treated i.v. with 50 pg (~2 ng/g
body weight) of a monoclonal rat IgG directed against mouse CD42b
(GPIba) or an equal amount of isotype control (both from Emfret Analytics;
Nieswandt et al., 2000). Each antibody was diluted in 50 pl of sterile saline.
The depletion of platelets was confirmed by automated counting.

Histological assessment . The left lungs were fixed for at least 8 h in 4%
paraformaldehyde and embedded in glycol methacrylate, as described previ-
ously (Kim et al., 2006). Then, 2.5-pm-thick glycol methacrylate sections
were stained with H&E for general morphological examination. For histo-
logical study of the mucus-secreting cells of the epithelium (goblet cells) of
the airways, lung sections were stained with PAS. The extent of cellular in-
filtration in the bronchovascular bundles was evaluated without knowledge
of the particular treatment and was categorized arbitrarily into the following
grades: 0, no inflammation; 1, mild inflammation; 2, moderate inflamma-
tion; and 3, severe inflammation. 15 bronchovascular bundles of each mouse
were evaluated. The stained goblet cells were enumerated in at least four in-
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dependent bronchovascular bundles from the lung sections obtained for each
animal in the different experimental groups. The length of basal lamina of
corresponding bronchus was measured by Image] image analysis software
(National Institutes of Health). Only the comparable large-caliber pretermi-
nal bronchi (diameter 200-220 um) were examined because minimal changes
occur in terminal bronchioles. The data were expressed as the mean of gob-
let cell counts stained in each bronchus in each section per millimeter of
bronchial basal lamina.

Statistics. Data are expressed as mean + SEM from at least three experi-
ments except where otherwise indicated. Significance was determined with
the Welch’s test for samples of unequal variance. Analysis of variance was
used to test differences between multiple groups.

Online supplemental material. Fig. S1 shows the dose-dependent effects
of LTE, and LTD, on ERK activation in CHO cells stably transfected with
the human P2Y, construct. Fig. S2 shows the effect of apyrase treatment on
LT-mediated activation of LAD2 cells. Fig. S3 shows competitive ligand
binding assays. Online supplemental material is available at http://www.jem
.org/cgi/content/full/jem.20091240/DC1.

We thank Arlene Simon for her careful editing of this manuscript and K. Frank
Austen and Jilly Evans for helpful comments and suggestions. We thank Gretchen
Bain for her assistance with the binding assays.

This work was supported by grants from the National Institutes of Health and
by a generous contribution from the Vinik Family.

Pamela Conley is employed by Portola Pharmaceuticals. The other authors have
no financial conflicts of interest to report.

Submitted: 8 June 2009
Accepted: 16 September 2009

REFERENCES

Abrams, C., and S.J. Shattil. 1991. Immunological detection of activated
platelets in clinical disorders. Thromb. Haemost. 65:467—473.

Ago, H., Y. Kanaoka, D. Irikura, B.K. Lam, T. Shimamura, K.F. Austen,
and M. Miyano. 2007. Crystal structure of a human membrane protein
involved in cysteinyl leukotriene biosynthesis. Nature. 448:609—-612.
doi:10.1038/nature05936.

Andre, P., SSM. Delaney, T. LaRocca, D. Vincent, F. DeGuzman, M.
Jurek, B. Koller, D.R. Phillips, and P.B. Conley. 2003. P2Y, regulates
platelet adhesion/activation, thrombus growth, and thrombus stability
in injured arteries. J. Clin. Invest. 112:398—406.

Beller, T.C., A. Maekawa, D.S. Friend, K.F. Austen, and Y. Kanaoka.
2004. Targeted gene disruption reveals the role of the cysteinyl leuko-
triene 2 receptor in increased vascular permeability and in bleomycin-
induced pulmonary fibrosis in mice. J. Biol. Chem. 279:46129-46134.
doi:10.1074/jbc.M407057200.

Christie, P.E., R. Hawksworth, B.W. Spur, and T.H. Lee. 1992a. Effect of
indomethacin on leukotriene4-induced histamine hyperresponsiveness
in asthmatic subjects. Am. Rev. Respir. Dis. 146:1506—1510.

Christie, P.E., P. Tagari, A.W. Ford-Hutchinson, C. Black, A. Markendorf,
M. Schmitz-Schumann, and T.H. Lee. 1992b. Urinary leukotriene E,
after lysine-aspirin inhalation in asthmatic subjects. Am. Rev. Respir. Dis.
146:1531-1534.

Christie, P.E., M. Schmitz-Schumann, B.W. Spur, and T.H. Lee. 1993.
Airway responsiveness to leukotriene C4 (LTC4), leukotriene E4
(LTE4) and histamine in aspirin-sensitive asthmatic subjects. Eur. Respir.
J. 6:1468—1473.

Clark, J.D., L.L. Lin, R.W. Kriz, C.S. Ramesha, L.A. Sultzman, A.Y. Lin,
N. Milona, and J.L. Knopf. 1991. A novel arachidonic acid-selec-
tive cytosolic PLA, contains a Ca(**)-dependent translocation domain
with homology to PKC and GAP. Cell. 65:1043-1051. doi:10.1016/
0092-8674(91)90556-E.

Csoma, Z., S.A. Kharitonov, B. Balint, A. Bush, N.M. Wilson, and P.J.
Barnes. 2002. Increased leukotrienes in exhaled breath condensate
in childhood asthma. Am. J. Respir. Crit. Care Med. 166:1345-1349.
doi:10.1164/rccm.200203-2330C.

2553

920z Arenigad 60 uo 1senb Aq 4pd-01Z1600Z Wel/yL60L6L/EYGZ/L L/190Z/HPd-ajone/wal/Bio sseidny//:dpy wouy papeojumoq


dx.doi.org/10.1038/nature05936
dx.doi.org/10.1074/jbc.M407057200
dx.doi.org/10.1016/0092-8674(91)90556-E
dx.doi.org/10.1016/0092-8674(91)90556-E
dx.doi.org/10.1164/rccm.200203-233OC

JEM

Dahlén, B., E. Nizankowska, A. Szczeklik, O. Zetterstrom, G. Bochenek,
M. Kumlin, L. Mastalerz, G. Pinis, L.J. Swanson, T.I. Boodhoo, et al.
1998. Benefits from adding the 5-lipoxygenase inhibitor zileuton to
conventional therapy in aspirin-intolerant asthmatics. Am. J. Respir. Crit.
Care Med. 157:1187-1194.

Dahlén, S.E., K. Malmstrom, E. Nizankowska, B. Dahlén, P. Kuna, M.
Kowalski, W.R. Lumry, C. Picado, D.D. Stevenson, J. Bousquet, et al.
2002. Improvement of aspirin-intolerant asthma by montelukast, a leu-
kotriene antagonist: a randomized, double-blind, placebo-controlled trial.
Am. J. Respir. Crit. Care Med. 165:9-14.

Dixon, R.A., R.E. Diehl, E. Opas, E. Rands, P.J. Vickers, J.F. Evans, J.W.
Gillard, and D.K. Miller. 1990. Requirement of a 5-lipoxygenase-
activating protein for leukotriene synthesis. Nature. 343:282-284.
doi:10.1038/343282a0.

Drazen, J.M., J. O’Brien, D. Sparrow, S.T. Weiss, M.A. Martins, E. Israel,
and C.H. Fanta. 1992. Recovery of leukotriene E, from the urine of
patients with airway obstruction. Am. Rev. Respir. Dis. 146:104—108.

Feng, C., A.G. Mery, E.M. Beller, C. Favot, and J.A. Boyce. 2004. Adenine
nucleotides inhibit cytokine generation by human mast cells through a
Gs-coupled receptor. J. Immunol. 173:7539-7547.

Foster, C.J., D.M. Prosser, .M. Agans, Y. Zhai, M.D. Smith, ].E. Lachowicz,
F.L. Zhang, E. Gustafson, F.J. Monsma Jr., M.T. Wiekowski, et al.
2001. Molecular identification and characterization of the platelet ADP
receptor targeted by thienopyridine antithrombotic drugs. J. Clin. Invest.
107:1591-1598. doi:10.1172/]JCI12242.

Gauvreau, G.M., K.N. Parameswaran, R.M. Watson, and P.M. O’Byrne.
2001. Inhaled leukotriene E,, but not leukotriene D,, increased airway
inflammatory cells in subjects with atopic asthma. Am. J. Respir. Crit.
Care Med. 164:1495-1500.

Heise, C.E., B.F. O’'Dowd, D J. Figueroa, N. Sawyer, T. Nguyen, D.S. Im,
R. Stocco, J.N. Bellefeuille, M. Abramovitz, R. Cheng, et al. 2000.
Characterization of the human cysteinyl leukotriene 2 receptor. J. Biol.
Chem. 275:30531-30536. doi:10.1074/jbc.M003490200.

Henderson, W.R.. Jr., G.K. Chiang, Y.T. Tien, and E.Y. Chi. 2006. Reversal
of allergen-induced airway remodeling by CysLT, receptor blockade.
Am. J. Respir. Crit. Care Med. 173:718-728. doi:10.1164/rccm.200501-
0880C.

Israel, E., A.R. Fischer, M.A. Rosenberg, C.M. Lilly, J.C. Callery, J.
Shapiro, J. Cohn, P. Rubin, and J.M. Drazen. 1993. The pivotal role of
5-lipoxygenase products in the reaction of aspirin-sensitive asthmatics to
aspirin. Am. Rev. Respir. Dis. 148:1447-1451.

Israel, E., J. Cohn, L. Dubé, and J.M. Drazen; Zileuton Clinical Trial
Group. 1996. Effect of treatment with zileuton, a 5-lipoxygenase in-
hibitor, in patients with asthma. A randomized controlled trial. JAMA.
275:931-936. doi:10.1001/jama.275.12.931.

Jacques, C.A., B.W. Spur, M. Johnson, and T.H. Lee. 1991. The mecha-
nism of LTE,-induced histamine hyperresponsiveness in guinea-pig tra-
cheal and human bronchial smooth muscle, in vitro. Br. J. Pharmacol.
104:859-866.

Jeffery, P.K., A.J. Wardlaw, F.C. Nelson, ].V. Collins, and A.B. Kay. 1989.
Bronchial biopsies in asthma. An ultrastructural, quantitative study and
correlation with hyperreactivity. Am. Rev. Respir. Dis. 140:1745-1753.

Jiang, Y., Y. Kanaoka, C. Feng, K. Nocka, S. Rao, and J.A. Boyce. 2006.
Cutting edge: Interleukin 4-dependent mast cell proliferation requires
autocrine/intracrine cysteinyl leukotriene-induced signaling. J. Immunol.
177:2755-2759.

Jiang, Y., L.A. Borrelli, Y. Kanaoka, B.J. Bacskai, and J.A. Boyce. 2007.
CysLT, receptors interact with CysLT, receptors and down-modulate
cysteinyl leukotriene dependent mitogenic responses of mast cells. Blood.
110:3263-3270. doi:10.1182/blood-2007-07-100453.

Jiang, Y., L. Borrelli, B.J. Bacskai, Y. Kanaoka, and J.A. Boyce. 2009. P2Y6
receptors require an intact cysteinyl leukotriene synthetic and signal-
ing system to induce survival and activation of mast cells. J. Immunol.
182:1129-1137.

Jin, J., T.M. Quinton, J. Zhang, S.E. Rittenhouse, and S.P. Kunapuli. 2002.
Adenosine diphosphate (ADP)-induced thromboxane A(,) generation
in human platelets requires coordinated signaling through integrin
alpha(IIb)beta(3) and ADP receptors. Blood. 99:193—-198. doi:10.1182/
blood.V99.1.193.

2554

Kanaoka, Y., and J.A. Boyce. 2004. Cysteinyl leukotrienes and their re-
ceptors: cellular distribution and function in immune and inflammatory
responses. J. Immunol. 173:1503-1510.

Kim, D.C., F.I. Hsu, N.A. Barrett, D.S. Friend, R. Grenningloh, I.C. Ho,
A. Al-Garawi, J.M. Lora, B.K. Lam, K.F. Austen, and Y. Kanaoka.
2006. Cysteinyl leukotrienes regulate Th2 cell-dependent pulmonary
inflammation. J. Immunol. 176:4440-4448.

Kirshenbaum, A.S., C. Akin, Y. Wu, M. Rottem, J.P. Goff, M.A. Beaven,
V.K. Rao, and D.D. Metcalfe. 2003. Characterization of novel stem
cell factor responsive human mast cell lines LAD 1 and 2 established
from a patient with mast cell sarcoma/leukemia; activation following
aggregation of FcepsilonRI or FecgammaRI. Leuk. Res. 27:677-682.
doi:10.1016/50145-2126(02)00343-0.

Knorr, B., J. Matz, J.A. Bernstein, H. Nguyen, B.C. Seidenberg, T.F. Reiss,
and A. Becker; Pediatric Montelukast Study Group. 1998. Montelukast
for chronic asthma in 6- to 14-year-old children: a randomized, double-
blind trial. JAMA. 279:1181-1186. doi:10.1001/jama.279.15.1181.

Laitinen, L.A., A. Laitinen, T. Haahtela, V. Vilkka, B.W. Spur, and T.H.
Lee. 1993. Leukotriene E,; and granulocytic infiltration into asthmatic
airways. Lancet. 341:989-990. doi:10.1016/0140-6736(93)91073-U.

Lam, S., H. Chan, J.C. LeRiche, M. Chan-Yeung, and H. Salari. 1988.
Release of leukotrienes in patients with bronchial asthma. J. Allergy
Clin. Immunol. 81:711-717. doi:10.1016/0091-6749(88)91043-3.

Lee, C.W., R.A. Lewis, EJ. Corey, and K.F. Austen. 1983. Conversion
of leukotriene D4 to leukotriene E4 by a dipeptidase released from the
specific granule of human polymorphonuclear leucocytes. Immunology.
48:27-35.

Lee, T.H., K.F. Austen, E.J. Corey, and J.M. Drazen. 1984. Leukotriene E,-
induced airway hyperresponsiveness of guinea pig tracheal smooth muscle
to histamine and evidence for three separate sulfidopeptide leukotri-
ene receptors. Proc. Natl. Acad. Sci. USA. 81:4922-4925. doi:10.1073/
pnas.81.15.4922.

Liu, M.C., L.M. Dubg¢, andJ. Lancaster; Zileuton Study Group. 1996. Acute and
chronic effects of a 5-lipoxygenase inhibitor in asthma: a 6-month random-
ized multicenter trial. J. Allergy Clin. Immunol. 98:859-871. doi:10.1016/
S0091-6749(96)80002-9.

Lova, P., S. Paganini, F. Sinigaglia, C. Balduini, and M. Torti. 2002. A Gi-
dependent pathway is required for activation of the small GTPase Rap1B
in human platelets. J. Biol. Chem. 277:12009-12015. doi:10.1074/jbc.
M111803200.

Lynch, K.R., G.P. O’Neill, Q. Liu, D.S. Im, N. Sawyer, K.M. Metters,
N. Coulombe, M. Abramovitz, D.J. Figueroa, Z. Zeng, et al. 1999.
Characterization of the human cysteinyl leukotriene CysLT1 receptor.
Nature. 399:789-793. doi:10.1038/21658.

Maekawa, A., Y. Kanaoka, B.K. Lam, and K.F. Austen. 2001. Identification
in mice of two isoforms of the cysteinyl leukotriene 1 receptor that re-
sult from alternative splicing. Proc. Natl. Acad. Sci. USA. 98:2256-2261.
doi:10.1073/pnas.041624398.

Maekawa, A., Y. Kanaoka, W. Xing, and K.F. Austen. 2008. Functional
recognition of a distinct receptor preferential for leukotriene E; in mice
lacking the cysteinyl leukotriene 1 and 2 receptors. Proc. Natl. Acad. Sci.
USA. 105:16695-16700. doi:10.1073/pnas.0808993105.

Malaviya, R., R. Malaviya, and B.A. Jakschik. 1993. Reversible translocation
of 5-lipoxygenase in mast cells upon IgE/antigen stimulation. J. Biol.
Chem. 268:4939-4944.

Mamedova, L., V. Capra, M.R. Accomazzo, Z.G. Gao, S. Ferrario, M.
Fumagalli, M.P. Abbracchio, G.E. Rovati, and K.A. Jacobson. 2005.
CysLT, leukotriene receptor antagonists inhibit the effects of nucleotides
acting at P2Y receptors. Biochem. Pharmacol. 71:115-125. doi:10.1016/
J-bep.2005.10.003.

Mellor, E.A., A. Maeckawa, K.F. Austen, and J.A. Boyce. 2001. Cysteinyl leu-
kotriene receptor 1 is also a pyrimidinergic receptor and is expressed by
human mast cells. Proc. Natl. Acad. Sci. USA. 98:7964-7969. doi:10.1073/
pnas.141221498.

Mellor, E.A., K.F. Austen, and J.A. Boyce. 2002. Cysteinyl leukotri-
enes and uridine diphosphate induce cytokine generation by human
mast cells through an interleukin 4-regulated pathway that is inhib-
ited by leukotriene receptor antagonists. J. Exp. Med. 195:583-592.
doi:10.1084/jem.20020044.

LEUKOTRIENE E, AND P2Y,, RECEPTORS | Paruchuri et al.

920z Arenigad 60 uo 1senb Aq 4pd-01Z1600Z Wel/yL60L6L/EYGZ/L L/190Z/HPd-ajone/wal/Bio sseidny//:dpy wouy papeojumoq


dx.doi.org/10.1016/S0145-2126(02)00343-0
dx.doi.org/10.1001/jama.279.15.1181
dx.doi.org/10.1016/0140-6736(93)91073-U
dx.doi.org/10.1016/0091-6749(88)91043-3
dx.doi.org/10.1073/pnas.81.15.4922
dx.doi.org/10.1073/pnas.81.15.4922
dx.doi.org/10.1016/S0091-6749(96)80002-9
dx.doi.org/10.1016/S0091-6749(96)80002-9
dx.doi.org/10.1074/jbc.M111803200
dx.doi.org/10.1074/jbc.M111803200
dx.doi.org/10.1038/21658
dx.doi.org/10.1073/pnas.041624398
dx.doi.org/10.1073/pnas.0808993105
dx.doi.org/10.1016/j.bcp.2005.10.003
dx.doi.org/10.1016/j.bcp.2005.10.003
dx.doi.org/10.1073/pnas.141221498
dx.doi.org/10.1073/pnas.141221498
dx.doi.org/10.1084/jem.20020044
dx.doi.org/10.1038/343282a0
dx.doi.org/10.1172/JCI12242
dx.doi.org/10.1074/jbc.M003490200
dx.doi.org/10.1164/rccm.200501-088OC
dx.doi.org/10.1164/rccm.200501-088OC
dx.doi.org/10.1001/jama.275.12.931
dx.doi.org/10.1182/blood-2007-07-100453
dx.doi.org/10.1182/blood.V99.1.193
dx.doi.org/10.1182/blood.V99.1.193

Mellor, E.A., N. Frank, D. Soler, M.R. Hodge, J.M. Lora, K.F. Austen, and
J.A. Boyce. 2003. Expression of the type 2 receptor for cysteinyl leu-
kotrienes (CysLT2R) by human mast cells: Functional distinction from
CysLT1R. Proc. Natl. Acad. Sci. USA. 100:11589-11593. doi:10.1073/
pnas.2034927100.

Nieswandt, B., W. Bergmeier, K. Rackebrandt, J.E. Gessner, and H.
Zirngibl. 2000. Identification of critical antigen-specific mechanisms in
the development of immune thrombocytopenic purpura in mice. Blood.
96:2520-2527.

Nonaka, Y., T. Hiramoto, and N. Fujita. 2005. Identification of endogenous
surrogate ligands for human P2Y, receptors by in silico and in vitro meth-
ods. Biochem. Biophys. Res. Commun. 337:281-288. doi:10.1016/j.bbrc.
2005.09.052.

Ochi, H., W.M. Hirani, Q. Yuan, D.S. Friend, K.F. Austen, and J.A. Boyce.
1999. T helper cell type 2 cytokine-mediated comitogenic responses
and CCR3 expression during differentiation of human mast cells in vi-
tro. J. Exp. Med. 190:267-280. doi:10.1084/jem.190.2.267.

Paruchuri, S., Y. Jiang, C. Feng, S.A. Francis, J. Plutzky, and J.A. Boyce.
2008. Leukotriene E, activates peroxisome proliferator-activated recep-
tor gamma and induces prostaglandin D, generation by human mast
cells. J. Biol. Chem. 283:16477-16487. doi:10.1074/jbc.M705822200.

Pitchford, S.C., S. Momi, S. Baglioni, L. Casali, S. Giannini, R. Rossi, C.P.
Page, and P. Gresele. 2008. Allergen induces the migration of platelets
to lung tissue in allergic asthma. Am. J. Respir. Crit. Care Med. 177:604—
612. doi:10.1164/rccm.200702-2140C.

Robbiani, D.F., R.A. Finch, D. Jiger, W.A. Muller, A.C. Sartorelli, and G_J.
Randolph. 2000. The leukotriene C(,) transporter MR P1 regulates CCL19
(MIP-3beta, ELC)-dependent mobilization of dendritic cells to lymph
nodes. Cell. 103:757-768. doi:10.1016/S0092-8674(00)00179-3.

JEM VOL. 206, October 26, 2009

ARTICLE

Sala, A., N. Voelkel, J. Maclouf, and R.C. Murphy. 1990. Leukotriene E,
elimination and metabolism in normal human subjects. J. Biol. Chem.
265:21771-21778.

Savi, P., J.L. Zachayus, N. Delesque-Touchard, C. Labouret, C. Hervé,
M.E. Uzabiaga, J.M. Pereillo, J.M. Culouscou, F. Bono, P. Ferrara,
and J.M. Herbert. 2006. The active metabolite of Clopidogrel dis-
rupts P2Y,, receptor oligomers and partitions them out of lipid
rafts. Proc. Natl. Acad. Sci. USA. 103:11069-11074. doi:10.1073/
pnas.0510446103.

Shi, Z.Z., B. Han, G.M. Habib, M.M. Matzuk, and M.W. Lieberman.
2001. Disruption of gamma-glutamyl leukotrienase results in disrup-
tion of leukotriene D(;) synthesis in vivo and attenuation of the acute
inflammatory response. Mol. Cell. Biol. 21:5389-5395. do0i:10.1128/
MCB.21.16.5389-5395.2001.

Wenzel, S.E., G.L. Larsen, K. Johnston, N.F. Voelkel, and J.Y. Westcott.
1990. Elevated levels of leukotriene C, in bronchoalveolar lavage fluid
from atopic asthmatics after endobronchial allergen challenge. Am. Rev.
Respir. Dis. 142:112-119.

‘White, A., E. Ludington, P. Mehra, D.D. Stevenson, and R.A. Simon.
2006. Effect of leukotriene modifier drugs on the safety of oral aspirin
challenges. Ann. Allergy Asthma Immunol. 97:688—693.

Woulfe, D., H. Jiang, R. Mortensen, J. Yang, and L.F. Brass. 2002.
Activation of Rap1B by G(i) family members in platelets. J. Biol. Chem.
277:23382-23390. doi:10.1074/jbc.M202212200.

Zhu, Z., RJ. Homer, Z. Wang, Q. Chen, G.P. Geba, J. Wang, Y. Zhang,
and J.A. Elias. 1999. Pulmonary expression of interleukin-13 causes in-
flammation, mucus hypersecretion, subepithelial fibrosis, physiologic
abnormalities, and eotaxin production. J. Clin. Invest. 103:779-788.
doi:10.1172/JCI5909.

2555

920z Arenigad 60 uo 1senb Aq 4pd-01Z1600Z Wel/yL60L6L/EYGZ/L L/190Z/HPd-ajone/wal/Bio sseidny//:dpy wouy papeojumoq


dx.doi.org/10.1073/pnas.2034927100
dx.doi.org/10.1073/pnas.2034927100
dx.doi.org/10.1016/j.bbrc.2005.09.052
dx.doi.org/10.1016/j.bbrc.2005.09.052
dx.doi.org/10.1084/jem.190.2.267
dx.doi.org/10.1074/jbc.M705822200
dx.doi.org/10.1164/rccm.200702-214OC
dx.doi.org/10.1016/S0092-8674(00)00179-3
dx.doi.org/10.1073/pnas.0510446103
dx.doi.org/10.1073/pnas.0510446103
dx.doi.org/10.1128/MCB.21.16.5389-5395.2001
dx.doi.org/10.1128/MCB.21.16.5389-5395.2001
dx.doi.org/10.1074/jbc.M202212200
dx.doi.org/10.1172/JCI5909

