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ABSTRACT

Prior studies have demonstrated that the ion channel transient
receptor potential vanilloid 4 (TRPV4) is functionally expressed in
airway smooth muscle cells and that TRPV4 single nucleotide
polymorphisms are associated with airflow obstruction in patients
with chronic obstructive pulmonary disease. We sought to use
isometric tension measurements in ex vivo airways to determine
whether short-term pharmacological activation of TRPV4 with the
potent agonist GSK1016790 [N-((1S)-1-{[4-((2S)-2-{[(2,4-dichloro-
phenyl)sulfonylJamino}-3-hydroxypropanoyl)-1-piperazinyljcarbonyl}-
3-methylbutyl)-1-benzothiophene-2-carboxamide] would constrict
human bronchial tissue. As predicted, transient receptor potential
vanilloid 4 activation in the human airway produces contractions
that are blocked by the nonselective transient receptor potential
channel blocker ruthenium red. Moreover, the novel TRPV4-selective
blocker GSK2334775 [(R)-6-(methylsulfonyl)-3-((4-(pyrrolidin-
1-yl)piperindin-1-yl)methyl)-N-(2,2,2,-trifluoro-1-phenylethyl)-

2-(3-(trifluoromethyl)phenyl)quinoline-4-carboxamide] inhibited
these contractions over a concentration range consistent with
its in vitro potency against recombinant and native TRPV4-
containing channels. Surprisingly, TRPV4-dependent contrac-
tions were also blocked by a 5-lipoxygenase inhibitor and
two structurally distinct cysteinyl leukotriene 1 receptor
antagonists. In aggregate, our results fail to support the
hypothesis that TRPV4 in airway smooth muscle cells reg-
ulates airway contractility short term. Rather, we provide
pharmacological evidence that TRPV4 activation causes human
airway constriction that is entirely dependent upon the
production of cysteinyl leukotrienes. Together, these data
identify a novel mechanism by which TRPV4 activation may
contribute to pathologic remodeling and inflammation, in ad-
dition to airflow obstruction, in the diseased human res-
piratory tract.

Introduction

In many respiratory disorders, exaggerated responses to
irritant inhalation result in airflow obstruction. Although
multiple factors contribute to this net response, including
tissue remodeling, luminal mucus plugging, and central
nervous system—dependent parasympathetic reflexes, funda-
mental alterations in airway smooth muscle contractility are
thought to be critical modulators of airway reactivity. Because
airway smooth muscle function depends on cytosolic Ca®*
handling, a considerable amount of research has focused on
identifying mechanisms that may restore airway smooth
muscle homeostasis by limiting cytosolic Ca®* elevations.

Inhibitors of voltage-dependent Ca%* channels efficaciously
inhibit human airway smooth muscle constriction caused by
KCl-dependent depolarization, although constriction driven
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by physiologic mechanisms such as G protein—coupled re-
ceptor ligands and IgE crosslinking are comparatively re-
sistant to voltage-dependent Ca®* channel block (Gorenne
et al., 1998). The molecular identity of the Ca%*-permeant
channel facilitating this physiologically relevant extracellular
Ca?" influx has remained elusive; however, recent studies
suggested that members of the transient receptor potential
superfamily of ion channels may serve this role. In particular,
transient receptor potential vanilloid 4 (TRPV4) has emerged
as one strong candidate based on several observations: 1)
the TRPV4 message is present in human cultured airway
smooth muscle cells (Jia et al., 2004); 2) 4a-phorbol 12,13-
didecanoate, stretch (Ito et al., 2008), and hypotonic solutions,
which can each activate heterologously expressed TRPV4
channels (Vriens et al., 2004), cause extracellular Ca®" influx
into human airway smooth muscle cells that is blocked by the
TRPV channel blocker ruthenium red but not other blockers
of cytosolic Ca®" mobilization (Ito et al., 2008); and 3) the
robust constriction of human airway smooth muscle caused by
hypotonic solutions is extracellular Ca®>" dependent (Jongejan
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et al., 1990). Furthermore, TRPV4 single nucleotide poly-
morphisms have been linked to airflow obstruction in chronic
obstructive pulmonary disease (Zhu et al., 2009). On the basis
of these results, we aimed to test the hypothesis that TRPV4
causes constriction of human isolated airways.

Using the potent and efficacious TRPV4 activator
GSK1016790 [N-((1S)-1-{[4-((2S)-2-{[(2,4-dichlorophenyl)sul-
fonyllamino}-3-hydroxypropanoyl)-1-piperazinyl]carbonyl}-3-
methylbutyl)-1-benzothiophene-2-carboxamide] (Willette et al.,
2008), we demonstrate that TRPV4 activation produces robust
constriction of human and guinea pig (but not rat or mouse)
isolated airway preparations. We further demonstrate that
both the nonselective TRPV blocker ruthenium red and the
novel TRPV4-selective blocker GSK2334775 [(R)-6-(methyl-
sulfonyl)-3-((4-(pyrrolidin-1-yl)piperindin-1-yl)methyl)-N-
(2,2,2,-trifluoro-1-phenylethyl)-2-(3-(trifluoromethyl)phenyl)
quinoline-4-carboxamide] (Brooks et al., 2011) abolish these
contractions, providing compelling pharmacological evidence
that TRPV4 ion channel function is critical for this response.
Surprisingly, further experiments failed to support the hypoth-
esis that TRPV4 activation or blockade has any detectable acute
or direct effect on airway smooth muscle contractility. Rather,
TRPV4 activation causes contractions that are effectively
abolished by inhibition of 5-lipoxygenase (5-LO) activity or
antagonizing cysteinyl leukotriene (cysLT) 1 receptors, identi-
fying TRPV4 channel activity as a novel mechanism that
produces cysLT-dependent constriction of human airways.

Materials and Methods

Tissue Acquisition. All procedures were performed in accredited
facilities in accordance with Universal Precautions for Handling
Human Blood, Body Fluids, and Tissue (Biohazardous Agent
Registration 88-06-22-060) and institutional guidelines, including
the National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals (NIH publication 85-23). Human lungs from
organ donors were obtained from the National Disease Research
Interchange (Philadelphia, PA; www.ndriresource.org). Human bron-
choalveolar lavage (BAL) samples were obtained from Dr. Steve
Kelsen (Temple University Lung Center, Philadelphia, PA). All
applicable institutional review board approvals were obtained. All
human biologic samples were sourced ethically, and their research
use was in accordance with the terms of informed consent. Animal
experiments were performed at Association for Assessment and
Accreditation of Laboratory Animal Care—accredited facilities in
accordance with the NIH Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use
Committee at the institution where the work was performed.

Smooth Muscle Tension Measurements. Sections of bronchus
were removed from the lung and cleaned of adherent connective,
parenchymal, and fatty tissue. Bronchial strips approximately 3 to 4
mm in width were prepared and placed into modified Krebs-Henseleit
solution composed of 113.0 mM NaCl, 4.8 mM KCl, 2.5 mM CaCly, 1.2
mM KH;PO,, 1.2 mM MgSO,, 25.0 mM NaHCOs;, and 11.0 mM
dextrose and were equilibrated with 95% Oy/5% COz and maintained
at 37°C. Unless otherwise noted, saturating concentrations of a non-
selective cyclooxygenase (COX) inhibitor (either 1 uM meclofenamic
acid or 3 uM indomethacin) were included in the buffer solution to
eliminate confounding effects of endogenously released COX prod-
ucts. The human bronchi were evaluated under a static tissue bath
condition as well as in superfusion conditions. In all cases, the tissues
were suspended under an optimal resting tension of 1.5g. After an
incubation period to reach stable basal tone, tissues were exposed to
the muscarinic agonist carbamylcholine chloride (carbachol, 10 M) to
confirm viability. After tension reached a plateau, the carbachol was
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washed free from the tissue and the bronchi relaxed back to baseline.
Antagonists or vehicle were added to the tissue for at least 60
minutes, after which the TRPV4 opener GSK1016790 (100 nM, unless
otherwise noted) was then added to the buffer solution. After the
GSK1016790-evoked tension reached a plateau, carbachol (10 wM)
was administered again to establish a reference maximal contraction.
All responses to GSK1016790 were expressed as a percentage of this
reference carbachol contraction. When multiple airway segments
were used in a single experimental condition from the same donor, the
responses from these segments were averaged and the response was
evaluated as a single n value. We found no significant difference in the
percentage of contraction evoked by GSK1016790 in the superfusion
or static tissue bath design; therefore, we pooled the data from the two
methods.

For animal studies, the trachea was removed from male Hartley
guinea pigs (weight range, 450-650 g; Charles River, Portage, MI),
male mice (C56BL/6J; The Jackson Laboratory, Bar Harbor, ME), and
male rats (Sprague Dawley; Charles River). For guinea pigs and rats,
the epithelium of the trachea was removed and strips were cut,
approximately two cartilage rings in width. For mice, the whole
trachea was studied. Individual tissues were suspended under
optimal tension and equilibrated for 60-90 minutes before the
addition of GSK1016790. The contractions were monitored and
expressed as a percentage of the maximal contractions observed with
carbamylcholine. The rodent tracheas that failed to respond to
GSK1016790 all responded strongly to the muscarinic agonist (e.g.,
mouse trachea contracted 2.3 = 0.2 g; n = 4)

Calcium Imaging Experiments. Calcium imaging experiments
used a FLIPRS5 fluorometric imaging plate reader (Molecular Devices,
Sunnyvale, CA). Experiments on recombinant human TRPV4 chan-
nels were conducted according to previously published procedures
(Huh et al., 2012; Thorneloe et al., 2012). To study native human
TRPV4-containing channels, BAL cells from healthy human volun-
teers (male or female never-smokers, aged 27-52 years, FEV; (forced
expiratory volume in 1 second) >80% of predicted values) were
isolated from roughly 30-ml samples. BAL fluid, which was obtained
in divalent cation-free phosphate-buffered saline containing 200 U/ml
penicillin, 200 pg/ml streptomycin, and 1 pug/ml amphotericin B, was
filtered to remove mucus or other aggregates, centrifuged at 4°C
(700g, 10 minutes), counted using trypan blue to exclude nonviable
cells, and resuspended at a concentration of 4 x 10° cells/ml in
Dulbecco’s modified Eagle’s medium high glucose with 10% fetal
bovine serum, 100 U/ml penicillin, and 100 pg/ml streptomycin. BAL
cells were plated in 96-well black-wall clear-bottom plates (Packard
View) at 4 x 10* cells per well. Adherent macrophage selection was
achieved by repeatedly washing away nonadherent cells 30-120
minutes after plating, after which cell culture media were replenished
and cells were incubated no longer than 24 hours. After incubation,
the media were aspirated and replaced with 100 ml of loading medium
containing Eagle’s minimal essential medium with Earl’s salts and
L-glutamine, 0.1% bovine serum albumin (Millipore, Billerica, MA), 4
uM Fluo-4-acetoxymethyl ester fluorescent indicator dye (Fluo-4 AM;
Invitrogen, Carlsbad, CA), and 2.5 mM probenecid. Cells were then
incubated for 1 hour at 37°C.

After aspirating the dye-containing media, the cells were washed
three times with 100 ml Krebs-Ringers-Henseleit assay buffer (120
mM NacCl, 4.6 mM KCl, 1.03 mM KH,PO,, 25 mM NaHCO3, 1.0 mM
CaCly, 1.1 mM MgCly, 11 mM glucose, 20 mM HEPES, 0.1% gelatin,
2.5 mM probenecid, pH 7.4). To evaluate antagonist effects of
GSK2334775, 100 ml Krebs-

Ringers-Henseleit assay buffer, containing 0.1% dimethylsulfoxide,
GSK2334775 (10 or 100 nM), or ruthenium red (10 uM), was added to
the wells and the plate warmed to 37°C for 15 minutes before dye-
loaded cells were exposed to excitation light (488 nm) from a 6 W
Argon laser. After the basal emission fluorescence measurements
were taken, the cellular response to a concentration range of TRPV4
opener GSK1016790 (0.3—-1000 nM) was monitored for 10 minutes at
516 nm emission fluorescence intensity. Results from each well were
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converted to the percentage peak GSK1016790 response, because this
was always >75% of the reading produced by adding ionomycin
(1 uM) at the end of the experiment (not shown). The data were then
transferred to GraphPad Prism software (GraphPad Software Inc., La
Jolla, CA) and plotted. Shifts of GSK1016790 ECs, values in the
presence of antagonist compared with vehicle were used to determine
antagonist potency using standard Schild analysis.

Results

To test our hypothesis that activation of the TRPV4 chan-
nel would constrict the human bronchus, we exposed ex
vivo human bronchial tissue to the potent and efficacious
TRPV4 opener GSK1016790. Consistent with our predic-
tions, GSK1016790 caused contractions of human bronchi.
In two preliminary experiments, we found that the threshold
concentration for GSK1016790 was 10 nM and the maxi-
mum response was obtained at 100 nM (see representative
concentration-response curve in Fig. 1). For all further studies,
we evaluated the response to 100 nM of the TRPV4 opener.
When bronchi from 22 donors were evaluated, GSK1016790
caused a robust (>25% of the maximum response evoked
by the muscarinic agonist carbachol added at the end of
the experiment) contraction in all but one tissue (Fig. 1) that
averaged 50% *+ 3% of the maximum. We tested the ability of
the nonselective TRPV blocker ruthenium red to inhibit this
response in bronchi from four donors, in which the contraction
to 100 nM GSK1016790 averaged 45% =+ 13%. As predicted,
ruthenium red (1 uM) abolished the response (0% = 0%) but
did not alter the carbachol reference contraction at the end
of the experiment.

(43%)

(37.2%)

A
1000nM

(10.5%)

A A 100nM
1nM 10nM 5min
80-
l..
n
&
2 [ ]
‘S 60 ™
-
g | —m—
n
% 404 L
E .
= oy
E
% 204
®
n
1016790A
100nM

Fig. 1. The TRPV4 opener GSK1016790 constricts human bronchi ex vivo.
(A) Representative trace demonstrating the concentration-dependent
contractile effect of the TRPV4 opener GSK1016790. Arrowheads represent
addition to organ bath of the indicated concentration of GSK1016790.
Values in parentheses above the trace denote the percentage of maximum
contraction evoked by the indicated concentration. (B) Data points from
individual human airways demonstrating the ability of GSK1016790 to
efficaciously constrict human bronchi. The horizontal bar denotes the
mean of values from 22 donors.

To increase confidence that TRPV4 channel activity causes
constriction of the human airway, we identified the novel
compound GSK2334775, a close structural relative of the
previously identified potent and selective TRPV4 blocker
GSK2193874A [7-bromo-N-(1-phenylcyclopropyl)-3-[(4-piper-
idin-1-ylpiperidin-1-yl) methyl]-2-[3-(trifluoromethyl)phenyl]
quinoline-4-carboxamide] (Huh et al., 2012; Thorneloe et al.,
2012) (Fig. 2A). In fluorescent imaging plate reader assays
that measure intracellular Ca?" levels, our novel blocker
potently blocked agonist-induced Ca2* fluxes through recom-
binant human TRPV4 channels (pICsq = 8.0 + 0.1; n = 10),
and with comparable potency in attachment-selected BAL
cells from healthy volunteers (pAy = 8.3 + 0.1; n = 4; Fig. 2B).
This cell population, which predominantly contains alveolar
macrophages, expresses native TRPV4-containing channels
in mice (Hamanaka et al., 2010), and our data provide
evidence that these findings are translatable to humans.
Thus, GSK2334775 efficaciously blocks both recombinant
and native TRPV4-containing channels with comparable
potency.

After identifying GSK2334775 as a compound suitable for
studying TRPV4 pharmacology, we sought to determine
whether it would prevent GSK1016790-induced constriction
of human bronchi. Indeed, GSK2334775 produced a concentra-
tion-dependent inhibition of the GSK1016790 contractions
with an IC5¢ value consistent with its pAs values obtained
against native TRPV4-containing channels (Fig. 2C). Inhibition
of the response by both a known nonselective cationic pore
blocker of TRPV channels and a novel small molecule TRPV4
inhibitor provides compelling pharmacological evidence that
TRPV4 channel activity constricts human bronchi and may
limit airflow in patients with obstructive airways disease.

We noted that GSK1016790-evoked constrictions evolved
relatively slowly, with a 3- to 10-minute ¢1/5. In preliminary
experiments, we also noted that GSK1016790-evoked con-
tractions were very slowly reversible (data not shown). Our
interpretation of these data was that GSK1016790 may
constrict human airway smooth muscle via indirect mecha-
nisms that result in the production of slowly reversible/
lipophilic mediators. Our experiments were conducted in
maximally efficacious concentrations of nonselective COX
inhibitors that would preclude the production of bronchocon-
stricting prostaglandins or thromboxanes. Of note, when we
evaluated the effect of GSK1016790 in bronchi from two
donors in the absence of COX inhibitors, those contracted
32.7% and 30.4% of maximum, which was not appreciably
different than what we observed when COX was blocked.

On the basis of the slow kinetics and COX-independent
nature of the contractile response, we hypothesized that
GSK1016790 contractions may be dependent upon the pro-
duction of cysLTs, the only other well characterized lipophilic
and slowly reversible constrictor of human airways. If cysLTs
were necessary mediators of GSK1016790-induced contrac-
tions, the contractions should be sensitive to antagonists of
cysL'T1 receptors, the receptor subtype known to mediate the
actions of cysLTs on human airway smooth muscle (Panettieri
et al., 1998). We tested this hypothesis by pretreating tissues
with maximally inhibitory concentrations of ICI-198615 [1-
[[2-methoxy-r-[[(phenylsulfonyl)amino]carbonyl]phenylmethyl]-
1H-indazol-6-yl] carbamic acid cyclopentyl ester; 1 uM] or
SK&F 104353 [2(S)-hydroxy-3(R)-[(2-carboxyethyl)thio]-3-[2-
(8-phenyloctyl)pheny 1]-propanocic acid; 10 wM], structurally
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Fig. 2. The novel TRPV4 blocker GSK2334775 potently blocks TRPV4-containing channels in vitro and inhibits GSK1016790A-induced constriction of
the human bronchus. (A) Chemical structure of GSK2334775 (see the text for full chemical name). (B) Summary data demonstrating the inhibition of the
GSK1016790A-induced Ca?* mobilization in human attachment-selected BAL cells by GSK2334775 (M, control; A, 10 nM; ¥, 100 nM), and its abolition
by ruthenium red (¢, 10 uM, mean = S.E.M. of 3-5 experiments). (C) Summary data demonstrating that GSK1016790A-dependent contractions of
human bronchi are inhibited in a concentration-dependent manner by the novel TRPV4 blocker GSK2334775 (mean = S.E.M. of five to six experiments).
Asterisks denote statistically significant differences from the control (P < 0.05, one-way analysis of variance with Dunnett’s multiple comparison test).

unrelated cysL'T1 receptor antagonists (Hay et al., 1987; Snyder
et al., 1987). Consistent with our hypothesis, both of these
molecules virtually prevented GSK1016790-mediated contrac-
tions (Fig. 3C).

To address the possibility that the cysLT1 antagonists were
blocking TRPV4, we further evaluated the effect of 5-LO in-
hibition on the GSK1016790-mediated contractions. CysLTs
are synthesized by 5-LO, an enzyme that catalyzes the
oxygenation of arachidonic acid. The well characterized
5-LLO inhibitor zileuton (10 M) markedly inhibited
GSK1016790-evoked contractions (Fig. 3, A and C), further
substantiating our hypothesis that de novo synthesis of
cysLTs is an obligate downstream process required for
GSK1016790-mediated contractions of the human airway.

We took advantage of known species differences in airway
smooth muscle pharmacology to provide further evidence that
TRPV4 activation causes bronchial constriction entirely via
cysLTs. Airways of guinea pigs (McAlexander et al., 1998),
similar to humans, constrict in response to cysLTs, whereas
airways of rats and mice do not (Held et al., 1999; Richter and
Sirois, 2000). Because GSK1016790 activates both rat and
mouse TRPV4 (Willette et al., 2008), we reasoned that if
GSK1016790 constricted human and guinea pig—but not rat or
mouse—airways, this would provide additional evidence that
GSK1016790 contractions are cysLT dependent. Indeed,
GSK1016790 did not constrict rat or mouse trachea (Fig. 3D).
Of note, in two additional preliminary experiments, a 10-fold
larger concentration of GSK1016790 (1 uM) also did not
constrict mouse airways (not shown). In marked contrast, 100
nM GSK1016790 contracted guinea pig trachea with efficacy
comparable with that seen in human tissues (Fig. 4). Moreover,
these guinea pig airway contractions were blocked by 1 uM
ruthenium red (3% = 3% of carbachol maximum versus 46% *+
10% in tissues treated with GSK1016790 alone; n = 4). The
responses in two guinea pig tracheae were essentially abolished
by the cysLT1 antagonist SK&F 104353 (10 uM; 34% and 61%
versus 0.4% and 0%). This finding that GSK1016790 only
constricts airway tissues of species known to constrict to cysLTs

is consistent with our human bronchus data demonstrating that
multiple structurally unrelated modulators of cysL'T production
or action inhibit the GSK1016790 response.

Because TRPV4 channels are functionally expressed in
human airway smooth muscle cells in vitro (Jia et al., 2004),
we predicted that TRPV4 activation might enhance airway
smooth muscle contractility. To investigate this possibility, we
first pretreated bronchial tissues with the 5-LO inhibitor
zileuton, which served to prevent any potentially confounding
endogenous production of cysLTs, and we then examined the
concentration-response relationships of exogenously applied
leukotriene (LT) D4 in the absence and presence of the
TRPV4 opener GSK1016790 (100 nM). Under conditions of 5-
LO blockade, consistent with our aforementioned results,
GSK1016790 had no effect on baseline tension, nor did it
influence the concentration-response characteristics of LTD,4
(Fig. 4A). In bronchi from two additional donors, we also noted
that GSK1016790 had no effect on the concentration-response
curves for LTE, (Fig. 4C). In addition, we noted that neither
GSK1016790 nor GSK2334775 had any effect on the contractile
efficacy of the maximum response to carbachol used as our
standard (P > 0.1; Fig. 4A). These data fail to provide any
evidence that TRPV4 activation can acutely alter human airway
smooth muscle contractility independent of cysLT production.

Mast cells situated near the airway smooth muscle are
a likely source of the cysLTs causing the GSK1016790-induced
contractions. We compared the response to GSK1016790 with
a maximal mast cell-mediated response that could be evoked
with anti-IgE. In experiments with paired bronchi from eight
donors, we found the TRPV4 agonist causes a contraction that
is approximately 50% of the “mast cell maximum” response
obtained with 1 ug/ml anti-IgE (569.5% *+ 4.4% versus 33.5% *=
8.7%; n = 8).

Discussion

Previous studies demonstrated that the nonselective cation
channel TRPV4 is expressed and functional within the mammalian
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Fig. 3. Representative traces of human airways constricted by GSK1016790 (100 nM, added at time marked by arrowhead) in the presence or absence
(control) of the 5-L.O inhibitor zileuton in (A) or the cysLT1 antagonist ICI-198615 in (B). (C) Summary data and individual values of GSK1016790 (100
nM) effects alone or in the presence of cysLT1 receptor antagonism (SK&F 104353 and ICI-198615) or 5-LO inhibition (zileuton). Data are expressed as
the mean = S.E.M. (n = 14) and asterisks denote statistically significant differences (P < 0.05, one-way analysis of variance with Dunnett’s multiple
comparison test) between GSK1016790 only and the indicated treatments. (D) Human bronchi and guinea pig trachea, which constrict in response to
cysLTs, constrict robustly to GSK1016790 (100 nM), whereas rat and mouse trachea, which do not constrict upon exposure to cysLTs, are not constricted
by GSK1016790. Human airway data in (D) are the same data presented in Fig. 1B and the GSK1016790-only data in (C) represent a subset of the same
data points from experiments in which LT-based manipulations were performed.

respiratory tract (Jia et al., 2004; Andrade et al., 2005; Yang
et al., 2006; Jian et al., 2008; Zhu et al., 2009; Li et al., 2011,
Delany et al., 2001) and multiple lines of evidence suggested
that TRPV4 activation may influence airway smooth muscle
function. TRPV4 single nucleotide polymorphisms, including
one nonsynonymous one that behaves as a gain-of-function
channel in human airway epithelial cells (Li et al., 2011), are
associated with airflow limitation in chronic obstructive
pulmonary disease (Zhu et al., 2009), and pharmacological
studies have suggested that TRPV4 can influence airway
smooth muscle Ca®" signaling in vitro (Jia et al., 2004).
Herein, we used potent and selective pharmacological tools to
examine whether acute TRPV4 activation causes constriction
of human isolated airways. Contrary to our initial hypothesis
that TRPV4 directly influences airway smooth muscle
contractility, we demonstrated that TRPV4 activation causes
human airway constriction exclusively via the production of
cysLTs. Thus, although we could detect no role of the TRPV4
ion channel in acute responses to bronchoconstrictive stimuli,
our data offer novel evidence in support of a pathologic role of
TRPV4 in human bronchial airways. Specifically, our data

introduce cysLT synthesis as a novel mechanism by which
TRPV4 channel activation by endogenous and/or inhaled
factors may facilitate airway inflammation, pathologic tissue
remodeling, and airflow obstruction.

In this study, we used a combination of potent and selective
TRPV4 modulators. The agonist GSK1016790 was previously
identified as a selective TRPV4 agonist capable of activat-
ing heterologously expressed human TRPV4 channels with
considerably greater potency and efficacy than previously
characterized TRPV4 activators, including the phorbol ester
4a-phorbol 12,13-didecanoate (Willette et al., 2008). Our
finding that the contractions caused by GSK1016790 were
secondary to TRPV4 activation is supported by the fact that
they were blocked by the nonselective TRPV antagonist
ruthenium red. Moreover, the contractions were blocked by
the selective TRPV4 antagonist GSK2334775 at concentra-
tions consistent with its apparent affinity for recombinant
human TRPV4 channels. Incidentally, our preliminary char-
acterization of this antagonist with adherence-selected BAL
cells from healthy human volunteers provides evidence that
this cell population, which predominantly contains alveolar
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macrophages, expresses TRPV4 channels. This novel finding
is consistent with previous findings in mouse alveolar macro-
phages (Hamanaka et al., 2010) and offers the first evidence
that this phenomenon translates to humans.

TRPV4 channel activity causes cation flux across biologic
membranes, which causes depolarization of membrane po-
tentials and elevations in cytosolic Ca*. The obligatory role
of cytosolic Ca%* elevations in smooth muscle excitation-
contraction coupling, combined with existing data that mul-
tiple chemical and physical stimuli that activate TRPV4
increase cytosolic Ca?" concentrations in human airway
smooth muscle cells (Jia et al., 2004; Ito et al., 2008), led us
to hypothesize that chemical activation of TRPV4 with
GSK1016790 would directly constrict human airway smooth
muscle. Multiple lines of evidence contradict this hypothesis
and instead support the hypothesis that TRPV4 stimulation
in human bronchi indirectly activates smooth muscle via the
production of cysLTs. First, the robust airway contractions
caused by GSK1016790 were nearly abolished by two
structurally unrelated cysL'T1 receptor antagonists. Second,
blocking 5-LO, an obligatory enzyme obligatory for cysLT
production, virtually abolished the TRPV4-mediated contrac-
tions. Third, GSK1016790 constricted airway tissue from

humans and guinea pigs, two species with airways that
constrict in response to cysLTs, whereas GSK1016790 did not
constrict airways from rats or mice, even though GSK1016790
activates their TRPV4 channels. Fourth, GSK1016790, in the
presence of the 5-LO inhibitor zileuton, had no effect on the
potency or efficacy of other contractile agonists such as LTDy,,
LTE,, or carbachol. The latter results demonstrate that acute
TRPV4 modulation does not fundamentally alter the contrac-
tile efficacy of the human bronchus.

Intravenous administration of GSK1016790 to mice or rats
is acutely lethal because of circulatory collapse precipitated
by failure of the alveolar septal barrier (Willette et al., 2008).
The rapid and profound nature of this response precludes
investigation of mechanisms by which TRPV4 activity may
modulate cartilaginous airway function in these species.
Moreover, cysLTs do not constrict airways of mice and rats
(Held et al., 1999). Thus, although TRPV4 activation is overtly
toxic in the distal lung of multiple mammalian species,
channel activity in the cartilaginous airways may cause
a wider range of deleterious effects in human airways than in
those of rodents. In this regard, our data expand upon and
complement those of Li et al. (2011), who demonstrated that
diesel exhaust can stimulate TRPV4 in human airway
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epithelial cells, leading to secretion of matrix metalloprotease
1, an enzyme involved in pathologic tissue remodeling that
does not have a mouse ortholog.

Although these data do not support a role of TRPV4 in
direct and acute constriction of human airway smooth muscle,
they in no way exclude the possibility that TRPV4 may cause
Ca?" influx in human airway smooth muscle cells that results
in pathologic remodeling (e.g., proliferation and/or release of
inflammatory mediators) rather than constriction. To this
point, whereas both TRPV4 and T-type CaZ* channels cause
cytosolic Ca2* elevations in lung endothelium (Wu et al.,
2009), the downstream responses that they trigger are
functionally segregated because TRPV4-dependent Ca?" in-
flux increases vascular permeability, whereas the T-type
Ca?" channel-dependent pathway leads to upregulation of the
adhesion molecule P-selectin (Wu et al., 2009).

The observation that TRPV4-dependent contractions of
human airways are cysLT dependent was unexpected, based
both on the previously discussed evidence for TRPV4 function
in airway smooth muscle and the absence of any published
link between TRPV4 and LT production. The cellular source
of the cysLTs produced in these experiments has not yet been
elucidated. Human airway epithelium (Jame et al., 2007) and
fibroblasts (James et al., 2006) can produce cysLTs via 5-LO
activity. The epithelium does not appear to influence this
response, because epithelial cells were mechanically denuded
in guinea pig airway preparations, yet the magnitude of
guinea pig airway contractions in response to GSK1016790
were identical to humans. Although mouse alveolar macro-
phages express TRPV4 (Hamanaka et al., 2010) and our data
confirm that human BAL cells do as well, respiratory tract
macrophages are found predominantly in the more distal
airspaces where they ingest material that is not removed by
the physical routes of coughing and the mucociliary escalator.
In addition, the presence of eosinophils and evidence for their
function is sparse in nonasthmatic airways. We presently
favor the hypothesis that mast cells situated near the
bronchial smooth muscle are the source of the cysLTs.
Adenosine is a stimulator of bronchial mast cells and leads
to human bronchial contractions similar to what we observed
with GSK1016790; in both cases, the responses are largely
inhibited by an antagonist of cystLT1 receptors (Bjorck et al.,
1992). Antigenic or anti-IgE stimulation of bronchial mast
cells also constricts bronchial smooth muscle via a cysLT (and
histamine)-dependent mechanism (Ellis et al., 1994). How-
ever, we observed no correlation in the bronchial constriction
response to anti-IgE and GSK1016790.

In summary, our data demonstrate that a potent and
selective chemical activator of TRPV4 causes robust constric-
tion of human airways via an entirely cysLT-dependent
mechanism. We provide further support that TRPV4 ion
channel activity is responsible for this effect by demon-
strating that constrictions caused by GSK1016790 are
abolished not only by the nonselective TRPV channel
blocker ruthenium red but also by the novel TRPV4-
selective blocker GSK2334775. These data provide the
first link between TRPV4 activation and the production of
cysLTs and provide novel insight into how TRPV4 may
contribute to airflow limitation, inflammation, and path-
ologic remodeling in human respiratory disease. In addi-
tion, these data identify GSK2334775 as a novel compound
that can enable investigation of TRPV4 pharmacology in

human tissue and potentially serve as a template for future
therapeutics directed against TRPV4.
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