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Human TH2 cells respond to cysteinyl leukotrienes through
selective expression of cysteinyl leukotriene receptor 1

Celine N. Parmentier, MSc,a,b Elisabeth Fuerst, PhD,a,b Joanne McDonald, PhD,a,b Holly Bowen, PhD,a,b Tak H. Lee, MD,

ScD,a,b James E. Pease, PhD,a,c Grzegorz Woszczek, MD, PhD,a,b and David J. Cousins, PhDa,b London, United Kingdom
Background: Allergic asthma is characterized by reversible
airway obstruction and bronchial hyperresponsiveness
associated with TH2 cell–mediated inflammation. Cysteinyl
leukotrienes (CysLTs) are potent lipid mediators involved in
bronchoconstriction, mucus secretion, and cell trafficking in
asthmatic patients. Recent data have implicated CysLTs in the
establishment and amplification of TH2 responses in murine
models, although the precise mechanisms are unresolved.
Objectives: Preliminary microarray studies suggested that
human TH2 cells might selectively express cysteinyl leukotriene
receptor 1 (CYSLTR1) mRNA. We sought to establish whether
human TH2 cells are indeed a CysLT target cell type.
Methods: We examined the expression of CYSLTR1 using real-
time PCR in human TH1 and TH2 cells. We functionally assessed
cysteinyl leukotriene receptor 1 protein (CysLT1) expression
using calcium flux, cyclic AMP, and chemotaxis assays.
Results: We show that human TH2 cells selectively express
CYSLTR1 mRNA at high levels compared with TH1 cells after
in vitro differentiation from naive precursors. Human TH2 cells
are selectively responsive to CysLTs in a calcium flux assay when
compared with TH1 cells with a rank order of potency similar to
that described for CysLT1 (leukotriene [LT] D4 > LTC4 > LTE4).
We also show that LTD4-induced signaling in TH2 cells is
mediated through CysLT1 coupled to Gaq and Gai proteins, and
both pathways can be completely inhibited by selective CysLT1
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antagonists. LTD4 is also found to possess potent chemotactic
activity for TH2 cells at low nanomolar concentrations.
Conclusions: These findings suggest a novel mechanism of action
for CysLTs in the pathogenesis of asthma and provide a potential
explanation for the anti-inflammatory effects of CysLT1

antagonists. (J Allergy Clin Immunol 2012;nnn:nnn-nnn.)
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Allergic asthma is characterized by reversible airway obstruc-
tion and bronchial hyperresponsiveness to otherwise innocuous
environmental antigens and is associated with inflammation of
the airways involving numerous immune cell types and inflam-
matory mediators.1,2 In particular, the immune pathology ob-
served is dominated by a TH2-type response with increased
expression of the classical TH2 cytokines IL-4, IL-5, and IL-13,
which might cause many of the hallmark features of allergic air-
ways disease.3 Central to this TH2 immune pathology is the
allergen-specific TH2 cell, which is the predominant source of
TH2 cytokines in asthmatic subjects, although the precise mecha-
nisms by which the TH2 phenotype develops in asthmatic subjects
remain to be determined.4

Cysteinyl leukotrienes (CysLTs) are potent lipid mediators
involved in the pathogenesis of a wide range of chronic inflam-
matory and immune disorders, including asthma, allergic rhinitis,
atherosclerosis, and inflammatory bowel disease.5,6 The CysLT
leukotriene (LT) C4 is derived from arachidonic acid through cy-
tosolic phospholipase A2, 5-lipoxygenase, and LTC4 synthase.
LTC4 is transported out of the cell and converted sequentially to
LTD4 and LTE4 by the ubiquitous enzymes g-glutamyl transpep-
tidase and aminopeptidase, respectively. The biological activities
of the CysLTs are mediated through at least 4 G protein–coupled
receptors, cysteinyl leukotriene receptor 1 protein (CysLT1),
CysLT receptor 2 protein, G protein-coupled receptor 17
(GPR17), and purinergic receptor P2Y12 protein (P2Y12), al-
though the role of each of these receptors in CysLT action is in-
completely understood.6-8 In asthmatic subjects the CysLTs are
believed to be involved in bronchoconstriction, mucus secretion,
and cell trafficking and have been shown to be chemotactic agents
for eosinophils, hematopoietic progenitor cells, and mono-
cytes.9-11 In addition to their role in bronchoconstriction and in-
nate cell recruitment to the lungs of asthmatic subjects, CysLTs
play a role in the establishment and amplification of antigen-
specific TH2 cell–dependent immune responses in murine models
of allergic airways disease.12 Although the precise mechanistic
role of CysLTs in the development of the adaptive TH2 response
is unclear, prior studies have focused on the role of CysLTs in pul-
monary dendritic cell migration and maturation.13-15 Here we
1
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report that human TH2 cells selectively express functional CysLT1

and that LTD4 is a potent chemotactic agonist for TH2 cells. TH2
cells exhibit robust calcium signaling in response to all 3 CysLTs,
with the most potent response observed with LTD4 followed by
LTC4 and LTE4, which is consistent with previous studies on
CysLT1.

16,17 The calcium signaling in response to LTD4was com-
pletely blocked with the selective CysLT1 antagonists MK571,
montelukast, and zafirlukast. These findings suggest a novel
mechanism of action for CysLTs in the pathogenesis of asthma
and provide a potential explanation for the anti-inflammatory ef-
fects of CysLT1 antagonists.
METHODS

Reagents
Leukotrienes (LTC4, LTD4, and LTE4) and CysLT1 antagonists (MK571,

montelukast, and zafirlukast) were purchased from Cayman Chemical (Ann

Arbor, Mich). Recombinant chemokines (CXCL12 and CCL18) were pur-

chased from R&D Systems (Abingdon, United Kingdom). Pertussis toxin,

thapsigargin, and forskolin were purchased from Sigma-Aldrich (Dorset,

United Kingdom). EDTA was purchased from Life Technologies (Paisley,

United Kingdom).
Human T-cell isolation and differentiation
These studies were approved by the Research Ethics Committee of Guy’s

Hospital with informed consent. The donors used in this studywere nonatopic,

nonasthmatic male subjects (25-40 years) with no other chronic or acute ill-

nesses at the time of venipuncture. Naive CD41 T cells were isolated from pe-

ripheral blood by usingmagnetic positive selection of CD41 cells (Dynal CD4

Positive Isolation kit; Invitrogen, Paisley, United Kingdom) followed by de-

pletion of CD45RO1memory cells, as described in detail previously.18 Naive

T cells were stimulated with anti-CD3 (clone OKT3, ECACC, prepared in

house) and anti-CD28 (clone 15E8; Sanquin Reagents, Amsterdam, TheNeth-

erlands) in the presence of cocktails of cytokines and antibodies to generate

TH1 and TH2 cells, as described in detail previously.18 Every 7 days, TH1/

TH2 differentiation was assessed by using intracellular cytokine staining, as

described previously.18
RNA isolation, microarrays, and real-time reverse

transcription PCR
Cells for RNA isolation were snap-frozen in liquid nitrogen and stored at

2808C. Total cellular RNAwas isolated with the miRNeasy mini kit (Qiagen,

Crawley, United Kingdom), according to the manufacturer’s instructions.

cRNA samples were prepared for microarray hybridization to GeneChip

U133 plus 2 arrays, according to the manufacturer’s instructions (Affymetrix,

Santa Clara, Calif). Fragmented cRNAwas hybridized to GeneChip arrays at

458C for 18 hours. Arrays were washed and stained with streptavidin-

phycoerythrin, according to the manufacturer’s instructions, on the GeneChip

fluidics station 450 (Affymetrix). Fluorescent signals were detected with the

GeneChip scanner 3000. Images were analyzed with the GeneChip operating

software (Affymetrix) to generate raw data as .cel files. Further analysis was
performed with the Partek Genomics Suite (Partek, St Louis, Mo) by using

thegene expressionworkflow to identify differentially expressed genes. Briefly,

robustmultichip averagepreprocessingwas performed, and genes differentially

expressed between TH1 and TH2 cells were identified by using the Partek AN-

OVAmodel. One thousand seven hundred ninety-four genes were identified as

differentially expressed with a P value of less than .05, including Benjamini-

Hochberg step-up for false discovery rate. Data shown in Table I are the

mean probe-set signals from 3 independent biological replicates for each con-

dition. cDNA synthesis and real-time PCRwere performedwith TaqManMGB

probes (Applied Biosystems, Invitrogen, Paisley, United Kingdom), as de-

scribed in detail previously.19 TaqMan probe sets used in this study were as fol-

lows: cysteinyl leukotriene receptor 1 (CYSLTR1), Hs00272624_s1; cysteinyl

leukotriene receptor 2 (CYSLTR2), Hs00272624_s1; IL5, Hs00174200_m1;

IFNG, Hs00174143_m1; and 18s rRNA, 4319413E. Statistical analyses were

performed by comparing gene expression levels relative to 18s rRNA levels

by using a 2-way repeated-measures ANOVA with Bonferroni post tests in

GraphPad Prism version 5.0a software (GraphPad, Inc, La Jolla, Calif).
Calcium-signaling assay
Cultured human TH1 and TH2 cells were tested for calcium signaling when

fully differentiated at days 21 and 28 in response to LTB4, LTC4, LTD4, and

LTE4. Cells were resuspended at 200,000 cells/well in 100 mL of RPMI

plus 20 mmol/L HEPES and plated onto a 96-well, black-wall, clear,

flat-bottom assay plate (Costar), and an equal volume of loading buffer (Com-

ponent Awith 1X HBSS Buffer; FLIPR Calcium 4 Assay Kit; Molecular De-

vices, Eugene, Ore) was added. The plate was incubated for 45 minutes at

378C and 5% CO2. After incubation, the plate was centrifuged at 200 g for

5 minutes and transferred directly to a FlexStation 3 Microplate Reader (Mo-

lecular Devices) at 378C. Varying concentrations of CysLTs were added as in-
dicated. Where indicated, the selective CysLT1 antagonist MK571 (100

nmol/L), montelukast (100 nmol/L), or zafirlukast (100 nmol/L) was added

5 minutes before adding ligand. In some experiments pertussis toxin (100

ng/mL) was added 16 hours before the assay was performed to inhibit Gai.

Where indicated, thapsigargin (1 mmol/L) or EDTA (2.5 mmol/L) was added

5minutes before adding ligand. Results were analyzed with SoftMax Pro Soft-

ware (Molecular Devices), and data are shown as a percentage of maximal re-

sponse. Controls included a negative medium control of RPMI plus 20

mmol/L HEPES and a positive control of stromal cell–derived factor

1/CXCL12, and all experiments were performed with triplicate wells.
Cyclic AMP assay
Intracellular cyclic AMP (cAMP) levels were measured by luminescence

with the HitHunter cAMP XS1 assay (DiscoverRX, Birmingham, United

Kingdom). The assaywas carried out according to themanufacturer’s protocol

for a 3-reagent addition. TH2 cells were suspended in PBS at a concentration of

10 3 106/mL and warmed to 378C, and 1 nmol/L 3-isobutyl-1-methylxanthine

(Sigma) was added to inhibit cAMP phosphodiesterases. The TH2 cell suspen-

sion (23 105 cells/well) was loaded into a 96-well plate, and 20mmol/L forsk-

olinwas added to stimulate cAMP induction alongwith varying concentrations

of LTD4, as indicated.Where indicated, 100 nmol/LMK571was added 5min-

utes before adding ligand. Plates were incubated at 378C for 15minutes before

cells were processed according to the kit’s instructions, and cAMP signal was

detected bymeans of luminescencemeasured 4 hours after cell lysis. Lumines-

cencewas detected by using a Flexstation 3 (Molecular Devices), and analysis

of cAMP concentrations was performed with SOFTMax Pro software

(Molecular Devices). Data are shown as a percentage of maximal response.
Chemotaxis assay
Chemotaxis assays were carried out by using a modification of a protocol20

obtained from Andrew Luster (Massachusetts General Hospital, Harvard,

Boston, Mass) by using 24-well 6.5-mm Transwell plates with a polycarbon-

ate membrane insert filter and a pore size of 5.0 mm (3421; Corning, Corning,

NY). In vitro cultured human TH2 cells were resuspended at 1 3 106/mL in

RPMI buffer; rested for 4 hours in a low rIL-2 concentration (25 U/mL;



TABLE I. Expression of selected genes in preliminary microarray analysis

Gene name Probe set ID TH1, resting TH1, activated TH2, resting TH2, activated

CYSLTR1 231747_at 349.4 179.2 1053 101.1

CYSLTR2 220813_at 6.549 6.517 10.02 7.413

GPR17 215225_s_at 3.993 4.112 3.956 4.067

P2RY12 224102_at 4.214 4.363 4.16 4.279

PGK1 200737_at 1902 1669 1956 1605

TAF9B 221618_s_at 206.6 74.86 312.6 137.3

ZCCHC5 1552935_at 6.926 9.382 6.134 6.99
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Novartis, Horsham, United Kingdom); and then harvested, washed in PBS,

and resuspended at 500,000 cells/100 mL in chemotaxis buffer (RPMI 1 20

mmol/L HEPES1 0.5% ultrapure BSA [Sigma, A7638]). Six hundred micro-

liters of chemotaxis buffer with or without the chemokine or leukotriene of in-

terest was loaded on the bottom of the Transwell. Each chemotactic agent

(LTD4, LTE4, and the positive control stromal cell–derived factor 1) was tested

in duplicate. By using tweezers, the Transwell filter was placed in the bottom

well, and 100 mL of cells was added and left to migrate for 2 hours in an in-

cubator at 378C 5%CO2. After 2 hours, the platewas placed at 48C for 15min-

utes. Migrated cells were counted by using flow cytometry, with polystyrene

beads as a reference (polystyrene 15-mm beads; Polysciences, Warrington,

Pa). A chemotactic index was calculated as the ratio of migration to chemoat-

tractant compared with the basal migration to buffer alone.
RESULTS

Human TH2 cells selectively express CYSLTR1
We have previously reported a method to generate highly

polarized human TH1 and TH2 cells from naive precursors in vitro
and have used this model extensively to investigate the lineage-
specific functions of these cells.18,19,21 To identify novel
lineage-specific molecules that might play a selective role in
TH2 cell function, we have previously performed a preliminary
microarray-based study comparing TH1 and TH2 cells. Analysis
of CysLT receptor mRNA expression in these samples revealed
that CYSLTR1 mRNA was highly and selectively expressed by
TH2 cells when compared with TH1 cells (P5 .000692, Table I).
Expression of other potential CysLT receptors, CYSLTR2,
GPR17, and P2RY12, was undetectable by means of microarray
in both TH1 and TH2 populations (Table I). Intracellular cytokine
staining of resting and activated TH1 and TH2 cells demonstrated
that highly polarized TH1/TH2 populations were generated (Fig 1,
A). On activation, at least 99% of the TH1 cells express IFN-gwith
minimal TH2 cytokine expression. In contrast, the TH2 cells ex-
press negligible IFN-g, and a very high proportion express TH2
cytokines (IL-4, 42%; IL-5, 46%; and IL-13, 85%). Quantitative
real-time RT-PCR of highly differentiated TH1 and TH2 samples
confirmed that the TH1 and TH2 cells express high levels of tran-
scripts for the hallmark cytokines IFN-g (TH1) and IL-4, IL-5, and
IL-13 (TH2) on acute activation (Fig 1, B, and data not shown).
Examination of CYSLTR1 mRNA expression by using real-time
RT-PCR confirmed that it is selectively expressed by resting
TH2 cells with 6.5-fold higher levels than seen in resting TH1 cells
(Fig 1, C). The selective expression of CYSLTR1 was predomi-
nantly observed in cells before activation, with a substantial de-
crease in mRNA expression after acute activation of TH2 cells
(Fig 1, C). Real-time PCR analysis also confirmed that CYSLTR2
mRNAwas not expressed at high levels in either TH1 or TH2 cells
(Fig 1, C). Examination of CYSLTR1 mRNA expression during
the time course of differentiation revealed that expression in-
creased substantially during TH2 differentiation (Fig 1, D),
suggesting that CYSLTR1 expression is acquired during TH2 dif-
ferentiation rather than being expressed on naive T cells and se-
lectively lost during TH1 differentiation. This also indicated that
expression of CYSLTR1 by TH2 cells is not merely caused by ex-
posure to IL-4 because it requires at least 3 weeks of in vitro cul-
ture before high levels of expression are observed (Fig 1, D). The
genes adjacent to CYSLTR1 (ie, PGK1, TAF9B, and ZCCHC5)
were not differentially expressed between TH1 and TH2 cells, sug-
gesting that the TH2-selective expression of CYSLTR1 is not
merely due to the gene being located in close proximity to other
TH2-specific genes (Table I).

TH2 cell–specific calcium flux in response to CysLTs
CysLT signaling through CysLT1 induces calcium flux in other

cell types known to express the receptor. In vitro differentiated
TH1 and TH2 cells were treated with LTD4 and intracellular cal-
cium responses were measured to determinewhether the selective
expression of CYSLTR1 mRNA observed in TH2 cells resulted in
functional expression of CysLT1 in these cells (Fig 2, A). LTD4

induced a substantial calciummobilization in TH2 cells at concen-
trations similar to those reported for CysLT1 in other systems (me-
dian effective concentration, approximately 1 nmol/L). A much
weaker response to LTD4was observed in TH1 cells at higher con-
centrations. This confirmed that human TH2 cells selectively ex-
press a functional receptor for LTD4. Treatment of TH2 cells with
LTC4, LTD4, and LTE4 showed that all 3 CysLTs induced calcium
mobilization, with LTD4 being the most potent, followed by LTC4

and LTE4 (Fig 2, B). This rank order of potency (LTD4 > LTC4 >
LTE4) resembles the results of previous studies on CysLT1 in
other cell types, suggesting that TH2 cells express functional
CysLT1.

16,17 Interestingly, in contrast to the original studies
with transfectants expressing CysLT1, the potency of LTC4 and
LTE4 is similar until higher concentrations of agonist are used
(10-100 nmol/L), where LTC4 induces more calcium flux. The
CysLT1 selective antagonists MK571 (100 nmol/L), montelukast
(100 nmol/L), and zafirlukast (100 nmol/L) were used to treat TH2
cells before treatment with 100 nmol/L LTD4 (Fig 2,C) to confirm
the identity of the CysLT-responsive receptor expressed by TH2
cells. All 3 CysLT1 antagonists almost completely inhibited cal-
cium mobilization, confirming that the calcium flux in response
to LTD4 by human TH2 cells is dependent on selective expression
of functional CysLT1.
CysLT1 is coupled to both Gai and Gaq G proteins in

human TH2 cells
TH2 cells were preincubated with the Gai inhibitor pertussis

toxin and treated with increasing concentrations of LTD4 to
further characterize the signaling mechanisms involved in
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FIG 1. TH2 cells selectively express CYSLTR1. A, Intracellular cytokine staining of human TH1 and TH2 cells.

Cells were either resting or activated for 4 hours with phorbol 12-myristate 13-acetate (5 ng/mL) and iono-

mycin (500 ng/mL). B and C, Real-time RT-PCR analysis of TH1 and TH2 cells for IFN-g and IL-5 (Fig 1, B) and
CYSLTR1 and CYSLTR2 (Fig 1, C).D, Time-course analysis of gene expression during TH1/TH2 differentiation

by using real-time RT-PCR. Data shown are representative of 5 experiments with different donors except Fig

1, B, C, and D, which show means 6 SEMs of 5 experiments. *P < .05, **P < .01, and ***P < .001, 2-way

ANOVA with Bonferroni post test. A, Activated; R, resting.
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CysLT-induced calcium flux (Fig 3, A). Pertussis toxin partially
inhibited calciummobilization in response to LTD4, with approx-
imately 50% inhibition of calcium flux at the highest LTD4 con-
centration, suggesting that CysLT1 is coupled to bothGai andGaq
G proteins in TH2 cells. To confirm a role for Gai in CysLT1 sig-
naling, we examinedwhether LTD4 could inhibit cAMP signaling
in TH2 cells. Treatment of TH2 cells with LTD4 alone did not in-
duce cAMP in a luminescence-based cAMP assay (Fig 3, B).
Treatment of TH2 cells with forskolin induced a robust increase
in cAMP levels, which was partially inhibited (approximately
50%) by LTD4 in a concentration-dependent manner (Fig 3, B).
Pretreatment of the cells with the CysLT1 selective antagonist
MK571 completely blocked the LTD4-dependent inhibition of
cAMP signaling, confirming that CysLT1 is partially coupled to
Gai in TH2 cells (Fig 3, C). Preincubation of TH2 cells with thap-
sigargin to deplete intracellular endoplasmic reticular calcium
stores completely inhibited calcium mobilization in response to
LTD4, and chelation of extracellular calciumwith EDTA partially
inhibited calcium flux (Fig 3, D). These data suggest that LTD4

signaling through CysLT1 activates store-operated calcium chan-
nels in TH2 cells.
LTD4 induces chemotaxis of human TH2 cells
CysLTshave previously been shown tobe chemotactic agents for

eosinophils, hematopoietic progenitor cells, andmonocytes.9-11 To
examinewhether LTD4 treatment causes chemotaxis of humanTH2
cells, we performed a Transwell-based chemotaxis assay.20 The
chemokine CXCL12 is strongly chemotactic for human lympho-
cytes22 and caused a robust chemotactic response in human TH2
cells (Fig 4). In contrast, CCL18, which has been reported to be se-
lectively chemotactic for human TH2 cells,

23 did not cause chemo-
taxis (Fig 4). This might be due to differences in polarization
protocols because in the previous study only a single round of
in vitro polarization was performed. LTD4 induced concentration-
dependent chemotaxis of human TH2 cells with a classical bell-
shaped curve (Fig 4). Maximal chemotaxis was observed at 3
nmol/LLTD4,which is very similar to themedian effective concen-
tration for LTD4 observed in the calcium mobilization studies.
DISCUSSION
The CysLTs are potent proinflammatory lipid mediators with a

major role in the pathogenesis of asthma, including bronchial
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forskolin to induce cAMP, and increasing concentrations of LTD4 in-

hibited cAMP generation. C, The CysLT1 antagonist MK571 blocks the

LTD4-mediated inhibition of cAMP response. Cells were treated with

100 nmol/L LTD4. D, Thapsigargin (THP)–mediated inhibition and

EDTA-mediated partial inhibition of calcium flux response to LTD4 in

TH2 cells. All data are expressed as mean 6 SEM percentages of maxi-

mum response to LTD4 or forskolin from 3 experiments with different

donors. Fig 3, B and D: **P < .01 and ***P < .001, 1-way ANOVA with

Tukey post test.
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constriction and cell trafficking. Recent studies have shown that
CysLTs also play a critical role in the development and ampli-
fication of antigen-specific TH2 cell–mediated inflammation, al-
though the mechanisms by which this occurs are not fully
elucidated.12 Several studies have implicated myeloid cells in
this process, with both dendritic cells13,14 andmonocytes11 recog-
nized as CysLT target cells. CysLTs have been shown to potenti-
ate dendritic cell functions, such as antigen presentation and
cytokine production, in 2 murine models of allergic airway dis-
ease.13,14 Moreover, the CysLT1 receptor antagonist pranlukast
was shown to inhibit antigen-dependent eosinophilic airway in-
flammation, mucus production, and airway hyperresponsiveness
in an inhalation model of allergic airways disease.13We have pre-
viously shown that human monocytes are activated by LTD4,
which induces expression of several immediate early genes and
causes chemotaxis.11
Here we show, for the first time, that human TH2 cells selec-
tively express CYSLTR1 mRNA with 6.5-fold higher expres-
sion than human TH1 cells (Fig 1, C). We found no evidence
for expression of the other known CysLT receptors, CYSLTR2,
GPR17, or P2RY12, in T cells. TH2 cells selectively responded
to CysLTs through calcium signaling in a rank order that re-
sembled, to some extent, previous work on CysLT1, with
LTD4 being most potent, followed by LTC4 and LTE4
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(Fig 2, B). Calcium flux in response to LTD4 was completely
inhibited by treatment with the CysLT1 selective receptor an-
tagonists MK571, montelukast, or zafirlukast (Fig 2, C). These
results demonstrate that the selective expression of mRNA for
CYSLTR1 observed in TH2 cells results in functional CysLT1

expression. CYSLTR1 mRNA was significantly downregulated
by acute activation of TH2 cells (Fig 1, C), and activated
TH2 cells were unresponsive to LTD4 in calcium flux assays
(data not shown), suggesting that T-cell activation might cause
heterologous desensitization of CysLT1 in T cells. This is a
common feature of several G protein–coupled receptor in T
cells, most notably the chemokine receptors, and it suggests
that activated T cells have an altered chemotactic potential.24

Treatment of TH2 cells with the Gai selective inhibitor pertus-
sis toxin resulted in a 50% inhibition of calcium mobilization,
suggesting that CysLT1 was partially coupled to Gai in TH2
cells (Fig 3, A). Gai G protein–coupled receptors can inhibit
increases in intracellular cAMP levels. Treatment of TH2 cells
with LTD4 partially (50%) inhibited forskolin-induced cAMP
generation (Fig 3, B). The LTD4-dependent inhibition of
cAMP signaling could be completely blocked by MK571,
demonstrating that it is CysLT1 dependent (Fig 3, C). Further-
more, LTD4-induced calcium mobilization is dependent on
store-operated calcium channels because it is completely in-
hibited by thapsigargin (Fig 3, D). Collectively, these data
suggest that CysLT1 is coupled to both Gai and Gaq G proteins
in TH2 cells. We have also shown that LTD4 is chemotactic
for human TH2 cells (Fig 4). The peak of migration was ob-
served at 3 nmol/L, with a classical bell-shaped dose-response
curve.

A limited number of previous studies have suggested that
CysLT1 might be expressed by T cells.25-27 Prinz et al25 showed
that murine T cells expressing a mutant version of the linker for
activation of T-cells (LAT) adaptor molecule express Cysltr1
and chemotax in response to LTD4. Early et al26 showed that
short-term treatment with IL-4 caused an increase in CYSLTR1
mRNA in T cells. Sharma et al27 recently found evidence for
upregulation of Cysltr1 mRNA in T cells in a compound mu-
rine mutant in which the IL2 gene was deleted in a forkhead
box protein 3 mutant strain. However, to our knowledge, the
data presented here are the first report of T cell subset–specific
expression of any CysLT receptor, and the results strongly sug-
gest that the TH2 cell should be considered a CysLT target cell.
Because LTD4-mediated effects on TH2 cells are sensitive to in-
hibition by the CysLT1 receptor antagonists MK571, montelu-
kast, and zafirlukast, TH2 cells might be a previously
overlooked target of these clinically efficacious drugs. The im-
portance of CysLTs in the development of TH2 inflammation in
the lung has been demonstrated in murine models of allergic
airways disease through both genetic deletion of the LTC4 syn-
thase gene12 and pharmacologic blockade with CysLT1 receptor
antagonists.28 Although the mechanisms by which CysLTs
function in these systems are unclear, it is tempting to speculate
that a direct role in TH2 cell activation or migration might be
involved. Further in vivo studies in animal models with condi-
tional deletion of CYSLTR1 in T cells will be required to fully
characterize the relative importance of CysLT1 expression on
TH2 cell function during asthma pathogenesis.

It has been clear for many years that there are several
subphenotypes of allergic asthmatic patients in the population.
Since they were first introduced into the clinic, it has been
recognized that the CysLT1 antagonists are effective in only a
subset of patients, although no mechanistic explanation of this
phenomenon has been identified.29 However, a recent study
has suggested that the ratio between urinary LTE4 and exhaled
nitric oxide levels can have some predictive benefit in identify-
ing children who will respond to montelukast.30 Furthermore,
novel approaches to endotyping and phenotyping have begun
to allow stratification of patients into different groups.31-33

A striking example of this is the recent demonstration that asth-
matic patients can be stratified into 2 groups based on the level
of periostin in the peripheral blood.34 Periostin has been identi-
fied as a gene expressed by bronchial epithelial cells in response
to IL-13.33 The authors contend that the periostin level in blood
is a clinically useful method to discriminate patients with clas-
sical TH2-driven allergic asthma and patients who do not have
such inflammation. In an elegant study they demonstrate that
anti–IL-13 might have some benefit in patients with high peri-
ostin levels.34 In light of our identification of a role for CysLT1

in TH2 cell function, it would be very interesting to examine the
effect of CysLT1 antagonists in a similarly stratified patient
group.

In conclusion, we have shown that human TH2 cells express
functional CysLT1 and that LTD4 causes chemotaxis of TH2 cells.
These findings suggest a possible explanation for the role of
CysLTs in the development or amplification of allergic disease
and provide insight into potential mechanisms of action of CysLT
receptor antagonists in asthmatic subjects.
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Key messages

d Human TH2 cells selectively express CYSLTR1 mRNA.

d Functional analysis shows that TH2 cells respond to
CysLTs.

d LTD4 is chemotactic for TH2 cells.
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