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Leukotriene D4 induces gene expression in
human monocytes through cysteinyl
leukotriene type I receptor
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Background: Cysteinyl leukotrienes (CysLTs) are important

mediators of innate immune responsiveness and chronic

inflammatory diseases. CysLTs acting through CysLT receptors

can influence the migration and activity of cells, such as

eosinophils, monocytes, and dendritic cells.

Objective: We sought to determine the gene expression

signature of human monocytes in response to CysLTs and to

elucidate the signaling pathways involved in monocyte

activation.

Methods: Gene expression was analyzed by using

oligonucleotide microarrays. Responsiveness to CysLTs was

assessed by using real-time PCR, calcium flux, kinase

activation, and chemotaxis assays.

Results: CysLT type 1 receptor (CysLTR1) transcript 1 is

predominantly expressed in human monocytes, and CysLTs

signal through CysLTR1 in these cells. Several immediate-early

genes, including early growth response 2 and 3, FBJ murine

osteosarcoma viral oncogene homolog B, activating

transcription factor 3, and nuclear receptor subfamily 4 were

significantly induced by leukotriene (LT) D4. This effect was

mediated by CysLTR1 coupled to the G protein a inhibitory

subunit, activation of phospholipase C, and inositol-1,4,5-

triphosphate and store-operated calcium channels. LTD4

induced p38 mitogen-activated protein kinase phosphorylation,

a pathway also involved in the regulation of immediate-early

gene expression in monocytes. LTD4 stimulated monocyte

chemotactic activity that was fully blocked by a selective

CysLTR1 inhibitor, MK571, and pertussis toxin, suggesting that

CysLTR1 coupled to the G protein a inhibitory subunit is a

dominant functional pathway in human monocytes.

Conclusion: Our data show that CysLTs acting through

CysLTR1 can significantly influence the activation and

migration of human monocytes and that these effects can be

fully inhibited by CysLTR1 antagonists.
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Clinical implications: Antileukotriene therapies are likely to

significantly block the proinflammatory functions of human

monocytes. (J Allergy Clin Immunol nnnn;nnn:nnn-nnn.)
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Circulating monocytes have long been recognized as a
heterogeneous population that gives rise to macrophages,
dendritic cells, osteoclasts, and endothelial cell progeni-
tors.1,2 Monocytes, once released from bone marrow, are
only transiently present in the circulation because they
disperse to different tissues to complete their differentia-
tion into these disparate cell types. Monocytes have been
mainly viewed as a pool of precursor cells for tissue mac-
rophages and dendritic cells that do not participate directly
in immune responsiveness. However, a recent study in
mice demonstrated that monocytes can process antigen
in the bone marrow and effectively present it later in
lymph nodes, suggesting their direct involvement in the
immune response to antigens.3

Cysteinyl leukotrienes (CysLTs; leukotriene [LT] C4,
LTD4, and LTE4) are lipid mediators derived from arachi-
donic acid through the 5-lipoxygenase pathway that are in-
volved in pathogenesis of a variety of chronic inflammatory
disorders, including bronchial asthma, allergic rhinitis, pul-
monary fibrosis, and atherosclerosis.4,5 The biologic actions
of CysLTs can be mediated through 3 known G protein–
coupled receptors: the CysLT type 1 (CysLTR1)6 and
type 2 (CysLTR2)7 receptors and the recently described re-
ceptor GPR17.8 CysLTs have been recognized primarily as
mediators involved in the development of phenotypes char-
acteristic for bronchial asthma, such as bronchoconstric-
tion, mucus secretion, and bronchial hyperresponsiveness.9

They are also believed to play an important role in cell traf-
ficking and innate immune responses. CysLTs are potent
chemoattractants for eosinophils10 and CD341 hemato-
poetic progenitor cells.11 CysLTs also promote migration
of monocyte-derived dendritic cells in response to
CCL19.12 It has been shown in a murine model of pulmo-
nary inflammation that CysLTs were required not only
for antigen-induced eosinophil infiltration, goblet cell hy-
perplasia, and mucus hypersecretion but also for an initia-
tion and amplification of antigen-specific TH2-dependent
1
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Abbreviations used

CysLT:
 Cysteinyl leukotriene
CysLTR1:
 Cysteinyl leukotriene type 1 receptor
CysLTR2:
 Cysteinyl leukotriene type 2 receptor
EGR:
 Early growth response
EGTA:
 Ethyleneglycol-bis-(b-aminoethylether)-

N,N,N9,N9-tetraacetic acid
ERK:
 Extracellular signal-regulated kinase
FOSB:
 FBJ murine osteosarcoma viral oncogene

homolog B
Gai/o:
 G protein a inhibitory subunit
HUVEC:
 Human umbilical vein endothelial cell
IP3:
 Inositol-1,4,5-triphosphate
LT:
 Leukotriene
MAPK:
 Mitogen-activated protein kinase
NF:
 Nuclear factor
inflammatory responses.13 These effects suggest an im-
portant role for CysLTs in the regulation of adaptive
immune responses, probably through dendritic cells.
Interestingly, it has been shown that monocyte-derived
dendritic cells require for differentiation multidrug resis-
tance protein 1 (ABCC1) transporter activity, which
actively transports LTC4 out of the cell.14 Similarly, the
activity of both ABCC1 and CysLTs was crucial for
CCL19-induced migration of dendritic cells to lymph
nodes in vivo in a murine model.15 In asthmatic patients
peripheral blood dendritic cells migrate into the bronchial
mucosa during allergic inflammation,16 and pretreatment
with the antileukotriene drug pranlukast significantly
attenuates allergen-induced airways responses and alters
circulating dendritic cells.17 Altogether, it seems plausible
that CysLTs can play a significant role in monocyte and
monocyte-derived dendritic cell migration and differenti-
ation and thereby participate in key aspects of the immune
response.

However, very little is known about CysLT-induced
effects and signaling in monocytes, especially human
monocytes. mRNA of both CysLTR1 and CysLTR2 has
been detected in human monocytes, and it was reported
that LTD4 can induce intracellular calcium flux and che-
motactic activity through CysLTR1 in peripheral blood
monocytes.12,18 Nonetheless, the signal transduction path-
ways used by CysLTR1 and other CysLT receptors, as
well as the precise role in the immune response of human
monocytes, has not been fully addressed. Here we exam-
ined the gene signature response of human monocytes ex-
posed to CysLTs and elucidated the signaling pathways
involved in monocyte activation in relation to the expres-
sion of CysLT receptors.
METHODS

Materials

LTC4, LTD4, LTE4, and MK571 (Cayman Chemical, Ann Arbor,

Mich); pertussis toxin (Biomol, Plymouth Meeting, Pa); 2APB,

U73122, SB203580, SB202190, PD98059, U0126, ethyleneglycol-
bis-(b-aminoethylether)-N,N,N9,N9-tetraacetic acid (EGTA), and

BAPTA/AM (EMD Biosciences, San Diego, Calif); anti-phospho-

p38 mitogen-activated protein kinase (MAPK), anti-phospho-p44/

42 MAPK, anti-p38 MAPK, and anti-p44/42 MAPK antibodies

(Cell Signaling, Danvers, Mass); anti-b actin antibody (Sigma-

Aldrich, St Louis, Mo); and peroxidase-conjugated anti-rabbit anti-

bodies (Jackson Immunoresearch, West Grove, Pa) were obtained

from the manufacturers.

Cell culture

Human elutriated monocytes from healthy donors were obtained

by using an institutional review board–approved protocol from the

National Institutes of Health Blood Bank (Bethesda, Md), resuspended

in RPMI 1640 medium supplemented with 10% heat-inactivated FBS

(Invitrogen, Carlsbad, Calif), and 2 mmol/L L-glutamine (Invitrogen)

and allowed to rest overnight before experiments. More than 95% of

cells were CD141, as determined by means of flow cytometry with flu-

orescein isothiocyanate–labeled anti-human CD14 (BD Biosciences,

San Jose, Calif) with a FACScan flow cytometer (BD Biosciences).

Human embryonic kidney (HEK293) cells (ATCC, Manassas, Va)

were cultured in Dulbecco’s modified Eagle’s medium (Invitrogen)

supplemented with 10% FBS.

Microarray analysis

Microarray gene expression was performed on total RNA

extracted from monocytes by using Affymetrix HG U133 plus 2.0

arrays, according to the manufacturer’s protocols (Affymetrix, Santa

Clara, Calif), and described in detail in the Methods section of the

Online Repository at www.jacionline.org. Raw and processed data

were submitted to National Center for Biotechnology Information

Gene Expression Omnibus database (accession no. GSE7807).

Real-time PCR

The methods for real-time TaqMan PCR assay and primers and

probes sequences are described in the Methods section of this article’s

Online Repository at www.jacionline.org.

Calcium mobilization assay

Calcium mobilization experiments were conducted with a FLIPR

Calcium 3 assay kit (Molecular Devices, Sunnyvale, Calif), accord-

ing to the manufacturer’s instructions. Monocytes (2 3 105 cells per

well) were plated into poly-L–lysine–coated 96-well plates and in-

cubated in RPMI 1640 supplemented with 10 mmol/L HEPES and

FLIPR 3 assay reagent. After incubation for 1 hour at 378C, fluores-

cence was measured every 4 seconds by using the FlexStation

(Molecular Devices).

HEK293 cells were grown in 75-cm2 flasks and transfected with

empty pcDNA 3.1 vector or CysLTR1 or CysLTR2 expression

vectors (UMR cDNA Resource Center, Rolla, Mo) by using

Lipofectamine 2000 (Invitrogen) in serum free medium (Opti-

MEM I, Invitrogen), transferred to poly-L-lysine–coated 96-well

plates after 24 hours, and used for calcium mobilization experiments

after another 24 hours of incubation.

Immunoblotting

The methods for immunoblotting are described in the Methods

section of this article’s Online Repository at www.jacionline.org.

Chemotaxis assay

Chemotaxis experiments were performed by using a modified

Boyden chamber (Neuro Probe, Gaithersburg, Md). Elutriated mon-

ocytes were washed and resuspended in RPMI supplemented with 10

mmol/L HEPES, 2 mmol/L L-glutamine, and 1% BSA (Sigma).

Chemoattractants were resuspended in the same medium and added
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TABLE I. Genes upregulated by LTD4 in human monocytes

Microarray (fold change) TaqMan (fold change)

Donor 1 Donor 2 Donor 3 Donor 4 Mean (6 SD) Mean (6 SD)

FOSB 6.17 2.34 6.17 5.75 5.11 (1.85) 19.95 (13.61)

EGR2 1.62 2.29 5.62 6.92 4.11 (2.56) 9.57 (4.81)

RASGEF1B 5.59 1.23 2.51 3.39 3.25 (1.97) —

NR4A2 2.24 2.04 2.19 3.47 2.48 (0.66) 2.67 (0.90)

ATF3 2.51 2.19 1.95 2.88 2.38 (0.41) 2.75 (1.13)

TSC22D3 3.02 1.48 2.09 2.57 2.29 (0.66) —

EGR3 1.20 2.00 2.00 3.89 2.27 (1.14) 5.47 (3.79)

Cells were stimulated with LTD4 (100 nmol/L) for 30 minutes and analyzed as described in the Methods section. FOSB, FBJ murine osteosarcoma viral

oncogene homolog B; EGR, early growth response; RASGEF1B, RasGEF domain family member 1B; NR4A2, nuclear receptor subfamily 4,

group A, member 2; ATF3, activating transcription factor 3; TSC22D3, TSC22 domain family, member 3.
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to the lower wells. Controls wells received medium without chemo-

attractant. Monocytes (7.5 3 104) were added to the upper wells and

separated by using a polycarbonate filter with 5-mm pores (Neuro

Probe). The number of cells that migrated to the lower surface of

the filter was counted after 2 hours’ incubation.

Statistical analysis

Data were analyzed by means of 1-way ANOVA or paired and

unpaired Student t tests, as appropriate. Differences were considered

significant at a P value of less than .05.
FIG 1. LTD4 induces EGR2 and FOSB genes in a time-dependent

fashion. Monocytes were stimulated with LTD4 (100 nmol/L) for

up to 4 hours, and mRNA expression was measured by means of

TaqMan analysis. Data are presented as a fold change in compar-

ison with vehicle (ethanol)–treated cells. Mean 6 SD; n 5 3.
RESULTS

LTD4 induces gene expression in
human monocytes

Elutriated monocytes from 4 healthy donors were
stimulated with 100 nmol/L LTD4 for 30 minutes and
analyzed with microarrays to determine whether CysLTs
induce gene expression in human monocytes. Because
of variability in response to LTD4 among studied donors,
a 2-fold increase in expression observed in at least 3 of
4 donors was used to identify regulated genes. LTD4

induced 7 genes belonging to families of transcription fac-
tors and signaling molecules at 30 minutes (Table I). The
expression of 5 identified genes was studied by using real-
time PCR in 3 additional donors to verify the microarray
results (Table I). As expected, the expression of all studied
genes was upregulated by LTD4 stimulation, with higher
changes observed in real-time PCR than in microarray ex-
periments. The 2 most highly upregulated genes were an-
alyzed for transcript kinetics by using real-time PCR to
further verify the pattern of gene upregulation induced
by LTD4. LTD4 induced a significant increase in the
mRNA levels of FBJ murine osteosarcoma viral oncogene
homolog B (FOSB) and Egr2 in a time-dependent fashion,
with the highest increase observed between 30 and 60
minutes and returning to baseline after 2 hours (Fig 1).

Human monocytes express mainly
CysLTR1 transcript 1

The steady-state levels of mRNA for 3 known CysLT
receptors were measured in elutriated monocytes to
define receptors responsible for LTD4-induced gene
expression. In addition, the expression of 2 known alterna-
tively spliced transcripts for CysLTR1 was analyzed.
CysLTR1 mRNA (mean cycle, 26.84 6 0.11) was the
most highly expressed, followed by 16-fold lower levels
of CysLTR2 mRNA (mean cycle, 30.78 6 0.12), with
nondetectable levels of mRNA for GPR17. Both alterna-
tive splice variants for CysLTR1 were found in mono-
cytes, with a dominant expression of CysLTR1 transcript
1 (mean cycle, 27.16 6 0.15) and more than 40-fold lower
expression of CysLTR1 transcript 2 (mean cycle, 32.64 6

0.26). Because both alternative CysLTR1 transcripts en-
code the same protein, CysLTR1 seems to be the dominant
CysLT receptor expressed in human monocytes, as deter-
mined by means of mRNA analysis.

CysLT-induced calcium flux in monocytes
resembles CysLTR1 activation

CysLTs acting through their receptors induce intracel-
lular calcium flux in monocytes. Elutriated monocytes
were stimulated with different concentrations of LTC4,
LTD4, and LTE4, and intracellular calcium responses
were measured to define the pattern of calcium signaling
in response to CysLTs (Fig 2, A). All 3 CysLTs induced
calcium mobilization, with LTD4 showing the highest po-
tency, followed by LTC4 and LTE4. Because the pattern of
calcium mobilization induced by CysLTs resembled sig-
naling characteristic for CysLTR1 only (LTD4 > LTC4



FIG 2. Calcium mobilization responses to CysLTs. Monocytes (A)

and CysLTR1-transfected HEK293 cells (B) were prepared and cal-

cium release was measured as indicated in the Methods section.

Data are presented as means from 2 separate experiments per-

formed in triplicate. Empty pcDNA-transfected HEK293 cells trea-

ted with different concentrations of LTD4 were used as controls.

FIG 3. Characterization of calcium mobilization responses to LTD4

in monocytes. Elutriated monocytes were prepared and calcium

release was measured as indicated in the Methods section. Cells

were preincubated with inhibitors or vehicle control as indicated

in the Results section and stimulated with LTD4 (100 nmol/L).

Data from one of 3 experiments from 3 donors, each with similar

results, are shown.
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> LTE4), calcium flux was also measured in HEK293 cells
transiently transfected with a human CysLTR1 expression
construct for comparison (Fig 2, B). HEK293 cells trans-
fected with empty vector did not respond to leukotrienes.
CysLTR1-transfected HEK293 cells showed a pattern of
calcium mobilization (LTD4 > LTC4 > LTE4) similar to
the pattern observed in human monocytes. HEK293 cells
transfected with human CysLTR2 expression construct
showed equal potency of LTD4- and LTC4-induced cal-
cium flux (data not shown).

LTD4 induces calcium flux through G protein
a inhibitory subunit–coupled CysLTR1

in monocytes

To fully characterize CysLT-induced intracellular
calcium mobilization in monocytes, elutriated monocytes
were preincubated with the CysLTR1 antagonist MK571
(100 nmol/L) for 10 minutes, with the G protein a inhib-
itory subunit (Gai/o) inhibitor pertussis toxin (100 ng/mL)
overnight, with the inositol-1,4,5-triphosphate (IP3) recep-
tor inhibitor 2APB (50 mmol/L) for 10 minutes, with the
phospholipase C inhibitor U73122 (2 mmol/L) for 10 min-
utes, with the extracellular calcium-chelating agent EGTA
(5 mmol/L) for 30 minutes, with the intracellular calcium-
chelating agent BAPTA/AM (30 mmol/L) for 30 minutes,
with thapsigargin (1 mmol/L) for 30 minutes to deplete
endoplasmic reticular calcium stores, or with the plasma
membrane channels inhibitor (L-type) verapamil (25
mmol/L) for 30 minutes and then stimulated with LTD4

(100 nmol/L; Fig 3). Calcium mobilization was fully
inhibited by preincubation with MK571, pertussis toxin,
2APB, and U73122, suggesting that calcium flux was in-
duced by CysLTR1 coupled to Gai/o, followed by activa-
tion of phospholipase C and IP3 signaling. Interestingly,
both extracellular and intracellular calcium were required
for LTD4-induced signaling because EGTA and BAPTA/
AM preincubation inhibited calcium mobilization. Because
calcium mobilization was inhibited also by means of
preincubation with thapsigargin, but not with verapa-
mil, these data point to store-operated calcium-channel
activation by LTD4 stimulation.

LTD4 activates p38 MAPK in monocytes

To analyze whether CysLTs can activate MAPK path-
ways in monocytes, cells were incubated overnight in
medium with a reduced amount of FBS (RPMI 1640 plus
2% FBS) and stimulated with LTD4 (100 nmol/L), and the
phosphorylation of p44/42 and p38 MAPKs was mea-
sured (Fig 4, A). LTD4 induced phosphorylation of p38
MAPK in a time-dependent fashion, with maximum effect



FIG 4. The effect of LTD4 on MAPK activation. Monocytes were

stimulated with LTD4 (100 nmol/L) for different times, and phos-

phorylation of p44/42 and p38 was measured (A). Cells were prein-

cubated with MK571 (100 nmol/L) for 10 minutes and stimulated

with LTD4 (100 nmol/L) for 10 minutes (B). Data are representative

of 3 independent experiments.
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observed after 10 minutes, but it did not induce detectable
p44/42 kinase phosphorylation. LTD4 induction of p38
phosphorylation acted through CysLTR1, an effect fully
inhibited by preincubation with MK571 (Fig 4, B).

LTD4-induced gene expression requires
CysLTR1-mediated calcium release and
MAPK activation

To further characterize LTD4-induced gene expression,
elutriated monocytes were preincubated with MK571
(100 nmol/L for 10 minutes), pertussis toxin (100 ng/mL
overnight), 2APB (50 mmol/L for 10 minutes), the p38
MAPK inhibitor SB203580 (5 mmol/L for 30 minutes),
the p44/42 MAPK inhibitor PD98059 (10 mmol/L for 30
minutes), and the intracellular calcium-chelating agent
BAPTA/AM (30 mmol/L for 30 minutes), followed by
stimulation with LTD4 for 30 minutes. All tested inhibi-
tors significantly inhibited LTD4-induced gene expression
(Fig 5, A and B). In addition, other p38 (SB202190) and
p44/42 (U0126) MAPK pathway inhibitors also inhibited
Egr2 and FOSB expression in a concentration-dependent
fashion (Fig 5, C and D). Similarly, NR4A2, activating
transcription factor 3, and Egr3 gene expression was in-
hibited by p38, p44/42, and calcium flux inhibitors (data
not shown). These data suggest that in human monocytes
LTD4 activates CysLTR1 coupled to Gai/o, which subse-
quently signals through calcium release and MAPK path-
ways to regulate gene expression.

LTD4 induces chemotaxis of monocytes
through Gai/o-coupled CysLTR1

Human elutriated monocytes showed a significant
concentration-dependent chemotactic activity in response
to LTD4 (Fig 6, A). Migration was fully inhibited by pre-
treatment of cells with MK571 and pertussis toxin and par-
tially by pretreatment with p38 inhibitors (SB203580 and
SB202190) and p44/42 pathway inhibitors (PD98059 and
U0126; Fig 6, B), suggesting that CysLTR1 coupled to
Gai/o and MAPK signaling were essential for chemotaxis
in response to LTD4.
DISCUSSION

CysLTs are proinflammatory mediators that play an
important role in the pathogenesis of allergic diseases. The
role of monocytes in allergy and allergic diseases is not
well understood. Monocytes are a heterogeneous popula-
tion of cells that, after activation and differentiation,
can participate in many pathways of innate and adaptive
immune responsiveness. We have shown here that
CysLTs can directly influence the activation and function
of human monocytes. LTD4 activates monocyte expres-
sion of immediate-early genes. The expression of mRNA
for transcriptional regulators, such as FOSB, EGR2, EGR3,
NR4A2, and TSC22D3, was quickly induced. Expres-
sion of EGR2 and FOSB reached a maximum between
30 and 60 minutes. A 30-minute time point was se-
lected for the microarray study to detect genes that
were directly regulated by LTD4 and by this to define
a gene signature that could be specific for CysLT sig-
naling. To our knowledge, this is the first study analyz-
ing the gene expression profile pattern associated with
CysLTR1 signaling in human primary cells.

The only other comparable microarray data come from
a study using human umbilical vein endothelial cells
(HUVECs),19 in which 37 genes were induced after 60
minutes of stimulation with LTD4. Notably, the same fam-
ilies of transcription factors upregulated in our study
(EGR, activating transcription factor, and NR) were also
induced by LTD4 in endothelial cells. HUVECs express
only CysLTR2, coupled to Gaq/11, and thus the LTD4-
induced gene signature observed in these cells can be
assigned to CysLTR2 signaling. In contrast, our data sug-
gest that human monocytes signal mainly through
CysLTR1 coupled to Gai/o in response to LTD4 stimula-
tion. These data suggest that apart from differences in cou-
pling to different G proteins by CysLTR1 and CysLTR2,
both receptors can induce the early expression of similar
transcription factors. However, there were also some dif-
ferences in gene signatures induced by both receptors.
In monocytes we observed an induction of FOSB and
TSC22D3, transcription factors that were not upregulated
in HUVECs. In addition, EGR1, a gene potently induced
by CysLTR2 signaling, was not changed in our study.
These differences could be a result of signaling in different
cell types, but they also could reflect the existence of diver-
gent pathways that are used by CysLTR1 and CysLTR2.

Several genes induced by LTD4 in monocytes in our
study have been shown to be involved in the regulation
of inflammatory processes. Interestingly, Egr genes
seem to play an important role in monocytic differentia-
tion and activation,20 suggesting that CysLT stimulation
might potentially influence monocyte functions in vivo.
FOSB is a member of the Fos family (c-Fos, FOSB,



FIG 5. Characterization of the pathway leading to LTD4-induced EGR2 and FOSB mRNA upregulation. Mono-

cytes were preincubated with MK571 (MK; 100 nmol/L for 10 minutes), pertussis toxin (PTX; 100 ng/mL over-

night), 2APB (50 mmol/L for 10 minutes), SB203580 (SB35; 5 mmol/L for 30 minutes), PD98059 (PD; 10 mmol/L

for 30 minutes), BAPTA/AM (30 mmol/L for 30 minutes) (A and B) or with different concentrations of SB202190

(in micromoles per liter; 30 minutes) and U0126 (in micromoles per liter; 30 minutes) stimulated with LTD4

(100 nmol/L) for 30 minutes (C and D) and subjected to TaqMan analysis. Data are shown as a fold change

in comparison with control vehicle-treated cells or expressed as the percentage of fold change induced by

LTD4. Mean 6 SD; n 5 6 to 9. All inhibitors significantly inhibited LTD4-induced gene expression (P < .001

in comparison with LTD4 only–treated cells by using the Student t test).
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Fra-1, and Fra-2), which combines with Jun family mem-
bers (c-Jun, JunB, and Jun D) to form activator protein 1, a
transcription factor with very potent proinflammatory ef-
fects. In a recent study Thompson et al21 showed that in
HEK293 cells stably transfected with CysLTR1, stimula-
tion with LTD4 induced IL-8 gene expression through ac-
tivation of c-Jun/c-Fos complex and nuclear factor (NF)
kB. However, we did not see any changes in the mRNA
expression of genes related to NF-kB and c-Jun/c-Fos in
human monocytes. This could underline the importance
of studying CysLT signaling in primary human cells
because artificially created models might demonstrate dif-
ferent signaling capacities. Another possibility exists that
transcription factors induced by CysLTs might regulate
gene expression indirectly through interactions with other
transcription factors or that LTD4 might induce posttrans-
lational modifications. This type of relationship was dem-
onstrated in the case of EGR proteins, which, by means of
interaction with NF-kB p50 and p65, control transcription
of genes encoding inflammatory cytokines.22

According to our data, CysLTR1 seems to be the dom-
inant CysLT receptor present in human monocytes. We
previously showed that in human PBMCs 2 alternative
splice variants of CysLTR1 can be detected.23 Analysis
of mRNA expression showed that CysLTR1 transcript
1 is the major transcript detected in monocytes, with
20- to 40-fold higher levels than CysLTR1 transcript 2 and
CysLTR2. Also, functional data point to CysLTR1 signal-
ing as the major pathway in response to CysLTs because
calcium signaling, gene expression, activation of p38
MAPK, and monocyte chemotaxis all were inhibited by
the selective CysLTR1 inhibitor MK571. In addition,
the same potency of CysLT calcium signaling (LTD4 >
LTC4 > LTE4) in monocytes and in CysLTR1-transfected
HEK293 cells strongly suggests that only CysLTR1 is
functional in human monocytes. In HUVECs and in artifi-
cial systems, CysLTR2 has been shown to couple to Gaq/

11 and subsequently signal through phospholipase C and
calcium mobilization.7,24 Because the effects induced by
CysLTs in monocytes were inhibited by MK571, as well
as by pertussis toxin (Gai/o signaling inhibitor), it is rather
improbable that CysLTR2 is functional in these cells.

In this study we provide evidence that in human
monocytes LTD4 stimulates CysLTR1 coupled to pertus-
sis toxin–sensitive Gai/o, causing intracellular calcium
mobilization, gene expression, and chemotaxis. The range
of specific inhibitors used allows us to define this pathway
as follows: stimulation of CysLTR1 by LTD4 activates
Gai/o, which then activates phospholipase C and IP3 gen-
eration and leads to activation of store-operated calcium
channels. Both intracellular and extracellular calcium
ions are required to activate gene transcription. In



FIG 6. Chemotactic responses of monocytes to LTD4. A, Chemotac-

tic activity of monocytes to different concentrations of LTD4 or

CCL2 (5 nmol/L) as a positive control (Con) was measured as de-

scribed in the Methods section. LTD4 induces chemotaxis of mon-

ocytes in a dose-dependent manner (*P < .001, ANOVA). B, Cells

were preincubated with MK571 (MK; 100 nmol/L for 10 minutes),

pertussis toxin (PTX; 100 ng/mL overnight), SB203580 (SB35; 5

mmol/L for 30 minutes), SB202190 (SB21; 1 mmol/L for 30 minutes),

PD98059 (PD; 10 mmol/L for 30 minutes), and U0126 (10 mmol/L for

30 minutes) and stimulated with LTD4 (100 nmol/L). Data from 3 dif-

ferent donors are presented as the migration index in comparison

with vehicle control or percentage of migration index induced by

LTD4 (mean 6 SD).
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addition, LTD4 stimulation activates the p38 and probably
the p44/42 MAPK pathways, which also are required for
gene expression regulation. However, we were unable to
detect p44/42 phosphorylation in LTD4-stimulated mono-
cytes. It is possible that p44/42 is weakly phosphorylated
by LTD4 in monocytes at a level not detectable by using
standard methods, that p44/42 is phosphorylated at a dif-
ferent time point, or that LTD4 activates other pathways
than p38 and p44/42 MAPK. Interestingly, it has been
suggested that both PD98059 and U0126, apart from
inhibiting the p44/42 pathway, can inhibit extracellular
signal-regulated kinase (ERK) 5 MAPK at micromolar
concentrations.25

The CysLTR1 signaling pathway defined here differs in
comparison to that described by others in THP-1 and U937
monocytic cell lines.26,27 In THP-1 cells it has been shown
that LTD4 has at least 2 distinct signaling pathways: a per-
tussis toxin–insensitive ERK kinase activation through
protein kinase C and a pertussis toxin–sensitive chemotac-
tic response. In U937 cells LTD4 activation of CysLTR1

leads to Ras activation and ERK phosphorylation, primar-
ily through signal transduction events that are dependent
on pertussis toxin–sensitive Gai/o protein, phospholipase
C, and calcium. However, calcium signaling was only par-
tially inhibited by pertussis toxin, suggesting simulta-
neous coupling to other G proteins. The important issue
raised by our study is that none of the described cell lines
reproduces LTD4 signaling events found in primary mon-
ocytes. Thus the results regarding CysLT signaling ob-
tained from monocytic cell lines and recombinant
models should be verified in primary cells before further
conclusions can be made. Interestingly, in cultured human
mast cells, it was shown that CysLTR1 signals through
a pertussis toxin–insensitive Gaq/11 pathway to ERK
phosphorylation.28 Collectively, these data show a very
complex picture of CysLT signaling pathways that is de-
pendent on cell type, model used, and phenotype
analyzed.

In conclusion, we have demonstrated that LTD4 acting
through CysLTR1 coupled to Gai/o activates in human
monocytes immediate-early gene expression, p38 MAPK
phosphorylation, and chemotactic responses. Because
CysLT antagonists can significantly influence allergen-in-
duced airway responses29,30 and dendritic cell migration17

in asthmatic subjects, it might be hypothesized that some
of the anti-inflammatory effects of currently used CysLT
antagonists are related to the inhibition of CysLT-induced
monocyte and peripheral blood dendritic cell activation,
differentiation, and migration.
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METHODS
Microarray analysis

Total RNA was extracted from elutriated monocytes by using

QIA Shredder columns and an RNeasy mini kit, treated with DNase

(Qiagen, Valencia, Calif), and quantitated with a NanoDrop spectropho-

tometer (BioLabNet, Great Falls, Va). RNA quality was assessed by using

a 1.2% agarose formaldehyde gel containing Sybr Green II (Molecular

Probes, Eugene, Ore), visualizing 18S and 28S ribosomal RNA bands.

cDNA was prepared according to Affymetrix methods, cleaned,

and used for the subsequent in vitro transcription reaction to prepare

biotin-labeled complementary RNA. The cRNA was cleaned, frag-

mented, and hybridized to Affymetrix HG U133 plus 2.0 arrays,

which were scanned with an Affymetrix 3000 scanner (Affymetrix,

Santa Clara, Calif). Gene expression was quantitated with GCOS

1.4. The results obtained were transferred to a central database for

storage and processing (National Institutes of Health LIMS and

GCOS Server, Affymetrix). Raw data and processed data were also

submitted to the National Center for Biotechnology Information

Gene Expression Omnibus database (accession no. GSE7807).

Affymetrix signal values from the GCOS 1.4 software were normal-

ized with an adaptive variance-stabilizing, quantile-normalizing

transformation (P. J. Munson, GeneLogic Workshop of Low Level

Analysis of Affymetrix GeneChip Data, 2001, software available at

http://abs.cit.nih.gov/geneexpression.html). The transform, termed

S10, is scaled to match the logarithm transform (base 10).

Real-time PCR

Total RNA was extracted from monocytes as above, and mRNA

expression for selected genes was measured by using real-time

PCR performed on an ABI Prism 7900 sequence detection system

(Applied Biosystems, Foster City, Calif) with the following com-
mercially available probe and primers sets (Applied Biosystems):

CysLTR1, Hs00272624_s1; CysLTR2, Hs00252658_s1; GPR17,

Hs00171137_m1; FOSB, Hs00171851_m1; EGR2, Hs00166165_m1;

EGR3, Hs00231780_m1; NR4A2, Hs00428691_m1; and activating

transcription factor 3, Hs00231069. For CysLTR1 transcript-specific

mRNA expression, the following primers and probes were used:

CysLTR1 transcript 1, 59AACGCAAAAGGACAGTAAACTGTG,

59ATCAATGCCTTTTACGGTGTAATATTAG, probe 59CCTTGAA

GTTAGCAGCGTGGGCTTCC; CysLTR1 transcript 2, 59AACGCAA

AAGGACAGTAAACTGTG, 59CTGTTTCATCCATGTTTCTCTA

CGA, probe 59CCTTGAAGTTAGCAGGCACAAAGCAGACA.

Reverse transcription and PCR were performed with an RT kit

and TaqMan Universal PCR master mix (Applied Biosystems), ac-

cording to the manufacturer’s directions. Relative gene expression

was normalized to glyceraldehyde-3-phosphate dehydrogenase tran-

scripts and calculated as a fold change compared with control values.

Immunoblotting

Cells were collected into a buffer containing 50 mmol/L HEPES,

0.25% Triton X-100, and Complete Mini protease inhibitor cocktail

(Roche, Nutley, NJ) and sonicated. Proteins (30 mg) were separated

on 10% SDS Tris-glycine gel (Invitrogen), transferred to membranes,

blocked with ECL Advance blocking agent (Amersham Biosciences,

Pittsburg, Pa), and incubated with primary antibodies overnight at

48C (1:1000 dilution), followed by the appropriate peroxidase-

conjugated secondary antibodies for 1 hour at room temperature.

The membranes were developed by using an ECL Advance Western

Blotting Detection kit (Amersham Biosciences) and analyzed with

the Image Station 440 (Eastman Kodak, Rochester, NY). For control

b actin, antibodies were stripped from membranes with Blot Fresh

Stripping Reagent (SignaGen Laboratories, Gaithersburg, Md) and

developed as above.
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