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ABSTRACT
Herein, we investigated the involvement of the 5-LO-
derived lipid mediator LTB4 in �� T cell migration. When
injected into the i.pl. space of C57BL/6 mice, LTB4 trig-
gered �� T lymphocyte mobilization in vivo, a phenome-
non also observed in in vitro chemotaxis assays. The
i.pl. injection of Escherichia coli endotoxin (LPS) trig-
gered increased levels of LTB4 in pleural cavities. The
in vivo inhibition of LTB4 biosynthesis by the 5-LO in-
hibitor zileuton or the FLAP inhibitor MK886 attenu-
ated LPS-induced �� T cell accumulation into pleural
cavities. Accordingly, 5-LO KO mice failed to recruit
�� T cells into the inflammatory site after i.pl. LPS. An-
tagonists of the high-affinity LTB4 receptor BLT1,
CP105,696, and LY292476 also attenuated LPS-in-
duced �� T cell accumulation in pleural cavities as well
as in vitro chemotaxis toward pleural washes obtained
from LPS-simulated mice. LTB4/BLT1 also accounted
for �� T cell migration induced by i.pl. administration of
Mycobacterium bovis BCG or antigen in sensitized
mice. BLT1 was expressed on naı̈ve, resident as well as
LPS-recruited �� T cells. Isolated �� T cells were found
to undergo F-actin cytoskeleton reorganization when
incubated with LTB4 in vitro, confirming that �� T lym-
phocytes can respond directly to LTB4. In addition to its
direct effect on �� T cells, LTB4 triggered their accumu-
lation indirectly, via modulation of CCL2 production in
mouse pleural cavities. These data show that �� T cell
migration into the pleural cavity of mice during diverse
inflammatory responses is dependent on LTB4/BLT1. J.
Leukoc. Biol. 87: 323–332; 2010.

Introduction
�� T lymphocytes are unconventional T cells that comprise a
minor subset of T cells in lymphoid organs and are instead

preferentially distributed in peripheral tissues, including lung
and pleura [1–3]. These cells recognize a broad spectrum of
nonpeptide antigens and play important roles in lung infec-
tions, exerting an early proinflammatory role followed by a
subsequent regulatory role in an attempt to restrain the in-
flammatory response [4]. �� T lymphocytes increase in num-
ber at inflammatory sites during infection and allergy [2, 5, 6],
a phenomenon mediated via migration toward chemotactic
factors [2, 7, 8] and/or local proliferation [9]. A mouse model
of pleural inflammation induced by i.pl. administration of
Escherichia coli endotoxin (LPS) is characterized by a massive
influx of T lymphocytes that accompanies eosinophil accumu-
lation [10, 11]. Among the T lymphocyte subsets present in
the pleural space of LPS-challenged mice are �� T lympho-
cytes, which are required for eosinophil tissue accumulation
and maintenance of inflammation [11].

LTB4 is a lipid mediator derived from the metabolism of
arachidonic acid by the enzyme 5-LO assisted by FLAP. It ex-
erts its actions by ligating two G protein-coupled receptors,
BLT1 and BLT2, with activation of downstream signaling
events. Among its many biological functions, it is best known
for its ability to stimulate leukocyte migration and activation
[12], but it also enhances phagocytic and killing activities and
expression of adhesion molecules in different leukocyte popu-
lations [13–18]. LTB4 levels are increased in the lungs during
numerous inflammatory conditions, including LPS exposure,
tuberculosis, and allergic responses [19–22]. Although LTB4 is
a potent chemoattractant for myeloid cells [23] and �� T lym-
phocytes via the BLT1 [24–26], its effects on �� T lymphocytes
are unknown.

In the present report, we show that LTB4 induces �� T lym-
phocyte migration in vitro and in vivo via BLT1, revealing an
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important role for this lipid mediator in the recruitment of
this lymphocyte subset into inflamed tissue in different murine
models of pleural inflammation.

MATERIALS AND METHODS

Animals
C57BL/6 mice (18–20 g) were provided by Oswaldo Cruz Foundation
Breeding Unit (Rio de Janeiro, Brazil) and bred at the Laboratory of Ap-
plied Pharmacology Experimental Animal Facility, Farmanguinhos (Funda-
ção Oswaldo Cruz). Breeders of 5-LO KO (129-Alox5tm1Fun) and strain-
matched WT sv129 mice were obtained from The Jackson Laboratory (Bar
Harbor, ME, USA) and bred at BioRio Foundation (Laboratory of Trans-
genic Animals, Universidade Federal do Rio de Janeiro, Rio de Janeiro,
Brazil). Mice were caged with free access to food and fresh water in a tem-
perature-controlled room (22–24°C) with a 12-h light/dark cycle until
used. All experimental procedures were performed according to The Com-
mittee on Ethical Use of Laboratory Animals of Fundação Oswaldo Cruz.

Antibodies and reagents
LPS (from E. coli serotype 0127:B8), chicken OVA grade V, PBS, RPMI
1640, EDTA, sodium azide, BSA, HEPES, HBSS, Histopaque 1077, goat
anti-mouse IgG, and NP-40 were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Aluminum hydroxide was purchased from EMS Sigma Pharma
(São Paulo, Brazil). FITC-conjugated hamster IgG1 anti-murine CD3 (145-
2C11), PerCP-conjugated hamster IgG1 anti-murine CD3 (145-2C11), PE-
conjugated hamster IgG2 anti-murine �� TCR (GL3), FITC-conjugated
hamster IgG2 anti-murine �� TCR (GL3) mAb, PerCP/PE/FITC-conju-
gated hamster IgG1 and IgG2, and goat IgG2a isotype controls were all
purchased from BD PharMingen (San Diego, CA, USA). Mouse-Alexa Fluor
647-conjugated goat IgG2a anti-BLT1 (202/7B1) was obtained from AbD
Serotec (Raleigh, NC, USA). MK886 (FLAP inhibitor) was obtained from
Merck-Frosst (Montreal, QC, Canada). CP105,696 (selective BLT1 antago-
nist) was obtained from Pfizer Laboratories (Groton, CT, USA). LY292476
(selective BLT1 antagonist) was obtained from Eli Lilly (Indianapolis, IN,
USA). Zileuton (5-LO inhibitor) was obtained from Abbott Laboratories
(Chicago, IL, USA). Carboxymethylcellulose was purchased from Merck
(Darmstadt, Germany). LTB4 and LTB4 EIA kits were purchased from Cay-
man Chemical (Ann Arbor, MI, USA). FBS was obtained from Hy-Clone
(Logan, UT, USA). BCG was kindly provided by Fundação Ataulfo de Paiva
(Rio de Janeiro, Brazil).

Pleurisy induction
Pleurisy was induced by an i.pl. injection of LTB4 (0.5 �g/cavity), LPS (250
ng/cavity), OVA (12.5 �g/cavity), or BCG (4�105 CFU/cavity), each di-
luted in sterile PBS to a final volume of 100 �l, via an adapted needle
(13�0.45 mm) carefully inserted at a depth of 1 mm into the right side of
the thoracic cavity of mice. Control groups received an i.pl. injection of
100 �l sterile PBS. LPS, LTB4, and BCG were injected in naive mice,
whereas OVA challenge was induced in mice 14 days after prior sensitiza-
tion by a s.c. injection of 200 �l of a mixture of OVA (50 �g) and alumi-
num hydroxide (5 mg). At specific time-points after stimulus injection,
mice were killed in a carbon dioxide chamber. Pleural cells were recovered
from thoracic cavities after washing with 500 �l PBS containing EDTA (10
mM, pH 7.4). For transmigration assays, pleural washes recovered from
mice injected with SPW or LPW were pooled (n�10/group). SPW and
LPW were centrifuged (420 g for 10 min), and cell-free supernatants were
recovered, filtered (0.22 �m), and kept at –20°C until used.

Treatments
One hour before i.pl. injection of stimulus, CP105,696 (4 mg/kg) was in-
jected i.p., and LY292476 (20 mg/kg) was injected s.c. after dilution in
sterile saline to a final volume of 200 �l. Zileuton (3 mg/kg) was diluted in

sterile saline containing 0.5% DMSO to a final volume of 200 �l and ad-
ministered i.v. 1 h before stimulation. MK886 (1 mg/kg), diluted in 1%
carboxymethylcellulose, was given orally (p.o.) to 12-h fasted animals 1 h
before stimulation. The same volume of vehicle was administered in con-
trol groups.

Leukocyte counts
Total leukocyte counts were determined in a Neubauer chamber under an
optical microscope after dilution in Turk fluid (2% acetic acid). Counts are
reported as numbers of cells/cavity.

Flow cytometric analysis
Cells recovered from pleural cavities and spleen (106/100 �l) were incu-
bated with the appropriate concentration of anti-TCR �� mAb, anti-CD3
mAb, anti-BLT1 mAb, or IgG isotype controls for 30 min at 4°C, after incu-
bation with rat serum to block nonspecific binding sites. Surface marker
analysis was performed by using the Cell Quest program in a FACSCalibur
flow cytometer (Becton Dickinson, San Jose, CA, USA). At least 104 lym-
phocytes were acquired/sample. All data were collected and displayed on a
log scale of increasing fluorescence intensity and presented as histograms.
Percentages of �� lymphocytes were determined in a specific CD3� T lym-
phocytes gate. Counts are reported as numbers of cells after multiplying
the percentage of �� T lymphocytes by the total number of leukocytes.

Transwell migration assay
Spleens from C57BL/6 mice were dissected, macerated in washing buffer
(HBSS without Ca2�/Mg2� containing 30 mM HEPES, 0.25% BSA, pH
7.4), and centrifuged (420 g for 10 min at 20°C). The cell pellet was resus-
pended in 3 ml HBSS without Ca2�/Mg2� and subjected to centrifugation
on a Histopaque-1083 gradient (400 g for 30 min) for mononuclear cell
separation. Splenocytes (3�106 cells in 200 �l assay buffer) were added to
the upper chamber of 3.0 �m pore diameter transwell tissue-culture inserts
(Falcon, Berkeley, CA, USA), that were placed in individual wells of a 24-
well cell-culture plate containing 300 �l assay buffer, stimulus (LTB4 100
nM, SPW or LPW), or stimulus plus CP105,696 (1 �M, 15 min prior stimu-
lus). Plates were incubated for 2 h at 37°C and 5% CO2. Transmigrated
cells were collected from the lower chamber, counted, stained with anti-
bodies against CD3 and �� TCR as described above, and analyzed by flow
cytometry. Results are expressed as the chemotactic index, with accumula-
tion in response to the vehicle having a chemotactic index of 1.

EIA for LTB4

Levels of LTB4 in cell-free pleural washes, recovered 1, 6, 9, and 24 h after
i.pl. injection of LPS (250 ng/cavity), were determined by EIA using a
commercial kit (Cayman Chemical), according to the manufacturer’s in-
structions. OD was determined at 412 nm. Results were expressed as pg
LTB4/ml, based on a standard curve.

ELISA
Levels of CCL2 in cell-free pleural washes recovered 6 h after challenge
were evaluated by sandwich ELISA using matched antibody pairs from R&D
Systems (Minneapolis, MN, USA), according to the manufacturer’s instruc-
tions. Results are expressed as pg/cavity.

Filamentous actin staining
�� T lymphocytes were magnetically isolated from total C57BL/6 mononu-
clear splenocytes by positive selection using the TCR ��� T cell isolation kit
(Miltenyi Biotec, Germany), according to the protocols provided by the manu-
facturer. The enriched cell population contained 92% �� T cells, as deter-
mined by cell-surface staining and flow cytometry analysis.

�� T cells (5�104) were allowed to adhere for 1 h to coverslips treated pre-
viously with 0.1% nitric acid. Cells were stimulated with LTB4 (100 nM) for 15
min and fixed at room temperature with 4% paraformaldehyde (v/v) in PBS,
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pH 7.0. Thereafter, cells were permeabilized with 3% NP-40 for 40 min, fol-
lowed by 15 min in –20°C acetone. �� T cells were quenched using 50 mM
ammonium chloride solution and 3% BSA in PBS for the next 20 min. Cells
were covered with 0.4 unit rhodamine phalloidin (Invitrogen, Carlsbad, CA,
USA) in methanol and incubated in a humidified chamber (1 h, 4°C). Cells
were quenched in 3% BSA/PBS for 20 min and mounted in Vectashield
mounting medium (Vector Laboratories, Burlingame, CA, USA). Cells were
examined with a laser-scanning confocal microscope (Fluoview FV300, Olym-
pus, Japan) under an oil immersion objective (100�). Images were obtained
and processed using Fluoview 3.3 software (Olympus).

Statistical analysis
Data are reported as the mean � sem and were analyzed statistically by
means of ANOVA followed by Student-Newman-Keuls test or Student’s
t-test. Values of P � 0.05 were regarded as significant.

RESULTS

LTB4 induces �� T lymphocyte migration
To examine whether LTB4 is capable of eliciting �� T lympho-
cyte influx, we injected this lipid mediator directly into mouse
pleural cavities. The i.pl. injection of LTB4 (0.5 �g/cavity) in-
duced a twofold accumulation of �� T lymphocytes in pleural
cavities at 24 h (Fig. 1A), which was accompanied by CD3 T
lymphocyte accumulation (saline: 59.4�7.5 vs. LTB4:
99.7�10.5 CD3 T lymphocytes�103/cavity; P�0.03). LTB4

(10�8 M) also triggered spleen �� T lymphocytes chemotaxis
in vitro in a transwell chamber within 2 h (Fig. 1B), demon-
strating that LTB4 is able to attract �� T cells directly. Interest-
ingly, LTB4 also induced CD3 T lymphocyte chemotaxis (che-

motactic index�3.8), however, to a lesser extent than the one
observed for �� T lymphocytes (chemotactic index�8.1).

LPS triggers LTB4 production in the pleural cavity
As an initial step in evaluating the participation of LTB4 in LPS-
induced �� T cell migration, we evaluated its production. As
shown in Figure 2A, i.pl. LPS administration caused an increase
of LTB4 in the pleural cavities of challenged mice 6 h after stimu-
lation, returning to basal levels within 9 h. LPS stimulation also
triggered �� T cell influx into mouse pleural cavities from 6 h to
24 h after injection, with a peak response noted by 12 h
(Fig. 2B).

5-LO inhibition impairs LPS-induced �� T
lymphocyte migration in vivo
The enzyme 5-LO is responsible for the conversion of arachi-
donic acid to LTA4, which is hydrolyzed rapidly to form LTB4.

Figure 1. �� T lymphocytes migrate toward LTB4. (A) In vivo �� T
lymphocyte accumulation in C57BL/6 mouse pleural cavities trig-
gered by i.pl. injection of LTB4 (500 ng/cavity) 24 h after stimula-
tion. Results are expressed as the mean � sem from at least five
animals/group in three different experiments. (B) In vitro chemo-
taxis of �� T lymphocytes induced by LTB4 (100 nM). Spleen leu-
kocytes (3�106/well) were placed in the upper chamber of 3 �m
pore diameter transwell inserts and allowed to transmigrate toward
LTB4 for 2 h. Cells that migrated into the bottom chamber were
recovered, counted, and labeled for �� TCR for FACS analysis as
described in Materials and Methods. Results are expressed as the
chemotactic index, and accumulation in response to vehicle had a
chemotactic index of 1, as mean � sem from triplicate values of a
representative experiment out of three separate experiments. *, Sta-
tistically significant differences (P�0.05).

Figure 2. LPS triggers LTB4 production and �� T lymphocyte accumu-
lation. (A) LTB4 levels were determined by EIA in C57BL/6 mouse
pleural fluid obtained at indicated time-points after i.pl. injection of
saline or LPS (250 ng/cavity). Results are expressed as the mean �
sem from triplicate wells of one out of three separate experiments.
(B) �� T lymphocyte accumulation in the pleural cavity of C57BL/6
mice 6, 12, and 24 h after LPS i.pl. injection (250 ng/cavity). Results
are expressed as the mean � sem from at least six animals/group in
three different experiments. *, Statistically significant differences
(P�0.05) compared with control group.
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The inhibition of 5-LO activity by zileuton (3 mg/kg, i.v.) di-
minished �� T cell accumulation significantly 24 h after LPS
injection (Fig. 3A). The helper protein FLAP facilitates 5-LO
action, and the FLAP inhibitor MK886 (1 mg/kg, p.o.) had a
similar effect (Fig. 3A). The importance of 5-LO products for
�� T cell influx, suggested by the pharmacological experi-
ments described above, was confirmed in 5-LO�/� mice, in
which LPS failed to trigger �� T lymphocyte accumulation
(Fig. 3B). The WT mice, used as control, were capable of
mounting a marked response to LPS i.pl. injection, represent-
ing a substantial influx of �� T cells to the inflamed pleura.

LTB4/BLT1 signaling is required for LPS-induced ��
T lymphocyte migration in vivo and in vitro
LTB4/BLT1 has been shown to play important roles in regu-
lating the recruitment of �� T cell subsets into inflammatory
sites [24–26]. Therefore, the involvement of LTB4 and its
high-affinity receptor in the recruitment of �� T cells during
LPS-induced pleurisy was investigated. The in vivo blockade of

Figure 3. 5-LO metabolism is required for �� T lymphocyte migration.
(A) In vivo pretreatment of mice with zileuton (3 mg/kg, i.v.) or
MK886 (1 mg/kg, p.o.) impaired �� T cell accumulation in C57BL/6
mouse pleural cavities 24 h after LPS (250 ng/cavity) injection. Results
are expressed as the mean � sem from at least eight animals/group in
three separate experiments. SAL, Saline. (B) �� T lymphocyte num-
bers in pleural cavity 24 h after i.pl. injection of LPS (250 ng/cavity)
in WT and 5-LO KO mice. Results are expressed as the mean � sem
from at least five animals/group in three different experiments. *, Sta-
tistically significant differences (P�0.05) between nonstimulated and
stimulated animals; �, significant differences between stimulated and
treated groups or between WT- and KO-stimulated groups.

Figure 4. LPS-triggered �� T lymphocyte accumulation requires BLT1.
(A) In vivo pretreatment of mice with CP105,696 (4 mg/kg, i.p.) or
with LY292476 (20 mg/kg, s.c.) impaired �� T cell accumulation in
C57BL/6 mice pleural cavities 24 h after LPS i.pl. (250 ng/cavity)
stimulation. Results are expressed as the mean � sem from at least
eight animals/group in three separate experiments. (B) BLT1 block-
ade by CP105,696 (1 �M) inhibited in vitro �� T lymphocyte migra-
tion induced by LPW. Spleen leukocytes (3�106/well) were placed in
the upper chamber of 3 �m pore diameter transwell inserts and al-
lowed to transmigrate toward LPW for 2 h. Migrated cells recovered
from the bottom chamber were counted and labeled for FACS analy-
sis. SPW were used as control. Results are expressed as the chemotac-
tic index, and accumulation in response to vehicle had a chemotactic
index of 1 as mean � sem from triplicate wells from one out of three
separate experiments. *, Statistically significant differences (P�0.05)
between LPW- and SPW-stimulated and stimulated groups; �, signifi-
cant differences between stimulated and treated groups.
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BLT1 by the antagonists CP105,696 (4 mg/kg, i.p.) or
LY292476 (20 mg/kg, s.c.) caused a marked decrease in �� T
lymphocyte numbers in mouse pleural cavities 24 h after LPS
i.pl. administration (Fig. 4A). We also analyzed the effect of in
vitro blockade of BLT1 by CP105,696 (1 mM) on �� T lym-
phocyte chemotaxis toward cell-free pleural washes recovered
from mice 6 h after i.pl. LPS (LPW). Spleen �� T lymphocytes
migrated toward 6 h LPW to a higher extent than toward SPW
(Fig. 4B). �� T lymphocytes incubated previously with
CP105,696 failed to migrate toward LPW, demonstrating that
LTB4, present in LPW, accounts for �� T lymphocyte chemo-
taxis through BLT1 activation.

LTB4 accounts for �� T cell migration in allergic and
BCG-induced response in vivo
Previous reports by our group demonstrate that �� T lympho-
cytes accumulate in inflamed pleura in inflammatory reactions
induced by different stimuli [2, 11]. In a murine model of al-
lergic pleurisy, �� T cells were shown to migrate from second-
ary lymphoid organs to inflamed pleura via the peripheral cir-
culation [3]. Here, we show that antigenic challenge with OVA
(12.5 �g/cavity) into previously sensitized mice induced a sig-
nificant increase in �� T lymphocytes 24 h after stimulation
(Fig. 5A). Blockade of BLT1 by CP105,696 treatment in vivo
markedly diminished �� T cell accumulation in the pleural
cavity following OVA, demonstrating that LTB4 is required for
attraction of these cells during allergy. Of note, OVA i.pl. ad-
ministration into nonsensitized mice failed to induce accumu-
lation of total leukocytes, CD3� T cells, or �� T lymphocytes
(data not shown). Similar results were observed in BCG-in-
jected mice, in which blockade of the LTB4 receptor impaired
�� T cell influx into inflamed pleura (Fig. 5B), demonstrating
that LTB4 mediates �� T cell migration in inflammatory reac-
tions triggered by diverse stimuli.

�� T lymphocytes express BLT1
To verify that murine �� T lymphocytes expressed the high-
affinity receptor for LTB4, we assessed BLT1 expression by
this T cell subset using two-color flow cytometry. As shown
in representative dot plots in Figure 6, A and B, BTL1 is
expressed on naı̈ve �� T lymphocytes recovered from spleen
and pleural cavities from C57BL/6 mice. Interestingly the
percentage of �� T lymphocytes expressing BTL1 in spleen
was diminished, whereas it was increased in the pleural cav-
ity 12 h after LPS (250 ng/cavity, i.pl.) injection. In addi-
tion, BTL1 expression levels were increased 10 times on
pleural �� T lymphocytes after LPS stimulation (Fig. 6D),
whereas no changes were observed on spleen �� T cells
(Fig. 6C). As during LPS-induced pleurisy, �� T cells mi-
grate from peripheral lymphoid organs to inflamed pleura
[7], these data provide a basis for speculating that LTB4 is
involved in this migratory route.

LTB4 induces F-actin polymerization in �� T
lymphocytes
Chemotactic stimuli induce changes in cell morphology ac-
companied by cytoskeleton rearrangement [27–29]. To deter-
mine whether LTB4 elicits �� T lymphocyte cytoskeleton
changes, we analyzed the effect of LTB4 on F-actin polymeriza-
tion in isolated �� T lymphocytes. Purified, resting �� T lym-
phocytes presented a spherical morphology and did not ex-
hibit stress fibers, as shown by rhodamine phalloidin staining
(Fig. 6E). After incubation with LTB4 for 15 min, the majority
of �� T cells exhibited intense staining of cortical F-actin fi-
bers, indicating the rearrangement of cortical actin cytoskele-
ton. A few cells also showed a spread morphology with promi-
nent cytoplasmic projections (filopodia extensions), as indi-
cated by the arrows.

Figure 5. �� T lymphocyte accumulation
in mouse pleural cavity during allergic
and BCG-induced response is inhibited
by BLT1 blockade. In vivo pretreatment
of mice with CP105,696 (4 mg/kg, i.p.)
diminished �� T cell accumulation in-
duced by OVA (12.5 �g/cavity) challenge
in previously sensitized C57BL/6 mice
(A) or induced by BCG (4�105 CFU/
cavity) in naı̈ve C57BL/6 pleural cavities
(B) 24 h after i.pl. stimulation. Results
are expressed as the mean � sem from
five to eight animals/group in two sepa-
rate experiments. *, Statistically signifi-
cant differences (P�0.05) between non-
stimulated and stimulated groups; �, sig-
nificant differences between stimulated
and treated groups.
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Figure 6. BLT1 is expressed by �� T lymphocytes and mediates F-actin polymerization. Representative dot plots of BLT1 expression by C57BL/6
murine �� T lymphocytes recovered from spleen (A) and pleural cavities (B) 12 h after saline or LPS (250 ng/cavity) i.pl. injection. Histograms of
gated ��� T lymphocytes from spleen (C) and pleura (D) are shown. R1 defines the BLT1-positive region, according to IgG isotype control. Num-
bers indicate mean intensity of fluorescence (MIF) of cells within R1. Leukocytes were stained with PE-labeled anti-�� TCR plus Alexa 647-labeled
anti-BLT1 for FACS analysis, as described in Materials and Methods. (E) Magnetically isolated spleen �� T lymphocytes were stimulated for 15 min
with LTB4 (100 nM) followed by F-actin cytoskeleton staining by rhodamine phalloidin. Cells were examined by confocal microscopy. Arrows indi-
cate cells presenting a spread morphology. Color bar on the right of images represents the relative scale of fluorescence intensity.
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LTB4 modulates CCL2 production
We have demonstrated previously that CCL2 is an important
mediator involved in �� T lymphocytes recruitment into in-
flamed pleura during pleurisy induced by LPS, antigenic chal-
lenge, and BCG [2, 7]. We therefore analyzed whether LTB4,
in addition to its direct effect on �� T cells, could drive their
migration into mouse pleural cavities indirectly via modulation
of CCL2 production. As shown in Figure 7A, the i.pl. injection
of LTB4 (0.5 �g/cavity) induced a significant increase in
CCL2 levels in mouse pleural cavities within 6 h when com-
pared with control mice. Interestingly, the in vivo blockade of
BLT1 by CP105,696 (4 mg/kg, i.p.) impaired CCL2 produc-
tion in mouse pleural cavities triggered by LPS (250 ng/cavity)
stimulation (Fig. 7B), suggesting that LTB4 induces in vivo ��

T lymphocyte migration via this indirect, in addition to its di-
rect, mechanism. Further supporting these data, LTB4 i.pl. in-
jection into CCR2 KO mice was able to induce �� T cell accu-
mulation in the pleura, albeit to a lesser extent than in WT
mice (Fig. 7C).

DISCUSSION

The involvement of LTB4 in �� T lymphocytes migration dur-
ing inflammatory reactions has been increasingly appreciated;
however, to our knowledge, the role of this lipid mediator in
�� T cell mobilization has not been explored previously [24,
26, 30, 31]. In the present study, we demonstrate that LTB4 is
a chemoattractant for �� T lymphocytes in vitro and in vivo
and also mediates �� T lymphocyte mobilization during in-
flammatory reactions in the pleura triggered by microbial
components and antigen.

We have reported previously that LPS induced a marked
increase in �� T lymphocytes in pleural cavities of mice
through an indirect mechanism that involves inflammatory
mediators synthesized mainly by macrophages [7, 11]. Indeed,
LPS is a potent inflammatory stimulus that triggers the pro-
duction of a wide range of inflammatory chemoattractant me-
diators in vivo, including lipid mediators, in addition to cyto-
kines and chemokines [32–35]. Furthermore, LTB4 produc-
tion during inflammatory conditions has been reported
previously to occur in the airways and other tissues, in which it

displays the ability to attract different leukocyte populations to
inflammatory sites [22, 36–39]. Previous reports demonstrated
that the inhalation or the i.pl. in vivo administration of differ-
ent stimuli, including LPS, up-regulates local production of
LTB4 in mouse lung and pleura [20, 30, 40, 41]. Here, we
show that LTB4 is produced during the early stage of LPS-in-
duced pleurisy, in parallel to increased numbers of �� T lym-
phocytes. LTs have been shown previously to play an essential
role in mononuclear cell recruitment in in vivo models of in-
flammation, including �� T lymphocyte recruitment to the
airways [8, 24, 26, 30, 31]. �� and �� T lymphocytes have dif-
ferent mechanisms of migration into inflamed tissue. For ex-
ample, Landgraf and coworkers [42] showed that cys-LTs do
not mediate �� T cell mobilization into the airways in a mu-
rine model of asthma, and they do mediate mobilization of ��

T lymphocytes.
We therefore investigated the ability of LTB4 to trigger �� T

cell migration and also to mediate �� T cell influx in LPS-trig-
gered inflammation. LTB4 induced �� T lymphocyte migration
in vivo and in vitro, suggesting that this lipid mediator is capa-
ble of direct effects on these cells. To assess the relevance of
LTB4 in �� T cell mobilization during inflammation, we
blocked LT biosynthesis (with zileuton and MK886) and found
significant inhibition of LPS-induced �� T cell accumulation.
Further data obtained with 5-LO�/� mice confirmed a striking
degree of dependence of accumulation on endogenous LTs.
Together, these findings establish that LTs play a crucial role
in the recruitment of �� T lymphocytes to inflamed tissue. Of
note, the treatment of mice with MK571, a cys-LT receptor
antagonist, failed to influence �� T lymphocyte migration in-
duced by LPS (data not shown), suggesting that LTB4 is the
major 5-LO product mediating this phenomenon.

The confirmation of LTB4 as an important mediator for
LPS-induced �� T cell mobilization was established further by
treatment with two different LTB4 BLT1 antagonists
(CP105,696 and LY292476). Moreover, isolated, naı̈ve spleno-
cytes (�� T cell source) incubated with CP105,696 and ex-
posed to LPW, in which LTB4 presence was demonstrated,
failed to migrate, suggesting that this T lymphocyte subset can
be stimulated directly by LTB4 produced in response to LPS.

Figure 7. LTB4 modulates CCL2 produc-
tion. (A) Effect of LTB4 i.pl. injection (0.5
�g/cavity) on CCL2 production. (B) Effect
of CP105,696 pretreatment (4 mg/kg, i.p.)
on LPS (250 ng/cavity, i.pl.)-induced CCL2
synthesis. CCL2 protein levels were deter-
mined by ELISA in C57BL/6 mouse pleu-
ral fluids recovered 6 h after stimulation.
Results are expressed as the mean � sem
from at least six animals/group from three
different experiments. (C) Effect of LTB4

i.pl. injection (0.5 �g/cavity) on �� T lym-
phocyte migration in WT or CCR2 KO
mice within 24 h. *, Statistically significant
differences (P�0.05) between nonstimu-

lated and stimulated animals; �, significant differences between stimulated and treated groups or between WT and KO animals. Data represent the
mean � sem from at least six animals.
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The relevance of LTB4, for �� T cell migration in the in-
flammatory response driven by other stimuli, was also investi-
gated. First, using the mouse model of allergic pleurisy, we
found that LTB4 is also crucial to �� T cell migration during
allergy, in accordance with data obtained by Tager and co-
workers [24] regarding �� T subsets CD4� and CD8� cells. ��

T lymphocytes play important roles as the first line of defense
against microorganisms, and their reactivity to mycobacteria
reflects their involvement in the pathophysiology of mycobac-
terial infections. Indeed, �� T lymphocytes are activated by
Mycobacterium tuberculosis and BCG in vitro [43, 44] and also
accumulate in lymphoid and nonlymphoid tissues after in vivo
stimulation [43, 45]. In agreement with these data, we have
demonstrated previously that the i.pl. administration of BCG
induced the accumulation of �� T lymphocytes in the pleural
cavity of C57BL/6 mice [7]. The involvement of 5-LO prod-
ucts in host immune response to mycobacteria has not been
investigated extensively; however, 5-LO inhibition has been
shown recently to suppress the murine immune response to
M. tuberculosis via down-regulation of Th1 responses [46]. How-
ever, in this model of repeated i.t. infection with M. tuberculo-
sis, 5-LO inhibition exerted no effect on mononuclear cell ac-
cumulation in infected mice airways [46]. Here, we show that
LTB4 mediated Mycobacterium bovis BCG-induced �� T lympho-
cyte migration, suggesting that this lipid mediator is required
for �� T cell migration during inflammatory reactions.

The fact that LTB4 was capable of attracting �� T lympho-
cytes in vitro suggested that it might act directly to do so in
vivo. However, LTB4 has also been shown to modulate the pro-
duction of other inflammatory mediators, including cytokines
and chemokines [47], making it possible that LTB4 could also
be acting indirectly. LTB4 and the CC chemokine CCL2 have
been demonstrated to influence the production of each other
in different experimental models in vivo and in vitro [22, 32,
48, 49], implicating CCL2 as an intermediate for LTB4 actions
(or vice versa). We have shown previously that the CCL2/
CCR2 pathway is important for �� T lymphocyte migration in
LPS- and OVA-induced pleurisy [2, 7]. Here, we show that the
i.pl. administration of LTB4 induced significant increases in
CCL2 levels in mouse pleural cavities and that CP105,696
treatment diminished LPS-induced CCL2 production (via
BLT1 expressed by CCL2-producing cells, for example, macro-
phages). These data suggest a cross-talk between LTB4 and
CCL2 in the evolution of LPS pleurisy, and induction of CCL2
production likely represents an additional mechanism by
which LTB4 promotes �� T lymphocytes recruitment to the
inflamed pleura. We found that only a small proportion of the
�� T lymphocytes found in spleen and pleura was BLT1�. It is
possible that only those �� T cells expressing BLT1 respond
directly to LTB4, whereas other subtype(s) depend on CCL2.
Indeed, preliminary studies found that V�4 lymphocytes,
which comprise approximately only one-third of total �� T
lymphocytes found in the pleura after LTB4 i.pl. stimulation,
failed to accumulate in CCR2 KO mice, indicating that the
migration of this subset depends mainly on CCL2 rather than
on the direct action of LTB4 (data not shown). Further work
will be necessary to better elucidate the involvement of differ-
ent �� T lymphocyte subsets in this response.

Alternatively, it is possible that the small number of �� T
cells exhibiting surface expression of BLT1 might result from
ligand-dependent internalization during the inflammatory re-
sponse. Indeed, BLT1, as most G protein-coupled receptors,
has been shown to be readily internalized following activation
in diverse cell types [50–52]. Despite the modest number of
BLT1-positive cells, the direct BLT1-dependent chemotactic
activity of LTB4 on �� T lymphocytes was established by the
studies in CCR2 KO mice.

BLT1 expression has been described on CD4� and CD8� T
lymphocytes and human �� T cells [24, 53]. However, the ex-
pression of BLT1 on murine �� T cells has not been shown
previously. Our results demonstrate that resident pleural �� T
cells in naive animals express BLT1, and after LPS stimulation,
the percentage of BLT1��� T cells as well as the expression
levels of BLT1 were enhanced. Indeed, overexpression of
BLT1 has been demonstrated in inflamed lung tissue [24] and
also, specifically in T lymphocytes recovered from the airways
of patients with broncholitis [31]. In addition, we found that a
population of spleen �� T lymphocytes obtained from non-
stimulated mice was BLT1-positive and that this population
decreased after LPS i.pl. stimulation. Whether BLT1��� T
cells found in inflamed pleura originate from secondary lym-
phoid tissues, such as spleen, needs further investigation. It is
noteworthy that �� T cells comprised the majority of the cells
expressing BLT1 in the spleen, and these migrated toward
LTB4 to a greater extent than did total CD3 T lymphocytes.
These data support the functional importance of BLT1 for ��

T cell migration during the inflammatory response.
Cell migration is a dynamic process that involves F-actin po-

lymerization leading to cytoskeleton reorganization accompa-
nied by formation of filopodia and lammellipodia [54]. BLT1,
like other G protein-coupled receptors, is known to activate
small GTPases and induce the reorganization of actin cytoskel-
eton [55]. The ability of LTB4 to accomplish this in �� T cells
lends plausibility to its capacity to activate �� T lymphocytes
directly via BLT1, providing a possible basis for LTB4 partici-
pation in the recruitment of �� T cells to the inflamed pleura.

In conclusion, we provide evidence for the first time that
LPS recruits �� T lymphocytes to inflamed sites via a mecha-
nism dependent on the synthesis of LTB4 and signaling via
BLT1. LTB4 also up-regulates CCL2 production, which con-
tributes to �� T lymphocyte accumulation in inflamed pleura
via the CCR2 receptor. The fact that LTB4 also mediates �� T
lymphocyte mobilization induced by other stimuli, such as
M. bovis BCG and antigenic challenge, suggests that this medi-
ator is broadly required for the migration of �� T cells to in-
flammatory sites and reinforces a role for LTB4 in linking in-
nate and acquired immune responses. Further experiments
will be required to determine if this important role for LTB4

in �� T cell recruitment applies to tissues other than the pleu-
ral cavity.
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