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Previous studies have shown that leukotriene B4 (LTB4), a proin-
flammatory lipid mediator, is linked to the development of airway
hyperresponsiveness through the accumulation of IL-13–producing
CD81 T cells, which express a high affinity receptor for LTB4, BLT1
(Miyahara et al., Am J Respir Crit Care Med 2005;172:161–167;
J Immunol 2005;174:4979–4984). By using leukotriene A4 hydrolase–
deficient (LTA4H2/2) mice, which fail to synthesize LTB4, we
determined the role of this lipid mediator in allergen-induced airway
responses. Two approaches were used. In the first, LTA4H2/2 mice
and wild-type (LTA4H1/1) mice were systemically sensitized and
challenged via the airways to ovalbumin. In the second, mice were
passively sensitized with anti-ovalbumin IgE and exposed to ovalbu-
min via the airways. Mast cells were generated from bone marrow of
LTA4H1/1 mice or LTA4H2/2 mice. After active sensitization
and challenge, LTA4H2/2 mice showed significantly lower airway
hyperresponsiveness compared with LTA4H1/1 mice, and eosino-
phil numbers and IL-13 levels in the bronchoalveoloar lavage of
LTA4H2/2 mice were also significantly lower. LTA4H2/2 mice also
showed decreased airway reactivity after passive sensitization and
challenge. After LTA4H1/1 mast cell transfer, LTA4H2/2 mice
showed increased airway reactivity after passive sensitization and
challenge, but not after systemic sensitization and challenge. These
data confirm the important role for LTB4 in the development of
altered airway responses and suggest that LTB4 secretion from mast
cells is critical to eliciting increased airway reactivity after passive
sensitization with allergen-specific IgE.
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Allergic asthma is a complex syndrome characterized by airway
obstruction, airway inflammation, and airway hyperresponsive-
ness (AHR) (1, 2). It is well established that acquired immunity
plays an important role in the development of these responses;
central to the pathogenesis of airway disease are antigen-specific
memory T cell responses and antigen-specific B cell responses
(2, 3).

Leukotriene B4 (LTB4) is a potent lipid inflammatory
mediator derived from membrane phospholipids by the sequen-
tial actions of cytosolic phospholipase A2, 5-lipoxygenase, and
leukotriene A4 (LTA4) hydrolase (4, 5). LTB4 is a chemo-
attractant for leukocytes, including neutrophils, macrophages,

monocytes, and eosinophils (6–10). LTB4 activates leukocytes
through a G protein–coupled high-affinity surface receptor,
BLT1 (11, 12). Recently, BLT1 has been shown to be expressed
on CD81 effector memory T cells, and it has also been shown
that the LTB4-BLT1 pathway is important for effector T cell
accumulation at sites of inflammation (13, 14). LTB4 levels are
increased in patients with asthma compared with healthy subjects
(15, 16), and in animal models, we and others have shown that
the LTB4-BLT1 pathway appears critical to the development of
allergen-induced AHR and inflammation (17–21).

In the present study, we investigated the role of LTB4
production in the development of allergen-induced AHR and
airway inflammation using LTA4 hydrolase-deficient (LTA
4H2/2) mice, which lack the capacity to synthesize LTB4. To
define the role of LTA4H, we used two models of allergen-
induced AHR: an IgE mast cell–independent and an IgE mast
cell–dependent model. LTA4H2/2 mice showed significantly
reduced allergen-induced AHR in both models.

MATERIALS AND METHODS

Animals

Female mice with a targeted disruption of the LTA4H (LTA4H2/2
mice, 129Seve genetic background) were kindly provided by Dr. B. H.
Koller (University of North Carolina, Chapel Hill, NC) (22), and LTA
4H1/1 mice 8 to 12 weeks of age (on the same genetic background,
129Seve) were used in all experiments. The mice were bred and housed
under specific pathogen–free conditions and maintained on an ovalbu-
min (OVA)-free diet in the Biological Resources Center at National
Jewish Health. All experimental animals used in this study were under
a protocol approved by the Institutional Animal Care and Use
Committee of National Jewish Health.

Sensitization and Airway Challenge

LTA4H2/2 and LTA4H1/1 mice were assigned to the following
groups: (1): nonsensitized—airway challenge with nebulized OVA
alone (PBS/OVA group); and (2) intraperitoneal sensitization with
OVA and OVA airway challenge (OVA/OVA). Mice were sensitized
by intraperitoneal injection with 20 mg of OVA (Grade V; Sigma, St.
Louis, MO) emulsified in 2 mg of alum (Imuject Alum; Pierce,
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Lipid mediators play a major role in the pathophysiology of
allergen-induced lung disease. Leukotriene B4 (LTB4) is
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Rockford, IL) in a total volume of 100 ml on Days 1 and 14. Mice were
subsequently challenged via the airways by inhalation of aerosols of
OVA (1% in saline) for 20 minutes on Days 28, 29, and 30. OVA
aerosols were produced by an ultrasonic nebulizer (particle size 1–5 mm;
OMRON, Kyoto, Japan). On Day 32, airway function was measured
as described below, followed by collection of samples for further analyses.

Assessment of Airway Function

Airway responsiveness was assessed as a change in lung function after
provocation with aerosolized methacholine using a method previously
described in detail (23). Methacholine aerosol was administered for
10 seconds (160 breaths/min, 0.5 ml tidal volume) in increasing concen-
trations. Maximum values of lung resistance (RL) were recorded and
expressed as percent change from baseline after saline aerosol. There
were no significant differences in baseline values among the different
groups.

Bronchoalveolar Lavage

Immediately after measurements of AHR, lungs were lavaged and
bronchoalveolar lavage (BAL) fluid recovered. Total leukocyte num-
bers were obtained (Beckman Coulter, Fullerton, CA). Cytospin slides
were stained with Leukostat (Fisher Diagnostics, Pittsburgh, PA) and
differentiated by standard hematologic procedures.

Histologic Studies

After lavage, the lungs were fixed in 10% formalin and processed
into paraffin blocks. Tissue sections, 5 mm thick, were stained with
hematoxylin and eosin and periodic acid-Schiff (PAS) for identification
of mucus-containing cells. The number of mucus-containing cells per
millimeter of basement membrane was determined using IPLAB2
software (Signal Analytics, Vienna, VA) for the Macintosh com-
puter, counting six to eight different fields per animal as previously
described (24).

Cells containing eosinophilic major basic protein (MBP) were
identified by immunohistochemical staining as previously described
using rabbit-anti mouse MBP (kindly provided by Dr. J. J. Lee, Mayo
Clinic, Scottsdale, AZ) (24). Numbers of peribronchial eosinophils in
the tissues were evaluated as previously described (24).

Immunofluorescence Staining for Detecting LTA4H-Positive

BMMC in LTA4H2/2 Mice

The lungs of LTA4H2/2 mice with or without LTA4H1/1 BMMC
transfer were inflated and embedded in Tissue-Tek O.C.T. compound
(Sakura Finetek, Torrance, CA). Frozen lung sections were cut to
15-mm thickness and fixed with cold acetone and methanol. After
blocking with 5% normal donkey serum, LTA4H was detected using
goat anti-human LTA4H polyclonal Ab (Santa Cruz Biotechnology,
Santa Cruz, CA) as a primary Ab and rhodamine red–conjugated
donkey anti-goat IgG polyclonal Ab (Jackson ImmunoResearch, West
Grove, PA) as a secondary Ab. Nuclei were stained (blue) using
Vectashield mounting medium with DAPI (Vector Laboratories,
Burlingame, CA). The immunofluorescent images were obtained with
a Leica microscope camera system and Slidebook 4.2 digital micros-
copy software (Intelligent Imaging Innovations, Denver, CO). LTA4H-
positive cells in the peribronchial regions (within 0.1 mm in depth
under the subepithelial basement membrane) or alveolar regions were
counted using a photo processing software (ImageJ, developed at the
National Institute of Mental Health, Bethesda, MD, and available at
http://rsb.info.nih.gov/ij/index.html). Data are expressed as the number
of LTA4H-positive cells per millimeter square of peribronchial or
alveolar regions.

Cell Preparation and Culture

Lung mononuclear cells (MNC) were isolated as previously described
(25) using collagenase digestion. MNC (4 3 105) were cultured for
24 hours in 96-well round-bottom plates in the presence or absence of
OVA (10 mg/ml) as previously described (26).

Measurement of Cytokines and LTB4

Cytokine levels in the BAL fluid and cell culture supernatants were mea-
sured by ELISA using IL-4, IL-5, IFN-g (BD Biosciences/Pharmingen,

San Diego, CA), and IL-13 (R&D Systems, Minneapolis, MN) kits. LTB4
levels in the BAL fluid were also measured by ELISA (R&D Systems).
ELISAs were performed according to the manufacturer’s directions. The
limits of detection were 4 pg/ml for IL-4, IL-5, and IFN-g, 5 pg/ml for
IL-13, and 5.6 pg/ml for LTB4.

Flow Cytometry

After purification, cells were incubated with APC-conjugated anti-
CD3, PE-conjugated anti-CD4, FITC-conjugated anti-CD8 antibodies
(BD Pharmingen), and then analyzed by flow cytometry (FACScalibur;
Becton Dickinson Immunocytometry Systems, San Jose, CA) as pre-
viously described (17). The number of cytokine-producing CD31,
CD41, or CD81 T cells per lung was calculated from the percent of
cytokine-producing cells and the number of CD31, CD41, or CD81 T
cells isolated from the lung.

Experimental Protocols for Passive Sensitization

Experimental groups consisted of four mice per group and each
experiment was performed at least twice. Mice were injected intrave-
nously on 2 consecutive days with 2 mg of OVA-specific IgE, derived
from an anti-OVA–secreting hybridoma cell line (25), in a volume of
200 ml and then exposed to OVA (Grade V; Sigma-Aldrich) via the
airways as described previously (25). Briefly, a solution of 1% OVA in
0.9% saline was delivered by ultrasonic nebulization for 20 minutes on
Days 3 and 4 after the second OVA-IgE injection. AHR was assessed
48 hours after the last nebulization.

Assessment of Airway Smooth Muscle Responsiveness

Forty-eight hours after the last airway challenge, AHR was assessed by
measuring airway smooth muscle responsiveness to increasing fre-
quency of electric field stimulation (EFS), as described previously (27).
Frequencies resulting in 50% of the maximal contraction (ES50) were
calculated for each individual animal and were compared between the
groups.

Transfer of Bone Marrow–Derived Mast Cells

Mast cells were derived from bone marrow as previously described
(28). Bone marrow was obtained from LTA4H1/1 and LTA4H2/2
mice and cultured in Iscove Modified Dulbecco’s Medium (Life
Technologies, Grand Island, NY) supplemented with 5% FBS (Summit
Biotechnology, Fort Collins, CO), 50 mM 2-ME (Life Technologies),
2 mM glutamine, 100 mg/ml streptomycin, 100 U/ml penicillin, 0.5 mg/ml
amphotericin B, IL-3 obtained from medium conditioned by X63-
AG8-653 myeloma cells transfected with a vector expressing IL-3 (29),
and c-kit ligand from medium conditioned by CHO cells (provided by
S. Webb, National Jewish Health, Denver, CO). After 4 weeks of
culture, more than 98% of nonadherent cells contained granules that
stained positively with toluidine blue, and over 98% expressed the
high-affinity IgE receptor (FceRI) and c-kit on their surface as
determined by FACS analysis using anti-FceRI mAb and anti–c-kit
mAb.

LTA4H2/2 recipients received 0.5 to 10 3 106 bone marrow–
derived mast cells (BMMC) intravenously 8 weeks before initiating the
systemic sensitization with OVA plus alum or passive sensitization with
OVA-IgE. Assessment of airway responses was performed 48 hours
after the last OVA challenge. This protocol for mast cell transfer has
been shown to result in mast cell accumulation in the airways and
to reconstitute development of lung allergic responses in mast cell–
deficient mice after a mast cell–dependent protocol for the develop-
ment of lung allergic responses (30).

In some experiments, after transfer of mast cells, passive sensitiza-
tion, and challenge, the LTB4H2/2 recipients received an LTB4
receptor antagonist (CP105, 696, provided by Pfizer Pharmaceuticals,
Groton, CT) (31, 32) or vehicle by gavage at 50 mg/kg (suspended in
100 ml of hydroxypropylmethylcellulose [Abbott Laboratories, Lake
Bluff, IL]), 2 days and 1 day before initiating the OVA challenges
and 1 hour before each OVA challenge.

Transfer of T Cells or MNC

Spleens of LTA4H1/1 or LTA4H2/2 mice, which were sensitized
twice (Days 1 and 14) with OVA plus alum, were removed 14 days
after the last sensitization (Day 28). MNC were first isolated by
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Histopaque gradient centrifugation (Sigma-Aldrich). T cells from MNC
were isolated by Mouse T Cell Recovery Column Kit (Cedarlane,
Burlington, ON, Canada) (purity . 95%) and 1 3 107 T cells were
transferred into LTA4H2/2 mice on Day 28, 2 hours before OVA
challenge.

To assess the degree of purification, cells were incubated with APC-
conjugated anti-CD3, FITC-conjugated anti-CD4, and PE-conjugated
antibodies (anti-CD8, anti-CD11c, anti-mouse pan-NK cells, anti-B220,
anti-gd TCR, or anti-ab TCR) (BD Pharmingen), and then analyzed
by flow cytometry (FACScalibur).

Recipient LTA4H2/2 mice were sensitized twice with OVA plus
alum on Days 1 and 14. OVA-primed LTA4H1/1 T cells (1 3 107) or
MNC (1 3 107) were administered intravenously via the tail vein into
OVA-sensitized LTA4H2/2 mice, 14 days after the last sensitization
(Day 28). After transfer, the mice were exposed to three allergen
challenges via the airways on Days 28, 29, and 30. Assays were
performed on Day 32.

In some experiments, 2 3 107 MNC were injected intravenously
4 weeks before the first sensitization (Day 228) into recipient LTA4H2/2
mice. Recipients were then sensitized twice with OVA plus alum on
Days 1 and 14, followed by OVA challenge on Days 28, 29, and 30; airway
responses were assessed on Day 32.

Transfer of Alveolar Macrophages

Lungs of naive LTA4H1/1 or LTA4H2/2 mice were lavaged and
BAL fluid was recovered. More than 95% of the cells in BAL fluid
were judged to be alveolar macrophages. Under anesthesia, 1 3 106

alveolar macrophages in 40 ml of PBS were instilled into OVA-
sensitized LTA4H2/2 or passively sensitized LTA4H2/2 mice
through the trachea, under fiberoptic illumination. Twenty-four hours
after macrophage transfer, mice were exposed to OVA, then airway
responses were assessed.

Statistical Analysis

All results were expressed as the means 6 SEM. ANOVA was used to
determine the levels of difference between all groups. Pairs of groups
of samples distributed parametrically were compared by unpaired two-
tailed Student’s t test, and those samples distributed nonparametrically
were compared by Mann-Whitney U test. Significance was assumed at
P values of , 0.05.

RESULTS

LTA4H2/2 Mice Develop Significantly Lower Allergic Airway

Responses Compared with LTA4H1/1 Mice after Systemic

Sensitization and Challenge

Systemic (intraperitoneal) sensitization to allergen with alum
leads to the development of AHR independent of mast cells
and IgE and airway inflammation as documented by responses
in mast cell– and B cell–deficient mice and in mice lacking
FceRI (23, 33). OVA sensitization and airway challenge led to
the development of increased AHR in LTA4H1/1 mice,
illustrated by significant increases in RL, as compared with mice
challenged (nonsensitized) alone with OVA (Figure 1A). In
contrast, OVA-sensitized and -challenged LTA4H2/2 mice
developed significantly lower increases in RL compared with
sensitized and challenged LTA4H1/1 mice (Figure 1A).

In parallel to the assessment of lung function, the inflamma-
tory cell composition in the BAL fluid was examined (Figure
1B). After sensitization and allergen challenge, the proportion
of eosinophils reached up to 60% of total BAL cells in
LTA4H1/1 mice but was significantly lower (z 15% of total
cells) in the LTA4H2/2 mice (P , 0.01). There were no statis-
tically significant differences between the two groups in the
numbers of other inflammatory cells (macrophages, neutro-
phils) recovered in the BAL fluid.

To determine if the accumulation of T cells in the airways of
sensitized and challenged mice was affected by a deficiency of

LTB4, BAL cells and lung cells were isolated and numbers
of CD31, CD41, and CD81 T cells were determined. The
numbers of CD31, CD41, and CD81 T cells in the lungs of
sensitized and challenged LTA4H2/2 mice were significantly
lower than in LTA4H1/1 mice (Figure 1C). The numbers of
CD31, CD41, and CD81 T cells in the BAL fluid of LT
A4H2/2 mice were also lower compared with the BAL of LTA
4H1/1 mice (Figure 1C). These data suggested that accumu-
lation of CD41 and CD81 T cells into the airways of sensitized
mice after challenge was reduced in the absence of LTB4
production.

Concentrations of IL-4, IL-5, IL-13, and IFN-g in the BAL
fluid were determined by ELISA. OVA sensitization and
challenge resulted in significant increases in IL-4, IL-5, and
IL-13 levels in LTA4H1/1 mice (Figure 1D). However, after
sensitization and challenge, the levels of IL-4, IL-5, and IL-13
were significantly lower in the BAL fluid recovered from
LTA4H2/2 mice as compared with LTA4H1/1 mice; IFN-g
levels were similar in both strains.

In Vitro Cytokine Production from Lung Cells Is Lower in

LTA4H2/2 Mice

To determine if the differences observed between the two
strains of mice in their levels of Th2-type cytokines in BAL
fluid were due to differences in antigen-specific T cell respon-
siveness, lung cells were isolated from sensitized and challenged
mice, and were restimulated in culture with OVA. Levels of
IL-4, IL-5, IL-13, and IFN-g were measured in the culture
supernatants 24 hours later. Consistent with the in vivo obser-
vations, after culture in vitro with OVA, LTA4H2/2 lung cells
secreted significantly lower amounts of IL-4, IL-5, and IL-13
than did the cells from LTA4H1/1 mice (Figure 1E). IFN-g
levels were similar (data not shown). These data suggested that
not only accumulation of T cells but also activation of Th2-type
cells in the airways were impaired in the absence of LTB4
production.

Development of Lung Allergic Responses after Passive

Sensitization Is Dependent on LTB4 Production

In contrast to systemic sensitization, passive sensitization with
allergen-specific IgE followed by limited airway challenge is
dependent on mast cells, IgE, and FceRI (21). LTA4H2/2 and
LTA4H1/1 mice were passively sensitized with OVA-specific
IgE and then challenged with nebulized OVA on 2 consecutive
days. Passively sensitized and challenged LTA4H1/1 mice
showed an increased response to EFS (defined as a decrease
in ES50) when compared with nonsensitized but allergen-
challenged animals (Figure 2A), or sensitized but not chal-
lenged mice (data not shown). In contrast, LTA4H2/2 mice
passively sensitized with OVA-IgE and challenged with OVA
demonstrated EFS responsiveness that was similar to that in
nonsensitized control mice (Figure 2A). These data extend our
previous findings (21) and identify the critical role for LTB4 in
the development of altered airway reactivity in this passive
sensitization and allergen challenge model.

Following this protocol, few inflammatory cells are detectable
in the BAL fluid (25). Nonetheless, eosinophils can be detected
in lung tissue. Lung tissue inflammation and, in particular,
eosinophil accumulation were assessed using immunohistochem-
istry with anti-MBP. After passive sensitization and challenge,
LTA4H1/1 mice demonstrated an increase in numbers of
peribronchial eosinophils compared with the nonsensitized but
allergen-challenged control mice (Figure 2B). In OVA-chal-
lenged LTA4H2/2 mice, no such increase in eosinophil tissue
inflammation was observed (Figure 2B). Associated with in-
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creases in airway reactivity were increases in goblet cell meta-
plasia and mucus hyperproduction. To assess goblet cell meta-
plasia, tissue sections were stained with PAS and numbers of
positive cells quantitated. After passive sensitization and airway
challenge, LTA4H1/1 mice demonstrated increased numbers
of PAS1 cells, whereas passively sensitized and challenged
LTA4H2/2 mice and the nonsensitized but allergen-challenged
animals showed few PAS1 cells (Figure 2C).

Reconstitution of Airway Responsiveness in LTA4H2/2 Mice

by Mast Cells

Eight weeks before passive sensitization, in vitro differentiated
BMMC (1 3 107) were injected into LTA4H2/2 recipients.
These LTA4H2/2 mice were then passively sensitized with
OVA-IgE followed by OVA challenge. We first confirmed the
transfer of BMMC by staining LTA4H-positive cells in the
lungs of LTA4H2/2 recipient mice. Staining intensity of
LTA4H-positive BMMC generated from LTA4H1/1 mice
was not homogeneous from cell to cell, and only a proportion
of the BMMC from LTA4H1/1 mice, but none of BMMC

from LTA4H2/2 mice, were detected as staining red with
the anti-LTA4H Ab (data not shown). Since not all of the
LTA4H1/1 BMMC could be detected in this way with the anti-
LTA4H Ab, it is difficult to discriminate between (negative,
nonstaining) resident LTA4H2/2 BMMC and transferred
LTA4H1/1 BMMC in the LTA4H2/2 recipient mice. How-
ever, many LTA4H-positive BMMC were detected in the
peribronchial regions and some in the alveolar regions of
LTA4H2/2 recipient mice 8 weeks after transfer of LTA4H1/1
BMMC (Figure 3A).

Figure 3B shows the results on airway reactivity after transfer
of LTA4H1/1 mast cells. Transfer of LTA4H1/1 mast cells into
the LTA4H2/2 mice restored the development of increased
airway reactivity, to levels that were comparable to those seen in
passively sensitized and challenged LTA4H1/1 mice. In contrast,
transfer of LTA4H2/2 mast cells into LTA4H2/2 recipients
failed to restore airway reactivity. When fewer mast cells were
transferred (2 3 106), the development of airway reactivity in
LTA4H2/2 recipients was enhanced to a lower degree, without
full restoration of airway reactivity (Figure 3B).

Figure 1. Development of reduced allergic airway responses in sensitized and challenged LTA4H2/2 mice (ovalbumin [OVA]/OVA). (A) Lung

resistance (RL) was determined in response to increasing concentrations of inhaled methacholine as described in MATERIALS AND METHODS (n 5 12

in each group). Open triangles, LTA4H1/1 PBS/OVA; open squares, LTA4H2/2 PBS/OVA; solid triangles, LTA4H1/1 OVA/OVA; solid squares,
LTA4H2/2 OVA/OVA. (B) Eosinophil numbers in bronchoalveolar lavage (BAL) fluid. Horizontally striped bar, LTA4H1/1 PBS/OVA; open bar,

LTA4H2/2 PBS/OVA; hatched bar, LTA4H1/1 OVA/OVA; solid bar, LTA4H2/2 OVA/OVA. (C) Numbers of CD31, CD41, and CD81 T cells in the

lung and BAL fluid after sensitization and challenge. Numbers of cells in the lung and BAL were determined as described in MATERIALS AND METHODS.

Open bars, LTA4H1/1 OVA/OVA; solid bars, LTA4H2/2 OVA/OVA. (D) Cytokine levels in BAL fluid. IL-4, IL-5, IL-13, and IFN-g levels in BAL fluid
were measured in supernatants by enzyme-linked immunosorbent assay (ELISA). Horizontally striped bars, LTA4H1/1 PBS/OVA; open bars,

LTA4H2/2 PBS/OVA; hatched bars, LTA4H1/1 OVA/OVA; solid bars, LTA4H2/2 OVA/OVA. (E) IL-4, IL-5, and IL-13 production in lung cells from

LTA4H2/2 mice after sensitization and challenge. Cytokine levels in culture supernatants of cultured lung mononuclear cells (MNC), in the

presence or absence of OVA (100 mg/ml), were determined by ELISA. Open bars, LTA4H1/1 OVA/OVA; solid bars, LTA4H2/2 OVA/OVA.*P , 0.05
and **P , 0.01 between LTA4H2/2 mice (LTA4H2/2 OVA/OVA) and LTA4H-sufficient mice (LTA4H1/1 OVA/OVA).
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Figure 3C shows the numbers of eosinophils in the lung
tissue of recipients of mast cells. The numbers of eosinophils
in LTA4H2/2 mice that received LTA4H1/1 mast cells were
significantly higher than those in the mice that received
LTA4H2/2 mast cells. Transfer of LTA4H1/1 mast cells into
the LTA4H2/2 mice also restored the numbers of PAS1 cells
in the lung tissue, to levels similar to those seen in passively
sensitized and challenged LTA4H1/1 mice (Figure 3D).

Analysis of LTB4 levels in the BAL fluid of LTA4H2/2
recipient mice showed that after transfer of LTA4H1/1 mast
cells, a significant increase in LTB4 levels in the BAL fluid could
be detected compared with mice that received LTA4H2/2 mast
cells Figure 3E).

To determine whether the effect of LTA4H1/1 mast cell
transfer into LTA4H2/2 recipients was in fact dependent on
the LTB4-BLT1 pathway, we treated passively sensitized
LTA4H2/2 recipients with an LTB4 receptor antagonist
beginning 2 days and 1 day before each OVA challenge.
Treatment with the LTB4 receptor antagonist completely
abolished the effect of LTA4H1/1 mast cell transfer on the
development of increased airway reactivity (Figure 3F).

Transfer of LTA4H1/1 T Cells, MNC, or Alveolar

Macrophages Fails to Restore Responses in Passively

Sensitized LTA4H2/2 Mice

We next determined if we could bypass the need for mast cell–
derived LTB4 by transferring allergen-primed T cells to the
passively sensitized LTA4H2/2 mice. Although T cells are not
a source of LTB4, transfer of allergen-primed T cells can
reconstitute lung allergic responses under certain conditions
(26). We transferred LTA4H1/1 T cells into LTA4H2/2 mice
to determine if sensitized T cells could restore AHR, bypassing
the need for endogenous (recipient) production of LTB4.
Figure 4A illustrates the results of airway reactivity after
LTA4H1/1 T cell transfer into LTA4H2/2 mice; transfer of
LTA4H1/1 T cells did not restore airway reactivity in recipient
LTA4H2/2 mice. A similar lack of effect was seen after
transfer of LTA4H1/1 MNC into the passively sensitized
LTA4H2/2 mice before challenge (Figure 4A). After transfer
of LTA4H1/1 T cells, LTB4 levels in the BAL fluid of
LTA4H2/2 recipient mice did not increase and were similar
to the levels in recipients of LTA4H2/2 T cells (Figure 4B).

Transfer of LTA4H1/1 MNC similarly did not increase
LTB4 levels in the BAL fluid of recipient LTA4H2/2 mice
(Figure 4B).

To determine if alveolar macrophages as a source of LTB4
were capable of restoring airway responses in the passively
sensitized LTA4H2/2, we transferred LTA4H1/1 macro-
phages into LTA4H2/2 mice. The alveolar macrophages were
transferred intratracheally 24 hours before the first of two OVA
challenges, and airway responsiveness was monitored 48 hours
after the last OVA challenge. Transfer of LTA4H1/1 macro-
phages, did not reconstitute AHR in the LTA4H2/2 mice
(Figure 4C). Analysis of LTB4 levels in the BAL fluid of
LTA4H2/2 recipient mice showed that transfer of LTA4H1/1
macrophages did not increase LTB4 levels in the BAL fluid
(Figure 4D).

Failure of LTA4H1/1 Cells to Restore Responsiveness in

Sensitized and Challenged LTA4H2/2 Recipients

In contrast to the passive sensitization, mast cell–dependent
model, systemic sensitization (together with adjuvant) appears
to bypass an essential role for mast cells but nonetheless
remains dependent on LTB4-BLT1 interactions (17). As sensi-
tized and challenged LTA4H2/2 mice failed to develop the full
array of lung allergic responses, we sought to determine if
transfer of mast cells, T cells, MNC, or macrophages from
LTA4H1/1 donors could restore responsiveness. Eight weeks
after mast cell transfer, LTA4H2/2 mice were actively sensi-
tized with OVA (plus alum) on Days 1 and 14, then challenged
with OVA from Days 26 to 28. On Day 30, airway responses
were monitored. Figure 5 shows the results after LTA4H1/1
mast cell transfer. Transfer of the LTA4H1/1 mast cells into
LTA4H2/2 mice did not enhance AHR (Figure 5A) or affect
the numbers of eosinophils in the BAL fluid after sensitization
and challenge (Figure 5B). To determine if the failure of mast
cells to reconstitute the responses was due to a failure of LTB4
release by the transferred cells, we quantitated LTB4 levels in
the BAL fluid 48 hours after the last challenge in sensitized mice.
As shown in Figure 5C, recipient LTA4H2/2 mice showed
a significant increase in LTB4 levels in the BAL fluid and were
comparable to the levels achieved in the passively sensitized
LTA4H2/2 recipients of LTA4H mast cells (Figure 3D) that
were fully reconstituted.

Figure 2. Airway responses

in LTA4H2/2 are reduced

after passive sensitization

and challenge. (A) Airway re-
activity determined by elec-

trical field stimulation of

tracheal smooth muscle
preparations. LTA4H2/2

mice (n 5 8 in each group)

and similar numbers of the

controls (LTA4H1/1) were
passively sensitized with

OVA-IgE, and exposed to

nebulized OVA. Some mice

received OVA challenge with-
out passive sensitization. (B)

Numbers of eosinophils in

lung tissue. Numbers of eosi-

nophils in the lung tissue
were quantified in MBP-stained sections as described in MATERIALS AND METHODS. (C) Numbers of PAS1 cells. Goblet cell numbers were quantified
in PAS-stained sections as described in MATERIALS AND METHODS. *P , 0.05 compared with other groups.
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Studies were also performed to determine whether transfer
of T cells, MNC, or macrophages were capable of restoring
responsiveness in the sensitized and challenged LTA4H2/2
recipients. None of these cell transfers altered airway reactivity
or BAL cell composition, and analysis of LTB4 levels and Th2
cytokine levels in the BAL fluid of LTA4H2/2 recipient mice
showed that transfer of LTA4H1/1 T cells, MNC, or macro-
phages did not increase LTB4 or Th2 cytokine levels in the
BAL fluid (data not shown). Even transferring as many as 2 3

107 MNC up to 8 weeks before sensitization failed to restore any
lung allergic responses (data not shown).

DISCUSSION

To investigate the mechanisms underlying development of
allergen-induced airway responses, a number of animal models
have been used. Many studies have used systemic sensitization
to a soluble antigen such as OVA together with an adjuvant

(alum) to induce a robust increase in AHR and eosinophilic
airway inflammation. This protocol has been shown to serve as
an IgE mast cell–independent model of allergen-induced airway
responses, since mast cell– and B cell–deficient mice, which lack
IgE production, have been shown to develop airway responses
comparable to those of their normal littermates (34–36). To
supplement this approach, we developed a passive sensitization
model using OVA-specific IgE, and demonstrated that this
model is IgE- and mast cell–dependent (5, 21). In both of these
models, BLT1, the high-affinity receptor for LTB4, appears to
play a pivotal role. Using BLT1-deficient mice or a specific
BLT1 antagonist, we showed that BLT1 is essential to the
development of lung allergic responses in the IgE mast cell–in-
dependent model (17) as well as in the IgE mast cell–dependent
model of allergic airway responses (21). Given this apparent role
of BLT1, in the present study we determined whether LTB4 is
truly required for the development of allergen-induced airway
responses. To this end, we investigated the capacity of LTA

Figure 3. Reconstitution of LTA4H2/2 mice with LTA4H1/1 mast cells after passive sensitization and challenge restores lung allergic responses.

Bone marrow–derived mast cells (BMMC) were generated in culture and transferred into LTA4H2/2 mice as described in MATERIALS AND METHODS.

Eight weeks later, LTA4H2/2 mice received passive sensitization with OVA-IgE followed by OVA challenge. Three groups of LTA4H2/2 mice were
studied: no reconstitution (n 5 8), reconstitution with BMMC from LTA4H2/2 mice (LTA4H2/2 MC, n 5 8), and BMMC generated from

LTA4H1/1 mice (LTA4H1/1 MC, n 5 8). (A) Localization of LTA4H-positive BMMC in LTA4H2/2 recipient mice. Anti-LTA4H staining (red for

LTA4H, blue for nuclei) of lungs of naive LTA4H2/2 mice (a), peribronchial region (b), and alveolar region (c) of lungs of LTA4H2/2 recipients of

LTA4H1/1 BMMC transfer. Bright field images (left panel) of anti-LTA4H Ab-stained sections were obtained at the same time. Original magnification:
3400. (d) LTA4H-positive BMMC numbers in peribronchial regions (within the limits of 0.1 mm in depth under subepithelial basement membrane)

or alveolar regions were quantified as described in MATERIALS AND METHODS. Data are expressed as the number of LTA4H-positive cells per millimeter

square of peribronchial region or alveolar region.
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4H2/2 mice, which completely lack LTB4 production but
maintain production of other lipid mediators (22), to develop
AHR in both models. Previous studies demonstrated that in the
absence of 5-lipoxygenase (in knockout mice or drug-treated
mice), lung allergic responses were diminished (37, 38). Our data
suggest that LTB4 is essential to both the IgE mast cell–
independent and –dependent models, further establishing the
importance of the LTB4-BLT1 pathway in development of these
lung allergic responses.

LTB4 is a potent chemoattractant produced by leukocytes
including neutrophils, macrophages, and mast cells, and functions
in the recruitment of leukocytes to sites of inflammation (39). In
addition, LTB4 induces migration of human blood T cells and
affects T cell proliferation (39). The ability of LTB4 to affect
such a wide range of cell types indicates that LTB4 may function

broadly in the regulation of innate and adaptive immune
responses. LTB4 is essential in host defense against bacterial
infection (40), and is linked to many inflammatory disorders,
including arthritis (41–43), atherogenesis (44), and aortic aneu-
rysm formation (45). In animal models and in patients with
asthma, the levels of LTB4 have been reported to be elevated in
the airways and to correlate with asthma severity (15, 16, 38, 46).
However, the source of LTB4 evoking allergic airway inflamma-
tion has not been investigated directly. In the present study, we
investigated which cell type produced LTB4 after different
allergen exposures, and which was essential to development of
allergic airway responses. These results showed that LTB4
release from mast cells was critical to the development of
IgE-mediated, mast cell–dependent lung allergic responses but
was insufficient in the mast cell–independent model.

Figure 3. (Continued). (B) Airway reactivity assessed by electrical field stimulation of tracheal smooth muscle preparations. *P , 0.05 between
LTA4H2/2 mice receiving no cells (no transfer) and LTA4H2/2 mice which received 0.5 to 10 3 106 BMMC. (C) Dose-dependent mast cell

reconstitution of airway reactivity. *P , 0.05 comparing transfer of 1 3 107 mast cells and LTA4H2/2 mice receiving no cells. (D) Numbers of

eosinophils in lung tissue. Numbers of eosinophils in the lung tissue were quantified in MBP-stained sections as described in MATERIALS AND METHODS.

(E ) Numbers of PAS1 cells lung tissue. Goblet cell numbers were quantified in PAS-stained sections as described in MATERIALS AND METHODS. (F) LTB4
levels in BAL fluid. LTB4 levels in BAL fluid were measured in supernatants by ELISA. For D–F: **P , 0.01, *P , 0.05 comparing indicated groups. (G )

Reconstitution of increased airway reactivity after LTA4H1/1BMMC transfer to LTA4H2/2 mice is dependent on the LTB4 receptor. In vitro–

generated BMMC obtained from LTA4H1/1 mice were transferred into LTA4H2/2 mice followed by passive sensitization and challenge. Mice were
treated with an LTB4 receptor antagonist or vehicle as described in MATERIALS AND METHODS. *P , 0.05 compared with the LTA4H2/2 recipients

treated with vehicle.
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Two populations of memory CD81 T cells, termed central
and effector memory CD81 T cells, have been described (47–
49). These two populations can be distinguished by their distinct
localization to lymph nodes and peripheral sites of inflammation
such as the lung and liver, respectively. Consistent with the well-
described functions of adhesion molecules and chemokines in
orchestrating the migration of immune cells, the homing of
central memory CD81 T cell to lymph nodes is attributed to
their expression of CD62L and CCR7. The mechanism by which
effector CD81 T cells are recruited to peripheral tissues has also
been studied, and BLT1 expression on effector memory CD81

T cells has been shown to be crucial to the recruitment of these
cells to inflamed tissues (13, 14). We previously demonstrated
that the IgE mast cell–dependent passive sensitization model is
also dependent on CD81 T cells, and BLT11/1 effector CD8 T
cells in particular (21). Effector CD81 T cells can secrete large
amounts of IL-13 after stimulation, and accumulate in the
airways after passive sensitization with OVA-specific IgE and
OVA challenge. BLT11/1 but not BLT12/2 effector CD81 T
cells are recruited to the airways and are capable of eliciting
AHR, at least in part by secreting IL-13 (21). Effector CD81 T
cells, which express BLT1, showed chemotactic responses to
LTB4 secreted from activated mast cells in vitro (50).

Mast cells bearing the high-affinity IgE receptor FceRI
reside in peripheral tissues and are thus well-positioned to
respond quickly to environmental stimuli. Activation of mast
cells through FceRI stimulates rapid degranulation and pro-

duction of lipid-derived mediators such as leukotrienes and
prostaglandins (51). At later time points after activation, mast
cells secrete a wide range of cytokines and chemokines that
function in the recruitment and activation of effector cells,
including eosinophils, neutrophils, and lymphocytes. Recently,
it has been shown that LTB4 released from activated mature
mast cells has an important autocrine role in regulating the
release of mast cell progenitors from the bone marrow and/or
their recruitment into tissues before maturation (52).

In the present study, we showed that in vivo LTB4 release
from mast cells alone can induce allergen-induced airway
responses after passive sensitization and challenge. Following
a mast cell transfer protocol that has been effective in other
models (30), we showed that the transfer of LTA4H1/1 mast
cells could reconstitute the responses in passively sensitized,
LTA4H2/2 recipients. Transfer of LTA4H1/1 mast cells
resulted in increased BAL LTB4 levels and restoration of
AHR, lung eosinophilia, Th2 cytokine production, and goblet
cell metaplasia. Tracking these transferred mast cell by LTA4H
staining showed the accumulation of these cells throughout
the lungs. To confirm that the transferred cells were indeed
reconstituting the responses through LTB4–BLT1 interactions,
administration of an effective BLT1 antagonist (30) completely
prevented the reconstitution of the AHR response.

In this passive sensitization model, transfer of alveolar
macrophages, primed spleen T cells, or spleen MNC were not
capable of reconstituting these lung allergic responses. Most

Figure 4. Failure to re-

constitute LTA4H2/2

mice with antigen-
primed LTA4H1/1 T

cells, MNCs, or alveolar

macrophages after pas-
sive sensitization and

challenge. (A) LTA4H2/2

mice (recipient mice) re-

ceived 1 3 107 LTA4H1/
1 or LTA4H2/2 T cells,

or MNC cells intrave-

nously, 2 hours before

the first airway challenge
with aerosolized OVA.

Airway reactivity was

assessed by electrical
field stimulation of tra-

cheal smooth muscle

preparations as de-

scribed in MATERIALS AND

METHODS. LTA4H1/1

and LTA4H2/2 mice re-

ceiving no cells are also

shown. (B) LTB4 levels
in BAL fluid after transfer

of T cells or MNC.

(C) Passively sensitized

LTA4H2/2 mice (recipi-
ent mice) received 1 3

106 LTA4H1/1 or

LTA4H2/2 alveolar mac-
rophages intratracheally

24 hours before the first

airway challenge with

aerosolized OVA as de-
scribed in MATERIALS AND

METHODS. Airway reactivity was assessed by electrical field stimulation of tracheal smooth muscle preparations. (D) LTB4 levels in BAL fluid after transfer
of macrophages. n 5 8 in each group. *P , 0.05 comparing passively sensitized and challenged LTA4H1/1 mice to all other groups.
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likely, these cells were either not a source of LTB4 (MNC) after
adoptive transfer, or the macrophages, a potential source of
LTB4, were not activated in an appropriate manner (i.e., there
was no source of IgG), or were activated but did not accumulate
at the appropriate site. The failure of primed T cells to recon-
stitute the responses in LTA4H2/2 hosts provides further
support for the need for LTB4 in the directed accumulation
of critical T effector cells in the development of lung allergic
responses (17, 18). Together, these data confirm the role of mast
cells and their synthesis and release of LTB4 after activation
through FceRI by allergen-specific IgE and allergen cross-
linking, consequently triggering the accumulation of effector
memory CD81 T cells and mediating IgE–mast cell–LTB4–
BLT1–CD81 airway reactivity.

Surprisingly, transfer of LTA4H1/1 BMMC was not suffi-
cient to restore AHR in the systemically sensitized and chal-
lenged LTA4H2/2 mice, despite similar increases in LTB4
levels in the BAL fluid of recipient mice. Although this model
of OVA-systemic sensitization together with alum followed by
OVA challenge has been demonstrated to be mast cell– and
IgE-independent (23, 33) but LTB4-BLT1–dependent (17), the
LTB4 release from transferred mast cells appeared insufficient
to induce AHR under this protocol. Perhaps not surprising
given the importance of LTB4 in attracting effector T cells to
the lung, LTA4H1/1 T cells or MNC transferred under these
experimental conditions also did not restore airway responses in
the LTA4H2/2 mice in the absence of a source of LTB4. As
many as 2 3 107 MNC transferred up to 8 weeks before
sensitization failed to restore any of the responses. Although
macrophages are believed to be a major source of LTB4, under
the experimental conditions used, increases in BAL LTB4 levels
were not detected and transfer of macrophages as performed
here in different ways was not able to restore AHR. Studies are
underway to determine other potential sources of LTB4 after
systemic sensitization and challenge and why the macrophage
transfers as performed here were insufficient. LTA4H has been
shown to be expressed ubiquitously, not only in mast cells and
other leukocytes, but also in bronchial epithelial cells in both
humans and rodents (53, 54). Thus, production of LTB4 from
several kinds of cells may orchestrate allergic inflammation after
systemic sensitization and challenge.

In summary, we have identified a critical requirement for
LTB4 synthesis and release in the development of allergen-
induced AHR and airway inflammation under different exper-
imental conditions, and have shown that LTB4 release from
mast cells is sufficient to induce IgE mast cell–mediated airway
reactivity. Manipulating LTB4 production in mast cells or other
cell types will provide a novel approach for controlling IgE-
mediated AHR and eosinophilic airway disease, with the
potential to improve the treatment of asthma.
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