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Most of the studies investigating the effectiveness of blocking
the leukotriene B4 (LTB4) receptor 1 (BLT1) have been performed
in models of primary or acute allergen challenge. The role of the
LTB4-BLT1 pathway in secondary challenge models, where airway
hyperresponsiveness (AHR) and airway inflammation have been
established, has not been defined. We investigated the effects of
blocking BLT1 on early- and late-phase development of AHR and
airway inflammation in previously sensitized and challenged mice.
Female BALB/c mice were sensitized (Days 1 and 14) and challenged
(primary, Days 28–30) with ovalbumin. On Day 72, mice were
challenged (secondary) with a single OVA aerosol, and the early
and late phases of AHR and inflammation were determined. Specific
blockade of BLT1 was attained by oral administration of a BLT1 an-
tagonist on Days 70 through 72. Administration of the antagonist
inhibited the secondary ovalbumin challenge–induced alterations in
airway responses during the late phase but not during the early
phase, as demonstrated by decreases in AHR and in bronchoalveolar
lavage neutrophilia and eosinophilia 6 and 48 hours after secondary
challenge. The latter was associated with decreased levels of KC
protein, macrophage inflammatory protein 2, and IL-17 in the
airways. These data identify the importance of the LTB4-BLT1
pathway in the development of late–phase, allergen-induced airway
responsiveness after secondary airway challenge in mice with
established airway disease.

Keywords: LAR; EAR; established asthma; BLT1 antagonist

Allergic asthma is a complex syndrome characterized by airway
obstruction, airway inflammation, and airway hyperresponsive-
ness (AHR) (1, 2). Many investigations have reported that T
cells and the CD41 and CD81 T cell subsets are central to the
development of AHR and eosinophilic inflammation (1–9)
through the production of cytokines, especially IL-13 (6–9).

In patients with allergic asthma, allergen challenge leads to an
early asthmatic response (EAR), occurring within 15 to 30
minutes after allergen challenge. About 60% of patients develop
a late asthmatic response (LAR), which occurs approximately 3 to
5 hours after allergen challenge and is characterized by airway
obstruction and increased airway inflammation (10, 11). Similarly,
in mice with established airway disease, allergen challenge can
evoke an EAR and a LAR (12), followed by the development of
sustained AHR (13). We have previously shown important

differences when a primary challenge approach was compared
with mice that had previously been sensitized and challenged and
later provoked with a single airway challenge (secondary chal-
lenge) (13). It has been shown that neutrophils increase in
bronchoalveolar lavage (BAL) fluid 6 hours after provocation,
whereas eosinophils increase 48 hours after provocation (14).

Leukotriene B4 (LTB4) is a proinflammatory lipid mediator
that is derived from membrane phospholipids (15–17). LTB4
activates leukocytes through a G protein–coupled cell surface
receptor, BLT1, and as a major chemoattractant results in gran-
ulocyte and macrophage accumulation at sites of inflammation
(18–21). We and others have recently shown that the LTB4-BLT1
pathway may be important in effector T-cell movement to sites of
acute inflammation, critical to the development of AHR and
inflammation (22–29). However, the role of the LTB4-BLT1
pathway in established asthma, including EAR and LAR, has not
been elucidated.

The aim of the present study was to evaluate the role of LTB4
on airway function and lung inflammation in established disease,
after provocative allergen challenge in previously sensitized and
challenged mice, monitoring EAR and LAR. To assess LAR, we
investigated allergen-induced airway obstruction, AHR, and
airway inflammation 6 hours after secondary challenge when
neutrophilic inflammation was predominant in the alveolar space.
We then evaluated the development of AHR and inflammation
48 hours after secondary challenge when increased eosinophilic
inflammation was observed. Although EAR was not affected,
blocking the LTB4-BLT1 pathway significantly suppressed LAR,
including AHR and inflammation, indicating that controlling the
LTB4-BLT1 pathway could provide a novel therapeutic ap-
proach for the treatment of established asthma.

MATERIALS AND METHODS

An expanded description of methods can be found in the online
supplement.

Animals

Female BALB/c mice were maintained on ovalbumin (OVA)-free
diets and under a protocol approved by the Institutional Animal Care
and Use Committees of the Okayama University (Okayama, Japan)
and National Jewish Health (Denver, CO).

Experimental Protocol: Sensitization and Airway Challenge

Mice (8–10 wk old) were sensitized and challenged to OVA as
described previously (12). In the secondary challenge protocol, to
assess EAR, mice were exposed to OVA (5% in saline) for 5 minutes 6
weeks after the primary challenge was completed, and assessments of
airway function were begun immediately (12). To assess LAR, 6 weeks
after the primary challenge, mice were exposed to a single OVA
challenge (1% in saline), and lung resistance (RL), airway reactivity,
and tissues were assessed 6 or 48 hours later (12).

Administration of the LTB4 Receptor Antagonist

The LTB4 receptor (BLT1) antagonist (CP105,696; provided by Pfizer
Pharmaceuticals, New York, NY) (30) or vehicle was administered by

(Received in original form November 4, 2010 and in final form February 16, 2011)

This work was supported by NIH grants HL-36577, HL-61005, and AI-77609 and

EPA grant R825702 (E.W.G.). The content is solely the responsibility of the

authors and does not necessarily represent the official views of the NIH or NHLBI.

N.M. was supported in part by a grant from the Ministry of Education, Science

and Culture of Japan, and NOVARTIS Foundation for the Promotion of Science.

Correspondence and requests for reprints should be addressed to Dr. Erwin W.

Gelfand, National Jewish Health, 1400 Jackson Street, Denver, CO 80206; E-mail:

gelfande@njhealth.org

This article has an online supplement, which is accessible from this issue’s table of

contents at www.atsjournals.org.

Am J Respir Cell Mol Biol Vol 45. pp 851–857, 2011

Originally Published in Press as DOI: 10.1165/rcmb.2010-0455OC on March 18, 2011

Internet address: www.atsjournals.org



gavage at 50 mg/kg (100 ml of carboxy-methyl cellulose) (Abbott
Laboratories), 48, 24, and 2 hours before the secondary challenge.

Determination of Airway Function

A FlexiVent small-animal ventilator (SCIREQ, Montreal, PQ, Canada)
was used to assess airway function (31, 32). For EAR, animals were
provoked with OVA (5% in saline) for 5 minutes, and RL was measured
every minute for 60 minutes. For LAR, RL 6 hours after secondary OVA
challenge was measured. Airway responsiveness was assessed as a change
in airway function after challenge with aerosolized methacholine (MCh).
Maximum values of 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.

BAL

After assessment of AHR, lungs were lavaged via the tracheal tube with
Hanks’ balanced salt solution (2 3 1 ml; 378C). The number of cells in the
BAL fluid was determined. Cytospin slides were stained and differentiated
in a blinded fashion by counting at least 300 cells under light microscopy

Histochemistry

Lungs were fixed by inflation (1 ml) and immersion in 10% formalin.
For detection of mucus-containing cells in formalin-fixed airway tissue,
sections were stained with periodic acid-Schiff (PAS) and H&E and
quantitated as previously described (25).

Lung Cell Isolation

Lung cells were isolated as previously described following collagenase
digestion (25).

Measurement of Cytokines and Chemokines

Cytokine levels in the BAL fluid, cell culture supernatants and lung
homogenates were measured by ELISA as previously described (25).
The limits of detection were 4 pg/ml for IL-4, IL-5, IL-13, 5 pg/ml for IL-
17, 2 pg/ml for KC, and 1.5 pg/ml for macrophage inflammatory protein
(MIP)-2.

Measurement of Total and OVA-Specific Antibody

Serum levels of Ig were measured by ELISA.

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 t test, and samples distributed nonparametrically were
compared by Mann-Whitney U test. Significance was assumed at P
values of , 0.05.

RESULTS

The Early Asthmatic Response Is Not Abolished by Blocking

the LTB4-BLT1 Pathway

After exposure to 5% OVA, previously (6 wk earlier) sensitized
and challenged mice developed an EAR. Increases in RL reached
a maximum around 7 minutes after OVA challenge and returned to
baseline 20 minutes after challenge (Figure 1). This early increase
in RL was seen in mice that were previously sensitized and chal-
lenged and then secondarily challenged mice with allergen but was
not seen in nonsensitized mice or mice sensitized and challenged
but secondarily challenged with saline. Sensitized and challenged
mice treated with the BLT1 antagonist showed the same early RL

increase as the mice treated with vehicle (Figure 1).

The LAR Is Reduced by Blocking the LTB4-BLT1 Pathway

6 Hours after Secondary Challenge

To assess the LAR, mice were rechallenged with OVA. Six
hours after OVA challenge, mice previously sensitized and
challenged to OVA and treated with vehicle developed aller-

gen-induced alterations in airway function, as shown by in-
creased RL compared with nonsensitized but OVA-challenged
mice or sensitized and challenged and secondarily saline-
challenged mice (Figure 2). In contrast, sensitized and chal-
lenged mice treated with the BLT1 antagonist did not develop
an LAR (Figure 2).

Previously sensitized and challenged mice showed an increase
in AHR 6 hours after secondary allergen challenge (Figure 3A).
Under these conditions, BLT1 antagonist treatment prevented
the increases in AHR at this time point (Figure 3A).

The number of neutrophils has been shown to increase in
BAL fluid 6 hours after secondary challenge, whereas eosinophils
increase in lung tissue 48 hours after secondary challenge (13,
14). LTB4 is thought to play an important role in the activation
and recruitment of leukocytes (18–21). In sensitized mice, in-
flammatory cell accumulation in the BAL fluid was increased

Figure 1. Altered airway function in the early asthmatic response. All

groups were exposed to secondary challenge with 5% ovalbumin

(OVA), and changes in lung resistance (RL) were monitored. Adminis-

tration of the BLT1 antagonist was as described in MATERIALS AND

METHODS. n 5 12 in each group. Means 6 SEM are shown. *P ,

0.05. PBS/OVA/vehicle PBS/OVA/antagonist versus OVA/OVA/vehicle

OVA/OVA/antagonist. PBS/OVA 5 nonsensitized and challenged. OVA/

Saline 5 sensitized and challenged and secondary challenged with
saline. OVA/OVA 5 sensitized and challenged.

Figure 2. Altered airway function during the late asthmatic response.

Previously sensitized and challenged mice were exposed to secondary

allergen challenge, and changes in RL were monitored 6 hours later.
n 5 12 in each group. Means 6 SEM are shown. *P , 0.05 compared

with OVA/OVA/vehicle group.
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after secondary allergen challenge (Figure 3B). The increase in
total cell numbers was largely due to increased numbers of
neutrophils and lymphocytes in the BAL fluid; few eosinophils
were seen (Figure 3B). Administration of the BLT1 antagonist at
the time of secondary challenge led to a significant (P , 0.05)
decrease in neutrophil numbers (Figure 3B).

Six hours after secondary allergen challenge, BAL fluid and
lung homogenates were obtained to assess levels of cytokines and
neutrophil-related chemokines. After secondary challenge, levels
of IL-13, IL-4, and IL-5 were increased in previously sensitized
and challenged mice treated with vehicle compared with chal-
lenged-only mice (Figure 3C). Treatment with the BLT1 antag-
onist significantly reduced the levels of these cytokines in BAL
fluid (Figure 3C).

Levels of KC and MIP-2 in BAL fluid were also increased in
vehicle-treated sensitized and challenged mice, and treatment
with the antagonist significantly reduced the level of KC but not
of MIP-2 (Figure 3D). IL-17 was not detectable in the BAL fluid
(data not shown); therefore, IL-17 levels in lung homogenates
were assessed. Levels of IL-17 in lung homogenates were in-
creased in sensitized and challenged mice treated with vehicle,
and the BLT1 antagonist significantly inhibited IL-17 production
(Figure 3E).

In previous studies, development of the LAR was associated
with inflammatory changes in lung tissue (12). To determine if
blocking of the LTB4-BLT1 pathway affected inflammatory
changes in the lung, we assessed tissue inflammation 6 hours
after 1% OVA challenge. Lung tissue was stained with H&E and
PAS. To quantify the numbers of leukocytes in the lung, lung
tissue was digested, and the number of leukocytes was deter-
mined. At 6 hours, there was a slight increase in peribronchial
inflammation observed in sensitized and challenged animals com-
pared with the nonsensitized mice, and this inflammatory re-
sponse was decreased in mice treated with the BLT1 antagonist
(Figure 4A). The number of eosinophils was increased after OVA
sensitization and challenge, and treatment with the BLT1 antag-
onist reduced this number (Figure 4B).

In tissue assessed after PAS staining, at 6 hours, challenged-
only mice showed no PAS-positive cells, whereas sensitized and
challenged mice treated with vehicle showed goblet cell meta-
plasia (Figure 4C). Few PAS-positive cells were detected in
mice treated with the BLT1 antagonist.

Development of Allergic Airway Responses 48 Hours

after Secondary Challenge Is Reduced by Blocking the

LTB4-BLT1 Pathway

We previously demonstrated that secondary allergen challenge
induces a strong inflammatory reaction with development of
AHR (13). Secondary allergen challenge in previously sensi-
tized and challenged mice elicited an increase in AHR (Figure
5A). Under these conditions, treatment with the BLT1 antag-
onist also prevented the increases in AHR. At this time point,
increased total cell numbers were largely due to increased
numbers of eosinophils and lymphocytes in BAL (Figure 5B).
Administration of the BLT1 antagonist at the time of the
secondary challenge led to a significant decrease in eosinophil
numbers in BAL fluid (Figure 5B). In parallel to the increases in
AHR and airway eosinophilia, levels of IL-4, IL-5, and IL-13
were increased, and treatment with the inhibitor significantly
reduced the levels of IL-5 and IL-13 (Figure 5C). Similarly, KC
and MIP-2 levels in BAL fluid were increased, and treatment
with the BLT1 antagonist reduced these levels (Figure 5D).

Increased peribronchial and perivascular inflammatory in-
filtrates as well as increased numbers of PAS-positive cells were
seen in secondary allergen–challenged mice, and treatment with
the BLT1 antagonist reduced the numbers of these cells.
(Figures 5E–5G).

Blocking BLT1 Does Not Alter Antigen-Specific

Antibody Production

Serum Ig levels in mice exposed to secondary allergen challenge
were elevated compared with nonsensitized control mice (Table
1), and treatment with the BLT1 receptor antagonist did not

Figure 3. BLT1 antagonist

reduces AHR and airway in-
flammation 6 hours after sec-

ondary challenge. (A) RL was

measured in sensitized and
challenged mice 6 hours after

the secondary provocation

with OVA. n 5 12 in each

group. *P , 0.05 compared
with all other groups. (B) Cel-

lular composition in bron-

choalveolar lavage (BAL) fluid.

(C ) BAL cytokine levels. (D)
BAL chemokine levels. (E ) BAL

IL-17 levels. *P , 0.05 com-

pared with OVA/OVA/vehicle.
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significantly alter levels of total IgE, OVA-specific IgE, or IgG1
(Table 1).

DISCUSSION

In humans, the measurement of early- and late-phase airway
responses after allergen challenge is often used to assess the
effectiveness of treatment interventions (33, 34). Experimental
models of asthma in mice can also demonstrate early- and late-
phase airway responses to inhaled allergen and can be used to
assess mechanisms and interventions (11, 35). In the present
study, we evaluated the role of the LTB4-BLT1 pathway in the
development of allergen-induced EAR and LAR in previously
sensitized and challenged mice after secondary allergen chal-
lenge. We demonstrated that oral treatment with a specific
antagonist of the high-affinity LTB4 receptor, BLT1, effectively
prevented development of the LAR but not the EAR after
provocative (secondary) allergen challenge.

Blockade of BLT1 was achieved after systemic administra-
tion of a specific antagonist that was previously shown to be
effective in preventing the development of AHR in a similar
model (28) as well as in a primate model (36). Using BLT1-
deficient mice, we and others have also shown that the absence
of expression of BLT1 prevents the development of AHR and
Th2-type responses (25, 26). We have also shown that recruit-
ment of antigen-specific effector CD81 T cells to the airway
requires an intact LTB4-BLT1 pathway (24, 28). These findings
clearly demonstrated that BLT1 was involved in the initial
development of asthma. However, the role of the LTB4-BLT1
pathway in established asthma has not been defined. Here, we
examined the importance of LTB4 in the development of the

EAR and LAR and the associated neutrophilic and eosinophilic
airway inflammation in established asthma and showed for the
first time that blocking the LTB4-BLT1 pathway significantly
suppressed allergic airway responses in established airway dis-
ease. Although the EAR was unaffected, blockade of BLT1
significantly decreased the number of neutrophils in the BAL
fluid and eosinophils in the lung 6 hours after secondary chal-
lenge, and this was associated with decreases in the neutrophil-
related chemokines KC, MIP-2, and IL-17, as well as the
Th2-type cytokines IL-5 and IL-13. Thus, interfering with the
LTB4-BLT1 pathway may have important treatment implica-
tions in established disease.

In humans, similar to the mouse, the LAR to inhaled antigen
is associated with airway inflammation and increased AHR (37).
The cellular response is characterized by increased migration of
eosinophils to the lung tissue and neutrophils in the BAL fluid
(12, 14, 38). Eosinophils are thought to play an important role in
the development of the LAR, and the altered airway function
that develops in the LAR together with eosinophilic inflamma-
tion can be suppressed by treatment with neutralization of IL-5
or IL-13, cromoglycates, or corticosteroids (12, 39). Neutrophils
may also contribute to the development of asthma. In human
asthma, increased numbers of neutrophils were found in the
lungs of patients with fatal asthma (40, 41). Nagata and col-
leagues have shown that neutrophils enhance the transbasement
membrane migration of eosinophils in vitro; therefore, activation
of neutrophils may enhance the accumulation of eosinophils in
the airways, sustaining allergic inflammation (42–44). LTB4 is
thought to play an important role in the activation and re-
cruitment of leukocytes, including neutrophils (45). Based on
these findings and the results of our studies, chemoattraction and

Figure 4. (A) Effect of BLT1 antagonist treat-

ment on tissue inflammation and goblet cell
metaplasia in sensitized and challenged mice 6

hours after secondary allergen challenge. (B)

Eosinophil quantitation. *P , 0.05 compared
with OVA/OVA/vehicle. (C ) PAS-stained sections

6 hours after secondary allergen challenge.
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activation of neutrophils through LTB4-BLT1 may contribute at
least in part to allergic airway inflammation in established
asthma. Mast cells are a source of LTB4 in models of mast
cell–dependent allergic airway responses (46). However, in mast
cell–independent models and in models of established disease,

the source of LTB4 is not established. Because granulocytes are
a major source of LTB4 (47) and LTB4 may further stimulate 5-
lipoxygenase activity in these cells (48), it thus is possible that
increased neutrophil recruitment into the airways amplifies LTB4
production and cellular activation.

Figure 5. BLT1 antagonist reduces AHR and airway inflammation 48 hours after secondary challenge. (A) RL was measured in sensitized and
challenged mice 48 hours after secondary OVA provocation. *P , 0.05 compared with all other groups. (B) Cellular composition in BAL fluid. (C )

BAL cytokine levels. (D) BAL chemokine levels. (E ) H&E staining. (F ) Lung cell composition. (G) Periodic acid-Schiff staining. *P , 0.05 compared

with OVA/OVA/vehicle. n 5 12 in each group. *P , 0.05 compared with OVA/OVA/vehicle.

TABLE 1. CONCENTRATIONS OF TOTAL IMMUNOGLOBULIN E AND OVALBUMIN-SPECIFIC ANTIBODIES IN THE SERUM*

PBS/OVA/vehicle PBS/OVA/ BLT1i OVA/OVA/vehicle OVA/OVA/ BLT1i6

Total IgE, ng/ml 1814 6 390† 1618 6 483 4101 6 358‡ 4167 6 565‡

OVA-specific IgE, mU/ml ,10 ,10 30.6 6 9.0‡ 26.8 6 8.8‡

OVA-specific IgG1, EU/ml ,10 ,10 1681 6 119‡ 1524 6 97‡

Definition of abbreviations: mU/ml 5 ELISA mUnits/ml; OVA/OVA/BLT1i 5 sensitized and challenged mice followed by treatment with BLT1 antagonist; OVA/OVA/

vehicle 5 sensitized and challenged mice followed by vehicle treatment; PBS/OVA/BLT1i 5 nonsensitized but challenged mice followed by treatment with BLT1

antagonist; PBS/OVA/vehicle 5 nonsensitized but challenged mice followed by treatment with vehicle.

* Mice were sensitized and challenged as described in MATERIALS AND METHODS. Serum levels of immunoglobulins were assessed 48 h after the last challenge.
† Mean 6 SEM.
‡ P , 0.05. PBS/OVA/vehicle PBS/OVA/BLT1i vs. OVA/OVA/vehicle OVA/OVA/BLT1i (n 5 12 in each group).
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Th17 cells producing IL-17 have been shown to mediate
a neutrophil-dominant, steroid-resistant airway response (49).
In some studies, IL-13 induced neutrophil recruitment (9) and
activation (50) in the airways, and neutrophil recruitment may
be directly associated with goblet cell metaplasia (50). In the
present study, IL-13 levels in BAL fluid and IL-17 levels in lung
homogenates were significantly decreased after administration
of the BLT1 antagonist before secondary allergen challenge.

It has been reported that blockade of LTB4 did not suppress
AHR in human asthma, although it suppressed neutrophilic
inflammation in the BAL fluid (51). In this clinical study, the
number of patients enrolled was small, and the LTB4 antagonist
used was different from that in the current study. The level of
disease severity in the treated patients and the extent to which
BLT1 blockade was achieved in vivo were not defined. We have
recently shown that the LTB4-BLT1 pathway may contribute to
severe asthma, including steroid-resistant asthma with increased
numbers of BLT1-expressing CD81 T cells (52).

We have shown that not only CD41 T cells but also CD81 T
cells play a pivotal role in the development of AHR and airway
inflammation (7) and that BLT1 expression on effector memory
CD81 T cells was essential to development of these lung allergic
responses (24, 26). ERK1/2 controls effector CD81 T-cell–
mediated allergic responses (53). Migration of neutrophils was
also dependent on ERK1/2 (54). Therefore, control of ERK1/2
may suppress not only BLT1-effector CD81 T-cell–mediated
allergic airway responses but also BLT1-mediated neutrophilic
responses in the airways. Controlling LTB4-BLT1 activation
through ERK1/2 signaling may provide an approach to control
BLT1 expression.

In the present study, blockade of LTB4 had no effect on the
early airway response. Previous studies have shown that the early
response after allergen challenge was dependent on the presence
of allergen-specific IgG (35) and could be abolished using b2-
adrenoceptor antagonists or cromoglycates (12, 39). Blockade of
the LTB4-BLT1 pathway did not affect serum levels of allergen-
specific antibodies because sensitization was completed before
intervention, which may explain the failure to alter development
of the EAR.

In summary, our results demonstrate that the LTB4-BLT1
pathway is important to the development of the LAR after
provocative allergen challenge in mice with established allergic
disease. In addition, we show the importance of LTB4 in the
accumulation of neutrophils and eosinophils in the airways
during the LAR. The data suggest that manipulating the
LTB4-BLT1 pathway may be beneficial in the treatment of
established asthma.
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