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Review article

Role of IgE in the
development of allergic
airway in¯ammation and
airway hyperresponsiveness ±

a murine model.

Increased production of immunoglobulin E (IgE) in response

to common environmental antigens is the hallmark of

atopic diseases such as bronchial asthma, allergic rhinitis,

and atopic dermatitis (1). IgE, bound to high-af®nity IgE

receptors (FceRI), triggers the activation of mast cells after

cross-linking with speci®c antigen, resulting in the syn-

thesis and release of a variety of proin¯ammatory mediators

and cytokines (2, 3). IgE-dependent mast-cell activation is

the central mechanism underlying immediate allergic

reactions including allergen-induced bronchoconstriction,

mediated through release of histamine and leukotriene D4

(4). The role of IgE, FceRI, and mast cells has been con®rmed

in animal models of anaphylaxis: systemic delivery of IgE

plus speci®c antigen (or treatment with anti-IgE alone)

causes anaphylactic reactions in normal mice but fails to

trigger immediate systemic responses in mast-cell-de®cient-

(5±7) or FceRI-de®cient mice (8).

Bronchial asthma is characterized by reversible airway

obstruction in response to allergen, chronic eosinophilic

airway in¯ammation, and nonspeci®c airway hyperrespon-

siveness (AHR) (9±11). Increased numbers of eosinophils are

found in bronchial biopsies and in the bronchoalveolar

lavage (BAL) ¯uid of patients with bronchial asthma (12±14),

and the number of eosinophils tends to correlate with

severity of disease (15). The development of eosinophil

in®ltration appears to depend on the production of Th2-type

cytokines by activated T cells. The importance of inter-

leukin (IL)-4 and IL-5 for eosinophil accumulation has been

demonstrated in various animal models (16±18), and a

similar cytokine pattern has been found in the lungs of

patients with allergic bronchial asthma (19, 20).

In contrast to the recognized importance of T cells, Th2-

type cytokines, and eosinophils, the role of IgE in chronic or

persistent airway in¯ammation and AHR is not well-
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de®ned and requires further delineation. In patients suffer-

ing from bronchial asthma, IgE levels in serum or BAL ¯uid

are often increased and may correlate with the incidence or

severity of the disease (21, 22). However, this association is

not uniform. The fact that patients suffering from allergic

airway disease often demonstrate increased IgE, Th2-type

cytokines, and eosinophilic in¯ammation makes it dif®cult

to evaluate the interrelationship or importance of IgE in the

induction of airway in¯ammation and AHR. The mouse

provides an excellent model to investigate the contribution

of individual components to the development of AHR. The

advanced understanding of murine immunology and the

availability of genetically altered mouse strains and

immunologic reagents enables such analyses. We have

studied the in¯uence of IgE on allergen-induced airway

in¯ammation and AHR in normal and genetically altered or

antibody-treated animals, following three different ap-

proaches employing passive sensitization with allergen-

speci®c IgE or active sensitization with allergen. In all three

models, IL-5-mediated eosinophilic airway in¯ammation

appeared to be a prerequisite for the development of AHR,

con®rming data obtained in IL-5-de®cient mice (23). In this

review, we present data showing that IgE plays an important

role in the induction of AHR after sensitization protocols

which result in limited eosinophil airway in®ltration, but is

not required for eosinophilic airway accumulation or

increased airway responsiveness (AR) under conditions

where a more substantial eosinophilic response can be

elicited.

Airway in¯ammation and AHR in passively
sensitized mice

In patients with atopic bronchial asthma, increased IgE

production and eosinophil accumulation in the airways

occur simultaneously. In order to study directly the

importance of allergen-speci®c IgE (and of other allergen-

speci®c antibody isotypes) for the induction of airway

in¯ammation and AHR, we generated ovalbumin (OA)-

speci®c B-cell hybridomas to study the effects of passive

sensitization with anti-OA antibodies on anaphylactic

reactions, airway in¯ammation, and AHR in BALB/c mice

(24). Administration of anti-OA IgE and IgG1, but not anti-

OA IgG2a, IgG3, or anti-TNP IgE as an irrelevant control

antibody, resulted in the development of passive cutaneous

anaphylaxis, immediate cutaneous hypersensitivity (ICH),

and systemic anaphylaxis reactions. This demonstrates the

importance of IgE (or IgG1) in the induction of antigen-

induced immediate hypersensitivity and demonstrates that

anaphylactic reactions can be triggered through IgG-

mediated mast-cell activation, as suggested in studies of

IgE-de®cient mice (25).

The involvement of allergen-speci®c antibodies in the

induction of airway in¯ammation and AHR was also

studied. BALB/c mice were passively sensitized with anti-

OA antibodies and challenged with aerosolized OA via the

airways (24). AHR was determined by electrical ®eld

stimulation (EFS) of tracheal smooth-muscle segments

(26). AHR developed only after passive sensitization with

allergen-speci®c IgE or IgG1 and only after two or more

airway challenges with the relevant allergen (OA), demon-

strating speci®city of the response. Development of

increased AR was associated with increased numbers of

eosinophils in the BAL ¯uid (,®vefold vs mice passively

sensitized with TNP-IgE or TNP-IgG1 before OA airway

challenge) and in isolated cells from lung digests (,four-

fold). The responses are probably mediated through inter-

action of IgE with the high-af®nity receptor for IgE, since

passive sensitization plus airway challenge failed to induce

AHR in FceRI-de®cient mice (unpublished data), but

resulted in increased AR in passively sensitized CD23

(low-af®nity receptor)-de®cient mice (27). These data

suggest that IgE/IgG1-mediated reactions in combination

with local challenge of the airways with allergen results in

eosinophilic airway in¯ammation, leading to altered airway

function.

The impact of passive sensitization with allergen-speci®c

IgE on T-cell function was also examined. We previously

demonstrated that T cells bearing speci®c variable regions

of the b-chain of the T-cell receptor (V8.1/8.2-positive T

cells) regulate production of IgE and development of AHR

in mice actively sensitized to OA (28). Vb8.1/8.2-positive T

cells from sensitized mice are able to transfer AHR

passively into naive animals (29) and account for most

IL-4 production by peribronchial lymph-node (PBLN) cells

(30). We analyzed PBLN T cells and found that the

combination of passive sensitization with anti-OA IgE

and repeated OA airway challenges resulted in a signi®cant

in vivo expansion of (OA-reactive) Vb8.1/8.2-positive T

cells compared to nonsensitized or passively sensitized but

unchallenged animals (data not shown). Furthermore, we

were able to demonstrate in vitro enhancement of T-cell

activation by allergen-speci®c IgE, showing that prolifera-

tive responses, cytokine production, and T-helper cell

function for IgE production by B cells were increased in

sensitized T cells cocultured with allergen and allergen-

speci®c IgE (31). These data indicate that passive sensitiza-
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tion with allergen-speci®c IgE plus airway challenge

enhances T-cell function, leading to increased Th2-type

(IL-5) cytokine production and eosinophilic airway in¯am-

mation.

The importance of IgE and T cells in the development of

AHR was directly addressed by studying the effects of passive

sensitization in normal and athymic BALB/c nu/nu mice (32).

Both normal and athymic BALB/c mice developed allergen-

speci®c ICH after passive sensitization with anti-OA IgE.

This demonstrates the independence of IgE-mediated im-

mediate reactions from T cells and shows that passively

sensitized athymic mice are fully capable of generating

immediate allergic responses and mast-cell degranulation. In

contrast, the combination of passive sensitization with anti-

OA IgE followed by local airway challenge with allergen

triggered the development of AHR only in normal, but not in

athymic, mice. Restoration of T cells by adoptive transfer

from normals to nude mice before passive sensitization with

IgE followed by airway challenge re-established the capacity

for development of AHR in athymic mice. Similarly,

treatment of passively sensitized athymic mice with IL-5

before airway challenge restored development of AHR (32). A

signi®cant increase in numbers of eosinophils in the lungs

was observed only in passively sensitized normal, but not in

athymic, mice unless they were treated with IL-5 before

airway challenge. On the other hand, treatment of non-

sensitized nude mice with IL-5 before airway challenge

induced signi®cant increases in eosinophil numbers in the

lung tissue (,fourfold) without leading to AHR. These

®ndings identify the requirements for allergen-speci®c IgE,

IL-5, and repeated airway challenges with allergen in the

development of AHR in this model. The data further indicate

that IgE-mediated mast-cell activation by itself does not

result in suf®cient IL-5 production or eosinophilic airway

in¯ammation, but that IL-5-producing T cells are required to

induce airway in¯ammation. Cumulatively, these data

indicate a critical role for IgE in the development of AHR

in this model of passive sensitization.

Airway in¯ammation and AHR in mice
sensitized via the airways

For further study of the importance of B cells and IgE in the

induction of airway in¯ammation and AHR after active

Figure 1. Airway sensitization to OA increases eosinophil in®ltration in

normal and in B-cell-de®cient mice. Normal B10.BR (n=12) and B-cell-

de®cient mice mMt±/± mice (n=12) were exposed to OA via airways for 10

days. Another group of mMt±/± mice received anti-OVA IgE antibody

treatment on days 4, 6, and 8 of 10-day protocol (n=8). Control animals

were exposed to nebulized PBS (n=8). Relative numbers of different types

of leukocytes isolated by lung digestion 2 days after last challenge were

determined under light microscopy. Expressed are meanuSD of

percentages of different cell types. *P,0.01 vs PBS.

Figure 2. Anti-OA IgE is required for development of airway hyper-

responsiveness after exclusive airway exposure to allergen. Groups as

described in Fig. 1. Two days after last challenge, in vitro airway

reactivity was measured by electrical ®eld stimulation of tracheal

smooth-muscle segments. Compared are frequencies leading to 50%

maximal contraction, ES50uSEM in Hz, from three independent

experiments. Results are expressed as percentage of control ES50 values

(100%) in nonsensitized (PBS) animals (control ES50: 4u0.4 Hz).

*P,0.02 vs PBS; {P,0.03 vs OA-sensitized mMt±/± mice without anti-

OA IgE treatment. mMt±/± mice receiving anti-TNP IgE during 10-day OA

nebulization had ES50 levels similar to those of OA-sensitized, untreated

mMt±/± mice.
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sensitization, we utilized a model of active airway sensitiza-

tion (26). Mice were sensitized by nebulization with OA (1%

in PBS, 20 min daily for 10 days) in the absence of adjuvant,

mimicking a more natural mode of sensitization with

airborne allergens. This approach results in a modest

increase in production of anti-OA IgE, antigen-speci®c T-

cell proliferative responses, increased production of IL-5 by

PBLN cells, limited eosinophil accumulation in the lung

tissues (,fourfold vs PBS-nebulized mice), and development

of AHR (16). Treatment of mice with anti-IL-5 antibody

during airway sensitization blocks eosinophil airway accu-

mulation and completely inhibits the development of AHR,

despite elevated allergen-speci®c IgE serum levels and

allergen-speci®c ICH (16). Similarly, depletion of IL-5-

producing CD8+ T cells before airway sensitization prevents

eosinophil airway accumulation and development of AHR

without affecting IgE production (33). These two studies

de®ne IL-5-mediated eosinophil airway accumulation as an

essential component in the development of AHR in this

model of active airway allergen exposure. Treatment of mice

with interferon (IFN)-c, the main antagonist of IL-4 in the

regulation of Th2-type cytokines and IgE production (34),

during primary (35) or secondary (36) allergen exposure

prevents the development of airway eosinophilia and AHR

as well as reduces allergen-speci®c IgE production, implying

a role for IgE in increased AR in this model.

The availability of genetically manipulated B-cell-

de®cient mice (mMt±/±) (37) allowed us to study directly

the importance of B cells and antigen-speci®c IgE in the

development of airway in¯ammation and AHR in this

model of airway sensitization. Obviously, in the complete

absence of antibody production, there is no contribution of

IgG antibodies, as observed in IgE-de®cient mice (25).

Airway sensitization resulted in allergen-speci®c responses

and allergen-driven Th2-cytokine production by isolated T

cells from PBLN in both normal and B-cell-de®cient B10.BR

Figure 3. Eosinophil airway in®ltration after systemic sensitization plus

repeated airway challenge. Normal (n=12) and B-cell-de®cient (n=12)

mice were sensitized by intraperitoneal injection of OA/alum on days 1

and 14 followed by daily OA airway challenges on days 28±30. Control

animals received only OA airway challenges (n=8). Lung sections were

prepared and stained for eosinophils with anti-MBP antibody. Shown are

central airways of nonsensitized, challenged control (A), sensitized,

challenged normal (B), and sensitized, challenged, B-cell-de®cient

mouse (C). Note marked peribronchial eosinophilia in both B and C.

Figure 4. Peribronchial eosinophil accumulation after systemic sensi-

tization plus repeated airway challenge. Sensitization and challenge as

described in Fig. 3. Sections of peribronchial tissue were stained with

rabbit anti-mouse MBP antibodies. Four sections per lung around

similar-sized central airways were chosen randomly, and number of

eosinophils in connecting tissue counted in blinded, computer-assisted

fashion. Expressed are meanuSD numbers of eosinophils per mm2 lung

tissue from three independent experiments. *P,0.01 vs PBS.
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mice (38). This demonstrates that B cells and/or IgE itself is

not essential for allergen-induced T-cell activation and

con®rms reports showing B-cell-independent T-cell priming

(39), T-cell memory (40, 41), and T-cell tolerance (42, 43).

Associated with airway sensitization was a similar eosino-

phil accumulation in the lung tissues of both normal and B-

cell-de®cient mice (Fig. 1). However, AHR developed in

normal, but not in the B-cell-de®cient, mice (Fig. 2).

Reconstitution of B-cell-de®cient mice with anti-OA IgE

during airway sensitization fully restored the development

of AHR (Fig. 2), without leading to a signi®cant further

increase in eosinophil accumulation compared to airways of

sensitized B-cell-de®cient mice without IgE treatment (Fig.

1). Cumulatively, these data indicate the requirement for IgE

in the development of increased AR by this mode of allergen

exposure. B cells and IgE were not necessary for T-cell

activation and eosinophilic airway in¯ammation after

allergen exposure via the airways, but allergen-speci®c IgE

and eosinophil in®ltration of the airways together result in

the development of AHR.

Airway in¯ammation and AHR in
systemically sensitized and airway-
challenged mice

The third approach utilized systemic sensitization followed

by airway allergen challenge. In this model, mice were

sensitized by intraperitoneal injections of OA (20 mg)

emulsi®ed in alum (2 mg) on days 1 and 14, followed by

daily airway allergen challenge (1% OA in PBS, 20 min) on

Figure 5. Eosinophil activation and degranulation. Lung sections were

prepared for electron microscopy. Shown are eosinophils from sensitized

and challenged normal (A) and sensitized and challenged, B-cell-

de®cient mouse (B). Arrows indicate granule deformation and

degranulation (loss of central core, hypodensity). Note development

of pseudopods.

Figure 6. Development of in vivo airway hyperresponsiveness in normal

and B-cell-de®cient mice. Groups and sensitization as described in Fig.

3. Airway responsiveness to aerosolized MCh was measured in unre-

strained, conscious mice. Mice were placed in main chamber of whole-

body plethysmograph and exposed ®rst to PBS, and then to increasing

doses (6±100 mg/ml) of MCh for 3 min for each nebulization, followed by

readings for 3 min after each nebulization. Penh (enhanced pause=

pause|[peak inspiratory box ¯ow/peak expiratory box ¯ow]) values

were determined. Expressed are meansuSEM of percent increase in

Penh values compared to Penh values after PBS nebulization from three

independent experiments. *P,0.02 vs nonsensitized controls.
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days 28±30. This protocol results in more marked increases

in allergen-speci®c IgE and IgG1 production and Th2-type

cytokine production, and a more robust accumulation of

eosinophils in the airway (,20-fold vs sham-sensitized,

challenged mice) compared to the other approaches to

allergen exposure (passive sensitization or exclusive airway

exposure). Furthermore, sensitization and challenge in this

way enabled us to detect AHR by two new approaches to

measure in vivo airway responses: invasive measurements

of lung resistance (RL) and dynamic compliance (Cdyn) in

response to aerosolized methacholine (MCh) in anesthetized

mice and the noninvasive measurement of AR to aerosolized

MCh by barometric whole-body plethysmography in con-

scious, spontaneously breathing mice (44). Barometric

plethysmography reliably detects increased AR to inhaled

MCh in allergen-sensitized mice, and the responses corre-

late closely to changes in RL or intrapleural pressure, as

measured by invasive techniques (45).

We utilized these techniques to study the induction of

in¯ammatory responses and AHR in systemically sensitized

and challenged B-cell-de®cient mice. As observed after

allergen exposure exclusively via the airways, systemically

sensitized and challenged B-cell-de®cient mice showed T-

cell function (allergen-driven cytokine production and

proliferative responses) similar to that of normal sensitized

and challenged mice. An eosinophil-speci®c immunostain-

ing method with rabbit anti-mouse major basic protein

(MBP) was used to localize eosinophils in situ (16). Fig. 3

demonstrates the marked peribronchial eosinophil accumu-

lation in both normal and B-cell-de®cient mice compared to

nonsensitized controls, and the results were similar in both

groups of mice. Numbers of eosinophils in the peribronchial

region were counted with a computer-assisted program and

were increased by ,20-fold (Fig. 4). We studied eosinophils

in situ by electron microscopy for signs of activation. In both

normal and B-cell-de®cient sensitized/challenged mice,

.90% of eosinophils in the airways were activated (granule

deformation, degranulation, loss of central core, pseudo-

pods, unrounding of cells) (Fig. 5). In association with the

marked eosinophilic airway in¯ammation and activation,

both strains of mice developed in vitro AHR to EFS (not

shown) and in vivo AHR to aerosolized MCh compared to

nonsensitized, but challenged control mice (Fig. 6). These

data indicate that the role of B cells and allergen-speci®c IgE

(or other antibodies) in the development of AHR after

systemic sensitization and repeated airway challenge is less

apparent in the face of marked eosinophil in®ltration and

activation in the airways. These data contrast with results

from Eum et al. (46), who suggested that antigen-driven

migration of eosinophils to the epithelial layer of the

airways and consequent development of AHR were depen-

dent on high levels of allergen-speci®c IgE in a high-IgE-

producing mouse strain (BP2); in their study, neither

eosinophil migration nor AHR occurred in BALB/c mice.

However, no explanation was given for the equivalent

number of eosinophils observed in the BAL ¯uid of BALB/c

and BP2 mice despite the absence of eosinophils in the

epithelium of the former. Furthermore, it remains unclear

Figure 7. Cell composition of BAL ¯uid after anti-IgE treatment.

Sensitization as described in Fig. 3. Compared are meanuSD of total and

leukocyte subsets in BAL ¯uid from nonsensitized but challenged (Neb,

n=10) and sensitized and challenged BALB/c mice receiving control IgG

(ipNeb, n=14) or anti-IgE (200 mg ip), 2 h before each airway challenge

(ipNeb/a-IgE, n=16). *P,0.01 vs nonsensitized controls for both

sensitized groups.

Figure 8. Anti-IgE treatment does not inhibit development of AHR.

Groups as described in Fig. 7; measurement of in vivo airway response as

described in Fig. 6. Expressed are meansuSEM of percent baseline Penh

from three independent experiments. *P,0.01 vs Neb for ipNeb and

ipNeb/a-IgE.
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why sensitization and challenge in their study did not

induce AHR in BALB/c mice, the most commonly used

strain in the study of allergen-induced AHR.

To con®rm the ®nding that IgE and, by extension, IgE-

mediated mast-cell activation are not required to induce

AHR after systemic sensitization and airway challenge, we

investigated the importance of mast cells in the develop-

ment of in¯ammatory airway responses in this system (47).

Both mast-cell-de®cient (WWv) and normal, congenic

littermates showed similar increases in allergen-speci®c

IgE production and eosinophil in®ltration in BAL ¯uid and

in the peribronchial tissue of the lungs (,20-fold vs controls)

after sensitization and challenge. Measurements of in vivo

responses to aerosolized MCh revealed similar and signi®-

cantly enhanced increases in RL and decreases in Cdyn in

both mast-cell-de®cient and normal mice compared to

nonsensitized but challenged controls. These data indicate

that airway eosinophilic in¯ammation and development of

AHR are independent of (IgE-mediated) mast-cell activation.

Evidence is accumulating that development of airway

in¯ammation and/or AHR may be regulated or expressed

through different mechanisms in different mouse strains

(48). AHR development in BALB/c mice has been proposed

to be caused by IgE-mediated mast-cell activation; in B6

mice, which are de®cient in the tryptase-like mast-cell

protease 7 (49) and in the secretory phospholipase A2 (50),

eosinophil in®ltration might be the dominant effector event.

We investigated the role of IgE in the high-IgE-responder

strain, BALB/c. Due to the lack of genetic B-cell- or mast-

cell-de®cient BALB/c mice, we investigated the effects of

treatment with a nonanaphylactogenic anti-IgE antibody

(51). Intraperitoneal injection of systemically sensitized

mice with anti-IgE antibody 2 h before each of the three

airway challenges signi®cantly reduced anti-OA and total

IgE serum levels to ,20% of sensitized/challenged controls

without affecting cytokine production by PBLN cells or

eosinophil accumulation in the peribronchial lung tissue or

BAL ¯uid (Fig. 7). However, anti-IgE antibody treatment

effectively eliminated IgE-mediated immediate allergic

responses: allergen-mediated in vitro mast-cell activation

(as measured by c-Jun kinase activation) and in vivo

systemic and cutaneous anaphylaxis after (intravenous or

intradermal) OA injection of passively or actively sensitized

BALB/c mice were completely inhibited. These results

contrast with another study which suggested a closer

interrelationship between IgE and eosinophilic in¯amma-

tion: Coyle et al. (51) observed impaired eosinophil

accumulation in sensitized BALB/c mice treated with

anti-IgE antibody before a single airway challenge. It is

unclear whether the use of a different allergen (house-dust

mite) or a different challenge protocol (single intranasal

exposure) accounts for the differences in the results of this

study from our own. Measurements of in vivo AHR to

aerosolized MCh showed signi®cant increases in airway

responsiveness in both anti-IgE-treated and control mice

(receiving rat IgG) after sensitization and challenge (Fig. 8).

Animals treated with anti-IgE antibody showed similar

responses at all but the highest MCh concentration where

AHR was slightly, but signi®cantly, diminished compared

to control mice. These data indicate the important role of

IgE in allergen-mediated immediate hypersensitivity, but

con®rm that IgE is not required for the development of

eosinophilic airway in¯ammation and AHR in mice

systemically sensitized and challenged via the airways.

Summary

The importance of IgE in airway in¯ammation and devel-

opment of AHR in allergen-sensitized mice has been

compared and contrasted in different models of sensitization

and challenge. Using different modes of sensitization in

normal and genetically manipulated mice after anti-IgE

treatment, we have been able to distinguish the role of IgE

under these different conditions. Striking differences in the

three sensitization protocols were delineated in terms of the

role of allergen-speci®c IgE, extent of eosinophilic airway

in¯ammation, and development of AHR (Table 1). The

highest levels of IgE and eosinophil in®ltration (,20-fold

increases) were achieved after systemic sensitization with

allergen (plus adjuvant) followed by repeated airway

challenge. Passive sensitization with allergen-speci®c IgE

followed by limited airway challenge induced a modest

eosinophilic in¯ammatory response in the airways despite

Table 1. Requirements for IgE in development of AHR

Response Dependence of AHR on

Mode of

sensitization Strain IgE Eosinophils IgE Eosinophils

Passive BALB/c ++ + +++1 ++

Airway BALB/c + + ++1 +++

Systemic BALB/c +++ ++ -2 +++

C57BL/6 ++ +++ - +++

1Altered airway function detected in tracheal smooth-muscle preparations in
response to electrical ®eld stimulation.
2 Altered airway function detected in tracheal smooth-muscle preparations as
well as in vivo to inhaled MCh.
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high levels of serum IgE. Exposure to allergen exclusively via

the airways also resulted in a modest serum IgE response and

a limited eosinophilic in¯ammatory response (,fourfold

increases). Under all of these conditions, inhibition of IL-5-

mediated eosinophilic airway in¯ammation was associated

with attenuation of AHR. In contrast, the differences in the

responses to the different modes of allergen exposure were

associated with differences in the requirements for IgE in the

development of AHR (Table 1). In the two models associated

with mild eosinophil in®ltration (passive sensitization and

exclusive airway exposure), IgE was required for the

development of AHR but did not substantially enhance

airway in¯ammation on its own. However, IgE-allergen

interaction was able to enhance T-cell function in vitro and

induce T-cell expansion in vivo. In mice systemically

sensitized and challenged via the airways, IgE (or IgE-

mediated mast-cell activation) was not required for T-cell

activation, eosinophilic in¯ammation and activation in the

airways, or development of AHR. This was most clearly seen

in B-cell-de®cient and mast-cell-de®cient, low-IgE-respon-

der mouse strains (B6, B10) and in anti-IgE-treated high-IgE-

responder mice (BALB/c). At the same time, we con®rmed

the importance of IgE in the induction of immediate-type

hypersensitivity (mast-cell activation, immediate cutaneous

hypersensitivity, passive cutaneous and systemic anaphy-

laxis).

These differences were also highlighted by the means used

to detect altered airway function. Passive sensitization and

limited airway challenge or exclusive airway exposure to

allergen over 10 days elicited changes in airway function

that could be detected only in tracheal smooth-muscle

preparations exposed to EFS. In contrast, systemic sensitiza-

tion followed by repeated airway challenge resulted not only

in changes in the contractile response to EFS but also in

increased responsiveness to inhaled MCh. Thus, these

results distinguish not only the differential involvement

of IgE and eosinophil numbers but also their contribution to

the readouts used to monitor airway function.

Based on these studies, we conclude that IgE plays an

important role in the development of airway in¯amma-

tion and AHR under conditions in which limited IL-5-

mediated eosinophilic airway in®ltration is induced. In

conditions where a robust eosinophilic in¯ammation of

the airways is elicited, IgE (and IgE-mediated mast-cell

activation) does not appear to be essential for airway

in¯ammation and the development of AHR, detected as

increased responsiveness to inhaled MCh. These ®ndings

reveal the potential importance of differential targeting in

the treatment of allergic diseases with a predominance of

IgE-mediated symptoms, e.g., allergic rhinitis and con-

junctivitis, where anti-IgE may be an effective therapy,

compared to those diseases with a predominant in¯am-

matory component, e.g., AHR in atopic bronchial asthma,

where anti-in¯ammatory or anti-IL-5 therapy may be

more bene®cial.

Acknowledgments We thank J. Loader and Dr G. L. Larsen for their

help with measurements of tracheal smooth-muscle contractility;

Dr G. Gleich, Rochester, MN, and Dr J. Lee, Scottsdale, AZ, for the

anti-MBP antibody, and our colleagues in the laboratory of Dr E. W.

Gelfand for constant support and encouragement. This work was

supported by NIH grant HL-36577.

References
1. Burr ML, editor. Epidemiology of clinical

allergy. Basel: Karger, 1993.

2. Kinet JP. The high-af®nity receptor for

immunoglobulin E. Curr Opin Immunol

1990;2:499±505.

3. Metzger H, Alcaraz G, Hohman R, Kinet JP,

Pribluda V, Quarto R. The receptor with high

af®nity for immunoglobulin E [Review]. Annu

Rev Immunol 1986;4:419±470.

4. Galli SJ. New concepts about the mast cell

[Review]. N Engl J Med 1993;328:257±265.

5. Martin TR, Ando A, Takeishi T, Katona IM,

Drazen JM, Galli SJ. Mast cells contribute to

the changes in heart rate, but not hypotension

or death, associated with active anaphylaxis

in mice. J Immunol 1993;151:367±376.

6. Martin TR, Galli SJ, Katona IM, Drazen JM.

Role of mast cells in anaphylaxis. Evidence

for the importance of mast cells in the

cardiopulmonary alterations and death in-

duced by anti-IgE in mice. J Clin Invest

1989;83:1375±1383.

7. Martin TR, Takeishi T, Katz HR, Austen KF,

Drazen JM, Galli SJ. Mast cell activation

enhances airway responsiveness to metha-

choline in the mouse. J Clin Invest

1993;91:1176±1182.

8. Dombrowicz D, Flamand V, Brigham KK,

Koller BH, Kinet JP. Abolition of anaphylaxis

by targeted disruption of the high af®nity

immunoglobulin E receptor alpha chain gene.

Cell 1993;75:969±976.

9. Global initiative for asthma. Global strategy

for asthma management and prevention.

NHLBI/WHO workshop report. National

Heart, Lung, and Blood Institute Publication

No. 95±3659, Jan 1995..

10. Bousquet J, Chanez P, Lacoste JY, et al.

Eosinophilic in¯ammation in asthma. N Engl

J Med 1990;323:1033±1039.

11. Gleich GJ. The eosinophil and bronchial

asthma: current understanding. J Allergy Clin

Immunol 1990;85:422±436.

12. Azzawi M, Bradley B, Jeffrey PK, et al.

Identi®cation of activated T lymphocytes and

eosinophils in bronchial biopsies in stable

atopic asthma. Am Rev Respir Dis 1990;142:

1407±1413.

13. Beasley R, Roche WR, Roberts JA, Holgate

ST. Cellular events in the bronchi in mild

asthma and after bronchial provocation. Am

Rev Respir Dis 1989;139:806±817.

Hamelmann et al . Role of IgE

304 | Allergy 54, / 297±305



14. Ohashi Y, Motojima S, Fukuda T, Makino S.

Airway hyperresponsiveness, increased in-

tracellular spaces of bronchial epithelium,

and increased in®ltration of eosinophils and

lymphocytes in bronchial mucosa in asthma.

Am Rev Respir Dis 1992;145:1469±1476.

15. Durham SR, Loegering DA, Dunnette S,

Gleich GJ, Kay AB. Blood eosinophils and

eosinophil-derived proteins in allergic asth-

ma. J Allergy Clin Immunol 1989;84:931±936.

16. Hamelmann E, Oshiba A, Loader J, et al.

Anti-interleukin 5 antibody prevents airway

hyperresponsiveness in a murine model of

airway sensitization. Am J Respir Crit Care

Med 1997;155:819±825.

17. Mauser PJ, Pitman AM, Fernandex X, et al.

Effects of an antibody to interleukin-5 in a

monkey model of asthma. Am J Respir Crit

Care Med 1995;152:467±472.

18. van Oosterhout AJ, Ladenius A, Savelkoul

HF, van Ark I, Delsman KC, Nijkamp FP.

Effect of anti-IL-5 and IL-5 on airway hyper-

reactivity and eosinophils in guinea pigs. Am

Rev Respir Dis 1993;147:548±552.

19. Robinson DS, Hamid Q, Ying S, et al.

Predominant Th2-like bronchoalveolar

T-lymphocyte population in atopic asthma.

N Engl J Med 1992;326:298±304.

20. Walker C, Virchow JC, Bruijnzeel PL, Blaser

K. T cell subsets and their soluble products

regulate eosinophilia in allergic and non-

allergic asthma. J Immunol 1991;146:1829±

1835.

21. Burrows B, Martinez FD, Halonen M, Barbee

RA, Cline MG. Association of asthma with

serum IgE levels and skin-test reactivity to

allergens. N Engl J Med 1989;320:271±277.

22. Sears MR, Burrows B, Flannery EM, Herbison

GP, Hewitt CJ, Holdaway MD. Relation

between airway responsiveness and serum

IgE in children with asthma and in apparently

normal children. N Engl J Med

1991;325:1067±1071.

23. Foster PS, Hogan SP, Ramsay AJ, Matthaei KI,

Young IG. Interleukin 5 de®ciency abolishes

eosinophilia, airway hyperreactivity, and

lung damage in a mouse asthma model. J Exp

Med 1996;183:195±201.

24. Oshiba A, Hamelmann E, Takeda K, et al.

Passive transfer of immediate hypersensitiv-

ity and airway hyperresponsiveness by aller-

gen-speci®c IgE and IgG1 in mice. J Clin Invest

1996;97:1398±1408.

25. Oettgen HC, Martin TR, Wynshaw BA, Deng

C, Drazen JM, Leder P. Active anaphylaxis in

IgE-de®cient mice. Nature 1993;370:367±370.

26. Larsen GL, Renz H, Loader JE, Bradley KL,

Gelfand EW. Airway response to electrical

®eld stimulation in sensitized inbred mice.

Passive transfer of increased responsiveness

with peribronchial lymph nodes. J Clin Invest

1992;89:747±752.

27. Haczku A, Takeda K, Hamelmann E, et al.

CD23 de®cient mice develop allergic airway

hyperresponsiveness following sensitization

with ovalbumin. Am J Respir Crit Care Med

1997;156:1945±1955.

28. Renz H, Bradley KL, Marrack P, Gelfand EW.

T cells expressing variable elements of T-cell

receptor beta 8 and beta 2 chain regulate

murine IgE production. Proc Natl Acad Sci

U S A 1992;89:6483±6492.

29. Renz H, Bradley K, Saloga J, Loader J, Larsen

GL, Gelfand EW. T-cells expressing speci®c V

beta elements regulate immunoglobulin E

production and airway responsiveness

in vivo. J Exp Med 1993;177:1175±1180.

30. Renz H, Bradley K, Gelfand EW. Production

of IL-4 and interferon-gamma by TCR-

Vbeta expression T-cell subsets in allergen

sensitized mice. Am J Respir Cell Mol Biol

1996;14:36±43.

31. Oshiba A, Hamelmann E, Haczku A, et al.

Modulation of antigen-dependent B and T cell

responses by antigen-speci®c IgE antibody.

J Allergy Clin Immunol 1997;159:4056±4063.

32. Hamelmann E, Oshiba A, Schwarze J, et al.

Allergen-speci®c IgE and IL-5 are essential for

the development of airway hyperresponsive-

ness. Am JRespir Cell Mol Biol 1997;16:674±682.

33. Hamelmann E, Oshiba A, Paluh J, et al.

Requirement of CD8+ T cells in the devel-

opment of airway hyperresponsiveness in a

murine model of airway sensitization. J Exp

Med 1996;183:1719±1730.

34. Coffman RL, Seymour BW, Lebman DA, et al.

The role of helper T cell products in mouse B

cell differentiation and isotype regulation.

Immunol Rev 1988;102:5±28.

35. Lack G, Renz H, Saloga J, et al. Nebulized but

not parenteral IFN-gamma decreases IgE

production and normalizes airways function

in a murine model of allergen sensitization.

J Immunol 1994;152:2546±2554.

36. Lack G, Bradley KL, Hamelmann E, et al.

Nebulized IFN-gamma inhibits the develop-

ment of secondary allergic responses in mice.

J Immunol 1996;157:1432±1439.

37. Kitamura D, Roes J, Kuhn R, Rajewsky K. A B

cell-de®cient mouse by targeted disruption of

the membrane exon of the immunoglobulin

mu chain gene. Nature 1991;350:423±426.

38. Hamelmann E, Vella AT, Oshiba A, Marrack

P, Kappler JW, Gelfand EW. Allergic airway

sensitization induces T-cell activation but

not airway hyperresponsiveness in B-cell

de®cient mice. Proc Natl Acad Sci U S A

1997;94:1350±1355.

39. Epstein MM, Di Rosa F, Jankovic D, Sher A,

Matzinger P. Successful T cell priming in B

cell-de®cient mice. J Exp Med 1995;182:915±

922.

40. Asano M, Ahmed R. CD8 T cell memory in B

cell de®cient mice. J ExpMed 1996;183:2165±

2174.

41. Di Rosa F, Matzinger P. Long-lasting CD8 T

cell memory in the absence of CD4 T cells

and B cells. J Exp Med 1996;183:2153±2163.

42. Phillips JA, Romball CG, Hobbs MV, Ernst

DN, Shultz L, Weigle DO. CD4+ T cell

activation and tolerance induction in B cell

knockout mice. J Exp Med 1996;183:1339±

1344.

43. Vella AT, Scherer MT, Schultz L, Kappler JW,

Marrack P. B cells are not essential for

peripheral T-cell tolerance. Proc Natl Acad Sci

U S A 1996;93:951±955.

44. Hamelmann E, Schwarze J, Takeda K, et al.

Noninvasive measurement of airway

responsiveness in allergic mice using

barometric plethysmography. Am J Respir Crit

Care Med 1997;156:766±775.

45. Martin TR, Gerard NP, Galli SJ, Drazen JM.

Pulmonary responses to bronchoconstrictor

agonists in the mouse. J Appl Physiol 1988;64:

2318±2323.

46. Eum SY, Haile S, Lefort J, Huerre M, Vargaftig

BB. Eosinophil recruitment into the respira-

tory epithelium following antigenic chal-

lenge in hyper-IgE mice is accompanied by

interleukin 5-dependent bronchial hyperre-

sponsiveness. Proc Natl Acad Sci U S A

1995;92:12290±12294.

47. Takeda K, Hamelmann E, Joetham A, Irvin

CG, Shultz LD, Gelfand EW. Development of

eosinophilic airway in¯ammation and airway

hyperresponsiveness (AHR) in allergen sen-

sitized mast cell de®cient mice. J Exp Med

1997;186:449±454.

48. Drazen JM, Arm JP, Austen KF. Sorting out

the cytokines of asthma. J Exp Med 1996;183:

1±5.

49. Ghildyal N, Friend DS, Freelund R, et al. Lack

of expression of the tryptase mouse mast cell

protease 7 in mast cells of the C57BL/6J

mouse. J Immunol 1994;153:2624±2630.

50. MacPhee M, Chepenik KP, Liddell RA,

Nelson KK, Siracusa LD, Buchberg AM. The

secretory phospholipase A2 gene is a candi-

date for the Mom1 locus, a major modi®er of

ApcMin-induced intestinal neoplasia. Cell

1995;81:957±966.

51. Coyle AJ, Wagner K, Bertrand C, Tsuyuki S,

Bews J, Heusser CH. Central role of IgE in the

induction of lung eosinophilia in®ltration

and T helper 2 cell cytokine production:

inhibition by a non-anaphylactogenic

anti-IgE antibody. J Exp Med 1996;183:1303±

1310.

Hamelmann et al . Role of IgE

Allergy 54, / 297±305 | 305


