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Molecular and cellular mechanisms of

allergic disease

David H. Broide, MD La Jolla, Calif

The molecular and cellular mechanisms mediating the allergic
inflammatory cascade involve multiple mediators, cell types,
and pathways. Of particular interest are the pathways regulat-
ed by the T2 lymphocyte, which result in release of IL-4
(important to IgE synthesis) and IL-5 (important to eosinophil
proliferation). IL-4 regulates differentiation of naive TyO0 cells
to develop a T2 phenotype and stimulates B cells to produce
IgE. Cross-linking by allergen of IgE affixed to high-affinity
receptors on mast cells and basophils triggers degranulation
and the release of preformed inflammatory mediators (impor-
tant to the early phase response), and subsequently initiates
synthesis and the release of lipid mediators and cytokines
(which may contribute to the late phase response). Eosinophils
may also play a prominent role in the development of
bronchial hyperreactivity. IL-5, which is a lineage-specific
eosinophil growth factor, increases the formation of eosinophils
from progenitor cells and, in concert with CCR3 active
chemokines, increases their trafficking to sites of allergic
inflammation. An improved understanding of the basic mecha-
nisms of allergic inflammation has led to the discovery of mol-
ecular targets involved in the initial events of the inflammatory
cascade. Potential targets for the development of novel thera-
pies for allergic disease include IgE, the T2 lymphocyte, and
Ty2-derived cytokines, IL-4 and IL-S. (J Allergy Clin
Immunol 2001;108:S65-71.)
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The allergic cascade is a well-characterized inflammato-
ry process that has been previously described in detail !4
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Abbreviations used
CD23: Low-affinity IgE receptor
CD40L: CD40 ligand
CpG: Cytosine and guanine
FceRI: High-affinity IgE receptor
FceRII: Low-affinity IgE receptor
GM-CSF: Granulocyte-macrophage colony-stimulating
factor
MBP: Major basic protein
PAF: Platelet-activating factor
TNF: Tumor necrosis factor

This review focuses on 2 specific arms of the allergic cas-
cade: synthesis of IL-4 by the Ty2 cell, which stimulates B
cells to produce IgE, and synthesis of the lineage-
specific eosinophil growth factor IL-5 by the T2 cell.” IgE
and eosinophils are both important components of allergic
inflammation that distinguish it from other forms of
inflammatory disease. IgE binds to mast cells, triggering
their degranulation, and participates in antigen presenta-
tion, while eosinophils produce a variety of proinflamma-
tory mediators that can induce bronchial hyperreactivity.

Both IgE and eosinophils continue to be the subjects
of intensive research aimed at clarifying their role in
allergic inflammation and identifying potential new
treatments for allergy and asthma. Given the increas-
ingly high prevalence and morbidity of allergic dis-
eases worldwide,%7 a welcome development is the
emergence of new treatments designed to inhibit the
basic mechanisms of allergic inflammation and subse-
quently asthma, rather than simply masking the symp-
toms. To provide a basis for understanding current
therapeutic targets in allergy and asthma that are now
under active investigation, this article discusses the
molecular mechanisms of IgE synthesis and signaling,
as well as the pathways related to eosinophil formation
and tissue recruitment.
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FIG 1. IgE-Dependent release of inflammatory mediators. IgE binds to high- and low-affinity receptors (FceRI
or FceRll) on effector cells. The inflammatory cascade is initiated when a critical mass of IgE antibodies
bound to effector cells is cross-linked by allergen. This results in the degranulation of effector cells and the
release of a comprehensive array of mediators that are causally linked to the pathophysiology of allergic

asthma.

TABLE I. Examples of mast-cell-derived mediators

Preformed mediators Newly generated mediators Cytokines
Histamine Prostaglandin D, TNF-o.
Heparin Leukotriene C4 IL-4
Tryptase Thromboxane A2 IL-5
Chymase PAF IL-6

IMPORTANCE OF IgE IN ALLERGIC
INFLAMMATION AND ASTHMA

The critical role of IgE in both the early and the late
phases of allergic inflammation is well established.2:
Genetic analyses of families with asthma have shown a
link between bronchial hyperresponsiveness and IgE lev-
els. IgE influences the allergic inflammatory response
by interacting with the high-affinity IgE receptor (FceRI)
on mast cells and basophils, and by binding to the low-
affinity IgE receptor (CD23 or FceRII) to augment cellu-
lar and humoral immune responses.

Activation of mast cells

Mast cells are key participants in allergic inflamma-
tion, containing a potent array of inflammatory mediators
(Table I). Initially, IgE binds to the high-affinity IgE
receptor on tissue mast cells. The cross-linking of bound
IgE to FceRI by allergen then triggers mast-cell degran-
ulation.!0 This results not only in the release of pre-
formed mast-cell inflammatory mediators, such as hista-
mine and tryptase, but also in the synthesis and release of
newly generated lipid mediators, such as leukotriene C,
and prostaglandin D,, and in the transcription of numer-
ous cytokines, such as TNF (Fig 1).!1 After their release
by mast cells, these mediators of immediate hypersensi-
tivity reactions rapidly induce bronchial mucosa edema,
mucus secretion, and smooth-muscle contraction, and
subsequently participate in eliciting an inflammatory-cell
infiltrate within the bronchial mucosa. Similarly, the

binding of IgE to FceRI on basophils, followed by cross-
linking by allergen, results in basophil degranulation
with release of preformed inflammatory mediators, and
in the synthesis of lipid mediators and cytokines.!2

Enhancement of B-cell immune responses

In addition to its ability to activate mast cells, IgE can
bind to the low-affinity IgE receptor CD23 (or FceRII)
on B cells, thus influencing the function of these
cells.!3-14 TgE interactions with the CD23 receptor pro-
vide an important mechanism by which allergen-specific
IgE can augment cellular and humoral immune respons-
es in allergic inflammation and asthma. For example,
passive sensitization of B cells with IgE substantially
enhances B-cell immune responses, such as the presenta-
tion of antigen. In addition, the presence of antigen-
specific IgE has been shown to amplify the in vitro pro-
duction of IgE in a CD23-dependent manner.

The augmentation of IgE-mediated immune responses
through interactions between IgE and the CD23 receptor
observed in vitro has also been found in studies per-
formed in vivo.!5-17 Titers of serum IgE have been shown
to increase after an immunogen and a dose of antigen-
specific IgE are injected intravenously. This effect can be
completely abolished by in vivo pretreatment with anti-
CD23 antibodies. These observations suggest that the
presence of preformed allergen-specific IgE in the
bronchial mucosa might enhance active immune respons-
es to subsequent allergen inhalation.

Regulation of IgE receptor levels

An interesting relationship exists between IgE and its
receptors, in that IgE is capable of modulating the level
of expression of its own high- and low-affinity IgE recep-
tors.15:18-20 For example, higher IgE levels are associated
with increased numbers of IgE receptors expressed on
mast cells and on basophils. Thus, IgE affects positive
feedback mechanisms that enhance FceRI receptor den-
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FIG 2. Initiation of IgE synthesis. Two signals are required to stimulate IgM-bearing B cells to undergo
heavy-chain switching and secrete IgE. The first signal is delivered from IL-4 or IL-13, which induce B cells
to initiate transcription of germ-line mRNA for IgE antibodies. The second signal is provided by the inter-
action of CD40 with its ligand, CD40L, which activates the genetic rearrangement (deletional switch recom-

bination).28

sity and the excitability of mast cells. IgE-mediated up-
regulation of FceRI substantially enhances the ability of
mast cells or basophils sensitized with IgE to degranulate
in response to allergen challenge, and increased release
of mast-cell or basophil cytokines such as IL-4 leads to
increased IgE levels and IgE receptor density.

Accordingly, the down-regulation of IgE levels and IgE
receptor levels on mast cells tends to decrease the poten-
tial of the mast cells to release inflammatory mediators. In
a study by Yamaguchi et al,!8 IgE-deficient mice were
found to have 4-fold to 5-fold fewer FceRI receptors on
mast cells, as compared with wild-type mice. These
observations were extended to studies of human basophils
by MacGlashan et al,2122 who infused anti-IgE (omal-
izumab) into human subjects and found that the levels of
basophil IgE receptors were decreased both in vitro and in
vivo. Although the same effect has not yet been shown to
be directly associated with mast cells in human disease,
these studies provide strong evidence that by reducing
IgE levels, it is potentially possible to reduce IgE receptor
levels on mast cells, thus decreasing the excitability of
mast cells in the presence of an allergen.

In addition to its effects on the FceRI receptor, IgE is
capable of up-regulating CD23. Up-regulation of the
CD23 receptor is thought to increase allergic responses
in the bronchial mucosa through the enhancement of
antigen uptake and presentation.!5 TgE-deficient mice
have nearly 3 times fewer CD23 receptors on B cells, as
compared with wild-type mice.20 Moreover, studies
show that CD23-deficient mice cannot augment immune
responses mediated by IgE.23.24

From a therapeutic standpoint, why is it desirable to
inhibit IgE? The inhibition of IgE leads to the down-
regulation of both high- and low-affinity IgE receptors,
resulting in decreased mediator release from basophils
and mast cells. The administration of anti-IgE (omali-
zumab) to human subjects has been found to inhibit

mast-cell activation and IgE-mediated antigen presenta-
tion, thus suppressing the allergic inflammatory
response.25:26 Omalizumab has also been found to be
efficacious in the management of asthma in human
beings.2? (The articles by T. B. Casale, MD, and H. A.
Boushey, Jr, MD, published elsewhere in this supple-
ment, present current results from studies on the effects
of omalizumab in patients with allergic rhinitis and
asthma.)

Molecular signals for IgE production

Two signals are needed for B cells to make the isotype
switch for synthesizing IgE (Fig 2).28 The first signal is
provided by the cytokines IL-4 or IL-13. These cytokines
stimulate transcription at the Ce locus, which contains
the exons encoding the constant region domains of the
IgE e-heavy chain.15 The second signal is delivered by
the interaction of the CD40 ligand (CD40L) on the sur-
face of T cells with the CD40 receptor on the B-cell
membrane. This interaction activates the needed genetic
rearrangement, or more specifically, the deletional switch
recombination, and brings into proximity all of the ele-
ments of the functional e-heavy chain.!5

The importance of IL-4 and IL-13 to IgE responses is
suggested from studies of IL-4— and IL-13-deficient
mice, which have impaired T2 responses along with
decreased IgE production and CD23 expression.!5 Mice
with targeted deletion of IL-13 have shown an attenua-
tion of allergic response.29:30 Also, IL-4— or IL-13—
double-deficient mice have had more severe Ty2 impair-
ment than have IL-4—deficient mice.3! The significance
of the second signal for IgE isotype switch recombina-
tion is suggested from studies of mice with targeted dis-
ruption of the CD40L or CD40 genes. These mice lack
serum IgE, and their B cells fail to undergo isotype
switching in vivo and in vitro after immunization with T-
cell-dependent antigens. !5
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FIG 3. Processes involved in eosinophilia. Eosinophils develop in the bone marrow in response to the stim-
ulation of progenitor cells by IL-5. Mature eosinophils in the peripheral blood adhere to endothelial cells
through the interaction of selectins and integrins (CD18 and very late antigen 4) with endothelial receptors
for these molecules. On exposure to chemoattractant mediators, eosinophils undergo diapedesis between
endothelial cells and migrate into the tissues. The accumulation of eosinophils is regulated by the genera-
tion of survival and activation factors (IL-3, IL-5, and GM-CSF) by T cells and probably mast cells. In
response to extracellular-matrix components, eosinophils themselves can also generate the cytokines that
prolong their survival. (Adapted with permission from Rothenberg ME. Eosinophilia. N Engl J Med
1998;338:1592-1600. Copyright © 1998 Massachusetts Medical Society. All rights reserved.)

TABLE Il. Examples of eosinophil secretory products

Table available in print only

EOSINOPHILS

The recruitment of eosinophils into the airway is a
prominent pathologic feature of patients with asthma.
The eosinophil contains a variety of preformed cytoplas-
mic granule mediators, such as major basic protein
(MBP). Eosinophils also synthesize such lipid mediators
as leukotriene C, and platelet-activating factor (PAF),
and cytokines such as GM-CSF, TNF, transforming
growth factor (TGFp), and IL-5 (Table IT).32 These medi-
ators could enable eosinophils to have proinflammatory
effects in the airway. Immunostaining of postmortem
bronchial tissues has revealed the deposit of MBP, an
eosinophil granule mediator, in the airways of subjects
with status asthmaticus.33

Eosinophils and bronchial hyperreactivity in
asthma

The recruitment of eosinophils into the airway can be
reproduced experimentally in both mouse and human
models of allergen-induced asthma.3435 A study of mice
deficient in IL-5, a lineage-specific eosinophil growth
factor, has demonstrated that the mice are unable to devel-
op eosinophilia after allergen sensitization and challenge
with ovalbumin and that they do not develop airway
hyperresponsiveness to methacholine.35 In another study,
airway eosinophilia and hyperreactivity were shown to
develop in human patients with asthma who inhaled IL-5,
which suggests an important role for IL-5 and eosinophils
in human asthmatic patients.36 One mechanism by which
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FIG 4. Eosinophil count in the peripheral blood of naive mice. The absolute eosinophil count in the periph-
eral blood is shown for wild-type (+/+) and eotaxin null (~~) mice. Results are expressed as mean + stan-
dard error of the mean for +/+ (n = 12) and —/- (n = 14); P = .007. (Adapted from Rothenberg ME, MacLean
JA, Pearlman E, et al. Targeted disruption of the chemokine eotaxin partially reduces antigen-induced tis-
sue eosinophilia. J Exp Med 1997;185:785-90, by copyright permission of The Rockefeller University Press.)

eosinophils can induce bronchial hyperreactivity is sug-
gested by studies of the eosinophil cytoplasmic granule
MBP. Instillation of MBP into the airway in animal mod-
els in vivo induces bronchial hyperreactivity, possibly by
effects on respiratory epithelium.37

Eosinophil trafficking to the lung

Not only does IL-5 stimulate CD34+ progenitor cells in
the bone marrow to differentiate into eosinophils,38 it also
plays a central role in the mobilization of eosinophils from
the bone marrow.3 The release of mature eosinophils
from the bone marrow is a multistep process, including the
release of mature eosinophils from attachment to bone
marrow stromal cells and extracellular matrix, the migra-
tion of eosinophils across the bone marrow sinus endothe-
lium, and the release of eosinophils from the luminal sur-
face of the endothelium. Once released from the bone
marrow, eosinophils traffic through the bloodstream and
migrate into tissue sites (Fig 3), where they recognize
adhesion counterreceptors expressed by inflamed endothe-
lium at sites of allergic inflammation.40

Eosinophil-endothelial cell interaction

The circulating eosinophil exits the microvasculature
at sites of allergic inflammation by binding to inducible
adhesion molecules expressed by endothelial cells. After
the inhalation of allergen, cytokines, including IL-1,
TNF, and IL-4, are released. These cytokines up-regulate
adhesion molecule expression by endothelial cells. Stud-
ies using intravital videomicroscopy have visualized
eosinophils in blood vessels in vivo and have demon-
strated that eosinophil interactions with endothelium are
characterized by sequential steps of rolling along the
endothelium, firm adhesion to the endothelium, and
transmigration across blood vessels into tissues.41:42

Research that has focused on understanding whether
there are selective pathways responsible for eosinophil
recruitment has demonstrated that eosinophils have both
shared and distinct adhesion pathways with respect to

neutrophils. For example, eosinophils use the same cell
surface receptors (L-selectin and P-selectin glycoprotein-
1) as neutrophils to roll on endothelium, but in addition
are able to utilize o4B1-integrins and o4p7-integrins,
which are not present on neutrophils.#!-46 Studies using
adhesion molecule—deficient mice or mice treated with
neutralizing antibodies to adhesion molecules have
demonstrated the importance of these adhesion mole-
cules to eosinophil recruitment.4 Neutralizing antibod-
ies to o4-integrins improve airway function in some ani-
mal models of asthma in which eosinophil migration is
only partially inhibited.4748 In the absence of inhibiting
eosinophil recruitment, the anti—o4-integrin antibodies
may be exerting their beneficial effect by inhibiting acti-
vation of eosinophils in tissues. Thus, the benefit of
anti—a4-integrin therapy in models of asthma may relate
to inhibition of eosinophil recruitment, inhibition of
eosinophil activation, or effects on cell types other than
eosinophils expressing o4-integrin receptors.

Role of cytokines in eosinophil recruitment
and chemotaxis

Allergen challenge induces the release of cytokines such
as IL-1, TNF, and IL-4, which bind to receptors on
endothelial cells and induce the subsequent expression of
endothelial adhesion molecules important to eosinophil
recruitment. Ongoing studies in the laboratory have
demonstrated that, when challenged with allergen, mice
genetically deficient in IL-1 or TNF receptors have reduced
bronchoalveolar lavage (BAL) eosinophil recruitment,
compared with that noted in wild-type mice.#-50 Intravital
microscopy of fluorescently labeled mouse eosinophils in
the microvasculature of the allergen-challenged mouse
mesentery demonstrates that eosinophil rolling, adhesion to
endothelium, and transmigration across endothelium, are
substantially inhibited in allergen-challenged IL-1 receptor
type [-deficient mice, and in TNF-receptor—deficient mice,
as compared with wild-type mice.49-50 Overall, these stud-
ies demonstrate that cytokines such as IL-1 and TNF,
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which are released after allergen challenge, are important
in the induction of endothelial-cell adhesiveness, which is
a prerequisite for the recruitment of circulating eosinophils.
In addition, studies with IL-4 knockout mice have shown
that airway eosinophilia and bronchial responsiveness are
reduced, as compared with wild-type mice.5!

Several chemokines important to eosinophil recruit-
ment are expressed at sites of allergic inflammation after
allergen challenge. The chemokine eotaxin has generated
considerable interest because of its lineage-specific
effect on eosinophils, as opposed to other cell types.
Studies of eotaxin-deficient mice demonstrate that eotax-
in is important in the early recruitment of eosinophils
after allergen challenge (Fig 4).52 However, eosinophil
recruitment at later time points after allergen challenge is
eotaxin—independent, suggesting an important role for
several additional chemokines. A recent study with neu-
tralizing antibodies demonstrated that chemokines such
as RANTES, monocyte chemotactic protein-5, and
macrophage inflammatory protein-1o are also important
in eosinophil tissue recruitment.53

In human beings, future studies involving the inhibi-
tion of individual cytokines, chemokines, or their recep-
tors are needed to assess their likely importance to
eosinophil recruitment.

POTENTIAL THERAPEUTIC TARGETS IN
ALLERGIC INFLAMMATION AND ASTHMA

Immunoglobulin E

Because of its importance as a mediator of allergic
inflammation and allergic asthma, IgE is an obvious ther-
apeutic target for investigators seeking to develop new
treatments for allergy and asthma. Anti-IgE (omalizum-
ab) has been shown to attenuate both early and late-phase
responses in mildly asthmatic patients after the inhala-
tion of allergens25-26 and to reduce asthma exacerbations
in patients with moderate to severe allergic asthma who
are taking corticosteroids.2” The use of omalizumab to
decrease serum IgE levels, and therefore reduce its influ-
ence on the development of allergic inflammation, shows
promise as a possible therapeutic strategy. Ultimately,
this strategy may be used in the future as adjunctive treat-
ment to reduce the use of corticosteroids by patients with
asthma.

TheTy2 cell

The Ty2 cell is a potential therapeutic target in the
development of new treatments because of its role in syn-
thesizing IL-4, which stimulates the B cell to produce
IgE, and because of its production of IL-5, which leads to
increased eosinophil formation. Accordingly, approaches
to inhibiting the Ty2 cell and its function in the immune
response are currently under study. These approaches
include the inhibition of transcription factors that control
cellular T2 cytokine production. This strategy would
affect both the production of IL-4, which drives IgE syn-
thesis, and IL-5, which influences eosinophil formation.
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One such transcription factor, GATA-3, controls the
antigen-induced expression of IL-4, IL-5, and IL-13. Evi-
dence supporting the role of GATA-3 in mouse models of
asthma includes a study of GATA-3—-deficient mice, in
which researchers demonstrated reduced Ty2 cytokine
response and decreased levels of IgE and eosinophil
counts following allergen challenge.54 Further study is
required to determine whether small molecular inhibitors
of GATA-3 could be used to suppress the function of the
Ty2 cell and thereby reduce allergic inflammation.

Another potential approach for inhibiting Ty2-cell
function that is currently under investigation is the use
of cytosine and guanine (CpG) DNA sequences to bias
the immune response toward a predominantly Tyl
response, instead of a pro-allergic T2 response. The
CpG DNA sequences under study contain 6 base pairs
of DNA, with a central CpG sequence, and are highly
enriched in bacterial or mycobacterial DNA. These
noncoding DNA sequences activate the innate immune
system (macrophages, dendritic cells, natural killer
cells) to actively secrete cytokines, such as IL-12 and
IFN-y, which drive the development of naive T cells
into Tyl cells (as opposed to Ty2 cells). Studies of the
effects of these DNA sequences in mice show inhibition
of both eosinophilic inflammation and bronchial hyper-
reactivity.55

CONCLUSIONS

The allergic cascade is an extremely redundant process
overall, with many cell types, mediators, and pathways
resulting in the development of allergic inflammation.
This redundancy provides investigators with numerous
potential therapeutic targets for investigation in the sup-
pression of allergic diseases. Not all of these potential tar-
gets, however, are likely to be equally promising, given
the hierarchical nature of the allergic cascade and the
effects of mediators at various points in the hierarchy.
Furthest along in human studies are 2 important thera-
peutic targets, IgE and IL-4, that remain under active
investigation by researchers seeking to develop highly
effective novel treatments for allergic diseases.
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