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Immunoglobulin E (IgE) mediates many of the inflammatory pro-
cesses that underlie the symptoms of asthma and other allergic re-
spiratory disorders. Recently, a recombinant, humanized, mono-
clonal antibody (mAb) that binds to and neutralizes IgE has been
developed for the treatment of these disorders. Preclinical and
clinical studies have shown that this mAb, directed against IgE and
known as omalizumab, inhibits the binding of IgE to its receptors
on effector cells, reduces IgE synthesis by B cells in response to al-
lergen exposure, decreases the expression of IgE receptors, and
attenuates both immediate and delayed inflammatory airway re-
sponses following exposure to inhaled allergen. Omalizumab is
nonanaphylactogenic, and clinical experience to date suggests
that omalizumab is safe and well tolerated by patients. These re-
sults suggest that specific inhibition of IgE may be an important
new therapeutic option for the treatment of asthma and related
disorders.

Keywords: 

 

asthma; IgE; anti-IgE; monoclonal antibody; allergic rhinitis

 

Immunoglobulin E (IgE) is essential for development of the
inflammatory processes that produce the symptoms of asthma,
seasonal allergic rhinitis, and other allergic respiratory disor-
ders (1, 2). In response to an initial exposure to allergen, IgE
is released from B lymphocytes and binds to IgE receptors lo-
cated on mast cells and other effector cells. On subsequent re-
exposure to allergen, the allergen molecules bind to and form
crosslinks between these IgE–receptor complexes (3). This
crosslinking of IgE receptors triggers the immediate release of
histamine and other inflammatory mediators from storage vesi-
cles within the effector cells (cellular “degranulation”) (Figure
1). Also within minutes, potent mediators derived from arachi-
donic acid are synthesized and released (4, 5). By 1 h after
IgE-mediated stimulation, effector cells initiate the synthesis
of numerous cytokines and other factors that produce a sec-
ond, more gradual, inflammatory response (6–9). Because of
the central importance of IgE in asthma and other allergic re-
spiratory diseases, researchers have long hypothesized that
preventing these IgE-mediated processes should reduce the
severity of these disorders.

Recently, a highly specific monoclonal antibody (mAb),
which binds to circulating IgE and prevents it from making
contact with its receptors on effector cells, has been developed
for the treatment of asthma, allergic rhinitis, and other allergic
disorders. There are several reasons why an mAb that inhibits
IgE would be an important clinical advance for the treatment
of allergic airway diseases (10). In contrast to conventional im-

munotherapy, in which the patient is gradually desensitized to
a particular allergen, targeting IgE with mAb therapy should
attenuate the allergic response regardless of the allergen in-
volved. Unlike antihistamines, which provide only symptom-
atic relief, an mAb directed against IgE targets the basic
pathophysiologic processes underlying the allergic response.
Inhaled corticosteroids, although effective for many patients,
can produce a variety of side effects (e.g., reduction in bone
mineral density, cataract formation, possible retardation of
growth in children) (11) and may vary in effectiveness because
of the propellant used or the characteristics of the inhaler (12).
However, for a monoclonal anti-IgE antibody to be clinically
useful, it must be nonanaphylactogenic; that is, the mAb must
not itself permit the crosslinking of IgE–receptor complexes,
because this would trigger cellular degranulation and produce
an allergic response to the mAb.

This article briefly reviews the development of a nonana-
phylactogenic mAb directed against IgE. and the early pre-
clinical and clinical studies that first demonstrated the effec-
tiveness of this approach as a potential therapy for asthma and
hypersensitivity disorders.

 

STRATEGY FOR INHIBITING IgE

 

Two types of IgE receptors are expressed on the surfaces of

 

effector cells: a high-affinity receptor (Fc

 

ε

 

RI), which is pri-
marily found on mast cells and basophils, and a low-affinity
receptor (Fc

 

ε

 

RII, also known as CD23), which is located on
numerous cell types including B cells, macrophages, and plate-
lets. Most researchers believe that IgE produces an allergic re-
sponse primarily by binding to its high-affinity receptors, al-
though some experimental evidence suggests that the binding
of IgE to low-affinity receptors may also be of some impor-
tance (13). The structure of the IgE molecule is shown in Fig-
ure 2. The Fc segments of the two heavy chains of IgE each
consist of CH2, CH3, and CH4 domains. The binding site for
both the high-affinity IgE receptor and the low-affinity IgE re-
ceptor is located in the CH3 domain (14).

An mAb directed against this receptor-binding portion of
IgE was developed through hybridoma techniques. In this
procedure, mice are immunized with human IgE, and their B
lymphocytes are harvested and fused with myeloma cells, pro-
ducing immortalized “hybridoma” cells that secrete the anti-
body of interest (15). A single hybridoma cell line is then used
to generate large quantities of the antibody, which is the rea-
son for its designation as “monoclonal.” The resulting mono-
clonal anti-IgE antibody (which was known as MAE-11) was
then “humanized” by removing murine elements that could
trigger an immune response upon administration of the mAb
to humans. The residues on the light chains of the mAb that
are specific for IgE binding were grafted onto a human IgG

 

1

 

framework (16). A few murine residues are essential to main-
tain the stability of the IgE-binding portion of the mAb but
are not sufficient to produce an allergic response on exposure
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to the humanized mAb. The completed mAb, which is known
as anti-IgE (omalizumab) (Figure 3), binds to the receptor-
binding portion of IgE. Because the epitope that is recognized
by omalizumab encompasses binding regions for both high-
affinity and low-affinity IgE receptors, omalizumab eliminates
the ability of IgE to bind to both types of receptors (14). How-
ever, omalizumab is not able to crosslink IgE molecules that
are already bound to the cell surface. The binding of the
Fc

 

�

 

RI to one CH3 domain of one heavy chain inhibits or pre-
vents the binding of omalizumab to the CH3 region of the
other heavy chain. Thus, omalizumab can bind only to IgE that
is in circulation (10, 17). The precise reason for this is not un-
derstood, but it is likely that the binding of IgE to its cell-sur-
face receptor produces a conformational change in the IgE
molecule that makes the second heavy chain unavailable to the
monoclonal anti-IgE antibody. In contrast, the binding of omali-
zumab to free IgE in circulation does not produce a similar
loss of binding affinity for omalizumab in the contralateral

heavy chain. Thus, each molecule of IgE may be simulta-
neously bound by two molecules of omalizumab. This would
appear to raise the possibility of the formation of large com-
plexes of IgE and omalizumab, which could precipitate an
immune reaction. However, detailed analyses of IgE–omali-
zumab complex formation have shown that the largest com-
plexes formed are stable cyclic hexamers (18). Table 1 summa-
rizes the characteristics of omalizumab.

Figure 1. Immunoglobulin E (IgE)-dependent release of in-
flammatory mediators. Proteins rapidly elute from allergenic
particles, such as pollen grains (shown), and result in crosslink-
ing of two or more cell-bound IgE molecules. Crosslinking of a
critical mass of cell-bound IgE molecules by allergenic proteins
results in the degranulation of effector cells and the release of
an impressive array of mediators that are causally linked to the
pathophysiology of asthma and allergic rhinitis. Mast cell de-
granulation is the key event that launches the symptoms of
the EAR. *Preformed granule contents and newly generated
lipid mediators also result in nasal symptoms, including sneez-
ing, nasal congestion, runny nose, and watery eyes. †Secre-
tion of cytokines from mast cells located in the upper airway
results in the characteristic nasal symptoms associated with
delayed hypersensitivity inflammatory reactions. TNF-� � tumor
necrosis factor-�; IL � interleukin.

Figure 2. The structure of the IgE molecule. The receptor-binding sites
for both high-affinity and low-affinity IgE receptors are located in the
CH3 portion of the heavy chain. When IgE is free in circulation, the
Fc�RI-binding sites on the two heavy chains of the IgE molecule do not
obstruct one other and are therefore available to bind two molecules
of anti-IgE antibody. When IgE binds to its receptor, however, a con-
formational change results in the second heavy chain of the immuno-
globulin, thereby preventing omalizumab from binding to cell-bound
IgE and stimulating degranulation.

Figure 3. Structure of the omalizumab molecule. Omalizumab is a re-
combinant humanized mAb containing 5% murine sequence and
95% human sequence. To generate omalizumab, the IgE-binding por-
tion of a murine monoclonal antibody was grafted onto a human IgG
framework. A small number of murine residues are essential to main-
tain stability of the IgE-binding region but are not sufficient to provoke
an immune response when omalizumab is administered to hu-
mans. CDRs � complementary-determining regions (i.e., mouse anti-
gen-binding regions).
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EFFECTS OF OMALIZUMAB ON IgE EXPRESSION, IgE 
RECEPTOR BINDING, AND RECEPTOR DENSITY

 

In Vitro

 

 Studies

 

Shields and colleagues reported the results of a detailed analy-
sis of the effects of omalizumab on IgE-mediated inflamma-
tory processes 

 

in vitro

 

 (17). Omalizumab prevented the ability
of IgE to bind to human lung mast cells and blocked the mus-
cle contraction and release of histamine on exposure of pas-
sively sensitized lung tissue to ragweed antigen. Moreover,
omalizumab did not trigger the release of histamine from IgE-
sensitized human basophils, suggesting that it does not crosslink
IgE–receptor complexes on these cells. Omalizumab also in-
hibited IgE synthesis by B lymphocytes in response to cat-pelt
antigen.

One intriguing possibility is that the inhibition of IgE pro-
duction may also cause a decrease in the number of cell-sur-
face IgE receptors. It has long been known that the density of
IgE receptors on effector cells is correlated with free serum
IgE levels (19), and it has also been shown that IgE receptor
density is increased by exposure to allergen (20, 21). There-
fore, MacGlashan and colleagues evaluated whether omali-
zumab administration would affect the number of IgE recep-
tors on effector cells (22). These investigators noted that the
number of high-affinity receptors on the cell surface is ordi-
narily quite high, ranging from about 10

 

4

 

 to 10

 

6

 

 per cell, whereas
the quantity of IgE required to produce degranulation is small,
being on the order of perhaps as few as a few hundred molecules.
This implies that a large reduction in circulating IgE (at least
99%) would be required to completely abolish IgE receptor-
mediated biologic responses. MacGlashan and coworkers found
that the number of high-affinity IgE receptors on the surfaces of
basophils obtained from humans who had been treated with
omalizumab decreased from a baseline of about 200,000 per cell
to a posttreatment level of about 8,000 per cell: a reduction of
about 93% (Figure 4). This is potentially of considerable clinical
significance, because reducing the number of IgE receptors
might amplify the inhibitory effect of omalizumab on inflamma-
tory processes.

 

Preclinical Studies

 

Schoenhoff and colleagues examined the pharmacokinetic
and pharmacodynamic profile of omalizumab in cynomolgus
monkeys (23). Omalizumab was cleared slowly from circula-
tion, with an elimination half-life following intravenous or
subcutaneous administration of 1 to 4 wk. Administration of
omalizumab produced a dose-related decrease in the free se-
rum IgE concentration and an increase in total IgE (free IgE
plus IgE complexed with omalizumab), which was the result of
reduced clearance of IgE that was bound to omalizumab.
Omalizumab was also found to prevent an allergic skin reac-
tion produced by ragweed antigen in cynomolgus monkeys;
this inhibition persisted for several weeks following the last
dose of omalizumab (17).

 

INITIAL CLINICAL EXPERIENCE WITH OMALIZUMAB

 

Pharmacokinetic/Pharmacodynamic Studies

 

The first study of omalizumab in humans investigated the tol-
erability and pharmacokinetic/pharmacodynamic profile of in-
creasing single doses of omalizumab in 59 healthy individuals or
patients with allergies (24). The concentration of free IgE in se-
rum decreased rapidly after administration of omalizumab and
gradually returned to baseline over a period of several weeks af-
ter the last dose. Omalizumab was well tolerated by the patients,
and no anaphylactic reactions were observed during the study.
Similar results were obtained in two subsequent multiple-dose
studies; the first enrolled 24 adult patients with either allergic
rhinitis or mild asthma (25), and the second enrolled 34 children
and adolescents with moderate to severe allergic asthma (26). In
these multiple-dose studies, free IgE in serum decreased with an
increasing dose of omalizumab, gradually returned to baseline af-
ter the last omalizumab treatment, and was not associated with
any allergic reactions or medication-related adverse events.

On the basis of these encouraging initial findings, a single-
blind, Phase I clinical trial was initiated to examine the safety and
tolerability of omalizumab, in comparison with placebo, among
12 adult patients with moderate to severe asthma (27). Patients
were treated with either placebo or omalizumab (0.15 mg/kg sub-
cutaneously or 0.50 mg/kg intravenously) on a weekly basis
for 3 wk; clinical evaluations were performed for a total of 6 wk.
No adverse responses to treatment or changes in physiologic or
laboratory values were observed during the study. At the end of
3 wk of treatment, the concentration of free IgE in serum had de-
creased to an average of 60% of its baseline value among patients
who received the lower dose of omalizumab and to 20% of its
baseline value among patients who received the higher dose.

Together, the results of these early studies confirmed that
omalizumab can be safely administered to both adults and chil-
dren with allergic respiratory disorders and that treatment with
omalizumab rapidly and consistently reduces the quantity of free
IgE in circulation.

 

EFFECT OF OMALIZUMAB ON ALLERGIC
SKIN REACTIVITY

 

An open-label study was conducted to test the hypothesis that
treatment with omalizumab would prevent allergic skin reac-
tivity to a skin-prick test with dust mite antigen (28). A total of

 

TABLE 1. CHARACTERISTICS OF OMALIZUMAB

 

IgG1 human framework containing murine antibody complimentary-
determining regions (m.w. 

 

�

 

 150 kD)
Humanized monoclonal antibody against IgE (95% human)
Binds circulating IgE regardless of IgE specificity
Does not activate complement
Does not bind cell-bound IgE to result in activation (nonanaphylactogenic

mechanism)
Forms small, biologically inert omalizumab–IgE complexes

 

Definition of abbreviation

 

: Ig 

 

�

 

 immunoglobulin.

Figure 4. Expression of endogenous Fc�RI on basophils of subjects un-
dergoing omalizumab treatment. The figure shows the results for 12
treated patients and 2 controls. The data were generated with the ace-
tate buffer “stripping” technique. The shaded symbols indicate the con-
trol subjects, and the closed circles indicate the treated patients. The
graph plots the results of IgE measurements for cells fully sensitized,
and therefore essentially plots total receptor densities. Adapted by per-
mission from MacGlashan DW Jr, Bochner BS, Adelman DC, et al. J Immu-
nol 1997;158:1438–1445.
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47 patients, all of whom had perennial allergic rhinitis and who
exhibited positive skin-prick reactivity to dust mite antigen,
were randomly assigned to receive one of two dosages of oma-
lizumab, with the amount adjusted on the basis of the patients’
baseline serum concentration of IgE (0.015 or 0.30 mg/kg per
IU/ml IgE every other week). Skin reactivity was tested after
6 mo of treatment, at which time the skin wheal area in re-
sponse to injection of several different dilutions of dust mite
extract was significantly decreased from baseline by omali-
zumab treatment (p 

 

�

 

 0.001). At baseline, the mean summed
wheal area of all dilutions of dust mite extract tested was 155
mm

 

2

 

 (with an SEM of 

 

�

 

 31 mm

 

2

 

) for the low-dose omalizumab
group and 181 

 

�

 

 43 mm

 

2

 

 for the high-dose group. After 6 mo of
treatment, the summed wheal area in response to dust mite
extract was 61 

 

�

 

 15 mm

 

2

 

 for the low-dose group and 34 

 

�

 

 11
mm

 

2

 

 for the high-dose group. Urticarial reactions were noted
after the first dose of omalizumab in four patients; three of
these patients elected to remain in the study, and no further
reactions were noted with subsequent omalizumab injections
in any patient.

 

EFFECT OF OMALIZUMAB ON
AIRWAY HYPERRESPONSIVENESS

 

When exposed to aeroallergen, patients with asthma exhibit
an early asthma response (EAR) characterized by a rapid de-
crease in FEV

 

1

 

 over a period of minutes, and associated with
breathlessness. Within 3 to 6 h of apparent recovery, there is a
reduction in FEV

 

1

 

 and dyspnea termed the late asthmatic re-

sponse (LAR) (29). The EAR is thought to be a classic Type 1
hypersensitivity reaction, whereas the LAR is caused by the
synthesis and release of several mediators that attract eosino-
phils, neutrophils, and other cells to the site of inflammation,
where they contribute to vascular smooth-muscle contraction
and inflammation (30). IgE is widely regarded as an important
mediator of the EAR; the role of IgE in the LAR is generally
considered to be less well established, although evidence ob-
tained from animal studies suggests that IgE may participate
in both responses. The late-phase results from an influx of in-
flammatory cells produced by mediators released in the early
phase, and from the subsequent release of additional media-
tors in the airways (13).

Recently, two clinical trials examined the effects of omali-
zumab on the airway response to inhaled allergen among pa-
tients with mild allergic asthma (29, 31). These studies were
primarily designed to assess whether omalizumab could mod-
ify the response to allergen; subsequent clinical trials, with
more direct clinical applicability, are described in detail else-
where in this supplement (please see Casale TB: “Anti-IgE
Therapy in Allergic Rhinitis”; and Busse WW: “Anti-IgE
Therapy in Asthma”).

Boulet and colleagues studied the effects of omalizumab
treatment on the EAR to inhaled allergen (29). The EAR was
assessed by determining the quantity of allergen required to
produce a 15% reduction in FEV

 

1

 

 (the provocative concentra-
tion of the allergen causing a 15% reduction, [PC

 

15

 

] in FEV

 

1

 

).
A total of 20 adult patients with mild allergic asthma were en-
rolled in this randomized, double-blind, placebo-controlled

Figure 5. Administration of omalizumab, but not placebo
(p), significantly increases the quantity of antigen required to
produce a 15% reduction (PC15) in FEV1. Adapted by per-
mission from Boulet LP, Chapman KR, Cote J, et al. Am J
Respir Crit Care Med 1997;155:1835–1840.

Figure 6. Treatment with omalizumab attenuates both
the EAR and the LAR after allergen exposure in pa-
tients with mild allergic asthma. FEV1 after allergen
exposure is expressed as a percentage of the baseline
value for the placebo (left panel) and omalizumab (right
panel) groups, both before treatment (circles) and after
treatment (squares). Adapted by permission from Fahy
JV, Fleming HE, Wong HH, et al. Am J Respir Crit Care
Med 1997;155:1828–1834.
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clinical trial. Patients were assigned to receive omalizumab in
an initial dose of 2.0 mg/kg given intravenously, with subse-
quent doses of 1.0 mg/kg at Weeks 1, 2, 4, 6, 8, and 10, or pla-
cebo. Omalizumab treatment was well tolerated by most pa-
tients, and 19 of the 20 patients finished the trial. Treatment
was discontinued for one patient after the appearance of an
urticarial rash following the first dose of omalizumab. No ana-
phylactic responses were noted. Administration of omali-
zumab reduced the serum IgE concentration in all 10 patients
who received omalizumab, and reduced it below the lower
limit of detection in seven patients. Treatment with omali-
zumab, but not placebo, increased the PC

 

15

 

 of the antigen
used in the study (Figure 5). By Week 11, the PC

 

15

 

 had in-
creased by an average of 2.7 doubling doses, which, the inves-
tigators noted, made the antibody treatment comparable or
superior to the effectiveness of inhaled corticosteroids. Omali-
zumab also reduced airway hyperresponsiveness after chal-
lenge with methacholine. No significant difference in asthma
symptoms in the two treatment groups was observed during
the study; however, the authors noted that the primary pur-
pose of the study was to examine the effect of omalizumab on
the response of the airway to allergen exposure and that the
patients enrolled in this study had relatively mild asthma
symptoms. An evaluation of clinical efficacy would require a
larger study and the enrollment of patients with more severe
asthma.

In a second, similar study, Fahy and colleagues examined
the effect of omalizumab treatment on both the EAR and
LAR among 19 patients with mild asthma (31). Patients were
treated with omalizumab at 0.5 mg/kg given intravenously at
weekly intervals for 8 wk. Again, omalizumab was safe and
well tolerated; the incidence of adverse events was similar for
the treatment and placebo groups, and no patients developed
antibodies to omalizumab. Free IgE in circulation decreased
significantly during the treatment period in the omalizumab
group but not in the placebo group (p 

 

�

 

 0.001). Treatment
with omalizumab significantly attenuated both the EAR and
the LAR (p 

 

�

 

 0.02) (Figure 6). These results suggest that
omalizumab prevents the immediate response to allergen ex-
posure, as well as the more delayed response, in patients with
mild allergic asthma.

A Phase II multicenter, double-blind, placebo-controlled
study was performed to evaluate the efficacy of omalizumab
in adolescents and adults (ages 11 to 50 yr) with moderate-to-
severe asthma (32). After a 4-wk run-in period during which

 

�

 

-agonist and corticosteroid (oral and/or inhaled) dosages were
adjusted for optimal control of asthma, 317 study patients
were randomized to receive low-dose omalizumab (2.5 

 

	

 

g/kg
body weight/ng IgE/ml); high-dose omalizumab (5.8 

 

	

 

g/kg
body weight/ng IgE/ml); or placebo intravenously on days 0
(half-dose), 4 (half-dose), and 7 (full dose), and then once ev-
ery 2 wk for 20 wk. The regimen of corticosteroids was contin-
ued during the first 12 wk of treatment and was tapered during
the next 8 wk.

During the 20-wk treatment period, significantly more pa-
tients receiving placebo experienced an asthma exacerbation
than did those receiving either high- or low-dose omalizumab
(p 

 

�

 

 0.03 and p 

 

�

 

 0.01, respectively) (32). Omalizumab also
diminished the need for adjunctive therapies, including in-
haled corticosteroids and 

 

�

 

-agonists, without impairing dis-
ease control or raising the risk of exacerbations (32). A 50%
or greater reduction in dose of oral corticosteroids was re-
ported in 78% of the subjects in the high-dose group (p 

 

�

 

0.04) and in 57% of the subjects in the low-dose group (p 

 

�

 

0.23), versus 33% of the subjects in the placebo group. In
terms of complete discontinuation of oral corticosteroids, a

 

greater percentage of patients in both the high- and low-dose
omalizumab groups than in the placebo group were able to
discontinue oral corticosteroids completely (33% in the high-
dose group, 43% in the low-dose group, and 17% in the pla-
cebo group). This trend, however, did not reach statistical sig-
nificance.

The study investigators also noted a significant improvement
in asthma symptom scores in both the high- and low-dose
omalizumab groups as compared with patients given placebo
(p 

 

�

 

 0.008 and p 

 

�

 

 0.005, respectively). The improvement in
asthma symptom scores continued during the steroid-with-
drawal phase of the study (32). In addition, omalizumab treat-
ment significantly improved the morning peak expiratory flow
rate (PEFR) in the high-dose omalizumab group as compared
with the placebo group during the steroid-stable phase (p 

 

�

 

0.007) as well as during the steroid-withdrawal phase of the
study (p 

 

�

 

 0.02). There was also a significant improvement in
quality of life with omalizumab as compared with placebo in
both the high- and low-dose omalizumab groups (p 

 

�

 

 0.001
and p 

 

�

 

 0.007, respectively) Omalizumab therapy was safe
and well tolerated, and there was no evidence of anti-omali-
zumab antibodies.

 

CONCLUSIONS

 

IgE is a crucial mediator of the physiologic processes that re-
sult in allergic airway diseases, including allergic asthma and
seasonal allergic rhinitis. It has been hypothesized that, by
blocking the ability of IgE to bind to IgE receptors on mast
cells and other effector cells, it should be possible to attenuate
the allergic response to inhaled allergens, thereby reducing
the symptoms of asthma and allergic rhinitis.

Omalizumab, an mAb, has recently been developed for the
treatment of asthma and allergic rhinitis. This antibody binds
to IgE and prevents it from making contact with its receptors.
Preclinical and clinical studies have shown that omalizumab
reduces the level of free IgE in circulation and reduces the
number of high-affinity IgE receptors on basophils. Initial
clinical studies suggest that omalizumab can be safely adminis-
tered to both adult and pediatric patients with allergies and
that omalizumab reduces the early and late airway responses
to inhaled allergen. These findings suggest that the use of
mAb directed against IgE is an important potential new thera-
peutic strategy for the treatment of asthma, allergic rhinitis,
and related allergic conditions.
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