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Abstract As the major trigger of acute allergic reactions, IgE has long been
considered an ideal target for anti-allergy treatments. Omalizumab, first approved
by the USA in 2003 and now in use in many other countries is a humanized
monoclonal antibody that binds serum IgE. Anti-IgE therapy using omalizumab
reduces circulating free IgE levels and blocks both early and late-phase reactions to
allergen challenge. It has proven effective for allergic asthma and is currently being
evaluated for use in a number of other atopic conditions including allergic rhinitis
and chronic idiopathic urticaria. Clinical observations and mechanistic studies with
omalizumab have shed new light on the multifaceted roles of IgE in immune
homeostasis and in allergic disease.
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1 IgE Functions in Immune Homeostasis and Pathology

1.1 IgE, IgE Receptor, and Effector Cells

Atopic diseases are characterized by production of allergen-specific IgE antibodies.
These arise when IgM+ or IgG+ B cells of committed antigenic specificity are
driven into the process of class switch recombination (CSR) by T helper-2 (Th2)
cells. As with CSR to other isotypes, the IgE switch can occur in germinal centers
of secondary lymphoid tissues. This may be where some or all IgE memory resides
and where affinity maturation occurs during the stage of pre-IgE-switched IgG+ B
cell intermediates (Xiong et al. 2012). However, CSR to IgE is not restricted to
lymphoid tissues; it also occurs directly in mucosal tissue sites of allergen exposure
(Cameron et al. 2003).

Several unique features of the IgE antibodies bear on the design and imple-
mentation of effective strategies of IgE blockade. IgE is the least prevalent antibody
in circulation, with concentrations of 50–100 ng/ml in normal individuals, logs
lower than the normal level of IgG (5–10 mg/ml). IgE also has a short circulating
half-life of only 2–3 days, but it is stable in tissues for many weeks where is it
tightly bound to FcεRI on mast cells and not readily accessible to inhibitors
designed to target-free IgE. This latter aspect of IgE physiology poses one of the
major challenges to the designers of novel anti-IgE strategies (Kubo et al. 2003;
Gould et al. 2003). The creation of an agent which would displace tightly bound
IgE antibodies from FcεRI would be the ultimate aspiration for a designer of anti-
IgE therapeutics.

IgE shares a similar molecular structure with other immunoglobulin isotypes,
with two pairs of identical heavy and light chains. However, the constant regions of
the ε-heavy chains are comprised of four Cε domains, Cε1–Cε4, in contrast to three
Cγ domains in IgG proteins. The constant regions determine the isotype-specific
functions of IgE, including binding to its high- and low-affinity receptors. Mem-
brane-bound IgE expressed on the surface of IgE+ B cells is the product of a splice
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isoform containing hydrophobic sequences encoded by M1 and M2 exons (Gould
et al. 2003). Monoclonal antibodies targeting the unique M1 domain of trans-
membrane IgE are under development as potential inhibitors of IgE production
(Brightbill et al. 2010).

IgE antibodies exert their biological effects via several receptors. The two major
ones are commonly referred to as the “high-affinity receptor,” FcεRI, and the
“low-affinity receptor,” CD23, the latter having a more respectable affinity for IgE
than its name would imply. FcεRI is expressed on mast cells and basophils as a
αβγ2 tetramer (Fig. 1). A trimeric αγ2 form of FcεRI exists on the surface of
dendritic cells, Langerhans cells, and eosinophils in humans. In rodents, FcεRI
expression is generally restricted to mast cells and basophils, and trimeric FcεRI
expression is observed only under limited circumstances such as viral infection
(Dombrowicz et al. 2000; Grayson et al. 2007; Kraft and Kinet 2007; Lin et al.
1996). The α subunit is a type I integral membrane protein which binds the Fc
region of IgE. It is comprised of two extracellular immunoglobulin domains, which
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Fig. 1 Structure of the high-affinity IgE receptor, FcεRI. FcεRI is assembled in a tetrameric αβγ2
form on mast cells and basophils and a trimeric αγ2 form on numerous other cell types. The α
subunit is a type I integral membrane protein which binds the Cε2–3 domains of the Fc region of
IgE. It is comprised of two extracellular immunoglobulin domains, a transmembrane domain and a
short intracellular tail. The β-chain, a member of the tetraspanin family of proteins that cross the
plasma membrane four times, serves to amplify receptor signal transduction. A pair of disulfide-
linked γ-chains, also shared with FcγRIII, contains several intracellular ITAM motifs and is
primarily responsible for docking of the signaling protein tyrosine kinase, SYK, in the initiation of
IgE-triggered signaling
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bind the Cε2–3 regions, a transmembrane domain and a short intracellular tail. In
comparison with FcγRs, FcεRI is typically completely saturated at normal physi-
ological concentrations of IgE due to the exceedingly low Kd (*1 nm) for IgE
binding. This underlies the persistence of allergen-specific IgE in tissues for many
weeks even in individuals being treated with anti-IgE.

Neither the β subunit nor γ subunits assist in ligand binding. The β chain
provides accessory signaling and amplification, while the γ chain, which is shared
with FcγRIII, is the main activator of key signaling pathways (Kraft and Kinet
2007). Cross-linking of FcεRI causes signal transduction by phosphorylation of
tyrosine-based activation motifs (ITAM) in the γ subunit through activation of
constitutively receptor-associated tyrosine kinases.

The low-affinity IgE receptor, CD23, is completely distinct from FcεRI. It is a
type II transmembrane glycoprotein with a c-terminal extracellular globular domain
containing a calcium-dependent lectin domain. This is followed by an alpha-helical
coiled-coil stalk region with a short n-terminal cytoplasmic domain (Acharya et al.
2010). The stalk region contains leucine zipper motifs that mediate oligomerization
of CD23. Trimeric CD23 exhibits an avidity for IgE of 10–100 nM which
approaches the affinity of FcεRI for IgE (Gould and Sutton 2008). The membrane-
bound form of CD23 is susceptible to proteolysis, generating a free receptor known
as soluble CD23 that retains the capacity to bind IgE.

IgE antibodies are best known for their role in inducing immediate hypersen-
sitivity reactions, in which exposure to an allergen results in rapid development of
allergic symptoms. These reactions are initiated by activation of the high-affinity
receptor FcεRI on effector cells including mast cells and basophils. FcεRI aggre-
gation induced by polyvalent antigen-induced IgE cross-linking incites the rapid
release of preformed mediators along with de novo synthesis of lipid mediators,
which act on target tissues to trigger the early phase allergic response within
minutes of allergen exposure. Hours later FcεRI-activated cells produce proin-
flammatory and immunomodulating cytokines and chemokines that promote
recruitment of cells including eosinophils, monocytes, and T cells (Sutton and
Gould 1993). These events can elicit “late-phase” symptoms of allergy, in which a
second wave of allergic symptoms is experienced 8–12 h after the acute reaction.
These proinflammatory mediators, when produced chronically in the course of
recurrent IgE-triggered reactions also drive the chronic allergic inflammation
characteristic of a number of atopic diseases. In the setting of asthma, mediators
released by degranulation of mast cells and basophils act on endothelial cells to
increase vascular permeability leading to edema of the airway wall. Mucus pro-
duction and constriction of airway smooth muscles, induced by the same mediators,
lead to further airflow airway narrowing. In an individual with aeroallergen sen-
sitivity, these events manifest as acute airflow obstruction, measured in the clinical
laboratory as a drop in forced expiratory volume of air in 1 s (FEV1). Asthmatic
individuals exhibit acute drops in FEV1 immediately after allergen challenge and
late phase decreases 8–12 h later. In some chronic asthmatics, cellular infiltration of
the airway wall and chronic fibrotic changes cause stable airflow obstruction with a
fixed decrease in FEV1.
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The major rationale underlying the development of anti-IgE therapies has been
that blockade of acute and late-phase reactions precipitated by allergen exposure
would reduce symptoms. There have additionally been expectations that interfer-
ence with chronic recurrent acute reactions to allergen would diminish the pool of
mast cell and basophil-derived mediators that might drive cellular recruitment and
chronic allergic inflammation. However, recent findings regarding functions of IgE
in the regulation of its own receptors and in mast cell homeostasis suggest addi-
tional mechanisms whereby IgE blockade might be beneficial.

1.2 IgE and Regulation of IgE Receptors

IgE plays an important role in the regulation and expression of both its high- and
low-affinity receptors. Our studies with IgE-deficient mice revealed reduced
expression of both FcεRI on their mast cells and basophils and CD23 on their B
cells (Kisselgof and Oettgen 1998; Yamaguchi et al. 1997). Reconstitution of
normal circulating IgE levels via i.v. infusion restored surface expression of both
receptors to normal levels. In human studies, Saini et al. (2000) showed a direct
correlation between total serum IgE levels and FcεRI cell surface expression, across
a range of atopic and nonatopic conditions. IgE binding to CD23 inhibits cleavage
of the receptor by proteases, thus allowing the IgE-CD23 complex to remain on the
effector cell surface (MacGlashan 2008). Similarly, binding of IgE to cell surface
FcεRI stabilizes the receptor and prevents both removal of the receptor from the
surface of the effector cell, and degradation by proteases. Empty FcεRI receptors are
rapidly internalized, and the presence of IgE in the milieu of effector cells supports
accumulation of FcεRI at the cell membrane (Borkowski et al. 2001; Saini et al.
2000). It is very likely that some of these effects of IgE on the stability and
expression of its receptors underlie the benefits of anti-IgE therapy.

1.3 Mast Cell Homeostasis

Up until recently, the accepted paradigm of FcεRI-mediated IgE signaling held that
cross-linking of receptor-bound IgE by polyvalent allergen and consequent
aggregation of FcεRI in the membrane were critical for signaling. A mast cell or
basophil bearing FcεRI-bound IgE was considered a loaded gun, ready for allergen-
driven triggering but unaffected by the mere presence of IgE. A number of studies
now reveal that IgE itself, in the absence of exogenous allergen, can exert signif-
icant effects. These findings have significance with respect to consideration of
potential mechanisms of action of IgE blockade. Initial findings supporting the
antigen-independent effects of IgE on FcεRI signaling and on the survival and
proliferation of cultured mast cells were presented as back-to-back reports in 2001
(Asai et al. 2001; Kalesnikoff et al. 2001). A role for IgE antibodies in mast cell
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expansion in vivo is supported by our observation that the appearance of mast cells
in the airways of mice subjected to repeated inhalation of Aspergillus funigatus was
markedly impaired in animals lacking IgE antibodies (Mathias et al. 2009).

Studies of antigen-independent effects of IgE antibodies on mast cells have been
performed using monoclonal IgE antibodies of varying specificity. Kawakami and
colleagues observed that there is considerable variability among individual anti-
bodies with respect to the potency of their antigen-independent effects on mast
cells, and they have designated clones capable of inducing high-level antigen-
independent cytokine secretion, including SPE-7, as “Highly Cytokinergic” (HC)
(Kashiwakura et al. 2012). They have demonstrated that HC IgE clones exhibit
reactivity to autoantigens (dsDNA, ssDNA, and thyroglobulin) an observation that
provides a potential mechanism whereby cross-linking of receptor-bound IgE is
induced by ubiquitous autoantigens in the absence of nominal antigen. James and
colleagues published a very interesting finding in 2003 that both anticipated this
autoreactivity of HC IgE antibodies and provided a structural basis (James et al.
2003). Using X-ray crystallography, they observed that the antigen-binding site of
HC IgE, SPE-7, exists in equilibrium of alternative isoforms, at least one of which
could bind to an autoantigen (thioredoxin) identified by peptide screening. Taken
together, these observations indicate that the pro-allergic effects of IgE antibodies
may be observed in the absence of allergen exposure and that IgE blockade could
exert effects even in allergen-independent contexts.

1.4 Antiviral Responses

Consideration of potential impacts of IgE on antiviral responses is intriguing, as
viral infections are the most common triggers of asthma. Multiple studies have
demonstrated reduced production of type I interferons in atopic patients. Cells
recovered from bronchoalveolar lavage, dendritic cells, and peripheral blood
mononuclear cells from asthmatic patients were evaluated after treatment with
viruses including influenza and rhinovirus (Gill et al. 2010; Sykes et al. 2012;
Durrani et al. 2012). Dendritic cells from atopic patients produced significantly less
IFN-α when exposed to influenza, and the amount produced was inversely pro-
portional to total serum IgE (Gill et al. 2010). Supportive data were shown from
BAL cells from allergic patients exposed to rhinovirus. Production of type I
interferons was again deficient, and this reduced production was associated with
worsening airway hyperresponsiveness (Sykes et al. 2012). In addition, cross-
linking FcεRI on PBMCs prior to exposure to human rhinovirus also triggered a
significant decrease in IFN-α production (Durrani et al. 2012). Such observations
suggest that reductions in free IgE may help improve immune responses to viral
infections and attenuate asthma exacerbations in patients exposed to respiratory
viruses.
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2 Omalizumab: Structure and Pharmacology

2.1 Structure: Humanized MAb Against IgE

Omalizumab (initially designated rhuMAb-E25) is a humanized IgG1κ monoclonal
anti-IgE antibody that binds with high affinity to IgE at the Cε3 domain and has a
molecular weight of approximately 149 kD (Fig. 2). The antibody is derived from
the murine monoclonal antibody, MAE11. MAE11 was humanized by incorporating
the mouse-derived complementarity-determining region into a human IgG1 frame-
work (Presta et al. 1993; Boushey 2001). The IgG1 human framework comprises
approximately 95 % of the omalizumab molecule, leaving 5 % murine sequences.
Importantly, omalizumab binds circulating IgE regardless of its antigen specificity. It
effectively blocks the binding site of IgE for both FcεRI and CD23, and its high
affinity for IgE allows it to compete with FcεRI. Preclinical studies demonstrated
reduction in serum levels of free IgE in murine models (Haak-Frendscho et al. 1994),
while subsequent clinical studies established this capacity to reduce IgE in asthmatic
patients. Omalizumab was approved for use in the USA in 2003 and was later
approved as adjunctive therapy in 2005 by the European Medicines Agency. While
omalizumab remains licensed only for patients aged 12 or older in the USA, the
medication was recently approved by the European Medicines Agency for use in
children aged 6 years and older (Pelaia et al. 2011).
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Cε1
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(IgG) 
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Fig. 2 Omalizumab. Omalizumab is a humanized IgG1κ monoclonal anti-IgE antibody that binds
to IgE at the Cε3 domain. Omalizumab forms trimeric and hexameric complexes with IgE, which
circulate. IgE in these complexes is detected in standard clinical IgE assays so that total IgE levels
appear to rise following institution of omalizumab therapy
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2.2 IgE–Omalizumab Interaction

Omalizumab specifically binds circulating free IgE at the high-affinity receptor-
binding site, thus inhibiting binding of the antibody to effector cells. Once bound to
free IgE, small complexes are formed. Typically, omalizumab:IgE complexes are
trimers of approximately 490–530 kD or hexamers of approximately 1,000 kD. The
size of complexes depends on the relative concentrations of both serum-free IgE
and omalizumab. A study of anti-IgE in cynomolgus monkeys found the largest
complex formed in vivo was a hexamer (Liu et al. 1995; Fox et al. 1996). Oma-
lizumab does not cause cross-linking of the IgE receptor or subsequent effector cell
degranulation, a property that has been referred to as its being “nonanaphylacto-
genic” (Chang 2000).

2.3 Pharmacokinetics

Omalizumab is administered subcutaneously, with a bioavailability of 62 %. Peak
serum concentrations are reached after an average of 7–8 days, and the half-life is
approximately 26 days. This is in contrast to the much shorter 2-day half-life of free
IgE. Omalizumab dosing utilizes important data gleaned from a phase II clinical
trial of anti-IgE for the treatment of allergic rhinitis triggered by ragweed allergen
(Pelaia et al. 2011). The study concluded that significant symptomatic benefit was
reached only when free IgE levels were completely suppressed and that the mag-
nitude of suppression was associated with both pretreatment serum IgE level and
anti-IgE dosing. Therefore, omalizumab is administered every 2–4 weeks at a dose
of 150–375 mg subcutaneously, with the dose and frequency determined based on
patient body weight and IgE level. Due to the requirement of near-total suppression
of IgE levels for clinical efficacy, the drug is only FDA approved for pretreatment
IgE levels of 30–700 IU/mL (XOLAIR PACKAGE INSERT).

Following administration of omalizumab, serum-free IgE concentrations
decrease rapidly in clinical studies, with a mean drop of over 96 % from baseline
using standard dosing. However, total serum IgE including both bound and
unbound fractions increased subsequent to omalizumab dosing. The clearance of
omalizumab:IgE complexes is slower than that of free IgE, and standard clinical lab
assays detect IgE in both free and complexed forms. Thus, an apparently para-
doxical increase in total IgE is observed in omalizumab-treated patients. After
discontinuation of omalizumab dosing, serum total IgE decreases, while free IgE
increases. However, this reversal occurs slowly and does not reach pretreatment
levels even one year after discontinuation of therapy.
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3 Early Clinical Studies in Asthma

3.1 Inhalation Challenge

Early clinical studies demonstrated that anti-IgE treatment in asthmatic patients led
to significantly decreased free IgE levels and reduced both immediate symptoms
and late-phase responses to inhaled aeroallergen challenge (Fahy et al. 1997; Boulet
et al. 1997).

3.2 Early and Late-phase Suppression, Further Analyses

Attenuation of the early allergen response in the above studies was demonstrated
both by a decrease in the degree of the fall of FEV1 after exposure to fixed doses of
allergen and by an increase in the threshold dose of allergen necessary to elicit
bronchoconstriction. Fahy et al. (1997) showed that late-phase responses in the
airway were also reduced in the treatment groups, as evidenced by protection from
late drops in FEV1 and by a reduction in the percentage of airway eosinophils in
sputum 24 h after challenge. These early studies set the stage for future evaluations
of the safety and efficacy of anti-IgE in asthma and other atopic diseases. The
demonstration that anti-IgE could counteract both early and late-phase allergic
responses confirmed the importance of IgE antibody function both in immediate
hypersensitivity and in cellular recruitment and the initiation of inflammation,
providing a strong rationale for clinical trials of IgE blockade in chronic allergic
diseases such as asthma.

4 Asthma Studies

Subsequent studies evaluating the efficacy of anti-IgE therapy for allergic asthma in
adolescent and adult patients further underscored the ability of anti-IgE to attenuate
early and late-phase asthma symptoms. Milgrom and colleagues completed a large
randomized, placebo-controlled phase II study evaluating patients with moderate to
severe allergic asthma (Milgrom et al. 1999). In treatment groups, serum-free IgE
levels dropped precipitously, and asthma symptoms were significantly improved as
evidenced by reduced use of rescue β-agonist inhalers, decreased oral and inhaled
corticosteroid (ICS) requirement, and improved pulmonary function testing.

Two critical phase III clinical trials of anti-IgE therapy in patients with severe
chronic asthma, performed in the USA and Europe, provided the evidence that led
to FDA approval of omalizumab (Soler et al. 2001; Busse et al. 2001). Both groups
studied ICS-dependent asthmatics and utilized a study design that included initial
continuation of daily ICS, with a subsequent steroid reduction phase during
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anti-IgE treatment. In both trials, treatment group patients suffered fewer asthma
exacerbations during both the steroid stable and reduction phases. Other primary
end points in the treatment groups included a significant reduction in ICS dose,
decreased frequency of rescue inhaler use, improved pulmonary function parame-
ters including mean FEV1, and improved asthma symptoms scores. The frequency
of adverse events was not increased in the anti-IgE treatment groups.

A veritable flood of trials followed on the heels of these initial studies. The results
of twenty-five of these anti-IgE studies comprising a total of 6,382 participants with
mild to severe allergic asthma were analyzed in a recent Cochrane review (Nor-
mansell et al. 2014). Most of the included studies evaluated anti-IgE as adjunctive
therapy to inhaled corticosteroids and/or long acting beta agonists (LABAs).
Overall, the pooled data indicated that clinical benefit from anti-IgE therapy was
improved from placebo, including reduced asthma exacerbation frequency, reduced
hospitalizations, and reduction in daily ICS and rescue inhaler use. Also, anti-IgE
therapy significantly increased the number of participants who were able to com-
pletely withdraw from daily ICS use as compared to placebo. Participants in 7 of 11
studies also noted modest but significant improvements in asthma scores and quality
of life assessments. However, changes in pulmonary function parameters were
inconsistent. Overall, the message of both the initial pivotal studies and the large
number of follow-up trials has been that anti-IgE reduces the frequency of acute
flares and hospitalizations while only modestly affecting the chronic day-to-day
indicators of disease activity such as quality of life scores and physiologic measures
of small airway obstruction. These findings suggest that anti-IgE attenuates disease
flares precipitated by aeroallergen exposure or respiratory infection but that it does
not interfere with the chronic Th2-driven allergic inflammatory process that leads to
the infiltration of the airways with inflammatory cells, edema of the airway mucosa,
hyper-responsiveness of bronchial smooth muscle, and hyper-production of mucus
all of which can likely arise in the absence of IgE signals.

5 Pediatric Asthma

Most of the initial anti-IgE studies focused on adult participants, but in recent years
more emphasis has been placed on childhood asthma, a disease that appears to be
more consistently allergen driven. Milgrom and colleagues performed a large,
double-blind, randomized, placebo-controlled trial to evaluate the safety and effi-
cacy of anti-IgE in the treatment of children aged 6–12 years with moderate to
severe asthma (Milgrom et al. 2001). This study design echoed adult studies, with
the 334 enrolled children treated with anti-IgE as adjunctive therapy to stable ICS
regimens. Inclusion criteria for pediatric participants included moderate to persis-
tent asthma well controlled on ICS, positive skin prick testing to at least one
common aeroallergen, and total IgE levels between 30 and 1,300 IU/mL. These
criteria differ from the previously discussed adolescent and adult studies, where the
majority of trials included patients with poorly controlled asthma despite ICS use
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and a more restricted pretreatment IgE level. Results were encouraging in the
treatment group, with significant reductions in ICS dosage and more frequent
complete withdrawal of ICS use. During the steroid reduction phase in the treatment
group, use of rescue albuterol was reduced, and asthma exacerbations requiring
additional treatment declined in both frequency and severity. No significant change
between the groups was seen in asthma symptom scores or pulmonary function
parameters. Anti-IgE was well tolerated, with no serious adverse effects. Following
completion of the above trial, further information regarding quality of life evalu-
ations was published (Lemanske et al. 2002). No change in quality of life was found
during the steroid-stable phase of the trial, but at the end of the study treatment
group participants reported improved asthma scores and a statistically significant
increase in overall asthma-related quality of life. This was likely affected by the
reduction in exacerbations, decrease in ICS use, and lack of hospitalizations in the
treatment group.

A more recent pediatric anti-IgE trial performed by Lanier et al. (2009) had
similar results. This study more closely resembled the adult trials, as enrolled
pediatric subjects included children aged 6 to <12 years old with moderate to severe
persistent asthma incompletely controlled with ICSs. Over the course of the trial,
the overall exacerbation frequency was reduced by 43 % versus the placebo
group. Additionally, in contrast to the previous pediatric study, treatment group
subjects experienced a significant attenuation in exacerbation frequency during the
fixed-steroid phase. Further support of the effectiveness of omalizumab in
adjunctive treatment of pediatric asthma was exhibited by a recent retrospective
analysis of pooled data extracted from five adolescent and adult anti-IgE trials
(Massanari et al. 2009). This analysis included patients aged 12–17 years old and
also demonstrated a reduction in frequency of asthma exacerbations, improved
pulmonary function parameters, and improvement in asthma scores. In all studies,
regardless of participant age, anti-IgE therapy significantly reduced asthma exac-
erbations, thus highlighting the importance of IgE during times of asthma exacer-
bation. However, as was evident in the meta-analyses of the adult trials,
improvements in pulmonary function parameters and quality of life were incon-
sistent across studies. This again reveals the key role of IgE in acute flares while
suggesting a dominant role for IgE-independent mechanisms in the pathogenesis of
the chronic inflammation and impairments in airway physiology seen in asthma.

6 Omalizumab in Other Atopic Diseases

Alongside the successes of omalizumab in asthma trials, anti-IgE was evaluated
early on for its effectiveness in allergic rhinitis (AR), another disease characterized
by high-titer IgE responses to inhaled aeroallergens and by seasonal flares of
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symptoms driven by allergen inhalation (Casale et al. 1997). Subsequently, other
disorders became candidates for anti-IgE trials, including atopic dermatitis, urti-
caria, and food allergy (Chang et al. 2007; Incorvaia et al. 2014).

6.1 Allergic Rhinitis

Allergic rhinitis is a prevalent problem in both adult and pediatric patient populations.
A number of trials have evaluated use of anti-IgE in patients with allergic rhinitis
triggered by a variety of environmental allergens, most commonly birch pollen or
ragweed. Their results established that anti-IgE decreased nasal and ocular symptoms,
reduced antihistamine use, and improved quality of life scores (Adelroth et al. 2000;
Casale et al. 1997, 2001; Chervinsky et al. 2003). Anti-IgE also improved symptom
scores and decreased sensitivity to nasal allergen challenge (Hanf et al. 2004). Nasal
biopsy specimens in patients receiving anti-IgE showed none of the mucosal tissue
eosinophilia evident in the placebo group (Plewako et al. 2002). Further evidence for
improvement in allergic rhinitis was demonstrated by a trial of anti-IgE administered
in combination with traditional subcutaneous immunotherapy in children and ado-
lescentswithmoderate to severe allergic rhinitis. Study participants receiving anti-IgE
in addition to standard allergen immunotherapy showed significant clinical
improvement in symptoms as compared to immunotherapy alone (Kuehr et al. 2002).
Thus, removal of IgE seems to ameliorate both early and late-phase hypersensitivity
responses in allergic rhinitis.

6.2 Rush Immunotherapy

Rush immunotherapy is an accelerated subcutaneous immunotherapy regimen that
allows patients to reach maintenance dosing much more quickly than with tradi-
tional protocols. However, these faster protocols are associated with an increased
incidence of serious adverse reactions including anaphylaxis. Casale et al. (2006)
established that adult patients treated with anti-IgE prior to induction of rush
immunotherapy had fewer reactions. Another study showed addition of anti-IgE
prior to cluster immunotherapy in patients with persistent asthma reduced the risk of
adverse events during immunotherapy. More patients in the anti-IgE treatment
group reached goal maintenance dosing and had fewer adverse events, including
those requiring epinephrine, throughout the cluster protocol (Massanari et al. 2010).
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6.3 Food-induced Anaphylaxis and Oral Immunotherapy

Food allergy has emerged as another attractive option for anti-IgE therapy.
Immediate hypersensitivity reactions to allergenic food ingestion depend on the
presence of food-specific IgE antibodies and can be quite severe, progressing to
potentially fatal systemic anaphylaxis. As current therapeutic options are limited to
strict avoidance of the allergenic food for safety reasons, patients are paradoxically
deprived of their only hope for achieving tolerance, namely oral ingestion of the
allergenic food. Anti-IgE has been considered an attractive treatment option in this
setting both because it might reduce dangerous reactions following inadvertent food
ingestions and as an adjunct to oral immunotherapy.

The first study evaluating use of anti-IgE in food allergy was conducted by
Leung et al. (2003) who showed that administration of an anti-IgE monoclonal
antibody, TNX-901, led to significant increases in the threshold dose of peanut
required to trigger hypersensitivity reactions in oral peanut food challenges. This
result established the efficacy of anti-IgE in blunting IgE-mediated food reactions
and provided the basis for the more recent application of anti-IgE treatment during
oral immunotherapy (OIT) in children with food allergies. While OIT, in which
allergic subjects are fed incrementally increasing doses of allergenic food under
very controlled conditions, has shown promise in terms of reducing food sensitivity,
its broad application has been impeded by the frequency of undesirable and
potentially dangerous reactions experienced by patients in the course of dose
escalation. Nadeau et al. reasoned that anti-IgE might mitigate these reactions and
conducted a pilot study in children with cow’s milk allergy undergoing rapid oral
milk desensitization under cover of anti-IgE. Nine of 10 patients reached the goal
dose of 2,000 mg milk after desensitization over 7–11 weeks. Anti-IgE therapy was
then discontinued, and daily milk ingestion continued. All 9 patients subsequently
passed a double-blind, placebo-controlled food challenge (DBPCFC) 8 weeks after
discontinuation of anti-IgE (Nadeau et al. 2011).

Anti-IgE therapy has also been applied to OIT for the extremely allergenic food,
peanut. A phase II trial performed by Sampson et al. (2011) to evaluate the
effectiveness of anti-IgE in reducing the frequency of peanut-induced allergic
reactions during OIT was discontinued early due to anaphylactic episodes that
occurred during initial pre-enrollment peanut food challenges. However, data
obtained prior to discontinuation revealed that participants receiving anti-IgE
therapy were able to tolerate higher peanut doses than placebo-treated participants.
Another study evaluating peanut oral immunotherapy under cover of anti-IgE has
been performed (Schneider et al. 2013). High-risk peanut allergic children were
treated with anti-IgE, and then underwent oral desensitization. Patients reached a
cumulative dose of 992 mg without symptoms of hypersensitivity, and subse-
quently tolerated a peanut food challenge of 8,000 mg peanut flour. These studies
illuminate the possibilities of future successful, safe oral desensitization to foods. It
will be of great interest to determine whether IgE blockade during OIT, in addition
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to enhancing safety by reducing anaphylactic reactions, might also modulate
immune responses to food allergens, suppressing allergen-driven Th2 expansion,
and favoring Treg induction (Fig. 3).

6.4 Chronic Idiopathic Urticaria

Chronic idiopathic urticaria (CIU) is a condition characterized by hives that last for
a minimum of 6 weeks, without obvious trigger. Therapeutic options currently
include antihistamines, leukotriene receptor antagonists, systemic steroids, and
other immunosuppressive medications. However, the condition is often refractory
to these therapies and the side effects of systemic steroids are undesirable. An early
proof of concept study using anti-IgE demonstrated improvement in the Urticaria
Activity Score (UAS), which includes pruritus severity, number of hives, and size
of largest hive, as well as a reduction in rescue antihistamine use and improvement
in overall quality of life (Kaplan et al. 2008). Subsequent phase II and III trials
evaluating the efficacy of anti-IgE compared to placebo in treating CIU unre-
sponsive to traditional therapies substantiated the findings of previous proof of
concept trials. The first phase III trial performed by Maurer et al. (2013) included
323 patients with treatment-resistant moderate to severe CIU and evaluated efficacy
of increasing doses of omalizumab.

Since CIU is not generally considered an atopic disease and allergen triggers are
not usually identified in these patients, the efficacy of omalizumab was a surprise to
some. The average IgE level of the study population was only 168.2 ± 231.9 IU/ml,
which is only very modestly elevated and much lower than the levels observed in
the other atopic conditions responsive to anti-IgE. The study found significant dose

Fig. 3 Hypothetical model for IgE-mediated regulation of T cell responses to allergen and effects
of omalizumab in this model. Mast cells produce significant levels of the Th2-skewing cytokine
IL-4. We speculate that IgE-mediated mast cell activation drives IL-4-mediated Th2 expansion and
concomitant Treg suppression and that inhibition of this effect in the setting of omalizumab
therapy would favor Treg responses over Th2
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responsive diminution of symptoms as compared to placebo, with the greatest
clinical effects generated by the highest anti-IgE dose (300 mg). A subsequent
phase III trial performed by Kaplan et al. (2013) substantiated these results.
Omalizumab was recently approved by the FDA for the treatment of CIU refractory
to antihistamine therapy in patients aged 12 years and older.

The mechanisms by which anti-IgE reduces symptoms in patients with CIU
remain to be elucidated, but a rapid reduction in free IgE levels has been consis-
tently demonstrated in omalizumab-treated patients with CIU and this reduction in
IgE correlates closely with clinical improvement. Several mechanistic studies of
omalizumab have demonstrated downregulation of FcεRI on peripheral blood
basophils and on skin and nasal mast cells (Saini et al. 1999; Beck et al. 2004;
Eckman et al. 2010). There is some evidence that a subset of patients with CIU has
autoantibodies directed against FcεRI (Grattan et al. 1991; Hide et al. 1993;
Kikuchi and Kaplan 2001), and it has been speculated that the reduction in FcεRI
density induced by omalizumab therapy reduces the susceptibility of FcεRI+ cells to
activation by such antibodies. An alternative possibility is that these patients have
HC IgE antibodies (see Sect. 1.3) that interact with autoantigens and omalizumab
decreases the titers of these antibodies. While both the results of the CIU trials and
these proposed mechanisms are thought provoking, further studies are required
before firm conclusions can be made.

6.5 Atopic Dermatitis

Atopic dermatitis (AD) typically presents in childhood and can persist throughout
the lifetime of an affected patient. Patients typically have dramatically elevated
serum IgE levels and are often affected by other concurrent allergic diseases sug-
gesting a potential pathogenic role of IgE in AD. Treatment of recalcitrant AD can
be difficult and may include immunosuppressive medications. Clinical studies of
anti-IgE therapy for AD have resulted in variable conclusions. Case reports and an
early pilot study using omalizumab suggested improvement in clinical atopic der-
matitis symptoms (Sheinkopf et al. 2008). A larger explorative study also found
treatment with anti-IgE significantly reduced free serum IgE, decreased FcεRI
expression on basophil cell surfaces, and also decreased IgE saturation of FcεRI.
However, treatment group patients had no improvement in clinical symptoms (Heil
et al. 2010). These findings, like those of the asthma studies, suggest that the
chronic inflammatory component of AD is likely driven in large part by IgE-
independent mechanisms and that the utility of IgE blockade may be limited in this
setting.
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6.6 Eosinophilic Gastrointestinal Disorders

Eosinophilic gastrointestinal disorders include eosinophilic esophagitis, eosino-
philic colitis, and eosinophilic gastroenteritis. Affected patients experience a range
of chronic gastrointestinal symptoms including difficulty swallowing, pain, and
diarrhea but, unlike typical food allergy patients, they do not generally experience
immediate hypersensitivity reactions, such as systemic anaphylaxis. In this way, the
disease process seems more analogous to that involved in AD. However, eosino-
philic gastrointestinal disorders can be associated with atopy, and some patients
have positive skin prick testing to foods. A clinical trial evaluating the effects of
anti-IgE therapy in patients with eosinophilic gastroenteritis gave results consistent
with those for anti-IgE therapy for other atopic conditions (Foroughi et al. 2007).
As expected, serum-free IgE and food allergen skin prick test reactions were
decreased in the treatment group along with reductions in FcεRI surface expression
on basophils and dendritic cells. A downward trend in tissue eosinophilia was
observed in biopsies of the duodenum, gastric antrum, and gastric body but this did
not reach significance. Symptom scores improved both midstudy and at the con-
clusion of the trial, but did not correlate with reduction in tissue eosinophilia.

7 Mechanisms

Many of the clinical trials of IgE blockade described above have been accompanied
by immunologic analyses, which have provided valuable insights both into the
pathogenesis of allergic diseases and the mechanisms of action of anti-IgE.

7.1 Blockade of Early and Late-phase Hypersensitivity

The seminal studies of anti-IgE therapy have demonstrated sharp reductions in
circulating levels of free IgE antibodies along with strong evidence that anti-IgE
blockade impairs both early and late-phase hypersensitivity reactions. Anti-IgE
therapy reduces early and late-phase allergic asthma responses after inhalational
allergen challenge (Fahy et al. 1997), diminishes late-phase skin responses to
intradermal allergen exposure (Ong et al. 2005), and decreases sputum eosinophilia
(Fahy et al. 1997; Djukanovic et al. 2004) and airway submucosal eosinophil,
T cell, and B cell numbers in asthmatic subjects (Djukanovic et al. 2004). A study
performed on adult subjects with allergic rhinitis secondary to dust mites showed a
rapid reduction in serum-free IgE levels and a 97 % decrease of basophil cell
surface expression of FcεRI (MacGlashan et al. 1997). Basophil histamine release
was also decreased by approximately 90 %, and basophil response was completely
eradicated in 50 % of subjects. Mast cell involvement was implicated by
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requirement of antigen doses of 100 times the original dose in order to generate
similar pre-anti-IgE skin prick wheals. Peripheral eosinophilia and serum levels of
Th2-inducing cytokines including IL-13 are also decreased in asthmatic patients
treated with anti-IgE (Noga et al. 2003). The latter observation is consistent with a
role for IgE antibodies in the maintenance of Th2-driven allergic responses and
highlights the importance of anti-IgE therapy in combating these responses (Fig. 3).

7.2 Regulation of IgE Receptors

Prior to the application of anti-IgE therapy, it was known that IgE levels regulate
expression and stability of FcεRI receptors on the surface of basophils, mast cells,
and dendritic cells. Treatment with anti-IgE depletes the concentration of free IgE in
serum, and therefore, as predicted, results in decreased cell surface density of FcεRI
(MacGlashan et al. 1997; Beck et al. 2004; Prussin et al. 2003). Beck and col-
leagues evaluated the effects of omalizumab treatment on mast cell FcεRI expres-
sion. After 1 week of therapy, minimal reduction in mast cell surface FcεRI was
noted, and later in therapy FcεRI receptor density was significantly decreased, along
with a reduction in skin prick allergen-stimulated wheal size (Beck et al. 2004).
While these studies have been interpreted to imply discordance in rate of FcεRI
reduction between mast cells and basophils, there are technical differences in the
approach to FcεRI measurement that limit this extrapolation. Basophil FcεRI
density has typically been quantitated by flow cytometry, a method that reliably
detects only cell surface receptor while the measurements of FcεRI on skin mast
cells have been performed using immunohistochemical staining which does not
discriminate surface from internalized FcεRI. In analyses of cultured rodent mast
cells, surface FcεRI levels modulate very rapidly in response to changes in ambient
IgE. It will be important in future studies to determine the kinetics of reduction of
surface levels of FcεRI on mast cells of omalizumab-treated subjects.

Dendritic cells, which also express FcεRI, are key inducers and regulators of
immune responses. Omalizumab therapy results in reduction of FcεRI expression
on circulating plasmacytoid dendritic cells (pDCs) as demonstrated by Prussin et al.
(2003). The reduction of pDC surface FcεRI receptor density was evident within
7 days of anti-IgE therapy and correlated well with reduced serum-free IgE levels.
Schroeder et al. (2010) have reported that the reduction in DC FcεRI following
omalizumab therapy is associated with a reduction in IgE-facilitated antigen pre-
sentation in the induction of Th2 responses in a cell culture system. These results
are of great interest and suggest that anti-IgE therapy may interfere with IgE-
facilitated antigen presentation by dendritic cells. This ultimately could cause a
blockade of early sensitization to antigens. This in turn acts in concert with
reduction of effector cell mediation of immediate hypersensitivity responses to
further reduce hypersensitivity reactions.
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7.3 Effects on Viral Immunity

Upper respiratory viral infections are probably the most important trigger of asthma
exacerbations across age groups. While anti-IgE therapy has proven to be effective
in decreasing the frequency of asthma exacerbations overall, it has been unclear
whether this is exclusively because of interference with immediate hypersensitivity
reactions in patients exposed to inhaled aeroallergens or whether omalizumab might
also alter the onset of asthma flares after viral infection. In the “Inner City Asthma
Study,” (Busse et al. 2011) made the intriguing observation that anti-IgE treatment
is associated a significant reduction of the frequency of asthma flares associated
with seasonal virus exposure. In a substudy of this cohort, the investigators found
that rates of viral infection as measured in nasal swabs were the same in treatment
and placebo groups, suggesting a benefit of anti-IgE treatment in attenuating virus-
induced asthma flares. We speculate that this resistance to flares might be due either
to an elevated threshold for bronchial obstruction because of reduced allergic
inflammation of the airway mucosa in omalizumab-treated subjects or to interfer-
ence with the negative effects of IgE:FcεRI signaling on innate immune responses
(Type I interferon production) to viruses by dendritic cells (see Sect. 1.4).

8 Future Directions

The success of omalizumab in the treatment of allergic asthma has generated new
insights into the roles of IgE in allergic pathophysiology and has opened doors for
novel strategies. The generation of higher affinity anti-IgE reagents is in progress
(Cohen et al. 2014) as is the design of therapeutics, which uniquely bind to IgE+ B
cells and could selectively target IgE production at the source (Brightbill et al.
2010). There is considerable interest in the development of inhibitors of the very
high-affinity interaction of IgE with FcεRI. Jardetzky and colleagues have presented
encouraging data regarding designed ankyrin repeat inhibitors (DARPins), which
have the potential to dislodge IgE bound to FcεRI (Eggel et al. 2014). Other
promising studies have focused on blocking critical activators of key IgE-mediated
signaling pathways. Spleen Tyrosine Kinase (SYK) is the critical proximal protein
tyrosine kinase in FcεRI signaling. Early studies have shown inhibition of SYK
leads to mitigation of airway inflammation and mast cell degranulation (Matsubara
et al. 2006; Penton et al. 2013; Yamamoto et al. 2003). Moy et al. utilized a small
molecule and very highly selective inhibitor of SYK (SYKi) to achieve blockade of
allergen-induced bronchoconstriction in murine models (Moy et al. 2013). Mean-
while, ongoing analyses of omalizumab efficacy and mechanisms of action in a
range of allergic diseases promise to further illuminate the role of IgE in sensiti-
zation and pathogenesis of allergy.
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