
Citation: Domingo, C.; Monserrate,

D.R.; Sogo, A.; Mirapeix, R.M. The

Incredible Adventure of Omalizumab.

Int. J. Mol. Sci. 2024, 25, 3056. https://

doi.org/10.3390/ijms25053056

Academic Editors: Sebastiano

Gangemi, Anagha Malur

and Luisa Ricciardi

Received: 23 January 2024

Revised: 18 February 2024

Accepted: 29 February 2024

Published: 6 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

The Incredible Adventure of Omalizumab
Christian Domingo 1,* , Daniel R. Monserrate 1 , Ana Sogo 1 and Rosa M. Mirapeix 2

1 Department of Pulmonary Medicine, Parc Taulí Hospital Universitari, Institut d’Investigació i Innovació Parc
Taulí (I3PT-CERCA), Universitat Autònoma de Barcelona, 08202 Sabadell, Spain;
drmonserrate@tauli.cat (D.R.M.); asogo@tauli.cat (A.S.)

2 Unitat d’Anatomia, Departament de Ciències Morfològiques, Universitat Autònoma de Barcelona (UAB),
08193 Cerdanyola, Spain; rosa.mirapeix@uab.cat

* Correspondence: cdomingo@tauli.cat; Tel.: +34-93-723-10-10

Abstract: The basis of our current understanding of allergies begins with the discovery of IgE in the
mid-1960s. The whole theory of the physiology and pathophysiology of allergic diseases, including
rhinitis and asthma, dates from that period. Among the key regions of IgE identified were the FAB
(fragment antigen binding) portion that has the ability to capture allergens, and the Cε3 domain,
through which IgE binds to its membrane receptor. It was then postulated that blocking IgE at the
level of the Cε3 domain would prevent it from binding to its receptor and thus set in motion the
allergic cascade. This was the beginning of the development of omalizumab, a monoclonal antibody
with an anti-IgE effect. In this article, we review the pathophysiology of allergic disease and trace the
clinical development of omalizumab. We also review the benefits of omalizumab treatment that are
apparently unrelated to allergies, such as its effect on immunity and bronchial remodeling.

Keywords: IgE; omalizumab; pivotal studies; real-life studies; safety; immunity; remodeling

1. Introduction

In the early 20th century, asthma was classified as either extrinsic and intrinsic. The
extrinsic form was identified with allergic asthma. In 1967, a new protein, immunoglobulin
E (IgE), was discovered independently by Kimishige and Teruko Ishizaka in Denver,
Colorado and by Bennich and Johansson in Uppsala, Sweden, and it was shown to cause
allergic processes. The discovery of IgE, and later of specific IgE (IgE developed by the
individual against a specific allergen), paved the way for the development of allergy
vaccines during the last 25 years of the 20th century. Knowledge of the pathophysiology
of asthma (especially early allergic asthma) expanded, disease markers were defined, and
asthma phenotypes were described. All of this was linked to the development of new drugs
known as biologics (so called because they were originally obtained from live Chinese
hamster cells) or monoclonal antibodies (mAbs) [1]. Thanks to the knowledge obtained
from the administration of immunotherapy for allergy, IgE took on special importance
at the beginning of this process [2]. It was seen that the allergic process began with the
activation of dendritic cells or antigen-presenting cells (APCs). The presence of allergens,
antigens that favour the production and release of IgE to the medium by plasma cells,
promotes the activation of the Th2 pathway, a pathway that requires the differentiation
of Th0 lymphocytes (naïve T lymphocytes) into Th2 lymphocytes, and which is able to
generate IgE against each allergen to which it is sensitized. This is why this process was
called adaptive immunity (i.e., the production of the type of antibody “adapts” to the
different allergens with which the individual has been in contact) [3]. As the cell initiating
the reaction was the Th2 lymphocyte, the pathway was also called the Th2 pathway. The
first monoclonal antibody to be marketed for bronchial asthma was omalizumab, a free
IgE blocker [3,4]. Allergen-sensitized IgE-producing patients with clinical symptoms as a
consequence of allergen exposure were termed the allergic phenotype.
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Subsequently, it was learned that during this Th2 process other molecules known as
interleukins (IL5, IL4, IL13) are released into the environment [5]. It has been confirmed
that the presence of these interleukins favours, respectively, the synthesis, maturation,
and recruitment of eosinophils, the activation of the Th2 pathway, and the blocking of the
expression of vascular cell adhesion molecules (VCAM-1s), and finally the activation of the
enzyme that regulates the release of the exhaled fraction of nitric oxide (FeNO), nitric oxide
synthase [5].

More recently, it has been observed that apart from this adaptive pathway, the acti-
vation of the innate immunity also occurs, which is produced by other molecules: thymic
stromal lymphopoietin (TSLP), IL33, and IL25 [1,5]. It was observed that these mediators
appear as a result of damage to the bronchial ciliated epithelium, which releases them into
the environment [1]. Since they represent an alarm signal warning of epithelial damage,
they were named alarmins. This pathway is activated by the effects of different antigens
(including allergens which would act in this case by inflammatory and non-allergenic
means), and by pollution, tobacco, viruses and bacteria, etc., which damage the bronchial
epithelium. This pathway always responds in the same way, thus differentiating it from the
adaptive pathway in which the production of specific IgE against each allergen to which
the individual is sensitized occurs. Because they are mediated by the innate lymphoid cells
type 2 (ILC2), and as an analogy with the allergic cascade which was called Th2 due to the
participation of Th2 lymphocytes, the innate and adaptive pathway as a whole were called
T2; hence the classification of asthma into T2 and non-T2 [5].

These alarmins directly activate the cells of innate immunity, the ILC2 and the natural
killer T cells (NKT cells). These alarmins, especially TSLP, exert control over the activity
of antigen-presenting cells. T2 asthma (and perhaps non-T2 asthma) then becomes an
epithelium-driven disease [1]. As mentioned above, anti-alarmin monoclonal antibodies
are currently being developed [6]. When we administer a mAb, we are modifying the
phenotype of the individual, and this causes the organism to try to maintain the lost balance
by activating other pathways. We will now describe the scientific and clinical development
of the first monoclonal antibody that was marketed two decades ago.

2. Structure of IgE

IgE has the structure shown in Figure 1. It has two light chains and two heavy chains.
Of special relevance is the Cε3 domain, since it is the region through which IgE will bind to
its cell surface receptor and is therefore the domain to be pharmacologically blocked. The
Cε3 domain is the fraction of the IgE molecule that binds to membrane receptors, and it
is the domain to which omalizumab (the anti-IgE antibody) will bind. The key epitope is
therefore the Cε3 domain of human IgE [2,3].
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3. Types of IgE

There are two types of IgE: the molecules released into the environment, and those
expressed by the cell. In the sensitization process, the cell produces IgE molecules which
are released and can be measured in a blood serum test, and these are the ones that will
bind to their high- (FcεRI,) and low-affinity (FcεRII) receptors. There is, however, a second
type of IgE: the molecules that are not released into the environment and which therefore
are not measurable (that is, we cannot determine their presence in a blood test). These are
the IgE molecules expressed by the cell. After the first exposure to the allergen and the
initiation of the sensitization process, the individual’s B cells will now express IgE on their
surface rather than IgG (these IgE molecules being very similar to the ones that they will
produce and release). Unlike the IgE released into the environment, the B cells produce
IgE that have an M1′ domain that allows them to anchor to the cell membrane, but not
by binding to the FcεRI receptor. At this time, the B cells are already clearly differentiated
(Figure 2a,b).
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One might think that these cell-expressed IgE molecules do not play any role in the
allergic process. However, this is not the case. Allergens that continue to penetrate the
organism can follow three pathways: keeping the allergic cascade active by stimulating
the process from the dendritic cells; favouring mast cell degranulation as each allergen
molecule is captured by two IgE molecules (a cross-linking phenomenon already described
above); or stimulating the Th2 pathway by interacting with these membrane IgE molecules.
From the therapeutic point of view, although the basic aspect is omalizumab’s blockade of
the Cε3 domain of the IgE secreted into the medium before binding to receptors, the drug
can also bind to the Cε3 domain of the IgE expressed by B cells since, as we have said, they
are anchored to the cell surface by the M1′ domain, and therefore the Cε3 domain is free.
By binding to this membrane IgE, omalizumab provokes apoptosis of these cells [3].

4. Pathogenesis of the Allergic Reaction

When an individual is first exposed to an antigen, dendritic cells (macrophages located
in the epithelium of the body) internalize it, process it, and present it to a T-lymphocyte
through the major histocompatibility complex type II. In this process, the naïve T lympho-
cyte can become a T-helper 2 (Th2) or a T-helper 1 (Th1) lymphocyte. The relative amount
of each type depends on both the antigen and the host (Figure 1) [2].

When the antigen is an allergen, the lymphocyte differentiates into a Th2 cell capable
of producing IL-4, which in turn promotes IgE synthesis by B cells. In addition to regulating
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IgE, IL-4 promotes IL-13 production in mast cells. In their membranes, mast cells contain
the high-affinity receptor for IgE (FcεRI). When IgE binds to this receptor, it is ready to block
the allergen to which it is sensitized. Up to this point (the sensitization phase), no clinical
symptoms have appeared. When two or more IgE molecules that have bound to their
receptor recognize the same allergen, they cause the cross-linking effect in the receptors, a
phenomenon that triggers a series of biochemical signalling reactions culminating in mast
cell degranulation [2–4] (Figure 3).

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW  4  of  14 
 

 

When the antigen is an allergen, the lymphocyte differentiates into a Th2 cell capable 

of producing IL‐4, which in turn promotes IgE synthesis by B cells. In addition to regulat‐

ing IgE, IL‐4 promotes IL‐13 production in mast cells. In their membranes, mast cells con‐

tain the high‐affinity receptor for IgE (FcεRI). When IgE binds to this receptor, it is ready 

to block the allergen to which it is sensitized. Up to this point (the sensitization phase), no 

clinical symptoms have appeared. When two or more IgE molecules that have bound to 

their receptor recognize the same allergen, they cause the cross‐linking effect in the recep‐

tors, a phenomenon that triggers a series of biochemical signalling reactions culminating 

in mast cell degranulation [2–4] (Figure 3). 

 

Figure 3. Acute allergic reaction: cross‐linking phenomenon (taken from [5]). The individual is sen‐

sitized, produces IgE against the allergen to which s/he is sensitized, and these IgE molecules bind 

to their membrane receptors on mast cells and basophils. When a new allergen appears, two IgE 

molecules block the allergen, leading to changes in the intracellular component of the IgE receptor. 

This will cause mediator‐loaded vesicles (in this case histamine) to be released into the environment. 

In the acute allergic reaction phase, the immediate mediators are released. This phase 

lasts approximately one hour. Subsequently, a second phase may occur after 4–8 h of ex‐

posure to the allergen. The chemotactic factors, IL‐5, IL‐3, IL‐13, and cell growth factors 

released in the immediate inflammation increase eosinophil recruitment. Eosinophils re‐

lease IL‐5, which in turn perpetuates inflammation (the late reaction phase). This can lead 

to chronic inflammation in cases of continued exposure to the allergen. Occasionally, if 

the amount of IgE, eosinophils, and other mediators is very high, this process can persist 

without the need for an allergenic stimulus (chronic phase) [3]. 

5. Importance of Immunoglobulin E 

In addition to the role described above, IgE collaborates in other aspects of the aller‐

gic reaction that are key elements in the pathophysiology of asthma. As we noted above, 

IgE binds to its high‐affinity receptors, FcεRI receptors, on the surfaces of mast cells and 

basophils, through the Cε3 domain of its Fc fragment. The correlation between FcɛRI ex‐
pression on basophils and serum IgE levels is well established [6]. IgE itself [7] appears to 

up‐regulate FcɛRI expression in human basophils, probably by interacting with FcɛRI. Re‐
cent data have  suggested  that  IgE has  some additional  immunobiological effects. This 

molecule may promote mast cell survival through autocrine production of IL‐6 [8]. IgE 

Figure 3. Acute allergic reaction: cross-linking phenomenon (taken from [5]). The individual is
sensitized, produces IgE against the allergen to which s/he is sensitized, and these IgE molecules
bind to their membrane receptors on mast cells and basophils. When a new allergen appears, two IgE
molecules block the allergen, leading to changes in the intracellular component of the IgE receptor.
This will cause mediator-loaded vesicles (in this case histamine) to be released into the environment.

In the acute allergic reaction phase, the immediate mediators are released. This phase
lasts approximately one hour. Subsequently, a second phase may occur after 4–8 h of
exposure to the allergen. The chemotactic factors, IL-5, IL-3, IL-13, and cell growth factors
released in the immediate inflammation increase eosinophil recruitment. Eosinophils
release IL-5, which in turn perpetuates inflammation (the late reaction phase). This can
lead to chronic inflammation in cases of continued exposure to the allergen. Occasionally,
if the amount of IgE, eosinophils, and other mediators is very high, this process can persist
without the need for an allergenic stimulus (chronic phase) [3].

5. Importance of Immunoglobulin E

In addition to the role described above, IgE collaborates in other aspects of the allergic
reaction that are key elements in the pathophysiology of asthma. As we noted above,
IgE binds to its high-affinity receptors, FcεRI receptors, on the surfaces of mast cells
and basophils, through the Cε3 domain of its Fc fragment. The correlation between
FcεRI expression on basophils and serum IgE levels is well established [6]. IgE itself [7]
appears to up-regulate FcεRI expression in human basophils, probably by interacting
with FcεRI. Recent data have suggested that IgE has some additional immunobiological
effects. This molecule may promote mast cell survival through autocrine production of
IL-6 [8]. IgE binds to dendritic cells and enhances allergen uptake and presentation to T
cells [9]. Dendritic cells from patients with mild atopic asthma have been reported to bind
significantly more IgE than cells taken from healthy individuals [10], and FcεRI receptors
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are known to be up-regulated on dendritic cells (as well as on eosinophils, mast cells, and
macrophages) in patients with seasonal allergic rhinitis [11].

6. Omalizumab

The most important step in the production of a monoclonal antibody is the selection
of the target. In the case of anti-IgE therapy, the goal is to obtain a specific monoclonal
antibody against a key epitope of the IgE molecule. Omalizumab, known in early trials as
rhu Mab-E25, is a humanized murine monoclonal antibody that recognizes the Cε3 domain
of human IgE, the part of the molecule that binds to mast cell and basophil receptors.
Once bound to these cell receptors, IgE undergoes a spatial transformation that favours
allergen recognition. This spatial transformation also affects the Cε3 domain and renders it
unrecognizable to omalizumab. As a result, omalizumab binds to free IgE but not to IgE
bound to cellular receptors [12].

6.1. Pharmacological Effects of Omalizumab

Initially, it was observed that omalizumab administration produces a rapid and sub-
stantial reduction in free serum IgE, which decreases by 99% within 2 h of administration.
It also induces the down-regulation of FcεRI in basophils, dendritic cells, and monocytes
within 7 days. At 3 months, the amount of FcεRI receptors on basophils decreases by up to
93% [13,14]. Therefore, the effect of omalizumab is to reduce both the amount of free serum
IgE and the expression of FcεRI on mast cells and basophils. In addition, the decreased
expression of FcεRI on dendritic cells may reduce allergen processing and presentation [15],
and, consequently, may lead to reduced lymphocyte activation and decreased cytokine
production from Th2 lymphocytes. Finally, omalizumab decreases serum, tissue, and
sputum eosinophilia. This whole process is summarized in Figure 4.
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Figure 4. Effects of omalizumab. The steps of the allergic process are shown in black,. The steps
blocked by the direct immunoglobulin E (IgE) blocking effect of omalizumab are shown in red. Blue
indicates indirect immunomodulation mediated by the action of omalizumab, which causes the
down-regulation of the cellular expression of FcεRI, and of FcεRII at different levels, the secretion of
interleukin IL-4 and IL-5, and lowers eosinophil and B-lymphocyte levels, as well as IgE production.
APC: antigen-presenting cell (modifed from [3], Domingo, C. Drugs 2014, 74, 521–533).
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Subsequently, it was reported that in addition to this direct effect, omalizumab has an
immunomodulatory effect, which is shown below:

• Evident reduction of FcεRI expression in mast cells [16].
• Evident reduction of FcεRI expression in basophils [17].
• Decrease in histamine release by basophils [18].
• Reduction in basophils’ FcεRI-mediated capacity to release Th2 cytokines [19].
• Decrease in the number of dendritic cells (statistically significant in the case of myeloid

dendritic cells (mDCs) and numerical in the case of plasmacytoid dendritic cells
(pDCs)) [20].

• Decrease in the number of high-affinity IgE receptors in both pDCs and mDCs in
patients with cat allergies [21].

• Decreased dendritic cell-dependent T cell proliferation in co-cultures stimulated with
cat allergens [21].

• Significant decrease in the ability of mononuclear cells in culture to release IL-5 [22].

6.2. Clinical Development

Despite being the first biologic drug introduced, the development of omalizumab
was very well programmed. In addition to its pharmacokinetic effects, the study of its
pharmacodynamic effects was very thorough. The pivotal studies and the most important
of the many real-life studies are described below.

6.2.1. Studies Leading to the Development of Omalizumab
Pivotal Studies

Table 1 summarizes the most relevant data from pivotal studies focusing on patients
with moderate/severe asthma. They show a notable and always significant reduction in
exacerbations compared to placebo, and also demonstrate the drug’s safety. One of them
also reports a marked reduction in inhaled corticosteroid use.

Table 1. Summary of pivotal studies.

Author Year Study Asthma Severity Nº of Patients Efficacy Variable Results Duration
(Weeks)

Busse [23] 2001 008 Severe 525 Exacerbations ↓ 48% 28

Solèr [24] 2001 009 Moderate–Severe 546 Exacerbations ↓ 58–52% 52

Holgate [25] 2004 011 Severe 246 ICS saving 74% of patients
↓ FTC ≥ 50% 32Yes, this

Vignola [26] 2004 SOLAR Moderate–Severe 405 Exacerbations
AQLQ ↓ 38% 28

Ayres [27] 2004 ETOPA Moderate–Severe 312 Exacerbations/
worsening of asthma ↓ 61% 52

Bousquet [28] 2004 ALTO Moderate–Severe 1899 Safety 24

Humbert [29] 2005 INNOVATE Severe 419 Exacerbations ↓ 50% 28

ICS: inhaled corticosteroids. FTC: fluticasone.

Undoubtedly, the most significant study is the INNOVATE study, which reported the
following:

• A 50% reduction in severe exacerbations.
• A 44% reduction in emergency room visits.
• An improvement in the quality of life assessed by the AQLQ (asthma quality of life

questionnaire), both in the overall score and in the various dimensions. The overall
difference was statistically significant compared to placebo, although it did not reach
the clinically relevant value of 0.5.
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Real-Life Studies

Two real-life studies of omalizumab, one by Braunstahl (eXpeRience) [30] and one by
Korn [31], stand out. The eXpeRience study was an international, open-label, single treat-
ment arm, 2-year study involving 14 countries in Europe, the US, and Asia, and designed
to evaluate the effectiveness of omalizumab. It included 943 patients with uncontrolled
allergic asthma. Among the most noteworthy results were the following:

• The limitation in activities of daily living (ADLs) was reduced from 4.4 days per week
to 1.3 and 1.2 at one and two years of follow-up, respectively.

• A decrease in the use of rescue medication that ran parallel to the improvement in
ADLs. Consumption fell from 4.8 days per week to 1.8 and 1.6 at one and two years of
treatment, respectively.

• The average annual days off work fell from 26.4 before the start of treatment with
omalizumab to 3.5 and 1.0 days after one and two years of treatment with omalizumab,
respectively.

• An increase in the percentage of patients without clinically relevant exacerbations
(either severe or non-severe).

6.2.2. Specific Aspects of the Development of Omalizumab
Fall in Exacerbations

The INNOVATE study [29] showed that the rate of clinically significant exacerbations
(the primary efficacy endpoint), adjusted for an observed imbalance in exacerbation history,
was 0.68 with omalizumab and 0.91 with placebo, representing a 26% reduction during
the 28-week treatment phase. Without adjustment, a similar magnitude of effect (a 19%
reduction) was observed, although it did not reach statistical significance. The CHOC study
(Clinical and Histological impact of treatment with Omalizumab in severe allergic oral
Corticosteroid dependent allergic asthma patients) [32] reported a 54% reduction in total
exacerbations. For severe exacerbations, the INNOVATE study [29] showed an annualized
reduction of 50%. In the CHOC study [32], none of the patients treated with omalizumab
had severe exacerbations during follow-up, and exacerbation duration was reduced by half.

Two real-life studies involving oral corticosteroid (OC)-dependent patients (the eXpe-
Rience registry [30], with 28.1% of patients receiving OC, and the Xpertise trial [31], with
46%) showed reductions in exacerbations of more than 80%.

In addition to exacerbations, some studies have measured emergency department
visits or hospitalizations. The INNOVATE study [29], in which OC-dependent patients
represented 22% of the sample, showed a 44% annual reduction in emergency room visits.
In a real-life study, Molimard et al. [33] found a 65% reduction in annual ED visits after
treatment with omalizumab. In Germany, in a population of 280 patients, 46% of whom
were cortico-dependent, Korn et al. [31] reported an 82% reduction in exacerbations and a
78% reduction in hospitalizations.

Corticosteroid Sparing Capacity

The Cochrane review [34] concluded that treatment with omalizumab was associated
with a significant possibility of reducing inhaled corticosteroid doses or of withdrawing
them completely. The mean dose reduction was −118 µg beclomethasone dipropionate
equivalents. In the subgroup of patients receiving OCs, it was unclear whether this benefit
occurred. In a subgroup analysis in an open-label parallel-group study, Siergiejko et al. [35]
found that at week 32, 62.7% of patients in the treated group were able to discontinue or
reduce OCs compared with 30.4% of controls. The real-life eXpeRience study [30] found a
relative reduction of 50% at month 24, and the APEX study, a retrospective study conducted
in the UK, found a 34% reduction in the mean total amount of prescribed OCs per year
and complete cessation of OC use after 12 months in 48% of patients [36]. In a 2-year
prospective observational study, Domingo et al. [37] reported that omalizumab allowed OC
withdrawal in 74.2% of patients. Real-life studies are usually understood to obtain better
results than randomized clinical trials, but the CHOC study [32] presented results of the
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same order as the best real-life studies. In this open randomized study, it was observed
that 12 patients (75%) in the omalizumab group and only one (7.7%) in the control group
were able to cease OC treatment.

Biomarkers Predicting Response to Omalizumab

The biomarkers that have been evaluated are the exhaled fraction of nitric oxide
(FeNO), peripheral blood eosinophils, peripheral blood immunoglobulin E (IgE) con-
centration, and, in experimental studies, the blood periostin value. An early study by
Djukanovic [14] in 45 patients with mild/moderate asthma, who were divided into two
groups of 22 (omalizumab) and 23 (placebo), showed at 16 weeks that treatment with
omalizumab decreased the number of eosinophils in patient sputum (from 6.6% to 1.7% in
the treated group; p = 0.05) versus a non-significant decrease in the placebo group (from
8.5% to 7.0%). This decrease was also observed in bronchial biopsy specimens.

The EXTRA study [38] found the patients with the lowest incidence of exacerbations
to be those with FeNO values ≥ 19.5 ppb, eosinophils ≥ 260 µL, and periostin ≥ 50 ng/mL.

Eosinophil rates may be elevated in allergic patients without the patient exhibiting
an eoosinophilic phenotype. There is some controversy as to whether this biomarker can
condition the response to treatment with omalizumab. A study by Casale et al. [39] also
showed that the baseline eosinophil level, as well as other clinical markers, predicted
response to omalizumab. Patients with a history of frequent ED visits, hospitalizations,
FEV1 (%) values < 65%, beclomethasone dipropionate doses of ≥600 µg, and who use
long-acting beta-agonists (LABAs) are the best responders to omalizumab. The STELLAIR
retrospective study [40], conducted in France, included 872 patients (723 adults and 149
non-adults aged 6–17 years) with severe allergic asthma who were treated with omalizumab
by 78 physicians. The mean eosinophil count was ≥300 cells-µL-1 in 52.1% of the adults
and in 73.8% of the children/adolescents. The percentage of responders did not vary in the
subgroups established according to the baseline eosinophil value, leading the authors to
suggest that the eosinophil level is not a good predictor of response to omalizumab.

Finally, it has been speculated that omalizumab may have a long-term effect on IgE
synthesis. Lowe and Renard [41] obtained data on omalizumab and free and total IgE from
an epidemiological study and from six randomized, double-blind, placebo-controlled trials
in patients with allergic asthma. IgE production and clearance were modelled, and it was
concluded that after five years of treatment, IgE production decreases. In a study in which
free IgE and total IgE (free + blocked with omalizumab) were measured, Domingo et al. [42]
observed a decrease in IgE production. This result appeared to justify the discontinuation of
treatment after five years, but this biological observation did not correspond to the clinical
findings, and cannot therefore be used as a criterion for stopping treatment.

6.3. Long-Term Tolerance

When a new drug is introduced, one of the key aspects is its safety. The EXCEL
study [43,44], conducted at the request of the FDA, was a post-marketing study that
included 4972 patients treated with omalizumab and 2867 patients who were not treated. It
demonstrated the safety of the drug, but raised doubts about the incidence of neoplasms,
which appeared to be higher in the treated group. The increased risk was attributed to
the fact that the treated group was followed for a longer time. Subsequently, a study
by Long et al. [45] showed that omalizumab treatment does not increase the incidence
of malignancies. A recent retrospective study in 45 patients with a mean follow-up of
10.6 ± 1.2 years [46] has also shown the effectiveness and safety of the drug.

6.4. Withdrawal of Treatment

An early study showed that after omalizumab withdrawal, symptoms reappear and
are accompanied by an increase in free IgE [47]. Subsequently, Molimard et al. [48] ob-
served a loss of asthma control in 55.7% of patients 13 months after treatment withdrawal.
After six years of treatment, Kupryś-Lipińska and Kuna [49] observed that 9/11 (81.8%)
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presented exacerbations within five months of treatment withdrawal. A study by Nopp
et al. [50] in a population of cat epithelium allergic individuals demonstrated that three
years after withdrawal from a six-year treatment programme with omalizumab, there was
no loss of respiratory function. In the XPORT study [51], a randomized study with two
treatment groups (a minimum of five years with omalizumab versus placebo) showed that
patients who continued with omalizumab had better asthma control during the 52 weeks
of the study. Vennera et al. [52] observed that despite five years of treatment with omal-
izumab, the number of patients with severe exacerbations increased over time, with 39%
of patients presenting severe exacerbations four years after discontinuation of treatment.
The OMADORE study [53] is the only study that has proved able to identify patients in
whom omalizumab can be safely withdrawn. Among the patients who met the clinical
stability criteria and whose FEV1% did not deteriorate after 18–24 months of treatment,
those who tolerated the decrease did so between 18–40 months after starting treatment;
they tended to be younger and have better GETE, improved FEV1% after the first dose
of omalizumab, reduced oral corticosteroid use, and FeNO values < 50 ppb. With this
protocol, omalizumab could be withdrawn in approximately one third of patients, without
severe exacerbations occurring during the following 30 months. More recently, in a retro-
spective study in France based on information from a national health service data registry,
16,750 adults and 2452 children (age ≥ 6 years) were identified with median periods of
omalizumab treatment before withdrawal of 51.2 and 53.7 months, respectively. Among
the adults who discontinued omalizumab when their asthma was controlled, 70%, 39%,
and 24% remained controlled and did not resume omalizumab treatment one, two, and
three years after discontinuation, respectively [54].

6.5. Particular Effects of Omalizumab

In addition to the descriptions above, numerous studies have revealed other unex-
pected effects of the drug.

6.5.1. Omalizumab and Remodelling

Information on remodelling and biologic treatments in patients with severe asthma is
limited and often indirect. Omalizumab has been shown to decrease endothelin-1 clearance
in exhaled air [55], reduce bronchial wall thickness, and increase the bronchial endoluminal
area [56]. Two ex vivo studies have shown that the presence of IgE induces extracellular
matrix and collagen deposition and antagonizing IgE reverses these effects [57,58]. The only
study to demonstrate the reversibility of remodelling in the ciliated epithelium (including
the reappearance of cilia) and reductions in intracellular spaces and in the thickness of the
basement membrane is the CHOC study [32].

6.5.2. Omalizumab and Infections

Among the factors that predispose patients to the triggering of asthma exacerbations
are respiratory infections of viral origin, which lead to peaks of exacerbations throughout
the year. This is clearly evidenced in the study by Johnston et al. [59].

The possibility that there might be a relationship between the presence of IgE molecules
and their binding to their high-affinity receptors and lung infections was raised when a
decrease in interferon production was observed in patients with asthma infected by the
influenza virus; in this situation, there was an inverse relationship between IgE blood
concentration and interferon production [60]. It was suggested that the production of
interferon by plasmacytoid dendritic cells might be down-regulated due to the binding
of free IgE molecules to their high-affinity receptors upon the activation of a cascade that
blocks the order sent from toll-like receptors stimulated by the presence of viral genetic
material (Figure 5).
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If all this is true, it makes sense to examine whether blocking IgE might stop the
cross-linking phenomenon, and whether interferon production in the presence of viral
genetic material would therefore remain intact. This possibility was clinically confirmed
by the ICATA study [62], which showed that treatment with omalizumab improves the
control of allergic asthma, prevents seasonal exacerbations, and reduces the consumption
of inhaled corticosteroids.

The PROSE study confirmed that the addition of omalizumab 4–6 weeks before the
start of the school year and maintained for the following four months reduced exacerbations
more than in the placebo group and in the group that received a reinforcement of inhaled
corticosteroids, since it contributed to restoring the defensive mechanisms [63]. This benefit
also seems to extend to asthmatic children with more severe disease [64].

6.6. Omalizumab and Pregnancy

Information on the use of omalizumab during pregnancy is limited. However, the
Expect registry [65] collected information from 230 pregnant women (64.9% with severe
asthma and 35.1% with moderate asthma) treated with omalizumab from 2006 to 2017
in the US and compared these data with those obtained from a cohort of 1153 women
from Quebec (21.2% with severe asthma and 78.8% with moderate asthma) who were not
treated with omalizumab, which served as a control. The study concluded that omalizumab
can be safely administered to pregnant women, and that it does not increase the risk of
malformations in the foetus or the risk of small size for gestational age.

6.7. Indication of Omalizumab

The drug is indicated in patients with severe allergic asthma. Certain factors regarding
the initial indication and subsequent modifications should be borne in mind (see Table 2) [3].

It has also been observed that omalizumab is effective in patients with severe aller-
gic asthma who have been sensitized to seasonal allergens [66]; however, this indication
does not appear on the technical data sheet. Other exploratory indications include the
administration of the drug as a preventive treatment in cases of immunotherapy for ven-
oms [67] or in exercise-induced anaphylaxis [68]. These prescriptions should be made in
specialized units.
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Table 2. Criteria for indication of omalizumab at the start of marketing and subsequent modifications.

At Marketing Post-Marketing Modification

Age (years) ≥12 ≥6

Allergy sensitization Positive skin prick test or in vitro reactivity to at
least one perennial aeroallergen

Positive skin prick test or in vitro reactivity to
at least one perennial aeroallergen

Baseline immunoglobulin E level ≥30–700 kU/L ≥30–1500 kU/L
Monthly calculated omalizumab dose ≤750 mg ≤1200 mg

Asthma severity Severe or inadequately
controlled asthma

Severe or inadequately
controlled asthma

Re-evaluation After 16 weeks of treatment After 16 weeks of treatment
Long-term treatment withdrawn Not specified Not specified

7. Conclusions

Omalizumab has had an exemplary theoretical and practical development. By blocking
IgE, a molecule that is undoubtedly central to the development of allergic reactions, it has
led to a better understanding of the Th2 pathway and has contributed to the concept of
T2 inflammation. The exemplary development of omalizumab over the past 20 years has
enabled shorter development times for other monoclonal antibodies that block molecules
such as the interleukins IL5, IL4, and IL13 and the alarmins TSLP, IL33, and IL25.
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35. Siergiejko, Z.; Świebocka, E.; Smith, N.; Peckitt, C.; Leo, J.; Peachey, G.; Maykut, R. Oral Corticosteroid Sparing with Omalizumab
in Severe Allergic (IgE-Mediated) Asthma Patients. Curr. Med. Res. Opin. 2011, 27, 2223–2228. [CrossRef]

36. Barnes, N.; Menzies-Gow, A.; Mansur, A.H.; Spencer, D.; Percival, F.; Radwan, A.; Niven, R. Effectiveness of Omalizumab in
Severe Allergic Asthma: A Retrospective UK Real-World Study. J. Asthma Off. J. Assoc. Care Asthma 2013, 50, 529–536. [CrossRef]

37. Domingo, C.; Moreno, A.; José Amengual, M.; Montón, C.; Suárez, D.; Pomares, X. Omalizumab in the Management of Oral
Corticosteroid-Dependent IGE-Mediated Asthma Patients. Curr. Med. Res. Opin. 2011, 27, 45–53. [CrossRef]

https://doi.org/10.1164/rccm.200312-1651OC
https://www.ncbi.nlm.nih.gov/pubmed/15172898
https://doi.org/10.1016/j.jaci.2003.10.003
https://www.ncbi.nlm.nih.gov/pubmed/14657874
https://doi.org/10.1016/j.jaci.2004.06.032
https://doi.org/10.1016/j.jaci.2003.11.044
https://doi.org/10.1159/000070434
https://doi.org/10.1159/000250436
https://doi.org/10.1016/j.jaci.2010.01.020
https://www.ncbi.nlm.nih.gov/pubmed/20304471
https://doi.org/10.1016/j.jaci.2009.10.021
https://doi.org/10.1159/000350852
https://doi.org/10.1067/mai.2001.117880
https://www.ncbi.nlm.nih.gov/pubmed/11496232
https://doi.org/10.1183/09031936.01.00092101
https://www.ncbi.nlm.nih.gov/pubmed/11529281
https://doi.org/10.1111/j.1365-2222.2004.1916.x
https://doi.org/10.1111/j.1398-9995.2004.00550.x
https://doi.org/10.1111/j.1398-9995.2004.00533.x
https://doi.org/10.1111/j.1398-9995.2004.00770.x
https://doi.org/10.1111/j.1398-9995.2004.00772.x
https://www.ncbi.nlm.nih.gov/pubmed/15679715
https://doi.org/10.1016/j.rmed.2013.04.017
https://doi.org/10.1016/j.rmed.2009.05.002
https://doi.org/10.1007/s40265-023-01905-5
https://doi.org/10.1016/j.rmed.2007.08.006
https://doi.org/10.1002/14651858.CD003559.pub4
https://doi.org/10.1185/03007995.2011.620950
https://doi.org/10.3109/02770903.2013.790419
https://doi.org/10.1185/03007995.2010.536208


Int. J. Mol. Sci. 2024, 25, 3056 13 of 14

38. Hanania, N.A.; Wenzel, S.; Rosén, K.; Hsieh, H.-J.; Mosesova, S.; Choy, D.F.; Lal, P.; Arron, J.R.; Harris, J.M.; Busse, W. Exploring
the Effects of Omalizumab in Allergic Asthma: An Analysis of Biomarkers in the EXTRA Study. Am. J. Respir. Crit. Care Med.
2013, 187, 804–811. [CrossRef]

39. Casale, T.B.; Chipps, B.E.; Rosén, K.; Trzaskoma, B.; Haselkorn, T.; Omachi, T.A.; Greenberg, S.; Hanania, N.A. Response to
Omalizumab Using Patient Enrichment Criteria from Trials of Novel Biologics in Asthma. Allergy 2018, 73, 490–497. [CrossRef]

40. Humbert, M.; Taillé, C.; Mala, L.; Le Gros, V.; Just, J.; Molimard, M.; STELLAIR investigators. Omalizumab Effectiveness in
Patients with Severe Allergic Asthma According to Blood Eosinophil Count: The STELLAIR Study. Eur. Respir. J. 2018, 51,
1702523. [CrossRef]

41. Lowe, P.J.; Renard, D. Omalizumab Decreases IgE Production in Patients with Allergic (IgE-Mediated) Asthma; PKPD Analysis
of a Biomarker, Total IgE. Br. J. Clin. Pharmacol. 2011, 72, 306–320. [CrossRef]

42. Domingo, C.; Pomares, X.; Amengual, M.J.; Ollert, M. Successful Withdrawal of Omalizumab in a Patient with Severe Asthma:
Free IgE as a Possible Biomonitor. Eur. J. Inflamm. 2014, 12, 389–393. [CrossRef]

43. Eisner, M.D.; Zazzali, J.L.; Miller, M.K.; Bradley, M.S.; Schatz, M. Longitudinal Changes in Asthma Control with Omalizumab:
2-Year Interim Data from the EXCELS Study. J. Asthma Off. J. Assoc. Care Asthma 2012, 49, 642–648. [CrossRef] [PubMed]

44. Chen, H.; Eisner, M.D.; Haselkorn, T.; Trzaskoma, B. Concomitant Asthma Medications in Moderate-to-Severe Allergic Asthma
Treated with Omalizumab. Respir. Med. 2013, 107, 60–67. [CrossRef]

45. Long, A.; Rahmaoui, A.; Rothman, K.J.; Guinan, E.; Eisner, M.; Bradley, M.S.; Iribarren, C.; Chen, H.; Carrigan, G.; Rosén, K.;
et al. Incidence of Malignancy in Patients with Moderate-to-Severe Asthma Treated with or without Omalizumab. J. Allergy Clin.
Immunol. 2014, 134, 560–567.e4. [CrossRef] [PubMed]

46. Papaioannou, A.I.; Mplizou, M.; Porpodis, K.; Fouka, E.; Zervas, E.; Samitas, K.; Markatos, M.; Bakakos, P.; Papiris, S.; Gaga, M.;
et al. Long-Term Efficacy and Safety of Omalizumab in Patients with Allergic Asthma: A Real-Life Study. Allergy Asthma Proc.
2021, 42, 235–242. [CrossRef]

47. Slavin, R.G.; Ferioli, C.; Tannenbaum, S.J.; Martin, C.; Blogg, M.; Lowe, P.J. Asthma Symptom Re-Emergence after Omalizumab
Withdrawal Correlates Well with Increasing IgE and Decreasing Pharmacokinetic Concentrations. J. Allergy Clin. Immunol. 2009,
123, 107–113.e3. [CrossRef]

48. Molimard, M.; Mala, L.; Bourdeix, I.; Le Gros, V. Observational Study in Severe Asthmatic Patients after Discontinuation of
Omalizumab for Good Asthma Control. Respir. Med. 2014, 108, 571–576. [CrossRef]

49. Kupczyk, M.; Kuna, P. Omalizumab in an Allergology Clinic: Real Life Experience and Future Developments. Adv. Dermatol.
Allergol. Dermatol. Alergol. 2014, 31, 32–35. [CrossRef] [PubMed]

50. Nopp, A.; Johansson, S.G.O.; Adédoyin, J.; Ankerst, J.; Palmqvist, M.; Oman, H. After 6 Years with Xolair; a 3-Year Withdrawal
Follow-Up. Allergy 2010, 65, 56–60. [CrossRef]

51. Ledford, D.; Busse, W.; Trzaskoma, B.; Omachi, T.A.; Rosén, K.; Chipps, B.E.; Luskin, A.T.; Solari, P.G. A Randomized Multicenter
Study Evaluating Xolair Persistence of Response after Long-Term Therapy. J. Allergy Clin. Immunol. 2017, 140, 162–169.e2.
[CrossRef]

52. Del Carmen Vennera, M.; Sabadell, C.; Picado, C. Duration of the Efficacy of Omalizumab after Treatment Discontinuation in
‘Real Life’ Severe Asthma. Thorax 2018, 73, 782. [CrossRef]

53. Domingo, C.; Pomares, X.; Navarro, A.; Amengual, M.J.; Montón, C.; Sogo, A.; Mirapeix, R.M. A Step-down Protocol for
Omalizumab Treatment in Oral Corticosteroid-dependent Allergic Asthma Patients. Br. J. Clin. Pharmacol. 2018, 84, 339–348.
[CrossRef] [PubMed]

54. Humbert, M.; Bourdin, A.; Taillé, C.; Kamar, D.; Thonnelier, C.; Lajoinie, A.; Rigault, A.; Deschildre, A.; Molimard, M. Real-Life
Omalizumab Exposure and Discontinuation in a Large Nationwide Population-Based Study of Paediatric and Adult Asthma
Patients. Eur. Respir. J. 2022, 60, 2103130. [CrossRef]

55. Zietkowski, Z.; Skiepko, R.; Tomasiak-Lozowska, M.M.; Bodzenta-Lukaszyk, A. Anti-IgE Therapy with Omalizumab Decreases
Endothelin-1 in Exhaled Breath Condensate of Patients with Severe Persistent Allergic Asthma. Respir. Int. Rev. Thorac. Dis. 2010,
80, 534–542. [CrossRef]

56. Hoshino, M.; Ohtawa, J. Effects of Adding Omalizumab, an Anti-Immunoglobulin E Antibody, on Airway Wall Thickening in
Asthma. Respir. Int. Rev. Thorac. Dis. 2012, 83, 520–528. [CrossRef] [PubMed]

57. Roth, M.; Zhong, J.; Zumkeller, C.; S’ng, C.T.; Goulet, S.; Tamm, M. The Role of IgE-Receptors in IgE-Dependent Airway Smooth
Muscle Cell Remodelling. PLoS ONE 2013, 8, e56015. [CrossRef]

58. Roth, M.; Zhao, F.; Zhong, J.; Lardinois, D.; Tamm, M. Serum IgE Induced Airway Smooth Muscle Cell Remodeling Is Independent
of Allergens and Is Prevented by Omalizumab. PLoS ONE 2015, 10, e0136549. [CrossRef]

59. Johnston, N.W.; Johnston, S.L.; Duncan, J.M.; Greene, J.M.; Kebadze, T.; Keith, P.K.; Roy, M.; Waserman, S.; Sears, M.R. The
September Epidemic of Asthma Exacerbations in Children: A Search for Etiology. J. Allergy Clin. Immunol. 2005, 115, 132–138.
[CrossRef]

60. Gill, M.A.; Bajwa, G.; George, T.A.; Dong, C.C.; Dougherty, I.I.; Jiang, N.; Gan, V.N.; Gruchalla, R.S. Counterregulation between
the FcepsilonRI Pathway and Antiviral Responses in Human Plasmacytoid Dendritic Cells. J. Immunol. 2010, 184, 5999–6006.
[CrossRef]

61. Lynch, J.P.; Mazzone, S.B.; Rogers, M.J.; Arikkatt, J.J.; Loh, Z.; Pritchard, A.L.; Upham, J.W.; Phipps, S. The Plasmacytoid Dendritic
Cell: At the Cross-Roads in Asthma. Eur. Respir. J. 2014, 43, 264–275. [CrossRef] [PubMed]

https://doi.org/10.1164/rccm.201208-1414OC
https://doi.org/10.1111/all.13302
https://doi.org/10.1183/13993003.02523-2017
https://doi.org/10.1111/j.1365-2125.2011.03962.x
https://doi.org/10.1177/1721727X1401200217
https://doi.org/10.3109/02770903.2012.690477
https://www.ncbi.nlm.nih.gov/pubmed/22793527
https://doi.org/10.1016/j.rmed.2012.09.008
https://doi.org/10.1016/j.jaci.2014.02.007
https://www.ncbi.nlm.nih.gov/pubmed/24679845
https://doi.org/10.2500/aap.2021.42.210014
https://doi.org/10.1016/j.jaci.2008.09.050
https://doi.org/10.1016/j.rmed.2014.02.003
https://doi.org/10.5114/pdia.2014.40657
https://www.ncbi.nlm.nih.gov/pubmed/24683395
https://doi.org/10.1111/j.1398-9995.2009.02144.x
https://doi.org/10.1016/j.jaci.2016.08.054
https://doi.org/10.1136/thoraxjnl-2017-210017
https://doi.org/10.1111/bcp.13453
https://www.ncbi.nlm.nih.gov/pubmed/29044640
https://doi.org/10.1183/13993003.03130-2021
https://doi.org/10.1159/000317137
https://doi.org/10.1159/000334701
https://www.ncbi.nlm.nih.gov/pubmed/22236804
https://doi.org/10.1371/journal.pone.0056015
https://doi.org/10.1371/journal.pone.0136549
https://doi.org/10.1016/j.jaci.2004.09.025
https://doi.org/10.4049/jimmunol.0901194
https://doi.org/10.1183/09031936.00203412
https://www.ncbi.nlm.nih.gov/pubmed/23429916


Int. J. Mol. Sci. 2024, 25, 3056 14 of 14

62. Busse, W.W.; Morgan, W.J.; Gergen, P.J.; Mitchell, H.E.; Gern, J.E.; Liu, A.H.; Gruchalla, R.S.; Kattan, M.; Teach, S.J.; Pongracic,
J.A.; et al. Randomized Trial of Omalizumab (Anti-IgE) for Asthma in Inner-City Children. N. Engl. J. Med. 2011, 364, 1005–1015.
[CrossRef]

63. Teach, S.J.; Gill, M.A.; Togias, A.; Sorkness, C.A.; Arbes, S.J.; Calatroni, A.; Wildfire, J.J.; Gergen, P.J.; Cohen, R.T.; Pongracic, J.A.;
et al. Preseasonal Treatment with Either Omalizumab or an Inhaled Corticosteroid Boost to Prevent Fall Asthma Exacerbations.
J. Allergy Clin. Immunol. 2015, 136, 1476–1485. [CrossRef] [PubMed]

64. Szefler, S.J.; Casale, T.B.; Haselkorn, T.; Yoo, B.; Ortiz, B.; Kattan, M.; Busse, W.W. Treatment Benefit with Omalizumab in Children
by Indicators of Asthma Severity. J. Allergy Clin. Immunol. Pract. 2020, 8, 2673–2680.e3. [CrossRef] [PubMed]

65. Namazy, J.A.; Blais, L.; Andrews, E.B.; Scheuerle, A.E.; Cabana, M.D.; Thorp, J.M.; Umetsu, D.T.; Veith, J.H.; Sun, D.; Kaufman,
D.G.; et al. Pregnancy Outcomes in the Omalizumab Pregnancy Registry and a Disease-Matched Comparator Cohort. J. Allergy
Clin. Immunol. 2020, 145, 528–536.e1. [CrossRef]

66. Domingo, C.; Pomares, X.; Navarro, A.; Rudi, N.; Sogo, A.; Dávila, I.; Mirapeix, R.M. Omalizumab Is Equally Effective in
Persistent Allergic Oral Corticosteroid-Dependent Asthma Caused by Either Seasonal or Perennial Allergens: A Pilot Study.
Int. J. Mol. Sci. 2017, 18, 521. [CrossRef]

67. Ricciardi, L. Omalizumab: A useful tool for inducing tolerance to bee venom immunotherapy. Int. J. Immunopathol. Pharmacol.
2016, 29, 726–728. [CrossRef]

68. Pathria, M.; Guarderas, J. Management of exercise-induced anaphylaxis with omalizumab. J. Allergy Clin. Immunol. 2017, 139
(Suppl. S2), AB227. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1056/NEJMoa1009705
https://doi.org/10.1016/j.jaci.2015.09.008
https://www.ncbi.nlm.nih.gov/pubmed/26518090
https://doi.org/10.1016/j.jaip.2020.03.033
https://www.ncbi.nlm.nih.gov/pubmed/32298853
https://doi.org/10.1016/j.jaci.2019.05.019
https://doi.org/10.3390/ijms18030521
https://doi.org/10.1177/0394632016670920
https://doi.org/10.1016/j.jaci.2016.12.732

	Introduction 
	Structure of IgE 
	Types of IgE 
	Pathogenesis of the Allergic Reaction 
	Importance of Immunoglobulin E 
	Omalizumab 
	Pharmacological Effects of Omalizumab 
	Clinical Development 
	Studies Leading to the Development of Omalizumab 
	Specific Aspects of the Development of Omalizumab 

	Long-Term Tolerance 
	Withdrawal of Treatment 
	Particular Effects of Omalizumab 
	Omalizumab and Remodelling 
	Omalizumab and Infections 

	Omalizumab and Pregnancy 
	Indication of Omalizumab 

	Conclusions 
	References

