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ABSTRACT

Allergic and related diseases have a substantial epidemiological impact on the pediatric popu-
lation. Small molecule-based medicines have been traditionally used to manage the diseases.
Omalizumab is the first monoclonal antibody-based medicine used in children’s allergy and shows
great promises. It binds to free IgE and prevents it from binding to IgE receptors, thus interrupting
the IgE-dependent allergic inflammatory cascade. Vast amounts of data demonstrate its effec-
tiveness and well tolerance by patients, including the children. However, the drug was only
approved to use in allergic asthma and chronic spontaneous urticaria (CSU), though other appli-
cations were explored in clinical trials. In this review, we summarized current pediatric applications
of omalizumab in allergic diseases, focusing on its usages beyond asthma and CSU, including
allergic rhinitis, allergic bronchopulmonary aspergillosis, vernal keratoconjunctivitis, food allergy
and atopic dermatitis. In addition, we highlighted the unmet needs and controversial issues of anti-
IgE therapy.
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INTRODUCTION mediating allergic reactions. Omalizumab as an
IgE-targeting drug opens up a new era of
personalized, precise medicine management.
Through blocking allergic reactions at their sour-
ces, it controls these allergic diseases very effec-
tively. However, different from the nearly 2
decades of successful usage in adult, the data in
children are still very limited. This paper will re-
view the efficiency, safety, and unmet need of
Omalizumab usage in allergic diseases of the
pediatric population.

Epidemiological data show a significant in-
crease in the prevalence of childhood allergic and
related diseases, such as allergic asthma, chronic
urticaria (CU), atopic dermatitis (AD), allergic
rhinitis (AR), food allergy, and so on. Prolonged
and recurring symptoms not only seriously affect
the physical and mental development of children,
but also bring an enormous burden to the
public medical system in various countries.
Immunoglobulin E (IgE) plays a crucial role in

Mechanisms of IgE-mediated allergy

o N , j IgE consists of pairs of heavy and light chains
“Department of Pediatrics, The Fourth Affiliated Hospital of Zhejiang

University School of Medicine, Yiwu, Zhejiang, China (Fig. 1). Each chain contains 1 variable region and
*Corresponding author. Department of Pediatrics, Peking University First 1 or mor nstant reagions. The vari le r ion

Hospital, No.1 Xi‘an Men Street, West District, Beijing, 100034, China. © ore consta €gio _S' .e a . ab. € eg.o S
E-mail: yeleping@bjmu.edu.cn or 623343393@qq.com together form the antlgenlc blndlhg sites.
http://doi.org/10.1016/j.waojou.2021.1006 14 Conformational changes occur upon the binding
Received 26 July 2021; Received in revised from 9 October 2021; Accepted fI1gE t ith F il RI (F Rl high affinit

4 November 2021 or Ig O elther FC epsiion Cenrl, nigh arrinity
Online publication date xxx receptor) which is mainly expressed by mast

1939-4551/© 2021 The Author(s). Published by Elsevier Inc. on behalf of . . . .
World Allergy Organization. This is an open access article under the CC BY- cells, basophlls, eosmophlls, and antigen

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). presenting cells (APCS), or Fc epSilon RII (FCSR”,


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:yeleping@bjmu.edu.cn
mailto:623343393@qq.com
https://doi.org/10.1016/j.waojou.2021.100614
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.waojou.2021.100614&domain=pdf
https://doi.org/10.1016/j.waojou.2021.100614

2 Yu et al. World Allergy Organization Journal (2021) 14:100614
http://doi.org/10.1016/j.waojou.2021.100614

Allergen
U FeeRI iv“‘\;‘-“f N
& +£
W FeRll Qe v 1.
Y 1ge P\l IgE
f 4

]‘ )

BAS
D & e
¥ Basophil

Mast cell

Fig. 1 Overview of roles played by IgE in allergic diseases. IgE plays an important role in allergic responses. (Left) Exposures to allergens
can result in the binding of IgE to DC and promoting Th2 cell differentiation. Th2 cells release a range of pro-inflammatory mediators such
as IL-4 and IL-13, that promote B cell transfer into plasma cells and secrete IgE. In addition, Th2 cell activation further contributes to
infiltration and activation of eosinophils, basophils, neutrophils, macrophages and so on. (Right) Upon binding with IgE, mast cells and
basophils rapidly release inflammatory mediators, leading to smooth muscle contraction, extracellular matrix accumulation, vasodilation
coma mucosal gland secretion, and increasing in vascular permeability and sensory nerve endings. Smooth muscle contraction, activation
of eosinophils, vasodilation coma mucosal gland secretion, and increasing in vascular permeability contribute to airway allergic disease.
Activation of eosinophils, vasodilation coma mucosal gland secretion, increasing in vascular permeability and sensory nerve endings
contribute to disease associated with skin and mucous membranes. And all these factors contribute to food allergy. ABPA, allergic
bronchopulmonary aspergillosis; AD, atopic dermatitis; AR, allergic rhinitis; CSU, chronic spontaneous urticaria; DC, dendritic cell; FceR],
high affinity receptor; FceRll, low affinity receptor; IL, interleukin; Th, T helpercell; Treg, regulatory T cell; VKC, vernal keratoconjunctivitis

low affinity receptor) which is expressed by B cells
and other hematopoietic cells. B cells
also express membrane-bound IgE (mlgE),
which assists in antigen processing and signal
transduction.

Mast cells and basophils are sensitized by IgE
binding. The sensitized mast cells and basophils
with pre-bound IgE only require the presence of an
allergen to cross-link IgE/FceRl complexes and to
provoke a rapid reaction that involves mast-cell
degranulation and releases in inflammatory medi-
ators, such as histamine, tryptase, prostaglandin,
and leukotriene. Subsequently, cytokines and
chemokines are produced following the aggrega-
tion of FceRl that elicit the recruitment and activa-
tion of inflammatory cells at sites sensitive to the
allergen. IgE can also bind to dendritic cell (DC)
FceRl and promotes T helper 2 (Th2) cell differen-
tiation, therefore amplifying the cascade reac-
tion."? This process is referred to as the late
allergic response. Therefore, IgE is an attractive

target for therapeutic intervention of the allergic
diseases (Fig. 1).

Mechanism of omalizumab in the treatment of
Allergy

Omalizumab is a medicine based on monoclonal
anti-human IgE antibody. In 2003, it was first
approved and marketed for asthma patients with
ages of 12 years and above. Later in 2009, the
permission was extended for its usage in children
aged 6 to12 years old with severe persistent asthma.
In 2013, it was recommended as add-on treatment in
adultsand adolescents (>12 years)with CU.In China,
however, its general usage was approved in 2017,
and its extended usage for children older than 6
years old was approved by 2018. The bioavailability
of subcutaneous omalizumab is 62%, and the serum
concentration generally reaches a peak level after 7-
8 days with a half-life of 26 days.®> Omalizumab can
act on a variety of cells through multiple pathways
and mechanisms to block allergic reaction, quickly
and effectively controlling allergic symptoms.
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Fig. 2 Mechanism of action of omalizumab in treatment of pediatric allergic and related diseases. Omalizumab is very effective in treating
pediatric allergic diseases. By binding IgE it can block various allergic responses, including decreasing mast cell activation and sensitivity,
reducing eosinophil infiltration and activation, leading to a down regulation of inflammatory mediators release. Furthermore, omalizumab
improves smooth muscle contraction and proliferation, decreases vasodilation and vascular permeability, reduces mucosal gland secretion
and so on. DC, dendritic cell; IFN, interferon; IL, interleukin; PAF, platelet activating factor; Th, T helper cell; Treg, regulatory T cell

Putative mechanisms of action of Omalizumab are
the following (Fig. 2):

Binding to free IgE

Omalizumab can markedly reduce the level of
circulating IgE, preventing free IgE from binding to
its receptors, FceRl or FceRIL.* Within 1 h of initial
administration, serum free IgE levels decreased
in a dose-dependent manner. At the recom-
mended doses, free IgE levels can be reduced by
more than 96%,> thereby preventing the effect of
IgE in the allergic cascade.

Downregulating the number and function of FceRl

Unbound FceRI being degraded when they are
not stabilized by binding to IgE, leads to rapid
reductions of FceRIl in mast cells, basophils, and
DCs.%” Effects on these cascades can decrease the
allergen presentation to T cells and limit the Th2-
mediated inflammatory molecular pathway. The
significance of this mechanism is indicated by the
fact that after giving Omalizumab for 7 days, FceRI

fell by 88%, which may continue to fall by more
than 99% if the treatment is extended longer.®®

Enhancing antiviral immune effects

Recent studies demonstrated that omalizumab
can ameliorate the inadequate antiviral response.
It can enhance interferon-a (IFN-a) responses in the
context of IgE receptor cross-linking, limit cell-to-
cell transmission of respiratory viruses, and
diminish the severity and duration of infection, viral
shedding and the associated level of virus-related
illnesses. Toll-like receptor 7 (TLR-7) is an innate
signaling receptor that can respond to viruses. It is
primarily expressed by plasmacytoid dendritic
cells (pDCs), and other DC subsets and myelo-
monocytic cells, T cells and B cells. A counter-
regulatory mechanism was revealed between
FceRl and TLR-7. Activation of TLR-7 or a compo-
nent of the TLR-7 pathway may inhibit the expres-
sion of FceRI. On the other hand, activation of FceRl
may result in reduced TLR-7-related recognition of,
or response to, virus.? "1
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Other possible mechanisms

1) Compound of Omalizumab and IgE can
competitively capture free antigens, acting as
scavengers for allergens entering the body,
thus preventing allergen-mediated mast cell
activation:'®"3 2) Omalizumab acts on the
2 cross-linked antigen sites of the IgE on the
surface of B cells, causing B cells to enter an
“inactive” state, affecting transformation to
plasma cells and eventually inhibiting synthesis
of IgE;"* 3) IgE binds to FceRl on the surface
of airway smooth muscle cells, which
increases the production of extracellular matrix
collagen, thus contributing to the remodeling
process. Omalizumab may potentially modify
diseases by improving bronchial remodeling;"®
4) Regulatory T (Treg) cell inhibits allergic
inflammation, while Omalizumab reduces IgE-
FceRl cross-link in pDCs and recoveries genera-
tion and function of Treg cell (Fig. 2)."®

APPLICATION OF OMALIZUMAB IN
CHILDREN'S ALLERGIC AND RELATED
DISEASES

Allergic asthma

Abnormal activation of immune pathways is the
underlying mechanism for airway inflammation.
Three major endotypes of airway inflammation
(type 2 [Th2], neutrophilic, and paucigranulocytic)
have been observed in severe asthma. Th2
inflammation relating to elevated serum IgE and
eosinophils is the most prevalent type in children.
Omalizumab is recommended as an add-on
treatment for children (age>6 years) with uncon-
trollable moderate-to-severe asthma. Adequate
control of the symptoms after stage 3 criteria by
long-acting beta2 agonist (LABA) plus inhaled
corticosteroids (ICSs) defines moderate asthma.
Symptoms that need higher doses of ICSs and
LABA, and other drugs in order to have a complete
control or are still uncontrollable by stage 4-5
criteria, are defined as severe asthma.’”

Current evidences have demonstrated the effi-
cacy and safety of Omalizumab for asthmatic pa-
tients. It is effective in improving asthma symptoms
and quality of life, decreasing exacerbations, hos-
pitalizations for acute asthma attacks, with reduced
or stopped ICS use. Dosage and frequency of

administrations are guided by a nomogram that is
based on weight and total serum baseline IgE
levels, followed by subcutaneous injections every 2
or 4 weeks. The optimal duration of omalizumab
treatment, however, is still unclarified. In consid-
eration of compliance and cost, indefinite treat-
ment is unrealistic. Furthermore, IgE generation
decreases over time, indefinite use may not be
required.” Nopp et al'? found that most patients
still had a mild, controlled, and stable asthma 3
years after omalizumab treatment. However,
other scholars believe that continuous anti-IgE
treatment acquires a better control of asthma
than those who stopped for 1 year.?°

Besides improving symptoms of asthma, omali-
zumab can also abrogate lung function decreases
in theory. Indeed, some clinical trials found that
forced expiratory volume in 1-s (FEV1) increased in
these who achieved good response to anti-IgE
therapy.?"?? However, a meta-analysis including
6 randomized controlled trials (RCT) found only 1
research showing significant FEV1 improvement
compared with the control group.?® A two-year
follow-up study of 19 children found no signifi-
cant improvement in FEV1 after any of the 3 period
(16,52, or 104 weeks) usage of omalizumab.?* The
disagreements in these observations deserve
further study. Factors, such as sample numbers,
age of children and poor coordination may all
contribute to it.

Enhanced antiviral immunity is a new insight into
the benefits of omalizumab. A seasonal peak in
asthma exacerbation rates has been consistently
observed in the autumn months when children
return to school. This has been attributed to both
increased allergen and respiratory virus expo-
sure.?® As this autumn epidemic is predictable,
and the reason is somewhat understood, it might
be preventable. In the Preventive Omalizumab or
Step-up therapy for fall Exacerbations (PROSE)
study, 513 children with mild/severe asthma were
enrolled. Omalizumab was given by injection
regularly over 4-6 weeks before returning to
school. The result was delightful. Compared to
21% of placebo group, only 11.3% of the omali-
zumab group had an asthma attack during the first
90 days. Omalizumab improved IFN-a. responses
to rhinovirus, and within the omalizumab group,
greater IFN-o. increases were associated with fewer
exacerbations. There was no significant difference
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between omalizumab and ICS boost (8.4% vs
11.1%). In contrast, among participants who
experienced an exacerbation during the run-in
phase, the addition of omalizumab was more effi-
cacious than stepping up ICS doses to prevent
exacerbation later on.” This suggests that the
benefit of omalizumab was more pronounced in
children who met the definition of severe asthma.
No study provided evidence that this strategy is
associated with increased adverse effects other
than injection site pain, but it is costly. Even so,
there are plenty of questions to be answered,
such as how to judge the effectiveness on
asthma control, quality of life, asthma-related
death, baseline asthma severity, and exacerba-
tion history definitions of exacerbations and stan-
dards where possible; The duration of treatment,
and the way the treatment ends, with a gradual
decrease or a sudden stop, need further study.
Furthermore, during the coronavirus pandemic, it
is worth noting that there is no evidence indicating
that biological therapies in asthma patients should
be stopped.?® Omalizumab might even have
protective effects over SARS-CoV-2.2” FDA has
approved omalizumab for short-term home
administration during the COVID-19 pandemic.

Omalizumab may also be considered as a
disease-modifying drug in selected children, inter-
vening in the natural history of asthma.?® Putative
reasons are the following: 1) Omalizumab disrupts
a key element of the allergic inflammatory
cascade, so to improve the management of
asthma and reduce the development of multiple
allergic comorbidities. 2) Airway remodeling is the
chronic outcome of inflammation in asthma and a
point of intervention between pediatric and adult
ages.?? IgE acts on the inflammation and smooth
muscle components of the airway, which plays a
role in remodeling. It is conceivable that anti-IgE
therapy may have the potential to attenuate or
reverse remodeling, which may help the patient to
escape from the chronicity of asthma. Airway
remodeling is a new concern, but there are not a lot
of data about it. A Preventing Asthma in High-Risk
Kids study is designed to examine if 2 years of
omalizumab treatment can reduce the risk of pro-
gression to persistent asthma, asthma severity, the
numbers of new allergic sensitization, and wheezing
episodes in high-risk 2-3-year-olds. This study is still
in the phase of actively recruiting and the estimated

completion date is around November 27, 2025. 3)
Omalizumab add-on contributes to children who
can nottolerate specificimmunotherapy (SIT), which
is considered to be the only potentially causal
therapy for allergy diseases. Of note, further rele-
vant studies are needed to confirm the benefits of its
early application in pediatric asthma management.

Children who normally do not tolerate SIT
treatment are expected to have a successful SIT
application after anti-IgE therapy, with significantly
lower systemic reaction rates.*?3' Result of a
multicenter, randomized double-blind controlled
study (n = 248) showed that for patients with
moderately persistent allergic asthma that were
not adequately controlled, less systemic allergic
reactions (13.5%) were observed in omalizumab
treated group than those received placebo plus
SIT (26.2%). Also, more patients (87.3%) achieved
the target maintenance dose than the control
group (72.1%).2? Guidelines for discontinuation
are not clear at the moment so procedures such
as gradual reduction or extension of injection
intervals deserve to be further explored.

Effectiveness evaluation is usually carried out at
least 16 weeks after the treatment. Global evalua-
tion of treatment effectiveness (GETE) score eval-
uates multiple aspects to determine the response
to omalizumab treatment based on patient in-
terviews, severity of symptoms, usage of medica-
tion, and spirometry examinations.** When GETE
score is defined as an excellent or good
response, it is suggested to continue to use
omalizumab. Moderate responders or these that
can not be determined the condition, need to be
re-evaluated at 6 months or longer to 12 months.
Those who did not respond had their treatment
stopped. Recognition of responders to omalizu-
mab is fundamental to improve efficacy, safety,
and drug cost-effectiveness. Phenotypic features
that predict a favorable clinical response include
severe asthma with multiple allergic disease
comorbidities. Children with more severe asthma,
as measured by: lower lung function (Percent
predicted FEV1<90%), previous asthma-related
hospitalizations in the past 6 months, 3 or more
exacerbations in the previous vyear, obesity
(BMI>85% of healthy range for age), higher
eosinophil counts (>300 cells/uL) or FENO
(>20 parts per billion) levels, or serum periostin
levels (>50 ng/ml), tended to show greater
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improvement in asthma exacerbation reduc-
tion.**3% Perjostin is a downstream molecule of
interleukin (IL)-13, a signature of type 2 cytokine.
Periostin can be used as a biomarker for 2
aspects in the diagnosis of asthma: type 2
immunity and tissue remodeling. Besides, high
levels of total IgE also were suggested as
promising predictors of omalizumab efficacy.
Tajiri et al®*® reported that reduced free serum
IgE levels between baseline and 16 or 32 weeks
of treatment were found to be associated with
reduced exacerbation rate at two years of anti-
IgE therapy. While a single measurement may be
insufficient, a combination of multiple biomarkers
may improve the follow-up results of children
treated by omalizumab.

In addition to omalizumab, other drugs, such as
lebrikizumab, dupilumab, tezepelumab, mepoli-
zumab, reslizumab, benralizumab, are also used or
are studied in both teenagers and adults and
could benefit younger children in the near
future.®® Nevertheless, a credible conclusion on
the clear advantages of omalizumab over other
drugs is limited by the relatively little data
available. More evidence-based studies are
needed to better understand who may benefit
more with which drug and with controlled costs.

Chronic spontaneous urticaria

Urticaria is a common disease characterized by
recurrent transient and local edema of the skin or
mucosa, mostly accompanied by itching. When
symptoms last for a period of 6 weeks or longer,
they are classified as CU. CU is not frequent in
pediatric populations with a prevalence close to
1.8%.272% Chronic spontaneous urticaria (CSU)
accounts for about 80 to 90% of total CU,
resulting from mast-cell activation and subse-
quent releases of histamine, platelet-activating
factor, leukotrienes, and prostaglandins. These
factors can further induce vasodilation and in-
creases in vascular permeability. Furthermore, an
autoimmune pathogenesis participates in almost
half of children with CSU.*? Treatment with second
generation H1 antihistamines is the first choice for
initial therapy. If a satisfactory improvement does
not occur after 2 to 4 weeks or earlier if
intolerable symptoms occur with the four-fold
normal dosage of antihistamines used, omalizu-
mab should be added.*°

Omalizumab was approved by FDA as an add-
on treatment for adult and adolescent (>12 years)
CSU. A study spanning a timeframe of 6 years was
published in 2020, which included 38 pediatric
patients with CU being treated with omalizu-
mab.*" In that study, omalizumab was initiated
when children with high disease activity scores
(7-day sum of daily Urticaria Activity Scores
[UAS7] >16) in spite of using four-fold dosage
antihistamines. The majority of patients (76.3%)
achieved a good or complete response at end of
treatment or data lock, whereas 15.8% and 7.9%
of patients partially and poorly responded,
respectively. The side effects, mainly headache
and fatigue, were reported by 12 patients
(31.6%). Another study containing 19 children
with recalcitrant CSU between ages 6 and 16.9
years found that 16 kids responded to omalizu-
mab. All the responders noted a significant
improvement in symptoms within the first days
and up to 2 months, although 2 became non-
responsive after 6-12 months of application.*? In
that study, omalizumab was well-tolerated with
no reported side effects, even by the youngest. A
series of 13 children (mean age 13, range 4-16y)
with cold contact urticaria received off-label pre-
scription of omalizumab after inefficacy or
incomplete response, or adverse events with an-
tihistamines. Twelve patients showed clinical
improvement and safety was also excellent.*? All
of these studies demonstrate high safety and
effectiveness of omalizumab therapy in pediatric
CU populations, with responding rates similar to
the adults.***° In future studies, sufficient
number of children with age younger than 12
years should be included to evaluate the
efficiency and safety on the younger pediatric
populations.

Unlike the dosages used for asthma, a dose of
300 mg for every 4 weeks is recommended for CU,
regardless of the patient’'s serum IgE levels and
body weight. In pediatric, doses and intervals are
similar to adults. Of note, personalized approach
improves clinical benefit in patients with refractory
CSU. Initial schedule consisted of 300 mg omali-
zumab every 4 weeks, with increases to 450 or
600 mg in case of poor treatment response
(UAS7>16) after the 6th administration.?®
Unfortunately, a largest daily practice cohort
study found that the effect did not differ
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significantly between standard and higher
doses.*’ Additionally, if satisfactory improvement
does not occur after 6 months, or earlier if the
symptoms are intolerable after omalizumab has
been added, cyclosporine and second-
generation H1 antihistamines is recommended.*’
But, durations and steps followed the procedures
such as dose up-regulation, extension and so on
remain unclear and are not discussed by interna-
tional guidelines.

Allergic rhinitis

Allergic rhinitis (AR) is a disorder of nasal mucus
membranes after allergen exposure, strongly co-
existing with asthma. Asthma management is
affected by AR equally, the intensity and duration
of rhinitis is also correlated with the development
and remission of asthma. Supporting the “one
airway, one disease” hypothesis, both of the
symptoms share a common epidemiologic and
underlying inflammatory pathophysiology, as well
as a common therapeutic route.*® In China, the
incidence of pediatric asthma with AR is 35.01%
and the incidence of AR with asthma in children
is 54.93%.%7

Both randomized controlled and observational
clinical trials have demonstrated the effectiveness
and safety of omalizumab in patients with AR.*9-53
Anti-IgE therapy can improve symptoms, though
rescue medications are still needed in patients
with AR. In spite of this, it is still used frequently
with off-label indication which started almost 2
decades ago. Currently, the benefits of omalizu-
mab in children with AR mostly are expected
during the treatment of severe asthma. In a study
of 221 children with seasonal allergic rhinitis and
total serum IgE levels between 30 and 1300 1U/ml,
all of them achieved SIT therapy. The ones treated
with omalizumab added had a superior tolerability
than those with placebo (0.9% NaCl), demon-
strating that omalizumab can significantly enhance
efficacy of SIT.>** It points out that omalizumab plus
SIT can be beneéficial for polysensitized children
and adolescents with AR than just with SIT. It is a
pity that there are very few trials specifically
designed for AR children, particularly for those
younger than 12 years old.

Allergic bronchopulmonary aspergillosis

Allergic bronchopulmonary aspergillosis (ABPA)
is a severe allergic pulmonary complication char-
acterized by the presence of asthma, recurrent and
transient pulmonary, central bronchiectasis, and
even pulmonary infiltrates. Global prevalence has
been estimated to be as high as 2.5%,°° but very
littte was seen in children. The underlying
pathophysiology is not clearly understood.
Repeated inhalation of Aspergillus spores evokes
a Th2 type immune response such as increased
levels in Aspergillus-specific IgE (>0.35 KAU/L),
total IgE levels (>1000 IU/mL), serum precipitins,
eosinophilia and proximal bronchiectasis.’®
However, these criteria were suggested for
adults. There is no pediatric standardized
diagnostic criteria.

Corticosteroids and anti-fungal therapy are the
mainstay  treatment strategies. Omalizumab
showed potential benefits for severe ABPA. In
2007, van der Ent et al®’ first reported a case
about a 12-year-old girl with cystic fibrosis and
ABPA in which a dramatic and rapid improvement
of respiratory symptoms and lung function was
achieved with single dose of omalizumab. Subse-
quently, uses of omalizumab in ABPA cases have
arisen concerns, most of which involved in teen-
agers and adults. A study in France retrieved 32
patients with cystic fibrosis (11 children and 21
adults) who had received omalizumab for more
than 3 months in the context of ABPA. While 5
patients were able to discontinue steroid usages
during a followup, 9 patients were capable of
reducing their daily doses.®® Up to the present, the
youngest child ever reported for omalizumab
usage for ABPA is a 4 year-old girl. Because she
developed a steroid-induced diabetes, omalizu-
mab was started and oral prednisone was dis-
continued within 16 weeks.>?

Different studies used various dosages ranging
from 225 mg to 750 mg according to weight and
serum IgE level, from once per week to once per
month. The most commonly used dose was
375 mg every two weeks. The ideal treatment
duration is still ambiguous. Patients whose serum
IgE >1000 IU/ml were more sensitive to anti-IgE
treatment than those with IgE<1000IU/ml. The
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results suggested a greater benefit of omalizumab
for patients with higher baseline IgE levels and
with subcutaneous administration route.®® Early
onset treatment may be particularly favorable
since patients with early stage of lung disease
seem to benefit the most. Additionally, it is worth
noting that the positive culture of Aspergillus is
not an unique etiological feature of ABPA; it can
also be found in cystic fibrosis children.®’

Vernal keratoconjunctivitis

Vernal keratoconjunctivitis (VKC) is a severe
allergic ocular disease, commonly co-existing with
asthma. Chronic corneo conjunctival and/or limbal
inflammation with giant conjunctival tarsal papil-
laecan result in visual sequelae. The pathogenesis
of VKC is still under investigation; immediate and
delayed hypersensitivity reactions may play an
important role. Conventional therapies including
topical antihistamines, mast-cell stabilizers, corti-
costeroids, and cyclosporin are sometimes insuffi-
cient for full symptom control. There were reports
showed that omalizumab might be effective in
controlling these conventional treatment-resistant
cases.

The first VKC case that treated with omalizumab
was reported in 2012.°% A 15-year-old girl with
VKC had received multiple ophthalmic treatments,
immunotherapy, and systemic steroids, but with no
clinical response. Then omalizumab was added
with doses of 225 mg every 2 weeks. Symptoms of
pruritus and photophobia were improved by 6
months, and both papillae and Horner-Trantas
dots had disappeared by 2 years. So, the use of
ophthalmic drugs was therefore reduced. Howev-
er, the patient's symptoms recurred, and the
papillae reappeared. Interestingly, symptoms
remitted upon drug re-initiation.®® Another clinical
trial®* showed that the ocular signs and other
symptoms of four VKC children (aged 6-11 years)
were successfully improved by omalizumab in 6
months. Dosage was defined based on weight
and total serum IgE level similar with asthma.
Manti S et al®® also reported their successful
omalizumab experience with 2 pediatric cases
with severe allergic asthma.

To date, omalizumab was shown to be effective
in VKC cases in child and adolescent populations,
though these findings were mostly from case

studies with a very small patient population.
Among the studies, only 1 child did not respond to
omalizumab and needed oral steroids for his VKC
and asthma.®® Interestingly, contrary to the other
cases, in this failed case detectable sensitization
to any known allergen was not found. Whether
the absence of allergy is a risk factor for
treatment failure deserves further research.
Besides, specific IgE detected in tears may
provide a new idea in these negative skin prick
test and serum-specific IgE patients. There is an
urgent need to start large prospective well-
designed trials on the omalizumab use in VKC
patients to confirm its effectiveness and to clarify
the optimal therapeutic scheme (dose and
duration).

Food allergy

Food allergy is a potentially life-threatening
health problem that still lacks suitable therapies,
apart from strictly dietary allergen avoidance and
emergent epinephrine in case of accidental ex-
posures. Most food-induced anaphylaxis involves
an IgE-mediated mechanism. Patients with IgE
mediated severe food allergy may benefit from
anti-lgE therapy. Immunotherapy with allergens is
the only treatment that may help the course of
allergic diseases.®” However, adverse reactions
have been major limitations. In order to improve
the safety profile of oral immunotherapy (OIT)
schedule and facilitate or maintain its efficacy,
omalizumab was recommended as an adjuvant
for both adults and children by recent clinical trials.

An observational study evaluated 15 children
who were allergic to 37 foods and treated with
omalizumab for severe uncontrolled asthma. Dur-
ing the treatment the food allergen threshold
increased to 8.6 times of its original value. A total
of 70.4% of subjects tolerated the complete chal-
lenge dose after 4 months of anti-IgE treatment.
Moreover, these foods were reintroduced in daily
diet without the needs for any OIT procedures. The
quality of life also increased with better asthma
controls and reductions in dietary restrictions.®® A
case series study involved 5 children ages 7-14
years with severe allergy to cow milk and uncon-
trolled asthma.®? Milk allergy was diagnosed from
the first year of their lives. They all received
omalizumab every 4 weeks after failed standard
therapies. Four children presented an excellent
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desensitization, achieving capacity to include milk
and other dairy products into their diet.
Unfortunately, 2 of them discontinued the
procedure after they experienced anaphylaxis
again during a viral pharyngitis. It is noted that a
14-year-old boy's milk desensitization failed,
although anti-IgE therapy was extended for as long
as 48 weeks. However, promising results were also
observed in peanut allergic patients who started
peanut OIT after an individualized omalizumab
treatment.”’® All 23 adolescents successfully
reached the 2800 mg peanut protein
maintenance dose with a median time of 10
weeks. Moderate or systemic allergic reactions
were rare while accepting full-dose omalizu-
mab.”® Almost half of the patients (11 of 23)
continued with peanut OIT successfully after anti-
IgE drug was stopped. In these successful chil-
dren, median baseline IgE to peanut components
and basophil allergen threshold sensitivity tests
(CD-sens) were both significantly lower than those
in the failed group. Another study that followed
the long-term OIT outcomes of 13 children found
that 54% patients continued successfully on pea-
nut OIT through 72 months.””

Food sensitization (with or without aeroallergen
sensitization) in the first 2 years of life was a
stronger predictor of asthma and AR. It supports
the role of early life food sensitization in the atopic
march and trials to prevent early onset in that may
have the potential to reduce the development of
allergic airways disease.”? Although there is clear
evidence to suggest that omalizumab is effective
for food allergy control, there are plenty of
questions remaining. For example, what should
an optimal duration of treatment be? When
should the treatment stop? How should dosage
be reduced without sacrificing the effect? What
could long-term outcomes be? Baseline IgE and
CD-sens Treg cells were both tried as biomarkers
to predict the efficiency of omalizumab in multi-
food OIT. However, there are no agreed upon
answers to these questions so far. Further studies
are definitely needed to determine whether the
initial benefits provided by omalizumab translate
into better, long-term improved care for food
allergic patients, including the benefits versus the
costs. Finally, it is also worthy to study whether

omalizumab can achieve a good response with
safety in infants.

Atopic dermatitis

Atopic dermatitis (AD) is a chronic inflamma-
tory dermatoses associated progressively with
other allergic conditions such as asthma, rhinitis,
and food allergies. Its prevalence is up to 20% in
the pediatric population worldwide.”® Impaired
skin barrier function and defects in skin innate
immunity are the basic characteristics of the
disease. Most mild cases can be adequately
controlled by topical treatments alone. But
severe AD patients who suffer repeated and
annoying systemic symptoms, such as itch, pain,
and sleep disturbance that could affect quality

of life substantially, usually need systemic
medical therapies (traditional
immunosuppressants, biologics, and small

molecule inhibitors).”4

Dupilumab (anti-IL-4 and IL-13) is the first FDA-
approved biologic therapy for AD, and recently
has been approved to be used in children aged 6
to 11 years with moderate to severe AD not
adequately controlled with topical therapies. Even
though dupilumab is now a major treatment in this
indication, there is room for alternatives, especially
those with a well-known, very good safety profile
as with omalizumab. In 2019, Susan Chan et al”®
published a delectable clinical result. The trial
enrolled 62 participants of 4 to 19 years old who
had severe AD. Patients were treated with
subcutaneous omalizumab or placebo for 24
weeks. Dosage was determined by total IgE and
body weight. They found  omalizumab
significantly reduced AD severity and improved
quality of life. But other doctors held different
views about the trial and believed that it was an
overtreatment.”® Compared with the previous
studies that yielded negative results, the trial
used three-fold doses of omalizumab. Consid-
ering the high costs of omalizumab, dupilumab
seems a better choice for controlling AD in terms
of efficacy and costs.”” In the future, the beneficial
management for children with severe AD needs to
be carefully evaluated with both the efficacy and
costs in mind. With such criteria in mind, the role
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of omalizumab can not be ignored. Maybe some
but not all AD patients, whose characteristics
remain to be defined, could benefit from
omalizumab.

SAFETY

A large number of clinical trials demonstrate
that omalizumab is well tolerated. The risk of
omalizumab-associated anaphylaxis is about 0.1-
0.2%, lower than the frequency of other mono-
clonal antibody-based drugs. A review article
covered 3429 children and adults with allergic
asthma,”® and a meta-analysis’? involving more
than 7500 patients both showed that the risks of
severe side-reactions with omalizumab were
similar to placebo groups. The main adverse re-
actions are also similar between adults and chil-
dren, including pain at the injection site,
headache, pharyngitis, upper respiratory tract
symptoms, and sinusitis.”®#%8" |n  pediatric
populations, the pain at injection site should
probably be more considered than in adults. It
should be noted that allergic reactions may occur
not only after the first administration, but also
during subsequent administrations. In addition,
there is no evidence that omalizumab should be
stopped during the COVID-19 pandemic.?482

There are no data to support any link between
anti-IgE thrapy and malignancy risk.2® To date, no
cases of malignancy have been reported in clinical
trials involving omalizumab for children of ages 6
to 12 years old. Anti-drug antibodies against
omalizumab were not detected during or after the
treatment. With regard to the usage for children
younger than 6 years, findings from pregnancy
and perinatal studies may provide clues. In order
to evaluate perinatal outcomes with omalizumab
exposure during pregnancy, a prospective obser-
vational study compared 250 women with asthma
exposed to omalizumab during pregnancy and
1153  disease-matched  cohorts.”” In  the
omalizumab-treated group, prevalences of major
congenital anomalies, premature birth, small for
gestational age were identified as 8.1%, 15.0%,
9.7%, respectively, comparable to the values
(8.9%, 11.3%, 15.8%) seen in the matched group.

Notably, there also was no increased risk of
thrombocytopenia in the newborn.#4#% However,
considering the fact that the number of safety
studies are still scarce, caution is still warranted.
Long-term safty evaluation of omalizumab-
exposed patients, especially these of younger
ages, is urgently needed.

In addition, the high cost of omalizumab must
be taken into account. For the base-case analysis,
the cost-utility analysis showed that compared with
the standard therapy, the addition of omalizumab
yielded significantly higher costs and greater gain
in quality-adjusted life-years (QALY). Evidence
from adults showed conflicting results depending
on the country in which the economic analysis was
conducted. But in general, currently omalizumab is
not a cost-effective strategy for treating children
with severe allergic asthma. It is important to select
pediatric patients that will benefit most from anti-
IgE therapy.

CONCLUSIONS

Omalizumab, an IgE antibody-based drug, can
block allergic reactions from the source. Since
similar pathobiology and host defense mecha-
nisms participate in systemic allergic and immu-
nologic diseases, it is best to find a drug that can
address these associated comorbidities at same
time. But it should be noted that many problems
are far from solved, especially for pediatric pa-
tients. Such concerns that require urgent attention
include: long-term effectiveness and safety for
children younger than 6 year-old, cost-benefit
analysis, concerns about relapse after the discon-
tinuation, possibilities for application to other
intractable diseases, and so on. Moreover,
compared with other biological based medicines,
such as anti-IL-5 (mepolizumab, reslizumab, and
benralizumab), and anti-IL-4 receptor a (dupilu-
mab) antibodies, does omalizumab have clear
advantages? What time and duration should the
drug be used to get the most benefits for the pe-
diatric population? Although omalizumab shows
great promises for treating children’s allergic dis-
eases so far, more evidence and experiences are
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urgently needed in order to release its full poten-
tial for pediatric world.
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