PERSPECTIVE
published: 15 February 2022
doi: 10.3389/fped.2022.837667

Biological Treatments and Target
Therapies for Pediatric Respiratory
Medicine: Not Only Asthma
Sergio Ghirardo 1,2*, Michele Mazzolai 3 , Antonio Di Marco 1 , Francesca Petreschi 1 ,
Nicola Ullmann 1 , Marta Lucia Ciofi degli Atti 2 and Renato Cutrera 1
1

Pediatric Pulmonology & Respiratory Intermediate Care Unit, Academic Department of Pediatrics, Bambino Gesù Children’s
Hospital IRCCS, Rome, Italy, 2 Clinical, Management and Technology Innovation Research Unit, Medical Direction, Bambino
Gesù Children’s Hospital IRCCS, Rome, Italy, 3 Department of Medicine, Surgery, and Health Sciences, University of Trieste,
Trieste, Italy

Edited by:
Jose Antonio Castro-Rodriguez,
Pontificia Universidad Católica de
Chile, Chile
Reviewed by:
Amelia Licari,
University of Pavia, Italy
*Correspondence:
Sergio Ghirardo
ghirardo.sergio@gmail.com
Specialty section:
This article was submitted to
Pediatric Pulmonology,
a section of the journal
Frontiers in Pediatrics
Received: 16 December 2021
Accepted: 17 January 2022
Published: 15 February 2022
Citation:
Ghirardo S, Mazzolai M, Di Marco A,
Petreschi F, Ullmann N, Ciofi degli
Atti ML and Cutrera R (2022)
Biological Treatments and Target
Therapies for Pediatric Respiratory
Medicine: Not Only Asthma.
Front. Pediatr. 10:837667.
doi: 10.3389/fped.2022.837667

Frontiers in Pediatrics | www.frontiersin.org

We present a description of pediatric pneumology biological medications and other target
therapies. The article aims at introducing the importance of a molecular approach to
improve treatments. The first item treated was T2-High asthma and its current biological
treatment and prescribing indications to propose a flow-chart to guide the clinical
choice. Molecular rationales of such treatments are used to introduce a more general
description of the biological and molecular approach to target therapies application.
We introduce a general interpretation approach to neutrophilic asthma using the
molecular plausibility one in order to propose possible future treatments mainly targeting
interleukin-1 (IL-1), IL-17, IL-12, and IL-23. Indeed, cytokines can be excellent targets
for several biological treatments. Downregulation of specific cytokines can be crucial in
treating autoinflammatory and rheumatological diseases with a pulmonary involvement.
Such conditions, although rare, should be early recognized as they can involve
significant improvement with a properly targeted therapy. We face these conditions
in a cherry-picking fashion picturing SAVI (STING-associated vasculopathy with onset
in infancy), CANDLE (chronic atypical neutrophilic dermatosis with lipodystrophy and
elevated temperature), and COPA (coat proteins alpha syndrome) syndrome pulmonary
involvement. Such examples are functional to introduce molecular-based approach for
patients with rare conditions. Molecular plausibility can be highly valuable in treating
patients with not-approved but possibly highly effective therapies. Due to the rarity
of these conditions, we stress the concept of basket trials using the example of
cytokinin-directed immunosuppressive treatment. Lastly, we provide an example of
augmentative therapy using the alpha1 antitrypsin deficiency as a model. In summary, the
article presents a collection of the most recent achievements and some possible future
developments of target therapies for pediatric pulmonary conditions.
Keywords: biologics, pediatric pulmonology, asthma, innovative therapies, advances in pediatric pulmonology,
molecular treatments, monoclonal antibodies, target therapies
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INTRODUCTION

T2-HIGH ASTHMA

The article aims at providing a comprehensive overview,
although necessarily incomplete, of current biological
treatments for asthma and other pulmonary conditions
in children. The main focus will be set on molecular
mechanisms, and in doing so, we will also discuss
treatments that may be clinically applied in the next future.
We searched PubMed and Scholar databases, limiting
our consultation to the past 20 years and publications
in English.
We consider it necessary to provide an adequate definition
of biological treatment. Biopharmaceuticals are considered those
drugs derived from a biological source, comprising somesthesis
as well. This broad definition includes blood components,
hormones, cellular therapies, and even gene therapies (1).
In this, we decided to discuss only biological and target
therapies that present an accurate and well-known interaction
with a specific pathway in a key-lock mechanism, such as
monoclonal antibodies.

T2-High asthma is characterized by the activation and abundance
of T-helper 2 that plays a crucial role in generating and
maintaining eosinophilic inflammation through IL-4, IL-5, and
IL13 production (6). Th2 cells, once activated, present the
epitopes of the antigen to B cells and, together with IL4 production and CD40/CD40L co-stimulation, induce their
activation, leading to plasma cells formation, isotype switching
to IgE, and their production (7). IgEs in atopic patients are
both soluble and linked to mastocytes membrane through FC
fragment leading to mastocytes degranulation in the presence
of the antigens (8). Therefore, IgE can be a possible target for
asthma with the predominance of allergic components marked
by IgE elevation.
Like mast cells, basophils liberate histamine and PGD2 (plated
derived growth factor 2), but they produce IL-4 as well (4).
ILC2s (innate lymphoid cells of group 2) are those that
respond to DAMPs (damage-associated molecular patterns)
producing IL-5 and IL-13. Such response leads to eosinophilia
without an allergen-specific stimulation (9). Therefore, such a
pathway can be targeted, inhibiting its products IL-5 or IL13 indirectly. This type of inflammation can be suggested by
eosinophilia in the absence of IgE elevation.
IL-4, IL-13, PDGF2, histamine, eosinophils degranulation
causes smooth cells contraction, hypertrophy, collagen
deposition in airway walls leading to airway remodeling
(4). Therefore, in the cases of mixed patterns without a clear
predominance of allergic mediated T2-High inflammation, we
consider a valid option the inhibition of both IL-4 and IL-13.

SEVERE ASTHMA AND ENDOTYPES
Approximately 4–5% of asthmatic children present a severe
disease. Severe asthma is defined as the need for high doses of
inhaled corticosteroids (ICS) plus a second treatment to achieve
symptoms control, or the persistence of symptoms despite such
treatments. Therefore, this step-up approach modulated on
the symptoms severity and clinical response results sometimes
unsatisfactory (2).
Asthmatic symptoms are the consequence of bronchoobstruction and airway inflammation. However, the causative
mechanism could be different in each patient. On this basis,
it was introduced the concept of endotype characterization,
aimed at specifying the molecular pathway that underlays each
phenotype (3). Therefore, patients with a poorly responsive
asthma may need an ad-hoc therapeutic approach. The endotype
is the complex of the molecular and pathobiological mechanisms
leading to the disease, while the phenotype is the categorization
based on its clinical features (4).
Two major endotype categories of asthma are usually
considered. T-helper type 2 cell high endotype (T2-High) is
characterized by a T-helper inflammatory response with IL-4
(interleukin-4) and Il-13 (interleukin-13) release. Such cytokines
lead to IgE production (class E immunoglobulin) and IL5 (interleukin-5), which are proliferative and act as survival
factors for eosinophils. T2-High markers commonly considered
in the clinical practice are high fractional exhaled nitric oxide
(FeNO) values, and elevated eosinophils count in blood, sputum,
and airways.
T-helper type 2 cell low endotype (T2-Low) is
characterized by a neutrophilic or pauci-granulocytic
inflammation, with normal levels of eosinophils in blood
sputum and airways. IL-1, IL-8, IL-17, and Il-23 are the
molecules implied in this endotype (5). Often eosinophilic,
and allergic asthma overlap due to partially shared
biological pathways.
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T2-LOW ASTHMA
Nowadays T2-High endotype of asthma can be treated with
several possible biological therapies, hitting different targets
in the T2-High inflammation cascade. On the contrary,
T2-Low asthma endotype does not present any approved
biological treatment right now. To date there are no approved
biological treatments for the T2-Low asthma endotype (10). This
dichotomic classification (T2-High and T2-Low) is still useful
although highly simplified.
Endo-typing of asthma went beyond T2-High and T2Low inflammation revealing a more complex reality than
the dual system previously considered mainstream. Several
factors contribute to defining the asthma endotype of each
patient, and they can be classified on the most predominant
inflammatory process or the most prevalent inflammatory
cell. Grouping these entities, 4 types of inflammation were
defined: allergic eosinophilic asthma, non-allergic eosinophilic
asthma, non-allergic paucigranulocytic asthma, and neutrophilic
inflammation. It should be stressed that these four forms of
inflammation should not be considered mutually exclusive and
that eosinophilic asthma may overlap with the neutrophilic one,
forming a mixed complex inflammation that is more frequent in
adulthood (11).
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T2-HIGH TREATMENTS

to be 69% in children with severe asthma and eosinophilic
phenotype (17), higher than the reduction reported for a similar
population of adolescents and adults (19). Mepolizumab dose is
100 mg every 4 weeks except for patients aged 6–11 years with
<40 kg of body weight who receive 40 mg of mepolizumab every
4 weeks (18). Other dosages of mepolizumab were tested effective
and safe over the age of 12 administered intravenously (75, 250,
and 750 mg every 4 weeks) (20).
Reslizumab has the same action as mepolizumab. It is
administered intravenously 3 mg/kg of body weight every 4
weeks and has proved to be effective in reducing the number of
asthmatic exacerbations by about a half. However, reslizumab is
not approved in the pediatric population (21, 22).
Benralizumab is slightly different; it binds the IL5 receptor
(IL-5R) on the eosinophils and basophils surface, inducing
apoptosis. Benralizumab can be prescribed in patients older
than 12 years, with a peripheral blood eosinophil count ≥
150/microL. In SIROCCO study benralizumab obtained a 55%
reduction of exacerbations and has shown to be more effective
in patients with a high number of exacerbations per year.
Benralizumab leads to profound eosinophils reduction. Like
mepolizumab, benralizumab is administered subcutaneously but
every 8 weeks (23–25).
Overall, in adolescents and adults, mepolizumab, reslizumab
and benralizumab present a reduction in the number of severe
asthma attacks of around 50%. The safety profile is optimal with
no excess of severe adverse events and a similar discontinuation
rate in the placebo groups, except for reslizumab that presents
slightly more discontinuations in the treatment group (25).

Nowadays, the T2-High endotype of asthma has several possible
biological therapies, hitting different targets in the T2-High
inflammation cascade.
Even if there are no studies comparing the different biologic
therapies for the T2-High endotype of asthma, the patient’s
characteristics and drug features could help choose the most
appropriate treatment for each specific case. We suggest a
possible flow-chart to help the choice between biological
treatments in T2-High patients (Figure 1).

Anti IgE Treatment
Omalizumab was the first biological treatment approved for
the treatment of severe asthma, and it is currently recognized
for the treatment of children 6 years or older. Omalizumab
is a humanized IgG1 monoclonal antibody administered
subcutaneously every 14–28 days. Omalizumab binds free IgE,
preventing IgE from activating their receptor on the mast
cells and basophils, thus reducing inflammatory molecules
release. Considering its action, Omalizumab is used in patients
affected by severe asthma with confirmed allergic sensitization.
Omalizumab showed to reduce the number of exacerbations and
the dose of inhaled corticosteroids. Previous studies on adults
showed a better efficacy in patients with high FeNo, periostin
and eosinophil count values (12). The patient’s IgE levels are
predictive of individual response. Patients with low values of IgE
will only marginally benefit from omalizumab administration,
whereases extremely high values of IgE could overcome the
omalizumab binding power, still leaving a high level of free IgE (2,
12, 13). Omalizumab reduces to a half the risk of a severe asthma
exacerbation in patients with asthma classified as moderate to
severe for a total reduction from 26 to 16% of patients having
an asthma attack annually and a reduction in hospitalization rate
for asthma attack from 3.1 to 0.5%. Similar results were found for
children with a reduction in asthma attacks of 31% in one study,
a reduction of 23.7% of days with asthma in another, and the
achievement of a completely controlled asthma in 52.6% more
cases in the omalizumab group compared to placebo. Adverse
events were significantly fewer in the omalizumab treated group
than in the control group except for local reactions (14). Dosage
is based on weight and IgE levels at baseline.

Anti IL-4 and IL-13 Treatment
Dupilumab is a monoclonal antibody that binds the interleukin4 receptor (IL-4R), inhibiting the IL-4 and IL-13 molecular
pathways that present a pivotal role in the Th-2 differentiation.
Dupilumab initially approved for atopic dermatitis, had recently
obtained approval for its use in patients older than 12 years, with
severe asthma and high FeNO or peripheral blood eosinophil
count ≥ 150/microL. This biological treatment showed to
reduce the asthmatic exacerbation rates and the dose of oral
corticosteroids as opposed to placebo (26). Dupilumab is
also effective in cases with elevated FeNo in the absence of
eosinophilia, suggesting an IL-13 role in this kind of patient (27).
A recent trial reported the efficacy and safety of dupilumab in
moderate to severe asthma patients aged 6–11 years (28).

Anti IL-5 Treatment
Mepolizumab is a monoclonal antibody that binds IL-5, avoiding
its activating action on eosinophils, and is approved for patients
6 years or older and with a peripheral blood eosinophil count
≥ 150/microL. Mepolizumab is administered subcutaneously
every month and is currently the antibody of choice for nonallergic eosinophilic asthma, that is quite rare, especially in
children. It often represents a very difficult endotype to treat,
requiring frequent oral corticosteroids. Mepolizumab reduces the
number of exacerbations and the need for oral corticosteroids
and is particularly effective in patients with marked eosinophilia.
Mepolizumab’s safety and pharmacodynamic were tested in
patients 6–11 years with a good safety profile (15–18). The
expected reduction in annualized exacerbation rate is reported
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NEUTROPHILIC ASTHMA
Neutrophilic asthma is the most common form after the
eosinophilic one. Two cytokines are commonly involved in
neutrophilic asthma: IL-1 and IL-17 (11, 29, 30), possibly due to
deficiency in anti-inflammatory mechanisms (31). Promisingly,
IL-1 receptor antagonist (anakinra) administration reduces the
rise of sputum neutrophilia in healthy adults exposed to
endotoxin. Neutrophil reduction is associated with IL-6, IL-8,
and IL-1β decrease (32). COVID-19 related concerns interrupted
a trial investigating the administration of a single dose of
anakinra immediately after the exposure to an allergen in
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FIGURE 1 | T2-High asthma biologic treatment flow-chart.

also involved in allergies and asthma (40) but it is possible
to be secondary to the mucosal damage caused by T2-High
inflammation. Because of this whole body of considerations,
the IL-17 cascade is a remarkable target for future treatments
of neutrophilic asthma, especially in children who present a
high count and proliferation of Th-17 in the induced sputum
(41). In September 2021, we started secukinumab in a patient
affected by psoriasis who presented moderate-severe asthma
with constantly low expiratory nitric oxide as a sign of noneosinophilic asthma. After the start of the treatment, his
quality of life improved, by reducing acute treatment needs
(unpublished data). Secukinumab is a monoclonal antibody
that binds IL17A approved for moderate to severe psoriasis,
psoriatic arthritis, and some forms of spondylitis from 6
years (42).

adults affected by mild allergic asthma (https://clinicaltrials.
gov/ct2/show/NCT03513458). Canakinumab was demonstrated
to be effective in a similarly designed trial (33). It acts on
the same pathway of anakinra, but directly locking the IL-1
with a remarkably longer half-life. Although the role of the
inflammasome, and IL-1, is well recognized in acute allergic
manifestations (34), allergic asthma remains mainly driven by
IL-5 and IL-12. In our opinion, this evidence highlight the
urge for randomized therapeutic studies outside the eosinophilic
forms of asthma with inclusion and exclusion criteria focused on
endotypes in adults and children.

ANTI-IL17 TREATMENT
As aforementioned, the IL-17 cascade is deeply involved in
neutrophilic asthma (11). Technically speaking, IL-17 belongs
to the family of proinflammatory cytokines highly conserved
through different species that chemoattracts neutrophils and
monocytes. IL-17 has a huge role in inducing and maintaining
this type of inflammation, especially in autoimmune diseases,
such as psoriasis and ankylosing spondylitis (35, 36). Different
forms of IL-17 play different roles in the various phases of
inflammation, with IL-17A prevalence as proinflammatory and
IL-17F predominance during resolution (37). The different
affinity for the various IL-17 receptors leads to the activation
of different receptors and results in an opposite contribution
of these molecules, part of the same family (38). IL-17A
is produced by macrophage, mainly in response to IL23,
which is fundamental for the differentiation and survival of
T-helper lymphocytes-17 (Th-17) which, in turn, are pivotal
in mucosal inflammation producing IL-17, IL-21, IL-22, and
GM-CSF (39). Such kind of IL-17 driven inflammation is
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ANTI-IL-12 AND ANTI-IL-23 TREATMENTS
Inhibition of IL23 with Risankizumab was proven ineffective
and even harmful in adults with severe asthma (43). Once
more, in this study, the eosinophilic inflammation was prevalent
and confirmed the need for further studies focused on noneosinophilic asthma.
Only one case was published, reporting a remarkable
improvement in neutrophilic asthma receiving ustekinumab
for severe psoriasis. Ustekinumab works upward in the IL17 cascade and inhibiting IL23, lowering IL-17 production
and the Th-17 recruitment. Ustekinumab binds IL12 as well,
determining a reduction in Th1, natural killer, and cytotoxic
lymphocytes activity making ustekinumab a possible effective
drug for neutrophilic asthma (30).
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INTERSTITIAL AND AUTOINFLAMMATORY
DISEASES

recurrent fever, neutrophilic dermatosis that leave purpuric
scars, microcytic anemia, arthralgia leading to contractures
in the long term. Lipodystrophy is usually severe and
can be considered a landmark of the condition in the
advanced stage of the disease (50). Pulmonary involvement
is characterized by chILD and is usually less severe than
for SAVI but may cause pulmonary hypertension. Early
symptoms usually appear within the first weeks to 6 months of
life (51).

Under the classification of children’s interstitial lung diseases
(chILD) fall hundreds of different conditions leading to
interstitial involvement and are often extremely difficult to treat.
A tiny minority of chILD present an underlying genetically
determined systemic autoinflammatory disease (44). As we
mentioned in the previous section, a treatment directed
against specific cytokines or their receptors can shut down or
mitigate specific inflammation forms. We will see three different
conditions causing chILD, that share high levels of type I
interferon. A summary of the molecular basis of such conditions
is reported in Figure 2.

COPA SYNDROME
Coat proteins alpha (COPA) syndrome is an autosomal dominant
condition caused by a mutation in a gene encoding for
a coatomer protein. More specifically, COPA participates in
Coatomer Protein I (COPI) assembly, which is crucial for the
backward trafficking of the proteins between the Golgi vesicles
and from the Golgi apparatus to the endoplasmic reticule,
leading proteins to stuck in the Golgi. An incorrect assembly
of coated vesicles impairs the trafficking with a consequent
intracellular stress and, therefore, interferon pathway activation,
but also IL-1B and IL-6 release with Th-17 proliferation (52).
Clinical features are dominated by arthritis and pulmonary
fibrosis that may or may not arise before the articular symptoms
and leads to progressive lung function decline. In nearly
50% of cases, pulmonary hemorrhage occurs, and it can
be life-threatening. Both big and small articulations usually
develop arthritis. Nephritis should always be searched and
may lead to chronic kidney insufficiency. Occasionally optic
neuromyelitis and avascular necrosis of the femoral head were
described (53).

SAVI SYNDROME
STING (stimulator of interferon gene)-associated vasculopathy
with onset in infancy (SAVI) is a systemic autoinflammatory
disease caused by a mutation in the STING gene, causing
its constitutive activation resulting in an autosomal dominant
disease in nearly all cases. STING protein is located in the
endoplasmic reticulum, and its activation is part of the early
innate response to the viral infections (45) and bacterial
infections, especially the intracytoplasmic ones (46). STING
activation causes interferon type I releases (alpha and beta
interferons) that bind the Janus Kinase (JAK) membrane
receptor inducing its dimerization and activating the JAK-STAT
pathway. JAK-STAT pathway has a broad action on several genes
activation and transcription, determining the cellular response
to interferons and other cytokines (45). SAVI syndrome is
characterized by vasculitis urticaria that is usually severe, coldsensitive, leaves scars, and is even worse on the extremities.
Polyarthritis is so aggressive to induce ulcerations and, after that,
autoamputations in most of the untreated cases. The pulmonary
involvement is precocious, characterized by dry cough due to the
chILD, and often jointly with the inflammatory status leads to a
marked failure to treat (47, 48).

IDENTIFYING A SINGLE TARGET FOR ALL
THREE DISEASES
Small molecules are usually designed to present a key-lock
action, with very narrow or no effects on other pathways. Such
medicines are generally obtained by full chemical synthesis
and therefore are not biologics (54). Such a precise key-lock
mechanism may lead to the misconception of a single extremely
precise drug for each specific disease. On the contrary, the
key-lock inhibition of a single molecule may be crucial for
different pathways if they converge on the inhibited molecule
(55). We will use the example of the three above-mentioned
different genetic diseases caused by three different genes and
clinically heterogeneous (SAVI, CANDLE, and COPA). All
three share the type I interferon as a main standing effector
of the inflammation in the final part of their cascade (56).
Therefore, the inhibition of the interferon type I effector
pathway was explored. Type I interferon acts through the
JAK signal transducer and activation of transcription (STAT)
pathway (JAK-STAT pathway) that is the effector of the cytokine
receptors and several other receptors leading altogether to an
extremely broad type of intracellular responses. JAK-inhibitors
can specifically target a single type of JAK. In some cases,
the inhibition of two JAKs type at once can be preferable

CANDLE SYNDROME
Chronic atypical neutrophilic dermatosis with lipodystrophy and
elevated temperature (CANDLE), formerly known as Nakajo–
Nishimura syndrome, is another monogenic condition caused
by the PSMB8 gene encoding for a protein of the proteasome.
PSMB8 encodes for immunoproteasome subunit β5i and,
together with other mutations of the immunoproteasome, are
grouped within the proteosome-associated autoinflammatory
syndromes (PRAASs). PRAASs determine the ineffectiveness
of the immunoproteasome with a consequent increase of old
and misfolded waste proteins. Therefore, the cell responds
by increasing interferons that usually activate and assemble
the immunoproteasome. The lack of immunoproteasome
effectiveness leads to a vicious circle in which type I interferon
levels rise uncontrolled (49). CANDLE presents an autosomal
recessive inheritance pattern and is clinically characterized by

Frontiers in Pediatrics | www.frontiersin.org

5

February 2022 | Volume 10 | Article 837667

Ghirardo et al.

Target Therapies in Pediatric Pulmonology

FIGURE 2 | Molecular bases of SAVI, COPA, and CANDLE syndrome.

presence of a rapidly evolutive condition. Alpha-1 antitrypsin
deficiency is usually clinically manifested due to hepatological
involvement (60) but in rare cases, patients may present even
severe pulmonary emphysema already in childhood. Specific
mutations, null and Z, account for low or zero serological
levels of alpha-1 antitrypsin, respectively (61), leading to an
earlier onset of pulmonary emphysema. Very few pediatric
cases of alpha-1 antitrypsin were treated with augmentation
therapy (62).

as for baricitinib and ruxolitinib that inhibit both JAK1 and
JAK2. Both were effectively tried in all three diseases with
dramatic improvements.

BASKET TRIAL
This concept of inhibition of a single molecule key for several
diseases went so further that recently trials were approved to
test the effectiveness of one single target therapy for different
diseases at once. Most of such trials are oncological ones, but
IL-1inhibition was also tested in this specific study design called
basket trial (57, 58).

CONCLUSIONS
Target therapies are rapidly changing pediatric pulmonology,
causing a turning point in the patients’ care. Such a shift
in the mindset of clinical approach is ongoing and led to
the need for a biologically precise diagnosis to administer the
correct ad-hoc therapy that may be even more challenging.
As a result, some of the classical randomized controlled trials
designed to treat a disease may be inconclusive due to various
underlying biological mechanisms. The obvious risk is the
fragmentation of the study population with a consequent
extreme difficulty in reaching the sample size for clinical studies
exploring therapies for each biological cascade. Obtaining an
adequate sample size will be even more challenging in the
pediatric population. The concept of basket trial may be a
possible partial answer to reach the necessary sample size for
such studies.

AUGMENTATION THERAPY
Augmentation therapy provides a homologous of a defective
molecule (usually an enzyme) to keep its function within
a tolerable range to avoid the progression of the disease
caused by a molecule deficiency. Such type of therapy is
broadly diffused in metabolic medicine but is also used for
some immunodeficiencies from hypogammaglobulinemia to the
Adenosine DeAminase Severe Combined Immune Deficiency
(ADA-SCID). Augmentation therapy is part of the common
practice of adults’ pneumologists to treat alpha-1 antitrypsin
deficiency. This therapy is administered intravenously weekly
when serum levels are confirmed under 11 µM (80 ng/mL), and
FEV1 is reduced to 35-70% of the predicted value (59) or in the

Frontiers in Pediatrics | www.frontiersin.org

6

February 2022 | Volume 10 | Article 837667

Ghirardo et al.

Target Therapies in Pediatric Pulmonology

DATA AVAILABILITY STATEMENT

AUTHOR CONTRIBUTIONS

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

SG, MM, AD, and FP drafted the manuscript. NU, MC, and RC
reviewed the manuscript. All authors contributed to the article
and approved the submitted version.

REFERENCES

19. Ortega HG, Liu MC, Pavord ID, Brusselle GG, FitzGerald JM, Chetta A, et al.
Mepolizumab treatment in patients with severe eosinophilic asthma. N Engl J
Med. (2014) 371:1198–207. doi: 10.1056/NEJMoa1403290
20. Pavord D, Korn S, Howarth P, Bleecker ER, Buhl R, Keene ON,
et al. Mepolizumab for severe eosinophilic asthma (DREAM): a
multicentre, double-blind, placebo-controlled trial. Lancet. (2012)
380:651–9. doi: 10.1016/S0140-6736(12)60988-X
21. Castro M, Zangrilli J, Wechsler ME, Bateman ED, Brusselle GG, Bardin P,
et al. Reslizumab for inadequately controlled asthma with elevated blood
eosinophil counts: results from two multicentre, parallel, double-blind,
randomised, placebo-controlled, phase 3 trials. Lancet Respir Med. (2015)
3:355–66. doi: 10.1016/S2213-2600(15)00042-9
22. Bernstein JA, Virchow C, Murphy K, Maspero JF, Jacobs J, Adir Y, et al. Effect
of fixed-dose subcutaneous reslizumab on asthma exacerbations in patients
with severe uncontrolled asthma and corticosteroid sparing in patients with
oral corticosteroid-dependent asthma: results from two phase 3, randomised,
double-blind, placebo-controlled trials. Lancet Respir Med. (2020) 8:461–
74. doi: 10.1016/S2213-2600(19)30372-8
23. Bleecker ER, Wechsler ME, FitzGerald JM, Menzies-Gow A, Wu
Y, Hirsch I, et al. Baseline patient factors impact on the clinical
efficacy of benralizumab for severe asthma. Eur Respir J. (2018)
52:1800936. doi: 10.1183/13993003.00936-2018
24. Bleecker ER, FitzGerald JM, Chanez P, Papi A, Weinstein SF, Barker
P, et al. Efficacy and safety of benralizumab for patients with severe
asthma uncontrolled with high-dosage inhaled corticosteroids and longacting β 2-agonists (SIROCCO): a randomised, multicentre, placebocontrolled phase 3 trial. Lancet (London, England). (2016) 388:2115–
27. doi: 10.1016/S0140-6736(16)31324-1
25. Farne H, Wilson A, Powell C, Bax L, Milan SJ. Anti-IL-5 therapies for asthma.
Drug Ther Bull. (2017) 55:135. doi: 10.1136/dtb.2017.12.0557
26. Castro M, Corren J, Pavord ID, Maspero J, Wenzel S, Rabe KF. et al.
Dupilumab Efficacy and Safety in Moderate-to-Severe Uncontrolled Asthma.
N Engl J Med. (2018) 378:2486–96. doi: 10.1056/NEJMoa1804092
27. Rabe F, Nair P, Brusselle G, Maspero JF, Castro M, Sher L, et al. Efficacy and
Safety of Dupilumab in Glucocorticoid-Dependent Severe Asthma. N Engl J
Med. (2018) 378:2475–85. doi: 10.1056/NEJMoa1804093
28. Bacharier B, Maspero JF, Katelaris CH, Fiocchi AG, Gagnon R, de Mir I. et al.
Dupilumab in Children with Uncontrolled Moderate-to-Severe Asthma. N
Engl J Med. (2021) 385:2230–40. doi: 10.1056/NEJMoa2106567
29. Osei ET, Brandsma C-A, Timens W, Heijink IH, Hackett TL. Current perspectives on the role of interleukin-1 signalling
in the pathogenesis of asthma and COPD. Eur Respir J. (2020)
55:1900563. doi: 10.1183/13993003.00563-2019
30. Wang Y-H, Wills-Karp M. The Potential Role of IL-17 in Severe
Asthma. Curr Allergy Asthma Rep. (2011) 11:388. doi: 10.1007/s11882-011-0
210-y
31. Gao P, Gibson PG, Baines KJ, Yang IA, Upham JW, Reynolds PN, et al. Antiinflammatory deficiencies in neutrophilic asthma: reduced galectin-3 and
IL-1RA/IL-1β. Respir Res. (2015) 16:1–10. doi: 10.1186/s12931-014-0163-5
32. Hernandez L, Mills K, Almond M, Todoric K, Aleman MM, Zhang
H, et al. Interleukin-1 receptor antagonist reduces endotoxin-induced
airwayinflammation in healthy volunteers. J Allergy Clin Immunol. (2015)
135:379. doi: 10.1016/j.jaci.2014.07.039
33. Menzella F, Lusuardi M, Galeone C, Zucchi L. Tailored therapy for severe
asthma. Multidiscip Respir Med. (2015) 10:1. doi: 10.4081/mrm.2015.275
34. Straubinger RK, Schmidt S, Busch DH, Hagner S, Garn H, et al.
Functional relevance of NLRP3 inflammasome-mediated interleukin (IL)1β during acute allergic airway inflammation. Clin Exp Immunol. (2014)
178:212. doi: 10.1111/cei.12400

1. Walsh G. Biopharmaceutical benchmarks 2018. Nat Biotechnol. (2018)
36:1136–45. doi: 10.1038/nbt.4305
2. Just J, Deschildre A, Lejeune S, Amat F. New perspectives of childhood asthma
treatment with biologics. Pediatr Allergy Immunol. (2019) 30:159–71.
3. Krings JG, McGregor MC, Bacharier LB, Castro M. Biologics
for Severe Asthma: Treatment-Specific Effects Are Important in
Choosing a Specific Agent. J Allergy Clin Immunol Pract. (2019)
7:1379–92. doi: 10.1016/j.jaip.2019.03.008
4. Kuruvilla ME, Lee FEH, Lee GB. Understanding Asthma Phenotypes,
Endotypes, and Mechanisms of Disease. Clin Rev Allergy Immunol. (2019)
56:219–33. doi: 10.1007/s12016-018-8712-1
5. Stokes JR, Casale TB. Characterization of asthma endotypes:
implications for therapy. Ann Allergy Asthma Immunol. (2016)
117:121–5. doi: 10.1016/j.anai.2016.05.016
6. Wenzel SE, Schwartz LB, Langmack EL, Halliday JL, Trudeau
JB, Gibbs RL, et al. Evidence that severe asthma can be divided
pathologically into two inflammatory subtypes with distinct physiologic
and clinical characteristics. Am J Respir Crit Care Med. (1999)
160:1001–8. doi: 10.1164/ajrccm.160.3.9812110
7. Poulsen LK, Hummelshoj L. Triggers of IgE class switching and allergy
development. Ann Med. (2007) 39:440–56. doi: 10.1080/07853890701449354
8. Rivera J, Cordero JR, Furumoto Y. Luciano-Montalvo C, Gonzalo-Espinosa
C, Kovarova M, et al. Macromolecular protein signaling complexes and mast
cell responses: a view of the organization of IgE-dependent mast cell. signaling
Mol Immunol. (2002) 38:1253–8. doi: 10.1016/S0161-5890(02)00072-X
9. McKenzie NJ. Type-2 innate lymphoid cells in asthma and allergy. Ann Am
Thorac Soc. (2014) 11:S263–70. doi: 10.1513/AnnalsATS.201403-097AW
10. Brusselle GG. GH Koppelman. Biologic Therapies for Severe Asthma. (2022)
386:157–71. doi: 10.1056/NEJMra2032506
11. Papi C, Brightling S, Pedersen E, Reddel HK. Asthma. Lancet. (2018) 391:783–
800. doi: 10.1016/S0140-6736(17)33311-1
12. Hanania NA, Wenzel S, Rosén K, Hsieh H, Mosesova S, Choy DF, et
al. 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–
11. doi: 10.1164/rccm.201208-1414OC
13. Bousquet J, Wenzel S, Holgate S, Lumry W, Freeman P, Fox H. Predicting
response to omalizumab, an anti-IgE antibody, in patients with allergic
asthma. Chest. (2004) 125:1378–86. doi: 10.1378/chest.125.4.1378
14. Normansell R, Walker S, Milan SJ, Walters EH, Nair P. Omalizumab
for asthma in adults and children. Cochrane Database Syst Rev.
(2014) 1:CD003559doi: 10.1002/14651858.CD003559.pub4
15. Ortega HG, Yancey SW, Mayer B, Gunsoy NB, Keene ON, Bleecker
ER, et al. Severe eosinophilic asthma treated with mepolizumab
stratified by baseline eosinophil thresholds: a secondary analysis
of the DREAM and MENSA studies. Lancet Respir Med. (2016)
4:549–56. doi: 10.1016/S2213-2600(16)30031-5
16. Bafadhel AM, Beasley R, Bel EH, Faner R, Gibson PG et al. Precision
medicine in airway diseases: moving to clinical practice. Eur. Respir. J. (2017)
50:1701655. doi: 10.1183/13993003.01655-2017
17. Ikeda GM, Geng B, Azmi J, Price RG, Bradford ES, et al. Long-term safety
and pharmacodynamics of mepolizumab in children with severe asthma
with an eosinophilic phenotype. J Allergy Clin Immunol. (2019) 144:1336–
42.e7. doi: 10.1016/j.jaci.2019.08.005
18. Pouliquen GI, Austin D, Price RG, Kempsford R, Steinfeld J,
et al. Subcutaneous mepolizumab in children aged 6 to 11
years with severe eosinophilic asthma. Pediatr Pulmonol. (2019)
54:1957–67. doi: 10.1002/ppul.24508

Frontiers in Pediatrics | www.frontiersin.org

7

February 2022 | Volume 10 | Article 837667

Ghirardo et al.

Target Therapies in Pediatric Pulmonology

35. Baeten D, Baraliakos X, Braun J, Sieper J, Emery P, van der Heijdeet D,
et al. Anti-interleukin-17A monoclonal antibody secukinumab in treatment
of ankylosing spondylitis: a randomised, double-blind, placebo-controlled trial
Lancet. (2013) 382:1705–13. doi: 10.1016/S0140-6736(13)61134-4
36. Langley RG, Elewski BE, Lebwohl M, Reich K, Griffiths CEM, Papp K, et al.
Secukinumab in plaque psoriasis–results of two phase 3 trials. N Engl J Med.
(2014) 371:326–38. doi: 10.1056/NEJMoa1314258
37. Hinks TSC, Marchi E, jabeen M, Olshansky M, Kurioka A, Pediongco TJ,
et al. Activation and In Vivo Evolution of the MAIT Cell Transcriptome
in Mice and Humans Reveals Tissue Repair Functionality. Cell Rep. (2019)
28:3249–62.e5. doi: 10.1016/j.celrep.2019.07.039
38. Hynes GM. Hinks TSC. The role of interleukin-17 in
asthma: a protective response? ERJ Open Res. (2020) 6:00364–
2019. doi: 10.1183/23120541.00364-2019
39. Weaver T, Elson CO, Fouser LA, Kolls JK. The Th17 Pathway and
Inflammatory Diseases of the Intestines, Lungs and Skin. Annu Rev Pathol.
(2013) 8:477. doi: 10.1146/annurev-pathol-011110-130318
40. Wang YH, Liu YJ. The IL-17 cytokine family and their role
in allergic inflammation. Curr Opin Immunol. (2008) 20:697–
702. doi: 10.1016/j.coi.2008.09.004
41. Wei Q, Liao J, Jiang M, Liu J, Liang X, Nong G. Relationship
between Th17-mediated immunity and airway inflammation in
childhood neutrophilic asthma. Allergy Asthma Clin Immunol. (2021)
17:4. doi: 10.1186/s13223-020-00504-3
42. Kiltz U, Sfikakis PP, Gaffney K, Santor P, von Kiedrowski R, Bounas A,
et al. Secukinumab use in patients with moderate to severe psoriasis,
psoriatic arthritis and ankylosing spondylitis in real-world setting in
europe: baseline data from SERENA study. Adv Ther. (2020) 37:2865–
83. doi: 10.1007/s12325-020-01352-8
43. Brightling E, Nair P, Cousins DJ, Louis R. Singh D. Risankizumab in
Severe Asthma—A Phase 2a, Placebo-Controlled Trial. N Engl J Med. (2021)
385:1669–79. doi: 10.1056/NEJMoa2030880
44. Griese M. Chronic interstitial lung disease in children. European Respiratory
Review. (2018) 27:170100. doi: 10.1183/16000617.0100-2017
45. Barber GN. Innate immune DNA sensing pathways: STING, AIMII and the
regulation of interferon production and inflammatory responses. Curr Opin
Immunol. (2011) 23:10–20. doi: 10.1016/j.coi.2010.12.015
46. Marinho FV, Benmerzoug S, Oliveira SC, Ryffel B, Quesniaux VFJ. The
emerging roles of STING in bacterial infections. Trends Microbiol. (2017)
25:906. doi: 10.1016/j.tim.2017.05.008
47. Wang Y, Wang F, Zhang X. STING-associated vasculopathy with onset in
infancy: a familial case series report and literature review. Ann Transl Med.
(2021) 9:176–176. doi: 10.21037/atm-20-6198
48. Liu Y, Jesus AA, Marrero B, Yang D, Ramsey SE, Montealegre Sanchez GA. et
al. Activated STING in a Vascular and Pulmonary Syndrome. N Engl J Med.
(2014) 371:507–18. doi: 10.1056/NEJMoa1312625
49. Torrelo
A,
CANDLE.
Syndrome
As
a
Paradigm
of
Proteasome-Related
Autoinflammation.
Front
Immunol.
(2017)
8:1. doi: 10.3389/fimmu.2017.00927
50. Liu Y, Ramot Y, Torrelo A, Paller AS Si N, Babay S, et al. Mutations
in proteasome subunit β type 8 cause chronic atypical neutrophilic
dermatosis with lipodystrophy and elevated temperature with evidence
of genetic and phenotypic heterogeneity. Arthritis Rheum. (2012) 64:895–
907. doi: 10.1002/art.33368
51. Boyadzhiev M, Marinov L, Boyadzhiev V, Iotova V, Aksentijevich I,
Hambleton S. Disease course and treatment effects of a JAK inhibitor

Frontiers in Pediatrics | www.frontiersin.org

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

in a patient with CANDLE syndrome. Pediatr Rheumatol. (2019) 17:1–
7. doi: 10.1186/s12969-019-0322-9
Kumrah R, Mathew B, Vignesh P, Surjit S, Rawat A. Genetics of COPA
syndrome. Appl Clin Genet. (2019) 12:11–8. doi: 10.2147/TACG.S153600
Taveira-DaSilva M, Markello TC, Kleiner DE, Jones AM, Groden C,
Macnamara E, et al. Expanding the phenotype of COPA syndrome: a
kindred with typical and atypical features. J Med Genet. (2019) 56:778–
82. doi: 10.1136/jmedgenet-2018-105560
Arkin MR, Wells JA. Small-molecule inhibitors of protein–protein
interactions: progressing towards the dream. Nat Rev Drug Discov. (2004)
3:301–17. doi: 10.1038/nrd1343
Park JJH, Siden E, Zoratti MJ, Dron L, Harari O, Singer J, et al. Systematic
review of basket trials, umbrella trials, and platform trials: a landscape analysis
of master protocols. Trials. (2019) 20:1–10. doi: 10.1186/s13063-019-3664-1
Kim H, Sanchez GA, Goldbach-Mansky R. Insights from mendelian
interferonopathies: comparison of CANDLE, SAVI with AGS, monogenic
lupus. J Mol Med (Berl). (2016) 94:1111–27. doi: 10.1007/s00109-016-1465-5
Kuemmerle-Deschner JB, Ramos E, Blank N, Roesler J, Felix SD, Jung T, et
al. Canakinumab (ACZ885, a fully human IgG1 anti-IL-1β mAb) induces
sustained remission in pediatric patients with cryopyrin-associated periodic
syndrome (CAPS). Arthritis Res Ther. (2011) 13:R34. doi: 10.1186/ar3266
De Benedetti F, Gattorno M, Anton K, Ben-Chetrit E, Frenkel J, Hoffman HM,
et al. Canakinumab for the treatment of autoinflammatory recurrent fever
syndromes. N Engl J Med. (2018) 378:1908–19. doi: 10.1056/NEJMoa1706314
Chapman KR, Burdon JGW, Piitulainen E, Sandhaus RA, Seersholm N,
Stocks JM, et al. Intravenous augmentation treatment and lung density
in severe α1 antitrypsin deficiency (RAPID): a randomised, doubleblind, placebo-controlled trial. Lancet (London, England). (2015) 386:360–
8. doi: 10.1016/S0140-6736(15)60860-1
Hird MF, Greenough A, Mieli-Vergani G, Mowat AP. Hyperinflation in
children with liver disease due to alpha-1-antitrypsin deficiency. Pediatr
Pulmonol. (1991) 11:212–6. doi: 10.1002/ppul.1950110306
Primhak RA, Tanner MS. Alpha-1 antitrypsin deficiency. Arch Dis Child.
(2001) 85:2–5. doi: 10.1136/adc.85.1.2
Griese M, Brüggen H. Intravenous α1-antitrypsin in a child
with deficiency and severe lung disease. Eur Respir J. (2009)
34:278–9. doi: 10.1183/09031936.00029809

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
Copyright © 2022 Ghirardo, Mazzolai, Di Marco, Petreschi, Ullmann, Ciofi degli Atti
and Cutrera. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

8

February 2022 | Volume 10 | Article 837667

