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Abstract
Asthma is considered severe if it remains uncontrolled despite optimal conventional therapy, characterised
by poor symptom control, frequent exacerbations and increased exposure to systemic corticosteroids. This
has a significant impact on morbidity, mortality and healthcare resource utilisation. Recent advances in the
understanding of asthma heterogeneity and immunopathogenesis have helped delineate precise disease
pathways. The discovery of these pivotal pathways has led to the development of highly effective biologic
therapies. Currently available asthma biologics target immunoglobulin E, interleukin (IL)-5/IL-5Rα, IL-
4Rα and thymic stromal lymphopoietin. Identification of specific asthma phenotypes, utilising easily
measurable biomarkers, has paved the way towards personalised and precision asthma management.
Biologic therapies play a significant role in reducing exacerbations, hospitalisations and the need for
maintenance systemic steroids, while also improving the quality of life in patients with severe asthma. The
evidence for their clinical efficacy comes from randomised controlled trials (RCTs), extension studies,
metanalyses and real-world data. This review synthesises findings from early, pivotal RCTs and
subsequent studies following the approval of biologics for severe asthma. The safety and efficacy data from
these studies, completed in a variety of settings, provide practical perspectives on their application and
enhance their generalisability.

Introduction
Advances in the understanding of heterogeneity and immunobiology of asthma have led to the recognition
of two main inflammatory phenotypes: type 2 (T2)-high and T2-low. While inflammation in T2-high
asthma is mediated by interleukin (IL)-4, IL-5 and IL-13 and characterised by elevated T2 biomarkers
(blood/sputum eosinophils, immunoglobulin E (IgE) level and fractional exhaled nitric oxide (FENO)),
T2-low asthma may be neutrophilic or paucigranulocytic [1, 2]. These clinical phenotypes in severe asthma
result from distinct biological pathways (endotypes). The ability to identify and target key inflammatory
pathways has paved the way for personalised asthma management [3].

Although severe asthma affects fewer than 10% of asthma patients, it is responsible for the majority of
morbidity and healthcare costs [4–6], is relatively refractory to conventional treatment, and is associated
with worse outcomes [5, 7, 8]. Four classes of biologic therapies are currently available for severe asthma,
targeting IgE, the IL-5 pathway, the IL-4 receptor (IL-4R) and thymic stromal lymphopoietin (TSLP)
(figure 1) [1, 9]. Biologic therapies are effective in reducing exacerbations, healthcare resource utilisation
(HCRU), maintenance oral corticosteroid (mOCS) dependence and in improving quality of life (QoL).

This review provides a detailed examination of currently available asthma biologics, including their
mechanisms of action, clinical efficacy and safety data from randomised controlled trials (RCTs),
open-label extensions (OLEs) and real-world studies in adults with severe asthma. While RCTs are the
benchmark for assessing treatment efficacy and safety, they are subject to highly selective inclusion
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criteria, rigorous protocols with close oversight, strict medication adherence and pre-specified duration, and
do not reflect real-world clinical environments. Real-world evidence (RWE) is very important as it
supplements the findings from RCTs, addresses the complexities of clinical decision-making at the bedside
and provides additional effectiveness data [10].

Literature review
We performed the search in Google Scholar and PubMed databases using keywords including “asthma
biologics”, “omalizumab/mepolizumab/reslizumab/benralizumab/dupilumab/tezepelumab and asthma”,
“biologic and OCS dependent asthma”, “real-world evidence and asthma biologic”, “post marketing
studies and asthma biologic”, “asthma biologic extension studies”, “anti-IgE”, “anti-IL4”, “anti-IL5/IL5R”,
“anti-TSLP”, “long term efficacy”, “eosinophilic asthma” and “allergic asthma”. The keywords were
used individually and in combination to identify relevant studies. We also screened references from
identified papers.
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FIGURE 1 Severe asthma immunopathogenesis in type 2 (T2)-high asthma and the specific targets of biologic therapies. In the T2-high pathway, on
exposure to allergens, pollutants or microbes, the airway epithelium releases alarmins such as interleukin (IL)-33, IL-25 and thymic stromal
lymphopoietin (TSLP). The dendritic cells (DCs) present these aeroallergens to naïve CD4+ T-cells (Th0), which promotes their differentiation into
Th2 cells. IL-4 plays a key role in this differentiation. The Th2 cells, along with type 2 innate lymphoid cells (ILC2), produce high levels of type 2
cytokines such as IL-4, IL5 and IL-13. Besides promoting the differentiation of Th0 to Th2, IL-4, along with IL-13, plays a major role in driving IgE
isotype switching in B-lymphocytes. IgE then binds to the high-affinity receptors (FcεRI) on the surface of mast cells and basophils. On re-exposure
to the same allergens, these interact with the IgE and induces the mast cells/basophils to release histamines, leukotrienes and prostaglandins
resulting in bronchoconstriction. Omalizumab inhibits the binding of IgE to the high-affinity receptors on mast cells/basophils. IL-5 stimulates
proliferation, differentiation and activation of eosinophils. Activated eosinophils release leukotrienes and toxic granules, which leads to airway
inflammation, tissue damage and acute asthma flare. Three biologics, mepolizumab, reslizumab and benralizumab, target the IL-5 pathway.
Besides its important role in recruiting eosinophils along with IL-4, IL-13 induces nitric oxide synthase, elicits mucus hypersecretion and stimulates
airway smooth muscle contraction. Dupilumab inhibits the IL-4 and IL-13 signalling pathways. Inflammation in T2-low asthma is neutrophilic or
absent (pauci-granulocytic). The alarmins TSLP and IL-33 may contribute to airway hyperresponsiveness in T2-low asthma. Tezepelumab inhibits
the TSLP and the downstream inflammatory cascade. Created with BioRender.com.
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Anti-IgE therapy: omalizumab
Overview
IgE-mediated allergic asthma is a subset of T2-high asthma characterised by increased symptoms due to
exposure to aeroallergens and represents roughly 70% of all asthma [3]. The T2 cytokines, IL-4 and IL-13,
promote class-switching of allergen-specific B-cells to produce IgE antibodies, which then bind to
high-affinity receptors (FcεRI) on mast cells and basophils. Cross-linking of cell-surface IgE by the
allergen results in cell degranulation, as well as the activation and release of pro-inflammatory mediators.

Omalizumab is a humanised, recombinant, monoclonal antibody (mAb) IgG1k that binds to the Fc
fragment of IgE and reduces free IgE levels in serum, inhibits binding of IgE to FcεRI, and reduces FcεRI
expression on target cells.

Omalizumab received approval from the US Food and Drug Administration (FDA) in 2003 and the
European Medicines Agency (EMA) in 2005 for the treatment of moderate-to-severe allergic asthma
[11, 12]. It is currently approved for use in individuals 6 years and older and administered subcutaneously
every 2 or 4 weeks. The dose is based on body weight and total serum IgE level (30–700 IU·mL−1 in the
US and 30–1500 IU·mL−1 in the EU for adults) with a higher dose range approved in the EU.
Omalizumab is also approved for the treatment of chronic rhinosinusitis with nasal polyposis (CRSwNP),
IgE-mediated food allergy (US only) and chronic spontaneous urticaria.

Evidence from pivotal trials
Evidence for omalizumab’s efficacy as an add-on therapy in moderate-to-severe allergic asthma comes
from several large RCTs (table 1). Omalizumab therapy was associated with a relative risk reduction in
asthma exacerbation rate (AER) of 25–61%, improved disease-related QoL and a risk reduction in HCRU
of 44%, while also reducing inhaled corticosteroid (ICS) dose [13–19]. The number needed to treat in the
INNOVATE study was 2.7 to prevent one clinically significant exacerbation over 1 year [20].

Extension studies and RWE
Subsequent RCTs in adults using the Global Evaluation of Treatment Effectiveness, which is a simple tool
to measure treatment effectiveness, demonstrated a superior response to omalizumab versus placebo
[21, 22]. Omalizumab therapy led to a consistent reduction in clinically significant AER, HCRU and
improved asthma-related QoL. A pooled analysis and comprehensive Cochrane review reaffirmed its
efficacy in reducing exacerbations and HCRU [23, 24].

Omalizumab has been in clinical use globally for over two decades and the RWE on efficacy and safety
mirror evidence from clinical trials [25–29]. A recent review confirmed that omalizumab maintains its
long-term effectiveness in reducing exacerbations, HCRU and mOCS use, while also improving lung
function and disease-related QoL. These benefits are observed to last for up to 9 years of continuous
treatment [29]. Systematic reviews and meta-analyses of real-world studies have confirmed findings from
RCTs while also demonstrating improvement in lung function and daily mOCS dose [30–33].

Evidence on the impact of omalizumab discontinuation on asthma outcomes is limited. Continuation of
omalizumab after long-term treatment was associated with a greater benefit in terms of symptom control
and exacerbation frequency versus cessation in a multicentre RCT [34]. Analysis of the French national
healthcare database found that while HCRU and mOCS use remained stable at 2 years in those who
discontinued omalizumab therapy, only 24% of adults who discontinued omalizumab while their asthma
was stable continued to experience controlled asthma at 3 years [35].

Predictors of response
Predictors of omalizumab response include clinical history of allergic diseases, childhood-onset asthma and
CRSwNP but not baseline IgE levels [25, 36, 37]. Post hoc analysis of two pivotal trials showed a
pronounced effect of omalizumab in those with more severe disease and higher blood eosinophil count
(BEC) (⩾300 cells·µL−1) [38]. Post hoc analysis of the EXTRA study found increased efficacy with FENO

⩾19.5 ppb, BEC ⩾260 cells·µL−1 and serum periostin level ⩾50 ng·mL−1 [39]. Lower baseline forced
expiratory volume in 1 s (FEV1) and higher IL-13 levels in sputum were also associated with a favourable
response [40]. The PROSPERO real-world and SoMOSA open-label studies, however, found omalizumab
to be effective independent of traditionally used biomarkers [41, 42]. Additionally, the SoMOSA study
used the omics method and identified volatile organic compounds and plasma lipid biomarkers as novel
predictors of omalizumab response; this approach needs further study [42]. Higher serum IgE and BEC
and a shorter disease duration were associated with a slower response, necessitating a prolonged treatment
course [43].
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TABLE 1 Summary of pivotal trials for each approved asthma biologic including adverse events

Study, year (overview) Patient phenotype Duration Total
patients

Primary outcome Secondary outcomes
(drug versus placebo)

Lung function (drug versus
placebo)

Adverse events (drug versus
placebo)

Omalizumab
SOLÈR [14], 2001 (s.c. omalizumab

versus placebo to high-dose
ICS±LABA)

Symptomatic, allergic
asthma with positive

skin-prick test, total IgE
levels of 30–700 IU·mL−1,

baseline FEV1 from ⩾40% to
⩽80% pred

28 weeks 546 Relative risk reduction in
mean asthma

exacerbation rate by 58%
in ICS stable and by 52%
in ICS reduction phase

Improved median TASS
and nocturnal asthma

symptom score
Reduction in ICS dose by
⩾50% (79% versus 55%)
Withdrawal of ICS (43%

versus 19%)

Improvement in morning
median PEF from 375 to
395 L·min−1 at week 28

versus no change in placebo
Mean FEV1 % predicted

changed from 69% to 72%
at week 28 versus no
change in placebo

Similar overall incidence rate of
DRAEs

Fatigue and paraesthesia (1.1%
versus 0%), headache (1.1%

versus 1.1%), mild local injection
site symptoms (11.8% versus

7.7%), asthma exacerbations (0%
versus 2.2%)

BUSSE [13], 2001 (s.c. omalizumab
versus placebo to medium- to
high-dose ICS)

Severe, persistent allergic
asthma with positive

skin-prick test, IgE levels of
30–700 IU·mL−1, baseline
FEV1 ⩾40% to <80% pred

28 weeks 525 Relative risk reduction in
mean asthma

exacerbation rate by 48%
in ICS stable phase and by
40.9% in ICS reduction

phase

Decreased proportion of
patients with ⩾1

exacerbations (14.6%
versus 23.3%)

Reduction in mean
duration of exacerbations
with omalizumab (7.8

versus 12.7 days)
Improved median

reduction in ICS (75%
versus 50%)

Improvement in the
morning PEF from 320 to
335 L·min−1 versus no
change in the placebo

Improvement in mean FEV1
% pred (from 68.2% to

72.5% versus from 67.7% to
69.1%)

Identical incidence rate of DRAEs
Comparable SAE rate

URTI (31.3% versus 29.6%), viral
infection (26.5% versus 31.1%),
sinusitis (19.4% versus 21.8%),
arthralgia (9.7% versus 3.5%),

local injection site reactions (8.6%
versus 6.5%)

HUMBERT [18] (INNOVATE), 2004
(s.c. omalizumab versus placebo
to high-dose ICS+LABA±OCS)

Severe persistent asthma
with positive skin-prick test,

total IgE levels of 30–
700 IU·mL−1

28 weeks 419 Relative risk reduction in
clinically significant

asthma exacerbation rate
by 26%

Relative risk reduction of
severe exacerbations by
50% and ER visits by 44%
Improved mean AQLQ
score from baseline by
0.45 points greater than

placebo (MCID, 0.5
points)

Improvement in GETE

Improvement in mean
morning PEF from baseline
Improvement in mean FEV1

(190 mL versus 96 mL)

Similar overall incidence rate of
DRAEs

SAEs (11.8% versus 15.6%)
LRTI (11% versus 10.1%),

nasopharyngitis (9.8% versus
9.3%), headache (6.9% versus
9.3%), sinusitis (5.7% versus
7.6%), local injection site

reactions (5.3% versus 1.3%)
HANANIA [19] (EXTRA), 2011 (s.c.

omalizumab versus placebo to
high dose ICS+LABA±mOCS)

Severe allergic asthma with
positive skin-prick test or in
vitro RAST, IgE level of 30–
700 IU·mL−1, baseline FEV1

⩾40% to <80%
Patients on mOCS included

48 weeks 850 Relative risk reduction in
protocol defined asthma
exacerbation rate by 25%

Improved mean AQLQ
scores from baseline by
0.23 points greater than

placebo
Improved mean TASS

−0.26 points

No changes in % pred FEV1 Similar incidence rate of DRAEs
(80.4% versus 79.5%) including

SAEs (9.3% versus 10.5%)
Anaphylaxis (0.23% versus 0.48%),

cancer (0.23% versus 0.71%),
urticaria (2.1% versus 3.1%),
hypersensitivity (1.6% versus

2.9%), thrombocytopenia (0.47%
versus 0.48%), local reaction

(1.2% versus 3.1%)

Continued
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TABLE 1 Continued

Study, year (overview) Patient phenotype Duration Total
patients

Primary outcome Secondary outcomes
(drug versus placebo)

Lung function (drug versus
placebo)

Adverse events (drug versus
placebo)

Mepolizumab
PAVORD [55] (DREAM), 2012 (i.v.

mepolizumab versus placebo
to high-dose ICS±LABA±OCS)

Severe eosinophilic asthma,
⩾2 exacerbations, evidence

of eosinophilic
inflammation: sputum
eosinophils ⩾3%, FENO

⩾50 ppb, peripheral blood
eosinophils ⩾300 cells·µL−1
Patients on mOCS included

52 weeks 621 Relative risk reduction in
annual AER by 48% at

75 mg, 39% at 250 mg and
52% at 750 mg dose

Delayed time to first
exacerbations versus
placebo (HR 0.45 with

75 mg, 0.60 with 250 mg,
and 0.46 with 750 mg

versus placebo)
Change in ACQ from

baseline (from −0.75 to
−0.87 versus −0.59), not

significant
Change in AQLQ from

baseline (0.77–0.93 versus
0.71), not significant

Improvement in FEV1 from
baseline versus placebo

(115–121 mL versus 60 mL),
not significant

Comparable frequency of SAEs
(13–16% versus 16%)

Headache (21% versus 17%),
nasopharyngitis (19–22% versus
15%), infusion-related reaction
(5–12% versus 6%), infections

(3–5% versus 3%)

ORTEGA [56] (MENSA), 2014 (i.v. or
s.c. mepolizumab versus add-
on placebo)

Severe eosinophilic asthma
with ⩾2 exacerbations,
elevated eosinophils

⩾150 cells·µL−1 at screening
or ⩾300 cells·µL−1 during

previous year before
screening, baseline FEV1
<80% or FEV1/FVC <0.8

32
weeks

576 Relative risk reduction in
clinically significant

exacerbation by 47% in
the i.v. group and by 53%

in the s.c. group

Relative risk reduction in
rate of exacerbations

leading to hospitalisation
or ER visits by 32% in the
i.v. and 61% in the s.c.

group
Improvement in SGRQ
score from baseline by

6.4 and 7.0 points greater
than in placebo (MCID, 4

points)
Improvement in ACQ-5
from baseline by 0.42–
0.44 points greater than
in placebo (MCID, 0.5

points)

Increase in
prebronchodilator FEV1 from
baseline (mean difference
versus placebo: 100 mL
in i.v. and 98 mL in s.c.)
Increase in morning PEF

(22.9 L·min−1 in the i.v. and
by 29.5 L·min−1 in the s.c.
group versus 1.8 L·min−1 in

placebo)

Overall incidence of DRAEs similar
in three groups

SAEs lower in mepolizumab (7–
8% versus 14%)

Nasopharyngitis (17–24% versus
24%), headache (20–24% versus
17%), URTI (12% versus 14%),

sinusitis (6–9% versus 9%), local
injection site reactions (3–9%

versus 3%), worsening of asthma
(7–9% versus 15%)

BEL [57] (SIRIUS),
2014 (s.c. mepolizumab versus
placebo to OCS+high-dose ICS
and additional controller)

Severe asthma on mOCS,
elevated eosinophils

⩾150 cells·µL−1 at screening
or ⩾300 cells·µL−1 during

previous year before
screening

24 weeks 135 Higher proportion of
patients with 90–100%
reduction in mOCS dose
(23% versus 11%) and 70–
<90% reduction in mOCS

(17% versus 8%).
OR 2.39 for reduction in

mOCS dose with
mepolizumab

Reduction in annual AER
versus placebo (1.44

versus 2.12)
Improvement in ACQ-5
score from baseline by
0.52 points greater than
in placebo (MCID, 0.5

points)
Improvement in SGRQ
score from baseline by

5.8 points greater than in
placebo

Improved FEV1 from
baseline (between group
difference 114 mL), not

significant

Overall comparable incidence of
DRAEs

SAEs lower in mepolizumab (1%
versus 18%)

Worsening asthma (3% versus
12%), headache (20% versus
21%), nasopharyngitis (14%
versus 15%), bronchitis (10%

versus 9%), fatigue (10% versus
6%), adrenal insufficiency (4%
versus 6%), local injection site

reactions (6% versus 3%)

Continued
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TABLE 1 Continued

Study, year (overview) Patient phenotype Duration Total
patients

Primary outcome Secondary outcomes
(drug versus placebo)

Lung function (drug versus
placebo)

Adverse events (drug versus
placebo)

Reslizumab
CASTRO [82], 2015 (i.v. reslizumab

versus placebo to
medium-dose ICS)

Moderate to severe asthma
with ⩾1 exacerbation, blood
eosinophil ⩾400 cells·µL−1

Patient on mOCS included

52 weeks 953 Relative risk reduction in
annual AER by 50–59%

versus placebo

Improvement in AQLQ
score from baseline by
0.27 points greater than
in placebo at week 52
Improvement in ACQ-7
score from baseline by
0.25 points greater than
in placebo at week 52

Improvement in FEV1 from
baseline versus placebo
(220 mL versus 120 mL) at

week 52

Comparable incidence of DRAEs
SAEs were higher in placebo (8–

10% versus 10–14%)
Worsening asthma (29–40% versus
51–52%), URTI (3–16% versus 7–
13%), nasopharyngitis (11–19%

versus 14–24%), headache (8–14%
versus 7–12%)

SAEs: asthma (1–4% versus 3–5%),
pneumonia (<1% versus 3%)

BJERMER [83], 2016 (i.v. reslizumab
at 0.3 mg·kg−1 and 3 mg·kg−1

versus placebo to medium-
dose ICS+blood eosinophil
⩾400 cells·µL−1)

Inadequately controlled
asthma with poor ACQ-7,

blood eosinophils
⩾400 cells·µL−1

Patients on mOCS excluded

16 weeks 315 Improved FEV1 (absolute
increase by 115 mL and
160 mL for 0.3 mg·kg−1

and 3 mg·kg−1,
respectively)

Improved FVC (absolute
increase by 48 mL and
130 mL for 0.3 mg·kg−1

and 3 mg·kg−1

respectively)

Improvement in mean
ACQ score from baseline
by 0.238–0.359 greater
than in placebo (MCID,

0.5 points)
Improvement in mean

AQLQ score from baseline
by 0.359 in 3 mg·kg−1

than in placebo (MCID,
0.5 points)

See primary outcome Lower proportion of patients
receiving reslizumab experienced

AEs versus placebo
DRAEs reported in 6–12% in

reslizumab versus 8% in placebo
SAEs: 4% versus 1%

Worsening asthma (6–16% versus
20%), headache (8–11% versus
6%), nasopharyngitis (6% versus
4%), URTI (3–5% versus 3%),
bronchitis (2–5% versus 5%)

CORREN [88], 2016 (i.v. reslizumab
versus placebo to
medium-dose ICS)

Inadequately controlled
asthma

Patients on mOCS were
excluded

16 weeks 492 No significant difference in
FEV1 (255 mL versus

187 mL with
between-group difference

of 68 mL)

Improvement in mean
ACQ-7 score from

baseline by 0.195 greater
than in placebo (MCID,

0.5 points)
No significant difference
in FVC, and SABA use
unselected for baseline

eosinophils

Improvement in FEV1 by
270 mL by subgroup

analysis in patients with
high eosinophils

(⩾400 cells·µL−1) versus
placebo

Lower proportion of DRAEs in
reslizumab (55% versus 74%)
Equal proportions of SAEs

between the groups
Worsening asthma (13% versus
20%), URTI (11% versus 11%),

sinusitis (6% versus 7%),
nasopharyngitis (3% versus 5%),
headache (3% versus 4%), allergic

rhinitis (2% versus 3%)
Overall infection rate
(31% versus 47%)

Continued
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TABLE 1 Continued

Study, year (overview) Patient phenotype Duration Total
patients

Primary outcome Secondary outcomes
(drug versus placebo)

Lung function (drug versus
placebo)

Adverse events (drug versus
placebo)

Benralizumab
BLEECKER [93] (SIROCCO),

2016 (s.c. benralizumab versus
placebo to medium- to
high-dose ICS+LABA±mOCS)

Severe asthma with ⩾2
exacerbations, baseline FEV1

<80% at screening
Patients on mOCS included

48 weeks 1205 Reduction in annual AER
with rate ratio of 0.55
every 4 weeks and rate

ratio of 0.49 every 8 weeks
over 48 weeks versus the

placebo

Improvement in TASS
from baseline at week 48
by 0.25 points greater
(every 8 weeks) than in

placebo
Improvement in mean

ACQ-6 score from
baseline by 0.29 points
greater (every 8 weeks)

than in placebo
Improvement in mean
AQLQ from baseline by

0.30 points greater (every
8 weeks) than in placebo

Improvement in FEV1 from
baseline (345 mL every
4 weeks and 398 mL

every 8 weeks)
Between-group difference in
FEV1 versus placebo (106 mL
every 4 weeks and 159 mL
every 8 weeks dosing)

Similar AEs between the groups
including SAEs (12–13%

versus 14%)
Worsening asthma (11–15%

versus 19%), URTI (8–11% versus
9%), nasopharyngitis (12% versus
12%), headache (7–9% versus

5%), sinusitis (4–6% versus 7%),
hypersensitivity (3% versus 3%),
local injection site reactions (4%

versus 2%)

FITZGERALD [94] (CALIMA),
2016 (s.c. benralizumab versus
placebo to medium- or
high-dose ICS+LABA±mOCS)

Severe uncontrolled asthma
with ⩾2 exacerbations,
baseline FEV1 <80% at

screening
Patients on mOCS included

56 weeks 1306 Reduction in annual AER
with rate ratio of 0.64 at
every 4 weeks and rate
ratio of 0.72 at every 8
weeks over 56 weeks
versus the placebo

Improvement in TASS
from baseline by 0.23

points with every 8 weeks
dosing than in placebo
Improvement in mean
ACQ-6 from baseline by
0.19 points (every 4
weeks) and by 0.25

points (every 8 weeks)
greater than in placebo
Improvement in mean
AQLQ (S)+12 from

baseline by 0.24 points
greater (every 8 weeks)

than in placebo

Improvement in FEV1 from
baseline by 340 mL and

330 mL with every 4 weeks
and every 8 weeks dosing

Between-group difference in
FEV1 versus placebo (125 mL

with every 4 weeks and
116 mL with every 8 weeks

dosing)

Similar AEs between the groups
including SAEs (9–10% versus

14%)
Worsening asthma (11–14%

versus 15%), nasopharyngitis (18–
21% versus 21%), URTI (7–8%

versus 9%), headache (8% versus
7%), allergic rhinitis (3–4% versus
5%), cough (2–3% versus 2%),

local injection site reactions (2%
versus 2%), hypersensitivity
reactions (3% versus 4%)

Continued
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TABLE 1 Continued

Study, year (overview) Patient phenotype Duration Total
patients

Primary outcome Secondary outcomes
(drug versus placebo)

Lung function (drug versus
placebo)

Adverse events (drug versus
placebo)

NAIR [109] (ZONDA), 2017 (s.c.
benralizumab versus placebo
to medium- to high-dose
ICS+LABA+OCS)

Severe asthma with blood
eosinophil ⩾150 cells·µL−1,

on mOCS for at least
6 months

28 weeks 220 Median reduction in mOCS
from baseline by 75%
versus 25% in placebo
Higher proportion of
patients with ⩾90%

reduction in mOCS dose
(33% with every 4 weeks
and 37% with every 8

weeks dosing versus 12%
with placebo)

Higher proportion of
patients with ⩾75%

reduction in mOCS dose
(53% with every 4 weeks
and 51% with every 8

weeks dosing versus 20%
with placebo)

Higher proportion of
patients who could

discontinue mOCS (56%
with every 4 weeks and
52% with every 8 weeks,
versus 19% in placebo)
Reduction in annual AER
with rate ratio of 0.45 in
every 4 weeks and rate
ratio of 0.30 in every
8 weeks over 28 weeks
dosing versus placebo
Improvement in mean

ACQ-6 score from
baseline by 0.55 points
greater than in placebo
Improvement in mean
AQLQ(S)+12 score from
baseline by 0.45 points
greater than in placebo

Improvement in FEV1 from
baseline by 256 mL and

222 mL with every 4 weeks
and every 8 weeks dosing
versus placebo at week 20
No significant difference in
FEV1 between benralizumab
and placebo at week 28

Slightly lower rate of AEs in
benralizumab than placebo (68–
75% versus 83%), including SAEs

(10% versus 19%)
Nasopharyngitis (15% versus
20%), worsening asthma (11%

versus 24%), URTI (7% versus 7%),
headache (7% versus 5%), cough

(1–3% versus 5%)

Dupilumab
WENZEL [115], 2016 (s.c.

dupilumab versus placebo
to medium- or high-dose
ICS+LABA)
Dupilumab dose-ranging trial
(200 mg every 2 weeks and
every 4 weeks, and 300 mg
every 2 weeks and every
4 weeks)

Persistent moderate to
severe asthma with T2

inflammation as measured
by blood eosinophils

⩾300 cells·µL−1, baseline
FEV1 40–80% pred at

screening

24 weeks 769 Improvement in mean
FEV1 change from baseline
230 mL to 290 mL versus
130 mL with placebo at

week 24
Improvement in mean

FEV1 change was higher in
subgroup with blood

eosinophil ⩾300 cells·µL−1

Relative risk reduction in
annual AER by 53.7–
70.5% versus placebo
across different dosage

regimens
Improvement in mean
change in ACQ-5 score
from baseline by 0.31–
0.35 greater in every 2
weeks dosing regimen

than in placebo
Improvement in mean
change in AQLQ from
baseline by 0.23 to 0.36
points greater than in

placebo

Mean between-group
difference in FEV1

dupilumab versus placebo
ranged from 100 to 160 mL

Comparable DRAEs across all
dosing regimen versus placebo
SAEs comparable as well (7%

versus 6%)
URTI (14% versus 18%), local
injection site reactions were

dose-dependent (13% versus 8%),
headache (10% versus 13%)

Infectious complications similar in
drug versus placebo

Continued
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TABLE 1 Continued

Study, year (overview) Patient phenotype Duration Total
patients

Primary outcome Secondary outcomes
(drug versus placebo)

Lung function (drug versus
placebo)

Adverse events (drug versus
placebo)

CASTRO [116] (LIBERTY ASTHMA
QUEST), 2018 (s.c. dupilumab
versus placebo to medium- or
high-dose ICS+LABA, LAMA,
anti-leukotriene and
methylxanthines)

Moderate to severe,
uncontrolled asthma with
⩾1 exacerbations, baseline

FEV1 ⩽80% pred at
screening

Inclusion irrespective of
baseline blood eosinophil
count or biomarkers of T2

inflammation

52 weeks 1902 Relative risk reduction in
annual AER by 47.7% and
46% with 200 mg and
300 mg, respectively,

versus placebo

Relative risk reduction in
annual AER by 65.8% and
67.4% with 200 mg and
300 mg, respectively,
versus placebo in
subgroup with

eosinophils ⩾300
Improvement in mean
change in ACQ-5 score

from baseline at week 52
by 0.39 and 0.22 points
greater than in placebo
with 200 mg and 300 mg

dosing, respectively
Improvement in mean
change in AQLQ from
baseline at week 52 by
0.29 and 0.26 points

greater than in placebo,
respectively, with 200 mg

and 300 mg dosing

Improvement in mean FEV1
change from baseline by
320 mL versus 180 mL with
200 mg dose and 340 mL
versus 210 mL with 300 mg

dose
FEV1 change was greatest in

subgroup with
eosinophils ⩾300

This benefit sustained
throughout the 52-week

period with mean
between-group difference of

200 mL and 130 mL for
200 mg and 300 mg,

respectively

Comparable DRAEs across all
intervention groups

SAEs comparable (7.8–8.7%
versus 8.3%)

Local injection site reactions
(15.2–18.4% versus 5.4–10.3%),
eosinophilia (4.1% versus 0.6%),
URTI (17.6–18.9% versus 19.9%),
bronchitis (11.2% versus 13–15%),
headache (6.3–7.3% versus 7.8–
8.3%), allergic rhinitis (2.8–3.3%

versus 4.7–5.1%)

RABE [117] (LIBERTY ASTHMA
VENTURE), 2018 (s.c.
dupilumab versus placebo
to mOCS+high-dose
ICS+LABA/LAMA)

Severe asthma on mOCS for
at least previous 6 months,
baseline FEV1 ⩽80% pred at

screening
Inclusion irrespective of
baseline blood eosinophil

count or biomarkers of type
2 inflammation

24 weeks 210 Reduction in mOCS dose
from baseline to week 24
was 70% versus 42% in

placebo

Higher proportion of
patients with at least
50% reduction in OCS

dose at week 24 (80% in
dupilumab versus 50% in

placebo)
Greater proportion of

patients had mOCS dose
reduction to <5 mg·day−1

in dupilumab (69% versus
33% in placebo)

Cessation of mOCS at
week 24 was 52% with
dupilumab versus 29%

with placebo

Improvement in mean FEV1
change from baseline by

220 mL in dupilumab versus
10 mL in placebo

Comparable incidence of AEs and
SAEs (9% versus 6%)

Viral URTI (9% versus 18%),
bronchitis (7% versus 6%),
sinusitis (7% versus 4%),

eosinophilia >3000 cells·µL−1

(13% versus 1%), local injection
site reactions (9% versus 4%)

Continued
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TABLE 1 Continued

Study, year (overview) Patient phenotype Duration Total
patients

Primary outcome Secondary outcomes
(drug versus placebo)

Lung function (drug versus
placebo)

Adverse events (drug versus
placebo)

Tezepelumab
CORREN [136] (PATHWAY), 2017

(s.c. tezepelumab versus placebo
to medium- or high-dose
ICS+LABA)
Tezepelumab dose-ranging
trial (70 mg every 4 weeks,
210 mg every 4 weeks and
280 mg every 2 weeks)

Uncontrolled moderate or
severe asthma with ⩾2

exacerbations, baseline FEV1
40–80% pred at screening
Patients on mOCS included

52 weeks 550 Relative risk reduction in
annual AER at week 52 by
62–71% with the different
doses of tezepelumab

versus placebo

Longer time to first
exacerbation in

tezepelumab versus
placebo

Improvement in mean
change in ACQ-6 score

from baseline at week 52
by 0.29 and 0.31 points
greater than in placebo
with medium and high

dose, respectively
Improvement in mean
change in AQLQ(S) +12
from baseline at week 52
by 0.34 points greater

than in placebo with high
dose

Improvement in mean FEV1
change from baseline by

70 mL to 100 mL in different
tezepelumab groups versus

−60 mL in placebo
FEV1 mean between-group
difference with tezepelumab
versus placebo ranged from

120 mL to 150 mL

Similar AEs across the trial groups
with SAEs (9.5–13.1% versus 13%)
Bronchitis (3.6–6.6% versus 5.1%),

nasopharyngitis (10.9–13.9%
versus 11.6%), headache (3.6–8%

versus 4.3%) and worsening
asthma (19.7–27.7% versus 36.2%)

MENZIES-GOW [137] (NAVIGATOR),
2021 (s.c. tezepelumab versus
placebo to medium or high
dose ICS±one controller
medication±mOCS)

Uncontrolled, moderate to
severe asthma with ⩾2

exacerbations, baseline FEV1
<80% pred at screening

Patients on mOCS included

52 weeks 1061 Reduction in annual AER
with rate ratio of 0.44 at
52 weeks versus placebo
Reduction in annual AER
size in the subgroup with

blood eosinophils
⩽300 cells·µL−1 with rate
ratio of 0.59 at week 52

versus placebo

Improvement in mean
change in ACQ-6 score

from baseline at week 52
by 0.33 points greater

with tezepelumab than in
placebo

Improvement in mean
change in AQLQ(S) +12
from baseline at week 52
by 0.34 points greater

than in placebo

Improvement in mean FEV1
change from baseline by
230 mL in tezepelumab
versus 90 mL in placebo
(mean between-group
difference of 130 mL) at

week 52

Comparable DRAEs in
tezepelumab versus placebo with

SAEs of 9.8% versus 13.7%
Nasopharyngitis (21.4% versus
21.5%), URTI (11.2% versus

16.4%), headache (8.1% versus
8.5%), worsening asthma (5.1%
versus 11.1%), bronchitis (4.7%
versus 6.2%), infections and

infestations (2.5% versus 2.4%),
neoplasms (0.9% versus 0.9%)

WECHSLER [145] (SOURCE),
2022 (s.c. tezepelumab versus
placebo to medium- or
high-dose ICS+LABA
±additional controller)

Uncontrolled moderate or
severe asthma with ⩾1
exacerbations on stable

mOCS for at least 6 months,
baseline FEV1 <80% pred at

screening
Patients on mOCS included

48 weeks 150 Cumulative odds of
categorised % reduction
from baseline in daily
mOCS dose at week 48
was similar between
tezepelumab versus

placebo (did not meet
primary end-point)
54% of patients in

tezepelumab and 46% of
patients in the placebo
reduced daily mOCS

by 90–100%

Reduction in annual AER
with rate ratio of 0.69 at
48 weeks versus placebo
Median % reduction from
baseline in daily mOCS
dose at week 48 was
100% in tezepelumab
versus 75% in the

placebo

Improvement in mean FEV1
change from baseline by
210 mL in tezepelumab
versus −40 mL in placebo
(mean between-group
difference of 260 mL) at

week 48

Slightly lower DRAEs in
tezepelumab (72%) placebo (86%)

with SAEs of 16% versus 21%
Nasopharyngitis (16% versus
25%), worsening asthma (12%
versus 17%), URTI (12% versus
11%), bronchitis (8% versus 9%),
headache (4% versus 11%) and

sinusitis (1% versus 7%)

AE: adverse event; AER: annual exacerbation rate; ACQ: Asthma Control Questionnaire; AQLQ: Asthma Quality of Life Questionnaire; AQLQ(S)+12: Asthma Quality of Life Questionnaire
(standardised) for ⩾12 years of age; DRAE: drug-related adverse event; ER: emergency room; FENO: exhaled nitric oxide fraction; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity;
GETE: Global Evaluation of Treatment Effectiveness; HR: hazard ratio; ICS: inhaled corticosteroid; LABA: long-acting beta agonist; LAMA: long-acting muscarinic antagonist; LRTI: lower respiratory
tract infection; MCID: minimal clinical important difference; mOCS: maintenance oral corticosteroid; OCS: oral corticosteroid; OR: odds ratio; PEF: peak expiratory flow; QoL: Quality of Life; RAST:
radioallergosorbent test; SAE: serious adverse event; SABA: short-acting beta-agonist; SGRQ: St. George’s Respiratory Questionnaire; TASS: total asthma symptom severity score; URTI: upper
respiratory tract infection.
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The variability of these findings highlights that baseline characteristics may not reliably predict treatment
outcomes and a careful assessment after an appropriate treatment duration is needed to evaluate the response.

Efficacy in mOCS-dependent asthma
Although the steroid-sparing effect of omalizumab has not been systematically evaluated in large RCTs, a
small RCT by MUKHERJEE et al. [44] demonstrated an inability to control sputum eosinophilia and
suggested that it may not have a steroid-sparing effect. However, analysis of pooled data from France and
Germany, along with a meta-analysis of real-world studies, supports some mOCS-sparing efficacy of
omalizumab, with a 40–50% dose reduction in mOCS compared to baseline [33, 45].

Safety
The safety and tolerability of omalizumab have been extensively evaluated in both controlled and
real-world studies, with reassuring results (table 1). Adverse effects (AEs) are mild to moderate in severity
and comparable to placebo [29]. Studies do not suggest a causal link with malignancy [20, 46]. The
EXCELS study initially raised concerns about a possible association with arterial thromboembolic events.
After controlling for confounders, the hazard ratio was 1.32 [47]. A post-marketing surveillance study from
Japan was reassuring in terms of its safety profile, including among older patients [48]. The frequency of
anaphylaxis attributed to omalizumab use was estimated at 0.2% in post-marketing reports. The US FDA
has included a boxed warning for anaphylaxis [11].

A prospective pregnancy registry study (EXPECT) of 250 pregnant women with asthma exposed to
omalizumab did not find a difference in the prevalence of major birth defects when compared to matched
controls [49]. Additional data from registries and post-marketing reports is also reassuring and does not
suggest an increased risk of major congenital anomalies, miscarriage or prematurity.

Anti-IL-5/5R therapy: mepolizumab, reslizumab and benralizumab
Overview
IL-5 is a key cytokine that stimulates the growth and maturation of eosinophils in the bone marrow,
extends their lifespan, and triggers eosinophil activation [50]. Eosinophil activation results in the release of
leukotrienes and toxic granules that in turn cause tissue injury and airway inflammation.

Three biologics target the IL-5 pathway and are approved as add-on therapy for management of severe
eosinophilic asthma (SEA). Mepolizumab and reslizumab are mAbs that target the ligand IL-5, while
benralizumab binds to the alpha subunit of IL-5R (IL-5Rα).

Mepolizumab
Mepolizumab is a humanised mAb (IgG1k) that blocks IL-5’s binding to the IL-5R expressed on the
eosinophil and basophil cell surfaces. The US FDA and the EMA approved subcutaneous mepolizumab at
a dose of 100 mg every 4 weeks in 2015 for treatment of SEA [51, 52]. Mepolizumab is currently
approved for use in individuals 6 years or older. Mepolizumab is also approved for the treatment of
CRSwNP, hypereosinophilic syndrome and eosinophilic granulomatosis with polyangiitis.

Evidence from pivotal trials
After initial negative trials [53, 54], three pivotal studies (DREAM, MENSA and SIRIUS) focusing on
eosinophilic severe asthma confirmed the efficacy of mepolizumab [55–57] (table 1). The presence of
eosinophilic inflammation was determined by a BEC ⩾150 cells·µL−1 at screening or ⩾300 cells·µL−1

within 12 months of enrolment (DREAM also used FENO ⩾50 ppb or sputum eosinophil count ⩾3%).

The DREAM study investigated three different doses of mepolizumab and demonstrated a significant
reduction in AER by 39–52% while also delaying the time to first exacerbation when compared with
placebo. A similar effect size for exacerbation reduction was observed in the MENSA study (47–53%).
Furthermore, mepolizumab therapy was associated with improvements in FEV1 and peak expiratory flow
rate [55, 56], as well as asthma-related QoL measured by St. George’s Respiratory Questionnaire [55, 56, 58].

Extension studies and RWE
OLE studies, including COSMOS, COLUMBA and COSMEX, of pivotal RCTs have provided us with
reassuring long-term safety and efficacy data for up to 5 years [59–61]. Continued mepolizumab therapy
was associated with a sustained improvement in AER, mOCS dose, lung function and asthma control.

The clinical benefits of mepolizumab have been confirmed in several real-world studies and systematic
reviews [62–69]. REALITI-A, a prospective observational cohort study, demonstrated the real-world
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effectiveness of mepolizumab, with a 70% reduction in clinically significant AER, a 77% reduction in
exacerbation rate requiring emergency visits or hospitalisations and a 75% reduction in mOCS dose [62, 70].

The clinical impact of stopping mepolizumab after long-term use was assessed in the COMET study [71].
Patients who discontinued mepolizumab experienced a deterioration of asthma control and an increase in
clinically significant exacerbations compared to those who continued the biologic [67]. Difference in
efficacy outcomes between the two groups was observed starting at week 12 of mepolizumab
discontinuation [71].

Predictors of response
Clinical features associated with a greater response to mepolizumab include high sputum eosinophils,
comorbid CRSwNP, higher baseline exacerbation frequency, later age of onset, lower body mass index and
lower mOCS dose [64, 72–75]. A strong correlation between baseline BEC and the effectiveness of
mepolizumab in SEA was observed in the post hoc analysis of the data from the DREAM and MENSA
studies [72].

Efficacy in mOCS-dependent asthma
The efficacy of mepolizumab in individuals with SEA requiring mOCS was demonstrated in the SIRIUS
study [57, 58]. Mepolizumab therapy was associated with 50% relative reduction in mOCS dose while
improving asthma control and reducing exacerbation frequency [57]. The steroid-sparing efficacy of
mepolizumab was also demonstrated in an earlier study of 20 patients with sputum eosinophilia despite
mOCS use [76]. Real-world studies have replicated these findings, showing a >50% reduction in mOCS
dose, including complete discontinuation in 34% of patients in the REALITI-A study [62, 65, 70, 74, 77].

Safety profile
Results from COSMOS, COSMEX and COLUMBA studies showed a favourable long-term safety profile
[59–61], also confirmed by systematic reviews and meta-analysis of RCTs and RWE (table 1) [78, 79]. An
increased incidence of herpes zoster infection with mepolizumab versus placebo was observed in RCTs.
Herpes zoster infection occurred in 2% of patients in the COLUMBA study, which extended the follow-up
period to up to 4.5 years [60]. The US FDA recommends considering vaccination for herpes zoster when
medically appropriate [51].

The safety of mepolizumab during pregnancy in humans is not known. Pregnancy exposure registries are
underway to address this important question.

Reslizumab
Reslizumab is a humanised mAb (IgG4k) that binds to IL-5. The US FDA and the EMA approved
intravenous reslizumab at 3.0 mg·kg−1 dose every 4 weeks in 2016 for the treatment of SEA. It is currently
approved for use in individuals 18 years or older [80, 81].

Evidence from pivotal trials
Two phase 3 studies by CASTRO et al. [82] demonstrated the efficacy of reslizumab in SEA. Both studies
included individuals with uncontrolled asthma, one or more asthma exacerbation in the past year and a
BEC ⩾400 cells·µL−1. Reslizumab therapy was associated with a significant reduction in AER (50–59%),
an increase in time to first asthma exacerbation and an improvement in FEV1 (+150 mL). While there was
a trend towards reduced HCRU, these reductions were not statistically significant. In another pivotal study
that specifically looked at lung function, significant increases in FEV1 and forced vital capacity (FVC)
were observed [83] (table 1).

Extension studies and RWE
An OLE study demonstrated efficacy and safety of reslizumab for up to 3 years, with sustained
improvements in lung function and asthma control [84]. In a real-world observational cohort study by the
Dutch Severe Asthma Registry, reslizumab was associated with reductions in exacerbations and mOCS use
[85]. This efficacy was comparable in biologic-naïve patients and those who switched from a different T2
biologic. Another retrospective study of 215 patients in the US on reslizumab therapy also confirmed
improved asthma control, decreased exacerbations and less HCRU [86].

Predictors of response
Post hoc analyses of pooled data from two phase 3 studies found that SEA with comorbid CRSwNP, with
or without aspirin sensitivity, was highly responsive to reslizumab [87]. Another phase 3 study found that
a BEC ⩾400 cells·µL−1 was associated with a greater improvement in FEV1 and FVC [88].
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Efficacy in mOCS-dependent asthma
Reslizumab has not been systematically studied for its steroid-sparing efficacy in RCTs involving
mOCS-dependent asthma. NAIR et al. [89] performed a post hoc analysis of pooled data from phase 3
RCTs in patients on mOCS and found that reslizumab was effective in improving asthma outcomes in this
subgroup compared to placebo.

Safety profile
Results from RCTs and pooled analysis from five placebo-controlled and one OLE study of at least 1 year
duration confirmed the safety and tolerability of reslizumab (table 1) [90]. In RCTs, 0.6% of patients in the
reslizumab group compared to 0.3% in the placebo group were diagnosed with a malignancy. The majority
were diagnosed within 6 months from the start of treatment making causal association unlikely, but this
requires ongoing pharmacovigilance. The frequency of anaphylaxis attributed to reslizumab was 0.3% in
placebo-controlled studies. The US FDA has included a boxed warning for anaphylaxis [80].

Data on safety of reslizumab during pregnancy in humans are lacking.

Benralizumab
Benralizumab is a humanised afucosylated mAb (IgG1k) that targets the IL-5Rα expressed on eosinophils
and basophils. The absence of fucose in the Fc domain facilitates binding to FcγRIII receptors on immune
effector cells resulting in apoptosis of eosinophils via antibody-dependent cell-mediated cytotoxicity
(figure 2) [2]. The US FDA and the EMA approved benralizumab for the treatment of SEA in 2017 and
2018, respectively [91, 92]. Benralizumab (30 mg) is administered subcutaneously every 4 weeks for the
first three doses followed by 30 mg every 8 weeks. It is currently approved for use in individuals 6 years
and older in the US and 18 years and older in the EU.

Evidence from pivotal trials
The efficacy and safety of benralizumab in severe asthma with elevated eosinophils was confirmed in two
large placebo-controlled phase 3 trials, SIROCCO and CALIMA, evaluating dosing frequencies of every
4 weeks and every 8 weeks [93, 94] (table 1). In SIROCCO, the use of benralizumab reduced AER by
45–51% compared to placebo, depending on the dosing regimen. Treatment with benralizumab led to an
improvement in FEV1 from baseline, with higher improvement (up to +160 mL) observed in the dosing
frequency of every 8 weeks [93]. The effect size for AER was slightly lower in the CALIMA trial,

NK cell

Eosinophil Anti-IL-5 ab

Anti-IL-5R� ab

IL-5

IL-5R�

Benralizumab

Mepolizumab

Reslizumab

ADCC

FIGURE 2 Mechanism of action of the biologics targeting interleukin (IL)-5 pathway. Mepolizumab and
reslizumab are monoclonal antibodies that target the ligand IL-5. Benralizumab binds to the anti-IL5Rα (alpha
subunit of IL-5 receptor) subunit. In addition to blocking the effects of IL-5, benralizumab also binds to the
FcγRIIIα receptor for IgG expressed on natural killer (NK) cells, macrophages and neutrophils, and induces
eosinophil apoptosis via antibody-dependent cell-mediated cytotoxicity (ADCC). ab: antibody. Created with
BioRender.com.
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underscoring disease heterogeneity [94]. Asthma control and asthma-related QoL improved significantly in
both studies.

Extension studies and RWE
The BORA double-blind extension study and the MELTEMI OLE study further confirmed the long-term
efficacy and safety of benralizumab for up to 5 years [95–98]. In the 2-year integrated analysis of the
BORA study, the efficacy improvements observed in the first year persisted through to the second year.
Notably, AER remained consistently low with dosing of every 8 weeks in both BEC-high and BEC-low
cohorts at 0.56 and 0.65 per patient-year, respectively, comparable with the initial trial results. These
findings emphasise that not all eosinophilic airway inflammation can be clearly identified through BEC
alone [96]. The improvement in lung function (mean change in FEV1 from baseline) was also sustained
throughout the extension period at +364 mL in the every 8 weeks cohort with a BEC ⩾300 cells·µL−1,
mirroring the results from the SIROCCO and CALIMA studies. Its positive impact on health-related QoL
in SEA was noted in ANDHI, a phase 3b RCT [99]. Real-life studies of benralizumab in refractory SEA
also confirm its efficacy and safety [100–105].

Predictors of response
A pooled post hoc analysis of the SIROCCO and CALIMA studies demonstrated the greater efficacy of
benralizumab in SEA patients with higher baseline BEC, frequent exacerbations, mOCS use, poor lung
function (FEV1<65%) and coexisting nasal polyps [106, 107]. Allergic rhinitis, less severe disease and
elevated BEC ⩾300 cells·µL−1 were identified as significant predictors for complete treatment response
with anti-IL5/5R biologics in the Danish Severe Asthma Registry [108].

Efficacy in mOCS-dependent asthma
The OCS-sparing efficacy of benralizumab was systematically assessed in the 28-week ZONDA RCT
[109]. Two dosing regimens (every 4 weeks ×3 followed by every 8 weeks or every 4 weeks) were
compared with placebo. Patients treated with benralizumab achieved an mOCS dose reduction of 75%
compared to 25% with placebo, while also achieving a lower AER [109].

A subsequent open-label single-arm study (PONENTE) evaluated the safety and effectiveness of a rapid
individualised mOCS dose reduction algorithm utilising adrenal insufficiency (AI) monitoring [110].
Adrenal function was assessed with early morning serum cortisol, followed by adrenocorticotropic
stimulation test when indicated. 63% of patients were able to completely discontinue mOCS and 82%
could either completely stop or only required physiologic doses of mOCS for AI indication. 60% had
evidence of AI during initial testing, decreasing to 38% on repeat testing at 2–3 months. This was an
important study that provided a road map for rapid, safe and individualised mOCS reduction in patients
with severe OCS-dependent asthma.

Safety profile
The AE rates for patients receiving benralizumab in RCTs and OLE studies were low and remained stable
over time, with no new or unexpected occurrence of AEs with continued exposure, confirming its excellent
safety profile (table 1) [96, 98]. Anaphylactic reaction and bacterial pneumonia occurred at a frequency of
<1%. Malignancy rates were low with similar incidence rate observed in the pivotal and extension periods
with the every 8 weeks cohorts.

The data on pregnancy exposure from clinical trials are insufficient to inform risk. Pregnancy exposure
registries are underway to try and address this important question.

Anti-IL-4R therapy: dupilumab
Overview
IL-4 facilitates IgE isotype switching in B-lymphocytes, while IL-13 induces airway smooth-muscle
contraction and upregulates nitric oxide synthase in bronchial epithelial cells, resulting in elevated FENO

levels [2]. Dupilumab is a humanised mAb (IgG4) that inhibits both IL-4 and IL-13 signalling by binding
to IL-4Rα subunit shared by IL-4 and IL-13 receptor complexes (figure 3) [111].

The US FDA and the EMA approved dupilumab as an add-on treatment for SEA and mOCS-dependent
asthma in 2018 and 2019, respectively [112, 113]. Dupilumab is administered subcutaneously at an initial
loading dose of 400–600 mg followed by 200–300 mg every 2 weeks. The higher dose is recommended in
OCS-dependent severe asthma. Dupilumab is currently approved for ages 6 years and older with SEA.
Additional approved indications include atopic dermatitis, CRSwNP, prurigo nodularis and eosinophilic
oesophagitis [112].
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Evidence from pivotal trials
Early evidence of dupilumab’s efficacy in moderate-to-severe eosinophilic asthma was demonstrated in
2013 with an 87% reduction in exacerbations despite phased discontinuation of background long-acting
beta agonist and ICS therapy [114]. This was followed by three pivotal studies, namely Phase 2b, QUEST
and VENTURE, that paved the way for dupilumab approval as an add-on therapy in SEA [115–117]
(table 1). In the QUEST study, dupilumab therapy decreased AER by 52% and increased FEV1 (+320 mL)
compared to placebo [116]. Greater benefits were seen in patients with higher baseline BEC.

Extension studies and RWE
The long-term safety and efficacy of dupilumab has been evaluated in two OLE studies. The TRAVERSE
study included individuals who had previously participated in a phase 2 or 3 RCT and followed them for
up to 96 weeks [118, 119]. The TRAVERSE continuation study further assessed the safety and efficacy of
dupilumab for up to an additional 144 weeks in individuals who had previously completed the
TRAVERSE study [120]. Patients exposed to dupilumab for up to 3 years experienced a sustained
reduction in AER, improved lung function (+450–520 mL), better asthma control and reduced mOCS use
[118–121], independent of the ICS dose [122].

A large real-world retrospective study, US ADVANTAGE, evaluated dupilumab in moderate-to-severe
asthma [123]. This cohort had elevated baseline BEC and the majority of patients had atopic comorbidities
such as allergic rhinitis, CRSwNP and atopic dermatitis. Dupilumab was highly effective in reducing AER
regardless of baseline exacerbation rate and mean BEC. Findings were similar in a Dutch cohort with
severe uncontrolled asthma where dupilumab significantly reduced AER and improved asthma control and
lung function after 12 months of therapy [124].

Predictors of response
A higher baseline BEC (⩾300 cells·µL−1) predicted greater efficacy in the QUEST study. Post hoc
analysis of this study found an increased clinical efficacy of dupilumab in patients with elevated baseline
FENO [125]. A greater reduction in severe exacerbations was seen with FENO ⩾50 ppb (70% versus 23% in
FENO <25). This effect was independent of BEC. A real-world study from Japan showed increased efficacy
in the subgroup with BEC >150 or 300 cells·µL−1, FENO >25 ppb and IgE >167 IU·mL−1 [126]. Together,
these findings confirm the biologic activity of dupilumab in T2-high asthma. These effects were consistent
with results from a real-world Dutch cohort study [124].

Dupilumab

IL-4 IL-13 IL-4

JAK1 JAK1JAK3
JAK2
Tyk2

STAT6

IL-4R� IL-4R�IL-13R�1�c

Pro-inflammatory 

gene expression

FIGURE 3 Signal transduction via interleukin (IL)-4R complexes and mechanism of action of dupilumab. IL-4 or
IL-13 binds to the receptors as shown and activates the Janus family protein kinases (JAKs). JAK activation
initiates a cascade of phosphorylation leading to activation of the signal transducer and activator of
transcription 6 (STAT6) signalling pathway and pro-inflammatory gene expression. Dupilumab is a monoclonal
antibody that inhibits both IL-4 and IL-13 signalling by binding to the IL-4Rα subunit shared by IL-4 and IL-13
receptor complexes. IL-4Ra/γc: alpha subunit of IL-4R receptor pairing with γc chain to form a heterodimeric
complex receptor and binds IL-4 exclusively; IL-13Ra1/IL-4Ra: alpha subunit of IL-4R pairing with alpha 1
subunit of IL-13 receptor to form a IL-13- and IL-4-binding heterodimeric complex. Created with BioRender.com.
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Efficacy in mOCS-dependent asthma
The VENTURE study evaluated the efficacy of dupilumab in severe OCS-dependent asthma in 210
patients, with or without blood eosinophilia. Dupilumab treatment was associated with a significant
reduction in mOCS dose (70% versus 42% placebo) while improving asthma control and lung function
[117]. Improvement in clinical outcomes and a sustained reduction in mOCS dose with long-term
dupilumab treatment was also confirmed in a post hoc analysis of the VENTURE and TRAVERSE studies
[127]. Patients who switched from placebo in the VENTURE study to dupilumab in the TRAVERSE study
also experienced a rapid and sustained improvement in FEV1 and reductions in mOCS dose. A real-life
French cohort study found a similar OCS-sparing effect of dupilumab [128].

Safety profile
Dupilumab appeared safe in pivotal studies with injection site reaction being the most common AEs
(table 1). Treatment-emergent blood eosinophilia was observed during the initial weeks of therapy in 4%
of patients assigned to dupilumab in the QUEST study, which resolved by week 24. BEC exceeded
3000 cells·mL−1 in 1.2% of the patients assigned dupilumab. The mechanisms and clinical implications of
treatment-emergent eosinophilia are not well understood and require further study. A proposed mechanism
involves blockade of eosinophil tissue trafficking by inhibition of IL4-regulated adhesion molecules [129].
BEC >1500 cells·mL−1 was an exclusion criterion for the QUEST study and the Global Initiative for
Asthma (GINA) recommends avoiding dupilumab in patients with BEC ⩾1500 cells·mL−1 [116, 130].
Ocular AEs including keratitis, conjunctivitis and blepharitis were noted to occur more frequently with
dupilumab in studies of atopic dermatitis but pooled data from asthma RCTs did not find a significant
difference between dupilumab and placebo [131].

Anti-TSLP therapy: tezepelumab
Overview
The airway epithelium, traditionally thought to function as a passive barrier, is now recognised to play an
active role as a central driver of early and dysregulated immune responses to external triggers such as
infectious agents, allergens and pollutants [132]. This results in a downstream inflammatory cascade
through a group of epithelial cytokines known as alarmins, including TSLP, IL-33 and IL-25. These
alarmins can serve as key therapeutic targets in both T2-high and T2-low asthma [133].

Tezepelumab is a human mAb (IgG2λ) that targets TSLP. The US FDA and the EMA approved
tezepelumab for the treatment of severe asthma (regardless of T2 status) in 2021 and 2022, respectively
[134, 135]. Tezepelumab is currently approved for use in individuals 12 years and older. The recommended
dose is 210 mg subcutaneously every 4 weeks.

Evidence from pivotal trials
The efficacy of tezepelumab in severe asthma was established in two RCTs, namely PATHWAY and
NAVIGATOR [136, 137] (table 1). In the PATHWAY trial, tezepelumab therapy reduced AER by 60–70%
versus placebo, independent of baseline BEC or FENO, and improved FEV1 (+120–150 mL), asthma
symptom score and QoL measures [136]. While PATHWAY was a dose-ranging study, the NAVIGATOR
study utilised a fixed dose of tezepelumab 210 mg every 4 weeks. Tezepelumab therapy was associated
with a 56% relative reduction in the rate of severe exacerbations and this effect remained significant across
all baseline BEC.

Extension studies and RWE
DESTINATION, a double-blind extension study for up to 2 years, evaluated the safety and efficacy of
tezepelumab in severe uncontrolled asthma [138]. Tezepelumab treatment resulted in sustained and
clinically meaningful reduction in annualised AER. Extended follow-up of this cohort showed persistent
benefits of continued treatment compared to stopping treatment after 2 years [139]. A blinded systematic
review of NAVIGATOR data showed a substantial reduction in unscheduled visits, telephone calls,
emergency visits and hospitalisations versus placebo [140]. Pooled analysis from the PATHWAY and
NAVIGATOR studies showed a consistent reduction in exacerbation rates, improved HCRU, asthma
control and lung function irrespective of baseline biomarker levels [141].

Predictors of response
Across clinical studies, tezepelumab reduced annual AER versus placebo by 58–68% in severe allergic
asthma, 63–71% in SEA, 67–71% in allergic and eosinophilic severe asthma, 34–49% in T2-low asthma,
and 31–41% in mOCS-dependent asthma [142]. Although studies have shown the efficacy of tezepelumab
in both T2-high and T2-low asthma [141, 143], greater clinical efficacy was observed in patients with
higher baseline BEC and FENO [137]. Tezepelumab therapy decreased airway submucosal eosinophils
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compared with placebo in the CASCADE bronchoscopy study but did not affect other cell types [143].
Tezepelumab reduced airway hyperresponsiveness to mannitol, subepithelial and bronchoalveolar lavage
eosinophils, and showed a trend towards reduction in airway tissue mast cells in the UPSTREAM
study [144].

Efficacy in mOCS-dependent asthma
The SOURCE study evaluated the efficacy of tezepelumab in mOCS-dependent asthma [145]. While
tezepelumab therapy did not result in a significant reduction in mOCS dose for the overall population, an
improvement was observed in patients with BEC ⩾150 cells·mL−1. The SUNRISE study is currently
underway evaluating efficacy of tezepelumab in OCS-dependent severe asthma with elevated BEC
(ClinicalTrials.gov: NCT05398263).

Safety profile
Tezepelumab was well tolerated in the above-mentioned studies with a favourable safety profile in terms of
overall AEs and SAEs compared to placebo (table 1) [137, 138].

Safety data for tezepelumab use in pregnancy in humans is lacking.

Research needs and future directions
Standardised assessment of clinical response
Assessing the response to biologic therapy in asthma continues to challenge clinicians due to the lack of
well-defined and universally accepted criteria for measuring treatment response [146]. Significant
improvements in asthma outcomes, including a reduction in mOCS, have been observed even in patients
randomised to placebo in RCTs [117, 145]. This is likely a result of improved adherence and rigorous
oversight in RCTs. It is imperative to consider both subjective and objective parameters (e.g. asthma
exacerbations, asthma control scores using validated measures, lung function and mOCS dose) as well as
side-effects and overall patient satisfaction when assessing treatment response. Assessment of blood or
sputum biomarkers, both at baseline and during exacerbations, can provide additional insights into
treatment response in patients with T2 asthma. Efforts have been made recently to standardise core
outcomes in clinical trials and similar guidance is needed in clinical practice [147, 148].

GINA recommends an initial biologic trial for at least 4 months with careful assessment of clinical
response using the measures discussed above [36]. The therapeutic trial can be extended in patients with
partial or uncertain response. In nonresponders, switching to a different biologic needs to be considered,
taking into account biomarker profile, comorbidities and patient preference [36]. The development of
neutralising antibodies is an infrequent occurrence but could potentially contribute to loss of efficacy over
time [149, 150].

Factors associated with poor clinical response and treatment failures
While biologic therapies have demonstrated efficacy in reducing exacerbations and mOCS dependence, the
clinical response to treatment is highly variable, with studies reporting up to 21% of patients experiencing
no response after 1 year of treatment [151, 152]. Nonresponders to biologics in the Danish Severe Asthma
Registry were more likely to use mOCS at baseline, as well as have fewer exacerbations and lower BEC.
BULT et al. [152] found that nonresponse to dupilumab was associated with low total IgE level, low FENO

and younger age. Preliminary results from another study found that higher baseline eosinophil levels and
lower baseline asthma control were associated with treatment failures [153]. Late treatment failures after
initial clinical response have been observed in real-world studies and may be attributable to worsening
airway eosinophilia, development of neutralising drug antibodies and comorbidities [149, 154]. The
multicentre, prospective, observational MEX study conducted in the UK attempted to characterise
breakthrough exacerbations in patients with severe asthma receiving mepolizumab therapy and identified
two distinct patterns of exacerbations, 1) eosinophilic with high FENO and 2) noneosinophilic, driven by
infection, with low FENO and high C-reactive protein levels [155].

Recent studies have highlighted the discordance between blood and airway eosinophilia and existence of
distinct eosinophil subpopulations, such as CD26Lint and CD62Lhi, which are associated with treatment
failure [75, 150]. Clinical factors such as mOCS dependence (suggests higher burden of airway
inflammation), late-onset asthma (often more severe disease and may have a different inflammatory profile)
and chronic sinus disease (represents a persistent inflammatory state) have been identified as predictors of
a suboptimal response to anti-IL5 therapies [150]. Suboptimal responders also demonstrated autoimmune
response in the airways with elevated anti-eosinophil peroxidase IgG and potential formation of immune
complexes that may compromise the efficacy of these treatments [150]. An inadequate neutralisation of
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IL-5 in the airways due to insufficient dosing of the anti-IL5 mAb leading to persistent eosinophilic
inflammation could also contribute to suboptimal response as well as delayed treatment failures. Treatment
with weight-adjusted intravenous reslizumab or anti-IL5R ab (benralizumab) has been associated with
further benefit in patients with persistent airway eosinophilia on fixed-dose mepolizumab [156–158].
Together, these findings underscore the necessity for better biomarkers, a deeper understanding of the
mechanisms driving poor response to the biologics and personalised dosing strategies. There is still a
significant gap in our understanding of predictors of treatment failure and represents an unmet need in the
management of severe asthma. Addressing this gap is crucial for the continued advancement of
personalised medicine in asthma management.

Comparative efficacy, switching and combining asthma biologics
There is an urgent need for comparative efficacy studies to inform the initial selection of biologics in
patients with overlapping T2 biomarkers and comorbidities. Analysis of data from the International Severe
Asthma Registry and CHRONICLE study in over 3500 patients found that 10% of patients stopped and
11% switched from their initial biologic [159]. Patients who stopped or switched were more likely to have
a higher baseline BEC, exacerbation rate and HCRU, and lower lung function. Real-world studies have
shown that in SEA patients with suboptimal control on mepolizumab or reslizumab, switching to
benralizumab led to an improvement in asthma symptom control [100, 158]. Similarly, switching from
anti-IL5/5R therapies to dupilumab following suboptimal control among those with elevated FENO led to a
significant improvement in clinical outcomes [160]. Therefore, factors such as baseline biomarker status,
the presence of comorbid conditions and previous responses to therapy need to be considered to optimise
treatment outcomes.

Furthermore, studies are needed that evaluate combining biologic therapies that target different pathways
when asthma remains uncontrolled on monotherapy [161]. There appears to be some redundancy in T2
pathways, as demonstrated by WECHSLER et al. [162] in a phase 2 study evaluating the combination of
anti-IL-33 antibody (itepekimab) plus dupilumab compared to monotherapy with each and to placebo.
Itepekimab in combination with dupilumab did not offer an additional benefit compared to either biologic
therapy alone.

Role of mucus plugs in severe asthma and the potential impact of biologics
Mucus plugs in asthma are associated with increased severity, frequent exacerbations and reduced lung
function [163]. Multidetector computed tomography has been used as a noninvasive method to measure
airway mucus accumulation [164]. Mucus in severe asthma may represent a specific clinical phenotype
contributing to airway obstruction and impaired ventilation and provide an opportunity for targeted
therapy, as seen in recent studies of benralizumab, dupilumab and tezepelumab [165–167]. A reduction in
mucus plugging leading to improvements in ventilation and lung function was observed with dupilumab,
which would be consistent with its anti-IL-13 effects [167]. Similarly, tezepelumab, which targets TSLP,
an epithelial cytokine that increases activity of IL-5 and IL-13 in the airways, has also been shown to
reduce mucus plugs in moderate-to-severe uncontrolled asthma [166].

Clinical remission in asthma
The primary focus of asthma treatment has been disease control. With the advent of asthma biologics and
recognition of “super responders”, the conversation has shifted to the concept of clinical remission as a
viable treatment goal in severe asthma [168, 169]. It is estimated that approximately 20–40% of patients on
asthma biologics could achieve “on-treatment” remission using pre-defined criteria [170]. Efforts are also
underway to identify factors that may predict clinical remission on-treatment [151, 171–173]. Remission is
one step closer to cure [174] and could be important for two reasons, 1) overall long-term prognosis and
2) an opportunity to reduce background or biologic therapy [151]. The SHAMAL study evaluated the
feasibility of tapering background asthma therapy in patients on benralizumab and found that over 90% of
patients could successfully reduce their ICS-formoterol dose without experiencing exacerbations [175]. The
recently published OPTIMAL algorithm provides a potential framework for safe down-titration of
biologics in patients with well-controlled asthma [176]. This is an active area of current research and
hopefully will shed light on potential disease-modifying effects of asthma biologics in the near future.

Summary
Improved understanding of asthma’s immunopathology has enabled the identification of specific biologic
pathways and tailor treatments to individual phenotypes. The advent of biologic therapies has
revolutionised the management of severe asthma. These therapies offer targeted, personalised treatment
options that decrease reliance on systemic corticosteroids and improve patient outcomes.
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This review presents an in-depth analysis of asthma biologics, detailing their mechanisms of action,
clinical efficacy and safety profiles. We underscore the value of integrating RWE with clinical trial data to
broaden the applicability of findings. We hope this review serves as a foundational resource for
understanding safety and effectiveness of these advanced therapies in asthma and stimulates further
research towards achieving remission and potential cure.

Points for clinical practice

• Severe asthma has a significant impact on QoL, lung health, HCRU and corticosteroid exposure,
contributing to overall disease-related morbidity and mortality.

• Biologic therapies offer highly effective, targeted and personalised treatment options in severe asthma.

• Understanding of the mechanisms of action of these biologics coupled with careful consideration of
the patient’s phenotype and associated comorbidities is crucial for achieving optimal disease control and
providing a better overall long-term prognosis.

• Achieving clinical remission in severe asthma is a possibility and should be the therapeutic goal moving
forward.

• Evidence from clinical trials, extension studies and real-world studies confirm their safety and efficacy as
well as provide practical perspectives on their application.

• Omalizumab appears safe in pregnancy, but the absence of safety data on the use of other biologics in
pregnancy is a critical gap in the current literature.

• Application of standardised core outcomes in trials as well as clinical practice are necessary for meaningful
assessment of efficacy and an area that needs further research.
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