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Abstract 

Small airway dysfunction (SAD) in asthma is characterized by the inflammation and narrowing of airways with less of 
2 mm in diameter between generations 8 and 23 of the bronchial tree. It is now widely accepted that small airways 
are involved in the pathogenesis of asthma and are a major determinant of airflow obstruction in this disease. 

In recent years, specialized tests have been developed, such as Impulse Oscillometry (IOS) and Multiple Breath Nitro-
gen Washout (MBNW) tests, which have been deemed more accurate in detecting SAD than conventional spirom-
etry. Clinical studies show that SAD is associated with more severe bronchial hyperresponsiveness, worse asthma 
control, and a higher risk of exacerbations. Recent data from a large cohort study showed that the prevalence of SAD 
in asthma patients increases with asthma severity. Overall, SAD seems to represent a treatable trait, which makes it 
appealing for asthma control optimization and exacerbation rate reduction, especially in moderate-to-severe asthma.

Biologic agents are now available for the treatment of different severe asthma phenotypes and endotypes. However, 
the effect of these therapies on SAD remains poorly characterized. Literature showing that biologic agents can also 
favorably improve small airway function is accumulating. In particular, anti-IL5 agents (mepolizumab and benrali-
zumab) seems to have a greater impact on SAD as compared to other biological agents, but direct comparisons in 
prospective randomized controlled trials are lacking.

In this mini-review article, we address the latest evidence on the effect of biological therapies on SAD in patients with 
severe asthma.
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Introduction
Asthma is a chronic and heterogeneous condition affect-
ing the airways, characterized by inflammatory infiltra-
tion and remodelling of the bronchial tree [1]. Even if 
asthma affects the entire bronchial tree, small airways 

(those with an internal diameter ≤ 2 mm) have been rec-
ognized as the major site of airflow limitation in both 
asthma and chronic obstructive pulmonary disease 
(COPD) [2, 3].

Many studies and systematic reviews have suggested 
that small airway dysfunction (SAD) is associated with 
more severe bronchial hyper-responsiveness, worse 
asthma control and a higher number of exacerbations 
[4–11].

According to the current Global Initiative for Asthma 
(GINA) guidelines, spirometry remains the method of 
choice in evaluating respiratory function [12]. However, 
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conventional spirometry reflects mostly the variabil-
ity and/or the reversibility of airway obstruction and is 
unable to sensitively evaluate the small airways, becom-
ing abnormal only when approximately 75% of small 
airways are obstructed [13]. To date, there are numer-
ous diagnostic techniques available to assess SAD, from 
non-invasive to minimally invasive or invasive, such as 
spirometry (FEF25–75%, FVC, FVC/SVC), impulse oscil-
lometry (IOS) (R5–R20, X5, ΔX5in-esp, AX, Fres), sin-
gle breath nitrogen washout (SBNW) or multiple breath 
nitrogen washout (MBNW) test, body plethysmography 
(RV, RV/TLC), high-resolution computerized tomog-
raphy (HRCT), nuclear medicine (scintigraphy, SPECT, 
PET), 3He-magnetic resonance imaging (MRI), sputum 
induction, and bronchoscopy [11].

The higher prevalence of SAD, as defined by IOS, in 
more severe stages of asthma has been confirmed in sev-
eral real-life studies and the ATLANTIS trial, in which 
the peripheral abnormalities persisted despite a greater 
daily dose of inhaled corticosteroids (ICS), suggesting 
that current therapies have little effect on the airway 
structural abnormalities, or poor peripheral delivery of 
inhaled therapy [4, 8, 14–17].

A new personalized approach, termed the “treatable 
traits” approach, has been suggested to address the limi-
tations of the existing treatment strategies [18, 19].

From this perspective, SAD appears to possess the 
characteristics of a treatable pulmonary trait, making it 
certainly appealing for asthma control optimization and 
exacerbation rate reduction [11]. This seems especially 
important in the perspective of moving toward preci-
sion medicine. The introduction of biologic agents for 
the treatment of severe asthma has been shown to be 

very effective, both in randomized clinical trials and real-
life studies, and it is in line with the concept of precision 
medicine. Therefore, demonstrating that biologic agents 
can also favorably improve small airway function appears 
to be of crucial importance (Fig. 1).

In this mini-review article, we address the most recent 
evidence for the effect of systemic biologic therapies on 
small airway disease in patients with severe asthma.

SAD: Prevalence, association with specific asthma 
phenotypes and poor asthma control
The prevalence of SAD in asthma appears to be very 
high, likely 50 percent and above based on studies to date 
[20]. In the ATLANTIS study, the largest multinational 
study showing the contribution of SAD to asthma sever-
ity, 91% of asthmatics were found to have SAD, which 
was strongly present across all GINA severity steps [4].

SAD has been associated with some clinical phe-
notypes, such as active smokers, elderly patients with 
long-standing asthma and presence of fixed airflow 
obstruction, patients with nocturnal and exercise-
induced symptoms, and severe/uncontrolled asthma [6, 
7, 9]. In more recent real-life studies, multivariable analy-
ses, classification tree analysis and structural equation 
modeling indicated that exercise-induced symptoms, 
overweight/obesity, asthma-related nocturnal symptoms, 
older age, smoking, and type-2 inflammation are strong 
independent predictors of SAD in patients with commu-
nity-managed asthma [8, 21–23]. These features may help 
identify SAD among patients with asthma, especially 
when IOS cannot be performed.

The identification of SAD is of particular importance 
since it is strongly associated with worse asthma control. 

Fig. 1 Relationship between severe asthma, small airway disfunction (SAD) and biological agents
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In the ATLANTIS study, SAD (identified by both IOS 
and spirometry) was significantly associated with asthma 
control, history of exacerbation, and disease severity [4], 
confirming preliminary data from real-life studies [8]. 
Kraft and colleagues recently published the longitudinal 
one-year follow-up data of the ATLANTIS study, which 
showed that SAD was longitudinally associated with poor 
asthma control, exacerbations and quality of life [5].

These results are consistent with other published data, 
in which asthma control was closely related to SAD and 
clinical phenotypes associated with SAD [8, 11, 21–27]. 
Notably, in the majority of these studies, the IOS is better 
associated with asthma control than spirometry, support-
ing the importance of using IOS and more modern tools 
in addition to spirometry in the evaluation of asthma 
control.

SAD in severe asthma
The chronic inflammation which characterizes asthma 
involves the entire lung, from the large proximal to the 
small distal airways. The involvement of the small air-
ways contributes to the morbidity of asthma, particularly 
severe asthma. Challenges to implementing small airway 
assessments in the routine clinical setting and as part of 
severe asthma management include technical aspects of 
assessment and monitoring of SAD, and the impact of 
small airways on asthma therapeutic delivery and out-
comes [28]. About 5–10% of patients with asthma are 
deemed to have a severe disease [29], which represents 
up to 50% of total asthma-related healthcare costs. Severe 
asthma can be divided into several pheno/endotypes, 
of which severe eosinophilic asthma is among the most 
studied [30]. Autopsies from fatal asthma cases showed 
intense inflammation, small airway structure abnormali-
ties and luminal plugging in peripheral airways [31, 32].

Despite evidence of an association between SAD and 
neutrophilic airway inflammation [33], it was recently dem-
onstrated that eosinophilic rather than neutrophilic airway 
inflammation is the main driver of SAD in asthma [34].

In the ATLANTIS study, SAD was strongly present 
across all GINA severity stages but consistently higher in 
more severe asthma (GINA step 5), similar to findings of 
previous studies [8, 15, 21].

The advances in the knowledge of different pheno-
types and endotypes of severe asthma have led to very 
innovative therapies, such as biological agents for severe 
asthma. These medications are mostly directed against 
cytokines and cells involved in the type-2 inflammatory 
pathway, thus modifying the natural course of the disease 
by reducing airway inflammation without the collateral 
damage associated with the use of systemic corticoster-
oids. In this context, demonstrating that biologic agents 
can also favorably improve small airway function appears 

to be of crucial importance. In particular, it seems pro-
spectively important to achieve modulation by biological 
agents of the activity of eosinophils at the level of the dis-
tal airways.

SAD and anti‑IgE agents (omalizumab)
Omalizumab, a humanized recombinant monoclonal 
antiIgE antibody, inhibits the binding of serum IgE to 
the FcεRI receptors on mast cells and basophils which 
reduces the inflammatory response caused by the acti-
vation of such effector cells when interacting with the 
allergen [35]. Omalizumab has also been shown to have 
a preventative effect on viral-induced exacerbations in 
children with allergic asthma by reducing susceptibility 
to rhinovirus infections [36]. Many trials have demon-
strated that omalizumab significantly decreases the num-
ber of severe exacerbations, the dose amounts of inhaled 
and/or oral corticosteroid, and improves the quality of 
life in children, adolescents, and adults with severe aller-
gic asthma [37, 38].

Regarding the impact of omalizumab on SAD, some 
works have evaluated this aspect with contradictory 
results (Table 1).

Huang et al. evaluated the long-term effectiveness of omal-
izumab in adult patients with severe allergic asthma compar-
ing continuous treatment versus boosting treatment [39].

Of the 124 patients treated, a significant reduction in 
annual exacerbations and improvement in SAD evaluated 
by FEF25–75% were found in the continuation group 
(n = 110). In contrast, the boost group (n = 14) had sig-
nificantly increased annual exacerbations, impaired small 
airway function, and worse asthma control, suggesting 
that continuous omalizumab treatment is preferable.

In another study conducted by Pasha et al., omalizumab 
did not lower the alveolar NO concentration (CalvNO), 
which could reflect small airway inflammation. However, 
the authors concluded that the model they used may not 
have been sufficiently sensitive to detect small changes in 
CalvNO [58].

In another study conducted by Taijri et al. the aim was 
to comprehensively evaluate the efficacy of omalizumab, 
including its effects on small airways and airway remod-
eling, in adult patients with severe refractory asthma. 
Assessment by computed tomography revealed that air-
way-wall thickness reduced significantly after 48  weeks 
of omalizumab treatment (no significant changes were 
found at 16 weeks). Instead, FEF 25%–75% was not influ-
enced by omalizumab, but only a small sample of patients 
was evaluated [40].

In a multicenter analysis over 2  years, the authors 
found a decrease in the RV and RV/TLC ratio at 
6 months but no significant change in TLC in patients 
treated with omalizumab. After 6  months, RV 
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worsened slightly but RV/TLC remained stable. RV is 
higher in patients with air trapping, a phenomenon 
observed in part in peripheral airway alterations. Inter-
estingly, a greater RV improvement was observed in 
patients with severe airway obstruction (FEV1 ≤ 50%) 
than in those with less obstruction. These patients may 
have lung hyperinflation that could reflect air trapping 
and small airway obstruction.

Saadeh et  al., evaluated twelve moderate-to-severe 
asthmatic patients in an open-label safety study of 
omalizumab using IOS, in addition to spirometry [42]. 
IOS measures included low-frequency resistance (R 
at 5  Hz, R5), and low frequency integrated reactance 
(AX). IOS indices were significantly improved after 3 
to 4  months of treatment but were not paralleled by 
changes in spirometry (FEV1). The conclusion was 
that low-frequency FO indices provide objective evi-
dence of omalizumab efficacy, while spirometry does 
not yield such objective evidence.

Chan et  al. recently performed a mixed cohort study 
treating 20 of 56 severe asthmatics with omalizumab 
(the other patients were treated with mepolizumab (30 
pts) and benralizumab (6 pts), respectively) and evaluat-
ing SAD with spirometric parameters and IOS (see also 
mepolizumab and benralizumab section) [43]. In the 
overall group, FEF25–75% but not FEV1% improved sig-
nificantly pre- versus post-biologic therapy. In the SAD 
subgroup defined by R5-R20 ≥ 0.08  kPa/L/s (n = 15), 
R5-R20 but not AX improved significantly pre- versus 
post-biologic therapy. Of these, 11 patients received anti-
IL5 therapy with the remaining receiving omalizumab. In 
patients with pre-biologic FEF25–75 < 60% (n = 43) there 
were significant improvements in the Asthma Control 
Questionnaire (ACQ) score and OCS-requiring exacerba-
tions, but no differences were observed in FEV1 or IOS. 
Notably, 10 patients with R5-R20 ≥ 0.08 kPa/L/s also had 
a pre-biologic FEF25–75 < 60%. When comparing patients 
according to biologic therapy received, FEF25–75% 
increased significantly in the omalizumab subgroup (15 of 
20 patients) but not significantly in the anti-IL5 (mepoli-
zumab and benralizumab) subgroup (21 of 36 patients). 
In their conclusions, the authors suggested that forced 
expiratory flow between 25 and 75% of the forced vital 
capacity should be incorporated to assess the improve-
ment of SADin patients with severe asthma taking biolog-
ical drugs. IOS may be useful as an adjunct, particularly in 
patients with SAD defined as IOS at baseline.

SAD and anti‑IL‑5 agents (mepolizumab, reslizumab, 
benralizumab)
Mepolizumab
Mepolizumab is a humanized monoclonal antibody 
directed against IL-5 (anti-IL5). Several randomized 

controlled trials in adults and adolescents with severe 
asthma have shown the efficacy of mepolizumab in 
reducing blood eosinophilia. This, in turn, lowers the rate 
of severe exacerbations and the usage of oral corticoster-
oid while improving asthma controls and increasing lung 
function (Table 1) [59].

In 2019 Farah et al. evaluated a prospective cohort of 20 
adults with severe eosinophilic asthma treated monthly 
with mepolizumab [46]. Symptom control improved 
rapidly after commencing mepolizumab in patients with 
severe eosinophilic asthma. Early improvement in small 
airway function has been associated with asthma control 
and may contribute significantly to therapeutic response, 
according to the authors.

Abdo et al. studied 20 patients with severe eosinophilic 
asthma under treatment with anti-type 2 agents (mepoli-
zumab, n = 18; benralizumab, n = 1; dupilumab, n = 1) [49].

Responders had a significantly higher baseline fre-
quency dependence of resistance (FDR, R5-20) derived 
from IOS compared to partial or non-responders but 
similar FEV1, FEF25–75, air trapping (measured as RV 
and RV/TLC). The main finding of this study was that 
SAD improves substantially under anti-T2 biological 
therapy in patients with severe eosinophilic asthma. Fur-
thermore, pre-treatment IOS measures of SAD demon-
strated to be meaningful predictors of clinical response, 
thereby indicating that severe SAD might describe a dis-
tinct phenotype with therapeutic implications among 
patients with severe eosinophilic asthma. Similar data 
and conclusions were obtained by Antonicelli et al. who 
performed a prospective study using Forced Oscillation 
Technique (FOT) to evaluate the effect of mepolizumab 
on SAD on 18 patients with severe eosinophilic asthma 
[44]. The authors state that treatment-induced changes 
in peripheral airway function could be effectively moni-
tored by FOT and could become an objective method to 
assess response to mepolizumab, in addition to current 
continuation rules.

Sposato et  al. retrospectively analyzed 134 adult 
severe asthmatics, treated with mepolizumab for at 
least 6  months (mean duration:10.9 ± 3.7  months) [45]. 
FEV1% improved significantly after MEP. Mean FEF25-
75 also increased from 37.4 ± 25.4% to 47.2 ± 27.2% 
(p < 0.0001). Mepolizumab treatment also led to a signifi-
cant ACT improvement and exacerbations significantly 
reduced. Therefore, in real life, mepolizumab significantly 
improved all outcomes including small airway obstruc-
tion, suggesting its possible role also in distal lung region 
treatment.

Yilmaz et  al. retrospectively analyzed 41 patients with 
severe eosinophilic asthma who were receiving fixed-
dose mepolizumab [47]. Mepolizumab significantly 
reduced asthma exacerbation rates, reduced OCS dose, 
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and improved ACT scores at 12th, 24th, and 52nd weeks. 
However, no significant changes were found in FEV1 
and FEF25–75 values at baseline, 12th, 24th, and 52nd 
weeks. In a recent real-life study, a significant improve-
ment in FEF25–75% was demonstrated in 105 patients 
with severe eosinophilic asthma [48]. FE25–75% val-
ues showed a highly significant, gradual, and persistent 
increase (from 32.7 ± 18.2% at baseline to 48.6 ± 18.4% 
after 18 months). The latter data were also further con-
firmed by Chan et al. who evaluated a total of 56 patients 
with severe refractory asthma treated with omalizumab 
(20 patients), mepolizumab (30 patients), and benrali-
zumab (6 patients), respectively [43]. Patients with severe 
refractory asthma with relatively well-preserved base-
line FEV1% experienced significant improvements in 
small airway function measured by FEF25–75% and by 
IOS-defined SAD (R5-R20 ≥ 0.08  kPa/L/s) with clinical 
response to biologic therapy.

To date, mepolizumab appears to be the most studied 
biological agent in this area which also highlights a sig-
nificant effect of this anti-IL-5 biological on SAD.

Reslizumab
Reslizumab is a humanized monoclonal antibody anti-
IL5, resulting in a reduction of sputum eosinophils and 
blood eosinophils and, in turn, reduction of exacerba-
tions and asthma symptoms and improved lung function 
[60]. To our knowledge, no studies published to date have 
specifically evaluated the impact of reslizumab on SAD.

Benralizumab
Benralizumab is a monoclonal antibody of murine origin 
that binds the alpha chain of the IL-5 receptor (anti-IL5R) 
leading to antibody-dependent cell-mediated cytotoxicity 
and almost complete depletion of eosinophils in the bone 
marrow, blood and peripheral tissues [61]. Several stud-
ies assessed the effect of benralizumab on SAD (Table 1).

Panettieri et al. performed a multicenter, randomized, 
double-blind, parallel group, placebo-controlled, phase 
IIIb study (SOLANA) with the administration of benrali-
zumab (n = 118) versus placebo (n = 115) [50]. Treatment 
with benralizumab resulted in a non-statistically signifi-
cant improvement from baseline in lung function over 
the maintenance period, as assessed by pre-BD FEV1, 
FVC, and whole-body plethysmography, for patients with 
severe eosinophilic asthma and previous asthma exac-
erbations, non-statistically significant improvements in 
FEF25–75% were also observed at all time points for the 
benralizumab-treated group. However, no improvements 
reached nominal significance compared with placebo. 
Improvements in hyperinflation indices and IC were 
greater for patients receiving benralizumab versus pla-
cebo. The observed early changes in lung volume suggest 

that the anti-inflammatory effect of benralizumab may be 
manifested as deflation over time for patients with hyper-
inflation, who potentially have a greater degree of airway 
remodeling and may represent a favorable effect on SAD.

More convincing data on the impact of benralizumab 
on SAD come from the study by Badal et al. [51]. There 
were significant improvements in Sacin, X5) and a trend 
for improvement in Scond. At week 4, the change in 
ACQ-5 correlated with a change in FEV1, Scond, R5, and 
X5. At baseline, physiological indices were more predic-
tive of symptom improvements compared to eosinophil 
count. In conclusion, small and large airway function 
improved soon after commencing benralizumab and pre-
dicted symptom improvement was reported by patients.

Finally, Mcintosh et  al. evaluated 27 patients with 
eosinophilic asthma before and after treatment with 
benralizumab and hypothesized that those with base-
line FeNO > 50  ppb would report significant oscillom-
etry and ventilation defect percent (VDP) responses, and 
this would not be observed in participants with normal 
baseline FeNO [52]. The oscillometry measurements 
of elastance at 5 Hz (X5) and reactance area (AX) were 
significantly different post-benralizumab across sub-
groups, and both X5 and AX were significantly different 
after 28  days of benralizumab in the FeNO high sub-
group. Clinically relevant VDP improvements were also 
observed in the FeNO intermediate (Δ =—5%) and FeNO 
high (Δ =—6%) subgroups only. The authors concluded 
that the level of baseline FeNO predicted significant 
oscillometry and MRI VDP responses to benralizumab, 
28 days post-therapy.

SAD and anti‑IL‑4/IL‑13 (dupilumab)
Dupilumab, is a fully human monoclonal antibody that 
binds to the alpha subunit of the IL-4 receptor (mutual 
to IL-4 and IL-13 receptors), thereby inhibiting both the 
IL-4 and IL-13 pathway [62].

In patients with severe asthma, dupilumab reduces 
severe exacerbations and the use of oral corticosteroids. 
In addition, it significantly improves the quality of life, 
symptom control and lung function parameters (Table 1) 
[63, 64].

We have interesting experimental and clinical data on 
the role of dupilumab in SAD. Manson et al. performed 
an experimental study in human small bronchi with the 
aim of providing insight into which of type 2 and type 17 
cytokines causes hyperresponsiveness of airway smooth 
muscle [65]. Explanted small bronchi isolated from 
human lung tissue and human airway smooth muscle 
cells were treated with 100 ng/mL of IL-4, IL-5, IL-13, or 
IL-17A, and contractile responses,  Ca2+ mobilization, 
and receptor expression were assessed. The glucocorti-
coid-insensitive hyper-responsiveness in isolated human 
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airways induced by IL-13 and IL-4 provides evidence that 
the IL-4Ra pathway should be targeted as a new strategy 
for the treatment of airway hyperresponsiveness in small 
airways.

Castro et al. performed an analysis of pre-specified sec-
ondary and post hoc results from patients with uncon-
trolled, moderate-to-severe asthma enrolled in the 
LIBERTY ASTHMA QUEST phase 3 trial). In adults with 
uncontrolled persistent asthma, dupilumab administra-
tion was associated with significant improvements across 
a range of lung-function measures including FEV, FVC, 
and FEF25–75%, suggesting that the observed improve-
ment is not limited to the large airways but also extends 
to the small airways [53].

Rabe et al. evaluated the impact of dupilumab on lung 
function parameters in patients with oral corticosteroid-
dependent severe asthma [54]. At Week 24 in the over-
all population, pre- and post-BD FEV1, FVC, FEV1/FVC 
and FEF25–75% had improved versus placebo. Improve-
ments were early and generally sustained over a 24-week 
treatment.

In a single-center observational study, Pelaia et  al. 
evaluated in a real-life setting the short-term therapeu-
tic effects of dupilumab in patients with severe asthma 
and nasal polyposis [55]. Dupilumab induced a signifi-
cant reduction in lung hyperinflation caused by airflow 
limitation. In comparison to baseline, 4  weeks after the 
first administration, median RV had significantly dimin-
ished. RV reduction was associated with a concomitant 
decrease in TLC. In addition to such rapid and impres-
sive deflating effects, it was also observed that dupilumab 
had improved small-airway obstruction, with a signifi-
cant increase in median FEF25–75% from 1.47 ± 0.85 L/
sec to 1.80 ± 0.86 L/sec (p < 0.01). Evaluated together, 
these effects on respiratory functional parameters men-
tioned above may be indicative of a favorable and rapid 
dupilumab effect on SAD.

Minagawa et  al. retrospectively evaluated the effects 
of dupilumab in 62 patients who received dupilumab for 
eosinophilic sinusitis comorbid with asthma at a single 
center in Japan [56].

FEV1, %FEV1, %FVC, treatment steps for asthma 
and ACT improved significantly after three months of 
dupilumab treatment. FeNO was markedly decreased, 
whereas IgE and eosinophil counts showed no significant 
changes. Pre- and post-treatment respiratory resistance 
(Rrs) and respiratory reactance (Xrs) correlated signifi-
cantly with FEV1. For the first time, these authors moni-
tored the effects of dupilumab using FOT in combination 
with spirometry and evaluated the correlation between 
the two modalities. R5, R20, X5, and Fres were signifi-
cantly correlated with FEV1 before and three months 
after dupilumab administration, suggesting that both 

modalities can be useful for monitoring efficacy. Further-
more, the improvement rate of R5 after three months of 
treatment with dupilumab in patients with good FEV1/
FVC was significantly higher than that of FEV1. This 
study demonstrated that dupilumab not only has a 
marked effect on CRSwNP but may also improve respira-
tory parameters related to SAD.

Bacharier et al. studied the effect of dupilumab on lung 
function in children aged 6 to 11 years with uncontrolled, 
moderate-to-severe asthma and a T2 inflammatory 
asthma phenotype [57]. In this phase 3, double-blind, 
placebo-controlled LIBERTY ASTHMA VOYAGE study 
(NCT02948959), add-on dupilumab demonstrated signif-
icant improvements in percent predicted pre-bronchodi-
lator FEV1 and FEF25–75%.

SAD and anti‑TSLP (tezepelumab)
In December 2021, tezepelumab was approved by the 
FDA for the treatment of severe asthma, and is the only 
biologic approved for severe asthma with no pheno-
type (e.g. eosinophilic or allergic) or biomarker limita-
tion within its approved label [66]. Tezepelumab is an 
IgG2 monoclonal antibody that targets thymic stromal 
lymphopoietin (TSLP), preventing its interaction with 
the heterodimeric TSLP receptor, and impacting both 
type-2 and non-type 2 inflammatory pathways, including 
allergic, eosinophilic inflammation, and airway hyperre-
sponsiveness. Based on our research, no specific studies 
have evaluated the impact of tezepelumab on small air-
way function; but many interesting findings derive from 
the CASCADE study. Indeed, Diver et  al. investigated 
the mechanism of action of tezepelumab by assessing its 
effects on airway inflammatory cells, airway remodeling, 
and airway hyperresponsiveness, and indirectly may lead 
us to believe that favorable action on small airways is 
possible by tezepelumab [67].

CASCADE was an exploratory, double-blind, rand-
omized, placebo-controlled, parallel-group, phase 2 study 
enrolling patients aged 18–75  years with uncontrolled, 
moderate-to-severe asthma. The primary endpoint was 
the change from baseline to the end of treatment in the 
number of airway submucosal inflammatory cells in 
bronchoscopic biopsy samples. Airway remodeling was 
assessed via the secondary endpoints, including air-
way hyperresponsiveness to mannitol. Treatment with 
tezepelumab resulted in a nominally significantly greater 
reduction from baseline to the end of treatment in air-
way submucosal eosinophils versus placebo (ratio of geo-
metric least-squares means 0·15 [95% CI 0·05–0·41]; 
nominal p < 0·0010), with the difference seen across all 
baseline biomarker subgroups. There were no signifi-
cant differences between treatment groups in the other 
cell types evaluated (ratio of geometric least-squares 
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means: neutrophils 1·36 [95% CI 0·94–1·97]; CD3 + T 
cells 1·12 [0·86–1·46]; CD4 + T cells 1·18 [0·90–1·55]; 
tryptase + mast cells 0·83 [0·61–1·15]; chymase + mast 
cells 1·19 [0·67–2·10]; all p > 0·10). In the assessment of 
secondary endpoints, there were no significant differ-
ences between treatment groups in reticular basement 
membrane thickness and epithelial integrity. The reduc-
tion in airway hyperresponsiveness to mannitol was 
significantly greater with tezepelumab versus placebo 
(least-squares mean change from baseline in interpolated 
or extrapolated provoking dose of mannitol required to 
induce ≥ 15% reduction in FEV1 from baseline: tezepe-
lumab 197·4 mg [95% CI 107.9 to 286.9]; placebo 58.6 mg 
[-30.1 to 147.33]; difference 138.8 [14.2 to 263.3], nomi-
nal p = 0.030).

Conclusions
Biologic therapies for severe asthma can lead to improve-
ments in asthma control, OCS use, and exacerbation 
frequency. Emerging data show that biological agents, 
in particular anti-IL5 agents (mepolizumab and benrali-
zumab), can positively impact also on SAD, even though 
direct comparisons in prospective randomized controlled 
trials are lacking. However, data on the effect of biolog-
ics on SAD remain limited; which biological agents is the 
best to control SAD, how the best treatment for every 
situation or patient should be chosen, for how long treat-
ment should be done and, eventually, when withdraw the 
treatment and what happen to SAD after that moment 
have not been addressed yet.

Given the clinical impact of SAD on asthma control 
and severity, it seems advisable to have SAD actively 
checked as part of the daily management of patients with 
severe asthma. Severe SAD may represent a distinct phe-
notype of severe eosinophilic asthma that substantially 
improves under anti-type-2 biological therapy. Meas-
ures of small airway function with both spirometry and 
other non-invasive tools, such as IOS, might be useful in 
selecting appropriate patients who qualify for anti-type-2 
biological therapy in addition to blood eosinophil count. 
Clinical trials involving larger cohorts and multimodu-
lar diagnostic assessment of small airway function are 
needed to confirm the added value of SAD as a prognos-
tic marker of response to a particular biological agent. 

Acknowledgements
None.

Authors’ contributions
Study coordination: CL. Manuscript writing: CL, MC, AB, PC. All authors read, 
reviewed and approved the final manuscript.

Funding
None.

Availability of data and materials
Upon request.

Declarations

Ethics approval and consent to participate
No human subject involved, not required.

Consent for publication
No human subject involved, not required.

Competing interests
None declared.

Author details
1 Departmental Unit of Pneumology & Allergology, Fondazione Poliambulanza 
Istituto Ospedaliero, Via Bissolati, 57, 25100 Brescia, Italy. 2 Poliambulanza 
Hospital, Via Leonida Bissolati, 57, 25124 Brescia, Italy. 3 Allergy and Pneumol-
ogy Outpatient Clinic, Bergamo, Italy. 4 Ospedale Santa Chiara and Department 
of Cellular, Computational and Integrative Biology (CIBIO), University of Trento, 
Trento, Italy. 5 Santra Chiara Hospital, Largo Medaglie D’Oro, 9, 38121 Trento, 
Italy. 6 Department of Clinical and Experimental Medicine, Section of Pediatrics, 
University of Pisa, Pisa, Italy. 

Received: 24 August 2022   Accepted: 10 October 2022

References
 1. Papi A, Brightling C, Pedersen SE, Reddel HK. Asthma. Lancet. 

2018;391:783–800. https:// doi. org/ 10. 1016/ S0140- 6736(17) 33311-1.
 2. Burgel PR. The role of small airways in obstructive airway diseases. Eur Respir 

Rev. 2011;20(119):23–33. https:// doi. org/ 10. 1183/ 09059 180. 00010 410.
 3. Braido F, Scichilone N, Lavorini F, Usmani OS, Dubuske L, Boulet LP, et al. 

Manifesto on small airway involvement and management in asthma and 
chronic obstructive pulmonary disease: an interasma (Global Asthma 
Association—GAA) and World Allergy Organization (WAO) document 
endorsed by Allergic Rhinitis and its Impact on Asthma (ARIA) and Global 
Allergy and Asthma European Network (GA2LEN). Asthma Res Pract. 
2016;2:12. https:// doi. org/ 10. 1186/ s40733- 016- 0027-5.

 4. Postma DS, Brightling C, Baldi S, Van den Berge M, Fabbri LM, Gagnatelli 
A, et al. Exploring the relevance and extent of small airways dysfunction 
in asthma (ATLANTIS): baseline data from a prospective cohort study. 
Lancet Respir Med. 2019;7:402–16. https:// doi. org/ 10. 1016/ S2213- 
2600(19) 30049-9.

 5. Kraft M, Richardson M, Hallmark B, Billheimer D, Van den Berge M, 
Fabbri LM, Van der Molen T, Nicolini G, Papi A, Rabe KF, Singh D, Brigh-
tling C, Siddiqui S; ATLANTIS study group. The role of small airway 
dysfunction in asthma control and exacerbations: a longitudinal, 
observational analysis using data from the ATLANTIS study. Lancet 
Respir Med. 2022;S2213–2600(21)00536–1 https:// doi. org/ 10. 1016/ 
S2213- 2600(21) 00536-1.

 6. van der Wiel E, ten Hacken NH, Postma DS, van den Berge M. Small 
airways dysfunction associates with respiratory symptoms and clini-
cal features of asthma: a systematic review. J Allergy Clin Immunol. 
2013;131(3):646–57. https:// doi. org/ 10. 1016/j. jaci. 2012. 12. 1567.

 7. Contoli M, Bousquet J, Fabbri LM, Magnussen H, Rabe KF, Siafakas NM, 
et al. The small airways and distal lung compartment in asthma and 
COPD: a time for reappraisal. Allergy. 2010;65:141–51. https:// doi. org/ 10. 
1111/j. 1398- 9995. 2009. 02242.x.

 8. Cottini M, Licini A, Lombardi C, Berti A. Clinical characterization and pre-
dictors of IOS-defined small-airway dysfunction in asthma. J Allergy Clin 
Immunol Pract. 2020;8(3):997–1004. https:// doi. org/ 10. 1016/j. jaip. 2019. 
10. 040.

 9. Cottini M, Lombardi C, Micheletto C. Small airway dysfunction and bron-
chial asthma control: the state of the art. Asthma Res Pract. 2015;1:13. 
https:// doi. org/ 10. 1186/ s40733- 015- 0013-3.

https://doi.org/10.1016/S0140-6736(17)33311-1
https://doi.org/10.1183/09059180.00010410
https://doi.org/10.1186/s40733-016-0027-5
https://doi.org/10.1016/S2213-2600(19)30049-9
https://doi.org/10.1016/S2213-2600(19)30049-9
https://doi.org/10.1016/S2213-2600(21)00536-1
https://doi.org/10.1016/S2213-2600(21)00536-1
https://doi.org/10.1016/j.jaci.2012.12.1567
https://doi.org/10.1111/j.1398-9995.2009.02242.x
https://doi.org/10.1111/j.1398-9995.2009.02242.x
https://doi.org/10.1016/j.jaip.2019.10.040
https://doi.org/10.1016/j.jaip.2019.10.040
https://doi.org/10.1186/s40733-015-0013-3


Page 10 of 11Lombardi et al. Asthma Research and Practice             (2022) 8:6 

 10. Cottini M, Licini A, Lombardi C, Bagnasco D, Comberiati P, Berti A. Small 
airway dysfunction and poor asthma control: a dangerous liaison. Clin 
Mol Allergy. 2021;19(1):7. https:// doi. org/ 10. 1186/ s12948- 021- 00147-8.

 11. Cottini M, Lombardi C, Passalacqua G, Bagnasco D, Berti A, Comberiati P, 
Imeri G, Landi M, Heffler E. Small Airways: The “Silent Zone” of 2021 GINA 
Report? Front Med (Lausanne). 2022. https:// doi. org/ 10. 3389/ fmed. 2022. 
88467 910. 3389/ fmed. 2022. 884679.

 12. GINA report. Global Strategy for Asthma Management and Prevention. 
Available online at: https:// ginas thma. org/ gina- repor ts/ (accessed April 
01, 2022).

 13. Cosio M, Ghezzo H, Hogg JC, Corbin R, Loveland M, Dosman J, et al. The 
relations between structural changes in small airways and pulmonary 
function tests. N Engl J Med. 1978;298:1277–81. https:// doi. org/ 10. 1056/ 
NEJM1 97806 08298 2303.

 14. Anderson WJ, Zajda E, Lipworth BJ. Are we overlooking persistent small 
airways dysfunction in community-managed asthma? Ann Allergy 
Asthma Immunol. 2012;109:185–9.

 15. Cottini M, Licini A, Lombardi C, Berti A. Prevalence and features of 
IOS-defined small airway disease across asthma severities. Respir Med. 
2021;176:106243. https:// doi. org/ 10. 1016/j. rmed. 2020. 106243.

 16. Derendorf H, Nave R, Drollmann A, Cerasoli F, Wurst W. Relevance of 
pharmacokinetics and pharmacodynamics of inhaled corticosteroids to 
asthma. Eur Respir J. 2006;28:1042–50. https:// doi. org/ 10. 1183/ 09031 936. 
00074 905.

 17. Leach CL, Davidson PJ, Boudreau RJ. Improved airway targeting with the 
CFC-free HFA-beclomethasone metered-dose inhaler compared with 
CFC beclomethasone. Eur Respir J. 1998;12:1346–53. https:// doi. org/ 10. 
1183/ 09031 936. 98. 12061 346.

 18. Agustí A, Bafadhel M, 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. https:// doi. org/ 10. 1183/ 13993 003. 01655- 2017.

 19. Zimmermann SC, Tonga KO, Thamrin C. Dismantling airway disease 
with the use of new pul monary function indices. Eur Respir Rev. 
2019;28:180122. https:// doi. org/ 10. 1183/ 16000 617. 0122- 2018.

 20. Usmani OS, Singh D, Spinola M, Bizzi A, Barnes PJ. The prevalence of small 
airways disease in adult asthma: a systematic literature review. Respir 
Med. 2016;116:19–27. https:// doi. org/ 10. 1016/j. rmed. 2016. 05. 006).

 21. Abdo M, Trinkmann F, Kirsten AM, Pedersen F, Herzmann C, von Mutius E, 
Kopp MV, Hansen G, Waschki B, Rabe KF, Watz H, Bahmer T, Study Group. 
Small Airway Dysfunction Links Asthma Severity with Physical Activity 
and Symptom Control. J Allergy Clin Immunol Pract. 2021;9(9):3359–68. 
https:// doi. org/ 10. 1016/j. jaip. 2021. 04. 035.

 22. Abdo M, Trinkmann F, Kirsten AM, Biller H, Pedersen F, Waschki B, Alliance 
study group, et al. The relevance of small airway dysfunction in asthma 
with nocturnal symptoms. J Asthma Allergy. 2021;14:897–905. https:// doi. 
org/ 10. 2147/ JAA. S3135 72.

 23. Kuo CR, Jabbal S, Lipworth B. Is small airways dysfunction related to 
asthma control and type 2 inflammation? Ann Allergy Asthma Immunol. 
2018;121(5):631–2. https:// doi. org/ 10. 1016/j. anai. 2018. 08. 009.

 24. Chaiwong W, Namwongprom S, Liwsrisakun C, Pothirat C. The roles of 
impulse oscillometry in detection of poorly controlled asthma in adults 
with normal spirometry. J Asthma. 2022;59(3):561–71. https:// doi. org/ 10. 
1080/ 02770 903. 2020. 18684 99.

 25. Chiu HY, Hsiao YH, Su KC, Lee YC, Ko HK, Perng DW. Small Airway Dysfunc-
tion by Impulse Oscillometry in Symptomatic Patients with Preserved 
Pulmonary Function. J Allergy Clin Immunol Pract. 2020;8(1):229-235.e3. 
https:// doi. org/ 10. 1016/j. jaip. 2019. 06. 035.

 26. Manoharan A, Anderson WJ, Lipworth J, Ibrahim I, Lipworth BJ. Small 
airway dysfunction is associated with poorer asthma control. Eur Respir J. 
2014;44:1353–5. https:// doi. org/ 10. 1183/ 09031 936. 00082 314.

 27. Chan R, Lipworth B. Forced Vital Capacity and Low Frequency Reac-
tance Area Measurements Are Associated with Asthma Control and 
Exacerbations. Lung. 2022;200(3):301–3. https:// doi. org/ 10. 1007/ 
s00408- 022- 00542-1.

 28. Carr TF, Roula Altisheh R, Zitt M. Small airways disease and severe 
asthma. World Allergy Organ J. 2017;10:20. https:// doi. org/ 10. 1186/ 
s40413- 017- 0153-4).

 29. Chung KF, Wenzel SE, Brozek JL, et al. International ERS/ATS guidelines 
on definition, evaluation and treatment of severe asthma. Eur Respir J. 
2014;43(2):343–73. https:// doi. org/ 10. 1183/ 09031 936. 00202 013).

 30. Buhl R, Humbert M, Bjermer L, Chanez P, Heaney LG, Pavord I, et al. 
Severe eosinophilic asthma: a roadmap to consensus. Eur Respir J. 
2017;49:1700634. https:// doi. org/ 10. 1183/ 13993 003. 00634- 2017).

 31. Kuyper LM, Pare PD, Hogg JC, et al. Characterization of airway plugging in 
fatal asthma. Am J Med. 2003;115(1):6–11. https:// doi. org/ 10. 1016/ s0002- 
9343(03) 00241-9.

 32. Saetta M, Di Stefano A, Rosina C, Thiene G, Fabbri LM. Quantitative struc-
tural analysis of peripheral airways and arteries in sudden fatal asthma. 
Am Rev Respir Dis. 1991;143(1):138–43. https:// doi. org/ 10. 1164/ ajrccm/ 
143.1. 138).

 33. Farah CS, Keulers LA, Hardaker KM, Peters MJ, Berend N, Postma DS, 
Salome CM, King GG. Association between peripheral airway function 
and neutrophilic inflammation in asthma. Respirology. 2015;20(6):975–8. 
https:// doi. org/ 10. 1111/ resp. 12550.

 34. Abdo M, Pedersen F, Kirsten A-M, et al. Longitudinal impact of sputum 
inflammatory phenotypes on small airway dysfunction and disease out-
comes in asthma. J Allergy Clin Immunol. 2022;10:1545-1553.e2. https:// 
doi. org/ 10. 1016/j. jaip. 2022. 02. 020).

 35. Kawakami T, Blank U. From IgE to Omalizumab. J Immunol Baltim Md 
1950. 2016;197(11):4187–92. https:// doi. org/ 10. 4049/ jimmu nol. 16014 76.

 36. Esquivel A, Busse WW, Calatroni A, Togias AG, Grindle KG, Bochkov YA, 
et al. Effects of Omalizumab on Rhinovirus Infections, Illnesses, and 
Exacerbations of Asthma. Am J Respir Crit Care Med. 2017;196(8):985–92. 
https:// doi. org/ 10. 1164/ rccm. 201701- 0120OC.

 37. Chheanga C, Guinandb S, von Garnierc C, Sartori C. New perspectives 
of biological therapy for severe asthma in adults and adolescents. Swiss 
Med Wkly. 2022;152:w30176. https:// doi. org/ 10. 4414/ smw. 2022. w30176.

 38. Henriksen DP, Bodtger U, Sidenius K, Maltbaek N, Pedersen L, Madsen 
H, Andersson EA, Norgaard O, Madsen LK, Chawes BL. Efficacy of omali-
zumab in children, adolescents, and adults with severe allergic asthma: 
a systematic review, meta-analysis, and call for new trials using current 
guidelines for assessment of severe asthma. Allergy Asthma Clin Immu-
nol. 2020;16:49. https:// doi. org/ 10. 1186/ s13223- 020- 00442-0.

 39. Huang W-C, Fu P-K, Chan M-C, Chin C-S, Huang W-N, Lai K-L, Wang J-L, 
Hung W-T, Wu Y-D, Hsieh C-W, et al. The Long-Term Effectiveness of 
Omalizumab in Adult Patients with Severe Allergic Asthma: Continuou-
sTreatment Versus Boosting Treatment. J Clin Med. 2021;10:707. https:// 
doi. org/ 10. 3390/ jcm10 040707.

 40. Tajiri T, Niimi A, Matsumoto H, Ito I, Oguma T, Otsuka K, Takeda T, Nakaji 
H, Inoue H, Iwata T, Nagasaki T, Kanemitsu Y, Izuhara Y, Mishima M. 
Comprehensive efficacy of omalizumab for severe refractory asthma: 
a time-series observational study. Ann Allergy Asthma Immunol. 
2014;113(4):470-5.e2. https:// doi. org/ 10. 1016/j. anai. 2014. 06. 004.

 41. Paganin F, Mangiapan G, Proust A, Prudhomme A, Attia J, Marchand-
Adam S, Pellet F, Milhe F, et al. Lung function parameters in omalizumab 
responder patients: An interesting tool? Allergy. 2017;72(12):1953–61. 
https:// doi. org/ 10. 1111/ all. 13202.

 42. Saadeh C, Goldman MD, Saadeh CK, Lemert Jr. JR. Objective evidence of 
omalizumab treatment assessed by Forced Oscillation (FO). J ALLERGY 
CLIN IMMUNOL VOLUME 119, NUMBER 1, SUPPLEMENT S5 https:// doi. 
org/ 10. 1016/j. jaci. 2006. 11. 037.

 43. Chan R, Kuo CRW, Lipworth B. Real-life small airway outcomes in 
severe asthma patients receiving biological therapies. JACI in Practice. 
2021;9(7):2907–9. https:// doi. org/ 10. 1016/j. jaip. 2021. 01. 029.

 44. Antonicelli L, Tontini C, Marchionni A, Lucchetti B, Garritani MS, Bilò MB. 
Forced oscillation technique as method to document and monitor the 
efficacy of mepolizumab in treating severe eosinophilic asthma. Allergy. 
2020;75(2):433–6. https:// doi. org/ 10. 1111/ all. 13938.

 45. Sposato B, Camiciottoli G, Bacci E, Scalese M, Carpagnano GE, Pelaia 
C, Santus PA, Maniscalco M, et al. Mepolizumab effectiveness on small 
airway obstruction, corticosteroid sparing and maintenance therapy 
step-down in real life. Pulm Pharmacol Ther. 2020;61:101899. https:// doi. 
org/ 10. 1016/j. pupt. 2020. 101899.

 46. Farah CS, Badal T, Reed N, Rogers PG, King GG, Thamrin C, Peters MJ, 
Seccombe LM. Mepolizumab improves small airway function in severe 
eosinophilic asthma. Respir Med. 2019;148:49–53. https:// doi. org/ 10. 
1016/j. rmed. 2019. 01. 016.

 47. Yilmaz I, Bahcecioglu SN, Turk M, Tutar N, Çetin GP, Bahar A. Effectiveness 
of mepolizumab therapy on symptoms, asthma exacerbations, steroid 
dependence, and small airways in patients with severe eosinophilic 

https://doi.org/10.1186/s12948-021-00147-8
https://doi.org/10.3389/fmed.2022.88467910.3389/fmed.2022.884679
https://doi.org/10.3389/fmed.2022.88467910.3389/fmed.2022.884679
https://ginasthma.org/gina-reports/
https://doi.org/10.1056/NEJM197806082982303
https://doi.org/10.1056/NEJM197806082982303
https://doi.org/10.1016/j.rmed.2020.106243
https://doi.org/10.1183/09031936.00074905
https://doi.org/10.1183/09031936.00074905
https://doi.org/10.1183/09031936.98.12061346
https://doi.org/10.1183/09031936.98.12061346
https://doi.org/10.1183/13993003.01655-2017
https://doi.org/10.1183/16000617.0122-2018
https://doi.org/10.1016/j.rmed.2016.05.006)
https://doi.org/10.1016/j.jaip.2021.04.035
https://doi.org/10.2147/JAA.S313572
https://doi.org/10.2147/JAA.S313572
https://doi.org/10.1016/j.anai.2018.08.009
https://doi.org/10.1080/02770903.2020.1868499
https://doi.org/10.1080/02770903.2020.1868499
https://doi.org/10.1016/j.jaip.2019.06.035
https://doi.org/10.1183/09031936.00082314
https://doi.org/10.1007/s00408-022-00542-1
https://doi.org/10.1007/s00408-022-00542-1
https://doi.org/10.1186/s40413-017-0153-4)
https://doi.org/10.1186/s40413-017-0153-4)
https://doi.org/10.1183/09031936.00202013)
https://doi.org/10.1183/13993003.00634-2017)
https://doi.org/10.1016/s0002-9343(03)00241-9
https://doi.org/10.1016/s0002-9343(03)00241-9
https://doi.org/10.1164/ajrccm/143.1.138)
https://doi.org/10.1164/ajrccm/143.1.138)
https://doi.org/10.1111/resp.12550
https://doi.org/10.1016/j.jaip.2022.02.020)
https://doi.org/10.1016/j.jaip.2022.02.020)
https://doi.org/10.4049/jimmunol.1601476
https://doi.org/10.1164/rccm.201701-0120OC
https://doi.org/10.4414/smw.2022.w30176
https://doi.org/10.1186/s13223-020-00442-0
https://doi.org/10.3390/jcm10040707
https://doi.org/10.3390/jcm10040707
https://doi.org/10.1016/j.anai.2014.06.004
https://doi.org/10.1111/all.13202
https://doi.org/10.1016/j.jaci.2006.11.037
https://doi.org/10.1016/j.jaci.2006.11.037
https://doi.org/10.1016/j.jaip.2021.01.029
https://doi.org/10.1111/all.13938
https://doi.org/10.1016/j.pupt.2020.101899
https://doi.org/10.1016/j.pupt.2020.101899
https://doi.org/10.1016/j.rmed.2019.01.016
https://doi.org/10.1016/j.rmed.2019.01.016


Page 11 of 11Lombardi et al. Asthma Research and Practice             (2022) 8:6  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

asthma. Turk J Med Sci. 2012;51(4):1953–9. https:// doi. org/ 10. 3906/ sag- 
2009- 41 Article 46.

 48. Maglio A, Vitale C, Pellegrino S, Calabrese C, D’Amato M, Molino A, Pelaia 
C, Triggiani M, Pelaia G, Stellato C, et al. Real-Life Effectiveness of Mepoli-
zumab on Forced Expiratory Flow between 25% and 75% of Forced Vital 
Capacity in Patients with Severe Eosinophilic Asthma. Biomedicines. 
2021;9:1550. https:// doi. org/ 10. 3390/ biome dicin es911 15.

 49. Abdo M, Watz H, Veith V, Kirsten A-M, Biller H, Pedersen F, von Mutius 
E, Kopp MV, Hansen G, Waschki B, Rabe KF, Trinkmann F, Bahmer T. 
Small airway dysfunction as predictor and marker for clinical response 
to biological therapy in severe eosinophilic asthma: a longitudinal 
observational study. Respir Res. 2020;21:278. https:// doi. org/ 10. 1186/ 
s12931- 020- 01543-5).

 50. Panettieri RA Jr, Welte T, Shenoy KV, Korn S, Jandl M, Kerwin EM, Feijoo R, 
Barker P, Olsson RF, Martin UJ, On behalf of the SOLANA Study Investiga-
tors. Onset of Effect, Changes in Airflow Obstruction and Lung Volume, 
and Health-Related Quality of Life Improvements with Benralizumab 
for Patients with Severe Eosinophilic Asthma: Phase IIIb Randomized, 
Controlled Trial (SOLANA). J Asthma Allergy. 2020;13:115–26. https:// doi. 
org/ 10. 2147/ JAA. S2400 44.

 51. Badal T, Reed N, Seccombe LM, Cottee AM, Thamrin C, King GG, Peters MJ, 
Farah CS. Improved small airway function by benralizumab in patients 
with severe eosinophilic asthma. Eur Respir J. 2020;56:3215. https:// doi. 
org/ 10. 1183/ 13993 003).

 52. Mcintosh M, Kooner HK, Eddy RL, Licskai C, Yamashita C, Gendron A. 
Response to Benralizumab in Severe Asthma: Oscillometry and MRI Ven-
tilation Defect Improvements in Participants with Abnormal FeNO. Am J 
Respir Crit Care Med. 2021;203:A1111.

 53. Castro M, Rabe KF, Corren J, et al. Dupilumab improves lung function in 
patients with uncontrolled, moderate-to-severe asthma. ERJ Open Res 
2020; 6: 00204-2019 https:// doi. org/ 10. 1183/ 23120 541. 00204- 2019.

 54. Rabe KF, Nair P, Maspero JF, Castro M, Rice MS, Deniz Y, Rowe P, et al. The 
effect of dupilumab on lung function parameters in patients with oral 
corticosteroid-dependent severe asthma. Respir Med. 2020;2:100010. 
https:// doi. org/ 10. 1016/j. yrmex. 2019. 100010.

 55. Pelaia C, Lombardo N, Busceti MT, Piazzetta G, Crimi C, Calabrese C, 
Vatrella A, Pelaia G. Short-term evaluation of dupilumab effects in 
patients with severe asthma and nasal polyposis. J Asthma Allergy. 
2021;14:1165–72.

 56. Minagawa S, Araya J, Watanabe N, Fujimoto S, Watanabe J, Hara H, et al. 
Real-life effectiveness of dupilumab in patients with mild to moderate 
bronchial asthma comorbid with CRSwNP. BMC Pulm Med. 2022;22:258. 
https:// doi. org/ 10. 1186/ s12890- 022- 02046-3).

 57. Bacharier L, Guilbert T, Katelaris C, Rowe P, Lederer D, Hardin M et al. 
Dupilumab improves lung function in children with uncontrolled, 
moderate-to-severe asthma: Liberty Asthma Voyage.Obstructive Lung 
Diseases (2012), Volume 160, 4, SUPPLEMENT , A1885-A1887, OCTOBER 
01, 2021. https:// doi. org/ 10. 1016/j. chest. 2021. 07.1.

 58. Pasha MA, Jourd’heuil D, Jourd’heuil F, Mahon L, Romero F, Feustel PJ, 
Evans M, Smith T, Mitchell J, Gendapodi P, DeMeyere-Coursey KC, Townley 
RG. The effect of omalizumab on small airway inflammation as measured 
by exhaled nitric oxide in moderate-to-severe asthmatic patients. Allergy 
Asthma Proc. 2014;35(3):241–9. https:// doi. org/ 10. 2500/ aap. 2014. 35. 3741.

 59. Lombardi C, Berti A, Cottini M. The emerging roles of eosinophils: Implica-
tions for the targeted treatment of eosinophilic-associated inflammatory 
conditions. Curr Res Immunol. 2022;21(3):42–53. https:// doi. org/ 10. 
1016/j. crimmu. 2022. 03. 002.

 60. Agache I, Beltran J, Akdis C, Akdis M, Canelo-Aybar C, Canonica GW, 
et al. Efficacy and safety of treatment with biologicals (benralizumab, 
dupilumab, mepolizumab, omalizumab and reslizumab) for severe 
eosinophilic asthma. A systematic review for the EAACI Guidelines - 
recommendations on the use of biologicals in severe asthma. Allergy. 
2020;75(5):1023–42. https:// doi. org/ 10. 1111/ all. 14221.

 61. Fitzgerald JM, Bleecker ER, Nair P, Korn S, Ohta K, Lommatzsch M, CALIMA 
study investigators, et al. Benralizumab, an anti-interleukin-5 receptor 
α monoclonal antibody, as add-on treatment for patients with severe, 
uncontrolled, eosinophilic asthma (CALIMA): a randomised, double-
blind, placebo-controlled phase 3 trial. Lancet. 2016;388(10056):2128–41. 
https:// doi. org/ 10. 1016/ S0140- 6736(16) 31322-8.

 62. Pelaia C, Pelaia G, Crimi C, Maglio A, Armentaro G, Calabrese C, Sciac-
qua A, Gallelli L, Vatrella A. Biological Therapy of Severe Asthma with 

Dupilumab, a Dual Receptor Antagonist of Interleukins 4 and 13. Vaccines 
(Basel). 2022;10(6):974. https:// doi. org/ 10. 3390/ vacci nes10 060974.

 63. 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(26):2486–96. https:// doi. org/ 10. 1056/ 
NEJMo a1804 092 PubMed. 1533–4406.

 64. Wechsler ME, Ford LB, Maspero JF, Pavord ID, Papi A, Bourdin A, et al. 
Long-term safety and efficacy of dupilumab in patients with moderate-
to-severe asthma (TRAVERSE): an open-label extension study. Lancet 
Respir Med. 2022;10(1):11–25. https:// doi. org/ 10. 1016/ S2213- 2600(21) 
00322-2. PubMed. 2213- 2619).

 65. Manson ML, Safholm J, James A, Johnsson A-K, Bergman P, Al-Ameri M, 
et al. IL-13 and IL-4, but not IL-5 nor IL-17A, induce hyperresponsiveness in 
isolated human small airways. J Allergy Clin Immunol. 2020;145:808–17.

 66. Menzies-Gow A, Steenkampb J, Singhb S, Erhardtc W, Rowelld J, Ranee 
P, Martind N, Llanos Ackerte JP, Quinton A. Tezepelumab compared with 
other biologics for the treatment of severe asthma: a systematic review 
and indirect treatment comparison. J Med Econ. 2022;25(1):679–90. 
https:// doi. org/ 10. 1080/ 13696 998. 2022. 20741 95).

 67. Diver S, Khalfaoui L, Emson E, Wenzel SE, Menzies-Gow A, Wechsler ME, 
Johnston J, Molfino N, Parnes JR, Megally A, Colice G, Brightling CE, on 
behalf of the CASCADE study investigators. Effect of tezepelumab on 
airway inflammatory cells, remodelling, and hyperresponsiveness in 
patients with moderate-to-severe uncontrolled asthma (CASCADE): 
a double-blind, randomised, placebo-controlled, phase 2 trial. Lancet 
Respiratory Medicine. 2021;9(11):1299–312. https:// doi. org/ 10. 1016/ 
S2213- 2600(21) 00226-5).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3906/sag-2009-41
https://doi.org/10.3906/sag-2009-41
https://doi.org/10.3390/biomedicines91115
https://doi.org/10.1186/s12931-020-01543-5)
https://doi.org/10.1186/s12931-020-01543-5)
https://doi.org/10.2147/JAA.S240044
https://doi.org/10.2147/JAA.S240044
https://doi.org/10.1183/13993003)
https://doi.org/10.1183/13993003)
https://doi.org/10.1183/23120541.00204-2019
https://doi.org/10.1016/j.yrmex.2019.100010
https://doi.org/10.1186/s12890-022-02046-3)
https://doi.org/10.1016/j.chest.2021.07.1
https://doi.org/10.2500/aap.2014.35.3741
https://doi.org/10.1016/j.crimmu.2022.03.002
https://doi.org/10.1016/j.crimmu.2022.03.002
https://doi.org/10.1111/all.14221
https://doi.org/10.1016/S0140-6736(16)31322-8
https://doi.org/10.3390/vaccines10060974
https://doi.org/10.1056/NEJMoa1804092
https://doi.org/10.1056/NEJMoa1804092
https://doi.org/10.1016/S2213-2600(21)00322-2.PubMed.2213-2619)
https://doi.org/10.1016/S2213-2600(21)00322-2.PubMed.2213-2619)
https://doi.org/10.1080/13696998.2022.2074195)
https://doi.org/10.1016/S2213-2600(21)00226-5)
https://doi.org/10.1016/S2213-2600(21)00226-5)

	Monoclonal antibodies targeting small airways: a new perspective for biological therapies in severe asthma
	Abstract 
	Introduction
	SAD: Prevalence, association with specific asthma phenotypes and poor asthma control
	SAD in severe asthma
	SAD and anti-IgE agents (omalizumab)
	SAD and anti-IL-5 agents (mepolizumab, reslizumab, benralizumab)
	Mepolizumab
	Reslizumab
	Benralizumab
	SAD and anti-IL-4IL-13 (dupilumab)

	SAD and anti-TSLP (tezepelumab)

	Conclusions
	Acknowledgements
	References


