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Abstract: Background: Indirect comparison among biologics in severe asthma (SA) is a challenging
but desirable goal for clinicians in real life. The aim of the study is to define characteristics of a
biologic-treated T2-driven-SA population and to evaluate the effectiveness of biologic treatments
in a real-world setting by variation in intra/inter-biologic parameters in an up to 4-year follow-
up. Methods: Demographic, clinical, functional, and biological characteristics were evaluated
retrospectively in 104 patients recruited until July 2022 at baseline (T0) and over a maximum of
4 years (T4) of biologic therapy (omalizumab/OmaG = 41, from T0 to T4, mepolizumab/MepoG = 26,
from T0 to T4, benralizumab/BenraG = 18, from T0 to T2, and dupilumab/DupiG = 19, from T0 to T1).
Variations of parameters using means of paired Delta were assessed. Results: At baseline, patients
had high prevalence of T2-driven comorbidities, low asthma control test (ACT mean 17.65 ± 4.41),
impaired pulmonary function (FEV1 65 ± 18 %pred), frequent exacerbations/year (AEs 3.5 ± 3), and
OCS dependence (60%). DupiG had lower T2 biomarkers/comorbidities and AEs, and worse FEV1

(57 ± 19 %pred) compared to other biologics (p < 0.05). All biologics improved ACT, FEV1%, FVC%,
AEs rate, and OCS use. FEV1% improved in MepoG and BenraG over the minimal clinically important
difference and was sustained over 4 years in OmaG and MepoG. A significant RV reduction in OmaG
(T4) and DupiG (T1), and BenraG normalization (T2) of airflow limitation were found. We observed
through inter-biologic parameters pair delta variation comparison a significant nocturnal awakenings
reduction in BenraG vs. OmaG/MepoG, and neutrophils reduction in BenraG/DupiG vs. OmaG.
Conclusions: Indirect comparison among biologics unveils clinical and functional improvements that
may mark a different effectiveness. These results may highlight the preference of a single biologic
compared to another with regard to specific treatable traits.

Keywords: severe asthma; indirect comparison; biologics; omalizumab; mepolizumab; dupilumab;
benralizumab; precision medicine; treatable traits

1. Introduction

Severe asthma (SA) is a complex and heterogeneous disease presenting several clinical
phenotypes driven by multiple molecular endotypes and affecting 5–10% of asthmatic
patients [1]. At present, asthma phenotypes can be divided into two main groups based
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on the underlying inflammatory process: Type-2 (T2) High, representing approximately
70% of SA cases and associated with an eosinophilic inflammatory profile in induced
sputum, and T2-Low [2]. The majority of all currently approved biologics for uncontrolled,
moderate-to-severe asthma, target components of the T2 inflammatory pathway. Oma-
lizumab suppresses the activity of IgE, mepolizumab binds IL-5, benralizumab blocks
IL5Rα, whereas dupilumab inhibits the activity of IL-4 and IL-13. All biologics reached,
in both a randomized controlled trial (RCT) and real-life studies (RLS), the expected out-
comes in reducing airway eosinophilic inflammation, asthma exacerbation (AEs) rates, and
improving lung function and symptoms scores [3]. Only recently, tezepelumab, a human
monoclonal antibody that binds specifically to thymic stromal lymphopoietin (TSLP) and
targets multiple disease pathways, including T2-low severe asthma, was adopted in clinical
practice [4].

Although designed on different biologic targets, the indications for the clinical use of
biologics to severe, T2, asthmatic patients frequently overlap, turning the choice for the
best biologic treatment into a challenge [5]. At present no direct “head-to-head” trials of
comparison between biologics in SA are available, while indirect methods, such as indirect
treatment comparison (ITC), were explored. They compare the efficacy of each treatment
based on selected endpoints in cohorts of patients with same defined selected clinical and
inflammatory phenotypes, using different statistical methods. None of the studies using
ITC succeeded in matching patient characteristics and many can be criticised because of
arbitrary inclusion and exclusion criteria [6]. Moreover, ITC relied strictly on controlled
data only from RCTs; accordingly, they are not generalizable and may underestimate the
true treatment efficacies [7]. Recently, Taha Al-Shaikhly and colleagues demonstrated the
relatively superior efficacy of Dupilumab in reducing AEs compared with anti-IL-5 and
anti-IgE biologics in real life. However, head-to-head controlled RLS are still needed [8].

The great heterogeneity of T2 SA population supports the existence of distinct subtypes
of T2 SA which could preferentially respond to a single biologic [9,10]. Pragmatic algorithms
to guide the choice of biologic based on sub-endotypes of T2 asthma were suggested,
remaining largely speculative from an evidence-based perspective [11]. With the upcoming
of a great deal of data coming from RLS, the concept of clinical treatable traits within the
T2, SA patients emerged, allowing a precision medicine approach [12]. A treatable trait is
defined as a phenotypic or endotypic characteristic that can be successfully targeted with
treatment. Each trait, such as comorbidities, lung function, or asthma symptoms could be a
preferential target for one specific biologic. Thereafter, biomarkers in SA were explored
with the aim of identifying the treatable trait and prediction of response to treatments [13].
Concomitantly, molecular phenotyping validated the recognition of biological endotypes
that represent treatable mechanisms which need to be linked to biomarkers according to
precision medicine approaches [14].

We aimed to compare retrospectively clinical, functional, and biological characteristics
in a cohort of SA patients before and during treatment with four different biologic agents
(omalizumab, mepolizumab, benralizumab, or dupilumab) in order to bring out those traits
marking a different effectiveness. The evaluation of parameter variations over time for
each biologic lets us define the “intra-biological” and the “inter-biological” changes in real
life as a measure of indirect comparison.

2. Materials and Methods
2.1. Patients and Study Design

This monocentric, retrospective, observational, and real-life study was conducted at
San Luigi Gonzaga University Hospital with the approval of the local ethical committee
(Protocol number 4478/2017, approved on 20 March 2017) in accordance with the Declara-
tion of Helsinki. The study involved 88 SA patients who gave written informed consent
and who accessed our Severe Asthma and Rare Lung Disease Unit from January 2007 to
July 2022. SA was defined according to ATS/ERS Guidelines [1]. All patients presented
with T2 inflammation and were prescribed a biologic agent according to regional criteria



J. Clin. Med. 2024, 13, 4750 3 of 20

for prescription (Table S1). T2 inflammation was defined if at least one of the following ele-
ments were present: peripheral blood eosinophils (PBE) ≥ 300/mcl, FENO ≥ 30 ppb, total
IgE ≥ 100 UI/mL, or documented atopy through prick test or specific IgE measurement [15].
Patients were divided into four groups based on the biologic prescribed: omalizumab group
(OmaG), mepolizumab group (MepoG), benralizumab group (BenraG), and dupilumab
group (DupiG). Four patients included in the study were treated off-label with omalizumab,
due to lack of available alternative biologics in the market at the time of prescription.

2.2. Baseline Descriptive Clinical, Functional, and Biological Characteristics

For each patient, we reported the following data: age, sex, age of asthma onset
(<18 y/o: early-onset/>18 y/o: late-onset), BMI, history of smoke, comorbidities, atopy
for seasonal or perennial allergens (animal dander or house dust mites), atopy for molds
demonstrated by diagnostic tests (prick or specific IgE), HRCT characteristics (bronchiecta-
sis, mucus plug, emphysema, and thickening of the bronchial walls), ER visits for asthma
exacerbations, intubation due to asthma attacks, and number of exacerbations that required
OCS burst in the previous year. We also reported maintenance treatment defining ICS dose,
OCS dose, LABA, and LAMA. ICS was expressed as beclomethasone equivalent HFA (BDP
HFA dose, mcg). OCS dependence patients were defined as patients who have at least
one between the following characteristics: need of chronic treatment with OCS for more
than 6 months in the previous year (chronic OCS) or number of asthma exacerbations that
required at least 3 days of treatment with OCS ≥ 3/year in the previous year (OCS bursts
≥ 3/year). To assess asthma symptoms, an asthma control test (ACT) [16] was proposed
to each patient at every follow-up visit. Activity limitations and nocturnal symptoms
were evaluated through the first two questions of the ACT. Asthma was defined as “non
controlled” if ACT score was ≤19 and as “controlled” if ACT was ≥20 [17]. Pulmonary
function was assessed performing spirometry and/or plethysmography (Vmax Encore 62,
Carefusion, Würzburg, Germany) with or without a post-bronchodilator test. The following
spirometric data were collected: absolute FEV1, FEV1 %pred., absolute FVC, FVC %pred.,
absolute IT, IT %pred., absolute RV, RV %pred., absolute FVC post BD, absolute Delta FVC
post BD, Delta FVC %post BD, absolute FEV1 post BD, absolute Delta FEV1 post BD, Delta
FEV1 %post BD, DLCO %pred., and DLCO/Va %pred. We also evaluated the percentage
of patients that showed reversibility of FEV1 (reversible) and the percentage of patients
with fixed obstruction of the Tiffeneau index, after a bronchodilator test in accordance
with ATS/ERS Guidelines [18]. Biological collected data included total IgE (UI/mL), total
(cells/mcl), and percentage count of leukocytes, neutrophils, peripheral blood eosinophils
PBE, fibrinogen levels (mg/dl) [19], and FENO values (ppb). FENO was measured with
the single breath technique using FENO + (Medisoft, Sorinnes, Belgium). The presence of
one or more biomarkers defining T2 inflammation, as defined in the methods section, was
analyzed for each group of biologic-treated patients.

2.3. Collection of Variables for “Intra and Inter Biologics” Comparison over Time

We evaluated the variation in clinical, functional, and biological continuous variables
in patients who were prescribed a biologic over 4 years (T1 = first year, T2 = second year,
T3 = third year, and T4 = fourth year) in OmaG and MepoG, 2 years (T1 and T2) in BenraG,
and 1 year (T1) in DupiG. OCS chronic treatment discontinuation or reduction over years
was assessed.

Data from patients that switched from a biologic to another or more (N = 16) were
collected before each start, so that a patient could be considered more than once in the
analysis of comparison within and among biologics over years (N = 104). A wash-out
period of 3 months was considered.

2.4. Statistical Analysis

Descriptive analysis and baseline comparisons were analysed using Graph Pad Prism
software (version 9.0; GraphPad Software Inc., San Diego, CA, USA) and SPSS Statistic
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Version 28 (IBM Corp, Armonk, NY, USA). Descriptive analysis results are expressed as
means ± SDs for continuous variables and as number/percentage for categorical variables.
Python Version 3.8 was used for the A T paired sample test to evaluate the variation
in Delta parameters for each year of treatment. The normality of the distributions was
evaluated with D’Agostino and Pearson Test. The ROUT method detected outliers to be
excluded. The Anova test (with Tukey post hoc test) or Kruskal–Wallis H-test (with Dunn
post hoc test) were used to compare continuous variables, while the F Fisher test is used
to compare categorical variables. Welch T test was performed to compare parameters at
baseline between biologics, over years for each biologic and over years between biologics.
p values of less than 0.05 were considered statistically significant.

3. Results
3.1. General Characteristics at Baseline of Severe Asthma Biologic-Treated Patients

The summary of general baseline characteristics is reported in Tables 1 and 2. At
baseline the analysis of demographic characteristics did not show any significant difference
between the groups.

Table 1. Baseline demographic and clinical characteristics of patients treated with different biologics.
Results are expressed as mean ± standard deviation or as number with relative percentage.

Demographic Characteristics

Overall Omalizumab Mepolizumab Benralizumab Dupilumab

N Patients (%) 88 (56.05%) 41 (46%) 23 (26.1%) 15 (17%) 9 (10%)

Sex: female n (%)/male n (%) 38(43.2%)
/50 (56.8%)

16(39.0%)
/25(61%)

10(43.5%)
/13(56.5%)

9(60.0%)
/6(40%)

3(33.3%)
/6(66.7%)

Age (Years) 62.58 ± 11.92 64.24 ± 16.58 65.68 ± 14.82 60.87 ± 10.54 69.56 ± 16.0

BMI (Kg/m2) 27.07 ± 5.44 28.4 ± 5.758 25.41 ± 4.39 27.76 ± 5.82 28.65 ± 4.46

Never smoker n (%) 48 (54.5%) 22 (53.7%) 13 (56.5%) 6 (40.0%) 7 (77.8%)

Current smoker n (%) 2 (2.3%) 1 (2.4%) 1 (4.3%) 0 (0.0%) 0 (0.0%)

Ex smoker n (%) 38 (43.2%) 18 (43.9%) 9 (39.1%) 9 (60.0%) 2 (22.2%)

P/Y (Current + ex) 17.8 ± 14.1 15.79 ± 11.84 12.70 ± 16.12 22.00 ± 12.19 37.00 ± 21.21

Early onset (year) n (%) 20 (22.7%) 13 (31.7%) 5 (21.7%) 1 (6.7%) 1 (11.1%)

Age of onset (years) 33.39 ±16.56 36.67 ± 15.89 31.96 ± 19.50 32.71 ± 19.09 39.33 ± 24.41

Comorbidities

ASA intolerance n (%) 16 (18.2%) 9 (22.0%) 5 (21.7%) 1 (6.7%) 1 (11.1%)

Rhinitis n (%) 68 (77.3%) 34 (82.9%) §§§ 21 (91.3%) §§§ 11 (73.3%) § 2 (22.2%)

Sinusitis (with or without polyps) n
(%) 50 (56.8%) 25 (61.0%) 17 (73.9%) 8 (53.3%) 6 (66.7%)

Nasal polyposis n (%) 33 (37.5%) 11 (26.8%) 10 (43.5%) 7 (46.7%) 5 (55.6%)

Bronchiectasis n (%) 8 (9.1%) 2 (4.9%) 2 (8.7%) 4 (26.7%) *§ 0 (0.0%)

GERD n (%) 20 (22.7%) 5 (12.2%) 5 (21.7%) 6 (40.0%) 4 (44.4%) *

OSAS n (%) 4 (4.5%) 1 (2.4%) 1 (4.3%) 1 (6.7%) 1 (11.1%)

Obesity n (%) 24 (27.3%) 8 (19.5%) 11 (47.8%) * 3 (20.0%) 2 (22.2%)

Diabetes n (%) 7 (8%) 3 (7.3%) 1 (4.3%) 1 (6.7%) 2 (22.2%)

Hypertension n (%) 24 (27.3%) 11 (26.8%) 8 (34.8%) 4 (26.7%) 1 (11.1%)

MI n (%) 3 (3.4%) 1 (2.4%) 0 (0.0%) 0 (0.0%) 2 (22.2%)

Heart failure n (%) 4 (4.5%) 1 (2.4%) 0 (0.0%) 1 (6.7%) 2 (22.2%)

Arrhythmias n (%) 6 (6.8%) 4 (9.8%) 0 (0.0%) 1 (6.7%) 1 (11.1%)
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Table 1. Cont.

SAD n (%) 10 (11.4%) 6 (14.6%) 3 (13.0%) 0 (0.0%) 1 (11.1%)

VCD n (%) 2 (2.3%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 2 (22.2%)

EGPA n (%) 0 (0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Osteoporosis n (%) 12 (13.6%) 8 (19.5%) 2 (8.7%) 1 (6.7%) 1 (11.1%)

Past pneumoniae n (%) 15 (17%) 6 (14.6%) 5 (21.7%) 3 (20.0%) 1 (11.1%)

ABPA n (%) 2 (2.3%) 2 (4.9%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Chronic pain n (%) 4 (4.5%) 2 (4.9%) 1 (4.3%) 0 (0.0%) 1 (11.1%)

Arthropathies n (%) 6 (6.8%) 1 (2.4%) 3 (13.0%) 2 (13.3%) 0 (0.0%)

Familiarity n (%) 16 (18.2%) 7 (17.1%) 2 (8.7%) 4 (26.7%) 3 (33.3%)

Atopy n (%) 64 (72.7%) 41 (100.0%) 12 (52.2%) **** 7 (46.7%) **** 4 (44.4%) ****

Monosesitize n (%) 12 (13.6%) 5 (12.2%) 3 (13.0%) 2 (13.3%) 2 (22.2%)

Polysensitized n (%) 52 (59.1%) 35 (85.4%) 9 (39.1%) *** 7 (46.7%) ** 1 (11.1%) ****

Seasonal allergen n (%) 52 (59.1%) 33 (80.5%) 10 (43.5%) ** 8 (53.3%) * 1 (11.1%) ****/#

Perennial allergen n (%) 49 (55.7%) 35 (85.4%) 6 (26.1%) **** 4 (26.7%) **** 4 (44.4%) **

Alternaria n (%) 7 (7.95%) 6 (14.6%) 1 (4.3%) 0 (0.0%) 0 (0.0%)

Aspergillus n (%) 16 (18.18%) 11 (26.8%) 4 (17.4%) 0 (0.0%) * 1 (11.1%)

Specific IgE n (%) 13 (14.8%) 8 (19.5%) 4 (17.4%) 0 (0.0%) 1 (11.1%)

Prick test n (%) 6 (6.8%) 6 (14.6%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Treatment/Clinical outcome

BDP HFA dose, mcg 702.30 ± 216.00 673.17 ± 244.97 650.00 ± 174.93 783.33 ± 154.35 *◦ 757.89 ± 216.84

LABA n (%) 88 (100%) 41 (100%) 23 (100%) 15 (100%) 9 (100%)

LAMA n (%) 33 (37.5%) 12 (29.3%) 10 (43.5%) 6 (40.0%) 5 (55.6%)

Chronic OCS n (%) 24 (27.3%) 9 (22%) 8 (34.8%) 4 (26.7%) 3(33.3%)

OCS bursts ≥ 3/year n (%) 44 (50%) 17 (41.5%) 15 (65.2%) 9 (60.0%) 3 (33.3%)

OCS bursts ≥ 3/year and Chronic
OCS n (%) 15 (17.04%) 4 (9.7%) 6 (26.08%) 3 (20%) 2 (22.2%)

OCS dependence n (%) 53 (60.2%) 22 (53.7%) 17 (73.9%) 10 (66.7%) 4 (44.4%)

Biologic switches n (%) 16 (18%) 8 (19.5%) 5 (21.7%) 2 (13.3%) 1 (11.1%)

ACT score 17.65 ± 4.41 19.37 ± 2.97 16.69 ± 4.84 * 17.61 ± 4.98 15.42 ± 4.55 **

Controlled (ACT ≥ 20) n (%) 37 (42%) 26 (63.4%) 5 (21.7%) ** 5 (33.3%) 1 (11.1%) **

Not controlled (ACT ≤ 19) n (%) 51 (58%) 15 (36.6%) 18 (78.3%) ** 10 (66.7%) 8 (88.9%) **

Activity limitations 3.09 ± 1.24 3.19 ± 1.08 3.12 ± 1.24 3.44 ± 1.46 2.84 ± 1.21

Nocturnal symptoms 3.94 ± 1.40 4.52 ± 0.87 3.85 ± 1.46 3.82 ± 1.59 3.95 ± 1.58

Exacerbations/year 3.55 ± 2.94 3.15 ± 3.07 4.27 ± 2.91 4.00 ± 2.83 2.58 ± 1.95 ◦

ER visits n (%) 33 (37.5%) 13 (31.7%) 8 (34.8%) 7 (46.7%) 5 (55.6%)

Intubation n (%) 1 (1.1%) 1 (2.4%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

BMI: Body mass index, P/Y: pack/years, ASA intolerance: Aspirin intolerance, GERD: gastroesophageal re-
flux disease, OSAS: obstructive sleep apnea syndrome, MI: myocardial infarction, SAD: social anxiety disorder;
VCD: vocal cord dysfunction, EGPA: eosinophilic granulomatosis with polyangiitis, ABPA: allergic bronchopul-
monary aspergillosis, BDP HFA dose: beclomethasone mcg equivalent dose hydrofluoroalkane, LABA: long
acting beta agonist; LAMA: long-acting muscarinic antagonist, OCS: oral corticosteroids, ACT: asthma control test,
and ER: emergency room. Significance vs. omalizumab: * < 0.05, ** < 0.001, *** < 0.0001, **** < 0.00001, significance
vs. mepolizumab: ◦ < 0.05, significance vs. benralizumab: # < 0.05, and significance vs. dupilumab: § < 0.05,
§§§ < 0.0001.
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Table 2. Baseline functional and biological characteristics of patients treated with different biologics.
Results are expressed as mean ±standard deviation.

Functional Parameters/Biomarkers

Overall Omalizumab Mepolizumab Benralizumab Dupilumab

T0 T0 T0 T0 T0

FVC abs. (L) 2.75 ± 1.01 2.76 ± 1.04 2.79 ± 1.05 2.95 ± 0.99 2.37 ± 0.60 #

FVC % pred. 86.88 ± 17.98 89.02 ± 18.91 83.50 ± 16.67 93.56 ± 22.56 83.05 ± 19.70

FEV1 abs. (L) 1.701 ± 0.71 1.67 ± 0.63 1.72 ± 0.86 1.87 ± 0.75 1.32 ± 0.51 *#

FEV1 % pred. 65.50 ± 17.73 65.08 ± 15.71 62.88 ± 19.41 72.67 ± 21.08 57.21 ± 18.89 #

IT abs. 59.43 ± 12.34 59.19 ± 13.47 58.59 ± 11.70 60.24 ± 14.47 53.58 ± 13.11

IT % pred. 72.74 ± 14.78 69.50 ± 13.71 74.46 ± 15.65 75.29 ± 18.95 67.78 ± 15.90

RV abs. (L) 3.09 ± 1.11 3.08 ± 1.04 3.18 ± 1.03 3.22 ± 1.45 3.13 ± 1.14

RV % pred. 147.70 ± 47.37 159.11 ± 46.37 148.73 ± 45.27 139.72 ± 49.73 150.94 ± 44.80

FVC post BD abs.
(L) 3.02 ± 1.16 3.03 ± 1.2 2.95 ± 1.24 3.22 ± 1.11 2.57 ± 0.66 #

FVC Delta abs.
post BD (L) 0.30 ± 0.24 0.33 ± 0.28 0.27 ± 0.21 0.25 ± 0.22 0.23 ± 0.17

FVC Delta % post
BD 11.11 ± 8.3 11.92 ± 9.24 9.12 ± 7.18 7.36 ± 7.23 8.05 ± 9.17

FEV1 post abs. (L) 1.93 ± 0.85 1.95 ± 0.76 1.82 ± 1.10 2.05 ± 0.85 1.53 ± 0.6 *#

FEV1 Delta abs.
post BD (L) 0.23 ± 0.19 0.24 ± 0.17 0.23 ± 0.19 0.18 ± 0.22 0.21 ± 0.18

FEV1 Delta %
post BD 15.01 ± 9.70 15.58 ± 8.35 15.66 ± 9.72 10.49 ± 12.76 16.16 ± 9.36

DLCO % 85.50 ± 20.16 87.71 ± 9.94 78.42 ± 23.13 85.38 ± 26.87 76.60 ± 13.94

DLCO/Va % 100.20 ± 22.13 102.86 ± 19.62 93.70 ± 20.64 101.30 ± 30.07 98.00 ± 22.40

FENO (ppb) 40.34 ± 29.42 35.47 ± 27.81 52.73 ± 33.00 39.96 ± 24.39 31.13 ± 22.94 ◦

Total IgE (UI/mL) 215.50 ± 180.40 323.45 ± 261.19 307.65 ± 421.13 466.07 ± 461.11 327.75 ± 649.39

Leucocytes
absolute count

(cells/mcl)
8124.00 ± 2121.00 8190.00 ± 1951.47 7771.65 ± 1822.44 8248.75 ± 1923.05 9152.63 ± 2546.82

Neutrophils (%) 55.00 ± 10.00 55.12 ± 9.19 52.95 ± 10.77 54.54 ± 8.11 58.55 ± 11.33

Neutrophils
absolute count

(cells/mcl)
4513.00 ± 1676.00 4588.46 ± 1583.27 4058.47 ± 1566.19 4570.62 ± 1274.58 5266.84 ± 1930.38

Eosinophils (%) 5.90 ± 4.45 5.44 ± 4.06 7.02 ± 4.13 7.00 ± 5.57 3.59 ± 2.59 ◦◦#*

Eosinophils
absolute count

(cells/mcl)
436.30 ± 294.70 426.79 ± 310.28 560.38 ± 312.03 563.89 ± 468.83 296.84 ± 193.16 ◦#*

Fibrinogen
(mg/dL) 355.00 ± 94.42 356.62 ± 95.72 363.40 ± 112.49 327.29 ± 86.61 366.86 ± 79.42

FEV1: Forced expiratory volume in 1 s; FVC: forced vital capacity, abs: absolute, post BD: post bronchodilators,
pred.: predicted, IT: Tiffenau index, RV: residual volume, DLCO: diffusion capacity for carbon monoxide, and
FeNO: exhaled nitric oxide. Significance vs. omalizumab: * < 0.05, Significance vs. Mepolizumab: ◦ < 0.05,
◦◦ < 0.001, significance vs. benralizumab: # < 0.05.

OmaG were all atopic with prevalent polysensitization to both seasonal and perennial
allergens while it was about 50% for the other groups with a very low number (11.1%) of
polysensitized in DupiG (p < 0.00001).
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Concerning comorbidities, OmaG had less bronchiectasis on chest HRCT compared
to BenraG (p < 0.05), less prevalence of obesity and GERD (p < 0.05) compared to MepoG,
and presented a more controlled asthma of MepoG and DupiG (p < 0.01). DupiG had less
rhinitis compared to other groups (p < 0.001) and a lesser mean number of AEs (p < 0.05 vs.
MepoG). BenraG took higher doses of ICS compared to OmaG and MepoG (p < 0.05).

At baseline, DupiG had worse pulmonary function compared to OmaG and BenraG.
In particular, FVC abs. and FEV1 abs/ %pred. both pre and post BD were significantly
inferior in DupiG (p < 0.05) compared to BenraG, while FEV1 abs. pre and post BD were
significantly inferior compared to OmaG (p < 0.05).

Lower basal FENO values compared to MepoG (p < 0.05) and lower count of PBE as
compared to others (p < 0.05) were reported in DupiG.

3.2. T2 Phenotyping Patients

The majority of patients (86.3%) had at least two positive T2 biomarkers at baseline.
DupiG patients reported a significantly lower rate of 3–4 T2 positive biomarkers compared
to BenraG and MepoG (Table 3).

Table 3. Distribution of expression of T2 biomarkers in patients treated with different biologics.

T2 Biomarkers

(n) Overall
(88)

Omalizumab
(41)

Mepolizumab
(23)

Benralizumab
(15)

Dupilumab
(9)

1–2 biomarker n
(%) 39 (44.3%) 20 (48.8%) 7 (30.4%) 5 (33.3%) 7 (77.7%) ◦#

3–4 biomarkers n
(%) 49 (55.6%) 21 (51.2%) 16 (69.5%) 10 (66.6%) 2 (22.2%) ◦#

Significance vs. mepolizumab: ◦ < 0.05, significance vs. benralizumab: # < 0.05.

3.3. Analysis of “Intra-Biologic” Parameters over Years

The number of SA patients for each bio group decreased over time, as shown in
Table S2, for lost in follow-up, outbreak of pandemic SARS-CoV-2, or different starting
point of biologics. The number and sequence of switches from a biologic to another is
represented in Figure S1.

As shown in Table 4, OmaG showed a significant reduction in ICS mean dose (p < 0.05)
at T4, an improvement in ACT, a significant reduction in AEs (from 3.15 to 1.0; p < 0.001 at
T1), and an increase in FEV1 and FVC % pred. already evident from T1 (from 65.08 to 72.87
and from 89.02 to 97.02, respectively p < 0.05). A reduction in RV %pred. emerged at T4
(from 159.11 to 113.0, p < 0.05). Anti-IgE did not affect FENO values nor PBE count, while
total IgE levels increased.

MepoG showed from T1 a significant progressive improvement in ACT (p < 0.000.1
at T3), activity limitations (p < 0.0001 at T3), and nocturnal symptoms (p < 0.05). MepoG
dramatically reduced the number of AEs at T1 (from 4.27 to 1.08, p < 0.0001) with greater
effects to T4 (0.44) and improved pulmonary function starting from T2 with the highest
value at T3 (∆FEV1 %pred. 24%; p < 0.01, absolute delta +610 mL, and FVC %pred.
p < 0.00001). At T4 post-FVC BD reversibility decreased (p < 0.001). MepoG significantly
reduced PBE count at T1 (p < 0.00001) with further reduction over years, while it did not
affect FENO values nor total IgE.

BenraG increased ACT at T1 (p < 0.05) and reduced AEs (4.0 vs. 0.89, p < 0.001). An
improvement of FEV1 (+850 mL/+25.4%) and IT (from 60.2 to 72.0) was clearly evident at
T2 with normalization of IT abs. (p < 0.05). Anti IL5-Rα did not influence FENO or total
IgE values, while it reduced PBE count starting from T1 with a total suppression at T2
(p < 0.00001). We also observed a significant mean reduction in the neutrophils absolute
count at T2 (from 4570 to 3115, delta −955/mcl; p < 0.001) and a trend toward a concomitant
reduction in fibrinogen values (from 327.3 to 294.0).
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Table 4. “Intra-biologic” analysis of functional and biological characteristics of patients treated with a biologic therapy over years.

Omalizumab Mepolizumab Benralizumab Dupilumab

T0 T1 T2 T3 T4 T0 T1 T2 T3 T4 T0 T1 T2 T0 T1

BDP HFA dose,
mcg 673.17 ± 244.97 662.50 ± 258.88 590.91 ± 271.99 558.06 ± 293.00 500.00 ± 258.20

* 650.00 ± 174.93 580.00 ± 261.41 600.00 ± 215.21 600.00 ± 181.50 688.89 ± 247.21 783.33 ± 154.35 766.67 ± 123.67 650.00 ± 232.99 757.89 ± 216.84 800.00 ± 240.37

ACT score 19.37 ± 2.97 20.70 ± 2.56 * 21.03 ± 3.48 * 20.83 ± 3.44 21.57 ± 2.92 * 16.69 ± 4.84 20.67 ± 3.41 ◦◦ 20.40 ± 4.67 ◦ 21.83 ± 3.00◦◦◦◦ 22.22 ± 3.42 ◦◦ 17.61 ± 4.98 21.94 ± 4.28 # 21.00 ± 3.96 15.42 ± 4.55 20.00 ± 3.86 §§

Activity
limitation 3.19 ± 1.08 4.05 ± 0.90 * 4.35 ± 1.00 ** 4.17 ± 1.20 * 4.50 ± 1.16 * 3.12 ± 1.24 3.92 ± 0.97 ◦ 3.95 ± 1.19 ◦ 4.39 ± 0.78 ◦◦◦ 4.56 ± 0.73 ◦◦ 3.44 ± 1.46 4.17 ± 1.25 4.38 ± 0.74 # 2.84 ± 1.21 3.95 ± 1.13 §

Nocturnal
symptoms 4.52 ± 0.87 4.82 ± 0.50 4.76 ± 0.97 4.83 ± 0.38 4.93 ± 0.27 3.85 ± 1.46 4.83 ± 0.64 ◦ 4.30 ± 1.38 4.67 ± 0.77 ◦ 4.67 ± 1.00 3.82 ± 1.59 4.61 ± 1.04 4.88 ± 0.35 # 3.95 ± 1.58 4.26 ± 1.15

Exacerbations/year 3.15 ± 3.07 1.00 ± 1.47 *** 1.22 ± 1.70 ** 1.68 ± 1.72 * 1.13 ± 1.58 ** 4.27 ± 2.91 1.08 ± 1.35◦◦◦◦ 0.75 ± 0.91◦◦◦◦ 0.61 ± 0.70◦◦◦◦ 0.44 ± 0.73◦◦◦◦ 4.00 ± 2.83 0.89 ± 0.90 ## 1.12 ± 1.25 ## 2.58 ± 1.95 0.42 ± 0.96 §§§

FVC abs. (L) 2.76 ± 1.04 3.04 ± 1.12 2.94 ± 1.07 2.94 ± 1.07 2.78 ± 1.03 2.79 ± 1.05 3.02 ± 1.19 2.88 ± 0.86 3.39 ± 1.34 2.81 ± 0.72 2.95 ± 0.99 3.11 ± 1.11 3.44 ± 1.22 2.37 ± 0.60 2.54 ± 0.69

FVC % pred. 89.02 ± 18.91 97.72 ± 16.27 * 95.55 ± 16.57 97.63 ± 17.47 * 99.08 ± 18.92 * 83.50 ± 16.67 91.61 ± 25.16 99.12 ± 27.29 ◦ 108.40 ± 16.15◦◦◦◦ 98.71 ± 18.51 93.56 ± 22.56 96.61 ± 23.09 105.00 ± 23.00 83.05 ± 19.70 85.71 ± 21.93

FEV1 abs. (L) 1.67 ± 0.63 1.87 ± 0.72 1.87 ± 0.63 1.90 ± 0.71 1.81 ± 0.73 1.72 ± 0.86 2.01 ± 1.04 1.82 ± 0.73 2.33 ± 1.15 1.89 ± 0.57 1.87 ± 0.75 2.11 ± 1.00 2.72 ± 0.95 # 1.32 ± 0.51 1.58 ± 0.65

FEV1 % pred. 65.08 ± 15.71 72.97 ± 17.64 * 75.30 ± 16.93 * 77.26 ± 19.49 * 76.70 ± 21.90 * 62.88 ± 19.41 73.62 ± 28.37 76.06 ± 28.78 86.73 ± 20.79 ◦◦ 81.43 ± 18.61 ◦ 72.67 ± 21.08 79.06 ± 28.85 98.12 ± 20.57 # 57.21 ± 18.89 64.47 ± 19.23

IT abs. 59.19 ± 13.47 61.69 ± 9.19 63.43 ± 9.53 63.97 ± 11.01 61.21 ± 11.53 58.59 ± 11.70 61.18 ± 12.54 60.10 ± 12.97 64.33 ± 13.04 65.99 ± 8.27 60.24 ± 14.47 62.21 ± 14.24 72.00 ± 5.63 # 53.58 ± 13.11 59.56 ± 13.12

IT % pred. 69.50 ± 13.71 77.82 ± 11.10 * 78.85 ± 12.5 * 79.41 ± 14.3 * 75.96 ± 13.12 74.46 ± 15.65 76.77 ± 15.77 73.88 ± 16.09 80.67 ± 17.22 79.43 ± 8.89 75.29 ± 18.95 79.94 ± 19.59 94.14 ± 8.13 ## 67.78 ± 15.90 73.33 ± 15.43

RV abs. (L) 3.08 ± 1.04 2.63 ± 0.78 2.57 ± 1.06 2.79 ± 0.82 2.18 ± 0.85 * 3.18 ± 1.03 2.85 ± 0.97 3.08 ± 0.83 2.55 ± 0.56 2.44 ± 0.73 3.22 ± 1.4 2.78 ± 1.17 3.25 ± 2.08 3.13 ± 1.14 2.47 ± 0.07 §

RV % pred. 159.11 ± 46.37 127.15 ± 38.82 * 132.64 ± 44.90 139.33 ± 42.27 113.00 ± 28.21 ** 148.73 ± 45.27 143.13 ± 51.42 154.36 ± 36.97 127.58 ± 31.77 121.20 ± 41.03 139.72 ± 49.73 142.71 ± 50.81 105.43 ± 46.24 150.94 ± 44.80 125.33 ± 41.85

FVC post BD
abs.(L) 3.03 ± 1.21 3.48 ± 1.26 3.03 ± 0.63 2.99 ± 0.78 2.82 ± 1.23 2.95 ± 1.24 3.13 ± 1.08 3.02 ± 0.96 3.62 ± 1.29 3.21 ± 0.46 3.22 ± 1.11 3.30 ± 1.08 3.35 ± 1.52 2.57 ± 0.66 2.69 ± 0.73

FVC Delta abs.
post BD (L) 0.33 ± 0.28 0.15 ± 0.21 * 0.22 ± 0.29 0.18 ± 0.17 0.16 ± 0.21 0.27 ± 0.21 0.15 ± 0.12 0.20 ± 0.22 0.17 ± 0.19 0.08 ± 0.03 ◦ 0.25 ± 0.22 0.24 ± 0.33 0.16 ± 0.14 0.23 ± 0.17 0.19 ± 0.16

FVC Delta %
post BD 11.92 ± 9.24 6.48 ± 9.08 8.95 ± 13.60 6.39 ± 7.20 4.00 ± 6.22 * 9.12 ± 7.18 4.93 ± 4.25 6.62 ± 5.84 5.75 ± 6.95 2.42 ± 1.25 ◦◦ 7.36 ± 7.23 5.87 ± 6.96 5.62 ± 3.74 8.05 ± 9.17 9.91 ± 8.58

FEV1 post abs.
(L)

1.95 ± 0.76 2.06 ± 0.84 1.84 ± 0.49 1.99 ± 0.59 2.01 ± 0.79 1.82 ± 1.10 2.26 ± 0.95 2.01 ± 0.88 2.58 ± 1.10 2.38 ± 0.21 2.05 ± 0.85 2.20 ± 0.82 2.56 ± 1.24 1.53 ± 0.63 1.60 ± 0.62

FEV1 Delta
Post BD abs. (L)

0.24 ± 0.17 0.17 ± 0.12 0.15 ± 0.15 0.16 ± 0.14 0.21 ± 0.17 0.23 ± 0.19 0.16 ± 0.10 0.10 ± 0.46 0.17 ± 0.16 0.13 ± 0.14 0.18 ± 0.22 0.17 ± 0.20 0.13 ± 0.15 0.21 ± 0.18 0.17 ± 0.06

FEV1 Delta %
post BD 15.58 ± 8.35 10.60 ± 8.24 8.38 ± 7.67 * 9.39 ± 9.98 11.55 ± 6.71 15.66 ± 9.72 7.52 ± 2.91 ◦◦ 1.72 ± 33.20 8.37 ± 10.17 6.55 ± 7.31 10.49 ± 12.76 10.49 ± 9.79 6.13 ± 5.31 16.16 ± 9.36 13.75 ± 9.05

DLCO % 87.71 ± 9.94 98.75 ± 21.87 105.50 ± 17.68 92.60 ± 14.98 97.00 ± 22.00 78.42 ± 23.13 64.00 ± 46.67 88.20 ± 15.06 85.38 ± 26.87 92.67 ± 24.01 94.50 ± 17.68 76.60 ± 13.94 89.00 ± 19.37

FENO (ppb) 35.47 ± 27.81 31.54 ± 21.89 42.64 ± 34.23 35.85 ± 17.31 48.11 ± 51.61 52.73 ± 33.00 56.87 ± 50.08 41.99 ± 30.12 59.75 ± 50.89 39.96 ± 24.39 50.84 ± 60.13 53.60 ± 40.48 31.13 ± 22.94 29.48 ± 17.17

Total IgE
(UI/mL) 323.45 ± 261.19 792.33 ± 649.35

*
606.55 ± 419.06

*
557.97 ± 409.13

* 576.06 ± 519.86 307.65 ± 421.13 236.91 ± 152.03 197.13 ± 213.36 149.00 ± 49.50 641.95 ± 833.04 466.07 ± 461.11 613.67 ± 793.41 327.75 ± 649.39 221.05 ± 280.84

Leukocytes
absolute count

(cells/mcl)
8190.00 ±

1951.47
7357.42 ±

1952.10
7977.14 ±

3673.14
7351.15 ±

1679.39
7321.50 ±

2063.33
7771.65 ±

1822.44
7977.39 ±

1870.07
7325.56 ±

2491.86
7248.82 ±

2038.64
7220.00 ±

1464.66
8248.75 ±

1923.05
7551.76 ±

2973.69
6182.86 ±
1190.44 ##

9152.63 ±
2546.82

8011.25 ±
1772.18

Neutrophils % 55.12 ± 9.19 59.48 ± 11.54 58.88 ± 8.09 54.04 ± 7.84 56.07 ± 7.01 52.95 ± 10.77 57.99 ± 8.98 55.28 ± 10.03 60.73 ± 11.93 56.89 ± 7.43 54.54 ± 8.11 58.46 ± 10.16 49.07 ± 9.79 58.55 ± 11.33 53.83 ± 5.49
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Table 4. Cont.

Omalizumab Mepolizumab Benralizumab Dupilumab

T0 T1 T2 T3 T4 T0 T1 T2 T3 T4 T0 T1 T2 T0 T1

Neutrophils
absolute count

(cells/mcl)
4588.46 ±

1583.27
4246.47 ±

1556.59
5072.31 ±

2982.80
4062.31 ±

1195.96
4072.22 ±

1414.37
4058.47 ±

1566.19
4574.55 ±

1522.37
4115.00 ±

1994.25
4817.65 ±

2309.18 4085.71 ± 821.52 4570.62 ±
1274.58

4490.00 ±
2040.00

3115.00 ± 299.25
##

5266.84 ±
1930.38

4304.50 ±
1610.92

Eosinophils % 5.44 ± 4.06 4.59 ± 3.71 5.17 ± 4.76 5.35 ± 3.44 5.03 ± 2.97 7.02 ± 4.13 1.43 ± 1.16◦◦◦◦ 1.50 ± 1.25◦◦◦◦ 1.29 ± 1.37◦◦◦◦ 1.04 ± 0.59◦◦◦◦ 7.00 ± 5.57 0.53 ± 2.00 ### 0.00 ± 0.00 #### 3.59 ± 2.59 5.94 ± 6.57

Eosinophils
absolute count

(cells/mcl)
426.79 ± 310.28 341.68 ± 271.28 363.29 ± 271.66 396.40 ± 231.73 403.12 ± 218.90 560.38 ± 312.03 108.26 ± 79.98◦◦◦◦ 105.00 ± 81.47◦◦◦◦ 85.88 ± 81.17◦◦◦◦ 74.29 ± 38.23◦◦◦◦ 563.89 ± 468.83 47.06 ± 188.94

### 0.00 ± 0.00 #### 296.84 ± 193.16 527.06 ± 613.29

Fibrinogen
(mg/dl) 356.62 ± 95.72 344.33 ± 100.47 330.67 ± 73.95 429.40 ± 88.71 363.40 ± 112.49 369.25 ± 95.12 404.22 ± 101.63 419.75 ± 129.64 327.29 ± 86.61 327.67 ± 92.39 294.00 ± 75.36 366.86 ± 79.42 382.50 ± 98.99

BDP HFA dose: beclomethasone mcg equivalent dose hydrofluoroalkane, FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity, abs: absolute, post BD: post bronchodilators,
pred.: predicted, IT: Tiffenau index, RV: residual volume, DLCO: diffusion capacity for carbon monoxide, and FeNO: exhaled nitric oxide. Results are expressed as mean ±standard
deviation significance vs. T0 in omalizumab: * < 0.05, ** < 0.001,*** < 0.0001, significance vs. T0 in mepolizumab: ◦ < 0.05, ◦◦ < 0.001, ◦◦◦ < 0.0001, ◦◦◦◦ < 0.00001, significance vs. T0 in
benralizumab: # < 0.05, ## < 0.001, ### < 0.0001, #### < 0.00001, and significance vs. T0 in dupilumab: § < 0.05, §§ < 0.001, §§§ < 0.0001,. Empty cells: not enough values for calculation.
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DupiG improved ACT score, activity limitations and nocturnal symptoms (p < 0.001)
at T1. It was able to decrease the number of AEs (2.58 vs. 0.42, p < 0.0001) and RV abs (delta
−660 mL; p < 0.05). An improvement in delta changes in FEV1 was observed, although
not statistical significance (+260 mL, +7.26%). It did not affect FENO or IgE values while
showing an increase in PBE count which was not statistically significant.

3.4. Analysis of “Inter-Biologic” Parameters over Years

Table 5 shows the “inter-biologic” comparison of means of paired Delta change for
each variable over years.

BenraG and DupiG improved ACT at T1 more than OmaG (p < 0.05, p < 0.001, respec-
tively), while MepoG improved ACT at T3 more than OmaG (Figure 1A). BenraG reduced
nocturnal asthma symptoms more than both OmaG and MepoG at T2 (p < 0.05, Figure 1B).
The AEs reduction was similar among biologics but more pronounced at T3 in favor of
MepoG vs. OmaG (p < 0.05, Figure 1F) of MepoG than DupiG at T1. OmaG improved more
IT% pred. from T2 to T4 (p < 0.01 at T3) compared to MepoG with a trend of amelioration
with regard to FVC %pred. in favor of MepoG to OmaG at T3 (Figure 1C, E). Only DupiG
showed an improved FVC Delta% post BD at T1 compared to OmaG (Figure 1D). We
observed a significant downward trend in the neutrophil count both for BenraG and DupiG
compared to OmaG at T1 (Figure 1G, p < 0.05). Finally, PBE was significantly reduced
starting from T1 for MepoG and BenraG while augmented in DupiG (Figure 1H).
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Table 5. “Inter-biologic” analysis of functional and biological characteristics of patients treated with a biologic therapy over years.

Omalizumab Mepolizumab Benralizumab Dupilumab

Delta T1 Delta T2 Delta T3 Delta T4 Delta T1 Delta T2 Delta T3 Delta T4 Delta T1 Delta T2 Delta T1

BDP HFA
dose, mcg

−17.50
±169.29

−69.70
±251.85

−87.10
±301.93

−100.00
±263.00

−72.00
±279.17

−40.00
±270.28

−16.67
±214.89

55.56
±278.89

−16.67
±161.79

−37.50
±346.15

42.11 ±
254.55

ACT score 1.40 ± 3.42 1.48 ± 3.78 1.17 ± 3.75 1.96 ± 3.97 3.88 ± 3.78 3.45 ± 4.66 4.22 ± 4.98 * 6.33 ± 7.07 4.33 ± 5.76 * 5.12 ± 3.09 * 4.58 ± 4.03 **

Activity
limitation 0.81 ± 1.36 1.14 ± 1.56 0.77 ± 1.24 1.38 ± 1.19 0.75 ± 1.07 0.75 ± 1.33 1.06 ± 1.30 1.67 ± 1.41 0.72 ± 1.71 1.12 ± 1.25 1.11 ± 1.05

Nocturnal
symptoms 0.29 ± 1.06 0.07 ± 1.07 0.08 ± 0.76 0.50 ± 0.76 0.92 ± 1.35 0.30 ± 1.38 0.67 ± 1.46 0.78 ± 1.86 0.76 ± 1.64 1.71 ± 1.38 *◦ 0.32 ± 1.38

Exacerbations/year −2.28
±2.80 −2.06 ± 3.74 −1.90

±3.32 −2.57 ± 3.54 −3.38
±2.63

−3.55
±2.31

−4.00
±3.22 *

−4.78
±3.46

−3.11
±2.78

−4.00
±2.78

−2.16
±1.61 *

FVC abs. (L) 0.24
±0.39

0.22
±0.38

0.26
±0.46

0.16
±0.64

0.15
±0.54

0.14
±0.47

0.29
±0.44 −0.02 ± 0.31 0.16

±0.47
0.26
±0.49

0.15
±0.39

FVC % pred. 6.94
±15.91

5.55
±14.80

8.76
±16.62

8.04
±23.81

6.57
±21.27

14.94
±23.08

18.53
±16.82

17.29
±22.34

3.06
±14.95

8.14
±14.58

3.47
±15.99

FEV1 abs.
(L)

0.19
±0.42

0.23
±0.35

0.28
±0.39

0.19
±0.47

0.21
±0.45

0.14
±0.40

0.31
±0.45

0.04
±0.29

0.24
±0.46

0.41
±0.47

0.23
±0.46

FEV1 %
pred.

7.17
±18.52

9.93
±13.72

13.60
±16.68

12.23
±20.58

9.50
±17.37

12.94
±19.21

16.00
±16.27

13.86
±18.40

6.39
±14.97

13.12
±15.53

7.35
±19.54

IT abs. (L) 2.28
±10.81

4.67
±9.42

5.75
±10.92

4.18
±10.99

2.38
±4.56

1.44
±6.38

2.26
±4.69

2.53
±5.71

2.28
±5.47

3.00
±7.14

5.27
±10.61

IT % pred. 6.67
±13.42

9.46
±11.87

12.75
±11.80

7.88
±12.41

2.82
±6.62

−0.06
±8.76 * 1.73 ± 7.82 ** −2.14

±7.67 *
3.50
±7.31

4.43
±8.92

5.00
±8.43

RV abs. (L) −0.37
±1.33

−0.29
±0.68

−0.86
±0.88

−0.94
±0.47

−0.77
±1.55

0.34
±0.76

−0.37
±0.47

−0.12
±0.62

−0.29
±0.24

−0.52
±1.00

RV % pred. −35.08
±59.49

−9.50
±36.03

−42.29
±38.81

−54.00
±17.11

−12.00
±55.61

8.60
±32.42

−17.80
±19.69

10.57
±46.88 *

−17.29
±16.10

−21.40
±35.64

FVC post
BD abs. (L)

0.16
±0.25

0.22
±0.41

0.24
±0.60

0.32
±0.86

0.28
±0.55

0.14
±0.47

−0.03
±0.53

0.11
±0.33

0.19
±0.37

−0.04
±0.47
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Table 5. Cont.

Omalizumab Mepolizumab Benralizumab Dupilumab

Delta T1 Delta T2 Delta T3 Delta T4 Delta T1 Delta T2 Delta T3 Delta T4 Delta T1 Delta T2 Delta T1

FVC Delta
abs. post BD

(L)

−0.08
±0.19

−0.12
±0.23

−0.25
±0.30

−0.36
±0.52

−0.04
±0.24

0.01
±0.17

−0.09
±0.07

−0.01
±0.49

−0.29
±0.26

−0.02
±0.27

FVC Delta %
post BD

−3.25
±6.19

−0.07
±18.79

−9.68
±7.88

−6.86
±9.04

−3.19
±8.45

1.18
±8.32

−2.62
±2.29

−2.42
±11.01

−9.49
±9.19

5.33
±8.18 *

FEV1 post
abs. (L)

0.07
±0.35

0.12
±0.16

0.41
±0.53

0.52
±0.66

0.27
±0.51

0.11
±0.48

0.01
±0.41

0.14
±0.30

0.28
±0.27

0.13
±0.48

FEV1 Delta
post BD abs.

(L)

−0.02
±0.17

−0.03
±0.09

−0.04
±0.14

−0.02
±0.08

−0.07
±0.15

−0.15
±0.42

−0.10
±0.12

−0.02
±0.29

−0.18
±0.18

−0.00
±0.16

FEV1 Delta
% post BD

−1.33
±10.02

17.00
±5.66

2.00
±18.38

−0.67
±3.06

−12.50
±17.68

−8.00
±11.31

DLCO % −1.42
±8.01

−4.22
±8.82

−7.19
±10.01

−5.29
±5.61

−6.75
±9.06

−17.80
±36.10

−4.87
±6.36

0.63
±15.24

−8.10
±8.80

−0.23
±10.56

FENO (ppb) −1.34
±23.16 4.77 ± 36.86 −9.32

±27.86
4.11

±46.58
4.36

±45.94
−7.94
±21.08

4.61
±31.11

13.68
±58.70

−12.65
±44.47

−0.61
±29.36

Total IgE
(UI/mL)

433.87 ±
469.39

244.41 ±
296.61

280.61 ±
267.28

336.62 ±
362.71

−150.81
±335.34 *

−510.51
±727.59

37.50
±26.16 *

−245.20
±361.76

138.75 ±
425.38

Leukocytes
absolute

count
(cells/mcl)

−613.20
±1861.53

637.65
±3656.95

−202.00
±1700.98

−103.33
±2191.77

235.52
±2347.21

−25.72
±3029.60

−591.18
±2212.59

−637.14
±1793.19

−359.33
±2304.89

−531.43
±933.82

−1332.50
±2656.25

Neutrophils
% 2.65 ± 6.80 5.56 ± 4.21 1.35 ± 4.89 −2.47

±1.56
2.09

±12.31
−2.95

±11.22 *
4.55
±9.29

−6.78
±8.06

5.71
±10.29

−3.03
±11.69

−4.32
±9.67 *#

Neutrophils
absolute

count
(cells/mcl)

14.62 ±
1092.97

512.86 ±
557.37 8.00 ± 505.64 376.92 ±

2331.59
−546.70
±2450.23

507.78 ±
2400.87

−1500.00 ±
608.11

218.00 ±
1553.83

−631.67
±1050.17 *

−1056.75
±2574.46
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Table 5. Cont.

Omalizumab Mepolizumab Benralizumab Dupilumab

Delta T1 Delta T2 Delta T3 Delta T4 Delta T1 Delta T2 Delta T3 Delta T4 Delta T1 Delta T2 Delta T1

Eosinophils
%

−1.33
±3.15

−1.87
±3.53

−2.66
±4.00

−2.03
±3.08

−5.70
±4.39 **

−5.83
±4.07 *

−6.93
±3.98 **

−6.27
±5.19

−6.49
±6.79 *

−5.94
±2.89 *

2.49
±6.97 ◦◦##*

Eosinophils
absolute

count
(cells/mcl)

−94.72
±236.97

−128.50
±349.03

−128.50
±261.76

−125.38
±298.07

−463.91
±329.31

****

−471.50
±308.17 **

−537.65
±312.28 **

−465.71
±338.62 *

−520.59
±560.21 **

−367.14
±148.74 *

231.18
±674.46
◦◦◦##

Fibrinogen
(mg/dL)

0.00
±0.00

16.75
±25.58

54.00
±119.25 22.88 ± 46.77 −20.00

±23.61
−38.00
±11.31 1.64 ± 30.03 15.00 ± 41.01 −38.33

±44.66

BDP HFA dose: beclomethasone mcg equivalent dose hydrofluoroalkane, FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity, abs: absolute, post BD: post bronchodilators,
pred.: predicted, IT: Tiffenau index, RV: residual volume, DLCO: diffusion capacity for carbon monoxide, and FeNO: exhaled nitric oxide. Values represent the variation in parameters
from each time point (e. T1, T2, T3, and T4) to T0 (paired Delta). Delta are expressed as mean ± standard deviation significance vs. omalizumab: * < 0.05, ** < 0.001, **** < 0.00001,
significance vs. mepolizumab: ◦ < 0.05, ◦◦ < 0.001, ◦◦◦ < 0.0001, significance vs. benralizumab: # < 0.05, ## < 0.001. Empty cells: not enough values for calculation.
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3.5. OCS Chronic Treatment

At baseline, there were no differences in the prevalence of patients with chronic OCS
treatment (Table 1). Overall, at T1, discontinuation of OCS was reached of 16/31 (51.6%),
with the best yield for OmaG (66%) and MepoG (63.6%). At T4, 60% (N = 5) of patients in
the OmaG withdrew OCS, while all patients interrupted OCS maintenance treatment at
T3 in MepoG and at T2 in BenraG. The proportion of patients interrupting chronic OCS in
DupiG was 28.5% at T1, while 28.5% reduced chronic OCS therapy by 50% (Figure 2A–D
and Table S3).
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4. Discussion

This retrospective study compared clinical, functional, and biological characteristics
in a cohort of SA patients before and during treatment with omalizumab, mepolizumab,
benralizumab, and dupilumab. Baseline characteristics of SA biologic-treated patients
revealed that DupiG likely included more patients with mixed phenotype (77% of patients
with only 1 or 2 T2-positive biomarkers) compared to other groups, maybe due to less
stringent prescription criteria with respect to T2 biomarkers. Actually, DupiG had less
rhinitis and high GERD at baseline. The “intra-biologic” analysis confirmed, as in other RLS,
the effect of all biologics on the expected outcomes; in all the four groups, AEs decreased
significantly, ACT, FEV1%, and FVC% improved, while OCS were progressively withdrawn
from T1 to T4.

In our study, omalizumab ameliorated ACT, although not reaching MID (improvement
of ≥3) [20] activity limitations and decreased AEs already at T1. We observed a lung
function improvement from T1 and RV reduction at T4, in line with observations from the
INNOVATE study and RLS [21,22]. Other clinical observations regarding RV reduction
are inconclusive [23]. Omalizumab seems to have a “deflating” action that occurs after
a prolonged period of therapy (T4). In fact, IgE stimulates bronchial epithelial cells to
synthesise growth factors involved in airway remodeling, such as TGF-β, smooth muscle
cells proliferation, the release and production of pro-inflammatory agents, extracellular
matrix proteins, and the synthesis of type I and III collagen [24,25]. We also observed
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progressive FVC improvement, but FVC Delta abs./% post bronchodilator reduced, which
is explained by the limited further “reversibility” effect after normalization of lung function.
Omalizumab did not affect FENO values nor PBE count. Anti-IgE real-life experiences
are now more than 5 years and, in some studies, associated with an observed FENO
reduction. However systematic review showed conflicting data on FENO modulation
by omalizumab, remaining unclear [26]. The increase in total IgE, occurred due to the
formation of IgG-IgE immune complexes, which are erroneously considered in the count
by the automatic counter.

Mepolizumab showed a significant effect on ACT already at T1, which was long
lasting until T4. The effect on AEs reduction was dramatically positive from T1 with further
improvement up to T4, in line with both RCT and RLS results [27–30]. We showed an
increase already at T2 in FVC absolute value. The effect of mepolizumab on lung function is
controversial and generally slight. According to MENSA and MUSCA trials, mepolizumab
improved FEV1 when compared to placebo at 24 and 32 weeks, respectively [27,31], while
in RLS, it showed an increase in FEV1 abs. of 230 mL at 12 months [32]. Although not
statistically significant, the progressive decrease in RV suggests a slow improvement in
dynamic hyperinflation. This anti-remodeling action is likely due to the reduction in TGF-
β1 eosinophil BAL-derived synthesis mediated by mepolizumab [33]. ICS, FENO, and total
IgE values did not variate over years. In RLS, the effect of mepolizumab on FENO was slow
and mild with a mean reduction of 14.33 ppb [32] but, similarly to the current study, it was
not evident in other studies [34].

In what regards benralizumab, ACT and AEs ratio improved already at T1. At T2,
a significant increase in FEV1 and IT was evident. Despite RCT reporting an increase in
FEV1 ranging from 80 mL at 3 months to 125 mL at 14th months [35,36], RLS extended this
finding to +300 mL and +400 mL improvement at 48 and 96 weeks, respectively [37]. We
confirmed this evidence reporting even a more pronounced effect at T2, this correspond-
ing to a reversion from fixed obstruction to normal function (IT from 60 to 72). To our
knowledge, our observation is one of the few regarding normalization of lung function
with biologics [38]. These results prove the role of IL-5 in guiding the SA demodeling
effect [39]. Total FENO and IgE values did not change significantly during treatment, while
PBE reduced to zero at T2, as expected. A significant mean reduction in neutrophil count
and fibrinogen value was observed at T2, suggesting an anti-inflammatory long-term effect
of Benralizumab. Recent studies demonstrated that IL-5R shares the β-chain with the
GM-CSF receptor and was found on neutrophils infiltrating lungs and other anatomical
sites of mice as well as on neutrophils in the BAL of children with refractory asthma [40,41].
We hypothesised that neutrophils reduction might be explained by benralizumab-induced
direct killing of these cells through FcγRIIIa receptor-mediated binding to NK cells, and by
GM-CSF receptor inhibition at a progenitor cell level.

The observation of dupilumab was limited at 1 year. ACT improvement was signifi-
cant, as well as the AEs reduction, in line with previous RLS and RCT [29,42,43]. An im-
provement in lung function is present with a concomitant significant reduction in absolute
RV. Based on our observation, dupilumab may have a predominant effect in demodeling,
blocking IL-13 pathways. IL-13 causes contraction and proliferation of smooth muscle cells
and is the main inducer of subepithelial fibrosis due to fibroblast proliferation and collagen
production [44]. Surprisingly, at T1, no significant improvement in FENO was observed.
However, approximately 50% of DupiG are “switchers” with possibly reduced baseline
FENO values compared to naïve patients.

Here, we add during our Intra-biologic observation relevant and new effects on lung
function. Some biologics give an improvement in FEV1% over the minimal clinically
important difference [45] or are sustained for a very long time. Others have desufflating
effects, as suggested from RV improvement. In our study, all patients received a high ICS
dose at baseline (Table 1) that remained unchanged during the follow-up, therefore not
significantly influencing the effects of biologics on lung function.
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The “inter-biologic” analysis by comparing means of paired Delta change for each
variable represents an indirect method of comparison. It is, to our knowledge, a never-
explored method of comparison among biologics in SA. Benralizumab and dupilumab
improved ACT at T1 and mepolizumab at T3, more than omalizumab, probably because
OmaG showed higher ACT values at baseline. In addition, benralizumab reduced nocturnal
asthma symptoms more than both omalizumab and mepolizumab at T2, this could be
considered a specific “biologic-treated treatable trait”. The effect on AEs reduction is
significant for all biologics with the only differences at T3 in favor of mepolizumab vs.
omalizumab and at T1 of mepolizumab vs. dupilumab. This latter finding can be explained
by the presence of numerous “switchers” in DupiG, presenting at baseline a lesser number
of AEs. Dupilumab improved FVC Delta% post BD at T1 more than OmaG, sustaining
the anti-remodelling action on small airways with partial recovery of FVC reversibility
post BD [44]. On the contrary, benralizumab-induced increase in RV at T1 compared with
OmaG, could be explained by a lesser effect on small airway disease in severe asthma in a
real-life setting [46].

Discontinuation of OCS chronic treatment is an expected goal of biologic treatment
in SA. Overall, it was reached in about 50% of patients. OmaG discontinued OCS up
to T4 in 60% of patients. As far as RLS are concerned, approximately 50% of patients
discontinued OCS chronic therapy at 1 or 4 years [22,47]. In what regards mepolizumab,
at T1, 63.63% of patients discontinued OCS, up to 100% at T3. The OCS-sparing effect of
mepolizumab is attested also in RLS with a 62% chronic OCS-treated patients reduction
at 2 years [33]. In our study, the discontinuation rate at T3 is higher than data reported in
literature. All BenraG OCS-treated patients discontinued therapy at T2, confirming the
82% complete OCS cessation at 36 months of therapy previously observed [30]. Here, only
28.5% DupiG suspended OCS at T1, definitively less than expected [43]; it is likely that
OCS maintenance in this cluster is a clue of a more difficult-to-treat asthma in a potentially
overlapped phenotype, often switching from an unsuccessful different biologic [8].

Our study presents some limitations. First, the present study is retrospective. Re-
sults from RLS of biologic-treated SA patients are strongly dependent on the population
selected and on the physician attitudes in the choice of treatment. Patients’ and physicians’
preferences may regard less frequent dosing, SC administration, and faster onset, as well
as cost/insurance coverage and convenience issues. In the present study, the group of
physicians was the same over years and patients were always involved in the treatment
choice [48]. The choice of a biologic was not generally guided according to predefined
specific biomarker level (although the presence of high blood peripheral eosinophils may
often lead to the use of IL-5 or IL-5R inhibitors, as well as high FENO to anti IL4/IL-13 R).
The reduction in the number of patients over years due to different starting time, loss in
follow-up (pandemic SARS-CoV-2), or interruption, has limited statistical yield.

5. Conclusions

Our study underlined the differential beneficial effects of biologic treatments towards
peculiar clinical, functional, and biological outcomes over years. The particularity of this
work resides in the comparison between biologics using means of paired Delta, an indirect
method of comparison able to unveil the superiority of a peculiar pathway targeting
treatment in regard to a specific “trait”. This method could be useful to identify a specific
“biologic-treated treatable trait” that can guide the choice among different biologics at
baseline. The identification of different patient groups or traits with greater expected
efficacy for a biologic remains as one of the greatest unmet needs in SA treatment.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/jcm13164750/s1, Table S1: Regional criteria for prescription of biologic
treatment; Table S2: Number of evaluated patients at T1, T2, T3, T4 for each biologics and the total
number of patients at each Time point; Table S3: Number of evaluated patients at T1, T2, T3, T4 for
each biologics and the total number of patients at each Time point. Figure S1: Number and sequence
of treatments for all biologic switchers (N = 16).

https://www.mdpi.com/article/10.3390/jcm13164750/s1
https://www.mdpi.com/article/10.3390/jcm13164750/s1


J. Clin. Med. 2024, 13, 4750 18 of 20

Author Contributions: Conceptualization, E.R., G.G., F.L.M.R., F.B., V.C. and S.P.; methodology, E.R.,
G.G., F.B. and V.C.; software, E.R., G.G. and M.B.; formal analysis: G.G., F.B. and M.B.; data curation,
E.R., G.G., S.G., F.B., V.C., M.B. and S.L.; investigation, E.R., G.G., S.G., S.P., F.G., E.F., E.A. and S.L.;
writing original draft preparation, E.R., G.G., F.L.M.R., F.B., V.C. and S.L.; writing review and editing,
E.R., G.G., S.G., F.B., V.C., M.B., S.P., F.G., E.F., E.A., S.L. and F.L.M.R.; supervision, E.R., G.G. and
F.L.M.R. Project administration, F.L.M.R.; resources, F.L.M.R. All authors have read and agreed to the
published version of the manuscript.

Funding: This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Institutional Review Board Statement: The patients signed informed consent to participate in
this study. The San Luigi Gonzaga University Hospital Ethical Review Board approved the study
(protocol number:4478/2017, approved on 20 March 2017), in accordance with the Declaration of
Helsinki.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Data are available on request from the authors.

Acknowledgments: We thank Laura Gibson for the English language revision.

Conflicts of Interest: G.G. reports fee as speaker for AstraZeneca; F.L.M.R. reports grants, personal
fees, and other compensation from AstraZeneca, Boehringer Ingelheim, Chiesi, GSK, and Novartis,
and personal fees and grants to support scientific research from Sanofi, all outside of the submitted
work. M.B. is an employer of Re Learn S.R.L. that has no conflict of interest related to the contents of
this manuscripts. All the other authors declare no conflict of interest.

References
1. Chung, K.F.; Wenzel, S.E.; Brozek, J.L.; Bush, A.; Castro, M.; Sterk, P.J.; Adcock, I.M.; Bateman, E.D.; Bel, E.H.; Bleecker, E.R.; et al.

International ERS/ATS guidelines on definition, evaluation and treatment of severe asthma. Eur. Respir. J. 2014, 43, 343–373.
[CrossRef]

2. Wenzel, S.E. Asthma phenotypes: The evolution from clinical to molecular approaches. Nat. Med. 2012, 18, 716–725. [CrossRef]
3. Shah, P.A.; Brightling, C. Biologics for severe asthma—Which, when and why? Respirology 2023, 28, 709–721. [CrossRef]
4. Panettieri, R., Jr.; Lugogo, N.; Corren, J.; Ambrose, C.S. Tezepelumab for Severe Asthma: One Drug Targeting Multiple Disease

Pathways and Patient Types. J. Asthma Allergy 2024, 17, 219–236. [CrossRef]
5. Ito, A.; Miyoshi, S.; Toyota, H.; Suzuki, Y.; Uehara, Y.; Hattori, S.; Takeshita, Y.; Sakasegawa, H.; Kuramochi, M.; Kobayashi,

K.; et al. The overlapping eligibility for biologics in patients with severe asthma and phenotypes. Arerugi 2022, 71, 210–220. (In
Japanese) [CrossRef]

6. Pavord, I.D.; Hanania, N.A.; Corren, J. Controversies in Allergy: Choosing a Biologic for Patients with Severe Asthma. J. Allergy
Clin. Immunol. Pract. 2022, 10, 410–419. [CrossRef]

7. Menzies-Gow, A.; Steenkamp, J.; Singh, S.; Erhardt, W.; Rowell, J.; Rane, P.; Martin, N.; Llanos, J.P.; 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, 679–690. [CrossRef]

8. Al-Shaikhly, T.; Norris, M.R.; Dennis, E.H.; Liu, G.; Craig, T.J. Comparative Impact of Asthma Biologics: A Nationwide US
Claim-Based Analysis. J. Allergy Clin. Immunol. Pract. 2024, 12, 1558–1567. [CrossRef]

9. Ricciardolo, F.L.; Guida, G.; Bertolini, F.; Di Stefano, A.; Carriero, V. Phenotype overlap in the natural history of asthma. Eur.
Respir. Rev. 2023, 32, 220201. [CrossRef]

10. Frøssing, L.; Silberbrandt, A.; Von Bülow, A.; Backer, V.; Porsbjerg, C. The Prevalence of Subtypes of Type 2 Inflammation in an
Unselected Population of Patients with Severe Asthma. J. Allergy Clin. Immunol. Pract. 2021, 9, 1267–1275. [CrossRef]

11. Papadopoulos, N.G.; Barnes, P.; Canonica, G.W.; Gaga, M.; Heaney, L.; Menzies-Gow, A.; Kritikos, V.; Fitzgerald, M. The evolving
algorithm of biological selection in severe asthma. Allergy 2020, 75, 1555–1563. [CrossRef] [PubMed]

12. McDonald, V.M.; Clark, V.L.; Cordova-Rivera, L.; Wark, P.A.B.; Baines, K.J.; Gibson, P.G. Targeting treatable traits in severe
asthma: A randomised controlled trial. Eur. Respir. J. 2020, 55, 1901509. [CrossRef] [PubMed]

13. Guida, G.; Bagnasco, D.; Carriero, V.; Bertolini, F.; Ricciardolo, F.L.M.; Nicola, S.; Brussino, L.; Nappi, E.; Paoletti, G.; Canonica,
G.W.; et al. Critical evaluation of asthma biomarkers in clinical practice. Front. Med. 2022, 9, 969243. [CrossRef] [PubMed]

14. Chen, C.-Y.; Wu, K.-H.; Guo, B.-C.; Lin, W.-Y.; Chang, Y.-J.; Wei, C.-W.; Lin, M.-J.; Wu, H.-P. Personalized Medicine in Severe
Asthma: From Biomarkers to Biologics. Int. J. Mol. Sci. 2023, 25, 182. [CrossRef] [PubMed]

15. Ricciardolo, F.L.M.; Sprio, A.E.; Baroso, A.; Gallo, F.; Riccardi, E.; Bertolini, F.; Carriero, V.; Arrigo, E.; Ciprandi, G. Characterization
of T2-Low and T2-High Asthma Phenotypes in Real-Life. Biomedicines 2021, 9, 1684. [CrossRef] [PubMed]

https://doi.org/10.1183/09031936.00202013
https://doi.org/10.1038/nm.2678
https://doi.org/10.1111/resp.14520
https://doi.org/10.2147/JAA.S342391
https://doi.org/10.15036/arerugi.71.210
https://doi.org/10.1016/j.jaip.2021.12.014
https://doi.org/10.1080/13696998.2022.2074195
https://doi.org/10.1016/j.jaip.2024.02.029
https://doi.org/10.1183/16000617.0201-2022
https://doi.org/10.1016/j.jaip.2020.09.051
https://doi.org/10.1111/all.14256
https://www.ncbi.nlm.nih.gov/pubmed/32124991
https://doi.org/10.1183/13993003.01509-2019
https://www.ncbi.nlm.nih.gov/pubmed/31806719
https://doi.org/10.3389/fmed.2022.969243
https://www.ncbi.nlm.nih.gov/pubmed/36300189
https://doi.org/10.3390/ijms25010182
https://www.ncbi.nlm.nih.gov/pubmed/38203353
https://doi.org/10.3390/biomedicines9111684
https://www.ncbi.nlm.nih.gov/pubmed/34829913


J. Clin. Med. 2024, 13, 4750 19 of 20

16. van Dijk, B.C.P.; Svedsater, H.; Heddini, A.; Nelsen, L.; Balradj, J.S.; Alleman, C. Relationship between the Asthma Control Test
(ACT) and other outcomes: A targeted literature review. BMC Pulm. Med. 2020, 20, 79. [CrossRef]

17. Nathan, R.A.; Sorkness, C.A.; Kosinski, M.; Schatz, M.; Li, J.T.; Marcus, P.; Murray, J.J.; Pendergraft, T.B. Development of the
asthma control test: A survey for assessing asthma control. J. Allergy Clin. Immunol. 2004, 113, 59–65. [CrossRef] [PubMed]

18. Graham, B.L.; Steenbruggen, I.; Miller, M.R.; Barjaktarevic, I.Z.; Cooper, B.G.; Hall, G.L.; Hallstrand, T.S.; Kaminsky, D.A.;
McCarthy, K.; McCormack, M.C.; et al. Standardization of Spirometry 2019 Update. An Official American Thoracic Society and
European Respiratory Society Technical Statement. Am. J. Respir. Crit. Care Med. 2019, 200, e70–e88. [CrossRef] [PubMed]

19. Carriero, V.; Bertolini, F.; Sprio, A.E.; Bullone, M.; Ciprandi, G.; Ricciardolo, F.L.M. High levels of plasma fibrinogen could predict
frequent asthma exacerbations. J. Allergy Clin. Immunol. Pract. 2020, 8, 2392–2395.e7. [CrossRef]

20. Schatz, M.; Kosinski, M.; Yarlas, A.S.; Hanlon, J.; Watson, M.E.; Jhingran, P. The minimally important difference of the Asthma
Control Test. J. Allergy Clin. Immunol. 2009, 124, 719–723.e1. [CrossRef]

21. Humbert, M.; Beasley, R.; Ayres, J.; Slavin, R.; Hébert, J.; Bousquet, J.; Beeh, K.; Ramos, S.; Canonica, G.W.; Hedgecock, S.; et al.
Benefits of omalizumab as add-on therapy in patients with severe persistent asthma who are inadequately controlled despite best
available therapy (GINA 2002 step 4 treatment): INNOVATE. Allergy 2005, 60, 309–316. [CrossRef] [PubMed]

22. Bousquet, J.; Humbert, M.; Gibson, P.G.; Kostikas, K.; Jaumont, X.; Pfister, P.; Nissen, F. Real-World Effectiveness of Omalizumab
in Severe Allergic Asthma: A Meta-Analysis of Observational Studies. J. Allergy Clin. Immunol. Pract. 2021, 9, 2702–2714.
[CrossRef] [PubMed]

23. Paganin, F.; Mangiapan, G.; Proust, A.; Prudhomme, A.; Attia, J.; Marchand-Adam, S.; Pellet, F.; Milhe, F.; Melloni, B.; Bernady, A.;
et al. Lung function parameters in omalizumab responder patients: An interesting tool? Allergy 2017, 72, 1953–1961. [CrossRef]
[PubMed]

24. Roth, M.; Zhong, J.; Zumkeller, C.; S’ng, C.T.; Goulet, S.; Tamm, M. The role of IgE-receptors in IgE-dependent airway smooth
muscle cell remodelling. PLoS ONE 2013, 8, e56015. [CrossRef] [PubMed]

25. Riccio, A.M.; Negro, R.W.; Micheletto, C.; De Ferrari, L.; Folli, C.; Chiappori, A.; Canonica, G.W. Omalizumab modulates
bronchial reticular basement membrane thickness and eosinophil infiltration in severe persistent allergic asthma patients. Int. J.
Immunopathol. Pharmacol. 2012, 25, 475–484. [CrossRef] [PubMed]

26. Pianigiani, T.; Alderighi, L.; Meocci, M.; Messina, M.; Perea, B.; Luzzi, S.; Bergantini, L.; D’alessandro, M.; Refini, R.M.; Bargagli,
E.; et al. Exploring the Interaction between Fractional Exhaled Nitric Oxide and Biologic Treatment in Severe Asthma: A
Systematic Review. Antioxidants 2023, 12, 400. [CrossRef]

27. Ortega, H.G.; Liu, M.C.; Pavord, I.D.; Brusselle, G.G.; Fitzgerald, J.M.; Chetta, A.; Humbert, M.; Katz, L.E.; Keene, O.N.; Yancey,
S.W.; et al. Mepolizumab treatment in patients with severe eosinophilic asthma. N. Engl. J. Med. 2014, 371, 1198–1207. [CrossRef]
[PubMed]

28. Khurana, S.; Brusselle, G.G.; Bel, E.H.; FitzGerald, J.M.; Masoli, M.; Korn, S.; Kato, M.; Albers, F.C.; Bradford, E.S.; Gilson, M.J.;
et al. Long-term Safety and Clinical Benefit of Mepolizumab in Patients with the Most Severe Eosinophilic Asthma: The COSMEX
Study. Clin. Ther. 2019, 41, 2041–2056.e5. [CrossRef] [PubMed]

29. Charles, D.; Shanley, J.; Temple, S.; Rattu, A.; Khaleva, E.; Roberts, G. Real-world efficacy of treatment with benralizumab,
dupilumab, mepolizumab and reslizumab for severe asthma: A systematic review and meta-analysis. Clin. Exp. Allergy 2022, 52,
616–627. [CrossRef]

30. Fyles, F.; Nuttall, A.; Joplin, H.; Burhan, H. Long-Term Real-World Outcomes of Mepolizumab and Benralizumab Among
Biologic-Naive Patients with Severe Eosinophilic Asthma: Experience of 3 Years’ Therapy. J. Allergy Clin. Immunol. Pract. 2023, 11,
2715–2723. [CrossRef]

31. Chupp, G.L.; Bradford, E.S.; Albers, F.C.; Bratton, D.J.; Wang-Jairaj, J.; Nelsen, L.M.; Trevor, J.L.; Magnan, A.; Brinke, A.T. Efficacy
of mepolizumab add-on therapy on health-related quality of life and markers of asthma control in severe eosinophilic asthma
(MUSCA): A randomised, double-blind, placebo-controlled, parallel-group, multicentre, phase 3b trial. Lancet Respir. Med. 2017,
5, 390–400. [CrossRef]

32. Li, H.; Zhang, Q.; Wang, J.; Gao, S.; Li, C.; Wang, J.; Zhang, S.; Lin, J. Real-world Effectiveness of Mepolizumab in Severe
Eosinophilic Asthma: A Systematic Review and Meta-analysis. Clin. Ther. 2021, 43, e192–e208. [CrossRef]

33. Flood-Page, P.; Menzies-Gow, A.; Phipps, S.; Ying, S.; Wangoo, A.; Ludwig, M.S.; Barnes, N.; Robinson, D.; Kay, A.B. Anti-IL-5
treatment reduces deposition of ECM proteins in the bronchial subepithelial basement membrane of mild atopic asthmatics. J.
Clin. Investig. 2003, 112, 1029–1036. [CrossRef] [PubMed]

34. Ricciardolo, F.L.M.; Silkoff, P.E. Perspectives on exhaled nitric oxide. J. Breath Res. 2017, 11, 047104. [CrossRef]
35. Ferguson, G.T.; FitzGerald, J.M.; Bleecker, E.R.; Laviolette, M.; Bernstein, D.; LaForce, C.; Mansfield, L.; Barker, P.; Wu, Y.;

Jison, M.; et al. Benralizumab for patients with mild to moderate, persistent asthma (BISE): A randomised, double-blind,
placebo-controlled, phase 3 trial. Lancet Respir. Med. 2017, 5, 568–576. [CrossRef]

36. FitzGerald, J.M.; Bleecker, E.R.; Nair, P.; Korn, S.; Ohta, K.; Lommatzsch, M.; Ferguson, G.T.; Busse, W.W.; Barker, P.; Sproule,
S.; 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,
2128–2141. [CrossRef] [PubMed]

https://doi.org/10.1186/s12890-020-1090-5
https://doi.org/10.1016/j.jaci.2003.09.008
https://www.ncbi.nlm.nih.gov/pubmed/14713908
https://doi.org/10.1164/rccm.201908-1590ST
https://www.ncbi.nlm.nih.gov/pubmed/31613151
https://doi.org/10.1016/j.jaip.2020.02.034
https://doi.org/10.1016/j.jaci.2009.06.053
https://doi.org/10.1111/j.1398-9995.2004.00772.x
https://www.ncbi.nlm.nih.gov/pubmed/15679715
https://doi.org/10.1016/j.jaip.2021.01.011
https://www.ncbi.nlm.nih.gov/pubmed/33486142
https://doi.org/10.1111/all.13202
https://www.ncbi.nlm.nih.gov/pubmed/28517027
https://doi.org/10.1371/journal.pone.0056015
https://www.ncbi.nlm.nih.gov/pubmed/23457493
https://doi.org/10.1177/039463201202500217
https://www.ncbi.nlm.nih.gov/pubmed/22697079
https://doi.org/10.3390/antiox12020400
https://doi.org/10.1056/NEJMoa1403290
https://www.ncbi.nlm.nih.gov/pubmed/25199059
https://doi.org/10.1016/j.clinthera.2019.07.007
https://www.ncbi.nlm.nih.gov/pubmed/31447130
https://doi.org/10.1111/cea.14112
https://doi.org/10.1016/j.jaip.2023.05.025
https://doi.org/10.1016/S2213-2600(17)30125-X
https://doi.org/10.1016/j.clinthera.2021.03.023
https://doi.org/10.1172/JCI17974
https://www.ncbi.nlm.nih.gov/pubmed/14523040
https://doi.org/10.1088/1752-7163/aa7f0e
https://doi.org/10.1016/S2213-2600(17)30190-X
https://doi.org/10.1016/S0140-6736(16)31322-8
https://www.ncbi.nlm.nih.gov/pubmed/27609406


J. Clin. Med. 2024, 13, 4750 20 of 20

37. Menzella, F.; Bargagli, E.; Aliani, M.; Bracciale, P.; Brussino, L.; Caiaffa, M.F.; Caruso, C.; Centanni, S.; D’amato, M.; Del Giacco,
S.; et al. ChAracterization of ItaliaN severe uncontrolled Asthmatic patieNts Key features when receiving Benralizumab in a
real-life setting: The observational rEtrospective ANANKE study. Respir. Res. 2022, 23, 36. [CrossRef]

38. Vitale, C.; Maglio, A.; Pelaia, C.; D’amato, M.; Ciampo, L.; Pelaia, G.; Molino, A.; Vatrella, A. Effectiveness of Benralizumab in
OCS-Dependent Severe Asthma: The Impact of 2 Years of Therapy in a Real-Life Setting. J. Clin. Med. 2023, 12, 985. [CrossRef]

39. Guida, G.; Riccio, A.M. Immune induction of airway remodeling. Semin. Immunol. 2019, 46, 101346. [CrossRef]
40. Gorski, S.A.; Lawrence, M.G.; Hinkelman, A.; Spano, M.M.; Steinke, J.W.; Borish, L.; Teague, W.G.; Braciale, T.J. Expression of IL-5

receptor alpha by murine and human lung neutrophils. PLoS ONE 2019, 14, e0221113. [CrossRef]
41. Tavernier, J.; Devos, R.; Cornelis, S.; Tuypens, T.; Van der Heyden, J.; Fiers, W.; Plaetinck, G. A human high affinity interleukin-5

receptor (IL5R) is composed of an IL5-specific α chain and a β chain shared with the receptor for GM-CSF. Cell 1991, 66, 1175–1184.
[CrossRef] [PubMed]

42. Castro, M.; Corren, J.; Pavord, I.D.; Maspero, J.; Wenzel, S.; Rabe, K.F.; Busse, W.W.; Ford, L.; Sher, L.; Fitzgerald, J.M.; et al.
Dupilumab Efficacy and Safety in Moderate-to-Severe Uncontrolled Asthma. N. Engl. J. Med. 2018, 378, 2486–2496. [CrossRef]

43. Rabe, K.F.; Nair, P.; Brusselle, G.; Maspero, J.F.; Castro, M.; Sher, L.; Zhu, H.; Hamilton, J.D.; Swanson, B.N.; Khan, A.; et al.
Efficacy and Safety of Dupilumab in Glucocorticoid-Dependent Severe Asthma. N. Engl. J. Med. 2018, 378, 2475–2485. [CrossRef]

44. Pelaia, C.; Heffler, E.; Crimi, C.; Maglio, A.; Vatrella, A.; Pelaia, G.; Canonica, G.W. Interleukins 4 and 13 in Asthma: Key
Pathophysiologic Cytokines and Druggable Molecular Targets. Front. Pharmacol. 2022, 13, 851940. [CrossRef]

45. Louis, R.; Satia, I.; Ojanguren, I.; Schleich, F.; Bonini, M.; Tonia, T.; Rigau, D.; Brinke, A.T.; Buhl, R.; Loukides, S.; et al. European
Respiratory Society Guidelines for the Diagnosis of Asthma in Adults. Eur. Respir. J. 2022, 60, 2101585. [CrossRef]

46. Chan, R.; Lipworth, B.J. Real-life effects of benralizumab on airway oscillometry in severe eosinophilic asthma. BMJ Open Respir.
Res. 2023, 10, e001472. [CrossRef]

47. Papaioannou, A.I.; Mplizou, M.; Porpodis, K.; Fouka, E.; Zervas, E.; Samitas, K.; Markatos, M.; Bakakos, P.; Papiris, S.; Gaga,
M.; et al. Long-term efficacy and safety of omalizumab in patients with allergic asthma: A real-life study. Allergy Asthma Proc.
2021, 42, 235–242. [CrossRef]

48. Gelhorn, H.L.; Balantac, Z.; Ambrose, C.S.; Chung, Y.N.; Stone, B. Patient and physician preferences for attributes of biologic
medications for severe asthma. Patient Prefer. Adherence 2019, 13, 1253–1268. [CrossRef]

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

https://doi.org/10.1186/s12931-022-01952-8
https://doi.org/10.3390/jcm12030985
https://doi.org/10.1016/j.smim.2019.101346
https://doi.org/10.1371/journal.pone.0221113
https://doi.org/10.1016/0092-8674(91)90040-6
https://www.ncbi.nlm.nih.gov/pubmed/1833065
https://doi.org/10.1056/NEJMoa1804092
https://doi.org/10.1056/NEJMoa1804093
https://doi.org/10.3389/fphar.2022.851940
https://doi.org/10.1183/13993003.01585-2021
https://doi.org/10.1136/bmjresp-2022-001472
https://doi.org/10.2500/aap.2021.42.210014
https://doi.org/10.2147/PPA.S198953

	Introduction 
	Materials and Methods 
	Patients and Study Design 
	Baseline Descriptive Clinical, Functional, and Biological Characteristics 
	Collection of Variables for “Intra and Inter Biologics” Comparison over Time 
	Statistical Analysis 

	Results 
	General Characteristics at Baseline of Severe Asthma Biologic-Treated Patients 
	T2 Phenotyping Patients 
	Analysis of “Intra-Biologic” Parameters over Years 
	Analysis of “Inter-Biologic” Parameters over Years 
	OCS Chronic Treatment 

	Discussion 
	Conclusions 
	References

