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Abstract: Background and objectives: induced sputum is used to assess different inflammatory
phenotypes in asthma, but is not used routinely. We aimed to determine the proportion of inflam-
matory asthma phenotypes based on induced sputum, to find biomarkers that can discriminate
between phenotypes, and to evaluate biomarkers in patients with and without biological therapy
in different inflammatory asthma phenotypes. Materials and Methods: this cross-sectional study
investigated clinical characteristics, asthma control tests, skin prick test, impulse oscillometry (IOS),
spirometry, induced sputum, biomarkers (IgE, eosinophils, fractional exhaled nitric oxide (FeNO),
serum periostin, IL-5, IL-6, IL-8, IL-17A, IL-33) in 80 asthmatics. A total of 17/80 patients were treated
with biologics (10 with omalizumab, 7 with benralizumab). Results: a total of 31% of patients had
eosinophilic asthma (EA), 30% had mixed granulocytic asthma (MGA), 24% had paucigranulocytic
asthma (PGA), and 15% had neutrophilic asthma (NA). The difference was found in blood eosinophils
(p = 0.002), the highest observed in EA. The cut-off ≥ 240/µL eosinophils, with 64% sensitivity and
72.7% specificity, identified EA (AUC = 0.743, p = 0.001). A higher IL-8 level was associated with
NA (p = 0.025). In 63 non-biologic asthma group, eosinophils were higher in EA than in NA, MGA,
and PGA (p = 0.012, p = 0.028, and p = 0.049, respectively). A higher IL-17A was associated with EA
without biologics (p = 0.004). A significantly higher IL-5 was found in EA treated with biologics, in
comparison with EA without biologics (p = 0.043). The number of leucocytes and neutrophils was
higher in MGA without biologics (p = 0.049, p = 0.019), while IL-5, IL-6, and IL-8 levels were higher in
MGA treated with biologics (p = 0.012, p = 0.032, p = 0.038, respectively). Conclusions: EA and MGA
were the most prevalent asthma phenotypes. Blood eosinophils can identify EA, both in patients with
and without biologics. Apart from the clinical profile, a broad spectrum of biomarkers for assessing
inflammatory phenotypes is necessary for an adequate therapy approach to patients with asthma.
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1. Introduction

Asthma is characterized by airway inflammation, heterogeneous clinical presentation,
different disease onset, variable therapy response, and unexpected exacerbation. The com-
plexity of the pathophysiological mechanism and clinical picture are grouped under the
diagnosis of asthma. It is a syndrome that consists of various endotypes and phenotypes.
An endotype is defined by a molecular mechanism and therapy response, while a phe-
notype is an observable characteristic that results from the interaction between genotype
and environment [1]. The concept of linking molecular characteristics to clinical features
was introduced by Wenzel in 2012, and since then there has been ongoing research interest
in asthma [2]. Many authors have evaluated the idea of a personalized approach based
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on endotypes and phenotypes in patients with asthma [3–8]. Stratification established on
endotyping and phenotyping is important because it aims to find unique patient attributes
and tailor the best therapy approach.

In clinical settings, it is not always easy to determine the inflammation and hetero-
geneity, two main asthma characteristics. To “measure” inflammation and to determine the
type of inflammation, fiberoptic bronchial biopsies are the best method, but they are not
routinely used and cannot be applied to a large asthmatic population. Induced sputum is a
gold standard for the determination of inflammatory phenotypes. There are four different
asthma phenotypes based on induced sputum analysis: eosinophilic, neutrophilic, mixed
granulocytic, and paucigranulocytic [9]. There is no agreement about the cut-off values of
neutrophils and eosinophils that should be used for the definition of asthma inflammatory
phenotypes. In the literature, eosinophilic asthma is defined with the range of eosinophils
in the sputum from >1.01% to ≥4%, and neutrophilic asthma is defined with a sputum neu-
trophil percentage from >40 to ≥76% [9–12]. The evaluation of inflammatory phenotypes
in individual patients, besides giving information about inflammatory cell components,
may guide therapeutic decisions and the need for corticosteroid therapy [13,14]. However,
the induced sputum procedure is not applicable in everyday clinical settings, because
it is time-consuming and requires highly trained personnel. So, finding adequate and
easily available surrogate biomarkers that correspond to the type of airway inflammation
is very important in clinical practice. Another important aspect of asthma evaluation is in
achieving asthma control. There is no universal definition of asthma control, and it should
include both the patient’s and the doctor’s perspectives, as well as objective parameters [15].
A combined approach to assessing asthma control from both symptom control and future
risk of exacerbations is described in recommendations and is widely accepted [16,17].

Asthma is divided into Type 2 (T2) and Non-Type 2 asthma (non-T2). The charac-
teristics of T2 asthma are an increased secretion of IL-4, IL-5, and IL-13 through Th2 and
innate lymphoid cells type 2 (ILC2), increased IgE reactivity, elevated blood eosinophils
and a fraction of exhaled nitric oxide (FeNO), a good response to inhaled corticosteroids
(ICS), and biologics [14,17]. Non-T2 asthma is not well defined. It is a phenotype without
T2 inflammation, without eosinophilia in serum and sputum, with more severe clinical
presentation, and unresponsiveness to ICS, related to IL-6, IL-1b, IL-8, and IL-17A, but
with no defined biomarkers [18,19]. Linking all features of different asthma phenotypes,
including biomarkers with underlying inflammatory processes, seems to be essential in
asthma and has been researched in many studies. Although biomarkers have been studied
extensively, the data about inflammatory phenotypes based on induced sputum in clinical
settings with heterogeneous asthma populations and larger sets of biomarkers are limited.
The primary aim of our study was to determine the frequency of different inflammatory
phenotypes (eosinophilic, neutrophilic, mixed granulocytic, and paucigranulocytic) in a
cohort of patients with asthma at a specialized asthma department of a tertiary University
Clinic, and to identify factors that could separate them. The secondary aim was to evaluate
biomarkers in patients with and without biologics in different asthma phenotypes.

2. Materials and Methods

This was a cross-sectional study that included 80 consecutive asthma outpatients, male
and female, who were examined at the Clinic for Allergy and Immunology, University
Clinical Centre of Serbia, Belgrade, from 2021 to 2023. The study was approved by the
Ethics committee (1322/V-4) and written informed consent was obtained from all subjects.
The inclusion criteria were ≥18 years of age, and an asthma diagnosis according to Global
Initiative for asthma (GINA) [17]. The exclusion criteria were the use of systemic corticos-
teroid therapy, a history of viral, bacterial, and fungal respiratory tract infections in the past
4 weeks, and a documented COVID-19 infection less than 12 weeks before the study. Severe
asthma was defined as asthma requiring high-dose ICS plus a second controller medication,
and severe asthma exacerbation was defined as the occurrence of asthma-related hospi-
talization or visits to emergency care requiring the use of systemic corticosteroids for at
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least 3 days [20,21]. All patients were on maintenance asthma therapy. All participants
underwent a detailed evaluation of clinical characteristics, personal and family history,
triggers of exacerbations, medical asthma history, physical examination, asthma control
assessment, skin prick test, FeNO measurement, impulse oscillometry (IOS), blood tests,
spirometry, and induced sputum analysis on the same day, followed in this order.

Asthma control assessment was based on the following: asthma control test
(ACT), Asthma Control Questionnaire (ACQ), and GINA asthma symptom control
assessment [17,22,23]. Asthma was considered well controlled if an ACT score was over
20, partially controlled if an ACT score was 16–19 asthma, and uncontrolled if an ACT
score was below 15 [22]. According to ACQ, a score of 0–0.75 points classifies patients
as having well-controlled asthma, 0.76–1.5 as a ‘grey zone’, and >1.5 as having poorly
controlled asthma [23]. Based on GINA asthma symptom control, asthma can be well
controlled (none of the 4 answers is yes), partly controlled (1 or 2 answers is yes), and
uncontrolled (3 to 4 answers is yes) [17]. The daily metered doses of ICS were classified
based on GINA guidelines as low, medium, and high, based on equivalents of beclometa-
sone dipropionate, budesonide, ciclesonide, fluticasone furoate, fluticasone propionate,
mometasone furoate [17]. The skin prick test for common local inhalant allergens was
performed according to the standard procedure and was considered positive if the papule
diameter was >3 mm [24]. The complete blood count, total serum IgE (immunonephelo-
metric, ARCHITECT), C-reactive protein (CRP) (immunoturbidimetric, ARCHITECT), and
routine blood tests were collected.

Serum levels of IL-5, IL-8, IL-17A, IL-33, and periostin were measured using ELISA
(enzyme-linked immunosorbent assay) according to the manufacturer’s instructions. Briefly,
standards and serum samples were incubated in wells precoated with a capture antibody
highly specific for each cytokine. After washing the plate, biotinylated detection antibod-
ies were added to each well, followed by streptavidin-HRP subsequent addition. After
incubation and washing the plate, TMB substrate solution was added. After incubation in
the dark and the addition of stop solution, the optical density (OD) of each well was read
on a spectrophotometer using 450 nm as the primary wavelength, and 570–620 nm as the
reference wave length. OD for each standard was plotted against a defined concentration,
forming a standard curve. The standard curve was then used to accurately determine the
concentration of cytokines in any sample tested. IL-5 levels were measured using Pharma-
Genie ELISA Kit (AssayGenie, Dublin, Ireland), while levels of IL-8, IL-17A, and IL-33 were
quantified using LegendMax™ ELISA human kits (Biolegend, San Diego, CA, USA). Serum
samples were analyzed without dilutions to determine IL-5, IL-8, IL-17A, and IL-33 levels,
and their concentration is expressed in picograms per milliliter (pg/mL). Limit of detection
for IL-5, IL-8, IL-17A, and IL-33 were 0.2, 0.3, 0.2, and 0.1 pg/mL, respectively. Periostin was
measured by ELISA, according to the manufacturer’s instructions (Periostin, Biomedica
Medizinprodukte GmbH, Wienna, Austria), using diluted samples (1 + 50). Concentrations
of periostin are expressed in picomol per liter (pmmol/L). Serum IL-6 levels were obtained
using the electrochemiluminescence method (ECLIA), according to the manufacturer’s
instructions (Cobas, Elecsys IL-6, Roche, Basel, Switzerland), analyzed without dilutions,
and concentrations of IL-6 are expressed in picograms per milliliter (pg/mL).

The patients underwent a spirometry test (VyntusSPIRO, Jaeger, Bodnegg, Germany).
FeNO measurement was performed at a flow of 50 mL/s (Medisoft, Dinant, Belgium),
according to American Thoracic Society/European Respiratory Society (ATS/ERS) guide-
lines [25]. IOS was performed according to ERS recommendations, and small airway
dysfunction (SAD) was defined as small airway resistance (R5 Hz–20 Hz, KPa/L/s) [26].

The spirometry test was performed before the induced sputum procedure and a
forced expiratory volume in 1 s (FEV1) was recorded. The patients were given 200 µg of
inhaled salbutamol, and post-bronchodilator FEV1 was measured after 10 min. Then, a
4.5% saline inhalation via ultrasonic automizer was given at 5 min intervals, for a total
time of 20 min. If there was a fall in FEV1 of 20% from baseline or symptom appearance,
the test was stopped and discontinued. The induced sputum procedure was performed
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using the method defined by Djukanovic et al. [27]. The whole sputum sample was sent for
examination. The specimen was treated with 0.1% dithiothreitol, and then was filtered and
centrifugated. The fixation and staining followed using May Grunwald Giemsa. The cell
count was determined by counting 500 non-squamous cells and is reported as the relative
numbers of eosinophils, neutrophils, macrophages, lymphocytes, and bronchial epithelial
cells, expressed as a percentage of total non-squamous cells. The patients were divided into
4 inflammatory phenotypes, according to the sputum cells analyses: eosinophilic asthma
(EA) was defined as ≥3% eosinophils and <61% neutrophils; neutrophilic asthma (NA)
was defined as <3% eosinophils and ≥61% neutrophils; mixed granulocytic asthma (MGA)
as ≥3% eosonophils and ≥61% neutrophils; and paucigranulocytic asthma (PGA) was
defined as <3 eosinophils and <61% neutrophils [28].

Statistical Analysis

Categorical data are presented as absolute and relative numbers in percentages. Nu-
merical data are described by the arithmetic mean with standard deviation, or median with
a range from minimum to maximum, depending on the data distribution. Normal distri-
bution was evaluated using mathematical (Shapiro–Wilk test) and graphical (histogram,
box-plot) methods. Four independent subgroups (EA, NA, MGA, and PGA) were com-
pared, according to categorical data by chi-square test or Fisher’s exact test if the criteria
for the previously mentioned one were not met. Also, they were compared according
to numerical data by one-way ANOVA with Tuckey post hoc testing or Kruskal–Wallis
with Mann–Whitney as a post hoc testing method, depending on the data distribution.
To explore factors that can distinguish different asthma phenotypes, we applied logistic
regression analysis (Backward: Wald method). First, univariate, and then multivariate anal-
ysis was performed. All significant factors from univariate analyses went into multivariate
models. Diagnostic performances of eosinophils count as a potential biomarker for EA
phenotype, and were evaluated by ROC curve, sensitivity, and specificity. Cut-off value
was chosen for the point where the Youden’s index had the highest value. All statistical
methods were considered significant if p value was ≤0.05. Complete statistical analysis
was performed in IBM Corp., released 2012. IBM SPSS Statistics for Windows (Version 21.0.
IBM Corp., Armonk, NY, USA).

3. Results

This cross-sectional study included a total of 80 patients with asthma with an average
age of 43.65 ± 12.72 years and a male-to-female ratio of 1:2. EA asthma was present in
25 patients (31%), 12 had NA (15%), 24 patients had MGA (30%), and 19 PGA (24%), accord-
ing to induced sputum analysis. Socio-demographic, functional, and clinical characteristics
of all patients with asthma, according to four inflammatory phenotypes, are presented
in Table 1. There was an equal distribution of smokers, ex-smokers, and non-smokers
(p = 0.960), with an average smoking duration of 14 years. The median asthma duration
was 7 years. The most common comorbidity was allergic rhinitis, in 79% of patients. Almost
half had a positive family history of allergic rhinitis and 39% for asthma.

Table 1. Socio-demographic, clinical, and functional characteristics of patients with asthma.

Characteristic Total EA
n = 25

NA
n = 12

MGA
n = 24

PGA
n = 19 p *

Age (years), mean ± SD 43.65 ± 12.72 45.44 ± 13.62 41.67 ± 12.46 41.71 ± 13.78 45.00 ± 10.56 0.677
Male 23 (28.8) 8 (32.0) 3 (25.0) 7 (29.2) 5 (26.3)

0.966Female 57 (71.3) 17 (68.0) 9 (75.0) 17 (70.8) 14 (73.7)
Smoking habit, n (%)

Active smoker 20 (25.0) 6 (24.0) 2 (16.7) 6 (25.0) 6 (31.6)
0.960Ex-smoker 15 (18.8) 4 (16.0) 2 (16.7) 5 (20.8) 4 (21.1)

Non-smoker 55 (56.3) 15 (60.0) 8 (66.7) 13 (54.2) 9 (47.4)
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Table 1. Cont.

Characteristic Total EA
n = 25

NA
n = 12

MGA
n = 24

PGA
n = 19 p *

Smoking duration (years), med
(min–max) 14 (1–50) 15 (3–27) 15 (10–20) 10 (5–50) 20 (1–30) 0.817

Asthma duration (years),
med (min–max) 7 (0–52) 10 (1–45) 3.5 (0–23) 6.5 (0–50) 7 (1–52) 0.155

BMI, mean ± SD 26.43 ± 4.64 26.52 ± 2.80 24.67 ± 4.46 27.26 ± 6.24 26.39 ± 4.36 0.483
Number of severe exacerbations
during last year, med (min–max) 0 (0–10) 1 (0–8) 0 (0–7) 0 (0–4) 0 (0–10) 0.134

Allergic rhinitis, n (%) 63 (78.8%) 18 (72.2) 10 (83.3) 20 (83.3) 15 (78.9) 0.769
Nonallergic rhinitis, n (%) 15 (18.8) 6 (16.7) 42(16.7) 4 (16.7) 3 (15.8) 0.882

Drug allergy, n (%) 22 (27.5) 6 (24.0) 4 (33.3) 7 (29.2) 5 (26.3) 0.939
CRSwNP, n (%) 12 (15.0) 5 (20.0) 2 (16.7) 3 (12.5) 2 (10.5) N/A
CRSsNP, n (%) 10 (12.5) 2 (8.0) 1 (8.3) 3 (12.5) 4 (21.1) N/A
GERB, n (%) 10 (12.5) 4 (16.0) 0 (0.0) 3 (12.5) 3 (15.8) N/A

Allergic rhinitis, family, n (%) 39 (48.8) 9 (36.0) 4 (33.3) 16 (66.7) 10 (52.6) 0.113
Asthma, family, n (%) 31 (38.8) 9 (36.0) 6 (50.0) 9 (37.5) 7 (36.8) 0.858

FEV1, % predicted, mean ± SD 92.60 ± 14.54 90.56 ± 17.09 91.42 ± 14.58 95.86 ± 11.98 91.92 ± 14.30 0.619
FEV1/FVC %, mean ± SD 71.36 ± 8.54 69.78 ± 6.45 71.46 ± 9.25 74.59 ± 10.68 69.28 ± 6.67 0.142

MMEF, %, mean ± SD 67.15 ± 21.55 60.20 ± 21.89 67.92 ± 22.02 74.71 ± 21.10 66.26 ± 19.72 0.170

MEF25, %, med (IQR) 50.0
(37.2–62.7)

45.0
(30.9–55.5)

48.0
(40.5–72.22)

52.5
(36.0–63.0)

56.0
(38.0–68.0) 0.230

MEF50, %, med (IQR) 70 (56.0–87.7) 68.0 (37.4–77) 69.0
(53.5–69.0)

79.0
(61.0–95.0)

74.7
(53.0–82.0) 0.185

MEF75, %, med (IQR) 93.0
(76.2–109.0)

98.0
(55.8–109.0)

87.5
(73.5–97.7)

105.0
(81.7–111) 86.9 (71.0–99.0 0.042

SAD, n (%) 36 (45.0) 14 (56.0) 3 (25.0) 11 (45.8) 8 (42.1) 0.357
COVID 19 infection, n (%) 62 (78.5) 18 (75.0) 9 (75.0) 17 (70.8) 18 (94.7) 0.255

* For the level of significance of 0.05, according to one-way ANOVA, chi-square test or Kruskal–Wallis test.
Abbreviations: EA: eosinophilic asthma; NA: neutrophilic asthma; MGA: mixed-granulocytic asthma; PGA:
paucigranulocytic asthma; BMI: body mass index; CRSwNP: chronic rhinosinusitis with nasal polyp, CRSsNP:
chronic rhinosinusitis without nasal polyp, GERB: gastro-esophageal reflux disease; FEV1: forced expiratory
volume in 1 s; FVC: forced vital capacity; MMEF: mid–maximal expiratory flow rate; MEF25 maximal expiratory
flow at 25% of vital capacity; MEF50 maximal expiratory flow at 50% of vital capacity; MEF75 mean expiratory
flow at 75% of vital capacity, SAD: small airway dysfunction; N/A: not applicable.

Small airway resistance, as measured by IOS, was detected in 45% of the whole cohort,
with a prevalence of 56% in EA, 45.8% in MGA, 42.1% in PGA, and 25% in NA, but
with no differences among phenotypes (Table 1). There was a significant difference in
mean expiratory flow at 75% of vital capacity (MEF75) between four inflammatory asthma
phenotypes (p = 0.042) (Table 1). It was the highest in MGA. It was significantly higher in
MGA than in NA, and also in MGA than in PGA (p = 0.025 and p = 0.019, respectively).
There was no difference in MEF75 between other asthma phenotypes (EA vs. NA p = 0.455,
EA vs. MGA p = 0.062, and EA vs. PGA p = 0.297).

Uncontrolled disease was recorded in 41.3% of patients, according to GINA; the
average ACT score was 16.5, suggesting partially controlled asthma, and the average
ACQ was 1.5 (Table 2). Regarding therapy, the most prevalent drugs were antihistamines
(72.5%), nasal glucocorticoids (58.8%), and leukotriene receptor antagonist (LTRA) (57.5%),
followed by asthma therapy: short-acting beta 2 agonist (SABA) in 41.3%, 37.5% were taking
inhaled corticosteroid/long-acting beta 2 agonists (ICS/LABA) maintenance-and-reliever-
therapy with ICS-formoterol (MART), and 36.3% ICS/LABA (Table 2). The biologics were
administered to 17 patients; 10 were on omalizumab and 7 were on benralizumab. There
was no difference in any of the evaluated socio-demographic and clinical characteristics,
disease control, and therapy between the four inflammatory phenotypes of asthma.
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Table 2. Asthma control assessment and asthma medical history.

Characteristic Total EA
n = 25

NA
n = 12

MGA
n = 24

PGA
n = 19 p *

GINA symptom control, n (%)
Well-controlled 17(21.3) 4 (16) 2 (16.7) 7 (29.2) 4 (21.1)

Partly controlled 30 (37.5) 10 (40) 4 (33.3) 8(33.4) 8(42.1)
0.928Uncontrolled 33 (41.3) 11 (44) 6 (50) 9 (37.5) 7 (36.7)

ACT, med (IQR) 16.5
(12.0–22.0)

16.0
(11.0–20.5)

16.5
(12.2–24.7)

18.5
(11.5–24.7)

16.0
(12.0–21.0) 0.572

ACQ, med (IQR) 1.5 (0.5–2.6) 2.0 (0.7–3.0) 1.2 (0.3–2.4) 1.2 (0.4–3.0) 1.7 (0.8–2.5) 0.581
Therapy

Antihistamine, n (%) 58 (72.5) 21 (84) 9 (75) 17 (70.8) 11 (57.9) 0.288
Nasal glucocorticoids, n (%) 47 (58.8) 19 (76) 6 (50.0) 15 (62.5) 7 (36.8) 0.062

Allergic immunotherapy 12 (15) 3 (12) 0 (0) 7 (29.2) 2 (10.5) N/A
ICS, n (%) 10 (12.5) 4 (16) 1 (8.3) 4 (16.7) 1 (5.3) N/A

SABA n (%), 33 (41.3) 8 (32) 6 (50) 11 (45.8) 8 (42.1) 0.688
LAMA, n (%) 9 (11.3) 3 (12) 1 (8.3) 4 (16.7) 1 (5.3) N/A
LTRA, n (%) 46 (57.5) 18 (72.0) 7 (58.3) 12 (50.0) 9 (47.4) 0.320

Methylxanthines, n(%) 3 (3.8) 2 (8) 0 (0) 0 (0) 1 (5.3) N/A
ICS/LABA n (%), 29 (36.3) 9 (36.0) 4 (33.3) 8 (33.3) 8 (42.1) 0.937

ICS/LABA MART protocol, n (%) 30 (37.5) 11 (44.0) 4 (33.3) 9 (37.5) 6 (31.6) 0.844
Biologic, n (%) 17 (21.3) 7 (41.2) 2 (11.8) 6 (35.2) 2 (11.8) N/A

Omalizumab, n (%) 10 (58.8) 6 (85.7) 1 (50) 2 (33.3) 1 (50) N/A
Benralizumab, n (%) 7 (41.2) 1 (14.3) 1 (50) 4 (66.7) 1(50) N/A

* For the level of significance according to chi-square test. Abbreviations: EA: eosinophilic asthma; NA: neu-
trophilic asthma; MGA: mixed-granulocytic asthma; PGA: paucigranulocytic asthma GINA: Global Initiative
for Asthma; ACT: asthma control test; ACQ: Asthma Control Questionnaire; ICS: inhaled corticosteroid; SABA:
short-acting beta 2 agonist; LAMA: long-acting muscarinic antagonists. LTRA: leukotriene receptor antagonist
ICS/LABA: inhaled corticosteroid/long-acting beta 2 agonist; ICS/LABA MART: maintenance-and-reliever-
therapy with ICS-formoterol; N/A: not applicable.

Biomarkers in all patients with asthma and according to phenotypes were evaluated.
The mean IgE was 121.5 IU/mL (56.2–364.5 IU/mL) and FeNO 23.5 ppb (12.1–37.7 ppb)
(Supplementary Table S1). There was a significant difference in the number of blood
eosinophils between four inflammatory asthma phenotypes (p = 0.002) (Figure 1). The
level of eosinophils was significantly higher in EA than in NA (p = 0.001), MGA (p = 0.002),
and PGA (p = 0.042), while there was no difference between NA and MGA (p = 0.376),
NA and PGA (p = 0.114), MGA, and PGA (p = 0.402). There was no difference in IgE,
FeNO, periostin, IL-5, IL-6, IL-8, IL-33, and IL-17A serum levels among phenotypes
(Supplementary Table S1).

Using logistic regression, we analyzed factors associated with different asthma phe-
notypes (Table 3). Factors that were independently associated with EA were smoke as a
trigger (OR = 5.966, 95%CI OR = 1.53–23.30, p = 0.010), lower MEF25 (OR = 0.964, 95%CI
OR = 0.94–0.99, p = 0.019), and higher CRP (OR = 1.246, 95%CI OR = 1.01–1.54, p = 0.043)
(Table 3). A higher level of IL-8 was the only factor independently associated with NA
phenotype (OR = 1.009, 95%CI OR = 1.01–1.02, p = 0.025). The only factor that was inde-
pendently associated with MGA was higher MEF50 (OR = 1.030, 95%CI OR = 1.01–1.06,
p = 0.023) (Table 3). The only factor possibly associated with PGA asthma phenotype was
the nasal glucocorticoids non-use in therapy.

We investigated the possibility of using an eosinophils count to identify patients with
the EA phenotype, using ROC analysis. We found that the cut-off value of eosinophils
≥240/µL, with 64% sensitivity and 72.7% specificity (area under the ROC curve = 74.3%
p = 0.001), distinguished patients with EA phenotypes (Figure 2).
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Figure 1. Eosinophils (µL) in different asthma phenotypes. Abbreviations: EA: eosinophilic asthma;
NA: neutrophilic asthma; MGA: mixed-granulocytic asthma; PGA: paucigranulocytic asthma.

Table 3. EA, NA, MGA, and PGA markers.

Marker
Univariate Logistic Regression Multivariate Logistic Regression

OR 95%CI OR p OR 95%CI OR p

EA Step 4
Number of exacerbations

during last year 1.235 1.01–1.52 0.044

Smoke as trigger 3.857 1.24–12.04 0.020 5.966 1.53–23.30 0.010
Nasal glucocorticoids 3.054 1.06–8.81 0.039

MEF25 0.970 0.94–0.99 0.033 0.964 0.94–0.99 0.019
MEF50 0.976 0.95–0.99 0.030

CRP 1.198 1.01–1.43 0.049 1.246 1.01–1.54 0.043
Periostin 1.001 1.00–1.01 0.050 1.001 1.00–1.01 0.057

NA Step 2
Eosinophils 0.006 0.00–0.77 0.039 0.008 0.00–1.30 0.063

IL-8 1.010 1.01–1.02 0.009 1.009 1.00–1.02 0.025
IgE 0.958 0.92–0.99 0.026

MGA Step 4
Allergic rhinitis in the family 2.870 1.05–7.8 0.039
Physical activity as a trigger 7.105 1.27–39.72 0.026 5.011 0.80–31.38 0.085

Allergic immunotherapy 4.200 1.18–15.00 0.027 3.812 0.96–15.13 0.057
FEV1/FVC 1.072 1.01–1.14 0.036

MEF50 1.027 1.01–1.05 0.021 1.030 1.01–1.06 0.023
MEF75 1.032 1.01–1.06 0.023

PGA
Nasal glucocorticoids 0.306 0.10–0.89 0.030

Abbreviations: EA: eosinophilic asthma; NA: neutrophilic asthma; MGA: mixed-granulocytic asthma; PGA:
paucigranulocytic asthma, ESR; erythrocyte sedimentation rate; CRP: C reactive protein; FEV1: forced expiratory
volume in 1 s; FVC: forced vital capacity; MEF75: mean expiratory flow at 75% of vital capacity; MEF50: mean
expiratory flow at 50% of vital capacity; MEF25: mean expiratory flow at 50% of vital capacity.
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We analyzed the biomarkers in 63 patients who were not taking biologics (non-biologic
group) (Table 4). There was a significant difference in the number of eosinophils and the
level of IL-17 between four inflammatory asthma phenotypes (p = 0.034 and p = 0.004). Both
biomarkers were the highest in EA phenotype. A number of eosinophils was significantly
higher in EA than in NA, MGA, and PGA phenotypes (p = 0.012, p = 0.028, and p = 0.049,
respectively), while IL-17 was significantly higher in EA than in NA and PGA (p = 0.016
and p = 0.002, respectively), and in MGA than in PGA phenotype (p = 0.042).

Table 4. Biomarkers in non-biologic patients with asthma.

Biomarker,
Med (IQR)

EA
n = 18

NA
n = 10

MGA
n = 18

PGA
n = 17 p *

ESR (mm/h) 12 (8–22.5) 9 (7.5–18.5) 13 (9.5–18) 12 (8–17) 0.825
CRP (mg/L) 1.9 (1.5–4.2) 1.1 (1.0–2.3) 1.25 (1.0–3.4) 1.2 (1.0–3.0) 0.131

Leucocytes(109/L) 6.6 (5.9–8.2) 6.4 (5.1–7.0) 6.1 (5.5–8.0) 6.0 (5.5–7.5) 0.729
Neutrophils(109/L) 3.6 (2.8–4.5) 3.3 (3.0–4.6) 3.2 (2.8–4.7) 3.3 (2.6–4.0) 0.790

Lymphocytes(109/L) 2.2 (1.9–2.6) 1.7 (1.2–2.6) 2.2 (1.8–2.8) 2.1 (1.7–2.2) 0.157
Eosinophils(109/L) 0.3 (0.2–0.6) 0.1 (0.1–0.2) 0.2 (0.1–0.3) 0.2 (0.1–0.3) 0.034

IgE (IU/mL) 182.5 (75.7–363.5) 87.0 (60.7–288.7) 81.5 (20.2–309.5) 78.0 (18.0–205.0) 0.212
FeNO (ppb) 24.2 (14.1–39.4) 16.3 (11.6–26.3) 16.2 (7.8–32.9) 20.9 (11.6–31.6) 0.420

IL-6 (pg/mL) 2.8 (1.9–3.2) 2.4 (1.7–5.3) 2.6 (2.1–3.4) 3.1 (1.8–3.3) 0.969

Periostin (pmol/L), med 865.7
(697.6–1851.8)

661.4
(521.7–1004.1)

925.3
(713.2–1125.8)

1049.6
(836.4–1355.4) 0.256

IL-5 (pg/mL) 0.0 (0.0–0.0) 0.0 (0.0–1.0) 0.0 (0.0–0.0) 0.0 (0.0–0.0) 0.081
IL-8 (pg/mL) 0.0 (0.0–2.8) 0.2 (0.0–166.5) 0.0 (0.0–0.0) 0.0 (0.0–7.9) 0.271
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Table 4. Cont.

Biomarker,
Med (IQR)

EA
n = 18

NA
n = 10

MGA
n = 18

PGA
n = 17 p *

IL-33 (pg/mL) 41.6 (10.8–315.0) 42.2 (3.7–406.1) 9.4 (0.2–89.7) 22.9 (4.3–194.9) 0.346
IL-17A (pg/mL) 0 (0.0–0.6) 0 (0.0–0.0) 0 (0.0–0.1) 0 (0.0–0.0) 0.004

* For the level of significance of 0.05 according to Kruskal–Wallis test. Abbreviations: EA: eosinophilic asthma;
NA: neutrophilic asthma; MGA: mixed-granulocytic asthma; PGA: paucigranulocytic asthma, ESR: erythrocyte
sedimentation rate; CRP: C reactive protein; FeNO: fraction of exhaled nitric oxide.

Finally, we decided to divide patients into those who were in the biologic group
(n = 17) and those in the non-biologic group (n = 63), and to evaluate biomarkers according
to phenotypes. There was a significant difference in IL-5 between the EA biologic and
the EA non-biologic groups (p = 0.043) (Figure 3A). IL-5 was higher in those on biological
medications. A number of leucocytes and neutrophils, and IL-5, IL-6, and IL-8, differed
between MGA patients who were and were not treated with biological therapy (p = 0.049,
p = 0.019, p = 0.012, p = 0.032, and p = 0.038, respectively). IL-5, IL-6, and IL-8 were higher
in the MGA biologic group, while leucocytes and neutrophils were higher in the MGA
non-biologic group (Figure 3B–F) (Supplementary Table S2).
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EA biologic and EA non-biologic group (p = 0.043) (B) IL-5 in MGA biologic and MGA non-biologic
group (p = 0.012); (C) IL-6 in MGA biologic and MGA non-biologic group (p = 0.032); (D) IL-8
in MGA biologic and MGA non-biologic group (p = 0.038); (E) Leucocytes in MGA biologic and
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Q1 and Q3, and whiskers minimum and maximum values, p values according to Mann–Whitney test
are presented.

4. Discussion

The identification of asthma phenotypes is the goal of asthma patient evaluation
because it provides information about the prominent asthma characteristic inflammation.
Induced sputum is the best option for the determination of inflammatory phenotypes.
However, it is not always an accessible method, and there are no recommendations on
when and how often it should be used. In our study, we aimed to evaluate the proportion
and characteristics of phenotypes in a cohort of patients with asthma using induced
sputum. Our cohort consisted of patients with different levels of asthma control, inhalation
therapy, and biologics, and an almost equal distribution of smokers, ex-smokers, and
non-smokers. It has been shown that current smokers have reduced sputum eosinophils
compared with never-smokers, and ex-smokers have more sputum neutrophils and a
similar proportion of sputum eosinophils compared to never-smokers [29]. In our cohort,
we did not find a difference in the distribution of smoking habits within four inflammatory
asthma phenotypes (p = 0.960). The most prevalent comorbidity was allergic rhinitis,
present in 78.8%. This may be explained by the profile of patients in our hospital. We are a
referent tertiary center for allergy and immunology, and patients with suspected allergic
rhinitis are referred to our hospital. The mean IgE of 121.5 IU/mL (56.2–364.5 IU/mL),
the most frequently reported clinical manifestation (nasal congestion), triggers asthma
exacerbation (allergens), and a high prevalence of positive family history for asthma and
allergic rhinitis can be also attributed to high allergic rhinitis prevalence. Allergic rhinitis
could have affected lung function in our cohort, considering the most frequently applied
therapies were antihistamines and nasal corticosteroids.

There was an almost equal distribution of EA (n = 25) and MGA (n = 24), while 19
subjects had PGA and 12 subjects had NA in the whole cohort. Other studies have also
found EA to be the most prevalent phenotype, presented in 41%, 40%, and 46.9% of patients,
respectively, but the distribution of the other three phenotypes was varying [9,30,31]. The
predominance of the PGA phenotype was seen among 176 patients with asthma in China,



J. Clin. Med. 2024, 13, 526 11 of 18

in 42.6% [32]. The differences in predominant phenotype may be explained by the diversity
of cohorts. In other cross-sectional studies, like ours, the patients were also evaluated for
maintenance therapy that could affect the “initial” phenotype, but a more severe asthma
population was included [30–32].

For the whole cohort, there was a significant difference in eosinophils’ blood numbers,
the highest recorded in EA (p = 0.002). The level of eosinophils was significantly higher in
EA when compared to other phenotypes: NA (p = 0.001), MGA (p = 0.002), and to PGA
(p = 0.042). The value of ≥240/µL blood eosinophils could identify EA, with 64% sensitivity
and 72.7% specificity (AUC = 0.74, p = 0.001). We did not confirm the correlation between
the number of eosinophils in blood and the % of eosinophils in sputum among patients
with EA (ρ = −0.03, p = 0.863). The correlation between serum and sputum eosinophilia
is seen in many studies [31,33,34]. Schleich et al. have shown this connection in more
than 500 asthmatics, and they have set the cut-off value of 220/µL of blood eosinophils to
identify ≥3% eosinophils in sputum [35]. The cut-off for eosinophils of 270/µL and 300/µL
to identify sputum eosinophilia is determined in other studies [34,36]. However, there
are no recommended blood eosinophils values that may be used as a surrogate marker
for sputum eosinophilia. Also, no unique cut-off is established for identifying sputum
eosinophilia. Simpson has shown that the cut-off value of 3% sputum eosinophils is better
reproducible as a discriminator of airway eosinophilia than 2% [28]. This cut-off has been
used in many studies based on these findings. Some authors have questioned the use
of blood eosinophils as a single marker for detecting sputum eosinophilia [37,38]. Como
et Bel concluded that eosinophilia and FeNO are diagnostic biomarkers to rule in or to
rule out EA, and they have suggested a 400/µL blood eosinophils value for identifying
EA [39]. In a comprehensive literature review, the following numbers of eosinophils were
assessed: >150/µL in severe eosinophilic asthma, up to >400/µL in poorly controlled with
high-dose ICS, >200/µL in unselected patients, and >270/µL and >300/µL in mild to severe
asthma [40]. These numbers corresponded to different sputum eosinophils’ cut-off values:
>2%, ≥2%, ≥2.5%, >3%, and ≥3%, respectively. The conclusion was that blood eosinophils
are an appropriate biomarker for airway eosinophilia, but are not completely adequate
for phenotype discrimination, even in combination with other biomarkers, especially in
severe asthma.

Our study did not confirm the correlation between FeNO and inflammatory pheno-
types. This was also reported by other authors [37,38,41]. On the contrary, the connection
between FeNO and sputum eosinophilia was found in other studies [33,35]. The recom-
mended value >50 ppb is established by ATS for identifying EA and <25 ppb for ruling it
out [42]. In our cohort, the mean FeNO was 23.5 ppb (12.1–37.7 ppb), with no differences
among phenotypes. Our cohort was comprised of patients with mainly allergic rhinitis, on
maintenance therapy, and more than half of them were smokers. All these factors (allergy,
therapy, smoking) could have contributed to the FeNO value. Some authors propose
multiple biomarkers, such as high FeNO and eosinophils, to improve the identification of
the sputum EA phenotype [39]. However, the combination of eosinophils, FeNO, and IgE
was not found to be beneficial in sputum eosinophilia determination [34,40].

The IOS parameters, using an interpretation of R5–R20 Hz, are considered good
markers of SAD [43]. We found a high prevalence of small airway resistance in EA of
56%, and 45.8% in MGA, 42.1% in PGA, and 25% in NA, but no difference was seen in
SAD among phenotypes. A significant difference in MEF75 between four inflammatory
asthma phenotypes was found (p = 0.042), the highest observed in MGA. The role of MEF
25, MEF50, MEF75, and MEF25–75, the mid-maximal expiratory flow rate (MMEF), has
been established as a marker of SAD in asthma. [44,45]. A prospective, multicenter study
has found that SAD was present in all severity asthma groups according to GINA, and
was highly prevalent in severe disease [46]. SAD is associated with poor asthma control
and more exacerbations [47]. Our findings of 45% SAD in the whole cohort, as well as
a discrepancy in MEF75 among different phenotypes, suggest that SAD evaluation may
be an important part of inflammatory phenotypes assessment. Not so many studies have
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looked at the connection between SAD and inflammatory phenotypes. The study of Abdo
et al. has addressed this issue [48]. The SAD in 197 patients with asthma, divided into
four phenotypes based on induced sputum, was followed for one year. The EA and MGA
patients had worse SAD features compared to the other two phenotypes. Patients with
persistent elevated eosinophils and neutrophils had worse SAD after follow-ups. The
change in sputum eosinophils was an independent risk factor of lung function change and
a connection between SAD and airway eosinophilia was shown. Our results also showed
that small airway resistance, as a marker of SAD, was the most prevalent in EA and MGA,
but we found MEF75 to be the highest in MGA. Our results suggest a careful interpretation
of spirometry when evaluating SAD. MEF75 is only one of the spirometry parameters,
part of MMEF. There is no recommendation of which spirometry parameter is the best
predictor of SAD [49]. The study that compared these two methods found that for normal
lung function IOS may be more sensitive, while spirometry is a more sensitive method for
detecting SAD in abnormal lung function [50].

We analyzed the characteristics that could discriminate phenotypes. EA was defined
by a greater number of severe exacerbations during the previous year, smoke as a trigger,
nasal glucocorticoids in therapy, smaller MEF25 and MEF50, as well as greater CRP and
periostin blood levels. Factors that were independently associated with EA were smoke
as a trigger (OR = 5.966, 95%CI OR = 1.53–23.30, p = 0.010), lower MEF 25 (OR = 0.964,
95%CI OR = 0.94–0.99, p = 0.019), and higher CRP. Other studies have also found that
EA is associated with poor control and higher periostin levels [35,51–53]. However, the
connection between serum periostin and sputum eosinophils was not detected by other
researchers [34]. Our EA cohort was composed of patients with AR, so nasal glucocorticoid
use was expected. Higher CRP was an independent factor associated with EA. Highly
sensitive CRP was found to be higher in 45 patients with asthma compared to healthy
subjects, and significantly correlated with eosinophils and neutrophils in the sputum [54]. A
recent study also found that EA was associated with higher CRP, among other inflammatory
markers, and higher periostin compared to NA [55]. CRP is a general inflammatory marker
that may be elevated in many diseases and infections. Our results may indicate that EA
patients have a higher level of inflammation that is ongoing and persistent and, as such,
can be assessed through different biomarkers of inflammation, such as CRP. However, this
result should be interpreted carefully considering CRP sensitivity. Regarding NA, we have
found that IL-8 was an independent factor associated with this phenotype. This result
was also seen in a study conducted in China, but besides IL-8 in blood, it was found that
sputum IL-8 and serum IL-17 could be also predictors of NA [32]. Higher IL-8 was recorded
in NA, but also in MGA [30]. Sputum IL-8 and neutrophil elastase protein, IL-8RA, and
IL-8RB gene expression were increased in NA [56]. It is proposed that after epithelial
cells and alveolar macrophage activation, proinflammatory cytokines (IL-6, IL-1b, IL-8) are
secreted, causing the chemoattraction of neutrophils and neutrophil activation [57]. The
IL-17 pathway in NA was also found to be important, but we did not find an association
between IL-17A and NA compared to other studies [32,58,59]. The NA is a complex
phenotype, with incompletely understood pathophysiological mechanisms. The MGA
phenotype was characterized by the presence of allergic rhinitis in the family, physical
activity as a trigger, allergic immunotherapy, and better lung function. The only factor that
was independently associated with MGA was higher MEF50. Our results of allergic features
of these phenotypes indicate “the mix” of allergic and non-allergic factors expressed in this
subgroup. However, better lung function was not observed in other studies [35,38,48]. Of all
phenotypes, PGA was studied the least. It is a phenotype with no prominent inflammation,
with good lung function and a good response to therapy [30,60]. Our results also pointed
out the unspecific profile of this phenotype and mild clinical presentation.

We did not find any difference in other serum biomarkers (IgE, periostin, IL-5, IL-6,
IL-8, IL-17A, and IL-33) among the four inflammatory phenotypes. These immunological
markers may correspond to pathophysiological characteristics of asthma: periostin, IgE,
IL-5, and IL-33 for T2 asthma; IL-6, IL-8, IL-17A, and IL-33 for non-T2 asthma. Obtaining
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cytokines from induced sputum, BAL or biopsy provides better local cytokine information
about inflammation, but serum samples may give information about systemic inflam-
mation [61]. The interplay between different subsets of Th1, Th2, Th17, and ILC-2, the
overlap and change in one dominant immunological response over the other, depending on
exposure to different factors and cytokine profile surrounding makes the pathogenesis of
asthma still not completely understood [62]. Our results that found no discrepancy among
prominent biomarkers of different pathophysiological pathways may support this plasticity
and the overlap of various immunological interactions in asthma, caught at one point in
time, as we have performed a one-time analysis of induced sputum.

Biological therapy is effective in improving ACT and exacerbations, as well as FeNO [63].
Also, biologicals can reduce the number of blood eosinophils in both responders and
non-responders of EA, and they cannot be used as a predictive marker of EA in those
patients [64]. We decided to evaluate biomarkers in 63 patients who were not taking
biologics. Similar phenotype distribution, as in the whole cohort, was seen: 18 had EA (29%),
10 NA (16%), 18 MGA (29%), and 17 PGA (27%), confirming the observation that EA and
MGA are the most prevalent. Also, the number of eosinophils was significantly higher in EA
than in NA, MGA, and PGA phenotypes (p = 0.012, p = 0.028, and p = 0.049, respectively),
confirming the results obtained from the whole cohort. IL-17 A was significantly higher
in EA than in NA and PGA (p = 0.016 and p = 0.002, respectively) and in MGA than in
PGA phenotype (p = 0.042). IL-17 is linked to NA, but our results have found that EA
without biologics had the highest IL-17A levels. These findings may be explained by the
mixed Th2/Th17 endotype that could be dominant in our EA non-biological group, as
Th2/Th17 cell subsets are discovered [65,66]. Also, animal models support the idea that
IL-17 A effects Th2 cell-mediated eosinophilic airway inflammation [67]. It was found
that IL-17 is associated with uncontrolled asthma compared to controlled patients with
asthma, regardless of atopic status, and combined with upregulated Th2 cytokines, may
point to refractory asthma [68]. Also, a dual Th2/Th17 subset can lead to inflammatory cell
recruitment and asthma exacerbations [69].

Finally, we wanted to compare biomarkers in two groups of patients: 63 in the non-
biologic group and 17 in the biologic group, according to four phenotypes. There was a sig-
nificant difference in IL-5 between the EA biologic and EA non-biologic groups (p = 0.043),
with higher IL-5 in those who were taking biologics. It has been shown that the admin-
istration of benralizumab and mepolizumab causes an increase in serum IL-5 [70–72]. In
our EA biologics group, six patients out of seven were receiving omalizumab, and one
was receiving benralizumab. It was found that omalizumab decreases IL-5 levels [73].
Our results may suggest that omalizumab patients also had an IL-5 pathway endotype,
so higher serum IL-5 may indicate ongoing, persistent eosinophilic inflammation that
was not targeted with biologics, and switching to other biologics can be considered. We
found that IL-5, IL-6, and IL-8 were higher in the MGA biologic group (p = 0.012, p = 0.032,
and p = 0.038, respectively), while leucocytes and neutrophils were higher in the MGA
non-biologics group (p = 0.049, p = 0.019). A high IL-5 may be the result of benralizumab
therapy that was given to four out of six patients in the MGA biologic group. The higher
IL-8 suggests a more prominent neutrophilic part in the mix inflammation of MGA, and
no effects of biologic therapy regarding neutrophil inflammation. IL-8 was found to be
elevated in MGA in another study [30]. A higher IL-6 may be due to persistent systemic
inflammation in the MGA biologic group. Other authors report NA to be associated with
inflammatory systemic markers CRP and IL-6 [56,60].

The determination of airway inflammation is of great importance in asthma. How
do we identify inflammatory phenotypes in everyday practice? How many inflammatory
phenotypes exist? Considering the complexity of asthma pathogenesis, can we assume that
phenotypes overlap and change over the course of disease in some patients, or is there a
great heterogeneity within one phenotype? How many patients have stable phenotypes? A
recent study showed that 30 out of 68 patients with severe eosinophilic asthma had switched
from mepolizumab to benralizumab, after a median of 21 months, suggesting the change in
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the immunological background of patients who responded well in the beginning [74]. The
authors hypothesized the possibility of an IL-5-independent eosinophilic inflammation.
Since the stability of an eosinophilic phenotype based on induced sputum measurement
was confirmed in some studies, the significance of a single induced sputum measurement,
as a marker of airway inflammation, may be considered in everyday practice [75,76]. Other
studies did not confirm the sputum stability [77]. It has been suggested that there is only
one eosinophilic phenotype, and the other three phenotypes may represent the therapeutic
success or failure of eosinophilic asthma. Some authors argue that PGA is not a “true”
phenotype, but a well-treated group of patients [30]. There are also doubts about NA being
a distinct phenotype, considering the ICS effect on inflammation [13,66].

Our study has some limitations. Considering the study design, we have no infor-
mation about the initial inflammatory phenotype at the time of asthma diagnosis, so we
cannot include the impact of asthma therapy and other factors on current inflammation.
The data was collected in a single center that specializes in allergy conditions with a small
sample size. We believe that the use of IOS as an additional tool for characterizing inflam-
matory phenotypes, as well as broader cytokine analysis and comparison of biomarkers in
phenotypes based on biologic use presents the study’s strength.

It has been shown that induced sputum is the best method for eosinophilic evaluation,
compared to non-invasive-based algorithms [78]. In an ideal setting, when evaluating
an asthma patient for the first time, before initializing therapy, we believe that induced
sputum with IOS, alongside “standard testing” (spirometry, FeNO, IgE, blood eosinophils),
and clinical profiles should be incorporated in phenotyping. However, the question of the
frequency of performing induced sputum and the accessibility of IOS and induced sputum
in clinical practice still remains.

5. Conclusions

In our cohort of patients with asthma, the dominant phenotypes were EA and MGA.
Blood eosinophilia is a marker that distinguishes EA from other phenotypes, both in pa-
tients with and without biologics. IL-17A could be included as a marker for EA phenotype
in patients without biologics. Higher neutrophils and leucocytes are associated with MGA
patients without biological therapy. Higher serum IL-5 can be considered as a marker of EA
for patients on biologics, while higher serum IL-5, IL-6, and IL-8 can be used as biomarkers
for MGA patients treated with biologics. Except for induced sputum, different biomarkers
may be an important tool for assessing asthma inflammatory phenotypes.
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