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Abstract

Neutrophils (PMNs) contain and release a powerful arsenal of mediators, including several granular enzymes, reactive
oxygen species (ROS) and neutrophil extracellular traps (NETs). Although airway neutrophilia is associated with severity,
poor response to glucocorticoids and exacerbations, the pathophysiological role of neutrophils in asthma remains poorly
understood. Twenty-four patients with asthma and 22 healthy controls (HCs) were prospectively recruited. Highly purified
peripheral blood neutrophils (> 99%) were evaluated for ROS production and activation status upon stimulation with lipopoly-
saccharide (LPS), N-formylmethionyl-leucyl-phenylalanine (fMLP) and phorbol 12-myristate 13-acetate (PMA). Plasma
levels of myeloperoxidase (MPO), CXCLS, matrix metalloproteinase-9 (MMP-9), granulocyte-monocyte colony-stimulating
factor (GM-CSF) and vascular endothelial growth factor (VEGF-A) were measured by ELISA. Plasma concentrations of
citrullinated histone H3 (CitH3) and circulating free DNA (dsDNA) were evaluated as NET biomarkers. Activated PMNs
from asthmatics displayed reduced ROS production and activation status compared to HCs. Plasma levels of MPO, MMP-9
and CXCLS8 were increased in asthmatics compared to HCs. CitH3 and dsDNA plasma levels were increased in asthmatics
compared to controls and the CitH3 concentrations were inversely correlated to the % decrease in FEV,/FVC in asthmatics.
These findings indicate that neutrophils and their mediators could have an active role in asthma pathophysiology.
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Introduction

Bronchial asthma is a heterogeneous chronic inflammatory
disease with a broad spectrum of severity [1]. More than
300 million people globally suffer from asthma with up to
10% of all patients having severe asthma [2, 3]. Asthma het-
erogeneity mirrors the underlying molecular mechanisms
and contributes to the variable presentation of the disease
[4]. Therefore, asthma is not a single disease and several
endotypes/phenotypes of asthma have currently been defined
[5, 6]. According to the type of inflammation, asthma has
been divided into T (type) 2-high and T2-low [7]. T2-high
asthma is the most frequent endo/phenotype and is canoni-
cally marked by activation of type 2 helper (Th2) cells,
type 2 innate lymphoid cells (ILC2s), mast cells, basophils,
eosinophils and the production of type 2 cytokines (e.g.,
IL-3, IL-4, IL-5 and IL-13) [8-10]. Besides T2 cells, also T
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follicular helper (Tgy) cells, a specialized subset of CXCR5*
CD4* T cells, are a major source of IL-4 and IL-21 [11],
thus closely regulating IgE isotype switching during asthma
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in both humans and mice [12]. T2-high asthma biomark-
ers are represented by exhaled nitric oxide (FeNO), serum
IgE, blood and sputum eosinophils [13]. In T2-low asthma,
respiratory viruses, bacteria, fungi and cigarette smoke can
induce the release of epithelium-derived alarmin [i.e., IL-33,
thymic stromal lymphopoietin (TSLP) and IL-25], which
activate a variety of cells of the innate and adaptive immune
system [8, 14]. T2-low asthma is characterized by neutro-
philic or paucigranulocytic inflammation and the activation
of Thl and/or Th17 cells, ILC1s, ILC3s and the release of
specific cytokines (e.g., CXCLS, IL-17) [9, 15]. Specific bio-
markers phenotyping T2-low asthma are currently lacking
and represent unmet needs. Therefore, the T2-low endotype
is a diagnosis of exclusion defined by the absence of T2
biomarkers [16]. Both neutrophils and CXCLS8 have been
demonstrated in sputum and blood of severe asthma patients
[17, 18]. CXCLS is overexpressed in airway secretions of
severe asthma patients, and neutrophil airway infiltration is
found in severe asthma [19].

Neutrophils (or polymorphonuclear leukocytes: PMNs)
are the most abundant circulating leukocytes in humans [20]
and are an important component of the host response against
pathogens [21-23]. They represent the first line of defense
of the innate immune system against infectious agents [24].
During infections, neutrophils migrate from peripheral blood
to tissues in response to chemotactic stimuli (e.g., formylated
peptides, CXCLS, lipopolysaccharide) released during the
inflammatory response [25-27]. PMNs rapidly bind and kill
microbes through the release of a potent antimicrobial arse-
nal, including several granular enzymes [myeloperoxidase
(MPO), matrix metalloproteinases (MMPs)] and reactive
oxygen species (ROS) [28, 29]. A variety of immunologic
and non-immunologic stimuli, including several bacteria
[25], fungi [30] and viruses [31, 32] activate human neu-
trophils to release neutrophilic extracellular traps (NETs),
composed by a DNA scaffold with associated granule pro-
teins in a process sometimes called NETosis [33]. NETs
bind and kill bacteria [25]. Beyond infectious diseases [25,
34-36], NETs play a role in autoimmune disorders [37, 38]
and cancer [24, 39-41]. There is preliminary evidence that
NETSs can contribute to some aspects of allergic disorders
through different mechanisms [42—47].

The pathophysiological role of neutrophils in asthma has
recently begun to emerge [48]. Circulating PMNs from aspi-
rin-exacerbated asthma patients displayed increased ROS
production, CD11b expression and CXCL8 and MMP-9
release compared to aspirin-tolerant asthma patients [49].
In patients with allergic asthma, allergen provocation caused
a shift in the neutrophil subsets from CD16M&" CD62L i
to CD16Me" CD62L!°Y [50]. NETs were found in bron-
chial biopsies of asthmatic patients [47]. In addition, NETs
promoted CXCLS8 production from human airway epithe-
lial cells [43]. Activated neutrophils release ROS, which
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contributes to the pathogenesis of asthma by inducing
inflammatory injury in airway epithelial cells [51, 52].

In this study, we evaluated the production of ROS from
highly purified peripheral blood neutrophils from asthma
patients of different severity compared to healthy controls. In
addition, we compared the ex vivo activation status of neu-
trophils, the circulating levels of several neutrophil-derived
mediators and of NET-derived biomarkers in healthy donors
and asthma patients.

Materials and methods
Patients and methods

We enrolled 24 asthma patients (17 females, mean age
50.71 + 15 years and 22 healthy matched donors (17
females, mean age 49.1 + 15 years) from April 2020 to May
2021 at the Division of Clinical Immunology, Allergy and
Immunodeficiency of the Department of Translational Medi-
cal Sciences, University of Naples Federico II. The study
was conducted in accordance with Good Clinical Practice
(GCP) guidelines and adhered to the Declaration of Hel-
sinki II. Written informed consent was obtained from all
participants. Patients were eligible for enrollment in the
study if they were aged 18—70 years and had a history of
allergist-diagnosed asthma. Key exclusion criteria were
autoimmune diseases, infections, malignancies, a patient-
reported smoking history or the onset of respiratory symp-
toms after the age of 40 years in current or previous smokers
with a smoking history of at least 10 pack-years. None of
the asthmatic patients has been or was treated with aller-
gen-specific immunotherapy [53] or monoclonal antibodies
anti-IgE, anti-IL-5/IL-5Ra or anti-IL-4Ra [4, 54, 55]. The
majority of patients (20/24) were treated with daily low-dose
of inhaled glucocorticoids (ICS) therapy [fluticasone propi-
onate (FP), 100-200 pg or equivalent] plus two additional
controllers (e.g., a long-acting p,-agonist and/or leukotriene-
receptor antagonist); 4/24 of patients were treated with daily
medium-dose of ICS (FP, 250-500 pg or equivalent); 3/24
of patients were on oral glucocorticoid therapy (mean pred-
nisone intake 14.2 mg/die). Baseline characteristics of the
patients and healthy volunteers included in the study are
shown in Tables 1 and 2. Peripheral blood samples were
collected at the Center for Basic and Clinical Immunology
Research (CISI), University of Naples Federico II and were
immediately processed. Plasma samples were also obtained
(+4 °C, 400 g, 20 min) and stored (— 80 °C) until used.
The following parameters were evaluated: the on-treatment
forced expiratory volume in 1 s (FEV, in liters); the fraction
of exhaled nitric oxide (F_, in parts per billion: ppb); the
score on the Asthma Control Test (ACT; the mean score of
five questions that assess asthma symptoms, use of rescue
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Table 1 Demographic data,
clinical characteristics and

Characteristics

Asthma Patients Healthy Controls

laboratory data of asthma Age—years 507415 49.1+15
patients and healthy controls Female sex (%) 71 77
BMI (Kg/m?) 27.17+5 2751442
Number of hospital admissions for asthma at any time 0.5+0.9 None
before enrollment
ACT score 145453 NA
Patients with concomitant nasal polyposis (%) 41.7 None
FEV, (% of predicted value) 69.7 4. 2%%%% 103+11
Feno (ppb) 48.4 23wk 8.1+3
Blood neutrophil count (cells/mm?>) 4,160 +401%%* 3,371 +£955
Blood eosinophil count (cells/mm?>) 384 4 18**** 130+78
Total IgE (IU/ml) 264.3 +70%*** 69.2+107

NA: not applicable; *p <0.05; **p <0.01; ***p <0.0005; ****p <0.0001

medications and the effect of asthma on daily functioning
during the previous 4 weeks) [56]. Spirometry (Quark PTF,
COSMED, Pavona di Albano, Italy) (before and after sal-
butamol 400 mcg) was performed in accordance with the
American Thoracic Society/European Respiratory Society
(ATS/ERS) guidelines [57]. FEV,, Forced Vital Capacity
(FVC), FEV ,/FVC were measured and the best of three
forced maneuvers was recorded. Results were expressed
both as absolute values and as a percentage of the predicted
values referred to European Respiratory Society (ERS) ref-
erence values [58]. FeNO was measured using an electro-
chemical analyzer (HypairFeNOMedisoftExp’air, Dinant,
Belgium) according to ATS/ERS recommendations for
online measurement of exhaled NO in adults [59]. Peripheral
blood leukocyte counts were measured using an automated
hematology analyzer.

Neutrophil purification and culture

The study protocol, involving the use of human blood cells
was approved by the Ethics Committee of the University of
Naples Federico II (198/18), and written informed consent
was obtained from blood donors according to the principles
expressed in the Declaration of Helsinki. Leukocytes from
peripheral blood of asthma patients and healthy controls
were separated from erythrocytes by dextran sedimenta-
tion. Neutrophils were purified by Ficoll-Paque Histo-
paque®-1077 (Sigma-Aldrich, Milan, Italy) density gradi-
ent centrifugation (400 X g, 30 min, + 22 °C), followed by
Percoll (Sigma-Aldrich, Milan, Italy) (65%) density gradi-
ent centrifugation (660X g, 20 min, +22 °C) as previously
described [60]. Neutrophils were isolated from granulocytes
(to reach > 99% purity) by positive elimination of all con-
taminating cells using the EasySep Neutrophil Enrichment
Kit (StemCell Technologies, Vancouver, Canada) [61].
These cells were > 99% neutrophils as evaluated by flow

cytometric analysis with the following antibodies: anti-CD3,
anti-CD14, anti-CD15, anti-CD11b, anti-CD193 (Milte-
nyi Biotec, Bergisch Gladbach, Germany), anti-CD62L
(L-selectin) (BD Biosciences, San Jose, CA, USA) and anti-
CD66b (BioLegend, CA, USA). Samples were analyzed on
the MACSQuant Analyzer 10 (Miltenyi Biotec, Bergisch
Gladbach, Germany) and in the FlowJo software, v.10. Dead
cells, doublets, debris and eosinophils were excluded from
the analysis. Data were expressed as percentage of positive
cells or median fluorescence intensity [62].

Reactive oxygen species (ROS) production

Neutrophils (2 x 10° cells/mL) were resuspended in the
RPMI 1640 medium with 5% of fetal bovine serum (FBS)
(Euroclone, Milan, Italy) and antibiotics at 37 °C and 5%
CO,. The cells were incubated for 30 min after the addition
of H,DCF-DA 10 pg/mL (Life Technologies, Milan Italy).
H,DCF-DA is a fluorogenic dye that allows to determine
hydroxyl peroxyl and other ROS activities within the cell
[60]. Once diffused into the cell, H,DCF-DA is deacetylated
by cellular esterases to a non-fluorescent molecule, which is
oxidized by ROS into 2°,7’ dichlorofluorescein (DCF). DCF,
a highly fluorescent molecule, is oxidized by fluorescent
spectroscopy with maximum excitation and emission wave-
lengths of 492-495 and 517-527 nm, respectively. Neutro-
phils were washed in PBS and resuspended in RPMI 5% FBS
in the presence or absence of different immunologic (LPS;
100 ng/ml) or fMLP; 1 uM) or non-immunologic stimuli
(phorbol 12-myristate 13-acetate: PMA; 10 ng/ml) (Sigma-
Aldrich, Milan, Italy) and immediately analyzed in a 96-well
plate and placed in a EnSpire Multimode Plate Reader
(Perkin Elmer, Waltham, MA, USA). DCF mean fluores-
cence intensity was measured at an excitation wavelength
of 492—-495 nm and emission at 517-527 nm. The ability
of LPS and fMLP to induce cytoplasmic ROS-catalyzed
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oxidation of DCFH in neutrophils was measured as com-
pared to negative control.

Flow cytometry

Highly purified (> 99%) neutrophils were kept in RPMI
with 10% of FCS for 30 min at+ 37 °C, then were washed
with PBS solution and stimulated with LPS (100 ng/ml),
fMLP (1 uM) or PMA (10 ng/ml). Cells maintained in
RPMI 1640 medium containing 5% of FBS (Euroclone,
Milan, Italy) were the negative control (60 min,+ 37 °C).
2 x 103 cells were seeded in 96-well plate (Thermo
Fisher Scientific, Waltham, MA, USA) and Zombie Vio-
let dye (BioLegend, CA, USA) was added to evaluate cell
viability (20 min,+4 °C). Then, the cells were stained
(20 min, +4 °C) in PBS containing 1% FBS. The following
antibodies were used: allophycocyanin (APC)-conjugated
anti-CD66b (clone REA306, dilution 1:50, from Miltenyi
Biotech, Bergisch Gladbach, Germany), peridinin chlo-
rophyll protein (PerCP)-conjugated anti-CD11b (clone
REA713, dilution 1:50, from Miltenyi Biotech, Bergisch
Gladbach, Germany), fluorescein isothiocyanate (FITC)-
conjugated anti-CD62L (clone 145/15, dilution 1:50, from
Miltenyi Biotech, Bergisch Gladbach, Germany) and Phy-
coerythrin (PE)-conjugated anti-CD16 (clone REA423,
dilution 1:50, from Miltenyi Biotech, Bergisch Gladbach,
Germany). Cells were acquired by MACS Quant Analyzer
10 (Miltenyi Biotec, Bergisch Gladbach, Germany) and ana-
lyzed by FlowJo v.10 software. Doublets and debris (identi-
fied based on forward and side scatter properties), dead cells
(identified with Zombie Violet Fixable Viability Kit; BioLe-
gend) and eosinophils (identified based on the CCR3* exclu-
sion gate) were excluded from the analysis. A representative
example of the complete gating strategy is illustrated in Sup-
plementary Fig. 1. Data are expressed as a percentage of
positive cells or median fluorescence intensity [62].

Measurement of neutrophil-related mediators

Plasma levels of myeloperoxidase (MPO), matrix metallo-
proteinase 9 (MMP-9), CXCLS/IL-8, granulocyte—monocyte
colony-stimulating factor (GM-CSF) and vascular endothe-
lial growth factor (VEGF-A) of asthma patients and healthy
controls were measured using ELISA kits according to
the manufacturer’s instructions (DuoSet ELISA kit, R&D
Systems, Minneapolis, MN, USA). A microplate reader
(Tecan, Grodig, Austria, GmbH) was used to determine
sample absorbance at 450 nm. The ELISA detection range
was 62.5-4000 pg/ml (MPO), 31.2-2000 pg/ml (MMP-9),
31.2-2000 pg/ml (CXCLS/IL-8), 7.80-500 pg/ml (GM-
CSF) and 31-2000 pg/ml (VEGF-A).

Plasma NET detection

Plasma circulating free DNA (dsDNA), a marker for NET
formation [63, 64], was measured using a Quant-iT™
PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA) as described in the manufacturer’s
instructions. Concentration of Citrullinated Histone H3
(CitH3) in plasma samples of asthma patients and healthy
controls was measured using ELISA kit developed by Cay-
man Chemicals (Ann Arbor, MI, USA) according to the
manufacturer’s instructions. This assay used a specific
monoclonal antibody for histone H3 citrullinated at residue
R2, R8 and R17 (clone 11D3). A microplate reader (Tecan,
Grodig, Austria, GmbH) was used to determine sample
absorbance at 450 nm. The ELISA sensitivity is 0.15-10 ng/
ml. The H3Cit measurement was set to 0 ng/ml when the
absorbance of a patient sample was lower than the buffer
blank. All measurements were executed in duplicates and
results are expressed as ng/ml.

Statistical analysis

Statistical analysis was performed by using Prism 7 (Graph-
Pad software). Data are expressed as mean + SEM of the
indicated number of experiments. D’Agostino & Pearson
normality test was used to test for normality of distribu-
tion, and statistical methods were chosen to fit non-normal
distributions when appropriate. Values from groups were
compared by Student’s t test or Mann—Whitney U test based
on the parametric or nonparametric distribution of the con-
tinuous variables. Repeated measures one-way or two-way
ANOVA was used were appropriated and described in the
figure legends. Differences were assumed to be statistically
significant when p < 0.05.

Results
Clinical characteristics of the study subjects

In this study, we enrolled 24 asthma patients and 22
healthy matched controls. Table 1 summarizes their clini-
cal characteristics. The mean age of asthmatic patients was
50.7 + 15 years and 71% were female. Asthma patients had
0.5 +0.9 hospital admissions for asthma exacerbation at any
time before enrollment. The ACT score was 14.5+5.3 and
41.7% of patients had concomitant nasal polyposis. The % of
predicted value of FEV | was significantly lower in asthmat-
ics compared to healthy donors (69.7 £4.2% vs. 103 + 11%;
p<0.0001). The median Fgyo was 48.4 +23 ppb. The abso-
lute neutrophils count in asthma patients was increased than
normal subjects (4,160 +401 vs. 3,371 £955; p <0.0005).
The absolute eosinophil count was significantly higher
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in asthmatics compared to healthy subjects (384 + 18 vs.
130+78; p< 0.0001). Serum IgE levels were 264.3 +70 TU/
ml in asthmatic patients and 69.2 + 107 IU/ml in control
subjects (p < 0.0001). Demographics, clinical characteris-
tics and laboratory data of individual asthma patients are
presented in Table 2. Twenty patients (83%) were atopic;
20 patients (83%) were treated with inhaled glucocorticoids
(ICS) and four patients (17%) were treated with oral glu-
cocorticoids (OCS). None of the patients has been or was
treated with allergen-specific immunotherapy or monoclonal
antibodies anti-IgE, anti-IL-5/IL-5Ra or anti-IL-4Ra.

ROS production by human neutrophils

ROS are key signaling molecules that play important roles
in the progression of several inflammatory disorders [65],
including certain forms of asthma [49]. Highly purified neu-
trophils (> 90%) from asthma patients and healthy controls
were activated by exposure to LPS, which activates toll-like
receptor 4 (TLR4) [66] and to fLMP, which activates formyl
peptide receptors [27]. Cells were also activated by PMA, a
protein kinase C (PKC) agonist [25]. To test whether neutro-
phil activation leads to ROS production in asthma patients,
we performed a 2',7'-dichlorodihydrofluorescein diacetate
(H,DCF-DA) ROS detection assay. Figure 1 illustrates the
kinetics (2 to 30 min) of the production of ROS induced by
LPS (Fig. 1A), fMLP (Fig. 1B) and PMA (Fig. 1C). ROS
production by PMNs was significantly increased by all the
inflammatory stimuli in asthma patients as well as in healthy
controls. ROS production induced by LPS progressively
increased from 2 to 30 min in normal PMNs. The produc-
tion of ROS from PMNSs isolated from asthma patients had
a lag period of approximately 15 min and then progressively
increased. PMNs purified from asthma patients increased
ROS production but to a lower extent compared to neutro-
phils obtained from healthy donors. Figure 1A shows that the
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difference in LPS-induced ROS production in PMNs from
asthma patients and healthy controls was evident from 6 min
onward after stimulation. The shape of kinetics of fMLP-
induced ROS production from controls was different from
that caused by LPS. There was a rapid increase that tended
to plateau after 30 min of incubation. fMLP-induced ROS
production was stronger compared to LPS-induced ROS
production but the difference between patients and controls
was evident starting from 10 min onward after stimulation
(Fig. 1B). PMA, a non-immunologic PKC activator, induced
ROS production from neutrophils. Figure 1C shows that also
the kinetics of PMA-induced ROS production from asthma
patients and from healthy controls were different from those
induced by LPS and fMLP. There was a slow increase that
did not plateau after 30 min of incubation. ROS production
was significantly higher in healthy subjects compared to
asthmatics from 20 min onward after PMA stimulation. No
difference in ROS production was evident between patients
and controls when medium alone was used as negative con-
trol (data not shown). Collectively, these findings suggested
that ROS production from asthma patient PMNs was lower
compared with healthy controls when cells were activated
by immunologic and non-immunologic stimuli.

Neutrophil activation in asthma patients

To determine the activation status of human PMNs isolated
from peripheral blood of asthma patients, we determined
CDl11b, CD16 and CD62L (L-selectin) expression on PMNs
by flow cytometry [67, 68]. PMNs stimulated with PMA
(as a positive control), fMLP, LPS or control medium, were
stained with antibodies against CD11b, CD16 and CD62L
and evaluated by flow cytometry. [69]. Under basal con-
ditions, neutrophils from controls and asthmatics showed
minimal expression of CD11b, which rapidly increased
after incubation with all inflammatory stimuli tested. PMNs
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Fig. 1 Neutrophils purified from peripheral blood of asthma patients
(red lines) and healthy controls (black lines) were incubated (30 min,
37 °C) with 2’,7’-dichlorodihydrofluorescein diacetate (H,DCFDA,
10 uM), washed and then stimulated with LPS (100 ng/mL) (A),
fMLP (1 uM) (B) or PMA (10 ng/mL) (C). Immediately after stim-
ulation, PMNs were analyzed in a multimode microplate reader
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(EnSpire Multimode Plate reader, PerkinElmer) and DCF fluores-
cence was measured for 30 min at 2 min intervals. The results were
expressed as percentage increase versus time O (mean+SEM);
*p<0.05; **p<0.01; ***p<0.005. Two-way ANOVA and Bonfer-
roni post-test
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purified from asthma patients increased CD11b expression
to a lower extent compared with healthy controls under LPS
(Fig. 2A), fMLP (Fig. 2B) and PMA (Fig. 2C) stimulation.
Figure 2D-F shows representative histograms illustrating
CD11b expression on peripheral blood neutrophils from
healthy controls (HC) and asthma patients (Pt), non-stim-
ulated (CTRL) or stimulated with LPS (D), fMLP (E) and
PMA (F).

Under resting conditions, neutrophils expressed CD62L,
which rapidly decreased (i.e., shedding) after stimulation
with the three examined stimuli. Indeed, the CD16""€"/
CD62L%™ cells consist mainly of neutrophils containing
hyper-segmented nuclei that show a more activated state
[70]. Interestingly, under LPS, fMLP or PMA stimulation,
PMNs purified from asthma patients underwent CD62L
shedding, but to a lesser extent compared to healthy donors
(Fig. 3A-C). Figure 3D-K shows representative flow
cytometric panels with respect to the gating strategy and
CD167CD62L" cell counts for healthy controls (D-G) and

asthma patients (H-K), stimulated with LPS (E, I), fMLP (F,
J) and PMA (G, K) or control medium (D, H). Collectively,
these data indicate that when challenged with inflammatory
stimuli, peripheral blood PMNs from asthmatics displayed a
reduced activation status (CD11b up-regulation and CD62L
shedding) compared to PMNs purified from controls.

Plasma levels of neutrophil-derived mediators

Human neutrophils contain and release of a variety of pro-
inflammatory mediators [28, 71]. Myeloperoxidase (MPO),
contained in neutrophil primary/azurophilic granules, plays
a pivotal role in ROS production [72, 73] and NET forma-
tion [74, 75]. Matrix metalloproteinase-9 (MMP-9) plays a
key role in the development of airway inflammation [76-79]
and facilitates angiogenesis in asthma [80]. Circulating [81]
and BAL levels of CXCLS8 [82] are increased in asthmat-
ics. GM-CSF is considered a key orchestrator of neutro-
phil involvement in chronic airway inflammation [83, 84].
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Fig.2 Neutrophils purified from peripheral blood of asthma patients
(red bars) and healthy controls (white bars) were stimulated with
LPS (100 ng/mL) (A), fMLP (1 uM) (B) or PMA (10 ng/mL) (C) for
60 min at 37 °C and then stained for the neutrophil activation marker
CD11b and subjected to cytofluorimetric analysis. Mean fluorescence
intensity (MFI) was calculated and normalized for non-stimulated
cells (control). The control was set as 1 (dashed line). Results were
expressed as fold increase versus control (mean=+SEM); *p<0.05;

##%p <(0.005. Student’s t test or Mann—Whitney U test accord-
ing to the parametric or nonparametric distribution of the variables.
D-F. Representative histograms illustrating MFI for CD11b expres-
sion on peripheral blood neutrophils from healthy controls (HC) and
asthma patients (Pt), unstimulated (CTRL) or stimulated with LPS
D), fIMLP (E) or PMA (F). MFI=Mean fluorescence intensity.
CTRL = Control cells; HC = Healthy controls. Pt =Patients
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Fig.3 Neutrophils purified from peripheral blood of asthma patients
(red bars) and healthy controls (white bars) were stimulated with LPS
(100 ng/mL) (A), fMLP (1 uM) (B) or PMA (10 ng/mL) (C) or con-
trol medium for 60 min at 37 °C and then stained for neutrophil acti-
vation markers CD16 and CD62L and subjected to cytofluorimetric
analysis. Percentages of CD16TCD62L" cells were calculated and
normalized for controls. The control was set as 1 (dashed line). The

VEGF-A, the most important angiogenic factor [8§5-87], is
produced by activated human neutrophils [66, 88, 89]. Fig-
ure 4 shows that the plasma levels of MPO, MMP-9 and
CXCLS were significantly increased in asthmatics compared
to healthy donors. By contrast, the plasma concentrations
of GM-CSF and VEGF-A did not differ between the two
groups of subjects examined. Collectively, these results sug-
gest that neutrophils from asthmatics are activated in vivo to
release neutrophil-derived mediators.

Plasma levels of NET components
Human neutrophils activated by a variety of immunologic

and non-immunologic stimuli release NETs [74, 75, 90, 91].
We evaluated the plasma levels of different components of
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CD62L

results were expressed as fold increase versus control (mean + SEM);
** p<0.01. Student’s t test or Mann—Whitney U test according to the
parametric or nonparametric distribution of the variables. D-K: Rep-
resentative flow cytometric panels with respect to the gating strategy
and cell counts for healthy controls (D, E, F,G) and asthma patients
(H, I, J, K), stimulated with control medium (D, H), LPS (E, I),
fMLP (F, J) or PMA (G, K)

NETs such as circulating free DNA [42] [92] and citrullinated
histone H3 (CitH3), a more specific marker for NET forma-
tion [93]. Figure 5 shows that circulating levels of dsDNA
were higher in asthma patients compared to healthy donors
(Fig. 5A). Even more marked were the increased plasma levels
of CitH3 in asthmatics compared to controls (Fig. 5B). Inter-
estingly, the circulating concentrations of CitH3 were inversely
correlated with a parameter FEV /FVC of lung function in
asthmatics (Fig. 6).
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PicoGreen™ dsDNA Assay Kit (Thermo Fisher) and Citrullinated
Histone H3 (clone 11D3) ELISA kit (Cayman), respectively. Results
were expressed as mean+SEM; *p <0.05; ***p <0.005. Student’s t
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Discussion

Highly purified neutrophils isolated from peripheral blood
of asthma patients and healthy donors produced ROS in
response to two agonists (LPS and fMLP) that activate
specific receptors (TLR4 and FPR, respectively) expressed
on the cytoplasmic membrane of these cells [24, 66]. The
production of ROS was reduced in PMN from asthmat-
ics compared to healthy donors. Similarly, the mobiliza-
tion of two surface markers of neutrophils, CD11b and
CD62L, induced by LPS and fMLP, were more marked in
cells from healthy donors compared to asthmatics. Col-
lectively, these results are compatible with the hypoth-
esis that circulating neutrophils from asthma patients are
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results were expressed as mean+SEM. *p<0.05; **p<0.01; ***
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Fig.6 Correlation between plasma concentrations of Citrullinated
Histone H3 (CitH3 and FEV /FVC (%) in asthma patients. Spearman
correlation coefficient with r= — 0.42; *p <0.05

in vivo activated and desensitized. Circulating levels of
neutrophil-derived mediators, MPO, MMP-9 and CXCLS,
were increased in asthmatics compared to controls. Plasma
levels of two NET components, dsDNA and CitH3, a spe-
cific measure for NET formation, were increased in asth-
matics and inversely correlated with a parameter of lung
function in asthmatics.

Human neutrophils are a prominent source of ROS, being
capable of producing significant quantities of superoxide
anion (O,7), hydrogen peroxide (H,0,) and hypochlor-
ous acid (HOCI) [23, 94]. These species are indispensable
component of host defense against microorganisms, but are
also capable of tissue damage in different murine models of
asthma [52, 95]. A limited study performed in 8 asthmatics
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and 7 controls reported that fMLP- and PMA-induced
O, production by circulating neutrophils was increased in
asthma patients [96]. A similar study in 11 asthmatics con-
firmed that fMLP- and PMA-induced production of O, by
neutrophils was greater in asthma patients [97]. In asthmat-
ics, the production of O, inversely correlated with FEV,.
More recently, it has been shown that peripheral blood
neutrophils from asthmatics activated by fMLP and LPS
induced an increase in ROS production [49]. Our results
confirm and extend the previous observations by showing
that two receptor-mediated stimuli (i.e., fMLP and LPS)
and PMA, a direct activator of neutrophil PKC, caused a
time-dependent production of ROS from highly purified
neutrophil isolated from asthmatics and normal subjects.
However, differently from previous studies [96, 97], the
production of ROS in PMNs from asthmatics induced by
the three stimuli was decreased compared to normal donors.
Different experimental techniques and study design might
explain, at least in part, these apparently different results.
For instance, previous studies evaluated the O, generation
by human neutrophils [96, 97], whereas we and others [49]
have measured the intracellular production of ROS in highly
purified neutrophils obtained from larger cohorts of donors.
Alternatively, there is the possibility that the pharmacologic
treatment of asthma patients may have altered the produc-
tion of ROS from neutrophils. For instance, ICS and/or oral
glucocorticoid treatment in the vast majority (> 80%) of
our patients may have reduced ROS production from neu-
trophils. We would like to suggest that circulating neutro-
phils from asthmatics are in vivo chronically stimulated by
various stimuli which render these cells hyporesponsive to
in vitro stimulation.

To support this hypothesis, we evaluated the changes of
the neutrophil expression of CD11b and CD62L induced
by LPS, fMLP and PMA in asthmatics and controls. Under
basal conditions, there is a minimal surface expression of
CD11b [60]. All three stimuli activated neutrophils induc-
ing the over-expression of CD11b, which was more marked
in healthy controls compared to asthma patients. CD62L is
normally expressed by the majority of resting neutrophils
and is down-regulated following cell activation. The three
stimuli induced a more marked CD62L shedding in neutro-
phils from healthy donors compared to asthmatics. Collec-
tively, these results support the hypothesis that neutrophils
from asthmatics are presumably in vivo desensitized and
are less responsive to in vitro activation by various stimuli.

Our experiments were performed on normal density neu-
trophils (NDNs) isolated by Ficoll-Paque Histopaque® den-
sity gradient centrifugation. Several groups of investigators
have identified and characterized a subset of human periph-
eral blood PMNs named low-density neutrophils (LDNs)
[70, 98—101]. It has been suggested that LDNs represent a
subset of activated neutrophils compared to NDNs [102].
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Interestingly, fMLP selectively up-regulated CD11b and
down-regulated CD62L expression in LDNs. Based on these
findings, we cannot exclude the possibility that some of the
differences that we found in the LPS/fMLP/PMA-induced
expression of CD11b and/or CD62L in neutrophils could
be due to changes in the percentage of NDNs and LDNs in
asthmatics.

Neutrophils are a rich source of preformed granular
constituents which can be rapidly released [23]. MPO is
a cationic enzyme localized in primary azurophilic gran-
ules, which catalyzes ROS production [73] and contributes
to NET formation [24, 103]. In this study, we found that
plasma levels of MPO are increased in asthmatics compared
to healthy controls. A recent study demonstrated that sputum
concentrations of MPO are increased in patients with asthma
and correlated with a NET-derived biomarker [45].

MMP-9, present in tertiary granules of neutrophils, was
found in BAL of asthmatics [79] and it was correlated to the
absolute neutrophil count [104], MMP-9~/~ mice showed
reduced immune cell infiltration and bronchial hyperrespon-
siveness compared to wild type mice in a murine model of
asthma [76]. MMP-9 was increased in BAL and in sputum
of asthmatics after allergen challenge [77, 78]. Moreover,
neutrophil-derived MMP-9 was increased in severe asthma
[104]. In this study, we found that plasma concentrations
of MMP-9 are increased in asthma patients compared to
controls.

Human neutrophils contain and release CXCL8 [105].
Asthmatic individuals have higher circulating [81, 106—108],
sputum [109] and BAL fluid [82] CXCLS8 concentrations
compared to healthy controls. Our results indicate that
plasma levels of CXCL8 are increased in asthmatics com-
pared to healthy controls. Collectively, these results show-
ing that three different neutrophil-derived mediators are
increased in asthma patients suggest that PMNs are in vivo
activated.

GM-CSF is a pleiotropic cytokine that plays a role in the
differentiation, activation and survival of several immune
cells, including neutrophils [110]. GM-CSF levels are higher
in sputum, BAL fluid and bronchial tissue in patients with
asthma [111-113]. Recent studies indicate that GM-CSF
plays a central role in experimental models of asthma [83,
84]. In our cohort of asthmatics, circulating levels of GM-
CSF are comparable to controls. It is conceivable that larger
patient cohorts may reveal significant differences. Alterna-
tively, it is possible to hypothesize that GM-CSF plays a role
in asthma as a local (e.g., pulmonary) rather than a circulat-
ing cytokine.

Angiogenesis, the formation of new blood vessels, is a
complex process modulated by a plethora of stimulatory and
inhibitory factors [85, 86]. There is some evidence the angio-
genic switch in asthmatic airways involves the production of
direct (e.g., VEGFs, angiopoietins) and indirect angiogenic
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factors (e.g., MMP-9, cysteinyl leukotrienes) [86, 114, 115].
Interestingly, the plasma concentrations of VEGF-A, which
is also released by activated human PMNs [88, 89], were
similar in asthmatic and controls. Our finding that circu-
lating levels of VEGF-A are not altered in asthma patients
compared to healthy donors is rather intriguing. In fact, sev-
eral immune cells involved in the pathogenesis of asthma
such as mast cells [116, 117], macrophages [118], basophils
[119], eosinophils [120] and neutrophils [66, 88, 89] are
a major source of VEGF-A. Perhaps, the local production
of angiogenic factors is more important than circulating
levels of these factors in asthma. An alternative hypothesis
to explain our results could arise from the observation that
ROS up-regulate VEGF-A expression [121]. Therefore, the
reduced production of ROS from neutrophils of asthmatics
could explain, at least in part, the normal plasma levels of
VEGF-A in these patients.

NETs were originally described as a protective mecha-
nism by which neutrophils exerted an antibacterial role
[25, 74]. During the last years, this initial interpretation
has significantly evolved by showing that NETs can exert
proinflammatory [24], as well as anti-inflammatory effects
[122]. Moreover, human neutrophils can release lytic [25,
123] and non-lytic NETs [60, 91, 124]. There is growing
evidence that NETs play multiple roles in several inflam-
matory diseases [37, 38, 125], cancer [24, 60, 92] and aller-
gic disorders [42, 43, 45, 47, 126, 127]. NETs were first
described in bronchial biopsy specimens from four atopic
asthmatics expressing a high number of neutrophils [47].
dsDNA, a putative marker of NET formation, was found in
induced sputum of asthmatics [126]. Johnston and collabora-
tors demonstrated that nasal dsDNA levels were increased
in nasal lavage after rhinovirus infection in asthmatics [42].
A collaborative study on severe asthma found that BAL
dsDNA was increased in patients with neutrophilia [127].
A similar study reported that increased dsDNA in sputum
from patients with severe asthma reflected local neutrophil
activation [45]. Interestingly, a positive linear correlation
was found between dsDNA and MPO concentrations. The
latter observation is relevant because MPO is a key compo-
nent of NET formation [29].

Different analytical methods (e.g., dsSDNA, MPO-DNA,
CitH3) for the measurement of NET markers in asthma were
used by several groups [42, 45, 126, 128-130]. The measure-
ment of dsSDNA has been widely used as a NET marker [42,
45, 126]. However, the quantitative analysis of circulating
DNA does not necessarily reflect the extent of NET forma-
tion in vivo. In fact, DNA complexes may result from any
cell death associated with neutrophilic inflammation [128].
MPO-DNA has been proposed as a circulating NET marker
of severe asthma [130]. However, the ELISA detection of
MPO-DNA complexes in human plasma is error prone and
yields limited information of NETs formed in vivo [129].

For the above reasons, we have used two different analytical
methods (i.e., dsSDNA and CitH3). Our results demonstrate
that plasma concentrations of two putative markers of NETs,
dsDNA and CitH3, are increased in asthma patients com-
pared to healthy controls. In particular, we validated our
findings by measuring plasma levels of CitH3 which is con-
sidered a more reliable biomarker of NET formation [24].
Collectively, these results indicate that increased circulating
levels of two markers of NET formation are associated with
bronchial asthma.

Putative markers of NETs have been detected in dif-
ferent sites/biological fluids of asthmatics. DNA presence
was initially described in bronchial biopsies of adult asth-
matics [47]. dsDNA have been found in sputum [45, 126],
nasal lavages [42] and BAL of asthma patients [127, 130].
Granger et al. recently investigated the presence of puta-
tive NET markers in serum of asthma patients [130]. These
authors examined MPO-DNA complexes by ELISA which is
error prone and yields limited information of NETs in vivo
[129]. Our study is, to the best of our knowledge, the only
one in which two different analytical methods (i.e., dSDNA
and CitH3) are used to evaluate plasma NETs in asthmatic
patients. It is evident that the ease of access to plasma sam-
ples compared to BAL or induced sputum makes our results
of potential clinical applicability.

Our findings might have additional translational relevance
for a number of possible reasons. First, there is the possibil-
ity that measurement of circulation NET-derived products
(i.e., CitH3) could represent an easily measurable plasma
biomarker of asthma severity. In this context, we have found
an inverse correlation between circulating levels of CitH3
and FEV /FVC in asthmatics. Second, several inhibitors of
NET formation and molecules that degrade NETs are under
active investigation for the treatment of inflammatory dis-
orders and cancer [24]. If further studies will demonstrate
the pathogenic role of NETs in asthma, it is conceivable that
some of the various strategies that modulate NET forma-
tion [24] could be envisioned for the treatment of allergic
disorders.

At this point, the question obviously arises: what could
be the stimuli that induce the in vivo formation of NETs in
asthmatics? A plethora of immunologic and non-immuno-
logic stimuli can induce NET formation in vivo. Among
these, LPS [60, 75, 131, 132], IL-17 [133], IL-33 [134, 135],
CXCLS8 [60, 136-138], C3a/C5a [75, 139, 140] and IL-1§
[45, 141], which have been implicated in various aspects of
asthma [42, 45], are inducers of NET formation in neutro-
phils. Moreover, several bacterial products (i.e., fMLP) [92,
139, 142], rhinovirus and influenza virus can induce NET
formation [42, 143]. Further studies are necessary to identify
in vivo inducers of NET formation in asthmatics.

T2-high asthma is characterized by type 2 inflammation
involving Th2 lymphocytes, ILC2s, mast cells, basophils,
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eosinophils, type 2 cytokines and IgE [8—10]. On the
other hand, T2-low asthma is less characterized and might
involve Th1 and/or Th17 cells, ILC1s and ILC3s [9, 15].
There is increasing evidence that this is a rather simplistic
and procrustean classification. Our results emphasize a
possible role of NETs and neutrophil-derived mediators
also in allergic asthmatics. These findings could suggest
that neutrophils could play a pathogenic role not only in
T2-low but also in a percentage of T2-high asthmatics.

This study has several limitations that should be pointed
out. The sample size of the asthma patient and healthy
control cohorts investigated in the present study is limited.
Further studies on larger cohorts of healthy donors and
patients could highlight the significance of NET forma-
tion in these patients. Although our results indicate that
increased CitH3 plasma levels were inversely correlated
to reduced lung function, at this stage, it would have been
inappropriate to define CitH3 as a biomarker of asthma
severity. We anticipate that it would be necessary to
examine at least one order of magnitude larger cohorts.
Asthma is a heterogeneous group of inflammatory disor-
ders characterized by complex pathology, distinct sub-
types and highly variable clinical courses [144—147]. The
patients included in this study were adults with a history
of allergist-diagnosed asthma of different severity (mild,
moderate, severe). No correlation was found between the
plasma CitH3 concentrations and FeNO, serum IgE and
peripheral blood eosinophils or neutrophils. The limited
sample size of patients does not allow to correlate the
increased CitH3 levels to T2-low or T2-high asthma. The
contribution of NETs and the clinical relevance of CitH3
measurement as a biomarker in different forms of asthma
remain to be investigated in larger cohorts of patients.
Finally, two forms of NET formation have been identified:
suicidal NETosis [25, 123] and vital NET release [60, 91,
124]. Further in vitro and in vivo studies should investi-
gate which of these two distinct forms of NET formation
are involved in different phenotypes of asthma.

In conclusion, our study indicates that circulating neu-
trophils from asthmatics released ROS when activated by
immunologic and non-immunologic stimuli. Plasma lev-
els of several biomarkers of neutrophils activation such
as MPO, MMP-9 and CXCLS8 were increased in asthma
patients compared to healthy subjects. Circulating lev-
els of two NET-derived products such as dsDNA and
CitH3 were increased in asthmatics compared to controls
and were inversely correlated to FEV,/FVC decrease.
Together, these findings indicate that neutrophils and their
products might have an active role in the pathophysiology
of asthma.
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