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Neutrophil extracellular traps are
downregulated by glucocorticosteroids
in lungs in an equine model of asthma
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Abstract

Background: Severe neutrophilic asthma is poorly responsive to glucocorticosteroids (GC). Neutrophil extracellular
traps (NETs) within the lungs have been associated with the severity of airway obstruction and inflammation in
asthma, and were found to be unaffected by GC in vitro. As IL-17 is overexpressed in neutrophilic asthma and
contributes to steroid insensitivity in different cell types, we hypothesized that NETs formation in asthmatic airways
would be resistant to GC through an IL-17 mediated pathway.

Methods: Six neutrophilic severe asthmatic horses and six healthy controls were studied while being treated with
dexamethasone. Lung function, bronchoalveolar lavage fluid (BALF) cytology and NETs formation, as well as the
expression of CD11b and CD13 by blood and airway neutrophils were evaluated. The expression of IL-17 and its
role in NETs formation were also studied.

Results: Airway neutrophils from asthmatic horses, as opposed to blood neutrophils, enhanced NETs formation,
which was then decreased by GC. GC also tended to decrease the expression of CD11b in blood neutrophils, but
not in airway neutrophils. IL-17 mRNA was increased in BALF cells of asthmatic horses and was unaffected by GC.
However, both GC and IL-17 inhibited NETs formation in vitro.

Conclusion: GC decreased NETs formation in vitro and also in vivo in the lungs of asthmatic horses. However,
airway neutrophil activation during asthmatic inflammation was otherwise relatively insensitive to GC. The
contribution of IL-17 to these responses requires further study.
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Background
Asthma is characterized by airflow obstruction primarily
due to bronchospasms, chronic inflammation and re-
modeling of the airway wall. Glucocorticosteroids (GC)
are the most effective drugs used to control asthma
symptoms and exacerbation. However, neutrophils
the predominant cells within the airways of a subset of
asthmatic patients, are recognized as poor responders to
GC treatment even with high doses of inhaled glucocor-
ticosteroids (ICS). Indeed, GC significantly decrease the
recruitment and activation of several inflammatory cells
(mast cells, eosinophils, macrophages and T lymphocytes)

in asthmatic airways, yet pulmonary neutrophilia remains
unchanged [1–3]. However, blood neutrophils are sensi-
tive to the effects of glucocorticoids in vitro, suggesting
that the activation stimuli occurring within in airways are
responsible for the lack of inhibition of airway neutrophi-
lia observed in asthma under GC treatment [4].
Recently, NETs have emerged as a new microbial and

cytotoxic mechanism of the immune response to infec-
tions and injuries [5, 6]. NETs are formed by decon-
densed chromatin and bactericidal proteins released by
granules of neutrophils, through a process called NETo-
sis [7]. This release is induced by several agents (reactive
oxygen species, bacteria, fungi, viruses, antigen–antibody
complexes, microbial components and lipopolysacchar-
ide) [8–13] and leads to tissue injury [5, 6]. Several other
factors, such as N-formyl-methionyl-leucyl-phenylalanine
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(fMLP) can induce neutrophil activation without leading
to NETs formation [14]. Indeed, unlike previous beliefs,
neutrophils have been shown to modulate their responses
according to the mediators present in their environment
[15], and therefore the contribution of disease processes is
complex. NETs are associated with inflammation and dis-
ease severity in chronic airway diseases such as asthma
[16], and cause airway obstruction [17]. In sputum of pa-
tients with chronic obstructive pulmonary disease
(COPD), however, NETs formation is present whether the
patients are in exacerbation or not [18]. While GC (dexa-
methasone) did not prevent NETs formation induced by
stimulating peripheral blood neutrophils with phorbol
myristate acetate (PMA) in vitro [19], no study, to the best
of our knowledge, has investigated NETs formation in vivo
during treatment using these drugs.
Despite a recent interest in the role of NETs in disease

pathogenesis, the molecular mechanisms resulting in
NETs formation and their regulation remain unknown
[20]. It was recently shown in an immune-mediated
disorder, that neutrophils release IL-17 through NETs
formation [21]. IL-17 is considered to play a central role
in severe asthma and to contribute to neutrophilic in-
flammation and steroid insensitivity [22], particularly in
asthmatics with frequent exacerbations [23]. We previ-
ously found that this cytokine induces the activation of
equine neutrophils and importantly, that it is not inhib-
ited by GC [24]. However, IL-17’s contribution to NETs
formation and its insensitivity to GC have not been
studied in asthma. We therefore hypothesized that NETs
formation in asthmatic airways would be resistant to GC
through an IL-17 mediated pathway. We also postulated
that the IL-17 rich lung microenvironment in asthma
would contribute to this insensitivity. We investigated
NETs in both airway and blood neutrophils of asthmatic
horses before and during GC administration. We studied
horses with severe neutrophilic asthma (severe equine
asthma, also known as heaves), a condition that shares
marked similarities with human neutrophilic asthma
[25], including the remodeling of the ASM layer [26]
and extracellular matrix [27]. Furthermore, human and
equine neutrophils have similar biology [4, 24, 28].

Methods
Study design
Twelve adult horses including eight mares and four
castrated males were studied (Table 1). Six horses with
severe asthma had a history of recurrent episodes of
airway obstruction (pulmonary resistance (RL) > 1 cm
H2O/L/s), and increased neutrophils (≥ 25%) in bron-
choalveolar lavage fluid (BALF) upon antigen exposure.
Age-matched control horses (n = 6) had no history of
respiratory diseases, normal lung function (RL < 1 cm
H2O/L/s) and <15% of neutrophils in BALF with stabling

and hay feeding. Horses were deemed otherwise healthy.
All horses were antigen exposed by being stabled in the
same barn and fed hay for 1 month, as these conditions
are known triggers of disease exacerbation in susceptible
animals [25]. Horses were then treated with dexametha-
sone (Dominion Veterinary Laboratories ltd, MB, CA) at a
dosage of 0.06 mg/kg orally, once daily for 2 weeks. Blood
and bronchoalveolar lavages were collected at the Baseline
and after one and two weeks of treatment. All experimen-
tal procedures were performed in accordance with the
Canadian Council for Animal Care guidelines and were
approved by the Animal Care Committee for the Faculty
of Veterinary Medicine of the Université de Montréal
(deontology Rech-1716).

Bronchoalveolar lavages fluid (BALF)
BALF collection was performed as previously described
[29]. For NETs quantification (score), BALF was centri-
fuge at 1000 rpm and resuspend in 50 ul PBS. Thin-
layer cells from BALF (or 50 ul for NETs score) were
prepared with a cytocentrifuge (Rotorfix, Hettich, Berlin,
DEU) and stained with a modified Wright–Giemsa solution
(DiffQuick, Fisher Scientific, Waltham, Massachusetts,
USA) for cytology or fixed in paraformaldehyde 4% for
immunofluorescence evaluation. Differential cell counts
were obtained from 400 cells. The remaining BALF
were then centrifuged at 1600 rpm at 4 °C for 5 min
and cells were resuspended in PBS 1X for flow cytome-
try analysis and in Isol-RNA solution (Fisher Scientific,
Ottawa, ON, CA) for gene expression analysis.

NETs quantification
NETs were evaluated on cytospins of BALF stained with
Wright-Giemsa using a Leica microscope (DM4000B
Leica Microsystems, Wetzlar GmbH, DEU) under

Table 1 Summary table of animal characteristics. F, females; M,
castrated males

Sex Age (years) Medical status Weight (kg)

F 23 Asthma 448

M 18 Asthma 437

M 12 Asthma 560

M 10 Asthma 586

M 25 Asthma 522

M 7 Asthma 507

F 13 Control 467

F 13 Control 525

F 18 Control 447

F 10 Control 534

F 18 Control 452

M 5 Control 440
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polarized light with a 200X magnification. Each slide
was divided into 27 equal fields using the Panoptiq
software (ViewsIQ, Richmond, BC, CA, v1.4.3). A
blind quantification of NETs was performed by at-
tributing a score of 0 (no NET), 1 (rare NETs), 2
(moderate NETs) and 3 (widely distributed NETs) to
all fields of the peripheral areas of the cytospins, as
this is where NETs are concentrated (Fig. 1a-d). The
final value per horse was obtained by calculating the
mean NETs score of its slide, normalized by neutro-
phil count in the same fields. Two BALF cytospin
slides for each horse and at each time point of the
study were counted. Score was validated by compar-
ing the staining of the extracellular DNA regions
using Sytox Orange, then using an unbiased point
counting approach (2304 points per 20X field, with
each point corresponds to a surface of 0.37595 mm2)
as described in the Additional file 1: Figure S1 and
Additional file 2, on BALF cytospin with an im-
munofluorescence staining (please see below the im-
munofluorescence section).

Apoptosis
Percentage of apoptotic neutrophils was determined on
500 neutrophils randomly distributed in each cytospin
slide under a light microscope at 400X magnification.
When total count of neutrophils was below 500, all
neutrophils in the slide were included in the analysis.
Apoptotic neutrophils were defined by the presence of
one or more pyknotic nuclear remnants, previously shown
to be well correlated with specific apoptotic marker (i.e.
Annexin V staining) (3).

Immunofluorescence
NETS on BALF cytospins were also evaluated using im-
munofluorescence. Cytospins fixed in paraformaldehyde
were washed with PBS and incubated in the presence of
rabbit polyclonal anti-myeloperoxidase antibody (MPO)
(Dako; Mississauga, ON, CA, dilution 1/200) and mouse
monoclonal anti-Histone H3 (Abcam; Toronto, ON, CA
1/200) in PBS containing 0.2% bovine serum albumin
and 0.1% Triton X-100 (Sigma-Aldrich, Oakville, ON, CA)
for 1 h 30 at room temperature, then with the Alexa Fluor

a

c

e

g

f

h

b

d

Fig. 1 Scoring system for BALF NETs quantification. a-d NETs on cytospins BALF were evaluated using a blind scoring system. Scores 0 (no NETs),
1 (rare NETs), 2 (moderate NETs) and 3 (widely distributed NETs) were attributed to each of the 27 fields from the peripheral areas of the cytospin.
Scale bars represent 100 μm. e-h Representative images illustrating NETs in the BALF of a horse with severe asthma. BALF cells were labeled with
anti-myeloperoxidase antibody (red), anti-Histone H3 (Green) and DAPI (nucleus; blue), then observed by fluorescence microscopy at a magnification
of 200X. Scale bar represents 10 μm. Arrowheads indicate profuse NETs appearing as a web-like extracellular structure
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488-conjugated goat anti-rabbit IgG (Thermofisher
Scientific, Burlington, ON, CA; dilution 1/1000) for 1 h at
room temperature. For nuclear staining, cells were incu-
bated with DAPI (Thermofisher Scientific, Burlington, ON,
CA; 300 nM) for an additional 5 min at room temperature.
After three washes with PBS, the coverslips were
then mounted in a drop of ProLong Antifade reagent
(Thermofisher Scientific, Burlington, ON, CA) and
visualized with a Zeiss (Axio Imager M1) fluorescence
microscope. All observations were performed at a final
magnification of 200X. A NET was defined as a network-
like extracellular structure (Fig. 1e-h).

Flow cytometry
Total BALF cells were studied by flow cytometry using
neutrophil activation surface markers anti-CD11b and
anti-CD13. Cells (106cells/100 μl) were stained for 1 h
with anti-CD11b (Mylteni Biotec Auburn, USA;
dilution 1/10) or anti-CD13 (Ab Serotec respectively,
Raleigh, USA dilution 1/10). Cells were then incubated
10 min with PBS containing 0.1% Triton X-100 (Sigma-
Aldrich, Oakville, ON, CA) and stained for 1 h with and
anti-MPO (Dako; Mississauga, ON, CA, dilution 1/200).
All incubation steps were performed at 4 °C. Cells were
then washed 3 times in washing buffer and incubated
30 min in the dark with Alexa488- or Alexa594-conjugated
anti-IgG antibodies (Thermofisher Scientific, Burlington,
ON, CA; dilution 1/1000) depending on the first staining
(CD11b-FITC or CD13-PE). Cells were washed twice and
resuspended in 400 μl PBS before flow cytometry acquisi-
tion of 10,000 events and analysis using BD Accuri C6 soft-
ware and instrument (BD Bioscience, San Jose, CA,
USA). Isotype-matched control antibodies (Polyclonal
Rabbit IgG, rat IgG2a-PE and mouse IgG-FITC; Vector
Laboratories, Burlington, ON, CA, Mylteni Biotec Auburn,
USA and Ab Serotec, Raleigh, USA, respectively) were used
as controls. Staining was evaluated by the mean percentage
of positive cells.

Real-time RT-PCR (qRT-PCR)
The expression of IL-17A was measured in BALF cells
by qRT-PCR for each time point of the study. mRNA
was extracted using Isol-RNA Lysis Reagent according
to manufacturer’s instructions (Fisher Scientific, Ottawa,
ON, CA). Purity and concentration were assessed using a
spectrophotometer Nanodrop ND1000 (Fisher Scientific,
Waltham, MA, USA). Total RNA (1 μg) was reverse tran-
scribed as described previously [4]. The qRT-PCR was per-
formed using specific primers (Table 2), and PCR products
were sequenced to ensure the specificity of amplifications.
Quantitative PCR (qPCR) was performed by monitoring
the increase of fluorescence of SYBR® Green in real-
time (Bio-Rad, Hercules, CA, USA) with the CFX96
Touch Real-Time PCR Detection System (Bio-Rad,

Hercules, CA, USA). The gene expression was nor-
malized with the CFX Manager™ Software (Bio-Rad,
Hercules, CA, USA) using RPL9 (Ribosomal Protein
L9) as reference gene. Samples were run in duplicate
with an appropriate negative control.

Blood neutrophils
Blood neutrophils isolation
Neutrophils were isolated from EDTA anti-coagulated
blood through centrifugation on a density gradient using
Ficoll-Paque (Ficoll-PaqueTM PREMIUM 1084, GE
Healthcare Bio-sciences Corp, Mississauga, ON, CA)
according to the manufacturer’s instructions. The remaining
red blood cells were lysed with distilled water. Cell counting
and viability was performed using the ADAM automatic
Cell Counter (Montreal-Biotech Inc., Montreal, QC, CA).
Cytospin slides were prepared and stained with a modified
Wright–Giemsa solution (DiffQuick) for differential count-
ing on 400 cells to assess neutrophil purity. The purity and
viability of neutrophils were >99% and >95%, respectively.
Neutrophils were suspended at 5 × 106 cells/ml in culture
medium RPMI 1640 supplemented with 10% heat inac-
tivated low-endotoxin FBS, 2 mM l-glutamine, 100 U/mL
penicillin, and 100 μg/mL streptomycin (all products from
GIBCO, Thermofisher Scientific, Burlington, ON, CA) for
in vitro experiments or fixed in paraformaldehyde 4% for
flow cytometry.

Evaluation of in vitro NETs formation
In one experiment, isolated blood neutrophils were seeded
(1 × 106) onto 24-well plates (non-treated plastic, Ultident,
St-Laurent, QC, CA) either in the presence or absence of
100 ng/ml reIL-17 (Cederlane, Burlington, ON, CA) for
24 h. Neutrophils were stained with a modified Wright–
Giemsa solution, and analyzed using the previously vali-
dated NETs score, and normalized for cell density using
an automatic cell counting plugin in ImageJ [30].
In other experiment, real-time NETs neo-formation

was evaluated by incubating neutrophils either in the
presence or absence of PMA (200 nM, Sigma-Aldrich,
Oakville, ON, CA), +/−100 ng/ml reIL-17 (Cederlane,
Burlington, ON, CA) and 10−6 M dexamethasone (Sigma-
Aldrich, St Louis, MO, USA) for 1 h. Cells were stained
with the cell-impermeable fluorescent DNA-staining Sytox
(2.5 μM, Thermofisher Scientific, Burlington, ON, CA) and
immunostained (see immunofluorescence section below).

Table 2 Sequences of primer pairs used for quantitative PCR
analysis

5′- AATCCGGAATGCCGAACAC −3′ IL-17A forward

5′- CTACCTTCCCTTCGGCATTG −3′ IL-17A reverse

5′- TCTCAGCAATCAGACCGTG −3′ RPL9 forward

5′- TGTCAACTCGGAGCCTCTTC −3′ RPL9 reverse
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Ten images were randomly taken at 100X magnification
using a Leica microscope (DMIRB model) by a blinded
evaluator. This magnification with a non-invert microscope
was more appropriate for in vitro experiments and allows a
better brightness and color discrimination with the 24-well
plastic plates. Images were also subsequently blindly ana-
lyzed with the NETs score and results were then expressed
as fold change relative to PMA stimulated cells.

Immunofluorescence
Stimulated neutrophils were seeded (1 × 106) onto six-
well plates containing 1.5 mm-thick poly-L-lysine-coated
coverslips. Cells were fixed in paraformaldehyde 4% for
20 min and incubated in PBS containing 2% FBS (v/v)
for 30 min to eliminate non-specific binding, then im-
munofluorescence for MPO, histone H3 and DAPI was
done as described above.

Flow cytometry
Flow cytometry was performed on paraformaldehyde fixed
blood neutrophils using neutrophil activation surface
markers anti-CD11b and anti-CD13 as described above.

Statistical analysis
Data were statistically evaluated using a linear model
that includes repeated measures using time as a
within-subjects factor, and treatment as a between-
subjects factor for all values. Post hoc analyses were
performed using student t-tests with the alpha
threshold of each comparison adjusted using the se-
quential Benjamini-Hochberg method (SAS software).
The Spearman test was used to correlate scores and
data generated with an unbiased point counting ap-
proach. The in vitro NETs formation was evaluated
using a linear model with treatment as factor. A p-
value of 0.05 was considered significant and all re-
sults were expressed as mean ± standard error of the
means (SEM).

Results
Animals
Age and weight were not statistically different between
groups (controls (mean ± SD): 12.8 ± 4.5 yrs. and asth-
matic horses: 15.3 ± 6.6 yrs.; 510 ± 54 kg and 477 ± 38 kg;
Table 1). Similarly, there were no differences between
groups in terms of lung function and BALF cytology
values when horses were in a low antigenic environ-
ment (pasture). Asthmatic horses under antigen ex-
posure developed airway obstruction, whereas control
horses had normal lung function (Baseline, Fig. 2a).
Furthermore, the percentage of neutrophils in BALF
was significantly elevated with antigen exposure in
asthmatic horses when compared to control horses.
After systemic dexamethasone administration, lung
function markedly improved or normalized in asth-
matic horses; however, the airway neutrophilia per-
sisted (p = 0.003 after 1 week of treatment; p = 0.07
after 2 weeks of treatment; Fig. 2b).

NETs score validation
The release of NETs was quantified using a validated
visual scoring system. The score was significantly cor-
related with the unbiased point counting approach
data (r = 0.79; p = 0.05, Additional file 1: Figure S1
(Additional file 2)).

Airway neutrophils of asthmatic animals have enhanced
NETs production
NETs scores at baseline were 2-fold higher in lungs
of asthmatic horses compared to controls (p = 0.03),
and dexamethasone decreased NETs formation only
in asthmatic horses after two weeks of treatment (p =
0.02) (Fig. 3a). In blood, NETs scores were similar in
both groups at all time points, and were not affected
by GC (Fig. 3b).

a b

Fig. 2 Pulmonary function and bronchoalveolar lavage fluid cytology. a Pulmonary resistance and (b) bronchoalveolar lavage fluid (BALF) differential
neutrophil count of asthmatic (n = 6) and healthy (n = 6) horses before and during treatment with dexamethasone (0.06 mg/kg once daily). Mean ±
SEM. *Different between groups. *p < 0.05, **p < 0.001 and ***p < 0.0001
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Pulmonary neutrophil activation is not affected by
corticosteroid administration
We evaluated the expression levels of the two surface ac-
tivation markers CD11b and CD13 on pulmonary and
blood neutrophils (Fig. 4). The percentage of CD11b and
CD13 positive neutrophils in the airways was 3 and 1.6-
fold greater at Baseline in asthmatic horses when com-
pared to healthy animals (Fig. 4a and b). The percentage
of CD11b-positive neutrophils from asthmatic horses

remained significantly higher compared to controls with
therapy (p = 0.03 at Baseline; p = 0.05 after 1 week of
treatment; p = 0.04 after 2 weeks of treatment; Fig. 4a).
The expression of CD13 increased in asthmatic horses
after two weeks of treatment; however, the difference did
not reach significance (p = 0.07).
In blood, the expression level of CD11b decreased

after one week of dexamethasone administration in both
groups (Fig. 4c). While the percentage of CD13 positive

ba

Fig. 3 NETs evaluation during treatment with dexamethasone. NETs scores were evaluated in BALF (a) from control and asthmatic horses and in
neutrophils isolated from blood (b) at all three time points (baseline, one week and two weeks). Results are presented as means of scores for
each group ± SEM. Differences between groups *p < 0.05. The total numbers of neutrophils in blood and in the airway lumens remained
unchanged

a

c

b

d

Fig. 4 Pulmonary and blood neutrophil activation during treatment with dexamethasone. Pulmonary neutrophils (gating on the basis of size and
granularity (FSC and SSC parameters) excluding macrophages, and MPO+ cells) were analyzed by flow cytometry for CD11b (a) and CD13 (b) at
Baseline and after one and two weeks of treatment with GC. The percentages of CD11b+ and CD13+ of blood neutrophils were similarly evaluated for
the two groups of horses (c and d). Each bar represents the mean ± SEM. Different between groups *p < 0.05, **p < 0.001 and ***p < 0.0001
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neutrophils was not significantly different between groups
(Fig. 4d), there was a trend towards a decrease after two
weeks of GC treatment (p = 0.06).

Corticosteroids decrease pulmonary neutrophil apoptosis
We observed a significant decrease in pulmonary apop-
totic neutrophils after one week of GC treatment in the
control group (p = 0.04), and after one and two weeks in
asthmatic horses (p = 0.01 and p = 0.005, Fig. 5).

Corticosteroids have no effect on IL-17 expression in
asthmatic animals
IL-17 mRNA was overexpressed in the airways of asthmatic
horses (Fig. 6a) when compared to controls (p = 0.007), and
was unaffected by GC.

IL-17 inhibits the release of NETs induced by PMA
As IL-17 was previously found to be associated with
NETs formation [21], we next investigated whether the
persistence of IL-17 in the airways of asthmatic horses,
despite GC treatment, could influence the production of
NETs. In preliminary experiments, we found that IL-17
decreases rather than increases NETs formation by
neutrophils (Fig. 6b); we thus developed a live assay to
determine whether this effect remains present in activated
neutrophils. With a concentration of 200 nM, we found
that PMA induce NETs formation (Fig. 6c). As noticed in
preliminary experiments, we did observe that IL-17 (p =
0.0124) significantly inhibits PMA-induced NETs forma-
tion, as well as dexamethasone (p = 0.0216) (Fig. 6d).

Discussion
NETs participate in antimicrobial defense; however, their
persistence in tissues can result in host damage. NETosis
has been shown to contribute to lung pathology by promot-
ing airway obstruction, alveolar capillary damage and dis-
ruption of host proteins and cellular matrix [31, 32]. The
recently recognized neutrophilic asthma phenotype is con-
sidered a major health concern as affecting >50% of severe
human asthmatics [33, 34]. These patients are often poorly
responsive to therapy, have fixed airflow obstruction and an
accelerated decline in lung function. Severe equine asthma
shares numerous similarities with human neutrophilic
asthma [35], and was studied here to perform experi-
ments not possible in humans because of ethical consider-
ations. Interestingly, NETs are found to be sensitive to
non-steroidal anti-inflammatory drugs in vitro but were
reported to be unaffected by GC [19]. As in vitro findings
do not always reflect in vivo effects, we evaluated whether
NETs formation is insensitive to GC through an IL-17
pathway in an equine model of asthma. However, to the
contrary, we observed that GC decreases PMA-induced
NETs formation in vitro and also in vivo in the lungs of
severe asthmatic horses. This effect was observed despite
the persistence of neutrophils within the airways and was
independent of the activation state of neutrophils and the
persistence of IL-17 in asthmatic airways. Taken together,
these results suggest that NETs formation is sensitive to
GC and independently regulated by neutrophil recruit-
ment within the airways and their activation.
We first confirmed the presence of NETs in the air-

ways of asthmatic horses [36], as observed in human
asthmatic patients [37]. Extracellular DNA quantification
was difficult to determine in BALF using usual fluorometric
methods or agarose gel electrophoresis since DNA binds to
tenacious mucus that is difficult to dissolve without dam-
aging the NETs (data not shown). Considering this, we
developed and adapted a score to quantify NETs in airway
secretions, estimating the surface of the microscopic field
occupied by NETs, with unbiased point counting, as this
parameter seems to be an indicator of inflammation [38].
In BAL cytospin, NETS were identified only in the periph-
eral areas of the sildes. We suggest that neutrophils
undergo morphological changes with NETs secretion, that
lead to their accumulation in the peripheral areas on the
slides with the centrifugal force. As the NETs score was
zero for the central areas, we only reported NETs scores for
peripheral ones.
Importantly, we observed that dexamethasone inhibits

NETs formation in both asthmatic and control horses.
To the best of our knowledge, this is the first study in-
vestigating the role of GC in NETosis in vivo. In agree-
ment with this finding, and contrary to a previous report
[19], dexamethasone inhibited in vitro the PMA-induced
NETs formation in the present study. While species

Fig. 5 Pulmonary apoptotic neutrophils. Morphological features of
pulmonary neutrophils apoptosis in BALF from control horses and
from asthmatic horses were evaluated under a light microscope at
400X magnification. Bars represent means ± SEM. Different between
groups *p < 0.05, **p < 0.001
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differences may have contributed to these contrasting
results, our experimentation allowed us to detect only
NETs neoformation following a shorter PMA simulation
period. After one hour, we observed, chronologically,
adherence and flattening, vacuolization, and intracellular
chromatin decondensation. Nevertheless, as NETs forma-
tion was not attenuated after one week of treatment, this
delayed response, combined with the previous in vitro
findings [19], suggests an indirect effect of GC on the lung
and that the inflammatory microenvironment in the
airways may be contributing to the delayed effect of GC.
The migration of neutrophils from the blood to the in-

flammation site involves a complex regulation of surface
adhesion proteins and expressions of activation markers.

The tight adhesion and transendothelial migration of
granulocytes mediated by β2 integrins, including CD11b
(CR3, or Mac1) and aminopeptidase CD13 [39], are re-
quired for blood neutrophils to reach the airway lumen.
We, therefore, investigated whether NETs inhibition was
specific or resulting from an overall downregulation of
neutrophil activation by GC. We found that dexametha-
sone reduced the expression of CD11b in blood neutro-
phils but not in pulmonary neutrophils of asthmatic
horses, and that a similar trend occurred for CD13. As
CD11b [40] and CD13 [41] are cell surface markers
typically expressed upon neutrophil activation, these
results suggest a distinct pro-inflammatory milieu for
neutrophils in airways and blood, regardless of the disease

a

c

b d

Fig. 6 IL-17 effects on the PMA-induced release of NETs. a The mRNA expression of IL-17 in BALF cells before and after one and two weeks of
treatment with GC was evaluated by qPCR. Bars represent means ± SEM. * Significant difference from controls at the same time (*p < 0.05,
**p < 0.001). b Blood neutrophils were incubated 24 h with or without 100 ng/ml reIL-17, cytocentrifuged and stained with a modified
Wright–Giemsa solution, and analyzed using the NETs score. c Representative immunofluorescence images were taken one hour after PMA
treatment, staining with Histone H3 (green), MPO (red) and DAPI (blue). Higher-magnification views show NETs formation, demonstrated
by the co-localization of Histone H3 (green), MPO (red) and DNA (blue). Scale bar represents 20 μm. d Neutrophils isolated from blood
were seeded in the presence of 200 nM of PMA, ± 100 ng/ml reIL-17 and ±10−6 M dexamethasone for 1 hour. Cells were stained with
2.5 μM of DNA-staining dye Sytox Orange. Random images taken by a blinded evaluator and NETs quantification were assessed. Bars represent the fold
change, expressed as the mean ± SD relative to the PMA-stimulated condition. * Significant differences from PMA (p < 0.05)
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status. These findings also support the previous report
[42] stating that following the bronchial instillation of
endotoxins, dexamethasone has a more potent anti-
inflammatory effect in the blood than in the lungs, in
healthy human volunteers.
IL-17 mRNA was increased in BAL cells of asthmatic

horses and was unaffected by GC. In human studies, GC
had conflicting effects on IL-17 production (6, 32) and,
therefore, our IL-17 mRNA results within the lung dur-
ing a GC therapy need to be investigated at the protein
level. Furthermore, to our knowledge, while IL-17 has
been implicated in steroid-resistant neutrophilic asthma
[43–45], its possible contribution to NETs formation in
asthma has not been investigated. In this study, we ob-
served that IL-17 decreased NETs formation. These re-
sults were unexpected, as IL-17 was shown to be
associated with NETs formation in psoriasis lesions [46].
These findings point to a link between IL-17, NETosis and
GC insensitivity in severe neutrophilic asthma [46], which
is intriguing since we reported that IL-17 activates and in-
creases the survival of neutrophils in vitro, which are unre-
sponsive to GC [24]. Thus, considering that IL-17
decreases NETs formation and that neutrophils also die by
NETosis, it remains possible that the IL-17 pathway resist-
ant under GC contributes to the persistence of neutrophils
in the asthmatic airways. Also, although IL-17 decreases
NETs formation in vitro, it also promotes the production of
IL-8 within the lung tissue [24]. As IL-8 induces NETs for-
mation [47], the balance of IL-8 inducing NETs release may
be opposed by the IL-17 inhibitory response. However, the
effects IL-17 have on NETs formation in vivo likely depend
on the stimuli applied and therefore, the response within
the lung microenvironment may differ from the inhibition
we observed in vitro.
Our results also demonstrate that GC decrease the

apoptosis of airway neutrophils. Studies have reported
that while in vitro, neutrophil apoptosis is delayed by
GC [3, 48, 49], no studies have compared the level of
apoptosis in vivo before and following GC treatment in
asthmatic and in healthy subjects. As dexamethasone
did not affect the activation markers of pulmonary neu-
trophils, but decreased neutrophil apoptosis in both
healthy and asthmatic animals, neutrophils’ response to
GC appear to be specific and not influenced by asthmatic
inflammation. However, apoptosis levels are relatively low
(around 5%) and probably contribute minimally to the air-
way neutrophilia persistence in asthmatic animals. Further
investigations using larger sample sizes need to be per-
formed to confirm these results.

Conclusions
In conclusion, the results of this study indicate that GC
have a different effect on blood and airway neutrophils.

A two-week treatment with GC decreased NETs forma-
tion without decreasing activation markers CD11b and
CD13 in pulmonary neutrophils. Further studies are
needed to determine whether this overall effect is favor-
able or harmful to the resolution of asthmatic inflamma-
tion. Our results suggest that the Th17 pathway may
play a role in decreasing NETosis; however, additional
studies are required to determine its overall contribution
to asthma.

Additional files

Additional file 1: Figure S1. NETs score validation in BALF cytology. A)
The scores were first validated by comparing the staining of the same
extracellular DNA regions using Sytox Orange as positive control and
Wright-Giemsa. Scale bars represent 100 μm. (B) Frame illustrating the
software used for unbiased point counting analysis of the BALF cytology.
Bottom: a magnification of the yellow area in the small up panel. Blue
crosses were used as probes for NETs volume; blue crosses with green
circles were used as probes for reference volume. An unbiased point
counting technique using grids with 2304 crosses (randomly selected)
per field was performed. Crosses marked with the letter A for NETs/MPO
were used for counts. Mate method NETs volume density (Vv NET/MPO)
was calculated for 7 horses as follow: VvNET/MPO = ΣPNET/MPO/Pref *Total Vv,
where ΣPNET/MPO represents the sum of the points crossing onto a NET
where MPO wrap around it, Pref indicated the total crosses number per
field (2304) and Total Vv the known and fix field area (0,3795mm2). A
minimum of 200 points was counted for ASM from at least two biopsies
per horse. (C) Correlation between our developed score and quantitative
unbiased method (r = 0.79; p = 0.05). (PDF 5456 kb)

Additional file 2: NETs score validation. (DOCX 120 kb)

Abbreviations
ASM: Airway smooth muscle; BALF: Bronchoalveolar lavage fluid;
CD11b: Cluster of differentiation 11b; CD13: Cluster of differentiation 13;
CD18: Cluster of differentiation 18; COPD: Chronic obstructive pulmonary
disease; CS: Glucocorticosteroids; FACS: Flow cytometry; FBS: Fetal bovine
serum; ICS: Inhaled glucocorticosteroids; NETs: Neutrophil extracellular traps;
PBS: Phosphate-buffered saline; PMN: Polymorphonuclear neutrophil

Acknowledgments
The authors would like to thank Catheryna Ouimet and Michela
Bullone for technical assistance with horses and Guy Beauchamp for
the statistical analyses.

Author contributions
Concept and design: AV, JPL Experiment execution: AV, RB, PC and IB Data
analysis and interpretation: AV Manuscript drafting and review: AV, RB, JPL.
All authors read and approved the final manuscript.

Funding
This work was supported by NSERC (#RGPIN-2014-06-198).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Vargas et al. Respiratory Research  (2017) 18:207 Page 9 of 11

dx.doi.org/10.1186/s12931-017-0689-4
dx.doi.org/10.1186/s12931-017-0689-4


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

Received: 11 July 2017 Accepted: 27 November 2017

References
1. Bentley AM, Hamid Q, Robinson DS, Schotman E, Meng Q, Assoufi B, Kay

AB, Durham SR. Prednisolone treatment in asthma. Reduction in the
numbers of eosinophils, T cells, tryptase-only positive mast cells, and
modulation of IL-4, IL-5, and interferon-gamma cytokine gene expression
within the bronchial mucosa. Am J Respir Crit Care Med. 1996;153:551–6.

2. Hauber HP, Gotfried M, Newman K, Danda R, Servi RJ, Christodoulopoulos P,
Hamid Q. Effect of HFA-flunisolide on peripheral lung inflammation in
asthma. J Allergy Clin Immunol. 2003;112:58–63.

3. Saffar AS, Ashdown H, Gounni AS. The molecular mechanisms of glucocorticoids-
mediated neutrophil survival. Curr Drug Targets. 2011;12:556–62.

4. Hirsch G, Lavoie-Lamoureux A, Beauchamp G, Lavoie JP. Neutrophils are not
less sensitive than other blood leukocytes to the genomic effects of
glucocorticoids. PLoS One. 2012;7:e44606.

5. Liu FC, Chuang YH, Tsai YF, HP Y. Role of neutrophil extracellular traps
following injury. Shock. 2014;41:491–8.

6. McIlroy DJ, Jarnicki AG, Au GG, Lott N, Smith DW, Hansbro PM, Balogh ZJ.
Mitochondrial DNA neutrophil extracellular traps are formed after trauma
and subsequent surgery. J Crit Care. 2014;29(1133):e1131–5.

7. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,
Weinrauch Y, Zychlinsky A. Neutrophil extracellular traps kill bacteria.
Science. 2004;303:1532–5.

8. Garcia-Romo GS, Caielli S, Vega B, Connolly J, Allantaz F, Xu Z, Punaro M,
Baisch J, Guiducci C, Coffman RL, et al. Netting neutrophils are major
inducers of type I IFN production in pediatric systemic lupus erythematosus.
Sci Transl Med. 2011;3:73ra20.

9. Lande R, Ganguly D, Facchinetti V, Frasca L, Conrad C, Gregorio J, Meller S,
Chamilos G, Sebasigari R, Riccieri V, et al. Neutrophils activate plasmacytoid
dendritic cells by releasing self-DNA-peptide complexes in systemic lupus
erythematosus. Sci Transl Med. 2011;3:73ra19.

10. Neeli I, Dwivedi N, Khan S, Radic M. Regulation of extracellular chromatin
release from neutrophils. J Innate Immun. 2009;1:194–201.

11. Lim MB, Kuiper JW, Katchky A, Goldberg H, Glogauer M. Rac2 is required for
the formation of neutrophil extracellular traps. J Leukoc Biol. 2011;90:771–6.

12. Oehmcke S, Morgelin M, Herwald H. Activation of the human contact
system on neutrophil extracellular traps. J Innate Immun. 2009;1:225–30.

13. Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I, Wahn V, Weinrauch Y,
Brinkmann V, Zychlinsky A. Novel cell death program leads to neutrophil
extracellular traps. J Cell Biol. 2007;176:231–41.

14. Yuen J, Pluthero FG, Douda DN, Riedl M, Cherry A, Ulanova M, Kahr WH,
Palaniyar N, Licht C. NETosing neutrophils activate complement both on
their own NETs and bacteria via alternative and non-alternative pathways.
Front Immunol. 2016;7:137.

15. Chakravarti A, Rusu D, Flamand N, Borgeat P, Poubelle PE. Reprogramming
of a subpopulation of human blood neutrophils by prolonged exposure to
cytokines. Lab Investig. 2009;89:1084–99.

16. Wright TK, Gibson PG, Simpson JL, McDonald VM, Wood LG, Baines KJ.
Neutrophil extracellular traps are associated with inflammation in chronic
airway disease. Respirology. 2016;21:467–75.

17. Cortjens B, de Boer OJ, de Jong R, Antonis AF, Sabogal Pineros YS,
Lutter R, van Woensel JB, Bem RA. Neutrophil extracellular traps cause
airway obstruction during respiratory syncytial virus disease. J Pathol.
2016;238:401–11.

18. Grabcanovic-Musija F, Obermayer A, Stoiber W, Krautgartner WD, Steinbacher
P, Winterberg N, Bathke AC, Klappacher M, Studnicka M. Neutrophil
extracellular trap (NET) formation characterises stable and exacerbated COPD
and correlates with airflow limitation. Respir Res. 2015;16:59.

19. Lapponi MJ, Carestia A, Landoni VI, Rivadeneyra L, Etulain J, Negrotto S, Pozner
RG, Schattner M. Regulation of neutrophil extracellular trap formation by anti-
inflammatory drugs. J Pharmacol Exp Ther. 2013;345:430–7.

20. Kolaczkowska E, Jenne CN, Surewaard BG, Thanabalasuriar A, Lee WY, Sanz
MJ, Mowen K, Opdenakker G, Kubes P. Molecular mechanisms of NET
formation and degradation revealed by intravital imaging in the liver
vasculature. Nat Commun. 2015;6:6673.

21. Lin AM, Rubin CJ, Khandpur R, Wang JY, Riblett M, Yalavarthi S, Villanueva EC,
Shah P, Kaplan MJ, Bruce AT. Mast cells and neutrophils release IL-17 through
extracellular trap formation in psoriasis. J Immunol. 2011;187:490–500.

22. Chesne J, Braza F, Mahay G, Brouard S, Aronica M, Magnan A. IL-17 in severe
asthma. Where do we stand? Am J Respir Crit Care Med. 2014;190:1094–101.

23. Ricciardolo FLM, Sorbello V, Folino A, Gallo F, Massaglia GM, Favata G,
Conticello S, Vallese D, Gani F, Malerba M, et al. Identification of IL-17F/
frequent exacerbator endotype in asthma. J Allergy Clin Immunol.
2017;140:395–406.

24. Murcia RY, Vargas A, Lavoie JP. The Interleukin-17 induced activation and
increased survival of equine neutrophils is insensitive to glucocorticoids.
PLoS One. 2016;11:e0154755.

25. Leclere M, Lavoie-Lamoureux A, Lavoie JP. Heaves, an asthma-like disease of
horses. Respirology. 2011;

26. Herszberg B, Ramos-Barbon D, Tamaoka M, Martin JG, Lavoie JP. Heaves, an
asthma-like equine disease, involves airway smooth muscle remodeling.
J Allergy Clin Immunol. 2006;118:382–8.

27. Setlakwe EL, Lemos KR, Lavoie-Lamoureux A, Duguay JD, Lavoie JP. Airway
collagen and elastic fiber content correlates with lung function in equine
heaves. Am J Physiol Lung Cell Mol Physiol. 2014;307:L252–60.

28. Bullone M, Moran K, Lavoie-Lamoureux A, Lavoie JP. PI3K and MAPKs
regulate neutrophil migration toward the airways in heaves. J Vet Intern
Med. 2013;27:164–70.

29. Lavoie JP, Maghni K, Desnoyers M, Taha R, Martin JG, Hamid QA.
Neutrophilic airway inflammation in horses with heaves is characterized by
a Th2-type cytokine profile. Am J Respir Crit Care Med. 2001;164:1410–3.

30. Grishagin IV. Automatic cell counting with ImageJ. Anal Biochem.
2015;473:63–5.

31. da Cunha AA, Nunez NK, de Souza RG, Moraes Vargas MH, Silveira JS,
Antunes GL, Durante Lda S, Porto BN, Marczak ES, Jones MH, Pitrez PM.
Recombinant human deoxyribonuclease therapy improves airway resistance
and reduces DNA extracellular traps in a murine acute asthma model. Exp
Lung Res. 2016;42:66–74.

32. Porto BN, Stein RT. Neutrophil extracellular traps in pulmonary diseases:
too much of a good thing? Front Immunol. 2016;7:311.

33. Gibson PG, Simpson JL, Saltos N. Heterogeneity of airway inflammation in
persistent asthma : evidence of neutrophilic inflammation and increased
sputum interleukin-8. Chest. 2001;119:1329–36.

34. Wenzel SE, Szefler SJ, Leung DY, Sloan SI, Rex MD, Martin RJ. Bronchoscopic
evaluation of severe asthma. Persistent inflammation associated with high
dose glucocorticoids. Am J Respir Crit Care Med. 1997;156:737–43.

35. Kamath AV, Pavord ID, Ruparelia PR, Chilvers ER. Is the neutrophil the key
effector cell in severe asthma? Thorax. 2005;60:529–30.

36. Cote O, Clark ME, Viel L, Labbe G, Seah SY, Khan MA, Douda DN, Palaniyar
N, Bienzle D. Secretoglobin 1A1 and 1A1A differentially regulate neutrophil
reactive oxygen species production, phagocytosis and extracellular trap
formation. PLoS One. 2014;9:e96217.

37. Dworski R, Simon HU, Hoskins A, Yousefi S. Eosinophil and neutrophil
extracellular DNA traps in human allergic asthmatic airways. J Allergy Clin
Immunol. 2011;127:1260–6.

38. Hamaguchi S, Hirose T, Matsumoto N, Akeda Y, Irisawa T, Seki M, Hosotsubo
H, Yamamoto K, Tasaki O, Oishi K, et al. Neutrophil extracellular traps in
bronchial aspirates: a quantitative analysis. Eur Respir J. 2014;43:1709–18.

39. Fiddler CA, Parfrey H, Cowburn AS, Luo D, Nash GB, Murphy G, Chilvers ER.
The aminopeptidase CD13 induces homotypic aggregation in neutrophils
and impairs collagen invasion. PLoS One. 2016;11:e0160108.

40. Mann BS, Chung KF. Blood neutrophil activation markers in severe asthma:
lack of inhibition by prednisolone therapy. Respir Res. 2006;7:59.

41. Hennersdorf F, Florian S, Jakob A, Baumgartner K, Sonneck K, Nordheim A,
Biedermann T, Valent P, Buhring HJ. Identification of CD13, CD107a, and
CD164 as novel basophil-activation markers and dissection of two response
patterns in time kinetics of IgE-dependent upregulation. Cell Res. 2005;15:
325–35.

42. Bartko J, Stiebellehner L, Derhaschnig U, Schoergenhofer C, Schwameis M,
Prosch H, Jilma B. Dissociation between systemic and pulmonary anti-
inflammatory effects of dexamethasone in humans. Br J Clin Pharmacol.
2016;81:865–77.

43. McKinley L, Alcorn JF, Peterson A, Dupont RB, Kapadia S, Logar A, Henry A,
Irvin CG, Piganelli JD, Ray A, Kolls JK. TH17 cells mediate steroid-resistant
airway inflammation and airway hyperresponsiveness in mice. J Immunol.
2008;181:4089–97.

Vargas et al. Respiratory Research  (2017) 18:207 Page 10 of 11



44. Al-Ramli W, Prefontaine D, Chouiali F, Martin JG, Olivenstein R, Lemiere C,
Hamid Q. T(H)17-associated cytokines (IL-17A and IL-17F) in severe asthma.
J Allergy Clin Immunol. 2009;123:1185–7.

45. Bullens DM, Truyen E, Coteur L, Dilissen E, Hellings PW, Dupont LJ,
Ceuppens JL. IL-17 mRNA in sputum of asthmatic patients: linking T cell
driven inflammation and granulocytic influx? Respir Res. 2006;7:135.

46. Chrysanthopoulou A, Mitroulis I, Apostolidou E, Arelaki S, Mikroulis D,
Konstantinidis T, Sivridis E, Koffa M, Giatromanolaki A, Boumpas DT, et al.
Neutrophil extracellular traps promote differentiation and function of
fibroblasts. J Pathol. 2014;233:294–307.

47. Narasaraju T, Yang E, Samy RP, Ng HH, Poh WP, Liew AA, Phoon MC, van
Rooijen N, Chow VT. Excessive neutrophils and neutrophil extracellular traps
contribute to acute lung injury of influenza pneumonitis. Am J Pathol.
2011;179:199–210.

48. Cox G. Glucocorticoid treatment inhibits apoptosis in human neutrophils.
Separation of survival and activation outcomes. J Immunol. 1995;154:
4719–25.

49. Zhang X, Moilanen E, Kankaanranta H. Beclomethasone, budesonide and
fluticasone propionate inhibit human neutrophil apoptosis. Eur J Pharmacol.
2001;431:365–71.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Vargas et al. Respiratory Research  (2017) 18:207 Page 11 of 11


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Study design
	Bronchoalveolar lavages fluid (BALF)
	NETs quantification
	Apoptosis
	Immunofluorescence
	Flow cytometry
	Real-time RT-PCR (qRT-PCR)

	Blood neutrophils
	Blood neutrophils isolation
	Evaluation of in vitro NETs formation
	Immunofluorescence
	Flow cytometry

	Statistical analysis

	Results
	Animals
	NETs score validation
	Airway neutrophils of asthmatic animals have enhanced NETs production
	Pulmonary neutrophil activation is not affected by corticosteroid administration
	Corticosteroids decrease pulmonary neutrophil apoptosis
	Corticosteroids have no effect on IL-17 expression in asthmatic animals
	IL-17 inhibits the release of NETs induced by PMA

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgments
	Author contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

