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Aberrant function of neutrophils in asthma
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Introduction

Asthma is a chronic inflammatory airway disease, with an array of cells involved in the pathogenesis. The role of
neutrophils in asthma pathogenesis is controversial. This review highlights the mechanisms of neutrophils about
their aberrant function in asthma and factors contributing to impaired response to corticosteroids, which may
contribute to a better understanding of asthma pathogenesis and consequently, facilitate the development of
novel strategies for managing and treating neutrophilia in asthma.

Keywords: Asthma; Neutrophils; Chemotaxis; Phagocytosis; Neutrophil extracellular traps; Glucocorticoids; Steroid
resistant

Abbreviations: DCs, dendritic cells; Th2, T helper type 2; BALF, bronchoalveolar lavage fluid; PAF, platelet activating
factor; fMLP, formyl-methionyl-leucyl-phenylalanine; ROS, reactive oxygen species; NETS, neutrophil extracellular traps;
LPS, lipopolysaccharide; GCs, glucocorticoids; NSAIDs, non-steroidal anti-inflammatory drugs; ASA, acetylsalicylic acid;
GR, glucocorticoid receptor; HDAC2, recruitment histone deacetylase-2; PMA, phorbol myristate acetate; MIF, macrophage
migration inhibitory factor; MKP-1, mitogen-activated protein kinase phosphatase-1.

To cite this article: Meijia Wang, et al. Aberrant function of neutrophils in asthma. Inflamm Cell Signal 2019; 6: €1535. doi:
10.14800/ics.1535.

demonstrated that neutrophils may involve in the
development or exacerbation, and especially be associated

Asthma is a very common disease characterized by airway
inflammation, reversible airway obstruction, airway
hyperresponsiveness, and airway structural remodeling % 21,
Many types of cells, such as eosinophils, T lymphocytes, mast
cells, neutrophils and dendritic cells (DCs) are involved in the
pathophysiology of the airway inflammation in asthma. The
role of T helper type 2 (Th2) lymphocytes, mast cells and
eosinophils in the pathogenesis of asthma has been well
established B1, but the role of neutrophils is controversial 1.
Previous studies demonstrated that severe asthma, persistent
asthmatic  status, acute asthma exacerbation, and
corticosteroid-resistant asthma were associated with
increased numbers of neutrophils in peripheral blood and
bronchoalveolar lavage fluid (BALF), sputum or bronchial
biopsy samples [5: 81, There is increasing evidence

with the severity of the disease [ 8. In this review, the
authors discussed the aberrant function of neutrophils in the
pathogenesis of airway inflammation in asthma.

Aberrant function of neutrophil in asthma

Neutrophils are the most abundant circulating
polymorphonuclear leukocytes in human peripheral blood
and play a fundamental role in the innate immunity !, They
are recruited rapidly to sites of inflammation and initiate the
inflammatory response, but they also actively participate in
the resolution of inflammation. Their primary role is to Kill
invading bacteria and certain fungal species through
phagocytosis by the release of preformed granular enzymes
and proteins, and the production of a range of oxygen species.
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Chemotaxis In the course of asthma, neutrophils infiltrate
the airways and release many inflammatory mediators during
early stage of asthma development [0, That neutrophils
migrating to airways is based on the reactivity of neutrophils
to chemoattractive signals, known as chemotaxis which is
crucial for an efficient control of pathogens [Y. The
chemotactic activity of neutrophils induced by platelet
activating factor (PAF) was greater in patients with asthma
than in healthy subjects, which implied that neutrophils
involved in the pathogenesis of asthma through their
heightened recruitment into the bronchoalveolar lumen and
the lung by local release of chemotactic factors [*2. Also,
neutrophils from asthmatic patients exhibited increased
chemotactic activity in the presence of homologous (pooled
sera from healthy individuals) or autologous (patient’s own
serum) serum compared with non-asthmatic controls.
Autologous serum-induced neutrophil chemotaxis in patients
with uncontrolled asthma was greater than controlled asthma
31 This phenomenon could be explained by increased
chemotactic factors, such as IL-8, TNFo, LTB4 and IL-17A,
in the circulation of patients suffering from asthma [& 14-171,
Our previous study also demonstrated that neutrophils from
steroid-resistant asthma released more IL-8 at the presence of
asthmatics serum, which might contribute to additional
recruitment and activation of neutrophils in a positive
feedback manner 81, Moreover, Lavinskiene et al. reported
that the migration of neutrophils to the airways after allergen
challenge was increased in asthmatic comparing to non-
asthmatic subjects, because they were more sensitive to I1L-8
stimulation 1. Though, a previous study indicated that
neutrophils from mild asthmatic subjects exhibited impaired
chemotaxis velocity in the presence of IL-8 and fMLP
(formyl-methionyl-leucyl-phenylalanine) compared  with
non-asthmatic patients suffering from allergic rhinitis. And
they identified neutrophil chemotaxis velocity as a sensitive
marker for the discrimination between asthmatic and non-
asthmatic individuals presenting similar symptoms from
airways [ The possibility to explain the impaired
chemotactic response of neutrophils might be the different
methods, microfluidic chip and automated readout method as
shown in their study [°. The increased migration of
neutrophils into the airways stimulates the accumulation and
abnormal activation of inflammatory cells, which are largely
responsible for oxidative stress and production of proteases
and inflammatory cytokines contributing to lung injury and
chronic inflammation 2 221,

Phagocytosis Neutrophils have long been considered as
phagocytes whose main purpose is to engulf and degrade
microorganisms. The reduced ability of alveolar
macrophages from subjects with COPD to phagocytose

apoptotic bronchial epithelial cells contributed to secondary
necrosis of the uncleared material and perpetuation of
inflammation [?3. And in non-eosinophilic asthma, the
persistent airway neutrophilia and chronic inflammation were
due to the impaired efferocytosis of macrophage %l It has
been demonstrated that neutrophilic phagocytosis in
asthmatic children was defective either when triggered via
pattern recognition receptors or mediated by complement and
immunoglobulin receptors. Moreover, short-term
corticosteroid treatment (3—6 months) was insufficient in
restoring proper phagocytic function of neutrophils [,
Though phagocytic activity was increased after challenge in
patients with asthma, it was still not sufficiently effective 1141,
The significant decrease in phagocytosis of neutrophils
shown in asthma contributed to the progression of late-phase
allergen-induced airway inflammation 925,

ROS Release of the reactive oxygen species (ROS) in the
mechanism of respiratory burst is one of the main functions
of neutrophils. Neutrophils recruited by allergen challenge
generate sustained ROS in the airways, which may promote
allergic inflammation through ROS generation 261, The
effects of reactive oxygen species in asthma include
decreased beta-adrenergic function in lungs, airway smooth
muscle contraction, increased vascular permeability,
bronchial hyperresponsiveness, increased mucus secretion,
impaired ciliary activity, generation of chemotactic factors
and lipid peroxidation, and secondary production of
mediators with a bronchoconstrictor effect 71, It has been
demonstrated that neutrophils purified from
bronchoalveolarlavage fluid and peripheral blood from
patients with allergic asthma released significantly higher
quantities of ROS compared to healthy individuals 3. 19 27-29],
In mice mode of asthma, the gp91phox deficiency mice, the
dominant superoxide generating enzyme in neutrophils, had
decreased ROS production, and attenuated allergic
inflammatory response to allergen challenge [, Activated
neutrophils in allergic patients cause the subsequent release
of intracellular toxic oxidants and enzymes, which in turn
activate proteases leading to more intensive ROS production.
And intensive ROS production activates redox-sensitive
signaling cascades, stimulates production of proinflammatory
cytokines, and promotes inflammation and lung damage 9.

Neutrophil extracellular traps Recently, it is discovered
that neutrophils are able to release their nuclear DNA in the
form of neutrophil extracellular traps, known as NETSs.
Neutrophil extracellular traps production results from the
extracellular release of decondensed chromatin, histones and
granular proteins from neutrophils activated by various
stimuli including cytokines (e.g. IL-8 or TNF-a), PMA,
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lipopolysaccharide (LPS), or microbial proteins B 321, NETs
are an important component of innate immunity, but their
role is ambiguous as causing severe host tissue damage in
certain pathological conditions 3. Accumulating evidences
shown that NETSs directly contributed to host cell death and
chronic tissue damage when formed in excess or were
insufficiently cleared by mechanisms that were still poorly
understood [B4. Recently, several studies have detected
increased NETs and NET components in neutrophils from
airways or peripheral blood of patients with asthma,
suggesting an involvement of NETS in asthma pathogenesis
35371 Accumulation of excessive NETs contributed to the
persistent airway neutrophilia and enhanced asthma severity
by damaging airway epithelium and triggering inflammatory
responses of human airway epithelial cells and eosinophils
B35 Thus further study should emphasize on elucidating the
exact role that NETSs are playing in asthma, and illuminating
whether regulation of neutrophil activation or NETs
formation will offer therapeutic benefit to patients.

Involvement of neutrophils in airway inflammation of
asthma

The role of neutrophils is ambiguous in the pathology of
asthma. Abundant studies reported that airway neutrophilic
inflammation was associated with asthma phenotypes/
endotypes, severe asthma, asthma exacerbations, and
corticosteroid treatment responses 381,

Phenotype Neutrophils are one of the most inflammatory
cells in airway. Based on the proportions of neutrophils and
eosinophils in sputum are the criteria for pathologic
phenotype of asthma. Subjects with increased eosinophils in
sputum are eosinophilic asthma; neutrophilic asthma are
based on raised sputum neutrophils above a defined cut-off
level and paucigranulocytic asthma are those with normal
numbers of both eosinophil and neutrophil in airways; In
addition, some individuals have a mixed type of
inflammation, mixed granulocytic asthma ,when there is
sputum neutrophilia and eosinophilia 9. Cut-off levels used
to define sputum eosinophilia were various in different
researches as follows: >1.01% 391 >204 [401, >204 [41] or >39,

2 but a > 3% cut-off was reported to be the most precise
value to identify airway eosinophilia 1. The cut-off for
sputum neutrophilia has not been clearly established with a
wide range of values: >40% [, >50% [51> 61% 181 or
>76%!47]

Severity and airflow obstruction The neutrophils may
contribute to the pathophysiology of severe asthma since
increased neutrophilic inflammation in induced sputum and

in the bronchial submucosa has been reported in such
patients [#-51 The persistent neutrophilic  airway
inflammation is associated with fixed airflow obstruction 91,
The relationship between neutrophilic airway inflammation
and progressive airflow obstruction is biologically plausible
because neutrophils can secrete a variety of inflammatory
factors including cytokines, proteases, and lung parenchymal
reactive oxygen species that can cause mucus hypersecretion
and airway damage [2l. Several researches shown that
sputum total neutrophil counts were associated with reduced
lung function and based on this finding it has been speculated
that airway neutrophils might involve in the pathophysiology
of irreversible airflow obstruction in asthma 52 531, Therefore,
neutrophils are increased in the airways of severe asthma,
and may contribute to refractory disease.

Glucocorticoids use Glucocorticoids (GCs) are the most
effective drugs for the treatment of asthma. It has been
proposed that airway neutrophilia seen in asthma might be
due to corticosteroid treatment for the function of promoting
neutrophil survival by inhibiting their apoptosis [+,
However, a study by Hastie et al. demonstrated that
corticosteroid treatment had no effects on sputum cell counts
suggesting minimal effects of continuous corticosteroids
exposure on sputum granulocytes 71, Another study on
severe asthma subjects shown that there was no statistical
difference in sputum neutrophilia between subjects on high
dose inhaled or chronic oral corticosteroids even though the
subjects stratified by intensity of corticosteroid exposure 441,
The persistent neutrophilia in asthma should not own to the
use of glucocorticoids, because glucocorticoids exerted the
same effects on the apoptosis of neutrophils from steroid-
sensitive asthma and steroid-resistant asthma with increased
neutrophils in airway, as shown in our study (8. In addition,
Uddin and colleagues indicated that unresolved airways
neutrophilia in severe asthma were the result of their
prolonged survival promoted by factors released by
inflammatory and structural cells of the airways [8l. So,
airway neutrophilia in asthma may be a manifestation of the
disease itself rather than the result of treatment with high-
dose corticosteroids.

Exacerbation Up to 80% of exacerbations in adults with
asthma were associated with sputum neutrophilia, although
the predominant sputum cell type could alter during
successive exacerbations 62 The causes of asthma
exacerbations are numerous including viruses, allergens (dust
mite, pollen, animal dander), occupational exposures (grains,
flours, cleaning agents, metals, irritants, woods), hormones
(menstrual asthma), drugs (ASA, NSAIDs, beta-blockers),
exercise, stress, and air pollutants. But viruses were detected
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in airway secretions in most of the cases [, It is widely
recognized that the neutrophilia might be the consequence of
a virus infection leading to the acute exacerbation. Some
studies have confirmed that predominant neutrophils in the
sputum of patients with acute asthma exacerbation were due
to respiratory tract infection [+ 51, However, neutrophils in
asthma exacerbations are also due to causes other than
infection. Increased neutrophil counts were observed in
bronchial lavage fluid of patients with noninfectious acute
exacerbations [%61. Dominant neutrophilic inflammation in
adults with acute asthma cannot be explained by infection,
since C. pneumoniae, a potential cause of asthma
exacerbation and neutrophilic inflammation was not detected
in almost all samples [71. Initial increased neutrophils,
interestingly, continued to increase throughout resolution of
the exacerbation, which reminded that neutrophil might have
roles in both the initiation and resolution of attacks [68l.

There have been limited effective methods to specifically
detect whether neutrophils in airways were a distinct
pathophysiological characteristic or the result of other factors,
such as glucocorticoids, infection.

Factors of insensitive to corticosteroids in neutrophilia

Neutrophils are generally considered to be less responsive
to GCs, since events involved in neutrophil activation,
including adherence, chemotaxis, degranulation, and
arachidonic acid metabolite release are not effectively
inhibited by glucocorticoids . In the course of asthma,
neutrophilic inflammation is associated with an impaired
therapeutic response to corticosteroids % 711, It is unknown if
the neutrophils themselves contribute to the relative steroid
insensitivity or if this is determined by the mechanisms that
lead to the recruitment of neutrophils in asthma ["2. Previous
studies about the mechanisms of glucocorticoid insensitivity
were focused on decreased binding affinity of the
glucocorticoid receptor (GR) and translocation, increased
expression of the alternatively-spliced variant GR-p,
increased binding of the activated GR receptor to pro-
inflammatory transcription factors such as AP-1 and reduced
recruitment of histone deacetylase and so on '3 71, And
those in their researches are mostly other cell types, such as
peripheral blood mononuclear cells [>771  alveolar
macrophages 7880 or monocytes 8- 8, These factors also
exerted critical effect on the impaired response to
glucocorticoid in neutrophilia.

Increased GR-f expression The effects of GC are
mediated by the GC receptor (GR) - o, which represses
expression of various genes encoding inflammatory

mediators [ 841 In addition to GR-a, GR-B functions as a
putative dominant negative form of GR-o by forming
heterodimers with it to impair steroid sensitivity (588 A
variety of pro-inflammatory cytokines were found to enhance
the expression of GR-f such as TNF-a, IFN-y, interleukin 1
(IL-1), IL-2 and IL-4 in combination, IL-17/IL-23 and IL-13
[85-87. 89. %01 " High levels of GR-B have been reported in
neutrophils, and these may be upregulated by IL-8. These
data suggests that the inflammatory environment in itself
may increase neutrophil insensitivity by increasing the ratio
of GR-B to GR-o, and promoting further heterodimer
formation [, It has not been proved whether other cytokines
could improve the expression of GR-f or not. The intensive
expression of GR-B contributed to neutrophil insensitivity.
And strategies aimed at reducing expression of GR-B in
neutrophils may provide a starting point for the development
of novel anti-inflammatory treatments for neutrophil-
associated disease.

Abnormal histone acetylation Histone acetylation plays a
critical role in the regulation of inflammatory genes and the
mechanism of action of glucocorticoids 2. The anti-
inflammatory actions of glucocorticoids are partly related to
the recruitment histone deacetylase-2 (HDAC2) activated by
glucocorticoid receptors (GR), which inhibits the activation
of inflammatory genes by the transcription factor nuclear
factor-k B (NF-x B) 31, Reduced HDAC?2 activity has been
reported in numerous glucocorticoid-insensitive diseases 4.
A recent research focused on abnormal histone acetylation of
neutrophils shown that impaired nuclear recruitment of
histone deacetylase-2 (HDAC2) could be an important
mechanism of steroid resistance of the neutrophilic
inflammation in exacerbations of asthma, which led to
continuing enhanced expression of  neutrophil
chemoattractants and survival factors [51.  Additionally,
oxidants in the airways of asthmatic patients generated by
oxidative stress were due to the formation of peroxynitrite,
tyrosine nitration, and lipid peroxidation, which could
decrease the activity of HDAC?2 via the nitration of tyrosine
residues in HDAC2 81, Tyrosine nitration of HDAC?2 is an
important mechanism of steroid resistance 7). These studies
suggest that abnormal histone acetylation is an important
mechanism of glucocorticoid resistance in asthma.

Immune mechanisms

Neutrophils play a critical role in the inflammatory and
immune responses by the virtue of their ability to produce a
variety of cytokines. Though, Hirsch and colleagues reported
that glucocorticoids exerted similar genomic effects on
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neutrophils and on other blood leukocytes by quantifying the
effect of glucocorticoids on LPS-induced pro-inflammatory
mRNA expression in neutrophils and neutrophil-depleted
leukocytes €1, In our recent study, dexamethasone exerted
impaired anti-inflammatory action on neutrophils from
steroid-resistant asthma at the present of atopic asthmatic
serum, a mimic of asthmatic milieu, by showing that the
inhibition of IL-8 production by dexamethasone in steroid-
resistant asthma was less when compared to steroid-sensitive
asthma [28l, Similarly, a previous study on blood neutrophils
in severe asthma shown that oxidative burst stimulated by
phorbol myristate acetate (PMA), and the release of IL-8
which represented the activation of neutrophils, were not
inhibited by oral corticosteroids [*°l. Those data indicated that
impaired function of glucocorticoids on neutrophils to
repress pro-inflammation cytokine in some condition might
be important in the pathogenesis of severe steroid-resistant
asthma.

The importance of TH17 cells in neutrophilic
inflammation lies in the ability of IL-17 to induce
granulopoiesis, neutrophil chemotaxis, and the anti-apoptotic
property of G-CSF [19. 1011 Accumulating evidences suggest
a correlation between high levels of IL-17 and steroid-
resistant disease 1192, In mice, TH17 cell-mediated airway
inflammation and AHR are steroid resistant 1%, [L-17A, a
crucial inflammatory cytokine produced by Thil7 cells,
induces a glucocorticoid resistance in human airway
epithelial cells, which is mediated by PI3K activation and
subsequent reduction of HDAC2 activity [194. The role of IL-
17 in glucocorticoid resistance is also associated with the
expression of GR-B in airway epithelial cells, which is not
suppressed by glucocorticoids in-vitro (%I Recently, a
research by Murcia and colleagues demonstrated that
activation and increased survival of equine neutrophils
induced by IL-17 was insensitive to glucocorticoids %I, So,
glucocorticoid resistance induced by Th17 cells may be an
important pathogenesis of steroid-resistance in airway
neutrophilia.

Other factors

As mentioned above in this review, NETSs are associated
with inflammation and disease severity in chronic airway
diseases [3* 1. While glucocorticoid had no effect on the
NETs formation in peripheral blood neutrophils induced by
activation, phorbol myristate acetate (PMA), in vitro 1071,
Decreased phagocytosis in neutrophils did not return to
normal after corticosteroid treatment [24  because
corticosteroids decrease the phagocytosis which has been
seen in monocytes with decreased phagocytosis and

repression the release of inflammatory cytokines by
corticosteroids [1% 1091 Asthmatic milieu impedes the anti-
inflammatory of glucocorticoid in steroid resistant asthma €1,
Macrophage migration inhibitory factor (MIF) is an
immunologic regulator that has anti-glucocorticoid effects
[0 1t is induced by glucocorticoids and inhibits their
anti-inflammatory effects, by inhibiting the induction of
MKP-1. MIF has been implicated in the pathogenesis of
allergic inflammation in mouse models of asthma and in
severe asthma [11% 1121,

Conclusion and future directions

No matter whether neutrophilia in asthma is due to
corticosteroids, chronic pulmonary infection, delayed
neutrophil apoptosis, or the alternative pathology of
asthma .The role of neutrophils in the development of asthma
is crucial. And their presence may be associated with
increased asthma severity. Alterations in neutrophil functions
lead to ineffective removal of pathogens and increased
inflammation [2°], Hence, novel targeted medications must be
developed that could control neutrophilic inflammation and
still maintain their antibacterial/anti-fungal properties, thus
allowing individuals to maintain effective innate immune
responses to invading pathogens. Further development of
strategies that emphasize on factors leading to insensitive
responsiveness to glucocorticoid in neutrophilia may increase
the efficacy of glucocorticoid therapy in asthmatic patients
with neutrophilia and ultimately improve therapeutic benefits.

Conflicting interests

The authors have declared that no conflict of interests
exist.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (No. 81570033, 81570047, 81470227,
81370145, 81370156), National key basic research and
development program (973 Program, No. 2015CB553403)
and Changjiang Scholars and Innovative Research Team in
University (No. IRT_14R20).

Author contributions

M.W. contributed to the conception, drafting, editing of
the manuscript. J.Z. and J.X. contributed to the conception,
provided overall supervision and critically revised the
manuscript. All authors read and approved the final
manuscript.

Page 5 of 9



Inflammation & Cell Signaling 2019; 6: e1535. doi: 10.14800/ics.1535; © 2019 by Meijia Wang, et al.

www.smartscitech.com/index.phplics

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Chanez P, Humbert M. Asthma: still a promising future? European
Respiratory Review 2014; 23:405-407.

Kudo M, Ishigatsubo Y, Aoki I. Pathology of asthma. Front
Microbiol 2013; 4:263.

Elias JA, Lee CG, Zheng T, Ma B, Homer RJ, Zhu Z. New
insights into the pathogenesis of asthma. J Clin Invest 2003;
111:291-297.

Foley SC, Hamid Q. Images in allergy and immunology:
neutrophils in asthma. J Allergy Clin Immunol 2007; 119:1282-
1286.

Jatakanon A, Uasuf C, Maziak W, Lim S, Chung KF, Barnes PJ.
Neutrophilic inflammation in severe persistent asthma. Am J
Respir Crit Care Med 1999; 160:1532-1539.

Macdowell AL, Peters SP. Neutrophils in asthma. Curr Allergy
Asthma Rep 2007; 7:464-468.

Holgate ST, Polosa R. Treatment strategies for allergy and asthma.
Nat Rev Immunol 2008; 8:218-230.

Wenzel SE. Asthma: defining of the persistent adult phenotypes.
Lancet 2006; 368:804-813.

Summers C, Rankin SM, Condliffe AM, Singh N, Peters AM,
Chilvers ER. Neutrophil kinetics in health and disease. Trends
Immunol 2010; 31:318-324.

Monteseirin J. Neutrophils and asthma. J Investig Allergol Clin
Immunol 2009; 19:340-354.

Lavinskiene S, Bajoriuniene 1, Malakauskas K, Jeroch J,
Sakalauskas R. Sputum neutrophil count after bronchial allergen
challenge is related to peripheral blood neutrophil chemotaxis in
asthma patients. Inflamm Res 2014; 63:951-959.

Rabier M, Damon M, Chanez P, Mencia HJ, Braquet P, Bousquet
J, et al. Neutrophil chemotactic activity of PAF, histamine and
neuromediators in bronchial asthma. J Lipid Mediat 1991; 4:265-
275.

Mosca T, Menezes MC, Silva AV, Stirbulov R, Forte WC.
Chemotactic and Phagocytic Activity of Blood Neutrophils in
Allergic Asthma. Immunol Invest 2015; 44:509-520.

Simpson JL, Grissell TV, Douwes J, Scott RJ, Boyle MJ, Gibson
PG. Innate immune activation in neutrophilic asthma and
bronchiectasis. Thorax 2007; 62:211-218.

Wood LG, Baines KJ, Fu J, Scott HA, Gibson PG. The
neutrophilic inflammatory phenotype is associated with systemic
inflammation in asthma. Chest 2012; 142:86-93.

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; 190:1094-1101.

Wenzel SE, Trudeau JB, Kaminsky DA, Cohn J, Martin RJ,
Westcott JY. Effect of 5-lipoxygenase inhibition on
bronchoconstriction and airway inflammation in nocturnal
asthma. Am J Respir Crit Care Med 1995; 152:897-905.

Wang M, Gao P, Wu X, Chen Y, Feng Y, Yang Q, et al.
Impaired anti-inflammatory action of glucocorticoid in
neutrophil from patients with steroid-resistant asthma. Respir
Res 2016; 17:153.

Lavinskiene S, Jeroch J, Malakauskas K, Bajoriuniene I, Jackute
J, Sakalauskas R. Peripheral blood neutrophil activity during

Page 6 of 9

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Dermatophagoides  pteronyssinus-induced late-phase  airway
inflammation in patients with allergic rhinitis and asthma.
Inflammation 2012; 35:1600-1609.

Sackmann EK, Berthier E, Schwantes EA, Fichtinger PS, Evans
MD, Dziadzio LL, et al. Characterizing asthma from a drop of
blood using neutrophil chemotaxis. Proc Natl Acad Sci U S A
2014; 111:5813-5818.

Rahman I, Biswas SK, Kode A. Oxidant and antioxidant balance
in the airways and airway diseases. Eur J Pharmacol 2006;
533:222-239.

Chung KF, Adcock IM. Multifaceted mechanisms in COPD:
inflammation, immunity, and tissue repair and destruction. Eur
Respir J 2008; 31:1334-1356.

Simpson JL, Gibson PG, Yang IA, Upham J, James A, Reynolds
PN, et al. Impaired macrophage phagocytosis in non-eosinophilic
asthma. Clin Exp Allergy 2013; 43:29-35.

Da SC, Couto SC, Muniz-Junqueira MI. Inhaled corticosteroid
treatment for 6 months was not sufficient to normalize
phagocytosis in asthmatic children. Clin Transl Allergy 2013; 3:28.

Alexis NE, Eldridge MW, Peden DB. Effect of inhaled endotoxin
on airway and circulating inflammatory cell phagocytosis and
CD11b expression in atopic asthmatic subjects. J Allergy Clin
Immunol 2003; 112:353-361.

Hosoki K, Itazawa T, Boldogh I, Sur S. Neutrophil recruitment by
allergens contribute to allergic sensitization and allergic
inflammation. Curr Opin Allergy Cl 2016; 16:45-50.

Marcal LE, Rehder J, Newburger PE, Condino-Neto A.
Superoxide release and cellular gluthatione peroxidase activity in
leukocytes from children with persistent asthma. Braz J Med Biol
Res 2004, 37:1607-1613.

Sartorelli CF, Rehder J, Condino NA, Vilela MM. Assessment of
inflammation based on the release of oxygen radicals by
granulocytes in chronic uncontrolled asthma. J Pediatr (Rio J)
2009; 85:143-148.

Monteseirin J, Camacho MJ, Bonilla I, De la Calle A, Guardia P,
Conde J, et al. Respiratory burst in neutrophils from asthmatic
patients. J Asthma 2002; 39:619-624.

Sevin CM, Newcomb DC, Toki S, Han W, Sherrill TP, Boswell
MG, et al. Deficiency of gp9lphox inhibits allergic airway
inflammation. Am J Respir Cell Mol Biol 2013; 49:396-402.

Brinkmann V, Zychlinsky A. Neutrophil extracellular traps: is
immunity the second function of chromatin? J Cell Biol 2012;
198:773-783.

Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y,
Weiss DS, et al. Neutrophil extracellular traps Kill bacteria. Science
2004; 303:1532-1535.

Remijsen Q, Kuijpers TW, Wirawan E, Lippens S, Vandenabeele P,
Vanden BT. Dying for a cause: NETosis, mechanisms behind an
antimicrobial cell death modality. Cell Death Differ 2011; 18:581-
588.

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

Pham DL, Ban GY, Kim SH, Shin YS, Ye YM, Chwae YJ, et al.
Neutrophil autophagy and extracellular DNA traps contribute to
airway inflammation in severe asthma. Clin Exp Allergy 2017;



36.

ar7.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Inflammation & Cell Signaling 2019; 6: e1535. doi: 10.14800/ics.1535; © 2019 by Meijia Wang, et al.

www.smartscitech.com/index.phplics

47:57-70.

Dworski R, Simon HU, Hoskins A, Yousefi S. Eosinophil and
neutrophil extracellular DNA traps in human allergic asthmatic
airways. J Allergy Clin Immunol 2011; 127:1260-1266.

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;
21:467-475.

Pham DL, Kim SH, Losol P, Yang EM, Shin YS, Ye YM, et al.
Association of autophagy related gene polymorphisms with
neutrophilic airway inflammation in adult asthma. Korean J Intern
Med 2016; 31:375-385.

Simpson JL, Scott R, Boyle MJ, Gibson PG. Inflammatory
subtypes in asthma: assessment and identification using induced
sputum. Respirology 2006; 11:54-61.

Peters MC, Mekonnen ZK, Yuan S, Bhakta NR, Woodruff PG,
Fahy JV. Measures of gene expression in sputum cells can identify
TH2-high and TH2-low subtypes of asthma. J Allergy Clin
Immunol 2014; 133:388-394.

McGrath KW, Icitovic N, Boushey HA, Lazarus SC, Sutherland
ER, Chinchilli VM, et al. A large subgroup of mild-to-moderate
asthma is persistently noneosinophilic. Am J Respir Crit Care Med
2012; 185:612-619.

Zhang XY, Simpson JL, Powell H, Yang IA, Upham JW,
Reynolds PN, et al. Full blood count parameters for the detection
of asthma inflammatory phenotypes. Clin Exp Allergy 2014;
44:1137-1145.

Simpson JL, MCcElduff P, Gibson PG. Assessment and
reproducibility of non-eosinophilic asthma using induced sputum.
Respiration 2010; 79:147-151.

Moore WC, Hastie AT, Li X, Li H, Busse WW, Jarjour NN, et al.
Sputum neutrophil counts are associated with more severe asthma
phenotypes using cluster analysis. J Allergy Clin Immunol 2014;
133:1557-1563.

Chaudhuri R, Norris V, Kelly K, Zhu CQ, Ambery C, Lafferty J,
et al. Effects of a FLAP inhibitor, GSK2190915, in asthmatics
with high sputum neutrophils. Pulm Pharmacol Ther 2014; 27:62-
69.

Simpson JL, Milne DG, Gibson PG. Neutrophilic asthma has
different radiographic features to COPD and smokers. Respir Med
2009; 103:881-887.

Schleich FN, Manise M, Sele J, Henket M, Seidel L, Louis R.
Distribution of sputum cellular phenotype in a large asthma
cohort: predicting factors for eosinophilic vs neutrophilic
inflammation. BMC Pulm Med 2013; 13:11.

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; 156:737-743.

WENZEL SE, SCHWARTZ LB, LANGMACK EL,
HALLIDAY JL, TRUDEAU JB, GIBBS RL, et al. Evidence
That Severe Asthma Can Be Divided Pathologically into Two
Inflammatory Subtypes with Distinct Physiologic and Clinical
Characteristics. Am J Resp Crit Care 1999; 160:1001-1008.

The ENFUMOSA cross-sectional European multicentre study of
the clinical phenotype of chronic severe asthma. European

Page 7 of 9

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Network for Understanding Mechanisms of Severe Asthma. Eur
Respir J 2003; 22:470-477.

Gibson PG, Simpson JL, Saltos N. Heterogeneity of airway
inflammation in persistent asthma: evidence of neutrophilic
inflammation and increased sputum interleukin-8. Chest 2001;
119:1329-1336.

Little SA, MacLeod KJ, Chalmers GW, Love JG, McSharry C,
Thomson NC. Association of forced expiratory volume with
disease duration and sputum neutrophils in chronic asthma. Am J
Med 2002; 112:446-452.

Shaw DE, Berry MA, Hargadon B, McKenna S, Shelley MJ,
Green RH, et al. Association between neutrophilic airway
inflammation and airflow limitation in adults with asthma. Chest
2007; 132:1871-1875.

Nguyen LT, Lim S, Oates T, Chung KF. Increase in airway
neutrophils after oral but not inhaled corticosteroid therapy in
mild asthma. Respir Med 2005; 99:200-207.

Meagher LC, Cousin JM, Seckl JR, Haslett C. Opposing effects of
glucocorticoids on the rate of apoptosis in neutrophilic and
eosinophilic granulocytes. J Immunol 1996; 156:4422-4428.

Michlewska S, Dransfield I, Megson IL, Rossi AG. Macrophage
phagocytosis of apoptotic neutrophils is critically regulated by the
opposing actions of pro-inflammatory and anti-inflammatory
agents: key role for TNF-alpha. FASEB J 2009; 23:844-854.

Hastie AT, Moore WC, Meyers DA, Vestal PL, Li H, Peters SP, et
al. Analyses of asthma severity phenotypes and inflammatory
proteins in subjects stratified by sputum granulocytes. J Allergy
Clin Immunol 2010; 125:1028-1036.

Uddin M, Nong G, Ward J, Seumois G, Prince LR, Wilson SJ, et
al. Prosurvival activity for airway neutrophils in severe asthma.
Thorax 2010; 65:684-689.

Thomson NC. Novel approaches to the management of
noneosinophilic asthma. Therapeutic Advances in Respiratory
Disease 2016; 10:211-234.

Wang F, He XY, Baines KJ, Gunawardhana LP, Simpson JL, Li F,
et al. Different inflammatory phenotypes in adults and children
with acute asthma. Eur Respir J 2011; 38:567-574.

Maneechotesuwan K, Essilfie-Quaye S, Kharitonov SA, Adcock
IM, Barnes PJ. Loss of control of asthma following inhaled
corticosteroid withdrawal is associated with increased sputum
interleukin-8 and neutrophils. Chest 2007; 132:98-105.

D'Silva L, Cook RJ, Allen CJ, Hargreave FE, Parameswaran K.
Changing pattern of sputum cell counts during successive
exacerbations of airway disease. Respir Med 2007; 101:2217-2220.

Dougherty RH, Fahy JV. Acute exacerbations of asthma:
epidemiology, biology and the exacerbation-prone phenotype. Clin
Exp Allergy 2009; 39:193-202.

Fahy JV, Kim KW, Liu J, Boushey HA. Prominent neutrophilic
inflammation in sputum from subjects with asthma exacerbation. J
Allergy Clin Immunol 1995; 95:843-852.

Nicholson KG, Kent J, Ireland DC. Respiratory viruses and
exacerbations of asthma in adults. BMJ 1993; 307:982-986.

Lamblin C, Gosset P, Tillie-Leblond I, Saulnier F, Marquette CH,
Wallaert B, et al. Bronchial neutrophilia in patients with
noninfectious status asthmaticus. Am J Respir Crit Care Med 1998;



67.

68.

69.

70.

71

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

Inflammation & Cell Signaling 2019; 6: e1535. doi: 10.14800/ics.1535; © 2019 by Meijia Wang, et al.

www.smartscitech.com/index.phplics

157:394-402.

Wang F, He XY, Baines KJ, Gunawardhana LP, Simpson JL, Li F,
et al. Different inflammatory phenotypes in adults and children
with acute asthma. Eur Respir J 2011; 38:567-574.

Trevor JL, Deshane JS. Refractory asthma: mechanisms, targets,
and therapy. Allergy 2014; 69:817-827.

Schleimer RP, Freeland HS, Peters SP, Brown KE, Derse CP. An
assessment of the effects of glucocorticoids on degranulation,
chemotaxis, binding to vascular endothelium and formation of
leukotriene B4 by purified human neutrophils. J Pharmacol Exp
Ther 1989; 250:598-605.

Green RH, Brightling CE, Woltmann G, Parker D, Wardlaw AJ,
Pavord ID. Analysis of induced sputum in adults with asthma:
identification of subgroup with isolated sputum neutrophilia and

poor response to inhaled corticosteroids. Thorax 2002; 57:875-879.

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

Nair P, Aziz-Ur-Rehman A, Radford K. Therapeutic implications
of ‘neutrophilic asthma’. Curr Opin Pulm Med 2015; 21:33-38.

Barnes PJ, Adcock IM. Glucocorticoid resistance in inflammatory
diseases. Lancet 2009; 373:1905-1917.

Boardman C, Chachi L, Gavrila A, Keenan CR, Perry MM, Xia
YC, et al. Mechanisms of glucocorticoid action and insensitivity
in airways disease. Pulm Pharmacol Ther 2014; 29:129-143.

Irusen E, Matthews JG, Takahashi A, Barnes PJ, Chung KEF,
Adcock IM. p38 Mitogen-activated protein kinase-induced
glucocorticoid receptor phosphorylation reduces its activity: role
in steroid-insensitive asthma. J Allergy Clin Immunol 2002;
109:649-657.

Gagliardo R, Chanez P, Vignola AM, Bousquet J, Vachier I,
Godard P, et al. Glucocorticoid receptor alpha and beta in
glucocorticoid dependent asthma. Am J Respir Crit Care Med
2000; 162:7-13.

Goleva E, Jackson LP, Gleason M, Leung DYM. Usefulness of
PBMCs to predict clinical response to corticosteroids in
asthmatic patients. J Allergy Clin Immun 2012; 129:687-693.

Goleva E, Li LB, Eves PT, Strand MJ, Martin RJ, Leung DY.
Increased glucocorticoid receptor beta alters steroid response in
glucocorticoid-insensitive asthma. Am J Respir Crit Care Med
2006; 173:607-616.

Bhavsar P, Hew M, Khorasani N, Torrego A, Barnes PJ, Adcock
I, et al. Relative corticosteroid insensitivity of alveolar
macrophages in severe asthma compared with non-severe asthma.
Thorax 2008; 63:784-790.

Lea S, Harbron C, Khan N, Booth G, Armstrong J, Singh D.
Corticosteroid insensitive alveolar macrophages from asthma
patients; synergistic interaction with a p38 mitogen-activated
protein kinase (MAPK) inhibitor. Br J Clin Pharmacol 2015;
79:756-766.

Li LB, Leung DY, Goleva E. Activated p38 MAPK in Peripheral
Blood Monocytes of Steroid Resistant Asthmatics. PLoS One
2015; 10:141909.

Zhang Y, Leung DYM, Goleva E. Anti-inflammatory and

Page 8 of 9

83.

84.

85.

86.

87.

88.

89.

90.

91.

93.

94.

95.

96.

97.

corticosteroid-enhancing actions of vitamin D in monocytes of
patients with steroid-resistant and those with steroid-sensitive
asthma. J Allergy Clin Immun 2014; 133:1744-1752.

Lu Nz, Cidlowski JA. Translational regulatory mechanisms
generate N-terminal glucocorticoid receptor isoforms with unique
transcriptional target genes. Mol Cell 2005; 18:331-342.

Cato AC, Wade E. Molecular mechanisms of anti-inflammatory
action of glucocorticoids. Bioessays 1996; 18:371-378.

Tliba O, Cidlowski JA, Amrani Y. CD38 expression is insensitive
to steroid action in cells treated with tumor necrosis factor-alpha
and interferon-gamma by a mechanism involving the up-
regulation of the glucocorticoid receptor beta isoform. Mol
Pharmacol 2006; 69:588-596.

Webster JC, Oakley RH, Jewell CM, Cidlowski JA.
Proinflammatory  cytokines regulate human glucocorticoid
receptor gene expression and lead to the accumulation of the
dominant negative beta isoform: a mechanism for the generation
of glucocorticoid resistance. Proc Natl Acad Sci U S A 2001;
98:6865-6870.

Leung DY, Hamid Q, Vottero A, Szefler SJ, Surs W, Minshall E,
et al. Association of glucocorticoid insensitivity with increased
expression of glucocorticoid receptor beta. J Exp Med 1997;
186:1567-1574.

Hamid QA, Wenzel SE, Hauk PJ, Tsicopoulos A, Wallaert B,
Lafitte JJ, et al. Increased glucocorticoid receptor beta in airway
cells of glucocorticoid-insensitive asthma. Am J Respir Crit Care
Med 1999; 159:1600-1604.

Kraft M, Hamid Q, Chrousos GP, Martin RJ, Leung DY.
Decreased steroid responsiveness at night in nocturnal asthma. Is
the macrophage responsible? Am J Respir Crit Care Med 2001;
163:1219-1225.

Vazquez-Tello A, Halwani R, Hamid Q, Al-Muhsen S.
Glucocorticoid receptor-beta up-regulation and steroid resistance
induction by IL-17 and IL-23 cytokine stimulation in peripheral
mononuclear cells. J Clin Immunol 2013; 33:466-478.

Strickland I, Kisich K, Hauk PJ, Vottero A, Chrousos GP, Klemm
DJ, et al. High constitutive glucocorticoid receptor beta in human
neutrophils enables them to reduce their spontaneous rate of cell
death in response to corticosteroids. J Exp Med 2001; 193:585-593.

Barnes PJ. Transcription factors in airway diseases. Lab Invest 2006;
86:867-872.

Ito K, Yamamura S, Essilfie-Quaye S, Cosio B, Ito M, Barnes PJ, et
al. Histone deacetylase 2-mediated deacetylation of the
glucocorticoid receptor enables NF-kappaB suppression. J Exp Med
2006; 203:7-13.

Barnes PJ, Ito K, Adcock IM. Corticosteroid resistance in chronic
obstructive pulmonary disease: inactivation of histone deacetylase.
Lancet 2004; 363:731-733.

Ito K, Herbert C, Siegle JS, Vuppusetty C, Hansbro N, Thomas PS,
et al. Steroid-Resistant Neutrophilic Inflammation in a Mouse
Model of an Acute Exacerbation of Asthma. Am J Resp Cell Mol
2008; 39:543-550.

Sugiura H, Komaki Y, Koarai A, Ichinose M. Nitrative stress in
refractory asthma. J Allergy Clin Immunol 2008; 121:355-360.

Osoata GO, Hanazawa T, Brindicci C, Ito M, Barnes PJ, Kharitonov
S, et al. Peroxynitrite elevation in exhaled breath condensate of



98.

99.

100.

101.

102.

103.

104.

105.

Inflammation & Cell Signaling 2019; 6: e1535. doi: 10.14800/ics.1535; © 2019 by Meijia Wang, et al.

www.smartscitech.com/index.phplics

COPD and its inhibition by fudosteine. Chest 2009; 135:1513-1520.

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.

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

Kolls JK, Linden A. Interleukin-17 family members and
inflammation. Immunity 2004; 21:467-476.

Ouyang W, Kolls JK, Zheng Y. The biological functions of T
helper 17 cell effector cytokines in inflammation. Immunity 2008;
28:454-467.

Silverpil E, Linden A. IL-17 in human asthma. Expert Rev Respir
Med 2012; 6:173-186.

McKinley L, Alcorn JF, Peterson A, Dupont RB, Kapadia S,
Logar A, et al. TH17 cells mediate steroid-resistant airway
inflammation and airway hyperresponsiveness in mice. J
Immunol 2008; 181:4089-4097.

Zijlstra GJ, Ten HN, Hoffmann RF, van Oosterhout AJ, Heijink
IH. Interleukin-17A induces glucocorticoid insensitivity in human
bronchial epithelial cells. Eur Respir J 2012; 39:439-445.

Vazquez-Tello A, Semlali A, Chakir J, Martin JG, Leung DY,
Eidelman DH, et al. Induction of glucocorticoid receptor-beta

106.

107.

108.

109.

110.

111.

112.

Page 9 of 9

expression in epithelial cells of asthmatic airways by T-helper
type 17 cytokines. Clin Exp Allergy 2010; 40:1312-1322.

Murcia RY, Vargas A, Lavoie JP. The Interleukin-17 Induced
Activation and Increased Survival of Equine Neutrophils Is
Insensitive to Glucocorticoids. PL0oS One 2016; 11:e154755.

Lapponi MJ, Carestia A, Landoni VI, Rivadeneyra L, Etulain J,
Negrotto S, et al. Regulation of neutrophil extracellular trap
formation by anti-inflammatory drugs. J Pharmacol Exp Ther
2013; 345:430-437.

Donnelly LE, Barnes PJ. Defective phagocytosis in airways
disease. Chest 2012; 141:1055-1062.

Barnes PJ. How corticosteroids control inflammation: Quintiles
Prize Lecture 2005. Br J Pharmacol 2006; 148:245-254.

Flaster H, Bernhagen J, Calandra T, Bucala R. The macrophage
migration inhibitory factor-glucocorticoid dyad: regulation of
inflammation and immunity. Mol Endocrinol 2007; 21:1267-1280.

Mizue Y, Ghani S, Leng L, McDonald C, Kong P, Baugh J, et al.
Role for macrophage migration inhibitory factor in asthma. Proc
Natl Acad Sci U S A 2005; 102:14410-14415.

Rossi AG, Haslett C, Hirani N, Greening AP, Rahman |, Metz
CN, et al. Human circulating eosinophils secrete macrophage
migration inhibitory factor (MIF). Potential role in asthma. J Clin
Invest 1998; 101:2869-2874.



