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Abstract

Asthma is a chronic inflammatory disorder of the airways. While the local infiltration of
eosinophils and mast cells, and their role in the disease, have long been recognized, neutrophil
infiltration has also been assessed in many clinical studies. In these studies, airway neutrophilia
was associated with asthma severity. Importantly, neutrophilia also correlates with asthma that is
refractory to corticosteroids, the mainstay of asthma treatment. However, it is now increasingly
recognized that neutrophils are a heterogeneous population, and a more precise phenotyping of
these cells may help delineate different subtypes of asthma. Here, we review the current
knowledge on the role of neutrophils in asthma and highlight future avenues of research in this
field.

Epidemiology of Neutrophilic Asthma

Asthma has long been associated with eosinophilic inflammation as well as IgE-mediated
mast cell activation, commonly described as a component of the “atopic march.” Due to the
sensitivity of this type 2 inflammation to corticosteroids, inhibition of airway inflammation
by inhaled corticosteroids has been the cornerstone of asthma therapy. However, neutrophilic
inflammation is observed during asthma exacerbations and, importantly, in subgroups of
patients with severe asthma that is more steroid-refractory as well. Indeed, studies performed
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two decades ago reported a higher neutrophil burden compared to eosinophils in the lung
tissue of patients who had died from an asthma exacerbation [1]. Subsequent studies
identified two broad inflammatory phenotypes in the airways of asthmatics-those with
eosinophilic inflammation and others with neutrophil-dominated inflammation [2, 3],
suggesting that these may represent two subtypes of the disease. More generally, an increase
in neutrophil counts in the sputum of adults with persistent asthma [4] and in that of children
with acute asthma exacerbations was reported [5]. However there is controversy whether
solely the presence of eosinophils or neutrophils can be used as a binary disease classifier as
there may be overlap between these two phenotypes. In adults, a subset of asthmatics was
identified with high sputum neutrophil counts who responded poorly to treatment with
inhaled corticosteroids [6]. Also, sputum neutrophil counts were associated with disease
severity [7]. Notably, an increased number of airway neutrophils does not denote prolonged
disease since the numbers do not differ among those with early versus late onset of disease
[8]. Altogether, these studies hinted at a potentially important role of neutrophils in asthma,
and a likely association with a distinct, more steroid-refractory subtype of the disease, even
though these preliminary observations did not always distinguish between a bystander versus
a driver role for this cell population.

Type 2 and Non-type 2 Asthma and the Association of Neutrophils with

Asthma Severity and Lung Function

Woodruff and colleagues broadly classified the immune response in asthma into two groups-
Th2high and Th2!°W based on gene expression in the airways [9]. It appears that
approximately 50% of patients, whether diagnosed with mild or severe asthma, harbors a
type 2 inflammatory response in their airways [9-12]. Whereas in mild asthma, a type 2
inflammatory response is generally linked to early-onset, atopic/allergic disease, in severe
asthma, the relationship to atopy/allergy is less clear [13-15]. Despite the decreasing
prevalence of atopy in severe disease, studies of various type 2 inflammation-directed
therapies are beginning to link the adult onset/nasal polyp-associated phenotype with type 2
cytokine pathways, which include pathways traditionally associated with atopy/allergy (IL-4
and IL-13) and eosinophils (IL-5) [12, 16, 17]. Whether these clinical responses to agents
targeting type 2 inflammation in less allergic/atopic patients imply efficacy disassociated
from allergy or whether IgE responses exist locally or to non-traditional allergens is not
known. Recent studies show the presence of a complex inflammatory process in severe
asthma despite treatment with high doses of inhaled or systemic corticosteroids. In one
study, clustering analysis of the Severe Asthma Research Program (SARP) cohort was
performed using 112 variables, including immune-inflammatory cell counts from blood and
bronchoalveolar lavage (BAL) fluid, allergy skin tests, and IgE. This study led to the
identification of a severe asthma cluster, in which the patients showed the most impaired
lung function with persistent eosinophils in the BAL fluid in combination with high
neutrophil counts and exhaled nitric oxide (FeNO, fractional exhaled nitric oxide) [12].
These data suggest that eosinophilic inflammation can be also refractory to steroids and
perhaps combined eosinophilic/neutrophilic inflammation may be a biomarker of the most
severe form of the disease.
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The presence of high FeNO in this most severe asthma cluster was surprising since
corticosteroids are typically effective in reducing FeNO levels in milder asthma. However,
this finding of high FeNO in patients with severe asthma maintained on high doses of
corticosteroids was also observed in other studies [18, 19]. The enzyme inducible nitric
oxide synthase (iNOS/NOS2), which catalyzes the generation of NO, is strongly induced by
type 2 cytokines, and thus would be expected to be responsive to treatment [20]. However,
NOS?2 is also induced in human airway epithelial cells by the type I cytokine IFN-y [21]. To
further explore the complex role of FeNO in asthma, particularly in severe asthma, an
epithelial cell gene profiling study was conducted to identify genes strongly correlated with
FeNO [11]. The resulting FeNO-associated 589 genes were then used to cluster 155 patients.
This exercise yielded five different clusters, one of which was associated with more severe
disease [11]. In addition to elevation of type 2-related genes, one of three high FeNO
clusters also revealed elevations in IFN-related genes. Recent studies in both mice and
humans have highlighted increased Th1/IFN-y and Th17/IL-17 responses in asthma,
particularly in corticosteroid-resistant severe asthma, which is often associated with
neutrophil infiltration of the airways [22, 23]. Transcripts for /L17A were found to be
elevated in the sputum of patients with asthma and were correlated with CXCL8 (IL8)
transcripts and sputum neutrophils as well as asthma severity [24]. In a pre-clinical model,
adoptive transfer of antigen-specific Th17 cells as opposed to Th2 cells mediated
neutrophilic airway inflammation, and airway hyperreactivity (AHR) that was more steroid
resistant [25]. When BAL cells of asthmatics were examined, higher frequencies of CD4+ T
cells expressing IFN-y and IL-17 in the airways of severe asthmatics as compared to that in
milder asthmatics were reported in independent studies [22, 26]. Using a mouse model of
severe asthma that matched the Th1/Th17 profile in humans, a role for IFN-y but not for
IL-17 was observed in promoting AHR [22]. Similarly, a recently published study has
identified Th1l and Th17 cells in the BAL of severe asthmatics based on chemokine receptor
expression - Thl cells being CCR6-CCR4- and Th17 cells being CCR6*CCR4* [27]. In this
study, the frequency of Th1l but not of Th17 cells was inversely correlated with lung function
(% forced expiratory volume in 1s or %FEV1) [27].

Collectively these studies show that non-type 2 inflammation (in the presence or absence of
persistent type 2 inflammation) is likely to be important in inducing specific clinical
phenotypes in severe disease. In particular, type 1 responses and IFN-y appear as most often
associated with neutrophilic airway inflammation, IFN-driven nitric oxide production, and
poor response to corticosteroids.

Obesity, Smoking, Gastroesophageal Reflux and Airway Neutrophilia

The percentage of neutrophils in the sputum of healthy controls ranges from 0-30% [28, 29],
the etiology of which may be shear stress in the mucosa during the induction process,
influence of specific resident microbiota or prior exposures to environmental agents. For
example, higher sputum neutrophil counts were documented in ex-smokers [28]. However,
the percentage of neutrophils in sputa can be much higher in asthma. For example, a recent
UBIOPRED hierarchical clustering analysis of sputum transcriptomics identified three
clusters in asthma patients [30]. Cluster 1 was associated with sputum eosinophilia and the
Th2 genes /L1IRL1and CCRS3. Cluster 2 was associated with the highest level of sputum
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neutrophilia (> 90%) accompanied by a marked increase in the expression of CXCR1/2and
members of the /FN (both type | and type Il interferon inducible genes) and 7/A/F families.
Pathway analysis revealed an association of cluster 2 with innate lymphoid cell types 1 and 3
as well as with inflammasome signatures, suggesting that type | and Il IFNs and the
inflammasome may be key drivers of this endotype. Cluster 3 was found to comprise genes
associated with metabolic pathways, ubiquitination and mitochondrial function and this
cluster also tracked with moderate to high sputum eosinophil counts. Thus, since both type
17 responses and type 1 responses can drive neutrophilia, transcript analysis may improve
the specification of neutrophils in sputum as well as disease classification. This idea is also
supported by recent single cell sequencing technologies that have revealed the
underappreciated heterogeneity of myeloid cell types, even in cells of similar morphology
[31]. Moreover, similar to that observed in a prior study [32], cluster 2 was associated with
systemic inflammation as demonstrated by elevated CRP and IL-6 levels in blood.

Gastroesophageal reflux disease (GERD) has been found to be a common feature in severe
asthmatics in both the SARP [33] and UBIOPRED [15] cohorts. In the latter study, both
nasal polyps and symptoms of GERD were found to be more frequent among severe
asthmatics. In one cohort, GERD was associated with sputum neutrophilia [34]. Initial
studies failed to detect an association between obesity and neutrophilic airway inflammation
in asthma, which may have been due to small sample size and neglecting to consider the
influence of sex in the analysis [35-37]. In a subsequent study, an association between
obesity and neutrophil numbers in the airways was evident in females only. In males, serum
levels of saturated fatty acids correlated with airway neutrophil counts [38]. Smoking
worsens asthma symptoms and morbidity and promotes neutrophilic asthma [39]. In pre-
clinical models of high fat diet consumption, obesity-induced changes in AHR was driven
by high IL-17 production from group 3 innate lymphoid cells, which can also mediate
airway neutrophilia [40]. Obesity in pediatric subjects with asthma can also exacerbate lung
obstruction [40] but the role of airway neutrophilia in this process remains unclear. Subjects
with obesity and asthma also have higher occurrences of GERD and obesity was inversely
associated with sputum eosinophils and FeNO levels [41]. Thus, co-morbid factors such as
obesity and GERD as well as obstructive sleep apnea may influence airway inflammatory
responses and are important covariates in sputum analysis.

Altogether, these studies highlight the association of neutrophilia with a particular
transcriptomic signature, as well as with specific risk factors, suggesting that neutrophilic
asthma could be a bona fide subtype of asthma with a distinct pathological process.

and Neutrophilic Asthma

In the context of airway disease, microbial infection has been best appreciated and examined
in chronic obstructive pulmonary disease (COPD) and cystic fibrosis (CF). Fungi, viruses,
and bacteria have all been associated with neutrophilic corticosteroid-refractory severe
asthma. Among fungi, Aspergillus fumigatus has been identified in severe asthma with
fungal sensitization (SAFS), and a neutrophilic response is mounted to combat the infection
[42]. Infections by respiratory viruses have been associated with both asthma onset and
asthma exacerbations [43]. In infants less than 2 years of age, respiratory syncytial virus
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(RSV)-induced severe bronchiolitis is a risk factor for developing asthma in later life [44,
45]. RSV infection can cause severe wheezing and induce neutrophilic airway inflammation
[44, 45]. In addition to RSV, in young children and adults, human rhinovirus (HRV)
infection can cause acute severe asthma exacerbations [43]. In one study, HRV inoculation
into asthmatics, but not healthy controls, induced severe lower respiratory tract symptoms
associated with bronchoconstriction, impairment of lung function and infiltration of both
neutrophils and eosinophils into the airways [46]. Early reports of bacterial infections of the
asthmatic airway [47, 48] were followed up by additional investigations that suggest a role
for bacterial colonization of the airways in stable neutrophilic corticosteroid-refractory
severe asthma [49, 50]. Several bacterial species have been detected in the sputum of stable
severe asthmatics harboring neutrophilic airway inflammation, which include Chlamyadia
pneumoniae, Streptococcus pneumoniae, Mycoplasma pneumoniae, Haemophilus
influenzae, Moraxella catarrhalis and Staphylococcus aureus [49, 50]. Neutrophilic asthma
has been also associated with a reduced diversity of the lung microbiota which is replaced
by a higher frequency of the bacteria 7Tropheryma whippleiand H. influenzae [51]. This
suggests that airway dysbiosis may be responsible for some aspects of sputum neutrophilia
in asthma. Increased neutrophil numbers in the airways have been also associated with viral
infections often in the context of asthma exacerbations [1, 5, 52-54]. It is important to note
that association between neutrophils and asthma exacerbations has been also made in the
absence of infections [55].

That specific pathogens may promote corticosteroid insensitivity was demonstrated in an
interesting study in which infection of BAL macrophages by Haemophilus parainfluenzae
but not by commensal bacteria belonging to the genus Prevotella inhibited the expression of
genes that confer response to corticosteroids [56]. Pathogens may also enhance neutrophil
survival in the airways. Indeed, pattern recognition receptors expressed on the surface of
neutrophils serve to prolong neutrophil survival by activation of specific regulators
downstream such as NF-xB and mitogen-activated protein kinases (MAPKS) [57]. Clearly,
investigations of the role of specific pathogens in disease severity and response to therapy is
an emerging area and it will be of particular interest if identification of specific bacteria or
their communities can help predict disease severity, nature of the immune response as well
as response to treatment.

Like certain forms of asthma, COPD is also characterized by high sputum neutrophils and
elevated levels of CXCLS8 [58]. Thus, there is an overlap between neutrophilic asthma and
certain aspects of COPD. However, there are important differences including a higher
prevalence of H. influenzae in the sputum of subjects with COPD [51]. Additionally, FeNO
levels have been reported to be higher in subjects with asthma and asthma-COPD overlap
syndrome compared to that in subjects with COPD [59]. In an effort to better discriminate
between patients with fixed airflow obstruction as caused by asthma versus COPD, recent
studies have highlighted differences in the concentrations of urinary metabolites [60] and
sagittal-lung CT measurements [61] in the two disease settings. These tools however require
replication in additional cohorts of subjects.
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Mediators and Their Impact on Neutrophilic Inflammation

A number of soluble mediators have been shown to play a role in regulating lung neutrophil
recruitment (Table I) and the adhesion molecules involved in this process have recently been
reviewed [62]. An increase in the level of the chemokine CXCL8 (IL-8) was detected in the
sputum [2] and nasal secretions of asthmatics [53], CXCL8 being the most potent neutrophil
chemoattractant in the lung [63]. Although various cell types including airway epithelial
cells, T cells and macrophages can secrete CXCLS8, neutrophils themselves have been shown
to produce this chemokine, suggesting a feed forward loop that promotes neutrophil
recruitment to the airways [2]. Interestingly, neutrophils from asthmatic but not non-
asthmatic subjects were shown to express the high-affinity IgE receptor, FcsRI, whose
engagement led to release of CXCLS8 from the neutrophils [64]. CXCLS8 is also induced by
IL-17, which can be produced by both -y5 and af T cells [65]. The relevance of this
induction is highlighted by cross-talk between human neutrophils and Th17 cells, with each
favoring the recruitment of the other cell type via release of chemokines including CXCL8
[66]. These studies also showed secretion of the chemokine CXCL10 by neutrophils
facilitating recruitment of Th1 cells, the signature cytokine produced by these cells being
IFN-y. IFN-y has been implicated in the chemotaxis of human neutrophils as well via
upregulation of the chemokine receptors CCR1 and CCR3 on the neutrophils [67]. Thus, it
is possible that neutrophils, Th1l and Th17 cells establish a communication network in the
airways of some severe asthmatics, which as discussed below, is refractory to treatment by
inhaled or oral corticosteroids. While the association between IL-17 and neutrophils was
found upon sampling of sputum of asthmatics [24, 68], examination of IL-17A and IL-17F
levels in biopsies failed to find a relationship between the levels of these cytokines and
neutrophilic inflammation [69, 70]. In contrast, the association between IL-17 and
neutrophilic inflammation is well-documented in other diseases such as psoriasis, where
targeting the IL-17R with Brodalumab reduces neutrophil infiltration of the skin with
improvement in disease [71, 72]. These results argue that more studies are needed to
establish a cause and effect relationship between IL-17 and neutrophilic airway
inflammation in asthma [70]. Studies have also documented an increase in the level of TNF-
a in the airways of asthmatics [73, 74]. Exposure of normal human subjects to TNF-a by
inhalation induced AHR with increased sputum neutrophil counts [75].

Collectively, these studies demonstrate the potential for an active induction of airway
neutrophilia by mediators that induce steroid-refractory disease. However, in some patients,
neutrophilia could be a passive process due to increased demargination (due to reduced
sequestration in the pulmonary vasculature), and the reduction of sputum eosinophils could
be due to a consequence of corticosteroid treatment rather than a fundamental difference in
physiopathology. Which infiltration mechanism is relevant in any individual patient will
likely require assessing these pathways in induced sputum or the development of improved
breath and serum biomarkers. These types of approaches may ultimately help further
delineate the different pathological mechanisms of different disease subtypes.
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Beneficial and Adverse Effects of Neutrophils in the Asthmatic Airway

Neutrophils constitute the first line of defense during pulmonary infection and a host of tools
in their armamentarium can target and kill pathogens [76]. Neutrophils can also release
chemotactic factors and preformed granule proteins that attract monocytes/macrophages to
the site of infection, thus shaping the immune infiltrate [77]. The enzyme NADPH oxidase
plays an important role in the anti-microbial activity of neutrophils, through the generation
of reactive oxygen species, the activation of granular proteases and the release of neutrophil
extracellular traps (NETS) [78]. NETs are composed of neutrophil DNA and coated with
anti-microbial factors, including histones and antimicrobial peptides. NETs can therefore
functions as physical and biological barriers to pathogen dissemination [79]. NET formation
is also facilitated by proinflammatory cytokines, and while NETS participate in pathogen
elimination, they can also exacerbate airway disease such as asthma and COPD. Indeed,
studies have linked NETS to airway obstruction in both asthma and COPD [80, 81].

Neutrophils can exert additional adverse effects on the airways including airway narrowing
due to airway remodeling, mucus hypersecretion mediated by neutrophil elastase [82],
increased airway smooth muscle responsiveness [83] and a rapid decline in lung function
[84]. Airway remodeling associated with thickening of the reticular basement membrane,
airway smooth muscle hypertrophy and hyperplasia, mucus gland hyperplasia are
characteristic features of asthma that contribute to progressive and irreversible loss of lung
function [85]. Airway remodeling is generally believed to be a consequence of heightened
airway inflammation in asthmatics. Mediators released by both structural cells and
inflammatory cells have been implicated in airway remodeling. One such mediator is
transforming growth factor (TGF)-p, which can be produced by multiple cell types in the
asthmatic airway including neutrophils. TGF- is a pro-fibrotic cytokine and is the one most
associated with airway remodeling in asthma [86]. While peripheral blood neutrophils
constitutively express TGF-B in both asthmatics and healthy controls, those present in
asthmatics secrete a higher level of TGF-B [87]. Eosinophils are considered a major source
of TGF-B in the airways of asthmatics. In addition, airway epithelial cells are also an
important source of various mediators including TGF-p and thus these cells can no longer be
viewed merely as structural cells [86].

Airway remodeling may be also promoted by neutrophil-generated matrix metalloprotease
-9 (MMP-9) [88] and elastase [89]. Neutrophil elastase augments IL-8 production from
airway epithelial cells promoting a feed forward loop in neutrophil recruitment to the
airways. The level of neutrophil elastase was shown to inversely correlate with lung function
(as measured by force expiratory volume in 1 second or FEV1) [90]. Neutrophil elastase
also has the ability to inactivate tissue inhibitor of metalloproteinase-1 (TIMP-1), which
inhibits MMP-9 [91]. An imbalance in protease (MMP-9)/anti-protease (TIMP-1) levels has
been implicated in asthma pathogenesis, that is characterized by the persistence of proteases
such as MMP-9 and neutrophil elastase and decreased levels of anti-proteases such as
TIMP-1 and secretory leukocyte protease inhibitor (SLPI, an inhibitor of neutrophil elastase)
[22, 90, 92]. Although the expression of SLPI can be upregulated by pro-inflammatory
cytokines, IFN-y, which is present in relatively high levels in the airways of many severe
asthmatics, inhibits SLPI expression [22, 93, 94]. An imbalance in MMP-9/TIMP-1 has
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been also associated with persistent wheezing in preschool children [95]. Despite the
generally accepted notion of airway inflammation guiding airway remodeling, this
association has been disputed based on studies conducted in both children and adults. A
study involving pre-school children failed to detect any association between airway
inflammation and airway remodeling [96]. In a different study in adults, while allergen
exposure induced airway inflammation, bronchoconstriction and airway remodeling,
methacholine challenge induced bronchoconstriction and airway remodeling but no airway
inflammation [97].

Epithelial barrier function can be also affected by an increased neutrophil burden in the
airways. One study showed neutrophils to be a major source of the cytokine Oncostatin M,
which affected epithelial barrier function in the airways of patients with severe asthma or in
those with chronic rhinosinusitis [98].

Thus, while inflammation and remodeling may not always go hand in hand, it is clear that
neutrophils can actively participate in both processes, through the production of chemokines
and proteases. The net effect of their activity is in turn likely to be modulated by both lung
epithelial cells and other recruited immune cells, highlighting the importance of a thorough
evaluation of the micro-environment in different subtypes of asthma patients.

Factors contributing to Neutrophil Persistence in Asthmatic Airways

Inhibition of airway inflammation by inhaled corticosteroids is the cornerstone of asthma
therapy. However, severe asthma is poorly responsive to corticosteroids [4, 23, 99, 100].
Multiple mechanisms may underlie the lack of response to corticosteroids in asthma. Severe
asthmatics maintained on a high level of inhaled and often systemic corticosteroids display
high numbers of sputum neutrophils. While corticosteroids promote the apoptosis of
eosinophils, they have been shown to inhibit the apoptosis of neutrophils [101, 102]. In fact,
elevation of airway neutrophil numbers has been associated with high dose inhaled [103]
and oral corticosteroids [104]. Another factor that may contribute to neutrophil persistence
and survival in the airways is ATP, which can be released from dying cells [105-107].
Inflammatory mediators such as LTB4 have been also implicated in human neutrophil
survival with reversal observed with LTB4 receptor blockade [108]. As discussed above,
pathogen-induced mechanisms can also promote neutrophil survival [57]. It is, however,
unclear whether blockade of initiation of apoptosis or removal of dying neutrophils
(efferocytosis) or both contributes to persistence of neutrophils in the airways of asthmatics.
In any case, it is important to identify all factors that contribute to increased numbers of
neutrophils in asthmatics whose symptoms are poorly controlled by conventional therapy.

Potential Treatments for Neutrophilic Asthma

With the inability of corticosteroids to ameliorate neutrophilic asthma, there is considerable
interest in alternative strategies to target neutrophils in severe asthma with a high neutrophil
burden [23, 100]. Since infections with bacteria such as Chlamydomonas pneumoniae,
Mycoplasma pneumoniae and Staphylococcus aureus and viruses such as rhinovirus have
been associated with asthma exacerbations [23], macrolides with antibacterial and antiviral
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properties have been examined in clinical trials as an alternative therapeutic modality. For
example, the macrolide clarithromycin was used to treat severe corticosteroid-refractory
asthma in a double-blind placebo-controlled study, [109]. The results were encouraging with
8 weeks of clarithromycin treatment causing a significant reduction in airway neutrophil
numbers and the level of CXCL8 and improvement in symptoms [109]. Independent meta-
analyses have concluded that use of macrolides results in improvements in asthma
symptoms and that macrolides are beneficial in patients with non-eosinophilic asthma
[110-112]. However, currently, there is insufficient data in support of macrolide use as a
standard of care in asthma. Also, there is concern about the emergence of macrolide-
resistant organisms and cardiovascular complications resulting from long-term macrolide
use [113]. In other approaches, an antagonist to the CXCL8 receptor, CXCR2, was used
which caused a significant reduction in airway neutrophil numbers in the airways of the
asthmatics [114]. Targeting the IL-17 receptor, however, did not alleviate disease symptoms
in a cohort of patients with inadequately controlled moderate to severe asthma [115]. It is
also unclear how effective the 1L-17 receptor occupancy was and whether this may be a
variable in assessing response to drug. Targeting TNF-a has also not improved lung function
[116-118] although one of these studies reported a 50% reduction in asthma exacerbations
[118]. The lack of efficacy of these studies may be due to the heterogeneity of these patient
subgroups with poorly controlled asthma. Collectively, each of these alternate therapeutic
approaches may have benefit in alleviating specific outcome measures in sub-groups of
asthmatics, and a better understanding of asthma endotypes will help to guide more targeted
therapy in the future.

State of Neutrophil Maturation and Activation

Another important consideration in the context of disease complexity is heterogeneity within
the neutrophils themselves (Figure 1). Recent literature highlights significant heterogeneity
in neutrophil populations both in circulation and in tissues [119]. The neutrophils recovered
from different sites in health or in different disease states appear to be at different states of
maturity and activation. While the concept of neutrophil heterogeneity is not new [120],
there is renewed interest in understanding the effector function of neutrophils as pro-
inflammatory or immunosuppressive cells. There is considerable ongoing effort to
phenotypically better define inflammatory versus suppressive neutrophils, which will be
immensely helpful to stratify patients for specific therapies. Thus, it can be expected that
improved characterization of neutrophils in the airways of asthmatics rather than their mere
numbers will better inform us whether or not the neutrophils should be targeted to alleviate
disease symptoms.

Concluding Remarks

Airway neutrophils in asthma have been associated with disease severity and acute asthma
exacerbations (Figure 1). Recent reports show association of neutrophilic airway
inflammation with severe asthma in the context of non-type 2 inflammation, which may or
may not be accompanied by type 2 inflammation and airway eosinophils. Several mediators
have been implicated in neutrophil recruitment to the airways, although a direct cause and
effect relationship in each case is not sufficiently established. Infection of the respiratory
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tract by pathogens induces a neutrophilic response as a measure of host defense, and could
represent a driver for the disease. While neutrophils play an important role in pathogen
elimination, persistent neutrophilia and the associated secretion of proteases has detrimental
consequences in the airways, including airway injury and obstruction, mucus hypersecretion
and airway remodeling. Corticosteroids, which are the mainstay of asthma therapy, fail to
suppress neutrophilic inflammation and may even promote neutrophil survival. While
alternate therapeutic agents such as macrolides, that target pathogens, have shown promise
in reducing sputum neutrophil numbers with improvement in symptoms, this treatment
modality is not considered a viable long-term option because of the potential for inducing
macrolide-resistant organisms as also adverse cardiovascular outcomes. Molecules
associated with high neutrophil burden such as the chemokine receptor CXCR2 have been
also been targeted in clinical trials with some efficacy but it is doubtful that a single
approach will benefit all subjects because of differences in the underlying pathophysiologies
in different asthmatics. An additional issue at stake is heterogeneity among neutrophil
populations both with respect to state of maturity and activation. Notwithstanding these
handicaps, neutrophils remain an important biomarker of disease. However, the mere
presence of neutrophils in sputum or BAL fluid lacks precision to serve as an independent
biomarker because of the multiple confounders that can influence their presence and
function including obesity, GERD, smoking and medications. Controlling for these
confounders combined with assessment of proximal mediators that can regulate active
neutrophil recruitment and function such as leukotrienes, IL-17, IFN-y and TNF-a and
increased use of single cell transcriptomics may better guide future clinical trials for patients
with corticosteroid-refractory neutrophilic asthma. This, in turn, would allow better
precision in utilizing neutrophils to define asthma endotypes (see Outstanding questions).
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Outstanding questions

What are the immune pathways (type I, type 17, others) that result in airway
neutrophilia?

How do disease exacerbations influence this response and are neutrophils a useful
biomarker in stable versus unstable disease?

Avre all neutrophils the same or does neutrophil heterogeneity contribute to asthma
severity?

Do neutrophils play a role in resolution of inflammation in the asthmatic airway?
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Box

Airway neutrophilia has been associated with asthma severity and asthma exacerbations,
however, neutrophils can also be detected in the airways of both healthy subjects and
mild asthmatics.

Multiple mediators including chemokines, cytokines and lipids can promote neutrophil
recruitment to the airways, and smoking and comorbidities such as gastroesophageal
reflux and obesity have shown positive relationships with sputum neutrophil counts.

Neutrophils can combat infections and Kill pathogens but can also have adverse effects on
the airways, through the effects of proteases and reactive oxygen species.

An improved understanding of neutrophil populations would allow better precision in
using neutrophils to define asthma phenotypes.
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Figure 1. Contrasting features of eosinophilic mild asthma and mixed neutrophilic/eosinophilic
severe asthma

Eosinophilic allergic asthma is characteristic of 50% of mild asthma. Other features of mild
allergic asthma include increased type 2 inflammation in the airways accompanied by
elevated serum IgE levels, mast cell activation and attenuation of symptoms by low dose
inhaled corticosteroids. In mild allergic asthma, eosinophils typically undergo apoptosis in
the presence of corticosteroids. In contrast, neutrophils can be detected in the airways of
severe asthmatics, often in conjunction with eosinophils. Neutrophils infiltrate the airways of
asthmatics during asthma exacerbations, and have been detected in the airways of
individuals who died from an asthma attack. Pathogens, smoking and different co-
morbidities can trigger neutrophil recruitment to the airways. The cytokines CXCLS, IL-17,
tumor necrosis factor (TNF)-a., interferon (IFN)-y and the leukotriene LTB4 promote
neutrophil infiltration of the airways with the neutrophils themselves occasionally being a
source of CXCLS8 providing a feed-forward loop. While mediators released from neutrophils
like reactive oxygen species (ROS) and proteases help in host defense, some of these
proteases such as elastase and MMP-9 negatively regulate the levels of TIMP-1 and SLPI
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creating a protease-antiprotease imbalance, which can promote bronchoconstriction.
Increased secretion of TGF-p by neutrophils promotes airway remodeling, a characteristic
feature of persistent asthma. Neutrophils are generally resistant to the anti-inflammatory or
pro-apoptotic effects of corticosteroids. Resistance to corticosteroid-induced apoptosis is
also observed in the case of eosinophils in severe disease. Although neutrophilic airway
inflammation is well described in asthmatics, there is insufficient information regarding their
phenotype or state of activation or even their inflammatory or suppressive function in
different asthmatics, which should be taken into consideration before targeting these cells to
alleviate asthma.
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Table 1
Soluble mediators associated with neutrophilic airway inflammation
Cytokines References
IL-1a A [21]
IL-1B A [122,123]
IL-1Ra I [124]
IL-6 1 [125]
IL-10 VI [126,127]
IL-17 A [24, 25, 40]
IL-23 4 [128,129]
IFN-y 1 [22,23]
TNF-a 4 [130, 131]
Lipids
LTB, 4 [132]
Lipoxin A4 Vv [133,134]
ResolvinD1/E1 Vv [134,135]
PGD2 v [136]
Chemokines
CXCL1 A [137,138]
CXCL5 1 [59]
CXCL6 1 [139]
CXCL8 A [140]
Complement/peptides
C5a A [141,142]
FMLP A [143, 144]
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