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Neutrophil ghosts worsen asthma
Marsha Wills-Karp
Neutrophil cytoplasts are linked to amplification of T helper 17–mediated inflammation and severe asthma.

understand the mechanisms driving these
aberrant neutrophilic inflammatory re
sponses, with the ultimate goal of the devel
opment of alternative therapies to improve
clinical outcomes.
Neutrophils are the most abundant type
of leukocyte in peripheral human blood and
have long been known to wield a double-
edged sword as both pathogen killers and
maestros of resolution and tissue repair.
They serve as a critical frontline defense
against invading pathogens by directly phago
cytosing their targets or by releasing toxic
components via degranulation. PMNs are
traditionally thought of as short-lived, ter
minally differentiated cells, but they can
persist in inflamed tissues through the ac
tions of multiple survival factors and cause
tissue damage. As such, the recruitment and
activation of neutrophils are tightly regulated
to balance their powerful effector functions
with their potential to destroy tissue.
Our understanding of neutrophil biology
has been advanced by the discovery of neu
trophil extracellular trap (NET) formation,
a process by which neutrophils externalize
weblike chromatin strands decorated with
antimicrobial peptides, proteases, and cyto
toxic enzymes (6). Like PMNs themselves,
NETs can entrap and kill microbes and ini
tiate inflammatory responses.
The formation of NETs (a process referred
to as NETosis) is stimulated by a variety of
microbes [fungi, viruses, bacteria, and bacterial
components such as lipopolysaccharide (LPS)]
and host factors [granulocyte-macrophage
colony-stimulating factor (GM-CSF), IL-8,
and C5a], which causes the neutrophil nu
clear envelope to disintegrate to allow mixing
of chromatin with granular proteins. NE
Tosis requires the presence of enzymes from
neutrophil granules [myeloperoxidase (MPO),
neutrophil elastase (NE), and peptidyl argi
nine deiminase (PAD4)]. NE and MPO
degrade histones and promote chromatin
decondensation, and PAD4 mediates chro
matin decondensation by hypercitrullinating
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positively charged arginines on specific his
tones. Unlike cells undergoing apoptosis,
PMNs do not necessarily die after extrusion
of their DNA during NETosis. Instead, PMN
cytoplasts (ghosts) devoid of DNA and cyto
plasm are generated and have been shown
to maintain many, but not all, functions of
intact PMNs (7). Emerging evidence suggest
that the persistence of NETs in tissues con
tributes to the pathogenesis of a number of
inflammatory disorders, including those of
the lung (1, 8).
Krishnamoorthy et al. (1) explored the
role of NETs in neutrophilic inflammation
in mice cosensitized with the aeroallergen
house dust mite (HDM) and the bacterial
component LPS (Fig. 1). LPS/HDM cosen
sitization drove neutrophilic lung inflam
mation, whereas allergen sensitization alone
resulted in a dominant eosinophil influx.
LPS-driven neutrophilia was associated with
elevations in lung-draining lymph node IL17A levels. Of note, eosinophil numbers were
suppressed in HDM/LPS-treated mice de
spite sustained levels of type 2 cytokines.
HDM/LPS treatment of mice greatly elevated
NET-associated DNA (hypercitrullinated his
tone H3) in bronchoalveolar lavage fluids
(BALFs) but not in mice exposed only to HDM/
Veh. Interestingly, enucleated neutrophil cy
toplasts (CD45+CD11b+Ly6g+DNA−) were evi
dent in the lungs of HDM/LPS-sensitized and
HDM/LPS-challenged mice and virtually ab
sent in the BALF of HDM/Veh-exposed mice.
These studies demonstrate that NETs and
neutrophil cytoplasts are formed in the al
lergic lung after exposure to an aeroallergen
in conjunction with a bacterial trigger, thus
resembling what is observed in bacterially
driven exacerbations of asthma.
Evidence that NETosis was responsible for
both the marked neutrophilia and NET for
mation observed after LPS/HDM exposure
was provided in PAD4-deficient mice (1).
PAD4 deficiency led to a marked reduction
in LPS/HDM-induced neutrophilic inflam
mation, NETosis (H3-DNA), and the num
bers of cytoplasts present in the lung. Most
impressively, the loss of NET formation re
sulted in protection against the development
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Asthma is a heterogeneous inflammatory
disease that plagues modern societies. The
disease often differs in severity of airway
obstruction and symptoms, frequency of
exacerbations and hospitalizations, treatment
responses, and inflammatory profiles. Where
as most asthmatics present with eosinophilic
inflammation, a subset of patients with a
neutrophilic inflammatory profile may pre
sent with a more severe disease that is resis
tant to corticosteroid therapy.
Despite the clinical importance of severe
asthma, there is a limited understanding of
the drivers of neutrophilic inflammation and
the mechanisms by which polymorphonu
clear cells (PMNs, or neutrophils) may worsen
asthma symptoms. In this issue of Science
Immunology, Krishnamoorthy et al. (1) pro
vide new and unexpected insight into the
causal link between neutrophil cytoplasts and
severe asthma that could fuel development
of new therapies.
Asthma has traditionally been associated
with aberrant T helper 2 (T H2) immune
responses to innocuous environmental an
tigens, resulting in eosinophilic inflamma
tory responses in the lung, impaired lung
function [reductions in forced expiratory
volume (FEV1)], and excessive mucus pro
duction (2). However, recent unbiased clus
ter analyses of cellular and clinical data have
revealed the existence of both T H2-high
[interleukin-13 (IL-13), IL-5, and IL-4] and
TH2-low endotypes (3). The TH2-low endo
types have been associated with either mixed
neutrophilic/eosinophilic or predominantly
neutrophilic pulmonary inflammation. Neu
trophilic counts and the levels of the neu
trophil chemoattractant IL-8 have been
reported to be the only biomarkers that dis
tinguish severe or moderate asthma from
mild asthma (4). The TH17-derived cytokine
IL-17A, which is a potent regulator of neu
trophil recruitment, has been implicated
in severe disease pathology and steroid-
resistant airway inflammation (5). Together,
these findings underscore the need to better
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in the lungs of HDM-sensitized mice was
sufficient to recapitulate many features
of RV-induced type 2 immune responses
and asthma pathology. Likewise, they re
ported a substantial correlation between
Airway
epithelium
the release of double-stranded DNA af
ter RV infection and type 2 inflamma
tion in humans. The differences in the
contribution of DNA to lung inflamma
DC activation
Neutrophil
IL-8
tion in these two studies are unknown but
GM-CSF
may be due to the nature of the stimulus-
PMN
live RV infection versus LPS. Nonetheless,
cytoplast
these studies suggest that extracellular
DNA likely accentuates type 2 immunity,
PMN
not neutrophilic inflammation, even though
DNA may accumulate as a result of a
neutrophil-dependent process.
?
NETosis
Because NETosis appeared to be
Th17
important in the regulation of IL-17A,
Th2
the authors tested the hypothesis that
IL-17A
PMN
NETosis and cytoplast generation were
extravasation
IL-17–dependent (1). Interestingly, anti
VCAM-1
body blockade of IL-17A before sensiti
PAD4
IL-13
DNA
zation of mice with HDM/LPS reduced
NE
IL-4
the influx of PMNs into the lungs but
Endothelium
MPO
IL-5
CitH3
did not affect lung cytoplast generation.
These findings suggest that IL-17 pro
duction is downstream of cytoplast gen
?
eration and that other as-yet-unknown
B cell
LPS-dependent facts drive cytoplast gen
EOS
IgE
eration, which in turn leads to IL-17A
production and PMN recruitment and
activation.
Because PMN cytoplasts were found
Mast cell
Airway smooth muscle
in the lung-draining lymph nodes of HDM/
LPS-sensitized mice, Krishnamoorthy et al.
Fig. 1. NETosis exacerbates allergic inflammation. Exposure to allergens in susceptible individuals drives TH2 cy(1)
postulated that cytoplasts may influ
tokine production, resulting in immunoglobulin E (IgE) antibody production, eosinophilic inflammation, mucus hyence dendritic cell (DC)–driven CD4+
persecretion, and AHR. Coincident microbial infections lead to the recruitment of PMNs and the initiation of NETosis,
T cell differentiation. In vitro coculture
which releases DNA into the extracellular space and generates neutrophil cytoplasts. These cytoplasts migrate to the
lymph node and, through their interactions with DCs, drive TH17 cell differentiation. The newly generated TH17 cells
of lung DCs with cytoplasts, but not in
release IL-17A, which amplifies the neutrophilic inflammatory response through its ability to up-regulate GM-CSF,
tact PMNs, triggered antigen-specific
IL-8, and vascular cell adhesion molecule–1 (VCAM-1) expression, leading to increased PMN differentiation and
IL-17 production from naïve CD4+ T cells.
extravasation from the bloodstream into airway tissues. Together, these processes drive exacerbation of allergic asthma.
These findings suggest that cytoplasts,
but not intact PMNs, have developed
of allergen-driven airway hyperresponsive LPS-sensitized mice degraded NETs but re properties through NETosis that drive T cell
ness (AHR), mucus cell metaplasia, and the duced the levels of DNA and NETs in the differentiation. Although the exact signals
expansion of IL-17–producing cells in the lungs. lungs; it did not have an impact on neutro emanating from cytoplasts that instruct T cell
Interestingly, this protection occurred without philic inflammation in this model, suggest programming were not identified in this
reductions in type 2–mediated immune re ing that these two events are independently study, the ability of cytoplasts to drive TH17
sponses (eosinophilia; IL-13+ cells). Together, regulated (1). A study by Toussaint et al. (9) differentiation was shown to require con
these results suggest that products of NETosis demonstrated that DNase treatment pre tact between DCs and cytoplasts and to be
(DNA, NE granules, and cytoplasts) are able vented rhinovirus (RV)–induced exacer associated with elevated levels of major
to enhance asthma symptoms independently bation of type 2–mediated allergic airway histocompatibility complex class II expres
of type 2 immune responses.
inflammation, but they observed that the sion on cytoplasts. This observation sup
Previous studies have suggested that DNA and NETs were of neutrophil, not ported the possibility that cytoplasts may
elevated extracellular DNA levels resulting eosinophil, origin. PMN depletion and NE in present antigen to T cells, which has been
from NETosis were the likely culprit in hibition protected mice from type 2 immu previously proposed but not proven. Fur
increasing asthma symptoms (8). Deoxy nopathology and RV-driven accentuation of ther studies are needed to elucidate the ex
ribonuclease (DNase) treatment of HDM/ AHR, and injection of mouse genomic DNA act signals that cytoplasts convey to DCs
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Findings from Krishnamoorthy et al. (1)
provide a plausible explanation for the role
that neutrophils may play in the pathogene
sis of severe asthma. NETosis and cytoplast
generation likely occur as a result of expo
sure to microbial products or infections
(bacteria, viruses, and fungi) in allergen-
sensitized individuals, but not as a result of
allergen sensitization per se. Although ex
truded DNA likely up-regulates type 2 immune
responses, neutrophil cytoplasts activate the
TH17 arm of the immune system, further
enhancing PMN recruitment and activation
and presumably leading to tissue damage
that triggers asthma exacerbations through
mechanisms yet to be determined. The co
incident use of steroids, which prolongs the
survival of PMNs, further propagates this
cycle. Many questions remain regarding the
role of NETs and PMN cytoplasts in asthma
pathogenesis: What are the precise signals
directing NETosis? How do IL-17A and/or
PMNs drive exacerbations of asthma? And
why do only certain asthmatics mount these
neutrophilic inflammatory responses, despite
all individuals experiencing microbial infec
tions? Nonetheless, blockade of this process
may provide some benefit in the subset of
asthma patients with this phenotype. Broad
suppression of neutrophil function is not a
realistic approach, but targeting specific ac
tions of PMNs may be warranted to disrupt
this destructive cycle. The availability of
multiple ways to interfere with NETosis and
cytoplast generation (IL-1, IL-8, MPO and
NE inhibitors, PAD4 inhibitors, and anti
histone antibodies) may provide a means to
control or speed up clearance of NETs and
cytoplasts and could represent a promising
new therapeutic direction for the treatment
of severe, neutrophilic asthma.
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and/or T cells and whether they do present
antigen.
To validate their findings in human
asthmatics, Krishnamoorthy et al. (1) exam
ined the association of features of NETosis
with asthma severity in a well-characterized
cohort of asthmatics enrolled in the National
Heart, Lung, and Blood Institute’s Severe
Asthma Research Program. Similar to their
findings in mice, hypercitrullinated histone
H3 DNA was only present in the BALF of
severe asthmatics with high BALF neutro
phil counts and not in patients with se
vere asthma with low BALF PMN numbers.
These results suggested that neutrophils and
NETosis may be parameters that identify
a subset of severe asthma patients. The pres
ence of PMNs and cytoplasts correlated
with BALF IL-17 levels, thus providing a link
between neutrophilia, NETosis, and TH17.
Interestingly, when patients were stratified
into groups in which their BALF contained
DNA with either low or high levels of
PMNs, no link was observed between lung
function or asthma symptom scores and
markers of NETosis. However, associations
between high PMN/DNA content in BALF
and more frequent asthma exacerbations
and sinusitis were observed. The lack of
association between PMN/DNA levels and
lung function may have been due to the small
number of individuals in this subgroup be
cause the studies in PAD4−/− mice suggested
that NETosis was required for LPS-driven
AHR. These results are consistent with a pre
vious study showing no association between
NETs and AHR in human asthmatics (10). Un
fortunately, an association between cytoplast
generation and lung function was not ex
amined in either of these studies. Inclusion
of biomarkers of NETosis into subsequent
studies may provide an opportunity to di
rect anti–IL-17A treatment to the subset of
patients in which disruption of this pathway
may be useful.
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