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Abstract
Many lung diseases are characterized by neutrophil-dominated inflammation; therefore, an
understanding of neutrophil function is of considerable importance to respiratory physicians. This
review will focus on recent advances in our understanding of how neutrophils are produced, how
these cells leave the circulation, the molecular events regulating neutrophil activation and,
ultimately, how these cells die and are removed. The neutrophil is now recognized as a highly
versatile and sophisticated cell with significant synthetic capacity and an important role in linking
the innate and adaptive arms of the immune response. One of the key challenges in conditions
such as COPD, bronchiectasis, cystic fibrosis, and certain forms of asthma is how to manipulate
neutrophil function in a way that does not compromise antibacterial and antifungal capacity. The
possession by neutrophils of a unique repertoire of surface receptors and signaling proteins may
make such targeted therapy possible.
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Role of the Neutrophil in Respiratory Disease
Many airway diseases including COPD, bronchiectasis, bronchiolitis, and cystic fibrosis are
characterized by neutrophil infiltration of the airway wall. Likewise, neutrophils are
believed to play a fundamental role in acute lung injury (ALI)/ARDS and many of the
vasculitides. Considerable observational and experimental data support an association
between neutrophils and the severity and progression of the above airways diseases; for
example, in COPD neutrophils have been shown to be the most abundant inflammatory cell
present in the bronchial wall, bronchial lumen, lung parenchyma, and submucosal glands,1
and the intensity of the airway and blood neutrophilia, in smokers and ex-smokers,
correlates with the rate of decline in FEV1.2 In addition, neutrophils have been demonstrated
in bronchial biopsy samples obtained taken during the allergen-induced late asthmatic
response,3 and a strong association has now been established between airway neutrophilia
and severe asthma, corticosteroid-resistant asthma, asthma exacerbations, acute fatal asthma,
and certain forms of occupational asthma (see Macdowell and Peters4). Where measured,
neutrophil numbers in asthma correlate with markers of neutrophil degranulation, implying
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that these cells are also activated. While in severe asthma, eosinophils and neutrophils are
often found together, neutrophils may gradually replace eosinophils in proportion to the
severity and/or duration of the disease, perhaps reflecting the ability of corticosteroids to
induce eosinophil apoptosis while inhibiting this process in neutrophils.5 In addition to the
direct effects of proteases on airway epithelia, neutrophil elastase has been shown to
stimulate transforming growth factor-β release from airway smooth-muscle cells,6
suggesting a potential role in airway remodeling.

While the study of human neutrophils has been hindered by the fact that they are terminally
differentiated and short-lived cells not amenable to in vitro genetic manipulation, animal
models have provided novel insights into neutrophil biology. A good example of this is the
zebra fish model established by Renshaw et al,7 which shares many features of the human
innate immune system. Genetic manipulation in this model allows selective expression of
green fluorescent protein in zebra fish neutrophils, allowing remarkable real-time imaging of
neutrophilic inflammation following localized injury. This system can be manipulated
further both genetically and pharmacologically, allowing the identification of novel targets
that modulate neutrophil recruitment, function, and physiologic fate in vivo. This article
seeks to present some of the most important recent insights into neutrophil biology and show
how such information may impact on our understanding of lung disease and future therapies.

Neutrophil Production and Physiologic Fate
Given the average peripheral blood neutrophil count of 2.5–7.5 × 109/L and a circulating
half-life of just 6 to 8 h, the bone marrow is required to produce and release > 5–10 × 1010

neutrophils every day, with the capacity to increase production still further if needed.
Granulocytes and macrophages differentiate from a common committed progenitor cell.
Transcriptional profiling studies8 have suggested that macrophages represent the default
myeloid cell and that granulocytes arise through the selective expression of a subset of
transcription factors (Egr1, HoxB7, STAT3), granulocyte proteins (eg, S100A8, S100A9,
neutrophil elastase), and receptors (N-formylmethionyl-leucyl-phenylalanine, granulocyte
macrophage colony-stimulating factor); this may explain, in part, the surprisingly complex
transcriptome in these cells.

Despite their short circulating half-life, human neutrophils, unlike platelets and erythrocytes,
appear to be removed from the circulation in a random rather than an age-related manner.
However, one mechanism shown to control the release and reuptake of neutrophils in the
mouse bone marrow is the interaction of stromal cell-derived factor-1α and its cognate
receptor on the neutrophil, CXCR4. Expression of CXCR4 increases as neutrophils age and
is thought to result in cells homing to murine bone marrow9; it is unknown whether a
similar mechanism promotes removal of aged neutrophils by the human bone marrow.

Neutrophil Migration
The ability of the neutrophil to “sense” phagocytic bait and migrate along ultrafine
chemotactic gradients is astonishing [http://www.flicklife.com/thumb/1_4305.jpg]. The
principal signals for neutrophil influx in COPD airways, as judged from sputum and blood
analysis, appear to be leukotriene-B4 (acting via the high-affinity leukotriene-β4 receptor)
and interleukin (IL)-8 (acting via the chemokine receptors CXCR1 and CXCR2),10 but
other chemotactic factors such as C5a, CXCL1 (growth-related oncogene-α), CXCL5
(epithelial cell neutrophil-activating protein-78), and elastase-α1-antitrypsin complexes may
also contribute. Classically, IL-8 has been implicated in mediating the influx of neutrophils
into the lung in ARDS,11 but elevated IL-8 in sputum has also been detected in adults
suffering acute asthma exacerbations, where it correlates with the presence of a
predominantly neutrophilic inflammatory response.12 The detection of chemotactic stimuli
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leads to the activation of signaling pathways, cytoskeletal rearrangement, and changes in
cell surface molecules that coordinate to facilitate neutrophil migration.

In the lung parenchyma, neutrophils exit the pulmonary circulation at the capillary level,
rather than via postcapillary venules, as in the systemic circulation.13 This unique site for
neutrophil migration may be amenable to selective interventions. Rheologic considerations
including the size, shape, and deformability of neutrophils (a function of cytoskeletal
changes) are important determinants of neutrophil transit across the pulmonary capillary
network.14 Recruitment of neutrophils from the bronchial circulation may follow the
“rolling-tethering” paradigm, reviewed extensively elsewhere15; in this process, the
interaction of neutrophil P-selectin glycoprotein ligand-1, E-selectin ligand-1, and L-
selectin, and subsequently the β2-integrins (lymphocyte function-associated antigen-1 and
Mac-1) with their cognate endothelial partners, leads to rolling and subsequently firm cell
adhesion/arrest. The involvement of different adhesion molecules also varies according the
precise stimulus.16 Once arrested in the circulation, migrating neutrophils must cross the
endothelial cell layer and traverse the pericyte sheath and the basement membrane. A recent
study17 has demonstrated that, remarkably, up to 70% of transmigrating neutrophils cross
the endothelial barrier by an active process of engulfment by endothelial cells that is
dependent on the small guanosine triphosphatase RhoG. Less is known about the
mechanisms of migration through the pericyte sheath and basement membrane, but the
existence of regions of reduced matrix protein density within the endothelial cell basement
membrane has been reported. These low-density regions were shown to align with the gaps
between pericytes and offered preferential sites for neutrophil transmigration.18

Directional leukocyte recruitment (chemotaxis) was shown to be dependent on
phosphoinositide 3-kinase (PI3K)-γ, which belongs to a family of class I PI3Ks.19 Given
that the expression of PI3K-γ (and PI3K-δ) is largely restricted to leukocytes, this has
triggered much interest in the therapeutic potential of the newly developed PI3K-γ isoform-
selective inhibitors. Initial studies in mice however, suggest that PI3K-γ gene deletion,
while effective in suppressing inflammation in a model of rheumatoid arthritis,20 may
impair macrophage recruitment to the lung and defense against Streptococcus pneumoniae.
21 Many chemoattractant molecules such as formylated bacterial peptides have promiscuous
effects on neutrophil function, inducing predominantly chemotactic behavior at low
concentrations; as the neutrophil approaches the source of the chemoattractant (eg, invading
bacteria), migration is inhibited and the immobilized cell engages bactericidal functions
including phagocytosis, degranulation, and the oxidative burst.

Neutrophil Activation, Degranulation
The capacity of neutrophils to induce tissue damage is undeniable, but this outcome is far
from inevitable (Fig 1). The triggering of neutrophil degranulation and respiratory burst is a
two-stage process involving an initial prerequisite “priming” step and a second “activation”
step. Most secretagogue agonists can only degranulate neutrophils that have been initially
primed, for example, via contact with activated endothelium, foreign surfaces, or agents
such as lipopolysaccharide. Priming is believed to be an essential “check point” to prevent
unregulated neutrophil activation. It is possible that many neutrophils primed in the
circulation, for example, in the context of systemic vasculitis, major burns, and pancreatitis,
become trapped in the pulmonary microcirculation (see above), and if not induced to
migrate by a secondary stimulus (eg, infection) can “de-prime” and be released back into the
circulating pool in a quiescent state. While this hypothesis requires experimental testing, it
would afford an excellent working model to explain why conditions associated with
systemic neutrophil priming cause retention of neutrophils in the lung but often no injury.
Priming also inhibits chemotaxis and apoptosis suggesting that this event may serve to “fix”
neutrophils at the inflamed site and enhance the functional longevity of these cells.
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Neutrophils possess an array of granules that contain a large number of cytotoxic and
immune regulatory molecules. These vesicles are a major source of adhesion molecules and
receptors; hence, priming-mediated fusion of secretory granules with the plasma membrane
results in a considerable augmentation of adhesive capacity and activation potential. Of note,
the four major granule types, namely secretory vesicles (which are endocytic in origin),
tertiary, specific, and azurophilic (primary) granules, display differential sensitivity to
intracellular Ca2+, which results in a hierarchical pattern of degranulation.22 Granules
formed at the later stages of neutrophil maturation (eg, the gelatinase and secretory granules)
are also those that are exocytosed most readily, reflecting their differential expression of the
fusogenic protein vesicle-associated membrane protein-2.23 This may explain why
neutrophils release only a small fraction of their elastase (2%) when activated as this
protease is stored predominantly within azurophil granules; hence it is likely that neutrophil
necrosis contributes far more to elastase release than degranulation. However, elastase has
been shown to localize to the leading edge of neutrophils migrating through cultured
endothelial cells,24 but the importance of this phenomenon varies depending on the
experimental system used (eg, one recent study25 found surface neutrophil elastase to be
essential for neutrophil transmigration in a cell culture system, whereas a previous report26
found no deficit in neutrophil recruitment to inflamed sites using neutrophil elastase
knockout mice).

Neutrophil elastase is an omnivorous enzyme with the capacity to degrade a broad spectrum
of structural and immune regulatory proteins including elastin, fibronectin, collagen, α1-
antitrypsin, and tissue inhibitors of matrix metalloproteinase, and has been demonstrated to
produce emphysema in experimental animals. Elastase is also a potent secretagogue for IL-8
and muc5A and has ciliotoxic and cytotoxic properties. Despite evidence of increased
neutrophil numbers and the enhanced elastolytic and adhesive capacity of neutrophils in
COPD,27 a direct causal relationship has yet to be established. However, plasma neutrophil
elastase levels have been demonstrated to predict the likelihood of ALI,28 and some early
studies suggested a possible role for inhibitors of neutrophil elastase in those at risk of ALI
following major surgery. Unfortunately, the only large prospective, double-blind,
randomized controlled trial29 using the neutrophil elastase inhibitor sivelestat in patients
with established ALI (ventilated with low tidal volumes) was halted due to an increase in the
180-day mortality in the treated group, and showed no therapeutic advantage.

A distinctive feature of the neutrophil is its very high intracellular concentration of Cl− (80
to 100 mmol/L), which plummets following soluble or particulate stimuli.30 This loss of
intracellular Cl− is triggered by Mac-1/CD11b- or Gi-mediated Cl−efflux and modulates
both intracellular Ca2+ fluxes and degranulation, suggesting the possibility of using anion
channel blockers to control neutrophil degranulation.

A further advance in our understanding of neutrophil secretory mechanisms is the finding
that they release neutrophil extracellular traps (NETs) [Fig 2]. Neutrophils have been shown
to “spit out” a dense but delicate “web” of primary and secondary granule proteins admixed
with chromatin, which serves to trap and kill both bacteria31 and fungi. This event is
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase dependent and linked to a
distinctive (nonapoptotic, nonnecrotic) form of cell death associated with disintegration of
the nuclear envelope and the granule membranes and mixing of NET components.

Neutrophil Activation, Respiratory Burst
The neutrophil is a professional phagocyte and depends on activation of the multicomponent
NADPH oxidase for generating superoxide anions and bacterial killing. Intracellular fungi,
such as Candida spp and Staphylococcus aureus, are the organisms classically killed by
oxidant-dependent pathways and are also the most problematic pathogens in patients with
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chronic granulomatous disease. The past few years have revealed intriguing new insights
into the regulation of the NADPH oxidase, for example the observation that receptor-
mediated activation of PI3K-δ and -γ isoforms results in local PtdIns(3,4,5)P3 generation,32
which leads to the phosphorylation and recruitment of the oxidase components and assembly
of the active NADPH enzyme complex at the site of PI3K activation. Neutrophils derived
from mice lacking PI3K-γ19 exhibit a profound reduction in the release of reactive oxygen
species (ROS) to the environment in response to soluble agonists, while generation of ROS
within the phagosome is preserved, demonstrating the feasibility of preventing extracellular
oxidant-induced tissue injury without compromising bactericidal capacity.

While it was previously assumed that ROS exert a direct toxic effect on ingested pathogens,
previous work suggests that the mechanism may in fact be indirect. The respiratory burst
leads to the extrusion of protons into the cytosol, and the resultant ion fluxes produce an
environment within the phagosome that is more favorable for the neutral proteases (such as
elastase and cathepsins) to digest the contents of the vacuole.33

Broader Role of the Neutrophil in Innate Immunity
In the past few years, several articles have pointed to the involvement of the neutrophil in
hitherto-unrecognized aspects of the innate immune response. Examples include the capacity
of the neutrophil to generate CXCL10/interferon-γ-inducible protein-10, which acts as an
important chemoattractant for activated natural killer and T-helper type 1 cells34 and for
neutrophils to digest and present antigen fragments to dendritic cells, thus serving a critical
role in integrating the innate and adaptive limbs of the immune response. Remarkably, it has
been proposed that mature postmitotic neutrophils can also “transdifferentiate” into much-
longer-lived cells with macrophage-like characteristics and thereby contribute to resolution
and repair at inflamed sites.35

Resolution of Neutrophilic Inflammation
Neutrophils migrating to the tissues undergo apoptosis, or programmed cell death, an event
that triggers their recognition and phagocytosis by inflammatory macrophages and the
subsequent release of antiinflammatory molecules (eg, IL-10 and transforming growth
factor-β36). The interaction between oxidized phosphatidylserine on the apoptotic cell
surface and the class B scavenger receptor CD36 on the macrophage is one mechanism
underlying this event.37 For the neutrophil at least, this process is believed to be essential
for the “safe” and efficient removal of these otherwise toxic cells and the resolution of the
inflammatory response (Fig 3). Exciting new data not only testify to the importance of this
event in vivo but also suggest novel therapeutic opportunities to enhance this process
through the use of cyclin-dependent kinase inhibitors in models of pulmonary inflammatory
disease.38

Three further recent observations in the field of neutrophil apoptosis/necrosis may have
direct relevance to clinical medicine. The first is that neutrophils incubated with
noncapsulated clinical isolates of Haemophilus influenzae in vitro are unable to kill these
pathogens but instead undergo necrosis with consequent release of histotoxins such as
elastase.39 These data imply a mechanism for H influenzae colonization and airway damage
in patients with COPD. Second is the recognition that severe hypoxia (0 to 3 kPa, as found
within an empyema cavity for example) inhibits neutrophil apoptosis and thereby extends
the functional life span of these cells rather than inducing cell death (as occurs in the
majority of cell types). This may relate to the dominant glycolytic metabolism of
neutrophils, which allows them to migrate against an adverse oxygen gradient and retain
their phagocytic and antibacterial capacity even in severely oxygen-deplete environments
such as abscesses and empyema cavities.40 Finally, it has been reported that cigarette smoke
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impairs the capacity of macrophages to ingest apoptotic neutrophils,41 perhaps by
modification of matrix proteins or cleavage of macrophage scavenger receptors by oxidants.

Therapeutic Implications
The ideal therapeutic strategy targeting neutrophils would be to abolish their destructive
potential without compromising their critical role in host defense, but this has been difficult
to achieve. Successful treatments in animal models have frequently proven ineffective or
limited by side effects when used in human inflammatory diseases. Improved understanding
of neutrophil signal transduction and the precise mechanisms of neutrophil-mediated tissue
injury may enable more focused application of targeted antineutrophil therapy. For example,
Hartl et al42 recently described a mechanism whereby neutrophil-derived proteases present
in the cystic fibrosis airway cleaved the chemokine receptor CXCR1 from intact neutrophils,
disabling their killing capacity; additionally, the cleavage products activated epithelial cells,
creating a vicious cycle of infection and inflammation. Inhalation of α1-antitrypsin restored
airway neutrophil CXCR1 expression and bacterial killing in patients with cystic fibrosis.

While the safety of whole α1-antitrypsin has been documented in cystic fibrosis,43 more
protracted studies are required to establish whether clinical benefit will result from this
therapy. Likewise, small-molecule inhibitors of the chemokine receptors CXCR1 and
CXCR2 are being developed for use in COPD and other inflammatory conditions. Small
molecule inhibitors of the PI3K-γ are also generating considerable interest as potent
antiinflammatory agents. While inhibitors of cyclin-dependent kinases may have multiple
effects out with the immune system and may therefore be inappropriate for clinical use, the
proof of principle that promoting neutrophil apoptosis can hasten resolution of inflammation
may promote the development of other modulators of neutrophil apoptosis as
antiinflammatory agents.

The use of macrolide antibiotics is becoming increasingly recognized as a dual antibacterial
and antiinflammatory approach, and in many cases the predominant therapeutic effect may
be via modulation of neutrophil function; for example, macrolides have been shown to
reduce airway neutrophilia in both refractory asthma44 and the bronchiolitis obliterans
syndrome,45 with concomitant clinical improvement. Finally, it is recognized that
endogenous mediators such as lipoxins may act as braking signals in inflammation, in part
by inhibition of neutrophil PI3K and phospholipase D,46 and the therapeutic potential of
structural mimetics of these compounds is currently being explored.

Conclusions
Our understanding of neutrophil biology, in particular the molecular and cellular
mechanisms responsible for their formation and release from the bone marrow, their
recruitment, priming and activation within inflamed tissues, and the events resulting in their
removal have increased substantially over recent years. The view of the neutrophil as a
short-lived, synthetically inert, and rather “monochromatic” cell with limited biodiversity is
clearly no longer tenable. The unique transcriptome and proteome of the neutrophil make it
a realistic therapeutic target. The challenge will be to retain its peacekeeping and defense
functions, while modulating its aggressive tendencies.
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Abbreviations

ALI acute lung injury

IL interleukin

NADPH nicotinamide adenine dinucleotide phosphate

NET neutrophil extracellular trap

PI3K phosphoinositide 3-kinase

ROS reactive oxygen species
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Figure 1.
Neutrophil activation states. When neutrophils adhere to biological surfaces (eg, fibronectin,
collagen) or are exposed to inflammatory mediators such as lipopolysaccharide or IL-8, they
become “primed” or hyperresponsive to subsequent activating stimuli, acquiring the
capacity to exhibit maximal degranulation and respiratory burst responses and enhanced
cytokine and lipid mediator release. Agents that prime neutrophils usually also extend their
lifespan by inhibiting apoptosis. The normal age-dependent apoptotic program intrinsic to
the neutrophil can be accelerated by ingestion of bacterial pathogens such as Escherichia
coli or S aureus (which may promote resolution of bacterial inflammation) or by exposure of
these cells to tumor necrosis factor (TNF)α or Fas-ligand (FasL).
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Figure 2.
NET formation. Neutrophils exposed to activating stimuli such as opsonized bacteria
become activated and may loose their nuclear integrity, leading to the discharge of granule
contents adherent to chromatin strands. These web-like structures may trap and kill bacteria
or fungi even after the death of the parent cell.
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Figure 3.
Neutrophil fate and function in health and disease. Normal physiology: neutrophils produced
in the bone marrow circulate in the bloodstream prior to removal by the bone marrow, or by
the liver and spleen (inset is a gamma camera image showing the distribution of 111In
tropolone labeled neutrophils in a healthy volunteer at 24 h, depicting the extravascular fate
of these cells in the liver, spleen, and bone marrow). Fate during local and systemic
inflammation: primed neutrophils undergo rheologic changes leading to retention in the lung
microvasculature; such changes are reversible, and in the absence of a further activating
stimulus the cells may return to the circulation. If a further activating input is received, the
retained neutrophils migrate to the inflamed lung parenchyma to ingest and kill invading
bacteria; this may promote apoptosis and the resolution of inflammation, with the apoptotic
neutrophils being engulfed by resident macrophages. Conversely, the ingestion of certain
bacteria (eg, noncapsulated H influenzae and certain strains of Streptococcus pyogenes) or
excessive activation signals may lead to neutrophil necrosis and hence to tissue injury. It has
been suggested that neutrophils may undergo transdifferentiation to other cell types (eg,
macrophages) and participate in antigen presentation.
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