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ABSTRACT
The neutrophil is an essential component of the innate
immune system, and its function is vital to human life.
Its production increases in response to virtually all
forms of inflammation, and subsequently, it can accu-
mulate in blood and tissue to varying degrees. Although
its participation in the inflammatory response is often
salutary by nature of its normal interaction with vascu-
lar endothelium and its capability to enter tissues and
respond to chemotactic gradients and to phagocytize
and kill microrganisms, it can contribute to processes
that impair vascular integrity and blood flow. The mech-
anisms that the neutrophil uses to kill microorganisms
also have the potential to injure normal tissue under
special circumstances. Its paradoxical role in the
pathophysiology of disease is particularly, but not ex-
clusively, notable in seven circumstances: 1) diabetic
retinopathy, 2) sickle cell disease, 3) TRALI, 4) ARDS,
5) renal microvasculopathy, 6) stroke, and 7) acute
coronary artery syndrome. The activated neutrophil’s
capability to become adhesive to endothelium, to gen-
erate highly ROS, and to secrete proteases gives it the
potential to induce local vascular and tissue injury. In
this review, we summarize the evidence for its role as a
mediator of tissue injury in these seven conditions,
making it or its products potential therapeutic targets.
J. Leukoc. Biol. 89: 359–372; 2011.

Introduction
The human neutrophil, as part of the innate immune system,
evolved principally to destroy invading microrganisms. It does
so by bringing the organisms into contact with several micro-
bial tissue-destroying chemicals generated by neutrophils. The
two most notable are highly reactive oxygen-derived com-
pounds (e.g., hypochlorous acid) and defensins, proteins that
act as microbicidal antibiotics. The chemistry of the mecha-

nisms involved results in the death of the microorganism but
also the neutrophil. This cell loss is compensated for by the
ability to produce neutrophils at a prodigious rate and to have
them accumulate in tissue in response to need. In some cases,
the inflammatory process is not generated by invading micro-
organisms, and the accumulation of neutrophils and their acti-
vation may result in injury to host tissues. We review the role
of the neutrophil in seven conditions in which evidence has
accumulated that indicates it contributes to vascular injury. In
six of the seven conditions, normal or increased numbers of
neutrophils are part of the pathogenetic pathway. In one,
TRALI, neutropenia occurs [1]. In circumstances in which
there is no associated tissue or organ injury, neutrophilia, per
se, is asymptomatic. In the seven circumstances described
here, the process is triggered by an incident that results in a
tissue-specific inflammatory response in which the neutrophil
is one of several participants in the resultant tissue injury. The
critical role of the neutrophil, per se, has, in some cases, been
demonstrated experimentally by decreasing its numbers or
preventing its action, resulting in amelioration of the disease
process. In this review article, we discuss the potentially tissue-
damaging effect of tissue neutrophils in seven noninfectious,
inflammatory disorders and describe circumstances in humans
or experimental animal models in which antineutrophil ther-
apy is effective. These therapeutic observations and experi-
ments add weight to the argument that there are selected cir-
cumstances in which intervention to lower the neutrophil
count or to nullify the effects of its products may be beneficial.

NEUTROPHILS IN THE
PATHOPHYSIOLOGY OF DIABETIC
RETINOPATHY

Diabetic retinopathy is initiated by aberrant carbohydrate path-
ways induced during hyperglycemia; these include increased
polyol flux, leading to increased sorbitol accumulation, activa-
tion of diacylglycerol, and the resultant increase in PKC, prin-
cipally, the � isoform [2–4], which leads to damage to retinal
endothelium [1] (Fig. 1). AGE further increase PKC-� activity
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in vascular endothelial cells and also induce smooth muscle
proliferation [5]. Increased sorbitol levels are associated with
increased superoxide production. An elevated neutrophil
count is associated with the vascular complications of type 2
diabetes [7], and the associated inflammatory processes are
presented (see Table 1). The inflammatory response may be
initiated or heightened by the C677T mutation in the methyl-
ene tetrahydrofolate reductase gene and by hyperhomocys-
teinemia. AGE also bind to receptors on endothelial cells and
macrophages, resulting in ROS production and the release of
inflammatory cytokines (e.g., IL-1, TNF- �, and TGF-�). The
release of cytokines, such as VEGF, results in activation of
PKC-� and to the inflammatory response [6, 8, 9]. The effect
of VEGF is initiated by binding to the endothelial cell mem-
brane-bound KDR, which activates PI3K, resulting in phos-

phorylation of PLC� and increasing diacylgycerol levels and
activation of PKC-� [6]. Also, the release of prosclerotic cyto-
kines alters the ECM and enhances fibrosis [5]. Under these
circumstances, increased expression of neutrophil adhesion
molecules results in their adhesion to endothelium [10, 11].
This is facilitated by hyperglycemia-induced up-regulation of
endothelial cell ICAM-1, ELAM-1, selectins, and other cell ad-
hesion molecules [12–17], through a pathway related to NF-�B
and PKC [12]. These effects are evident in the neutrophil
shedding of L-selectin with poor glycemic control and height-
ened levels of serum L-selectin that correlate with the hemo-
globin A1C levels [11]. The neutrophils of diabetics are less
deformable in micropipette measurements [18], and leukosta-
sis develops in the retinal capillaries, leading to capillary ob-
struction, intraretinal hemorrhages, exudates, and microaneu-
risms [19].

There are increased numbers of neutrophils throughout the
retina in experimental diabetes in monkeys, and they are ob-
served frequently within microaneurisms. There also is produc-
tion of superoxide from activated neutrophils [20] and mono-
cytes [21], along with a release of neutrophilic cationic pro-
teins and proteases, which are key factors in producing
endothelial damage, contributing to microaneurism formation
and hemorrhage [19]. The several pathophysiological mecha-
nisms relating neutrophils to the progression of diabetic reti-
nopathy are listed (see Table 1) [22–29]. Other atypical forms
of PKC have been proposed as being activated by hyperglyce-
mia and contributing to tissue injury by inducing apoptosis of
retinal vascular cells [30, 31].

NEUTROPHILS IN THE
PATHOPHYSIOLOGY OF SICKLE
CELL DISEASE

A vaso-occlusive sickle cell crisis results from a complex set of
cellular interactions leading to the obstruction of blood flow
to various organs, including muscle, bone, viscera, and brain.
This process is initiated by adherence of sickle cells to vascular
endothelium mediated by the interaction of integrin �4�1 with
VCAM and fibronectin [32, 33], coupled with the red cell dis-
tortion and rigidity that result from sickling. The latter change
is the result of lower oxygen tension in the microvasculature,
which causes polymerization of sickle hemoglobin. The rate of
this process is dependent on the concentration of intraerythro-
cytic sickle hemoglobin and the solubility state of the hemo-
globin. Thus, rapid polymerization occurs when the red cells
are dehydrated, and sickle hemoglobin concentration is high.
Concurrent interactions of the sickle cell with neutrophils,
platelets, and the endothelium of the vasculature significantly
decrease the flow of blood, leading to pain, infarction, and
organ damage.

Neutrophilia is a risk factor for a sickle crisis [34–37]. For
example, the higher the white cell count, the greater the fre-
quency of acute chest syndrome [38] and stroke [39]. Con-
versely, reduction of the count in patients with sickle cell dis-
ease is beneficial, as illustrated by the positive therapeutic ef-
fect of hydroxyurea in association with a decrease in

Figure 1. Metabolic alterations in diabetes mellitus, type II, leading to
retinal vascular damage. The activation of isomers of PKC, particularly
PKC-�, appears central to the pathophysiological changes resulting
from hyperglycemia, leading to the development of diabetic retinopa-
thy [2, 4]. Although atypical PKCs also play a role in glucose metabo-
lism, their role in the genesis of diabetes is unclear [3]. There are
multiple pathways for the initiation of PKC-� activity, examples of
which are shown. Hyperglycemia results in the formation of AGE,
which can lead to activation of PKC [2, 5]. Increased polyol flux and
the accumulation of sorbitol, likewise, result in increased DAG produc-
tion and PKC activation [2]. Heightened levels of growth factors, such
as VEGF, are found in the eyes of patients with diabetic retinopathy,
and VEGF binds to an endothelial membrane KDR, which activates
PI3K [6]. The latter phosphorylates PLC�-generating DAG. Hypergly-
cemia-induced generation of ROS, such as superoxide, also produces
PKC activation. The activation of PKC-� is key to the development of
retinal vascular endothelial damage. Important in the pathological
events and the development of microaneurisms is the concomitant
induction of neutrophil adhesion, the release of cytokines and chemo-
kines [4]. Inhibitors of PKC-�, such as ruboxistaurin, prevent endothe-
lial damage and loss of vision in diabetic patients. This figure is
adapted from a figure in ref. [2].
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neutrophil count but not an increase in red cell fetal hemo-
globin [40].

The rolling and tethering of sickle red cells, as that of neu-
trophils loosely adherent to endothelium, involve the expres-
sion of endothelial P-selectin [41]. The surface expression of
the integrin � subunits, CD11a and CD11b, on neutrophils is
not increased, but these integrins may have increased affinity
for adhesion molecules on endothelial cells [42]. Reticulocytes
in sickle cell patients have increased expression of �4�1 integ-
rin and CD36, making them particularly adherent to endothe-
lium [43]. CD36 also serves as a ligand for platelet thrombos-
pondin, generated by activated platelets. Endothelial adhesion
molecules, VCAM-1, and soluble VCAM-1, complementary to
CD36, are increased in most sickle cell patients and are re-
duced by treatment with hydroxyurea [44].

Diminished L-selectin expression and increased expression
of �2 integrin on the neutrophil surface in sickle cell patients
are associated with heightened shedding and elevated serum
levels of L-selectin [43, 45]. Neutrophil adhesion molecules
interact with complementary endothelial molecules such as
ICAM-1, VCAM-1, E-selectin, and P-selectin during vaso-occlu-
sive crisis [37, 46–48]. Increased adhesiveness of neutrophils
to fibronectin, sickle cells, and endothelium promotes vascular
occlusion. Monocytes from patients with severe sickle syn-
dromes are activated, possibly as a result of phagocytosis of
senescent sickle red cells, other debris, or cellular micropar-
ticles [45]. These activated monocytes, in turn, activate endo-
thelial cells via the production of TNF-�, IL-1 �, or both [45].
The endothelial cell activation results in increased expression
of endothelial adhesion molecules for neutrophils, e.g., E-se-
lectin, P-selectin, and ICAM-1.

Although the precise temporal sequence of adhesion events
of sickle cells, activated neutrophils, activated platelets, and
altered endothelium is unclear, it appears that neutrophils ad-
here to endothelium, trap, and adhere to circulating and ad-
herent sickle cells and platelets [49], which is a principal fac-
tor in vaso-occlusion [50]. Adhesion assays using immobilized
fibronectin [51] and TNF-�-activated endothelial cells [52]
confirm the heightened adhesive properties of neutrophils
from sickle cell patients. Neutrophil adhesion is augmented by
exposure to IL-8 by an increase in cAMP, and this effect is di-
minished when cAMP is inhibited [51].

Cytokines play a role in the genesis of vascular and cellular
activation and thus, in the vaso-occlusive crises. They contrib-
ute to the vaso-occlusive event, initiated by sickle cell adher-
ence, neutrophil and platelet adherence, and endothelial acti-
vation. Activated endothelial cells produce IL-1, IL-6, IL-8, and
TNF-�; activated platelets elaborate IL-1 and TNF-�; and
monocytes or macrophages secrete IL-1 and TNF-�. Plasma
TNF-� and sometimes IL-1 are increased in patients with sickle
cell disease [53, 54]. They induce further red cell and neutro-
phil adhesion to the vascular endothelium, activate the endo-
thelium, and activate platelets [55]. The inflammatory cyto-
kines, TNF-�, IL-1, and IL-8, heighten the interaction of re-
ticulocyte surface integrins with endothelial fibronectin and
VCAM-1. IL-8 regulates the production of TNF-� and IL-1,
which in turn, stimulates the production of chemokines that
heighten the adhesion of leukocytes via their integrins, com-

plementary to endothelial adhesion molecules, such as fi-
bronectin [55, 56].

Endothelin-1, a potent vasoconstricting agent, is increased in
sickle cell patients during vaso-occlusive crisis and may remain
elevated for weeks thereafter [57]. This cytokine may be re-
sponsible for prolongation of symptoms secondary to vaso-oc-
clusion. Activated neutrophils produce increased amounts of
ROS. Increased ROS and consequent reduced levels of the
antioxidant glutathione are found in neutrophils and platelets
from sickle cell patients [58]. In addition, COX is increased
significantly in sickle cell neutrophils. As shown in transgenic
sickle cell mice, hypoxia-reoxygenation results in ROS genera-
tion in endothelial cells [59]. These processes coupled with
reduced glutathione can exacerbate the inflammatory reac-
tion. Endothelial and tissue damage as well as platelet activa-
tion and a coagulopathy may be related to generation of ROS
(Fig. 2).

Several observations support the inference that the neutro-
phil has a notable place in the pathogenetic sequence of sickle
vaso-occlusive episodes. The findings to support the singular
role of the neutrophil include: first, data from several studies
that indicate a correlation of the degree of leukocytosis (neu-
trophilia) with the morbidity of sickle disease patients [35–37,
65]. In a study of sickle cell patients, the absolute neutrophil
count increased step-wise in three groups of sickle cell patients
categorized by increasing severity of symptoms [66]. A higher
white cell count early in pregnancy predicts a higher likeli-
hood of subsequent sickle cell-related, clinical problems, in-
cluding painful crises and acute chest syndrome [34]. In a
prospective study of 3764 sickle cell patients, those with a
white cell count greater than 15.1 � 109/L had a higher risk
of death [67]. Neutrophil growth factors, such as G-CSFs,
cause life-threatening complications in sickle cell patients, pre-
sumably in large measure, as a result of neutrophilia [68]. Sec-
ond, reduction of the blood neutrophil concentration dimin-
ishes the frequency and severity of vaso-occlusive events [37,
40, 69]. Hydroxurea, the principal drug used to decrease the
frequency of sickle vaso-occlusive events, may have its major
effect by decreasing blood neutrophil concentration. Other
agents, such as 5-azacytidine, reported to heighten fetal hemo-
globin, also decrease the absolute neutrophil count [70]. The
increase in fetal hemoglobin related to hydroxyurea or 5-azacy-
tidine treatment is unlikely to play a principal role in their
salutary effects, as the increase resides primarily in a clonal
cohort of hemoglobin F cells in insufficient proportion to in-
fluence sickle symptoms. Third, hydroxyurea increases L-selec-
tin shedding by neutrophils in patients with sickle cell disease
and may, thereby, decrease their firm adhesion to endothe-
lium and also decreases neutrophil H2O2 production [47].
Fourth, hydroxyurea diminishes the heightened adhesion of
sickle red cells to endothelium, in part, as a result of its action
to decrease the concentration of neutrophils in the circula-
tion. In addition, the down-regulation of various neutrophil
adhesion molecules, particularly �M�2 integrin, by hy-
droxyurea, may decrease the risk of vaso-occlusion [71]. In
confirmation of this effect, i.v. Ig administered to sickle cell
mice inhibits neutrophil adhesion to endothelium and re-
verses vaso-occlusion [50]. In addition, GMI-1070, an investiga-
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tional agent, studied in a humanized model of sickle cell vaso-
occlusion in mice and analyzed by intravital microscopy, prin-
cipally blocks E-selectin but also, P-selectin and L-selectin,
resulting in decreased adhesion of sickle red cells to endothe-
lial cells and to neutrophils and decreased adhesion of neutro-
phils to endothelium [72]. These effects were associated with
improved microcirculatory blood flow and improved survival
of the mice. Last, activated neutrophils in patients with sickle
cell disease increase the exposure of red cell phosphatidylser-
ine, which facilitates sickle red cell adhesion to endothelium
[73], and hydroxyurea attenuates this process. These observa-
tions have led some to conclude that a decrease in blood neu-
trophil concentration and a deactivation of the adhesive inter-
action of neutrophils and sickle red cells comprise the primary
mechanism of the beneficial effect of hydroxyurea treatment
[47]. Hydroxyurea also may have a direct effect on other adhe-
sion molecules on the red cell surface [48] and increase NO
to enhance production of hemoglobin F, decrease sickle cell
adhesion, or augment vasodilatation [74]. Further documenta-
tion of the pathophysiology of vaso-occlusion in sickle disease
is provided (see Table 1) [60, 75–82].

NEUTROPHILS IN THE
PATHOPHYSIOLOGY OF
TRANSFUSION-RELATED ACUTE LUNG
INJURY

Acute respiratory distress with new bilateral lung infiltrates
within 6 h of receipt of a blood transfusion in a recipient, not

volume-overloaded or in heart failure, is the essential finding
of TRALI [83]. This complication occurs approximately once
in every 5000 blood transfusions [83]. The prior use of G-CSF
may heighten this risk, and a transient decrease in the white
cell count may be an early feature of the syndrome [84, 85].
The presence of antineutrophil antibodies is central to the
development of most cases of TRALI. There are in vivo and ex
vivo animal models to support the antibody-mediated disease
hypothesis [86]. The antibodies may react with HNAs, e.g.,
HNA-3a, or HLAs, e.g., HLA-A2, which have been associated
with fatalities, or to HNA-1a and -2a, which have been associ-
ated with less-severe disease [87]. An animal model supports
the requirement for neutrophils in this process [88]. Mice
made neutropenic were resistant to antibody-induced lung in-
jury. Neutrophilia is not a feature of this transfusion reaction
in humans and is not essential, as approximately one-quarter
of human blood neutrophils is in the pulmonary vascular bed
at any time [87]. A “two-event model” has been suggested in
the pathophysiology of this syndrome. The initial event is the
underlying illness, which induces activation of the vascular en-
dothelium of the lung and subsequent neutrophil sequestra-
tion [87]. The second event involves antineutrophil antibody
from a transfused blood product that primes and activates the
adherent neutrophils and results in endothelial damage and
capillary leak. An illustration of this process and a comparison
with the vaso-occlusive events in sickle cell disease are shown
in Fig. 2 [63].

The adhesion of neutrophils in the pulmonary capillary bed
may be aggravated by the anatomy. The neutrophil diameter is

Figure 2. A schematic representation of the major patho-
physiological events in the development of sickle cell vaso-
occlusion and TRALI. In sickle cell vaso-occlusion, there is
adhesion of neutrophils to the endothelial cell surface,
mediated by E-selectin ligand-1 (ESL-1) on the neutrophil
and E-selectin on the endothelial cell surface. Sickle cells
(SS) also adhere to the endothelium via ligands (e.g.,
CD36, CD47, �4�1) interacting with endothelial cell vascu-
lar cell adhesion molecule-1, �V�3, fibronectin, thrombos-
pondin, and others, in some cases, mediated by von Wille-
brand factor. Adhesion of red cells and platelets to neutro-
phils occurs and may be mediated by �M�2 neutrophil
integrins. The red cell and platelet ligands are uncertain.
This intercellular reaction involving red cells, neutrophils,
and platelets (and possibly monocytes) results in vascular
occlusion and tissue hypoxia [60]. In TRALI, antibodies
present in transfusion products with specificity against
HNAs (e.g., HNA-1a, -2a, or -3a, HLA-A2) react with their
requisite antigen and initiate neutrophil activation. A two-
event model is proposed for the pathophysiology of
TRALI, in which the first is the underlying inflammatory
disease, inducing activation of the vascular endothelium of
the lung and consequent neutrophil sequestration. The

second event is the antibody antigen-induced activation of neutrophils, which adhere to E-selectin on the endothelial surface via their surface E-
selectin ligand-1, similar to the process in sickle cell vaso-occlusion. Platelets bind to neutrophil �M�2 by an as-yet unknown, complementary mole-
cule. The resultant production of ROS in conjunction with inflammatory cytokines and chemokines leads to capillary permeability and fluid leak
and the clinical syndrome. The inflammatory cytokines are released from the endothelial and inflammatory cells, and this contributes to the vascu-
lar effects. TRALI, induced by HNA-3a, is particularly severe, and this antigen is encoded by the gene for the choline transporter-like protein-2
(SLC44A2), in which a single nucleotide polymorphism substitutes arginine for glutamine at position 154 [61, 62]. An animal model of TRALI has
been used to identify a possible alternative mechanism of the disease involving the transfusion of an antibody to MHC I antigen on endothelial
cells in the lung and activation of neutrophils via their Fc�R [63]. Antineutrophil antibodies are, however, the principal pathogenetic mechanism
in humans [64]. SS, homozygous sickle hemoglobin. This figure is adapted from a figure in ref. [63].
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�50% of that of the capillaries connecting the pulmonary ar-
terioles to the venules, requiring neutrophil deformation for
passage [83, 89]. Thus, neutrophils do not tether, roll, and
adhere as in other vessels. There is decreased deformability of
the neutrophils from polymerization of their cytoplasmic actin
filaments, which may be complement-mediated [1], and this
change contributes to neutrophil sequestration in the lung
[83, 90]. Adhesion molecules, such as �2 integrins (�M�2),
undergo a conformational change from nonadherent to ad-
herent, and these bind to ICAM-1 on the endothelial surface
[63, 83, 91], immobilizing neutrophils. There is consequent
trapping of platelets, but the platelet adhesion molecules in-
volved are not known [63]. The trapped neutrophils are acti-
vated by circulating cytokines (e.g., TNF-�, IL-6), chemokines,
bioactive lipids from the transfusion product, platelet-derived
CD40 ligand, and antineutrophil antibodies. The cross-linking
of integrin or selectin adherence molecules by an antibody
leads to an increased oxidative burst in stimulated neutrophils
[92, 93]. Activation results in release of ROS and proteases
[87, 91, 94], which further damage the endothelium [95, 96]
and cause capillary leak and pulmonary edema. Blockage of
ROS in an animal model prevented vascular leak, edema, and
lung injury [90, 91]. Plasma lipids from platelet concentrates
in the absence of antineutrophil antibodies also can precipi-
tate TRALI in an animal model [97]. The animals were pre-
treated with LPS as the first event, and lysophosphatidylcho-
line served in lieu of antibody as the second event, resulting in
endothelial damage and oxidase activity. This may explain the
development of TRALI in �10% of patients in whom antibody
cannot be demonstrated and is consistent with data indicating
that lysophosphatidylcholine is a biologically active lipid that
accumulates in stored blood components [98]. Additional data
that support the pathophysiology described in regard to
TRAILI are included (see Table 1) [99–101].

NEUTROPHILS IN THE
PATHOPHYSIOLOGY OF THE ARDS

Acute lung injury or ARDS is defined as severe arterial hypox-
emia reflected by a partial arterial pressure of oxygen divided
by the fractional concentration of oxygen in the inspired air
below 200 [102, 103]. It occurs directly, as a complication of
pneumonia or aspiration, or indirectly, as a consequence of
sepsis or trauma. The common feature of ARDS is injury to
the alveolar capillary membrane, resulting in a failure to per-
mit the transfer of oxygen from the alveolar sac to the pulmo-
nary capillary circulation [103]. Activated neutrophils and cy-
tokines from macrophages play a critical role in the failure of
oxygen transport [100]. With lung injury, an early response is
the release of TNF-� and IL- 1� from macrophages [103].
Neutrophils and endothelial cells are activated. Neutrophil
sequestration in the alveolar capillaries and interaction with
other inflammatory cells, such as monocytes, macrophages,
and lymphocytes, result [100]. The neutrophilic response, as
measured in the fluid from BAL, is correlated directly with the
severity of the impaired gas exchange and protein leak [104];
this response is correlated closely with neutrophil activation
and adhesion [105]. Platelet activation of neutrophils via re-

lease of their stored mediators, including von Willebrand fac-
tor, tissue factor, chemokines, and cytokines, is part of the re-
sponse [106, 107]. In addition, cytokines, chemokines, acute-
phase reactants, and coagulation factors are released from
injured tissues, including TNF-�, IL-1, IL-6, and IL-8 [105,
108–110]. Neutrophils exhibit decreased deformability, which
augments their trapping in capillaries [106, 111]. Tethering,
rolling, activation, and adhesion of neutrophils occur prior to
transendothelial migration [94]. Stimulated neutrophils mi-
grate along chemotactic gradients into the lung parenchyma
[106]. Neutrophil migration across the epithelium is more
complex than its transendothelial migration. The pathway ap-
pears to be longer (20 �m or more), takes an intercellular
route, and proceeds from the basolateral to the apical surface
[94]. Selectins are not involved in transepithelial migration of
neutrophils, but �1 integrins may mediate adhesion to fibro-
blasts or the interstitial matrix [94]. Neutrophils are retained
at the apical epithelial surface by adhering to ICAM-1 and by
Fc interactions [94]; there is a decrease in neutrophil apopto-
sis proportional to the severity of sepsis [100]. Neutrophils re-
lease neutrophil elastase, metalloproteinases, defensins, and
ROS locally, and if in sufficient numbers, neutrophils, thereby,
contribute to tissue injury. Pro-oxidant substrates, such as hy-
poxanthine, are increased in BALF from patients with ARDS,
reflecting the heightened activity of oxidative reactions [112],
whereas antioxidant mechanisms are impaired [113]. These
toxic substances damage the epithelium so that there is height-
ened paracellular permeability and fluid leakage characteristic
of the acute lung injury in ARDS [114]. Neutrophils are the
principal cell type in BALF early in the development of ARDS;
the fluid contains TNF, IL-1, IL-6, and IL-8 [115]. The libera-
tion of neutrophil-derived proteases inhibits surfactant activity,
thereby further diminishing lung function. Within 2 weeks of
onset, a fibrinoproliferative process begins with the neutro-
phils in lung fluid replaced by alveolar macrophages, the pro-
liferation of type 2 epithelial cells, and collagen deposition
with evolution of lung fibrosis [115]. Other supporting data
for the role of leukocytosis [116], neutrophil adhesion mole-
cules [117], capillary leakage [118], and transepithelial migra-
tion of neutrophils [119] in the ARDS shown (see Table 1).
Neutrophilia, a normal neutrophil count, or neutropenia may
be observed in patients with ARDS. The circulatory neutrophil
pool size is, however, less relevant than the intrapulmonary
pool, which is characteristically engorged with neutrophils, as
indicated by the lavage cellular content. There may be some
limitation of the pulmonary neutrophil pool size in patients
with neutropenia, and this may be associated with somewhat
less-severe manifestations.

NEUTROPHILS IN THE
PATHOPHYSIOLOGY OF IMMUNE RENAL
VASCULITIS AND
GLOMERULONEPHRITIS

ANCA lead to neutrophil activation, neutrophil sequestration
in the glomerulus, and glomerular capillaritis [120]. This se-
quence of events results in the clinical manifestation of glo-
merulonephritis, manifested by proteinuria, hematuria, hyper-
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tension, and ultimately, renal failure. If the creatinine is above
4 mg/dl, the greater the neutrophilia, the poorer the clinical
outcome [121]. This process is observed primarily in the pro-
liferative forms of glomerulonephritis, characterized by glo-
merular hypercellularity, composed of neutrophils, macro-
phages, and T lymphocytes accumulating in the glomerular
tuft and producing crescent formation. ANCA-related glomeru-
lonephritis, antiglomerulo-basement membrane nephritis, and
nephritis associated with systemic lupus erythematosis are the
three major diseases that produce severe proliferative, crescen-
tic glomerulonephritis [120]. In ANCA-related glomerulone-
phritis, a loss of tolerance to MPO and PR3 released from neu-
trophil granules results in antibodies to these proteins [121,
122]. Neutrophils do not initially roll prior to adhesion in
glomeruli [123], rather, they undergo “immediate arrest”
within the glomerular capillaries. It has been proposed that
P-selectin, derived from platelets, serves as the endothelial ad-
hesion molecule interacting with ICAM-1 and CD11b/CD18
on neutrophils, which are up-regulated by the activation of
neutrophils by ANCA and possibly, C5a in an activation loop
[124]. In confirmation of this pathogenesis, inhibition of
ICAM-1 and CD11b/CD18 or P-selectin reduces leukocyte re-
cruitment and the severity of experimental glomerulonephritis
[123, 125]. Cytokines, including IFN-� from CD4 lymphocytes,
interact with CD40 to activate macrophages in concert with
macrophage MIF, the latter involved in macrophage recruit-
ment and activation [126]. TNF-� plays a role in ANCA-in-
duced glomerulonephritis, as leukocyte recruitment is de-
creased after anti-TNF antibody treatment in experimental ani-
mals [127]. An interaction of neutrophils and macrophages
with Th1-type Th cells plays a prominent role in producing
the proliferative and crescentic form of glomerulonephritis
[128]. The Th1-type
Th cells produce IFN-�, IL-2, lymphotoxin-�, and TNF-�,
which can induce neutrophil, macrophage, and cytotoxic T
cell activation [128]. Inflammatory cytokines, such as IL-1,
IL-6, and TNF-�, are also produced by macrophages and to a
lesser extent, by resident glomerular cells [129, 130]. Macro-
phages, tubular cells, and myofibroblasts produce and secrete
fibrosis-promoting molecules, including TGF-�, and there are
reduced levels of antifibrotic factors, leading ultimately to re-
nal fibrosis and chronic kidney disease [131]. Attenuation of
renal fibrosis occurs if there is a reduction of TGF-� [132].
The PDGF group of cytokines also contributes to myofibro-
blast proliferation and renal scarring [133]. Additional evi-
dence for the involvement of leukocytosis [134], neutrophil
adhesion molecules [134], leukocytes [135], and MIF [136] in
ANCA-mediated glomerulonephritis is shown (see Table 1).

NEUTROPHILS IN THE
PATHOPHYSIOLOGY OF STROKE

The accumulation of neutrophils in ischemic brain regions has
been appreciated for years, and mechanisms investigating their
potential cytotoxic effects in this context remain an area of
active investigation [137, 138]. Epidemiological studies indi-
cate patients with neutrophil counts �8.2 � 109 cells/L have a
higher risk of stroke compared with controls. In these studies,

neutrophilia also predicted poor outcome after stroke, and
these associations were not influenced by the use of aspirin or
clopidogrel [139]. Neutrophil accumulation within brain terri-
tories begins within 6 h of ischemia onset, lasting up to 6 days,
and in many studies, the degree of infiltration correlates with
the severity of the neurological injury [140, 141] Results from
diffusion-weighted MRI indicate that early neutrophilia, but
not elevated lymphocyte counts, is associated with increased
infarct volumes after stroke [142]. Similar trends have been
reported using serum markers of neutrophil activation, includ-
ing gelatinase-associated lipocalin, PR4, and TNF-�, which
were elevated after acute ischemic stroke [143, 144]. The ex-
pression of leukocyte adhesion molecules is also increased in
patients admitted to the hospital after a stroke [145].

Preclinical modeling supports the notion that neutrophils
alter microcirculatory homeostasis, causing what has been
termed the “no-reflow” phenomenon [146]. Central to these
events is the interaction between neutrophil activation and
adherence to endothelium and transendothelial migration; the
contributing factors include MCP-1 and the intercellular adhe-
sion molecules, ICAM-1, integrin-�2 (CD18), PECAM-1, and
others [147]. Their expression is causally related to circulatory
defects after stroke. For example, anti-CD18 mAb inhibit neu-
trophil adherence to the vasculature and suppressed the no-
reflow phenomenon in a baboon model of focal cerebral isch-
emia [148]. Also, loss of CD47 expression reduced neutrophil
accumulation, matrix metalloproteinase-9 activity, and cerebral
edema after transient middle cerebral artery occlusion in mice
[149]. Targeted disruption of P-selectin (an early-phase endo-
thelial marker involved in neutrophil recruitment) is protec-
tive against cerebral ischemia in mouse models [150]. It is also
clear that ischemia induces rapid changes in the expression of
genes, induction of cell surface molecules, and release of solu-
ble markers associated with neutrophil activation. Two such
targets induced by hypoxic vascular endothelia include ICAM-5
and MCP-1 [151]. The extent to which neutrophils participate
in tissue damage depends on the type and severity of ischemic
injury, which in turn, define the range of neutrophil-specific,
interacting molecules activated. For example, although block-
ade with CD18-specific antibodies protects against transient
focal ischemia, there is no effect after middle cerebral artery
occlusion [152]. These data highlight the particularly impor-
tant role of neutrophils in the pathological response associated
with reperfusion injury. In this regard, although inhibiting
neutrophil function with anti-CD18 antisera alone was not ben-
eficial in a preclinical model of focal stroke, when given in
combination with tPA, it augmented protection and extended
the therapeutic window for thrombolytic administration [153].
Other data supporting the role of leukocytosis [154], neutro-
phil adhesion [155–157], leukostasis [156, 158, 159], and re-
sultant inflammation [160] in the development of a stroke are
shown (see Table 1).

Results from a number of genetic and pharmacological stud-
ies support a pathological role for PMNs after stroke. ROS
generated through the NADPH oxidase respiratory burst pro-
duce direct injury to the vascular endothelium and brain pa-
renchyma. Pharmacological inhibition or genetic ablation of
NADPH oxidase function is neuroprotective by blocking neu-
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trophil superoxide generation [161]. Other factors, including
peroxisome proliferator-activated receptor-�, C/EBP-�, and
PKC-�, have been targeted, resulting in reductions in neutro-
phil accumulation and neuronal injury after cerebral ischemia
[162, 163]. Loss of PKC-� appears particularly important after
stroke-reperfusion injury, as gene loss-of-function was associ-
ated with impaired adhesion, migration, ROS generation, and
degranulation of blood neutrophils [164]. Also, pretreatment
with the platelet-activating factor receptor antagonist LAU-
0901 reduced infarct volumes via its antineutrophil and anti-
inflammatory properties [165]. Elastases secreted by neutro-
phils are elevated after stroke and contribute to tissue degra-
dation [166]. Consequently, the small molecule elastase
inhibitors, ONO-5046 and sivelestat, decrease neuronal dam-
age following transient global and focal ischemia, respectively
[167, 168]. The SLPI (antileukoproteinase), a highly cationic,
single-chain protein with eight intramolecular disulfide bonds,
is an endogenous inhibitor of elastase and other leukocyte ser-
ine proteases and exhibits potent anti-inflammatory properties
[169]. As predicted, adenoviral-mediated expression of SLPI in
the cortex prior to ischemia protects against tissue injury
[170]. Although nonspecific in nature, ischemic precondition-
ing limits brain injury after stroke by reducing inflammatory
gene expression (e.g., cytokines, chemokines, adhesion mole-
cules) and the net infiltration of neutrophils into the ischemic
cortex [171].

Several risk factors commonly linked with stroke are also
associated with neutrophil activation. For example, the AGE
products associated with the diabetic state reduce the deform-
ability and enhance the intrinsic respiratory burst activity of
neutrophils [172, 173]. Similarly, although smoking and hy-
pertension are associated with neutrophilia, tobacco use fur-
ther impairs neutrophil membrane compliance [174, 175] Ele-
vated plasma homocysteine, which is associated with acceler-
ated rates of atherosclerosis and small vessel stroke, enhances
neutrophil-endothelial interactions in vivo [176]. Conversely,
moderate alcohol use, which reduces the risk of stroke, also
reduces the expression of the neutrophil adhesion molecule
CD18 [177]. Given the common occurrence of diabetes, hy-
pertension, and tobacco use, it is plausible that when com-
bined, these variables may produce synergistic and deleterious
effects on the cerebral microcirculation during stroke, in part,
as a result of their effects on neutrophil function.

Neutrophilia plays a central role in several systemic disor-
ders in which stroke is frequently encountered as a complica-
tion. For example, in Wegener’s granulomatosis, ANCA titers
correlate with disease activity and cause cerebrovascular dam-
age through antibody-mediated release of proteolytic enzymes
and the priming of neutrophil reactivity against the endothe-
lium [178]. Surface expression of neutrophil adhesion mole-
cules, including �-2 integrin and L-selectin, is increased in
pregnant women who progress to eclampsia before the clinical
features of disorder are manifest [179]. In view of these obser-
vations, whether a result of local hypoxia-ischemia or in re-
sponse to a distinct stimulus, neutrophilia and stroke coexist
in a number of non-neurological, systemic conditions.

In addition to the risk of aspiration-related pneumonia, in-
flammatory cytokines released after ischemic stroke impair im-

mune defenses, leaving the host particularly susceptible to nos-
ocomial infection [180]. Despite this risk, antineutrophil ther-
apies are starting to make their debut. Based on the ability of
the neutrophil inhibitory factor UK-279-276 to reduce infarct
volume after reperfusion in animal models, the safety and effi-
cacy of the drug have been tested in combination with rtPA,
administered for acute stroke [181]. Although the trial was
stopped early for futility, the experimental drug was generally
well-tolerated and did not appear to increase the incidence of
infectious complications. The endogenous cytokine IL-1R�

also protects against cerebral injury in a range of neuropatho-
logical conditions including stroke. i.v. delivery of IL-1R�, fol-
lowed by a 2-mg/kg/h infusion over 72 h, produced no ad-
verse events and lowered neutrophil, C-reactive protein, and
IL-6 levels in treated patients [182]. Data regarding imaging
and clinical outcomes supported improvements in the treat-
ment group compared with controls receiving placebo.

Although most studies cast the neutrophil in primarily path-
ological roles, some reports indicate that they play only a lim-
ited role in this regard and may in fact provide some benefit
after stroke [183–185]. Studies primarily done in rodent sys-
tems suggest that the rheological and pathological changes
that occur early after reperfusion cannot be explained by the
actions of the neutrophil, given the delayed profile of their
accumulation. In this context, neutrophilia may simply act as a
marker rather than a participant in the pathological response.
Neutrophil depletion decreases levels of several growth factors,
including brain-derived neurotrophic factor and VEGF, attenu-
ating induced focal angiogenesis in the mature mouse brain
[186]. Moreover, G-CSF treatment, which produces neutro-
philia in WT and G-CSF knockout mice, is, in fact, protective
against transient focal ischemia [187]. Thus, taking these ob-
servations into consideration, it may be possible that PMNs
can have protective and harmful effects in the ischemic brain
depending on additional cues that influence the highly regu-
lated process of neutrophil activation.

NEUTROPHILS IN THE
PATHOPHYSIOLOGY OF THE ACUTE
CORONARY SYNDROME

Myocardial infarction is most often caused by the acute throm-
botic occlusion of patent coronary arteries rather than from
chronic, progressive luminal narrowing from atherosclerosis.
Progression of the intimal fatty streak (composed of lipid
droplets and foam cells) to the unstable plaque involves the
accumulation of, and signaling between, immune components,
including DCs, mast cells, B cells, and NK cells [188]. These
cellular elements also contribute to plaque instability through
the induction of proteases, free radicals, and vasoactive mole-
cules [189–191]. Rupture of the unstable fibrous cap and re-
lease of the tissue factor-rich lipid core precipitate focal plate-
let activation and intraluminal thrombosis. Neutrophil leukos-
tasis occurs at sites of plaque rupture and is associated with
endothelial dysfunction and the expression of neutrophil and
vascular endothelial adhesion molecules [188, 191–195]. Acute
coronary syndrome is also associated with several markers of
intrinsic neutrophil activation. Compared with blood neutro-
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phils, those associated with coronary plaques, harvested during
percutaneous coronary intervention, exhibit increased telomer-
ase activity, which is a marker reflecting a prolonged neutro-
phil lifespan [196]. Premature telomere shortening promotes
apoptosis in postmitotic cells, whereas enhanced telomerase
activity promotes survival [197, 198]. Local enrichment of acti-
vated “survivor” plaque neutrophils could exaggerate local in-
flammatory responses and promote stent restenosis [199]. In
addition, neutrophils obtained from patients with acute coro-
nary disease exhibit twice the respiratory burst activity found
in patients with stable angina [200]. Analyses of autopsy mate-
rial from patients who succumbed to acute myocardial infarc-
tion indicate that neutrophils are found more frequently in
ruptured rather than eroded or stable plaques [201], and anal-
yses using the marker anti-BP-30 indicate that neutrophils were
present in 72% of ruptures but not in intact fibroatheromas
[202]. These data support the assumption that neutrophils
participate in plaque rupture and in situ coronary thrombosis.

Various markers related to neutrophil activation have been
linked with acute coronary disease. For example, neutrophilia
alone is a risk factor for adverse cardiac events, including car-
diogenic death, heart failure, and nonfatal myocardial infarc-
tion [203–205]. High levels of C-reactive protein, indicative of
systemic inflammation, correlate positively with absolute neu-
trophil counts but not with increases in other blood cell types
[206]. In contrast, T lymphocyte activity is lower in patients
with acute coronary syndrome, and a high neutrophil-to-lym-
phocyte ratio may be used to stratify patients by risk of a poor
outcome, as it appears to predict in-hospital and 6-month mor-
tality [207]. Soluble forms of adhesion molecules, including
soluble VCAM-1 and soluble P-selectin (markers reflecting en-
dothelial activation), are also elevated in the serum of patients
with angina pectoris, referred for coronary angiography [208].
Platelet-neutrophil interactions are increased fourfold in the
circulating venous blood of patients with unstable angina
[209].

Aside from the potential pathological association with the
unstable plaque, neutrophils may play a particularly important
role in promoting myocardial injury after reperfusion [210].
Neutrophil activation in this context could aggravate thrombo-
sis and microvascular dysfunction through the release of vaso-
active substances, including platelet activating factor, throm-
boxane A2, and leukotriene B4 [211]. Similarly, elevated neu-
trophil counts observed after percutaneous coronary
intervention for ST-segment elevation correlate with the size of
the myocardial infarct and resultant left ventricular function
[212]. In patients undergoing cardiopulmonary bypass, neutro-
phil depletion lowered the prevalence of low cardiac index
and reperfusion ventricular fibrillation and lowered cardiac
enzyme levels postoperatively, suggesting that neutrophils play
a pathological role in postrevascularization recovery [213].
However, whereas a single injection of the anti-CD18 antibody
prior to reperfusion in a canine model of acute coronary syn-
drome limited myocardial infarct size by close to 50% and pro-
duced improved global and regional left ventricular function
[214], its use in humans was not efficacious [215]. The failure
of attempts to block neutrophil function in acute coronary
disease in humans has made the concept that neutrophils play

a central role in reperfusion injury controversial [216, 217].
However, as �1-integrin-VCAM interactions also mediate neu-
trophil emigration into the heart, achieving a detectable clini-
cal response may require targeting several adhesion molecules
[218]. Other evidence supporting a pathophysiologic role for
neutrophils in the genesis of acute coronary artery disease is
shown in Table 1 [219, 220].

CONCLUDING REMARKS

Neutrophils may contribute to tissue-specific injury in certain
inflammatory states initiated by various incidents. The mecha-
nisms involved include inappropriate microvascular neutrophil
adhesion, decreased neutrophil deformability and capillary
trapping, release of cytokines, release of oxidants, and release
of proteases, each contributing to an exaggerated inflamma-
tory response, which can be more harmful than beneficial. In
the pathophysiological processes, the neutrophil can be a key
participant, although often not the sole factor in inducing and
sustaining detrimental tissue effects. Four compelling observa-
tions that neutrophils are key pathogenetic factors in specific
tissue injury have been made in sickle cell vaso-occlusive crisis,
in the extent of injury in experimental models of stroke, in
the severity of vascular disease in TRALI, and in the ameliora-
tion of experimental glomerulonephritis. In human studies
and in humanized animal models of sickle cell vaso-occlusive
crisis, reduction of neutrophils or blockade of neutrophil ad-
hesion to sickle cells or endothelium [72] ameliorated the fre-
quency or severity of crisis. In stroke, pharmacological inhibi-
tion or genetic ablation of NADPH oxidase function is neuro-
protective by blocking neutrophil superoxide generation
[161]. Elastases secreted by neutrophils are elevated after
stroke and contribute to tissue degradation [166]. Conse-
quently, the small molecule elastase inhibitors, ONO-5046 and
sivelestat, decrease neuronal damage following transient global
and focal ischemia, respectively [167, 168]. Adenoviral-medi-
ated expression of SLPI in the cortex prior to ischemia pro-
tects against tissue injury [170]. In experimental animal mod-
els of TRALI, blockade of ROS released from neutrophils pre-
vented vascular leak, edema, and lung injury [90, 91].
Inhibition of ICAM-1 and CD11b/CD18 or P-selectin reduces
leukocyte recruitment and the severity of experimental glo-
merulonephritis [123, 125]. Thus, the question has been
posed, appropriately, whether decreasing neutrophil adhesion,
limiting the neutrophil secretory response, and/or decreasing
the neutrophil count, if normal or elevated, may be useful in
the treatment of these conditions. We anticipate an increase in
research focused on methods to accomplish these goals in ways
that provide a satisfactory benefit:risk therapeutic relationship.
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