
THE NEUTROPHIL IS MORE THAN A
KILLER OF MICROBES

ONE could be forgiven for thinking of neu-
trophils as simple phagocytic cells, use-

ful remnants of a primitive immune system,
with their sole function restricted to waste
disposal at inflammatory sites. When needed,
they are attracted from the circulation by a
scent of chemotactic factors generated by
cells under assault, and upon arrival they en-
gulf and destroy anything labeled as foreign.
Their means of destroying an ingested patho-
gen includes a blast of reactive oxidants so
toxic that it leads to the kamikaze-like death
of the neutrophil itself. However, most neu-
trophils never achieve this goal. They rarely
live beyond a day, only to be replaced in cir-
culation by cells mass-produced in the bone
marrow.

As terminally differentiated cells, neu-
trophils give the impression of prepackaged
killers. The cytoplasm is filled with granules
containing antimicrobial and digestive com-
pounds, ready for translocation and empty-
ing into the phagosome. The NADPH oxi-
dase, the primary source of oxidants, is
already synthesized and awaits a signal for
assembly and activation. This preparedness
allows a response within seconds—an in-
ducible response would be inadequate as a
first line of defense.

As such, it is not surprising that transcrip-
tion factors, gene expression, and protein syn-
thesis have received little attention in neu-
trophils. However, there is a collection of
studies that warn against underestimating the
complexity of these cells. The ability of neu-
trophils to synthesize and release cytokines
and chemokines is well documented (13), as is
the fundamental role of these products in coor-
dinating the immune response. There is also a
recent report that neutrophils are able to act as
antigen-presenting cells (11). Nuclear factor-
kB activation has been reported in neutrophils
treated with different stimuli in vitro (8), and
we have observed nuclear translocation of this
transcription factor in neutrophils present in
inflammatory exudates (Cheah et al., unpub-
lished observations). Also of considerable in-
terest is the detailed investigation showing
changes in the expression of several hundred
neutrophil genes during bacterial phagocyto-
sis (14). This is indeed remarkable for a cell
under extreme oxidative stress and destined to
die within an hour or two. Some gene prod-
ucts may be important for the neutrophil that
generates them, perhaps to facilitate the apop-
tosis and clearance that is a key feature of suc-
cessful resolution of inflammation. However,
it is worth considering that these processes
may also be important in bystander neu-
trophils, which are attracted to the site but are
yet to be engaged in phagocytosis. These cells
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are exposed to a range of inflammatory media-
tors, some of which are capable of delaying the
rate of spontaneous apoptosis and thereby ex-
tending the functional lifetime of the neu-
trophil (7). Others are able to prime the by-
stander neutrophil, such that it is prepared for
a rapid and extensive oxidative burst upon
subsequent activation (15). Altered gene ex-
pression and cytokine production by these
cells may play an important role in the regula-
tion of the inflammatory response.

NEUTROPHILOXIDANTS AS
SIGNALING MOLECULES

As evidenced by the recent establishment
of this journal, there is growing interest in the
concept of redox signaling. Reactive oxidants
are major products of stimulated neutrophils,
and the question arises as to whether these
oxidants act as signals, either for the neu-
trophils themselves or for other cells at an in-
flammatory site. This is the focus of this spe-
cial forum. We have taken a broad approach
to the topic with articles considering how
oxidant production is regulated, as well as
potential regulatory roles of the oxidants
themselves.

The pathways and processes of oxidant
production are well defined in the neutrophil.
On stimulation, the NADPH oxidase is
rapidly assembled in the plasma membrane,
leading to the production of O2

2 on its exter-
nal surface (1). Successful ingestion of the tar-
geted microorganism results in O2

2 release
into the phagosomal space. This rapidly dis-
mutates to H2O2, which can then be con-
verted to HOCl by the granule enzyme my-
eloperoxidase. Other secondary oxidants of
the oxidative burst are chloramines, formed
upon the reaction of HOCl with amine
groups. These oxidant products make a sig-
nificant contribution to the microbicidal arse-
nal of the neutrophil (4).

There are various threads of evidence that
suggest neutrophil oxidants also perform other
functions. It is known that oxidants are capable
of activating or modulating signaling path-
ways in cells. H2O2 is the best characterized; it
activates pathways leading to kinase activa-

tion, cell proliferation, growth arrest, and
apoptosis. Chlorinated oxidants have been
shown to cause some of these changes (9, 16).

Potential targets include any cells in the
immediate vicinity of the activated neu-
trophil, particularly those to which it is ad-
hered, as well as the activated neutrophil it-
self. Soluble stimuli can cause neutrophils to
release oxidants into the surroundings, as
does incomplete phagosome closure. Also,
H2O2, HOCl, and some chloramines are small
uncharged molecules that can cross mem-
branes and diffuse from the site of genera-
tion. They should not, therefore, be restrained
in the phagosomal space. The volume of a
neutrophil is 1,000 times that of a typical bac-
terium, so the oxidants need not travel far for
the neutrophil to become the major reactive
sink. Indeed, recent work from our laboratory
indicates that the majority of tyrosine chlori-
nation by HOCl generated during phagocyto-
sis is on neutrophil rather than bacterial pro-
tein (Chapman et al., J Biol Chem, in press).
There is also evidence that oxidant produc-
tion is not restricted to the phagosome. Work
from Dahlgren and colleagues suggests that
NADPH oxidase activation occurs in granule
membranes, increasing the likelihood of sig-
nificant extraphagosomal oxidation (5).

What processes in the neutrophil may be
under redox control? At low levels, oxidants
are known to modulate transcription factor
activity, and therefore may affect cytokine
production and release. They are also known
to prime cells for subsequent activation and
to affect cell-to-cell interactions. Both these
phenomena are addressed in this issue (12,
15, 17). There is evidence that neutrophil
apoptosis is under redox control, with NADPH
oxidase-derived oxidants proposed to regulate
spontaneous neutrophil apoptosis (6) and trig-
ger phosphatidylserine exposure and clearance
of activated neutrophils (2). These mechanisms
are defective in chronic granulomatous disease,
a genetic defect resulting in a nonfunctional
NADPH oxidase, and can lead to impaired neu-
trophil uptake (Hampton et al., J Leukoc Biol, in
press). Others have observed an elevation in the
number of inflammatory neutrophils in chronic
granulomatous disease, independent of defec-
tive microbial killing, and have hypothesized
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that a defective NADPH oxidase is associated
with dysfunctional regulation of the inflam-
matory response (3, 10).

FUTURE DIRECTIONS

As discussed in this issue, there are several
indications that neutrophil oxidants play a reg-
ulatory role. However, this field is in its infancy,
and more experimentation is required to define
which neutrophil processes are under redox
control. Interesting questions arise as to whether
any of the changes in gene expression following
phagocytosis are redox-regulated, and how
oxidant production leads to neutrophil apopto-
sis and recognition for clearance. Mitogen-
activated protein kinases are involved in many
of the phosphorylation events leading to activa-
tion of the NADPH oxidase and generation of
superoxide. In other cell types, this pathway is
redox-sensitive. The possibility that oxidants
amplify this response in bystander neutrophils
warrants consideration. NADPH oxidase-knock-
out mice are available and may provide the ve-
hicle for elucidating the processes other than
bacterial killing that are dependent on an oxida-
tive burst.
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