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Abstract

Neutrophils provide the first line of defense of the innate immune system by phagocytosing,
killing, and digesting bacteria and fungi. Killing was previously believed to be accomplished by
oxygen free radicals and other reactive oxygen species generated by the NADPH oxidase, and by
oxidized halides produced by myeloperoxidase. We now know this is incorrect. The oxidase
pumps electrons into the phagocytic vacuole, thereby inducing a charge across the membrane that
must be compensated. The movement of compensating ions produces conditions in the vacuole
conducive to microbial killing and digestion by enzymes released into the vacuole from the
cytoplasmic granules.
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INTRODUCTION

Neutrophils are highly motile phagocytic cells that constitute the first line of defense of the
innate immune system. They were first discovered by Elie Metchnikoff when he inserted
rose thorns into starfish larvae and found that wandering mesodermal cells accumulated at
the puncture site. He showed these cells to be phagocytic and described the larger cells as
macrophagocytes, or macrophages, and the smaller as microphagocytes, now known as
granulocytes, of which by far the most numerous are the neutrophils.

The ability of these cells to engulf and degrade bacteria was logically assumed to indicate a
killing function. A microbicidal function was ascribed to the contents of their abundant
cytoplasmic granules that were discharged into the phagocytic vacuole containing the
microbe (1) (Figure 1). Attention was then directed toward the characterization of the
granules by electron microscopy, fractionation, and biochemical analysis. Several of the
purified granule proteins were shown to kill microbes.

Parallel with studies into microbicidal activity of the granule contents, investigations were
undertaken into the metabolism of phagocytosing neutrophils. The neutrophils demonstrated
a significant “extra respiration of phagocytosis,” which was non-mitochondrial and was
associated with a dramatic increase in turnover of the hexose monophosphate (HMP) shunt
and the production of large amounts of HyO, (2). These metabolic changes were shown to
be essential for microbial killing.

In the late 1960s and early 1970s, a number of related discoveries cast a very different
perspective on the killing process. Chronic granulomatous disease (CGD), a profound
immunodeficiency to bacterial and fungal infections, was associated with failure of these
metabolic changes (3). In addition, myeloperoxidase (MPO)-mediated halogenation, which
is microbicidal in the test tube, was also defective in these patients (4).
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Soon after its discovery in 1969, superoxide dismutase was used to show that activated
neutrophils generate superoxide (5) and that this process is lacking in CGD. This important
development provided a direct link between free radical chemistry and biology. At the time,
most free radical chemistry was conducted by radiation biologists in test tubes, and its
application to biology was purely theoretical. This new discovery was thought to prove that
the production of free radical reactions in a biological process was toxic enough to kill
organic structures as tough as bacteria and fungal spores. Soon these observations were
extrapolated to implicate free radical reactions in a host of pathological processes involving
neutrophil infiltration and tissue damage.

During the past few years, the pendulum has swung firmly back to implicating a major
primary role for the granule proteins in the killing process (6), with a less direct but still
facilitating and activating role for the respiratory burst through the NADPH oxidase. This
review concentrates on the elucidation of these recent developments in our understanding of
the relationship between the oxidase and granule enzyme activation. Because of the breadth
of the subject and space limitations, references are made to authoritative reviews where
available.

LIMITATIONS TO UNDERSTANDING KILLING SYSTEMS

Neutrophils are essential for resistance to bacterial and fungal infections. Severe
neutropaenia invariably leads to infection by a wide range of organisms (7), most of which
are not normally pathogenic, even in CGD. This, coupled with the fact that most CGD
patients are able to kill most invading microbes most of the time (8), indicates that killing
systems of the neutrophil are highly efficient and multilayered. Investigators once
considered oxygen-dependent mechanisms essential for killing invading microbes, but such
microbes can in fact be killed by other systems (9). In general, research has concentrated on
determining those mechanisms involved in killing the most resistant organisms. The advent
of gene-targeting technology allows researchers to determine the roles of the different
antimicrobial molecules and their functional interrelationships with various microbes.
Additionally, most studies have examined the killing of microbes within the phagocytic
vacuole. We do not know whether neutrophils are capable of killing organisms
extracellularly in vivo, nor the mechanisms involved if they are.

We have derived the bulk of our detailed information from the study of infection in CGD
and the role of the oxidase in microbial killing. Because CGD patients can remain free of
infection for many years (8), these methods are imprecise because they only measure some
components of the lethal systems. Nonetheless, oxygen-dependent, intravacuolar killing
provides a clearly defined set of processes, the examination of which has advanced
knowledge of important physiological mechanisms.

THE NADPH OXIDASE

The NADPH oxidase plays a pivotal role in microbial killing because its dys-function causes
CGD, characterized by a profound predisposition to bacterial and fungal infection (8, 10),
and killing is compromised under anaerobic conditions (11).

Detailed reviews of the biochemistry and bioenergetics of this system have recently been
undertaken (12, 13), to which I refer readers. A schematic representation of the oxidase is
shown in Figure 2.

Annu Rev Immunol. Author manuscript; available in PMC 2007 November 23.
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The Electron Transport Chain Through the Membrane

gp91 phox

Flavocytochrome bssg is the core component of the NADPH oxidase. It is distributed
between the plasma membrane and the membrane of the specific granules, and it is
incorporated into the wall of the phagocytic vacuole, where it forms a conduit for electrons
to be pumped from NADPH in the cytosol onto oxygen in the vacuole.

Flavocytochrome bssg is a heterodimer composed of one molecule of p22P49% (a-subunit,
the product of the CYBA gene) and one molecule of gp912°% (B-subunit, CYBB gene).

gp91Ph9X contains the entire electron transporting machinery of the flavocytochrome b. It is
composed of two major, and very different, domains.

C-Terminus: NADPH and FAD Binding—The hydrophilic C-terminal (282-570)
portion of gp91P7%19X contains the FAD- and NADPH-binding sites. These have distant, but
recognizable homology to the large family of ferredoxin-NADP reductase (FNR) proteins,
of which cytochrome P450 reductase, nitric oxide (NO) synthase, and yeast ferric reductase
are members. This homology has allowed the construction of a model with the depiction of
the FAD- and NADPH-binding sites.

N-Terminus: Haem Coordination—The hydrophobic N-terminal half of
gp91Pho%contains six membrane-spanning a helices. Helices III and V each contain two
histidine residues appropriately positioned (101:209 and 115:222) to coordinate two haem
prosthetic groups perpendicular to the plane of the membrane. These histidine residues are
completely conserved among all the NADPH OXIDASE (NOX) family members. Site-
directed mutagenesis studies support the proposal that these histidine residues form the axial
ligands to the haem groups. The predicted placing of the haem groups (one toward the inner
face and one toward the outer face) is consistent with their function to transport electrons
from the NADPH (via FAD) on the inside (cytosol) across the membrane to the interior of
the phagocytic vacuole where molecular O is reduced to form O;. Biological membranes
are ~25 A thick, and thus at least two redox centers are required to span them to allow
electrons to transfer at kinetically significant rates. The haem groups are nonequivalent and
have different redox potentials.

The second (120-167) and third (224-257) external loops of gp91P7%°X contain the N-linked
glycosylation sites (asparagines 132, 149, and 240).

p22Phox_y20phox s 3 194 amino acid (~21 kDa) protein with a hydrophobic, membrane-
spanning N-terminus (1-132). It provides high-affinity binding sites for the cytosolic
NADPH oxidase subunits. p47P%°% binds to a proline-rich domain (151-160) in the
cytoplasmic hydrophilic C-terminus and confers stability on gp91P40x,

The Activating Proteins in the Cytosol

For electron transport to occur through the flavocytochrome, it must interact with a number
of cytosolic proteins that translocate to the membrane of the phagocytic vacuole. This
activation depends on a change in the conformation of the flavocytochrome, possibly by
displacing the small helix that is predicted in the molecular model to occupy the NADPH-
binding site in the inactive state (14) or through the facilitation of electron transfer between
the flavin and haem.

Because of their interaction with each other, with lipids, and with phox proteins in the
membranes, these cytosolic phox proteins have relatively large numbers of specific
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interaction domains. Targeting these molecules specifically to that region of the plasma
membrane that makes up the wall of the vacuole requires specific local changes, which
might include the accumulation of phosphatidylinositol phosphates (PIPs) at this site. Only a
small proportion of these cytosolic proteins translocate to the membranes, and these appear
to be phosphorylated, as does the flavocytochrome.

p67PhoX_p67PM0x (NOXA?2 from NOX Activator) is a 59,735-Da protein (526 amino
acids) with a pI of 6.12. Protein-protein interaction domains include two SH3 domains, two
proline-rich regions flanking the central SH3 domain, an N-terminal TPR (tetratricopeptide
repeat), and a PB1 domain C-terminal to the central SH3 domain. The TPR domains are
thought to bind rac. PB1 domains are known to interact with octicosapeptide motifs, and
p67P19% binds to p40PhoX through this domain. p67P40X attaches directly to flavocytochrome
bssg, and at high concentration, in combination with rac or in the form of a p67Phox/rac
chimera, p67P1°¥ is sufficient to induce electron transport.

pa7PhoxX_p47,h0x (NOXO2 from NOX Organizer) is a basic protein (pI = 9.6) of
molecular weight 44,681 Da (390 amino acids) that is heavily phosphorylated during
neutrophil activation. It contains a number of well-defined motifs, including a PX domain
(involved in phosphoinositide binding), two SH3 domains (involved in protein-protein
interactions), and at least one proline-rich motif (the reciprocal target for SH3 domain
interactions). It appears to be an adaptor molecule forming a bridge between p22274°X and
p67Phox and it also binds to cytoplasmic regions of gp91P749X thereby stabilizing the
attachment of p67749X to flavocytochrome bssg.It might also directly influence the function
of flavocytochrome bssg. The N-terminal regions of p40P#0X and p47P10X contain
homologous stretches of 120—130 amino acids that form a structure called the phox
homology, or PX domain, which binds to PIPs and directs these proteins to this activated
membrane (reviewed in 15).

The two SH3 domains face each other to form a groove in which its C-terminal polybasic
region fits. Investigators have suggested that this polybasic region is phosphorylated upon
activation, releasing it from its auto-inhibitory role and making the groove accessible to bind
the proline-rich tail in the C-terminal portion of p22P/0x,

pAa0PhoX__p40phox was discovered when it copurified with p6771°%, to which it is tightly
bound. It is a protein of 39,039 Da (339 amino acids), strongly homologous with p477/0x,
with an N-terminal PX domain, followed by an SH3 domain. Toward the C-terminus, there
is an octicosapeptide repeat (also known as a PC domain) that seems to be involved in the
binding of p40PhoX to p67PX The protein probably functions as a shuttle partner,
transporting p67P4°% which does not contain a PX domain, to the membrane of the
phagocytic vacuole by binding to PIPs.

p21rac—After the discovery of p47P1°% and p67PH°X it became clear that they were not
sufficient to reconstitute the active oxidase when combined with membranes. A third
protein, a guanosine 5’-triphosphatase (GTP)-dependent factor, was shown to be rac1 or
rac2 and was purified from cytosol. The causes of the separation of rac from its complex
with guanine nucleotide dissociation inhibitors (GDI) in the cytosol are not known. Rac
translocates to the membrane independently from p67P749X and p47P1% Tts guanosine
diphosphate (GDP) is probably exchanged for GTP on the membrane through the action of
P-Rex1, a 185-kDa guanine nucleotide exchange factor (GEF) that is activated by
phosphatidylinositol-3,4,5-trisphosphate and by the By subunits of heterotrimeric G
proteins.

Annu Rev Immunol. Author manuscript; available in PMC 2007 November 23.
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Molecular Genetics of CGD

Defects in any one of four genes give rise to the known forms of CGD. CYBB (coding for
gp9 1phox, NOX2) is located on the X chromosome and accounts for about 65% of cases,
almost exclusively in males (except in rare female carriers in whom there is extreme
lyonization). The other three genes are all autosomal, with defects in NCF/ (p47P1% or
NOXO2 protein), NCF2 (p67P19% or NOXA2), and CYBA (p22P10%) causing approximately
25%, 5%, and 5% of cases, respectively. No instances of CGD have been identified in which
a lesion of p40PHo% i5 causal.

A small subgroup of CGD patients have what is known as “variant” CGD (16). In these
cases there is partial loss of a protein or its function. Often as much as 10%, and up to 30%
(H. Malech, personal communication), of normal oxidase activity can be measured.

PRODUCTS OF THE OXIDASE AND THEIR IMPLICATION IN MICROBIAL

KILLING

03 and H0,

HO*

Initiation of NADPH oxidase activity coincides with degranulation, with a lag phase of
approximately 20 s (17). It occurs after closure of the vacuole and is limited to the plasma
membrane comprising the vacuolar membrane (18). Thus, superoxide cannot be detected on
the exterior of a phagocytosing cell (19, 20) unless engulfment is “frustrated” by an
overwhelming excess of particles and vacuolar closure becomes impossible.

Because activity of the NADPH oxidase is essential for efficient microbial killing,
investigators have focused attention on the products of the oxidase themselves as the lethal
agents.

Oxygen radicals and their reaction products, collectively referred to as reactive oxygen
species (ROS), are produced as a consequence of NADPH oxidase activity, which pumps
superoxide (O5) into the phagocytic vacuole. Because ROS can react with organic
molecules, an enormous body of literature has developed that causally links ROS to the
death of the microbe.

The superoxide anion radical has been recognized in chemical systems for many years.
Proof of its existence in biology followed the discovery of the enzymatic function of

superoxide dismutase, which accelerates the dismutation of 205 — Oa +O§* (21).
Investigators (5) soon showed that neutrophils produce large amounts of O3, estimated
between approximately 1 (22) and 4 (6) M/1 in the vacuole. The steady state concentration
has been estimated to be in the uM range (22) because dismutation to HyO5 (2) is very rapid
(23, pp. 60-61) under the prevailing conditions.

Experiments were performed that appeared to demonstrate the killing of microbes by O;
generated by xanthine oxidase (24, 25). It is not clear what, if any, ROS other than O; and
H,0, (2) are produced in significant quantities in the vacuole.

0; and H>O; can combine to generate the highly reactive hydroxyl radical (HO") via the
Haber-Weiss reaction. This requires a metal such as iron in the Fenton reaction: FeZ* +
H,0, — Fe3* + HO™ + HO'. HO® has been measured in a broken cell preparation (26) and
has been implicated as a microbicidal agent (27). These radicals are probably not found in
intact cells (28) because lactoferrin, which is unsaturated in neutrophil granules (29, 30),

Annu Rev Immunol. Author manuscript; available in PMC 2007 November 23.
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inhibits the generation of HO® (31) and other free radical reactions (29) by binding free
copper and iron. The reaction between HOCI and O; could produce HO® but does not appear
to do so (32).

Cobalt-based radicals could be produced by the Co in cyanocobalamin (33), but a binding
protein, transcobalamin 2, present in specific granules, might be there to prevent this from
occurring.

It has recently been suggested that ozone generated by an antibody-based catalysis is
involved in the killing of bacteria within neutrophils (34, 35). Doubt has been subsequently
raised, however, on the specificity of the indicator used for ozone, which can apparently also
detect O; (36).

Myeloperoxidase-Mediated Halogenation

Nitric Oxide

Myeloperoxidase (MPO) is a di-haem protein composed of two identical heterodimers. Each
heterodimer is formed from the post-translational modification of a single polypeptide
precursor. The two symmetric halves are linked by disulphide bonds between the two heavy
chains. The covalently bound haem has a unique structure and exhibits unusual spectral
properties that are responsible for its green color (37). MPO constitutes about 5% of the total
neutrophil protein and is present in the cytoplasmic granules at very high concentrations. It
makes up about 25% of the granule protein, and this achieves concentrations of about 100
mg/ml (1 mM) in the vacuole.

Investigators thought that this enzyme catalyzes the H,O,-dependent oxidation of halides
that can react with and kill microbes. Experiments with the MPO-H,0O,-halide system
demonstrated that this enzyme can kill bacteria in the test tube (22, 38-41), and MPO-
mediated halogenation has been accepted as an important antimicrobial mechanism for
several decades.

A few patients were discovered whose neutrophils lacked MPO and who were also thought
to be immunodeficient (42). Recently MPO knockout mice have also shown an undue
susceptibility to bacterial and fungal infections (43-45).

Although evidence suggests that neutrophils can induce the synthesis of nitric oxide (NO)
synthase during sepsis (46), little evidence implicates the involvement of NO in microbial
killing. Even in mice, in the neutrophils of which NO synthase is expressed at much higher
levels than in humans, knocking out this molecule has little effect on the killing of microbes
for which neutrophils are normally responsible. In contrast, these mice are profoundly
susceptible to intracellular organisms such as S. enferica and M. tuberculosis (47), which
classically proliferate within macrophages.

CYTOPLASMIC GRANULES AND THEIR CONTENTS

Researchers have known for almost a century that neutrophils phagocytose and kill
microbes. Alexander Fleming discovered and named lysozyme, which he termed ““a
remarkable bacteriolytic element found in tissues and secretions,” including leukocytes (48).
He showed that it lysed about two thirds of the bacteria he mixed with it. Researchers
subsequently showed that phagocytosis was associated with discharge of the cytoplasmic
granules into the vacuole (1) (Figure 1). Attention then focused on microbicidal components

Annu Rev Immunol. Author manuscript; available in PMC 2007 November 23.
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within these granules. The first microbicidal granule extract was called phagocytin (49),
which was later shown to be composed of an array of cationic antibacterial proteins (50).

Substantial reviews have recently covered this subject (51, 52). Different subsets of granules
have been characterized by electron microscopy (53), by various staining techniques, by cell
fractionation (54), and by their different functions. There are two predominant types of
granules, the azurophil and the specific. They are produced in the promyelocytic and
myelocytic stages, and their contents depend on the proteins that are being synthesized at
that time as well as on the presence of appropriate signaling peptides (51, 52). The granules
also differ in their primary functions, as discussed below.

Azurophil (or Primary) Granules

The azurophils largely contain proteins and peptides directed toward microbial killing and
digestion, whereas the specific granules replenish membrane components and help to limit
free radical reactions. Azurophil (or primary) granules are the first to be produced. They
contain MPO and three predominant neutral proteinases: cathepsin G, elastase, and
proteinase 3. Bactericidal/permeability-increasing protein (BPI) was first purified as a factor
that permeabilized and killed E. co/i (55, 56). It has lipopolysaccharide-binding and
neutralizing activities (57) and appears to be attached to the granule membrane. Defensins
are peptides with molecular weights of 3000—4000 Da, and each contains six disulphide-
linked cysteines (58). They exhibit antibacterial activity, but this is inhibited by
physiological concentrations of salt. About one third of the total lysozyme (54) is found in
these granules.

These granules contain an abundant matrix composed of strongly negatively charged
sulphated proteoglycans (59). This matrix strongly binds almost all the peptides and proteins
other than lysozyme, which are strongly cationic. This sequestration together with the acidic
pH at which the granule interior is maintained (60) keeps these enzymes in a quiescent,
inactivated state.

Specific (or Secondary) Granules

Specific granules contain unsaturated (61) lactoferrin, which binds and sequesters iron and
copper; transcobalamin II, which binds cyanocobalamin; about two thirds of the lysozyme
(54); neutrophil gelatinase-associated lipocalin (62); and a number of membrane proteins
also present in the plasma membrane, including flavocytochrome bssg of the NADPH
oxidase (63).

Gelatinase (or Tertiary) Granules

Lysosomes

Some granules contain gelatinase in the absence of lactoferrin, although most of the
lactoferrin-containing specific granules also contain gelatinase (64). The designation of
granules as “gelatinase granule” refers to granules that contain gelatinase but not lactoferrin;
they may represent one end of the spectrum of a single type of granule with the same
contents but in differing proportions.

Lysosomes contain acid hydrolases. The activity of these enzymes appears to fractionate
with the azurophil granules. They are, however, released into the phagocytic vacuole much
later than the azurophil contents and therefore must be in a distinct compartment (17).

Annu Rev Immunol. Author manuscript; available in PMC 2007 November 23.
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Secretory Vesicles

These endocytic vesicles contain serum albumin (65) and are probably the empty vesicular
structures described previously (66). They provide a valuable reservoir of membrane
components. Their reassociation with the plasma membrane replenishes that which is
consumed during phagocytosis, as well as its component proteins such as complement
receptor (67) and flavocytochrome bssg.

CONDITIONS IN THE PHAGOCYTIC VACUOLE

One must clearly understand the conditions in the phagocytic vacuole when attempting to
define killing mechanisms. A heavily opsonized particle is taken up into the phagocytic
vacuole within 20 s (17, 68), and killing is almost immediate (68). The apparent delay in
many assays results from a low collision frequency between neutrophils and microbes,
which is due to low densities of both, coupled with slow mixing (69) and suboptimal
opsonization.

To determine the concentration of the vacuolar contents, one must know the volume of the
space between the surface of the organism and the membrane of the phagocytic vacuole. It is
certainly very small (17) (Figure 1), and possibly negligible, as has been shown in
macrophages (70).

The human neutrophil has numerous granules, the contents of which are released into the
vacuole and squeezed onto the surface of the organism in very high concentrations, almost
like attaching a limpet mine to a target (17). Researchers have estimated that the granule
protein makes up about 40% of the vacuolar volume (22), achieving protein concentrations
of about 500 mg/ml (6). It was initially thought that the specific granules degranulated first,
followed by the azurophils. These studies were conducted on rabbit neutrophils, and alkaline
phosphatase, which we now know to be a marker for membranes, was used as the marker for
the specific granules (71). In fact, both of these granule types fuse with the phagocytic
vacuole with roughly similar kinetics approximately 20 s after particle uptake (17). The acid
hydrolases only enter the vacuole after about 5 min, when the pH has started to fall to levels
appropriate for the optimal activity of these enzymes.

Investigators had initially reported that the pH in the vacuole fell to about 6 after 3 min and
to 4 after 6 min (72). However, subsequent studies have shown that the NADPH oxidase
elevates the pH to about 7.8-8.0 in the first 3 min after phagocytosis, after which it
gradually falls to about 7.0 after 10-15 min (68, 73, 74). The NADPH oxidase consumes 0.2
fmols of O, when a particle the size of a bacterium is engulfed. This equates to massive
amounts of O3, on the order of 1-4 Mols/l, that are injected into the vacuole.

NEUTRAL PROTEASES ARE ESSENTIAL FOR BACTERIAL AND FUNGAL

KILLING

Although the proposal that ROS are toxic to ingested microbes was attractive, it was never
adequately tested under the conditions pertaining to the phagocytic vacuole. The opportunity
was provided by the development of gene targeting. This technique allowed the production
of a mouse model that lacks the major neutrophil proteases: neutrophil elastase (NE) (6, 75),
cathepsin G (6), or both enzymes (6, 76, 77) (Figure 3).

NE-deficient mice were excessively susceptible to infection with Gram-negative (K.
pneumoniae and E. coli) (75) but not Gram-positive (S. aureus) bacteria. NE was also
necessary for protection against C. albicans (6). Both enzymes were required to kill A.
fumigatus. The loss of cathepsin G alone was found by others (77) to be without effect on

Annu Rev Immunol. Author manuscript; available in PMC 2007 November 23.
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the killing of various of bacteria. The loss of both NE and cathepsin G conferred as profound
a defect of bacterial killing as was observed with the CGD mouse model (6).

In these studies on protease-deficient mice, microbial killing was abolished despite a
completely normal respiratory burst and normal levels of iodination. This established that
ROS and metabolites of the action of MPO generated in the vacuole are not sufficient to kill
these bacteria and fungi.

Thus, it was clear that the combination of NADPH oxidase activity and neutral protease
enzymes are require for microbial killing to take place. This raises the question of the
connection between these two processes.

THE RELATIONSHIP BETWEEN THE NADPH OXIDASE AND KILLING BY
GRANULE CONTENTS
Activity of the NADPH Oxidase Alters the Appearance of the Contents of the Phagocytic

Vacuole

The activity of the NADPH oxidase alters the appearance of the contents of phagocytic
vacuoles in electron micrographs of neutrophils examined soon after they had phagocytosed
bacteria (6). In normal cells, the contents of the vacuole had a diffuse, almost ground-glass
appearance, with very few intact aggregates of granule contents. By contrast, in CGD cells
there was little dispersion, with obvious clumping of the granular contents. This abnormal
appearance was also apparent in vacuoles from a patient with variant CGD with 10% of the
normal oxidase activity.

These obvious structural differences, coupled with the massive amounts of O, injected into
the vacuole and the fact that 10% of this amount of Oy in variant CGD (amounting to some
100400 mMols/l) was insufficient, suggested to researchers that the oxidase was exerting
some physico-chemical influence on the granule contents rather than simply producing ROS
or substrate for MPO. Segal and colleagues (6) therefore turned their attention to electron
transport across the membrane and its consequences for the movement of other ions.

Charge Compensation Across the Vacuolar Wall

The oxidase is electrogenic, transferring electrons, unaccompanied by protons, across the
vacuolar membrane (78-81). The vacuolar volume is about 0.2 ,um3, with a membrane
surface area of about 1.65 ,umz.In each vacuole, 0.8-2.0 fmols of O, are produced, and thus
about 5-10 x 108 electrons pass across each u? of membrane. The charge on one electron is
1.6 x 10712 coulombs, so 3—7 x 108 charges in one square micron would produce from 4.6 x
1073 to 1.2 x 102 coulombs/cm?. With the capacitance of the membrane at approximately 1
microfarad/cm? (82), this charge would depolarize the membrane potential by 4,600—11,700
volts! Depolarization of the membrane to +190 mV shuts down NADPH oxidase activity
completely (83). Thus, for significant oxidase activity to occur, the charge must be
compensated.

The changes in the vacuolar pH, which is elevated from that of the extracellular medium to
7.8-8.0 (68) despite the release into the vacuole of 500 mg/ml of acidic granule protein
contents (6), hold the key to understanding the nature of the compensating ions (Figure 4).
These granule contents are maintained at pH 5.0 in the granule by a proton pump (60) and
have strong buffering powers. About 400 xmol potassium hydroxide is required per gram of
granule protein to elevate the pH from 5.0 to 8.0 (6).

Annu Rev Immunol. Author manuscript; available in PMC 2007 November 23.
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The vacuole becomes alkaline despite the entry of acidic granule contents, indicating that

the O; and O%’ are consuming protons in the vacuole. This would not happen if each
electron passing across the membrane was accompanied by a proton, demonstrating that
compensating charges cannot be solely in the form of H* from the cytoplasm.

The major cation in the cytoplasm is K*, which accumulates in the vacuole at concentrations
of up to about 600 mM as a consequence of oxidase activity (6). Transport of K* ions is
markedly diminished when the pH rises above 8.0, indicating that the K* channel provides
an important self-regulating mechanism for elevating the vacuolar pH while also ensuring
that it does not go too high.

K* flux only accounts for about 6% of the compensating charge (6). The putative proton
channel discussed below does not appear to compensate for all the rest of the charge because
its inhibition with Zn2* and Cd2* fails to block the NADPH oxidase (74). Therefore, some
other major ion flux must also be involved. As is described below, this is accomplished by
the flux of chloride ions through a glycine-gated, strychnine-sensitive channel.

The K* Enters the Phagocytic Vacuole Through BK¢, Channels

K* enters the vacuole through the large conductance Ca2*-activated K* channel (74).
Iberiotoxin (IBTX) and paxilline (PAX), both highly selective and potent inhibitors of this
channel (84, 85), prevent the alkalinization of the vacuole, confirming the importance of the
influx of K* into the vacuole on alkalinization of this compartment. The ICs values for this
effect were in the region of 10 nM for IBTX and PAX, consistent with their ICsq for channel
block. In addition, the BKc,channel opener, NS1619 (86), significantly augmented the rise
in pH to supranormal levels. A variety of blockers and openers of other K* channels were
without effect.

86Rb* release from activated neutrophils after stimulation with phorbol myristate acetate
(PMA) was also induced by NS1619 and even further enhanced by the combination of this
opener and PMA. PMA-induced and NS1619-induced efflux were both completely
abrogated by IBTX and PAX. The same was found to apply to eosinophils.

BK(, channels are classically opened by the combination of membrane depolarization and
elevated cytosolic Ca2* (87). The same holds true for this channel in neutrophils and
eosinophils. Neither depolarizing the membrane nor elevating the cytosolic Ca2* was
sufficient to fully open the K* channel, whereas the combination of the two caused as much
channel opening as did stimulation with PMA. Although PMA stimulation is well known to
depolarize the neutrophil plasma membrane (88), it is generally thought not to elevate
cytosolic CaZ*. One mechanism by which this might occur is through a drop in pH just
beneath the plasma membrane as a consequence of charge separation induced by the
oxidase. Corresponding elevations in Ca* and falls in pH were seen just beneath the plasma
membrane in activated cells (74).

Charge Compensation by Protons

Protons remain in the cytoplasm as a result of charge separation, which occurs when the
electrons are transported from NADPH across the wall of the phagocytic vacuole.
Additional protons are produced in the cytosol by the HMP shunt, which generates NADPH
(89), as well as during the production of energy by glycolysis. This proton generation by an
active oxidase, estimated to be about 150 mMols/I (90), causes an initial slight fall in
cytosolic pH that rapidly returns to normal.
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Three mechanisms appear to be associated with the extrusion of these protons, which are
extruded in roughly equimolar quantities with the O that is generated (91, 92). The
predominant one is a Na*/H* antiport (93, 94). Its inhibition by the removal of extracellular
Na* or blockage with amiloride causes acidification of the cytosol upon stimulation of the
cells. In addition, both Zn?* and Cd%*-sensitive proton channels (95, 96) and vacuolar (V)-
type H* pumps, inhibited by bafilomycins (90), are also present.

Investigators generally agree that the charge induced by electron translocation (/) through
the NADPH oxidase is compensated by proton efflux (78, 83, 97), although the identity of
the proposed channel is currently highly contentious. One school of thought holds that
protons pass through voltage-gated proton channels that are distinct from any NADPH
oxidase component (98). The opposing view is that they pass through flavocytochrome bssg
of the oxidase, gp9171%  itself (99-101).

One of the hallmarks of the assumption that /. is largely compensated by proton fluxes is
that both Zn2*+ and Cd?*, known proton channel blockers (98, 102, 103), were also thought
to inhibit O; production (83, 97). The discrepancy between the low uM concentrations of
these cations that block proton channels and the mM concentrations needed to inhibit
cytochrome ¢ reduction was recently explained by the voltage dependence of 7. Zn** and
Cd?* shift the threshold voltage for activating voltage-gated proton channels into the steeply
voltage-dependent region of /., thereby attenuating O; production (83).

However, Zn%* and Cd22* inhibition of voltage-gated proton channels do not inhibit the
NADPH oxidase: They have no effect on PMA-induced oxygen consumption, the true
measure of oxidase activity. Zn2* and Cd2* interfere with the reduction of cytochrome ¢ by
accelerating the dismutation of 02~ to H,O, (74). In a system in which xanthine-xanthine
oxidase generated O3, 3 mM concentrations of these elements induced the dismutation of O3
to HyO, at a rate indistinguishable from that catalyzed by superoxide dismutase (1 pg/ml).
Zn2*, at concentrations three orders of magnitude greater than those causing almost
complete blockage to proton channels, was also without effect on the currents measured in
electrophysiological studies performed on neutrophils, eosinophils, or on PMA-

induced 8°Rb efflux from these cells (74). This does not mean that H* movement through
proton channels does not compensate some of the charge, but only that the justification
hitherto provided is incorrect.

Charge Compensation by CI~

We showed that K* accounts for only about 5%—10% of the compensation of the total
electron transport, and, contrary to the description in a recent critique of our work (104), we
never claimed that it was the only compensating ion. More recently, we (J. Ahluwalia, G.
Gabella, S. Pope, A. Warley, A. Segal, unpublished) have discovered that that CI~, passing
through strychnine-sensitive, glycine-activated homomeric channels, compensates about
90% of the charge. These channels were characterized by patch clamping whole cells and
isolated phagocytic vacuoles, and by Western blotting. The removal of CI~ or the blockage
of this channel abolished both the respiratory burst and microbial killing. High
concentrations of CI~ and glycine required for the optimal function of these channels are
contained within the cytoplasmic granules, which empty into the vacuole. NADPH oxidase
activity was lost when the granules were removed and regained when C1~ was reintroduced
into the vacuole. Lysozyme, cathepsin G, and elastase were inactivated by hypertonic CI~,
the removal of which would be important for their function. These CI~ fluxes provide a
direct couple between the extent of degranulation and oxidase activity required to activate
the released enzymes.
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The Movement of K* into the Vacuole Activates NE and Cathepsin G

The contents of the cytoplasmic azurophil granules are not freely in solution. They are
almost exclusively highly cationic proteins that are strongly bound to the highly negatively
charged proteoglycans heparin and chondroitin sulphate (59), in which state they are
inactive. They are activated in the vacuole both by the elevation in pH described above and
by the hypertonic K*. The latter breaks the charged interaction between the enzymes and the
matrix, releasing them in a soluble form (6) (Figure 5). For these hypertonic conditions to
develop, water must be prevented from entering the vacuole in response to the osmotic
attraction of the salts. This is achieved by encasing the vacuole in a meshwork of
cytoskeletal proteins, including paxillin and vinculin.

The importance of the accumulation of KT in the vacuole was shown when this was
diminished either with the K* ionophore valinomycin (6), or by blocking the BK¢, channel
with the specific inhibitors IBTX or PAX (74). In both cases, microbial killing and digestion
was almost completely prevented (Figure 3) despite the generation of normal quantities of
ROS and normal levels of iodination.

Why Was the Importance of Granule Contents in the Killing Process so Overshadowed by
ROS and MPO-Mediated Halogenation?

H20,

The theory that microbes are killed within the phagocytic vacuole by ROS had fertile ground
on which to develop. The lack of production of O, and H,O; in anaerobic cells and in CGD
with impaired killing under these conditions supported this theory (3, 11), as did the concept
of toxicity engendered in the name “reactive oxygen species.” Although experiments were
performed in support of these ideas, the conditions under which they were performed in no
way reflected the conditions pertaining in the vacuole. They were often done at the wrong
pH, and never in the presence of the enormously high concentrations of protein that occur
naturally.

Initial studies claimed that killing occurred by O; generated by the reaction of xanthine with
xanthine oxidase, but in fact in those experiments the microbes were killed in the absence of
the substrate xanthine, and killing was not inhibited by superoxide dismutase (24). In a
similar experiment, no killing of bacteria by O, was observed after 15 min (25).

H»0O,, which is used as a topical antiseptic (105), is produced by neutrophils and has been
thought of as capable of killing microbes within them (106, 107). Supportive evidence was
provided by the finding that catalase-negative organisms rarely infect patients with CGD
(108). The explanation was that these bacteria generated enough H,O, to catalyze their own
MPO-mediated halogenation within the vacuole of the neutrophil (109, 110). In vitro
mutagenesis was used to generate strains of S. aureus containing varying levels of catalase,
and their virulence in mice was found to be inversely proportional to their catalase content
(111). Recently, however, doubts have been cast on this theory. Catalase-deficient A.
nidulans (112) and S. aureus (113) are as virulent as the catalase-positive varieties in mouse
models of CGD, and the bacteria could never come near to producing the relatively
enormous quantities of HyO, generated even by cells from patients with variant CGD.

When glucose oxidase was administered to CGD cells in liposomes, it appeared to correct
the killing defect (114, 115). However, no explanation was provided as to how glucose
would gain access to the vacuole in adequate amounts to generate sufficient quantities of
H,0,, and the killing of bacteria in the extracellular medium was not excluded.
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Experiments that demonstrated that the MPO-H,O,-halide system can kill bacteria in the
test tube (22, 38-41) were conducted under nonphysiological conditions, with relatively low
concentrations of MPO (50 pg/ml rather than 100 mgs/ml), at low pH (5.0 rather than 7.8—
8.0), and, most important of all, in the absence of the high levels of proteins (approximately
500 mgs/ml) found in the vacuole. When bacteria were exposed to 100 mM H,O, or 1 mM
HOCI in the presence of 25 mg/ml granule proteins (technically much more manageable
than the experimentally determined 500 mg/ml), killing was almost abolished (116).

Neutrophils clearly iodinate and chlorinate proteins when bacteria are phagocytosed, and
this halogenation is dependent on an active NADPH oxidase and MPO (118). However, it is
largely the proteins of the neutrophil granule rather than the microbial proteins that are
iodinated (116, 119) and chlorinated (120), a highly inefficient system if its primary purpose
is to halogenate bacterial proteins. Further indications as to the inefficiency of the proposed
system come from the amounts of H,O, generated. It seems highly unlikely that substrate
would need to be provided at molar concentrations and that the 100 mM H,O, produced by
patients with variant CGD would be insufficient when it is effective at 50 uM in the test
tube (38).

A few patients were discovered whose neutrophils lacked MPO who were also thought to be
immunodeficient (42), and an MPO knockout mouse was shown to be susceptible to yeast
but not bacterial infection (45). However, the advent of automated differential leukocyte
counting machines, in which the identification of neutrophils depended on a peroxidase
stain, revealed that about 1 in 2000 of the general population are MPO-deficient without any
undue predisposition to infection (121). The neutrophils of birds also lack MPO (122).

One possible function of MPO is to protect the digestive enzymes from oxidative
denaturation (123) by removing H>O, from the phagocytic vacuole. MPO has catalase
activity (124), but this only functions efficiently if the compound II that accumulates is
reduced back to the native enzyme. This reduction can be achieved by the high
concentrations of Oj in the vacuole with which MPO forms an adduct to produce compound
III (125). The impaired microbial killing observed in the MPO knockout mouse (126) could
result from oxidative inactivation of antimicrobial proteins by the HyO, that accumulates
under these conditions (106).

MPO may also have dual functions, one as a catalase under the conditions pertaining in the
vacuole, but another in a microbicidal capacity outside the cell where enzyme and substrate
is much more dilute, and the pH, which is generally low at sites of infection and
inflammation, is more conducive to halogenation reactions.

CONCLUDING REMARKS AND PERSPECTIVES

The complexity of the NADPH oxidase and its associated ion fluxes might seem excessive
for the apparently simple purpose of activating enzymes within the phagosome. These
enzymes, however, have the potential to be highly destructive to normal tissues, and yet
organs housing the most exuberant inflammation and neutrophil infiltration can undergo
resolution and return completely to normal a week or two later. Some of the neutrophil are
removed by apoptosis, but many also necrose with the resultant release of their granules.
The requirement of the combination of hypertonicity and alkalinity, neither of which occurs
naturally in inflammatory foci, for the activation of these enzymes severely limits the
toxicity of granules released into the tissues (Figure 5).
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The demonstration that ROS and MPO-mediated halogenation are not the primary killing
systems they were long believed to be has reopened many questions relating to mechanisms
of innate immunity in the neutrophil. The roles of the different granule constituents in the
killing and digestion of specific organisms is of interest, as are the consequences of the
interaction of ROS with these granule contents on their biophysical, biochemical, and hence
antimicrobial properties.

A number of problems still need to be resolved to clarify the mechanisms involved in charge
compensation across the vacuolar membrane. These include the relationship between the
channels conducting these charges and electron transport through flavocytochrome bssg and
the mechanisms responsible for activating, regulating, and integrating the fluxes of these
different ions.
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Figure 1.

Transmission electron micrograph of a human neutrophil. Inset is an image taken from a
neutrophil 20 s after the phagocytosis of latex particles opsonized with IgG (V, vacuole).
The section was stained for myeloperoxidase (MPO) to reveal the electron-dense product in
the azurophil granules, some of which can be seen degranulating into the phagocytic vacuole
(arrows). Bar = 1 um. (Figure from 17.)
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Figure 2.

Schematic representation of the NADPH oxidase. Flavocytochrome bssg is a heterodimer of
gp91PhoX which contains the haem- and flavin-binding sites, and p227/°%, Electron transport
is activated by phosphorylation and translocation to the vacuolar membrane of p47P74°% and
p67Phox p2174€ in the GTP-bound form, is also required (12).
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Figure 3.

The neutral proteases elastase and cathepsin G as well as K* flux are required for microbial
killing and digestion by neutrophils. Cathepsin G, neutrophil elastase (NE), and p47P10x
(CGD) knockout mice are susceptible to S. aureus (a) and C. albicans (b) in vivo, and their
neutrophils kill these organisms poorly in the test tube (¢) and (d) (adapted from 6).
Inhibition of the BK, K* channel with specific inhibitors paxilline (PAX) and iberiotoxin
(IBTX) prevents killing of S. aureus (e), S. marscescens (f), and C. albicans (g) by
neutrophils, whereas the opener NS1619 and nonspecific inhibitor 4-aminopyridine were
without effect. The BKc, K* channel blockers also inhibited digestion of radiolabeled,
killed §. aureus (h) (adapted from 74). Neither the loss of the proteases nor blockage of the
BK(, channel affected phagocytosis, oxidase activity, or iodination.
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Figure4.
Activity of the NADPH oxidase depolarizes the membrane. The nature of the compensating
charge governs the changes in vacuolar pH and tonicity. Electrons are transported across the

vacuolar membrane to form O;, which dismutates to O3". O; and O3~ become protonated to
form HO, and H,0,, thereby consuming protons and elevating the pH in the vacuole despite
the entry of acidic granule contents. This process can only occur if part of the charge is
compensated by ions other than protons, which in part occurs through the passage of K* ions
(6, 74).
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Figure5.

Schematic representation of interaction between NADPH oxidase and granule proteases.
Electron transport through flavocytochrome bssg consumes protons in the vacuole, elevating
pH to a level optimal for neutral proteases, which are also activated by K* driven into the
vacuole to compensate the charge across the membrane. The hypertonic K* solubilizes the
cationic granule proteases and peptides by displacing them from the anionic sulphated
proteoglycan granule matrix. The requirement for an alkaline, hypertonic environment
restricts the toxicity of these proteins to the vacuolar compartment, thereby limiting damage

to normal tissues.
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