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ANTIMICROBIAL REACTIVE
OXYGEN AND NITROGEN SPECIES:
CONCEPTS AND CONTROVERSIES

Ferric C. Fang

Abstract | Phagocyte-derived reactive oxygen and nitrogen species are of crucial importance
for host resistance to microbial pathogens. Decades of research have provided a detailed

understanding of the regulation, generation and actions of these molecular mediators, as well
as their roles in resisting infection. However, differences of opinion remain with regard to their
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host specificity, cell biology, sources and interactions with one another or with
myeloperoxidase and granule proteases. More than a century after Metchnikoff first
described phagocytosis, and more than four decades after the discovery of the burst of
oxygen consumption that is associated with microbial killing, the seemingly elementary
question of how phagocytes inhibit, kill and degrade microorganisms remains controversial.
This review updates the reader on these concepts and the topical questions in the field.

“When a thing ceases to be a subject of controversy,
it ceases to be a subject of interest.”

William Hazlitt

Phagocytic cells are among the most important com-
ponents of the innate immune response, which is the
first line of host defence. Two of the most important
antimicrobial systems of phagocytic cells are the
NADPH phagocyte oxidase (also known as phox) and
inducible nitric oxide synthase (iNOS) pathways,
which are responsible for the generation of superoxide
(0,7%) and nitric oxide (NO") radicals, respectively.
Although these systems both depend on NADPH and
molecular oxygen, and sometimes function together,
the NADPH phagocyte oxidase and iNOS are separate
enzyme complexes with independent regulation (FIG. 1).
O,™" and other oxygen-derived intermediates that can
modify organic molecules are referred to as ‘reactive
oxygen species’ (ROS), whereas NO* and its derivatives
are collectively known as ‘reactive nitrogen species’ (RNS).
It is important to consider the biological relevance of
these systems. Both ROS and RNS have essential roles in
abroad range of physiological and parHOPHYSIOLOGICAL

processes that are relevant to infection (BOX 1). However,
this review focuses on their antimicrobial actions. The
importance of ROS and RNS for innate immunity can
be best appreciated by examining the consequences of
deficient production.

ROS and RNS — clinical importance

ROS and chronic granulomatous disease. The clinical
significance of the NADPH phagocyte oxidase in host
defence is easily shown, as defects in the genes that
encode the gp91-phox, p47-phox, p22-phox or p67-phox
subunits of the NADPH phagocyte oxidase result in
chronic granulomatous disease (CGD), which is char-
acterized by a reduced life expectancy and recurrent
infections with microorganisms including Staphylo-
coccus aureus, Aspergillus fumigatus, Salmonella (non-
typhoidal serovars), Serratia marcescens and Burkholderia
cepacia. More than one-half of all CGD patients have a
mutation in the gp91-phox gene on the X-chromosome.
Mutations that cause Rac2 (REE 1) or glucose-6-phosphate
dehydrogenase? deficiency can also result in CGD.
Murine models of CGD that lack functional gp91-phox
or p47-phox alleles seem to replicate the immune defects

820 | OCTOBER 2004 | VOLUME 2

www.nature.com/reviews/micro



REVIEWS

POLYMORPHONUCLEAR
PHAGOCYTES

White blood cells with multi-
lobed nuclei and cytoplasmic
granules that are involved in
inflammatory responses.

that are observed in human CGD?**. Treatment with
interferon-y (IFN-y) can reduce the incidence of infection
in both human and murine CGD>®, but the mechanism
of action is not understood’.

RNS and iNOS promoter polymorphisms. In humans,
iNOS deficiency has not yet been demonstrated.
However, several iNOS promoter polymorphisms
have been linked to increased iNOS expression and
resistance to malaria®'°. Increased iNOS expression
has been associated with reductions in both the
severity of malarial symptoms® and the likelihood of
reinfection'’. Conversely, low plasma concentrations
of arginine, which is the substrate for iNOS, have
been associated with reduced NO* synthesis and the
development of cerebral malaria''.

Knockout mice that lack iNOS'? have increased
susceptibility to various infections, including Mycobac-
terium tuberculosis, Listeria monocytogenes, Leishmania
spp. and Salmonella enterica (reviewed in REF. 13). In
experimental Salmonella infections, ROS have an
important role in the early host response to infection,
after which RNS has a sustained role in limiting residual
bacterial replication'. The sequential functions of ROS
and RNS are also reflected in assays of Salmonella killing
by macrophages'. This might be one method by which
a rapid initial reduction in the microbial burden
through ROS-dependent killing can be achieved, while
allowing the subsequent production of the less cytotoxic
RNS to control residual infection until the microorgan-
isms are cleared by adaptive immune mechanisms.
Intriguingly, mouse models that lack both iNOS and the
NADPH phagocyte oxidase are more immunocompro-
mised than animals that lack just one of these systems'®
and frequently become infected with commensal bacte-
ria that are usually non-pathogenic. This might indicate

that ROS and RNS can compensate for one another to
control less virulent microorganisms. RNS might have a
particularly important role in the maintenance of latent
infections'"?. With this in mind, the detection of iNOS
activity in the lungs of patients with tuberculosis® and
the skin of patients with leishmaniasis®' is extremely
interesting. It has also recently been proposed that ROS
might be involved in the maintenance of Leishmania
major latency®.

Deficiencies in cytokine production or response.
Interleukin-12 (IL-12) and IFN-y signalling is impor-
tant for resistance to mycobacterial and Salmonella
infections in mice, partly owing to the effects on iNOS
expression’»**. In humans, mutations in the IL-12
receptor or other elements of the IL-12-IFN-y signalling
pair have been associated with increased susceptibility
to mycobacterial and Salmonella infections®*. More
recently, polymorphisms in the IL-12 promoter have
been correlated with NO* production and resistance to
malaria®.

Generation of ROS and RNS

The NADPH phagocyte oxidase and iNOS are expressed
in both POLYMORPHONUCLEAR PHAGOCYTES and mononuclear
phagocytes, although the amount of ROS that is pro-
duced is greater in neutrophils than in macrophages,
and macrophages generally produce considerably more
RNS than neutrophils®.

NADPH phagocyte oxidase. The essential components
of the NADPH phagocyte oxidase complex are two
membrane proteins, gp91-phox and p22-phox, and
three cytosolic proteins, p47-phox, p67-phox and Rac
(reviewed in REFS 27,28). A further non-essential cytosolic
component, p40-phox, might have a regulatory role.

O
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Figure 1 | Antimicrobial mechanisms of phagocytes. A simplified idealized phagocytic cell is shown. Nitric oxide (NO) is
generated by inducible nitric oxide synthase (iNOS). Superoxide (O,™) is generated by the reduced NADPH phagocyte
oxidase and can subsequently be converted to hydrogen peroxide (H,0,), hypochlorous acid (HOCI; by myeloperoxidase) or
peroxynitrite (ONOO; by interaction with NO*). O, might also drive the influx of potassium (K*) into the phagosome, thereby
promoting the release of granule-associated proteases from a sulphated proteoglycan matrix. Some evidence indicates that
active NADPH phagocyte oxidase is transported to the phagosome or plasma membrane in vesicles, whereas INOS seems
to be present in both cytosolic and vesicle-associated forms.
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Box 1 | Further roles of ROS and RNS in infection

Signalling

The most fundamental role of ROS and RNS in biology might be signal transduction, and the production of these
molecules might have eventually evolved into high-output systems with antimicrobial ability. Moderate
production of ROS and RNS, through reversible interaction with thiols or metals, is involved in the regulation of
diverse processes, including neurotransmission, phagocyte activation, iron metabolism, cell proliferation and
apoptosis®®1*211-213 and they can function in these settings with exquisite spatial and temporal precision. It is
therefore not surprising that the absence of either iNOS or the NADPH phagocyte oxidase has important effects
on the phagocyte transcriptome, as analysed using microarrays®'*'°. Experimental evidence increasingly supports
an important role of ROS/RNS-dependent signalling during infection?'*2!%. For example, observations in
Chlamydia-infected mice indicate that either insufficient or excessive NO* production can be
immunosuppressive’'®, and that NO'-mediated suppression of lymphocyte proliferation might actually be
counter-regulated by ROS*.

Regulation of vascular tone

The 1998 Nobel Prize in Medicine and Physiology was awarded to Robert F. Furchgott, Louis J. Ignarro and Ferid Murad
for discoveries that related to NO* signalling in the cardiovascular system, and the importance of RNS in vascular
homeostasis is now widely appreciated*?!. During sepsis, the vasodilatory functions of NO* can result in hypotension,
which indicates that NOS inhibition during sepsis might be beneficial. However, attempts to inhibit NO® production
must be tempered by an awareness of the beneficial actions of RNS in infection, including the preservation of tissue
perfusion, immunomodulation, cytoprotection and antimicrobial actions*??, as well as by concerns about the deleterious
effects of an increased afterload on cardiac output after administration of an NOS inhibitor’?*. Although a Phase I1I trial
of a nonselective NOS inhibitor did not show clinical benefit***, hope remains that the selective inhibition of iNOS might
still be useful in patients with septic shock.

Tissue injury

The molecular moieties that are targeted by ROS and RNS are not unique to microorganisms, and the potential for these
molecules to cause host-tissue injury is an important concern. Oxidative and nitrative tissue modifications have been
detected in a range of infectious settings, including viral pneumonitis?*~*, encephalitis**®, Pseudomonas aeruginosa
pneumonia’?’, pneumococcal meningitis*’ and Helicobacter pylori gastritis'*. Treatment with NOS inhibitors or
antioxidants in some of these experimental models has reduced both tissue injury and mortality?*>-**"?°, which indicates
that such interventions should be evaluated in a clinical setting. Some of the benefits of adjunctive immunomodulatory
therapy in infection”' might, in fact, be attributable to the effects on ROS and RNS»>*,

Control of inflammation

Paradoxically, ROS and RNS can ameliorate, as well as mediate, tissue damage. Owing to their signalling and other
non-antimicrobial functions, these molecules are important in limiting neutrophil sequestration and vascular
injury during Gram-negative sepsis***, and in controlling the inflammatory response to fungal hyphae***. The
NADPH phagocyte oxidase is also required for the efficient degradation of ingested microorganisms by
neutrophils?*. These activities are likely to be clinically important, as patients with chronic granulomatous disease
(CGD) often have problems with persistent chronic inflammatory lesions in the lung, liver, skin, lymphatic tissue
and mucosal surfaces’, which are not always associated with persistent infection. Therefore, ROS might both
mediate and limit inflammatory tissue damage; oxidative tissue injury is observed in H. pylori gastritis>*, yet CGD
mice show more intense mucosal inflammation after experimental H. pyloriinfection®*. RNS also seem to control,
as well as participate in, inflammation®*’. For example, a beneficial role of NO* in the downregulation of adhesion-
molecule expression in cerebral malaria has been proposed**!, and NO* has recently been shown to control vascular
inflammation and thrombosis by the regulation of N-ethylmaleimide-sensitive factor-dependent exocytosis’*>.

PROINFLAMMATORY CYTOKINES
Secreted proteins with autocrine
or paracrine action that regulate
the inflammatory response.
There are many types of
cytokine, which elicit different
cellular responses, including the
control of cell proliferation and
differentiation, the regulation of
immune responses and
haematopoiesis.

AGONIST PEPTIDES

Peptides that mimic cognate
antigen, which results in cellular
activation.

The gp91-phox and p22-phox proteins together
comprise the heterodimeric flavocytochrome b, ;.
PROINFLAMMATORY CYTOKINES, such as tumour-necrosis
factor (TNF)-o and granulocyte—-macrophage colony-
stimulating factor (GM-CSF), can prime the NADPH
phagocyte oxidase, perhaps through increased phos-
phoinositol 3-kinase activity?, so that subsequent
induction by phagocytosis or soluble aconist pEPTIDES,
such as bacterial N-formyl peptides, elicits an
increased response. Phophatidylinositol 3-phosphate
might promote oxidase assembly by direct binding to
p40-phox (REE 30). Cytokines (for example, IFN-y) and
microbial products (for example, lipopolysaccharide)
can also modulate the transcription of some of the
genes that encode oxidase components™.

Phosphorylation of cytosolic p47, for example, by
protein kinase C or Akt, has an important role in oxidase
activation by inducing a conformational change that
allows p47-phox to interact with flavocytochrome b,
and p67-phox. The Rac GTP-binding protein is also
required for oxidase assembly and activation, and might
have an additional regulatory role in the induction of
signalling pathways that lead to the translocation of
cytosolic components to the membrane-bound flavocy-
tochrome?. The flavocytochrome contains binding sites
for flavin and NADPH, and two haem groups. In the
presence of p67-phox and Rac, electrons are transferred
from NADPH to FAD, then to the haem centres of gp91
and finally to oxygen, which results in the generation of
O,". This radical can be converted to hydrogen peroxide
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Figure 2 | Reactive oxygen and nitrogen intermediate production in mammalian cells.
Nitroxyl anion (NO), a one-electron reduction product of nitric oxide (NO"), is unlikely to arise from
NO" under physiological conditions. The reaction of reactive nitrogen species with cysteine
sulphydryls can result in either S-nitrosylation or oxidation to the sulphenic acid, as well as
disulphide-bond formation, all of which are potentially reversible. The peroxynitrite anion (ONOO")
and peroxynitrous acid (ONOOH,) have distinct patterns of reactivity. ONOOH spontaneously
decomposes through a series of species that resemble the reactive radicals hydroxyl ("OH) and/or
nitrogen dioxide (NO,’). When the concentration of L-arginine is limiting, nitric oxide synthase (NOS)
can produce superoxide (O, %) along with NO*, which favours the formation of peroxynitrite.
Reproduced with permission from REE 13 © (2000) National Academy of Sciences, USA.

ELECTROGENIC
Generating an electrical
potential across a membrane.

DENDRITIC CELLS

‘Professional’ antigen-presenting
cells that are found in the T-cell
areas of lymphoid tissues and as
minor cellular components in
most tissues. They have a
branched or dendritic
morphology and are the most
potent stimulators of T-cell
responses.

ISOFORMS

Forms of a protein with slightly
different amino-acid sequences
that often have diverse activities,
functions and/or distributions.

HYPOHALOUS

A compound in which a
hydroxyl group is combined
with a halogen atom.

(H,0,), the hydroxyl radical ("OH) or other ROS. There
are two forms of the Rac GTPase — Racl seems to have
an important role in the assembly of the phagocyte
oxidase complex of human mononuclear cells®,
whereas Rac2 is more important in the assembly of the
phagocyte oxidase of neutrophils'. Another GTP-bind-
ing protein, Rap1A, associates with cytochrome b and
might also modulate oxidase activation, but its role is
poorly defined at present®®?**. The phagocyte oxidase is
eLecTrROGENIC and tends to depolarize the membrane
potential; however, this is thought to be balanced by
proton channels that open to prevent depolarization to
levels that would be inhibitory to the oxidase™.

Inducible nitric oxide synthase. Although the respiratory
burst that is generated by the NADPH phagocyte oxidase
has been recognized for almost 50 years®, the importance
of NO* in host defence has only recently been appreci-
ated. Research in the diverse fields of vascular biology,
toxicology and tumour immunology serendipitously
converged in the 1980s (reviewed in REE 37) with the real-
ization that enzymatically generated NO* has diverse roles
in biology, most notably as a mediator of signal transduc-
tion*®. One important biological role of NO" is as an
antimicrobial effector molecule that is produced by
phagocytic cells. Although NO® production has been
studied most extensively in macrophages, non-phago-
cytic cells and a subset of penpRriTIC CELLS** might also use
NO' to inhibit microorganisms. Incidentally, not all of the

host-derived NO* is synthesized by enzymes; dietary
nitrate can be reduced by oral bacteria to nitrite and then
converted to RNS by gastric acid*!, which creates a formi-
dable antimicrobial barrier to ingested enteric pathogens.

NOS is present in cells as three 1sororms. The NOS2
isoform (iNOS), which can produce large quantities of
NO?*, is most relevant to phagocyte—microorganism
interactions. NOS has an amino-terminal oxidase do-
main with a haem centre and binding sites for L-arginine
and tetrahydrobiopterin, and is linked by a short
calmodulin-binding domain to a carboxy-terminal
reductase domain with binding sites for NADPH, FAD
and flavin mononucleotide (FMN). Functional NOS is
a dimer, and dimerization is promoted by haem incor-
poration, tetrahydrobiopterin and i-arginine. NOS
transfers electrons from NADPH to FAD, then to FMN
and finally to the haem iron of the adjacent NOS sub-
unit to catalyse the formation of NO* and citrulline
from 1-arginine and oxygen through the intermediate
Ne-hydroxy-i-arginine (reviewed in REE 42).

In contrast to the NADPH phagocyte oxidase or the
constitutive NOS isoforms, iNOS activity is mainly
regulated at the transcriptional level. Although phago-
cytes are typically induced to produce ROS immedi-
ately after a microbial stimulus, RNS production
requires de novo protein synthesis. Stimulation of
microbial pattern-recognition receptors* together
with signalling from proinflammatory cytokines
(such as IFNs, IL-1p and TNF-a.) triggers signalling
cascades that lead to iNOS transcription, including
the p38 mitogen-activated protein kinase (MAPK),
NF-xB and Janus-activated kinase—signal transducer
and activator of transcription—interferon regulatory
factor 1 (JAK-STAT-IRF1) pathways*~*". Post-tran-
scriptional and post-translational regulation also
occur®®, and substrate or cofactor availability can limit
NO® production under certain circumstances**.
However, unlike neuronal NOS (nNOS) and endothelial
NOS (eNOS), iNOS activity is not controlled by
intracellular calcium concentrations.

Molecular targets of ROS and RNS

ROS and RNS endow phagocytic cells with a broad
array of interacting mediator molecules, which make it
difficult to assign specific antimicrobial actions to
individual molecular species. Although the product of
the reaction catalysed by the phagocyte oxidase com-
plex is O,™" and the product of that catalysed by iNOS
is NO*, subsequent spontaneous, or catalysed, reac-
tions involving O, * or NO® can result in the forma-
tion of additional intermediates, such as H,O,, "OH,
singlet oxygen ('O,), nyponarous acids (for example,
hypochlorous acid; HOCI), nitrogen dioxide (NO,"),
peroxynitrite (ONOO"), dinitrogen trioxide (N,0O,),
dinitrosyl iron complexes, nitrosothiols or nitroxyl
(HNO) (F1G.2). Each of these species has different reac-
tivity, stability, compartmentalization and biological
activity®?, and several species can be present simultane-
ously in biologically relevant conditions. ROS and
RNS can interact with numerous targets in a microbial
cell, including thiols, metal centres, protein tyrosines,
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FENTON REACTION
The reduction of hydrogen
peroxide by ferrous iron.

PEROXIDATION

A type of reaction in which
oxygen atoms are formed, which
leads to the production of
peroxides.

MYELOPEROXIDASE

Peroxidase from neutrophils that
takes part in the bactericidal
activity of these cells. The name
originates from the first isolation
from the blood of patients with
myeloid leukaemia.

nucleotide bases and lipids'***. This accounts, in part,
for the versatility of these molecules as antimicrobial
effectors and for the challenges that are faced by
microorganisms that attempt to resist phagocyte
killing. Many of the chemical modifications that result
from interactions with ROS and RNS are reversible,
which might reflect the evolutionary transformation of
these molecules from signalling mediators to cytotoxic
species®®. Some of the most important antimicrobial
actions of ROS and RNS are shown in FIG. 3.

ROS targets. Studies in Escherichia coli have shown
that at low concentrations of H,O, the main mecha-
nism of ROS-dependent antibacterial activity is DNA
damage®**, whereas lethality at higher concentrations of
H, O, results from the ROS-mediated damage of several
cellular targets. DNA damage is dependent on the
presence of iron, which indicates that hydroxyl or ferryl
radicals are toxic intermediates that are produced by
the renTON REACTION™. Oxidative attack of DNA bases can
produce 8-hydroxyguanine, urea, hydroxymethyl urea
and thymine glycol, among other products, whereas
sugar modification can result in strand breaks. Proteins
can undergo a range of oxidative modifications, in par-
ticular at cysteine, methionine, tyrosine, phenylalanine
and tryptophan residues. Protein carbonyls that are
formed by the oxidation of arginine, proline or lysine can
be readily identified after oxidative injury, and proteins
such as alcohol dehydrogenase E, elongation factor G,
DnaK, OppA, enolase, OmpA and the F F -ATPase have
been oxidized following the exposure of E. colito H,O,
(REE 57). The peroxipation of bacterial lipids has been
observed after ingestion by neutrophils®. However, it is
not known whether this is a correlate, or a cause, of
bacterial killing. The presence of saturated and monoun-
saturated fatty acids in bacterial membranes probably
limits the potential for chain-peroxidation reactions™,
but the membrane lipids might be more important sites
of oxidative damage in eukaryotic pathogens®.

RNS targets. The antimicrobial actions of RNS are
perhaps more complex than those of ROS and are de-
pendent on the local redox environment®'. Recent
evidence indicates that NO® or S-nitrosothiols can
reversibly inhibit bacterial DNA replication through a
mechanism that involves zinc mobilization from metallo-
proteins®. Nitric oxide by itself can also inhibit bacterial
respiration®>*, which might be one factor that induces a
dormant or persistent state in certain microorganisms,
including M. tuberculosis'*. Interactions between NO*
and tyrosyl radicals seem to account for the inhibition of
ribonucleotide reductase by RNS®, which limits the avail-
ability of precursors for the synthesis and repair of DNA.
When H,O, is also present, the inhibition of respiration
by NO' can potentiate oxidative injury by accelerating
flavin reduction and promoting Fenton chemistry®’. The
destabilization of iron—sulphur clusters by ROS and RNS
can release free iron and further exacerbate this
process®®. In the presence of oxygen, the conversion of
NO"to NO,’, N,O, or ONOO" can result in oxidative
modifications, which resemble those that are mediated
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Figure 3 | Microbial targets of reactive oxygen and
nitrogen species. A simplified, idealized microbial cell is
shown. Reactive oxygen species (ROS) and reactive nitrogen
species (RNS) mainly interact with thiols, metal centres and
DNA. Direct DNA damage is of central importance to the
antimicrobial actions of ROS, whereas RNS inhibit respiration
and interfere with DNA replication through the inactivation of
zinc metalloproteins. Both ROS and RNS can mobilize iron from
iron—sulphur-containing dehydratases, which further potentiates
ROS toxicity. The diversity of targets for ROS and RNS acting
individually, synergistically or with other systems results in a
broad spectrum of antimicrobial activity that encompasses
bacteria, fungi, parasites and viruses.

by ROS alone”72. Moreover, ONOO- or nitrite ion,
together with H,0, and myeroperoxiase (MPO), can
nitrate tyrosine residues, but the contribution of this
protein modification to microbial killing is unclear”.

Microbial defences against ROS and RNS
Pathogenic microorganisms might subvert, or resist,
the actions of ROS and RNS through a range of strate-
gies, which can be grouped into evasion, suppression,
enzymatic inactivation, scavenging, iron sequestration,
stress responses and repair mechanisms'>**74, As the
targets of ROS and RNS overlap, it is not surprising
that several microbial-resistance strategies function
against both molecules.

Evasion of ROS and RNS. Microorganisms can avoid
uptake by phagocytic cells through numerous methods,
including the avoidance of recognition by phagocytic
receptors and the disruption of phagocyte signalling
pathways”. Yersinia spp. are known to translocate the
tyrosine phosphatase YopH and the GTPase-activation
protein YopE into macrophages to disrupt integrin-
mediated signalling pathways and actin rearrangements,
respectively’®””. By contrast, S. enterica is phagocytosed
but subsequently translocates microbial proteins to the
macrophage cytosol, which interfere with the delivery of
ROS and RNS into the phagocytic vacuole’®”.
Francisella tularensis has a more stealthy approach and
undergoes phase variation, which produces a phenotype
that is less stimulatory for the production of RNS®.

Suppression of ROS and RNS. In addition to its
antiphagocytic functions, the Yersinia YopH protein
seems to suppress the production of ROS®!' . Bordetella
pertussis inhibits the respiratory burst by producing an
adenylate cylase toxin and increasing cAMP levels®.
The haemozoin pigment of Plasmodium falciparum
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suppresses the production of both ROS and RNS by
mononuclear cells®. Anaplasma phagocytophilum,
which is a remarkable organism that multiplies in neu-
trophils, is thought to block late ROS production after
initially inducing ROS release®!. Some investigators have
described a reduction in p22-phox concentrations after
A. phagocytophilum uptake by neutrophils®, whereas
others have reported reduced expression of the genes
encoding Rac2 and gp91-phox®. The antimicrobial
actions of RNS also extend to some viral pathogens®**’,
and seem to result from both host and viral proteins®.
Recently, the adenovirus E1A protein was shown to
interfere with NF-«B activation of iNOS transcription®,
which might represent one mechanism by which the
adenovirus evades innate immunity.

Enzymic detoxification of ROS and RNS. Detoxification
by enzymes that convert ROS to less toxic species has
been extensively documented for microbial catalases,
superoxide dismutases and peroxidases. In some
instances, these antioxidant enzymes are required for
virulence in infection models™-%. Several enzymes that
are involved in the detoxification of RNS have recently
been identified, including microbial haemoglobins®**>,
NO* reductase®, S-nitrosoglutathione reductase®” and
peroxynitrite reductase®. Evidence that implicates these
enzymes in the pathogenesis of infection is still awaited
in most cases; however, the flavohaemoglobin Hmp
promotes the survival of Salmonella in NO*-producing
macrophages®, and a recent report implicated flavo-
haemoglobin and S-nitrosoglutathione reductase in the
virulence of Cryptococcus neoformans®.

Scavenger molecules. Low-molecular-weight thiols have
an important role in either promoting the degradation of
ROS and RNS, or in reversing oxidative and nitrosative
protein modifications. Glutathione is the predominant
low-molecular-weight thiol in enteric bacteria, whereas
mycothiol is found in actinomycetes'® and trypano-
thione is produced by some protozoa'®'. Glutathione
peroxidase is required for the virulence of group A strep-
tococci in mice'®. Exposed methionine residues can also
scavenge ROS and RNS as they can be repaired by
methionine sulphoxide reductases'®”. Homocysteine is an
interesting low-molecular-weight thiol that can antago-
nize the antimicrobial actions of RNS in Salmonella
spp.'* Increased homocysteine concentrations can antag-
onize endothelium-dependent vascular relaxation and
are associated with an increased risk of atherothrombosis
in humans'®, which indicates that similar molecular
interactions might underlie these seemingly disparate
biological functions. Melanin and mannitol, which are
produced by fungi, might scavenge ROS and RNS'*!17,
and the extracellular alginate that is produced by
Pseudomonas aeruginosa might have a similar function'®.

Sequestration of iron. As iron(n) can function as a Fenton
catalyst for the conversion of H,0, into more toxic ROS,
microorganisms can avoid toxic ROS by compartmen-
talizing their iron stores and controlling iron uptake.
Compartmentalization is achieved by the production of

the multimeric storage proteins ferritin and bacterio-
ferritin'®. Dps, which is a ferritin-like protein, might
have a particularly important role in the sequestration of
iron in the vicinity of DNA'". The iron-responsive pro-
teins Fur and DtxR regulate bacterial iron-uptake systems
at the transcriptional level''". There is increasing evidence
that bacteria that are deficient in iron storage are more
susceptible to oxidative stress''*!'. Interestingly, a fur
mutant of E. coli has increased susceptibility to NO*
(REE 115), which indicates that iron homeostasis is an
important determinant of bacterial susceptibility to RNS
and ROS. Free iron can interact with NO* to form dini-
trosyl iron complexes, which might potentiate nitrosative
stress by the stabilization of nitrosothiols''%; further
investigation of iron—RNS interactions is warranted.

Stress responses. Bacteria mainly respond to oxidative or
nitrosative stress at the transcriptional level. The OxyR
and SoxRS proteins of enteric bacteria are the prototype
members of families of regulators that respond to H,0,
or O, respectively''”!'8, OxyR undergoes reversible
cysteine oxidation in response to oxidative stress''?,
whereas reversible oxidation of a [2Fe-2S] cluster results
in activation of the SoxR protein. Other regulators, such
as o®, o}, PerR, OhrR and BosR, have been shown to
sense redox change in other bacteria''? Stimulation of
these regulatory proteins results in the coordinated
expression of genes that are involved in resistance to
oxidative stress or the repair of oxidative damage. Some
regulators, such as the stationary-phase sigma factor o°,
can also control the expression of antioxidant proteins
without being induced by oxidative stress per se'®.
Under specific conditions, OxyR and SoxRS can
respond to RNS. This is not surprising, because both
ROS and RN can target thiols or iron—sulphur clusters,
and there is considerable overlap between antioxidant
and antinitrosative defences. However, a recent micro-
array analysis of E. coli indicated that the NorR and Fur
regulatory proteins might have a more dominant role in
response to nitrosative stress'?%. In the case of Fur, the
formation of Fur—iron—-NO complexes seems to account
for the de-repression of Fur-regulated genes in the pres-
ence of NO™'"5. Fur de-repression in response to NO* —
even though a fur mutation was shown to enhance NO*
susceptibility — is a paradoxical finding that remains to
be satisfactorily explained. Members of the FNR
[4Fe—4S]-containing redox-sensor protein family also
respond to NO* (REE 125), which probably reflects an
evolutionary link between the control of denitrification
pathways and defence against nitrosative stress'*.

Repair processes. The ability to repair oxidative and
nitrosative damage is an important component of resis-
tance to ROS- and RNS-induced damage. Bacteria that
are deficient in DNA repair mechanisms have increased
susceptibility to both ROS and RNS>61.6272127.128
increased susceptibility to phagocytes'*'?*1*0 and
reduced virulence!®*'*!. The inhibition of DNA replica-
tion by ROS or RNS results in induction of the SOS
response®>11¢132 which is a coordinated stress response
that includes several repair functions and does not
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Box 2 | Questions and controversies

+ IsNO* produced by human macrophages?

» What is the role of myeloperoxidase in ROS-dependent antimicrobial actions?

» What is the importance of xanthine oxidase in ROS production and host defence?

» Is vesicular transport important for ROS and RNS delivery to the phagosome?

+ Do ROS and RNS kill microorganisms synergistically?

+ Is the principal antimicrobial role of ROS to activate granule-associated proteases?

+ How important is the generation of ROS by antibodies?

PROTEASOME

In eukaryotes the 26S
proteasome is a large
multisubunit protease complex
that selectively degrades multi-
ubiquitylated proteins. It
contains a 20S particle that
carries the catalytic activity and
two regulatory 19S particles.

involve polymerases. ROS also induce transcription of
the sufoperon', which includes genes that are involved
in the formation and repair of iron—sulphur clusters
and is an important molecular target of oxidative and
nitrosative stress. An intriguing role of the PROTEASOME in
the RNS resistance and virulence of M. tuberculosis has
recently been described'®. Proteasomes are required by
eukaryotes for the degradation of irreversibly damaged
proteins, and are also found in mycobacteria and other
actinomycetes. These new observations indicate that the
repair or turnover of proteins with nitrosative or oxidative
modifications might be crucial for RNS resistance.

Controversies in ROS and RNS research

The modern era of oxidative-stress research is usually
thought to have begun 50 years ago with the proposal by
Gerschman and co-workers'* that free radicals are
responsible for the toxic effects of oxygen. Soon after-
wards it was observed that neutrophils consume oxygen
and generate ROS in response to various stimuli*; this
‘respiratory burst’ and its associated antimicrobial
actions are now known to be dependent on the NADPH
phagocyte oxidase. The production of iNOS and RNS
by activated mononuclear phagocytes was only dis-
covered several decades later””, but a plethora of stud-
ies providing evidence for the distinct antimicrobial
contribution of RNS rapidly followed?. It is therefore
surprising that several active controversies remain
regarding fundamental aspects of the contribution of
ROS and RNS to the antimicrobial actions of phagocytic
cells (BOX 2), which are discussed below.

NO* production by human macrophages. Initial reports
of cytokine-inducible NO* production in murine
macrophages* could not be reproduced in human
monocyte-derived macrophages', which led to specu-
lation that iNOS might not be expressed in human
phagocytes. However, ~250 reports have subsequently
described iINOS mRNA, protein activity or biological
functions in human macrophages'*®. iNOS has also
been detected in human neutrophils'”’. Although some
scepticism remains'*®, most of the evidence now indi-
cates that human phagocytes express iNOS and produce
NO- in response to inflammatory stimuli such as infec-
tion'”. The reason for the earlier controversy seems to
have been an insufficient understanding of the signals
that are required for iNOS activation in human cells.
Macrophages that are obtained from patients with
infection or other inflammatory conditions almost
invariably express iNOS»2*1*0-142 whereas peripheral

blood-monocyte-derived macrophages that are obtained
from normal donors and stimulated in vitro generally do
not. The iNOS promoters of genes from rodent and
human macrophages are divergent*, and further analysis
of human iNOS transcriptional regulation might even-
tually facilitate the study of NO* production by human
peripheral blood-mononuclear cells.

Role of myeloperoxidase. MPO is a tetrameric granule-
associated haem protein that comprises 5% of the dry
weight of neutrophils'** and a slightly lower proportion
of monocytes. MPO is not produced by differentiated
macrophages in vitro, but seems to be present in some
macrophages in vivo'**. MPO can generate oxidants
from H,O, and a range of co-substrates, most notably
chlorine and nitrite'*¢. HOCI, which can be produced
by MPO, is strongly bactericidal'’” and markedly
increases the antibacterial potency of ROS"#*° which
might indicate that MPO is important in host defence.
In vitro, an MPO—HZOZ—halide system oxidizes bacterial
thiols, releases sulphide from iron—sulphur centres and
inhibits respiration’**!. MPO-dependent chlorination
of bacteria has been observed in neutrophils'?, but the
amount of bacterial chlorination is relatively minor
compared with the chlorination of neutrophil pro-
teins'. H,O, that is produced by streptococci is believed
to interact with MPO and halide ions to produce anti-
streptococcal activity in patients with CGD, and strains
of Streptococcus pyogenes or Haemophilus spp. that do
not produce H,O, seem to regain virulence in mice or
humans with CGD'*55, However, in contrast to CGD,
MPO deficiency is associated with mild compromise of
the immune system', which is characterized by an
enhanced susceptibility to Candida albicans infection if
the patient also has diabetes mellitus. An MPO-knock-
out mouse seems to have an innate immune defect that
is similar to that observed in cases of human MPO defi-
ciency'”, although the effects on vascular disease seem to
differ from those observed in humans'*®. It can therefore
be inferred that the NADPH phagocyte oxidase does not
require MPO for its antimicrobial actions, although
MPO might augment host defence, particularly against
Candida spp. Increasing attention is being focused on
the possible roles of MPO in atherosclerosis and other
inflammatory diseases'*'%.

Role of xanthine oxidase. Xanthine oxidase (XO) is a
molybdenum-containing enzyme that can generate
ROS by the process of degrading hypoxanthine or xan-
thine to uric acid. The production of XO in response to
proinflammatory cytokines'®' and enhanced microbial
replication in phagocytes and infected mice after the
administration of XO inhibitors'®>'* have led to the sug-
gestion that XO has an important role in innate immu-
nity. However, there are several reasons to be cautious
about this hypothesis. Differences in purine metabolism
between humans and mice might limit substrate avail-
ability for XO in human phagocytes'®. The profound
immunodeficiency of patients or mice with CGD clearly
shows that XO cannot compensate for the loss of the
NADPH phagocyte oxidase, and activated peritoneal
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macrophages from gp91-phox”~ mice in fact produce no
detectable ROS in vitro®. The importance of MPO in
enhancing host resistance to C. albicans™’ is not observed
in CGD mice'®, which indicates that the NADPH oxidase
is the only source of H,0, that can be converted to HOCI
in vivo. XO can modulate the cytokine response to
inflammatory stimuli'’, which might indirectly affect
microbial proliferation in experimental infection models.
Allopurinol, which is the most widely used XO inhibitor,
can also function as a scavenger of “OH'®, which raises
concerns about its specificity. Perhaps most troubling of
all is the lack of immunocompromise that is observed in
humans with hereditary XO deficiency or xanthinuria'®’
— some patients present with renal-stone formation,
whereas others are completely asymptomatic. Mice that
lack XO have not yet been evaluated with regard to
phagocyte function, partly because XO7- offspring have a
shortened lifespan owing to a failure of XO heterozygous
mothers to lactate normally'”’. The abundance of XO,
and the availability of uric acid at mucosal surfaces and
in the liver, might indicate that XO has a role in host
defence at these specific locations. Moreover, some
studies using allopurinol have shown increased micro-
bial proliferation in the liver'¢*!¢*, Probably the best evi-
dence so far for a role of XO in innate immunity comes
from the unusual relationship between African Cape
buffaloes and trypanosomes; these animals are resistant
to trypanosome infection owing to a combination of
circulating XO and an infection-associated decline in
serum catalase activity'”".

Importance of vesicular trafficking. In neutrophils, most
cytochrome b, is found in the membranes of intra-
cellular granules'’?, with the remainder in the plasma
membrane. After activation or phagocytosis, the assem-
bled NADPH oxidase can be detected in plasma or
phagosome membranes together with the concomitant
release of ROS into the extracellular environment or
vacuolar space'*>"'7°. Therefore, NADPH phagocyte
oxidase is thought to assemble at the plasma or phago-
somal membranes®; one study using immunofluores-
cence microscopy detected the p47-phox and p67-phox
components only at these locations'”®. However, other
investigators studying neutrophils that have been
loaded with cytochalasin b and stimulated with phorbol
myristate acetate (PMA) or formyl-methionyl-leucyl-
phenylalanine (fMLP) have indicated that assembly of
the NADPH oxidase might be more complex'’”'”%. In
these studies, p47-phox and cerium perhydrate, which
is a marker of ROS production, were visualized at the
plasma and phagosomal membranes; however, they
were also observed in association with intracellular
compartments that are not derived from the plasma
membrane'”'”?, Dichlorodihydrofluorescein-dependent
fluorescence, which is another indicator of ROS, can
also be detected in apparent vesicular compartments of
normal neutrophils, but not those from patients with
CGD'®. These observations indicate that the active
oxidase might assemble in secretory granules that
subsequently target and fuse with either the plasma or
phagosomal membranes to release ROS.

In contrast to neutrophils, macrophages are generally
not thought to have a granular pool of cytochrome b,
(REE 181). However, there is some evidence that vesicular
trafficking might have a role in assembly of the NADPH
oxidase of macrophages. Earlier studies detected a small
amount of ROS production in cytoplasmic vesicles'2.
Investigators using specific antibodies found evidence of
cytochrome b, -containing intracellular vesicles in
macrophages as well as in neutrophils'®. Oxidase activ-
ity (as detected by the conversion of cerium chloride to
cerium perhydrate) has also been observed in non-
phagosomal membrane-bound compartments in
macrophages after the phagocytosis of bacteria'®.
Recent studies of phagocyte interactions with
Salmonella have provided further evidence for func-
tional oxidase in intracellular membrane-bound com-
partments in macrophages. An antibody to the p22-
phox component detected cytochrome b, in the
plasma membrane of peritoneal macrophages, with
increasing membrane localization after stimulation with
PMA. However, following the phagocytosis of virulent
S. enterica serovar Typhimurium, cytochrome b,_, was
instead observed in what seemed to be intracellular vesi-
cles, where it was accompanied by cytosolic NADPH
oxidase components’®. The oxidase-carrying vesicles
localized to the phagosome when mutant bacteria that
lacked Salmonella-pathogenicity island 2 (SP12) were
used to infect the macrophages. The SP12-virulence
genes encode a secretory system that translocates bacte-
rial effector proteins to the macrophage cytoplasm.
These effectors inhibit ROS production by the phago-
cyte specifically in the phagosomal compartment, even
though the overall amount of ROS that is released (as
detected by chemiluminescent substrates) is preserved”.
The authors suggested that trafficking of oxidase-
containing vesicles to the phagosome, but not the
assembly of the oxidase in vesicles, was disrupted by
SPI2. Subsequent work further demonstrated that the
putative trafficking process requires an intact TNF-
o—TNFRp55 signalling pathway'®. Collectively, these
observations indicate that vesicular transport has an
important role in NADPH phagocyte oxidase function,
both in neutrophils and macrophages. This might be
crucial for the control of ROS production in established
phagosomal vacuoles.

The iNOS enzyme might also be transported to the
phagosomes in vesicles. Approximately one-half of the
iNOS in primary macrophages is found in a particulate
fraction that contains 50-80-nm vesicles'®®. The
Salmonella SP12 locus might also interfere with the
transport of iNOS-containing vesicles to the phago-
some”’, although the ability of NO* to pass freely across
membranes makes the importance of iNOS-associated
vesicular trafficking less clear'®. In fact, macrophages
that are unable to mobilize iNOS to the phagosomal
membrane seem to retain antibacterial activity'®.

Synergy between ROS and RNS. Under certain condi-
tions, the combined antimicrobial activities of ROS and
RNS are greater than that of either molecule alone®.
However, the importance of this synergy in host defence
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IONOPHORE

Small hydrophobic molecules
that dissolve in lipid bilayers and
increase the permeability of
membranes to ions.

is a matter of some debate. Several mechanisms can
account for ROS-RNS synergy, including the production
of cytotoxic species, such as ONOO™ (which is formed
by the combination of NO*and O,~*)'® or the flavin
reductase-dependent enhancement of Fenton chemistry
that results from the inhibition of respiration during
nitrosative stress®’. Production of both ROS and RNS
seems to be required for the killing of Mycoplasma pul-
monis or C. albicans by macrophages'*''. ROS and
RNS synergy also seems to be important in the killing
of Rhodococcus equi by macrophages; mice that are defi-
cient in either the NADPH oxidase or iNOS are impaired
in their ability to clear a systemic R. equi infection'.
However, during experimental Salmonella infection, the
contributions of ROS- and RNS-related antimicrobial
actions seem to be temporally separated — with ROS-
mediated bacterial killing occurring early and RNS-
dependent bacteriostatic actions observed subse-
quently'*'>. This absence of synergy might partly reflect
antagonism or disruption of normal host defences by
the pathogen'>7>1*. Alternatively, the sequential produc-
tion of ROS and RNS might optimize early microbial
killing, while reducing the amount of collateral tissue
injury that is caused by the inflammatory response.

Synergy between ROS and proteases. A new synergistic
interaction between ROS and neutrophil granule-
associated proteases has recently been proposed'*,
which represents a radical departure from the usual
view of ROS-related antimicrobial activity. Mice that
lack cathepsin G and elastase were found to be suscep-
tible to S. aureus, C. albicans and Aspergillus infection,
similar to CGD mice'*, despite the preservation of the
respiratory burst'®®. There is also evidence to indicate
that O, " that is generated by the NADPH phagocyte
oxidase promotes a massive influx of potassium ions
through large conductance calcium-activated chan-
nels into the phagosome, thereby releasing cationic
granule proteins from their anionic sulphated proteo-
glycan matrix'®. It has therefore been proposed that
ROS have a central role in activating non-oxidative
antimicrobial systems, rather than acting as antimicrobial
effectors per se. This ingenious model deserves further
attention and provides a rationale for the synergy
between ROS and neutrophil proteases.

However, several observations argue for caution
before discarding the conventional theory that ROS
exert antimicrobial actions through oxidative modifica-
tions of microbial targets'”’. One recent study has
shown that bacteria that are phagocytosed by neu-
trophils sense and respond to oxidative stress, and that
failure to do so compromises their resistance to
killing'®®. Many other reports, which are detailed above
and elsewhere”, have shown virulence defects in bacte-
ria that lack specific well-defined antioxidant functions.
Other investigators have not found a role for either
elastase'” or cathepsin G* in resistance to S. aureus
infection, whereas the NADPH oxidase is clearly
important®. The antimicrobial activity of macrophages
from both humans®' and mice® with CGD is markedly
impaired, even though they lack neutrophil elastase

and cathepsin G. These findings provide compelling
evidence that ROS have a direct antimicrobial role in
addition to promoting the activation of proteases.

CGD neutrophils can kill catalase-deficient bacteria
that produce H,O, (REF 202), despite the fact that this mol-
ecule would not be expected to promote potassium influx
and protease activation. Furthermore, erythrocytes can
interfere with the antimicrobial actions of phagocytes in
the peritoneal cavity by scavenging ROS and RNS*>. This
indicates that ROS can exert antibacterial actions in the
extracellular environment where potassium concentra-
tions cannot conceivably achieve the levels that are
required for protease release from the granule matrix'**.
The non-oxidative killing of P. aeruginosa by neutrophils
does not require the NADPH phagocyte oxidase®*, in
contrast to the killing of B. cepacia®****>, which indicates
that oxidative and non-oxidative systems do not necessar-
ily operate together. Finally, the specific role of potassium
ions in the newly proposed model has been called into
question on the basis of conflicting physiological data?®.
It has been proposed that valinomycin, which is a con-
ductive 1oxopHORE, should have enhanced, rather than
counteracted, potassium accumulation in the phagosome
and there is also concern that the microprobe measure-
ments of Reeves and colleagues failed to support the pro-
posed large increase in ionic strength?®. At present,
although the underappreciated synergy between ROS
and neutrophil granule proteases'* is intriguing, this
work should not be interpreted to exclude the direct
antimicrobial effects of phagocyte-derived ROS.

Generation of ROS by antibodies. Phagocytes and, to a
lesser extent, non-phagocytic cells have long been
regarded as the sources of antimicrobial ROS. However,
a series of recent publications has provided evidence
that antibodies can generate sufficient quantities of
ROS to kill bacteria and that one of the most crucial
antimicrobial species produced might actually be
ozone®”. This hypothesis hinges on the specificity of
indigo carmine bleaching to detect ozone*”, but this
assumption has been questioned®”. Although intrigu-
ing, the speculation regarding the biological significance
of antibody-catalysed ROS formation must be regarded
as preliminary*'°.

Conclusions

The versatility of ROS and RNS as signalling and cyto-
toxic molecules allows these molecules to have several
roles in infection, through a range of mechanisms. Their
ability to target many essential processes of microbial
pathogens and to synergize with one another, or with
oxygen-independent antimicrobial systems, results in
broad antimicrobial activity that is difficult for micro-
organisms to completely resist or circumvent. Analyses
of genetically determined variability in ROS and RNS
production by humans or laboratory mice have helped
to clarify the role of these molecules in host defence.
Nevertheless, the remaining uncertainties and contro-
versies ensure that biologists who are interested in the
interactions between hosts and microorganisms still
have many fascinating questions to answer.
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