ANTIOXIDANTS & REDOX SIGNALING
Volume 4, Number 1, 2002
© Mary Ann Liebert, Inc.

Mini Forum Review

Reactive Nitrogen and Oxygen Intermediates
and Bacterial Defenses: Unusual Adaptations in
Mycobacterium tuberculosis

THOMAS C. ZAHRT! and VOJO DERETIC2

ABSTRACT

The production of reactive oxygen and reactive nitrogen intermediates is an important host defense mechanism
mediated in response to infection by bacterial pathogens. Not surprisingly, intracellular pathogens have evolved
numerous defense strategies to protect themselves against the damaging effects of these agents. In enteric bacte-
ria, exposure to oxidative or nitrosative stress induces expression of numerous pathways that allow the bacterium
to resist the toxic effects of these compounds during growth in the host. In contrast, members of pathogenic my-
cobacterial species, including the frank human pathogens Mycobacterium tuberculosis and Mycobacterium leprae,
are dysfunctional in aspects of the oxidative and nitrosative stress response, yet they remain able to establish and
maintain productive acute and persistent infections in the host. This article reviews the current knowledge re-
garding reactive oxygen and nitrogen intermediates, and compares the adaptative mechanisms utilized by enteric
organisms and mycobacterial species to resist the bactericidal and bacteriostatic effects resulting from exposure to

these compounds. Antioxid. Redox Signal. 4, 141-159.

HOST CELL GENERATION OF REACTIVE
OXYGEN AND NITROGEN
INTERMEDIATES

Specialized mammalian cells of the im-
mune system utilize a variety of mechanisms
to control infection by bacterial pathogens. A
subset of these mechanisms includes the pro-
duction of reactive oxygen intermediates
(ROI) and reactive nitrogen intermediates
(RNI). These agents, generated under physio-
logical conditions, are capable of damaging
DNA bases and lipids, and disrupting the ac-
tivity of important cellular proteins contain-
ing Fe-S clusters, transition metals, hemes,
thiols, sulthydryl, or tyrosyl groups (84, 85,

115). Damage mediated by these compounds
leads to a general inhibition in cellular metab-
olism by altering processes associated with
proton-dependent active transport, oxygen
utilization, and oxidative phosphorylation
(37, 84). Although most eukaryotic cells gen-
erate low levels of ROI and RNI, macro-
phages have evolved specialized systems that
allow them to be potent generators of both as
needed, due in part to their ability to induce
expression of nitric oxide synthase 2 (iNOS or
NOS2) and assemble components of the
NADPH oxidase (Phox).

There are three categories of oxidants gen-
erated by the Phox oxidase and iNOS (Fig. 1).
First, NADPH oxidase generates ROI through
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FIG.1. Pathways of ROI and RNI generation. (A) ROl including superoxide (O,~), hydrogen peroxide (H,O,), and
hydroxy radical (-OH) are generated by NADPH phagocyte oxidase (Phox) in the presence of iron and upon superox-
ide dismutation. (B) The inducible nitric oxide synthase (iNOS) generates RNI including nitric oxide (-NO) and its
various oxidative products including nitrite (NO,-), nitrogen dioxide (-NO,) and nitrate (NO,~) in the presence of
substrate L-arginine. The reaction of nitric oxide with cysteine sulfhydryls results in the generation of nitrosothiols
and sulfenic acids. (C) The interaction of O, generated by Phox and -NO generated by iNOS combine to form the
toxic intermediate peroxynitrite (OONO-) and its various decomposition products.

the reduction of molecular oxygen. The pri-
mary products generated from this reaction
are superoxide (O,~) and its various dismu-
tation and decomposition products, includ-
ing hydrogen peroxide (H,O,) and hydroxyl
radical (-OH), an especially strong oxidant in
biological systems (108). Second, iNOS uses
L-arginine as a substrate to generate nitric
oxide (-NO). A stepwise oxidation of nitric
oxide with oxygen to nitrate (NO,~) results in
production of various intermediates includ-
ing nitrite (NO,-) and nitrogen dioxide
(‘NO,). Following interaction of nitric oxide
with cysteine residues, sulfhydryls and glu-
tathione or its equivalents can be converted
into nitrosothiols or sulfenic acid (85). A third
category of reactive intermediates occurs
when the products of NADPH oxidase and
iNOS interact to form highly potent antibac-
terial compounds. For example, peroxynitrite
(OONO-) is generated following the reaction

of superoxide with nitric oxide, and is one of
the most potent natural oxidants in biological
systems (93). Apart from NADPH oxidase
and nitric oxide synthase (NOS), other leuko-
cyte enzymes contribute to the generation of
ROI. Production of HOCI and HOBr is medi-
ated by eukaryotic myeloperoxidases in a
reaction dependent on the peroxidation of
halide ions in the presence of H,O, (42, 67).
HOCI and HOBr are highly destructive and
also act on a variety of cellular components, in-
cluding enzymes (5) and DNA (32, 59). HOCI
generates hydroxyl radicals in the presence of
Fe2+ or Fe3+ (60) or superoxide anions (12), and
oxygen singlet radicals upon acidification (65,
66) or interaction with H,O, (55, 58).

Although the generation of ROI and RNI is
beneficial to the host in defense against bacte-
rial infection (37), unregulated production of
these agents can also lead to extensive host
cell damage (85). RNI have been shown to in-
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ROI AND RNI RESISTANCE IN MYCOBACTERIA

hibit the activity of G proteins, activate or in-
hibit protein kinases, caspases, metallopro-
teases, and transcription factors, and promote
apoptosis of host cells (85). Expression of ROI
and RNI has also been implicated in cellular
and tissue dysfunction in sepsis (47).

Murine phagocytic cells have been the main
model system used by investigators to study
effects of ROI and RNI generation in the con-
text of host—pathogen interactions. The utility
of murine macrophages is attributed in part to
their ability to induce expression of significant
levels of Phox and iNOS following stimulation
with various cytokines, including interleukin-
1, interferon-y, and tumor necrosis factor-a,
and/or treatment with bacterial products such
as lipopolysaccharide or lipoteichoic acid in
vitro (37). Adding to their usefulness has been
the isolation of murine macrophage cell lines
defective in the ability to generate ROI (46)
and transgenic mice genetically engineered to
carry phox—/- and/or nos2-/- mutations (61,
87,98, 116). The extent of the relevance of these
animal systems for modeling aspects of
host-pathogen interactions in humans is
presently unclear. For example, mice carrying
phox mutations are resistant to spontaneous in-
fection by Salmonella typhimurium and other
pathogenic organisms (116), although humans
that carry genetic deficiencies in components
of the NADPH oxidase suffer from chronic
granulomatous disease (CGD), a condition
characterized by extreme susceptibilty to bac-
terial and fungal infections (103). Adding to
this controversy is the ongoing debate regard-
ing iNOS expression in human macrophages.
Whereas tissue macrophages from rodents
readily induce expression of iNOS following
stimulation with microbial products or cy-
tokines (115), administration of the same stim-
uli to mononuclear phagocytes cultured from
the blood of healthy humans does not consis-
tently induce iNOS expression (115). However,
iNOS expression at high levels can be consis-
tently observed in human tissue macrophages
from inflamed or infected sites (133).

BACTERIAL DEFENSE MECHANISMS

Bacterial pathogens have evolved a variety
of mechanisms to counteract host cell produc-
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tion of ROI and RNI. A subset of these pro-
cesses involve the expression of genes whose
products interfere with synthesis of reactive
intermediates, allow the direct catabolization
of intermediary products, or participate in
the repair of ROI- and RNI-generated DNA
damage (115). Yet another more recent mech-
anism utilized by bacterial pathogens to
counteract ROI and RNI production is exclu-
sion of parts of the NADPH oxidase machin-
ery from the phagosome (129). The responses
of microorganisms to ROI and RNI have been
best studied in enteric bacteria such as
Escherichia coli and Salmonella typhimurium,
which currently serve as the archetypical
model systems for the study of oxidative and
nitrosative stress responses. These bacterial
species have proven useful in the elucidation
of ROI and RNI resistance mechanisms, as
they can be genetically manipulated, are im-
portant intracellular pathogens of humans,
and have relevant in vitro and animal model
systems of infection.

THE ENTERIC PARADIGM: THE
OXIDATIVE STRESS RESPONSE

The oxidative stress response in S. fy-
phimurium and E. coli is primarily mediated
by the regulated expression of two global
transcription factors, OxyR and SoxR (Table
1) (122). OxyR regulates the expression of
genes in response to peroxide stress, whereas
the soxRS regulon regulates the expression of
genes in response to superoxide. These tran-
scriptional factors were originally identified
in screens for E. coli mutants displaying in-
creased resistance to ROI (18, 50). Together,
these determinants regulate a subset of the
genes collectively induced following expo-
sure of E. coli and S. typhimurium to various
generators of oxidative stress (49, 81, 126,
131). Although similar in that they both mod-
ulate expression of downstream gene targets,
OxyR and SoxR utilize different mechanisms
to mediate their adaptive redox response. Ac-
tivation of OxyR occurs by a conformational
change that results from the direct oxidation
of two thiol groups and formation of an in-
tramolecular disulfide bond (17). In contrast,
activation of SoxR into its transcriptionally
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TABLE 1. GENES REGULATED BY OXYR AND SOXRS IN ENTERIC ORGANISMS*

Regulator  Gene Function Activity Mechanism
OxyR
katG Catalase-peroxidase Detoxification of peroxides Activation
ahpCF  Alkylhydroperoxidase reductase Detoxification of peroxides Activation
gorA Gluathione reductase Maintain cellular thiol-disulfide balance  Activation
grxA Glutaredoxin 1 Maintain cellular thiol-disulfide balance  Activation
trxC Thioredoxin 2 Maintain cellular thiol-disulfide balance  Activation
dps ssDNA binding protein Sequester DNA against damage and Activation
mutation
fur Ferric uptake regulator Prevent damage by -OH formation Activation
oxyS Small RNA Protect against mutagenesis; Activation
transcriptional regulator
oxyR Autogenous regulation Repression
agn43 A phase-variable antigen of the
outer membrane Unknown Repression
fhuF Ferric reductase Minimize ferric iron uptake and Repression
prevent Fenton reaction
SoxRS
s0dA Mn-containing superoxide dismutase  Dismutation of superoxide to water Activation
zwf Glucose-6-phosphate dehydrogenase  Increase reducing power of cell Activation
nfo Endonuclease IV Repair DNA damage Activation
fumC  Fumurase C Isozyme form resistant to superoxide Activation
acnA Aconitase A Isozyme form resistant to superoxide Activation
tolC Outer membrane protein Exclusion of O,~- generating compounds ~ Activation
fur Ferric uptake regulator Minimize formation of -OH via Fenton Activation
reaction
micF RNA regulator of ompF Exclusion of O,~* generating compounds ~ Activation
acrAB  Multidrug efflux pump Exclusion of O, generating compounds  Activation
nfsA Nitroreductase A Diminish O, production by redox Activation
cycling
fpr Ferredoxin/ flavodoxin reductase Maintain reduced state of Fe-S clusters Activation
fldA Flavodoxin Maintain reduced state of Fe-S clusters Activation
fldB Flavodoxin Maintain reduced state of Fe-S clusters Activation
ribA GTP hydrolase Unknown Activation

*Reviewed in 122.

active form requires direct oxidation of a
[2Fe-2S] cluster (45). The ability to modulate
antioxidant activity by differential redox
sensing mechanisms likely enhances the abil-
ity of these organisms to fine-tune their adap-
tation.

The activation of oxyR and soxRS in enteric
bacteria induces the expression of a number
of genes that participate in resistance to
oxidative stress (Table 1). OxyR positively reg-
ulates the catalase-peroxidase katG, the glu-
tathione reductase gorA, the alkylhydro-
peroxidase reductase ahpCF, a nonspecific
DNA binding protein dps, the ferric uptake
regulator fur, and several other genes includ-
ing grxA, trxC, oxyS, oxyR, agn43, and fhuF
(122). Activation of soxRS induces the expres-
sion of a different subset of genes including
sodA, a Mn-containing superoxide dismutase,

zwf encoding glucose-6-phosphate dehydro-
genase, nfo encoding the DNA repair endonu-
clease IV, as well as several other genes in-
cluding fumC, acnA, tolC, fur, micF, acrAB,
nfsA, fpr, fldA, fldB, and ribA (122). The impor-
tance of oxyR and soxRS, and the genes regu-
lated by these determinants, for resistance to
ROI in vitro is well established and will not be
discussed here (121, 122). In contrast, the role
for these genes in growth of enteric bacteria in
vivo is not well defined and is somewhat con-
troversial. For example, although ahpC is in-
duced in S. typhimurium during growth in
murine macrophages (43), and ahpC (124) and
katG (63) are both antigens found during the
course of infection, mutations in these two an-
tioxidant genes do not attenuate S. fty-
phimurium for virulence in the murine model
of salmonellosis (95, 124). Similarly, S. ty-
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phimurium strains carrying mutations in oxyR
or the soxRS regulon, or strains that overex-
press functional oxyR, are not more sensitive
to macrophage or neutrophil killing in vitro
(38, 95) and are not attenuated for virulence in
vivo (95,124). However, expression of glucose-
6-phosphate dehydrogenase (zwf), a soxR-reg-
ulated enzyme from the pentose phosphate
cycle, is required for virulence of S. ty-
phimurium in vivo (71). Taken together, these
results provide conflicting conclusions re-
garding the role of oxyR- and soxRS-induced
resistance mechanisms in host-pathogen in-
teractions involving enteric organisms. As
oxyR and soxRS normally function to increase
transcription of target genes under conditions
of oxidative stress, basal level expression of
these and other oxyR- and soxR-dependent
genes may be sufficient to provide adequate
enzymatic activity to sustain viability under
such conditions. Alternatively, it is important
to keep in mind that enteric organisms switch
between fermentation and oxidative metabo-
lism and that this change, without any exter-
nal oxidative insult, represents a challenge
that these bacteria must deal with. Thus, some
of these systems may be primarily designed
to facilitate transition from fermentation to
oxidative metabolism, but secondarily have
been recruited in the defense against oxidants
produced by mammalian defense cells.

Other genes involved in resistance to ox-
idative stress, but in a manner independent of
oxyR and soxRS, also contribute to ROI resis-
tance in enteric organisms. These include
genes such as the catalase gene katE, the DNA
polymerase I polA, the DNA repair enzymes
exonuclease III xthA, the DNA recombination
enzymes recA and recBCD, and superoxide
dismutases such as sodC and sodB (122). Mu-
tations in many of these genes also result in
increased sensitivity to in vitro-generated oxi-
dants (122) and attenuate virulence during in-
fection in vivo (11, 24, 39).

THE ENTERIC NITROSATIVE

STRESS RESPONSE

Although a great deal of information is
known about bacterial mechanisms mediat-
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ing resistance to ROI in enteric bacteria, rela-
tively few genes have been identified that
participate in resistance to RNI. The hmp gene
encodes a flavohemoglobin that has been
shown to be a nitric oxide detoxifying en-
zyme in E. coli (54). In addition, Salmonella
strains unable to synthesize glutathione are
hypersusceptible to inhibition by S-nitrosothi-
ols, peroxynitrite, and nitric oxide itself (22),
presumably due to an inability to scavenge
RNI. Similarly, Salmonella mutants unable to
synthesize homocysteine, another low-molec-
ular-weight thiol, are hypersusceptible to S-
nitrosoglutathione in vitro (23) and are atten-
uated during growth in macrophages in vitro
and during growth in mice (23). Interestingly,
analysis of the enteric response to RNI sug-
gests that enteric organisms may utilize parts
of the oxidative stress response to mediate re-
sistance against RNI. For example, the E. coli
oxyR regulon is induced by and confers resis-
tance to S-nitrosothiols in vitro (53). In addi-
tion, S. typhimurium AhpC has recently been
shown to possess peroxynitritase activity (9).
Other genes such as glucose-6-phosphate de-
hydrogenase, a gene regulated by soxR, con-
fers resistance against nitric oxide donor
compounds to S. typhimurium in vitro (71). In
addition, oxyR- and soxR-independent genes
induced in response to oxidative stress may
also help protect enteric organisms against
RNI including sodC, which may act to limit
peroxynitrite formation in the periplasm (24).
Thus, although it remains unclear whether a
dedicated antinitrosative regulon exists in en-
teric bacteria, resistance of these organisms to
RNI is likely to be a result of the coordinated
expression of genes from multiple pathways,
enhancing the organism’s ability to survive
the short-lived bactericidal phase generated
by the respiratory burst oxidase and the
longer-lived bacteriostatic phase supported
by inducible expression of NOS.

ROLE OF ROI AND RNIIN CONTROL OF
PATHOGENIC MYCOBACTERIA

Most virulent mycobacterial species infect
and reside in macrophages or other phago-
cytic cells of the host. Thus, the necessity for
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these species to resist the bactericidal and
bacteriostatic effects of ROI and RNI becomes
readily apparent when one considers the en-
vironment in which they are located. As an
added challenge, mycobacteria must be able
to resist extensive periods of exposure to ROI
and RNI, as they frequently establish long-
term, latent infections in their host. Mycobac-
terium tuberculosis, the causative agent of
human tuberculosis and the most studied of
the pathogenic mycobacteria, infects lung
macrophages of susceptible hosts. Within
these normally bactericidal cells, M. tuberculosis
is capable of surviving and maintaining a
persistent infection that frequently lasts the
lifetime of the individual.

INFECTION WITH M. tuberculosis:
STAGES OF DISEASE AND
INTERACTIONS WITH HOST
MACROPHAGES

Approximately 1.7 billion people are cur-
rently infected with M. tuberculosis (35), a stag-
gering statistic considering that public health
officials had declared tuberculosis no longer a
significant health concern 20 years ago (8). Tu-
berculosis remains the leading cause of death
in the world from a single infectious agent (8)
and results in nearly 3 million deaths a year
(101). Although deaths from tuberculosis in the
United States and other industrialized coun-
tries have continued to decline steadily in re-
cent years due to the administration of effec-
tive therapeutic drug regimens and the
installation of worldwide direct observation
therapy support, the emergence of multiple
drug-resistant isolates, the lack of novel thera-
peutics effective against tubercle bacilli in the
persistent stages of infection, and the lack of a
universally effective vaccine continue to
threaten the ability of health care workers to
treat tuberculosis effectively and prevent its
further expansion in the human population.

M. tuberculosis is typically acquired by the
inhalation of droplet nuclei containing a small
number of tubercle bacilli (Figure 2). Follow-
ing inhalation, M. tuberculosis infects the resi-
dent alveolar macrophages of the lung, which,
in individuals contracting disease or showing
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FIG. 2. Life cycle of Mycobacterium tuberculosis. M.
tuberculosis acquired by inhalation resides and multiplies
in lung macrophages. Bacteria replicate during the innate
stages of immunity and reach high numbers in the mac-
rophages of immunodeficient hosts where they cause ac-
tive disease. If untreated, organisms spread to other parts
of the body and can cause death of the host. Bacteria in-
fecting immunocompetent hosts are controlled by cell-
mediated immunity and either are eliminated or persist
in low numbers in a latent infection. Suppression of the
immune system at a later date can result in reactivation
of bacterial multiplication and the continuation of the M.
tuberculosis infectious cycle.

immunological record of exposure to infec-
tion, remain incapable of fully controlling
bacillary proliferation. Following the emer-
gence of a productive Th-1-type cell-mediated
immune response, macrophages become acti-
vated and proficient in killing bacilli. Fortu-
nately, the majority of cases actually resolve
without clinical tuberculosis (48). However, in
a minority of individuals, the immune re-
sponse to M. tuberculosis infection is subopti-
mal, allowing the organism to replicate to
large numbers where it causes primary active
disease (48), a condition characterized by per-
sistent fatigue, anorexia, progressive weight
loss, low-grade fever, and production of a
chronic, often contagious, cough. However,
more commonly, the organisms persist in low
numbers in a poorly understood dormant or
quiescent state termed latency (82). In contrast
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to individuals suffering from acute infection,
individuals latently infected with M. tubercu-
losis do not exhibit overt signs of disease, al-
though they typically test positive for a de-
layed-type hypersensitivity response.

The latent infection is one of the least un-
derstood aspects of tuberculosis, despite the
fact that it plays a crucial role in the propaga-
tion of tuberculosis and maintenance of effec-
tive infectious cycles in human populations
(97). Immunocompetent individuals latently
infected with M. tuberculosis carry a 2-23%
lifetime risk of developing reactivation tuber-
culosis at a later date (97). However, individu-
als that are co-infected with the human immu-
nodeficiency virus, or whose immune systems
are suppressed due to other factors, carry a
5-10% annual risk of tuberculosis reactivation
(97). The factors that influence the initial abil-
ity of the tubercle bacilli to replicate to large
numbers, or alternatively establish persistent
infection with a chance of reactivation at a
later date, remain largely unknown. However,
it has long been suggested that these factors
may be intimately associated with the immune
status of the host. Whereas M. tuberculosis
readily grows in macrophages of immuno-
compromised hosts, macrophages of immuno-
competent hosts are able to control bacterial
proliferation (48). One mechanism utilized by
the host to control M. tuberculosis multiplica-
tion and prevent further hematogenous dis-
semination of the organism to other sites is the
formation of granulomas, areas of activated
macrophages, CD4+ and CD8+* T cells that sur-
round infected tissues (96). The activation of
macrophages within granulomatous lesions is
thought to be a key mechanism for control of
M. tuberculosis infection, due in large part to
the ability of activated macrophages to induce
production of ROI and RNI. Not surprisingly,
the significance of nos2 and phox expression
for this process has generated considerable at-
tention.

ROLE OF RNI AND ROI IN

TUBERCULOSIS

There is considerable evidence suggesting
that expression of iNOS and generation of
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RNI play a significant role in the control of M.
tuberculosis infection (Table 2). Inhibition of
iNOS by chemical inhibitors such as amino-
guanidine or N-monomethyl L-arginine exac-
erbates M. tuberculosis infection in mice using
either the acute or low-dose persistent model
of tuberculosis (15, 41). For example, mice
treated with one of the NOS inhibitors shortly
before or during the course of infection with
M. tuberculosis succumb to disease within 34
days, whereas M. tuberculosis-infected mice
receiving no treatment, or noninfected mice
receiving treatment, survive for >120 days
(15). Similarly, the addition of aminoguani-
dine to mice persistently infected with M. tu-
berculosis results in rapid disease reactivation
and an increased bacillary burden shortly
upon administration (41). Interestingly, the
rate and extent of disease progression, as well
as the pathological responses to iNOS inhibi-
tion during both the acute and chronic stages
of infection, differ between the various or-
gans examined. For example, immunohisto-
chemical staining reveals that more iNOS is
detected in the liver of aminoguanidine-
treated animals relative to control animals,
compared with the amount of iNOS detected
in the lungs of aminoguanidine-treated mice
relative to control mice (13, 41). Because the
lungs of mice are generally considered more
susceptible to M. tuberculosis infection com-
pared with other organs (92), these observa-
tions suggest that murine tissues may differ
in their innate susceptibility to M. tuberculosis
infection, due in part to the amount of iNOS
expressed.

Apart from M. tuberculosis infections car-
ried out in the presence of NOS inhibitors,
M. tuberculosis infections carried out using
nos2-/- mice provide further evidence to sug-
gest a role for RNI production in control of M.
tuberculosis infection (Table 2). nos2-/- mice
are highly susceptible to infection by M. tu-
berculosis and behave in a manner similar to
that observed with M. tuberculosis-infected
wild-type littermates receiving immune-sup-
pressing glucocorticoid therapy (1, 72). For
example, whereas n0s2-/- mice infected with
M. tuberculosis survive an average of 35—45
days, parental control mice (either heterozy-
gous or homozygous wild type) survive an
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TABLE 2. EFFECT OF RNI AND ROI INHIBITION ON MYCOBACTERIUM TUBERCULOSIS VIRULENCE
Method* Function Host? Infection stage  Effect
RNI
AG iNOS inhibitor =~ C57BL/6 mice Acute Decreased survival time
from 120 to 34 days
NMMA NOS inhibitor =~ C57BL/6 mice Acute Decreased survival time
from 120 to 38 days
AG iNOS inhibitor =~ C57BL/6 mice Persistent Increased bacillary burden
and granuloma reaction
NOS2-/- — C57BL/6 mice Acute Decreased survival time
from 160 to 45 days
D-NIL iNOS inhibitor =~ C57BL/6 mice Persistent Decreased survival time
from >90 days to 65 days
NOS2-/- — Murine macrophages — Increased bacillary
proliferation
NOS2-/- — B6 mice Acute Decreased survival time
from 180 to 120 days
NMMA NOS inhibitor =~ Human AM — Increased bacillary
proliferation
ROI
Catalase ROIscavenger = Murine macrophages — No effect
SOD ROIscavenger = Murine macrophages — No effect
Mannitol ROIscavenger = Murine macrophages — No effect
Diazabicyclooctane ROIscavenger  Murine macrophages — No effect
D9 ROI-deficient — Murine macrophages — No effect
gp47phox — C57BL/6 mice Acute Increased bacillary burden
during early infection
gp91phox — Murine macrophages — No effect
gp91phox — B6 mice Acute Increased bacillary burden
in some organs
Phox—/~ — Human CGD No effect
macrophages —

*RNI or ROI was inhibited by the addition of chemical inhibitors or by the use of transgenic mice mutant in nos2 or
components of phox. AG, aminoguanidine; AM, alveolar macrophages; NMMA, N-monomethyl L-arginine; NOS2-/ -
mice, iNOS-deficient mice; D-NIL, N°¢-(1-iminoethyl)lysine; SOD, superoxide dismutase; gp47rhox, gp91phox, and

Phox-/-, Phox-deficient mice.

tTissue or animal model system used to evaluate M. tuberculosis virulence.

average of 150-160 days after M. tuberculosis
infection (72). This difference in survival be-
tween nos2-/- and control mice directly cor-
relates with the ability of the host to form
productive RNI-expressing granulomas. M.
tuberculosis-infected nos2-/- mice display
large, sometimes necrotizing granulomatous
lesions in their lungs, liver, and spleen prior
to their death, concomitant with large num-
bers of acid-fast bacilli in these tissues (72),
whereas M. tuberculosis-infected control mice
killed at similar times display small granulo-
matous lesions in these tissues and harbor
few acid-fast bacilli (72). In addition, high
plasma nitrite and nitrate levels are observed
in M. tuberculosis-infected tissues of control
mice, but not in tissues obtained from M. tu-
berculosis-infected nos2-/—- mice (72). Further-

more, the addition of other iNOS effector
molecules, such as tumor necrosis factor-a
neutralizing antibodies, results in a fatal reac-
tivation of latent tuberculosis when adminis-
tered to control mice persistently infected
with M. tuberculosis (80). Taken together,
these results strongly support a role for NOS
in the control of M. tuberculosis in the murine
model of tuberculosis.

Although no human genetic deficiency in
nos2 has been identified to date, iNOS expres-
sion and production of RNI are also likely to
be relevant in the control of M. tuberculosis
during human tuberculosis. For example, a
significantly higher percentage of alveolar
macrophages obtained from M. tuberculosis-
infected patients (a) stain positive for di-
aphorase (a marker of nitrate levels), and (b)
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stain positive with an antibody that recog-
nizes iNOS, compared with staining of alveo-
lar macrophages obtained from the lungs of
healthy individuals (86). In addition, alveolar
macrophages from patients with pulmonary
fibrosis, but not from patients with lung can-
cer or pulmonary nodules, exhibit increased
nos2 mRNA expression and iNOS protein lev-
els, and stain positive for peroxynitrite fol-
lowing infection with M. bovis BCG in vitro
(89). However, the differences in virulence
often observed between various clinical iso-
lates of M. tuberculosis during infection do not
coincide with an ability to modulate the
amount of nitric oxide generated within the
macrophage. For example, a panel of virulent
M. tuberculosis strains ellicit similar levels of
RNI as measured by nitrite accumulation fol-
lowing infection of macrophages, although
these strains differ in their susceptibility to
RNI generated in bacterial medium (100). In
addition, there appears to be no correlation
between the tolerance of a M. tuberculosis
strain for RNI generated in a cell-free system
and its ability to withstand RNI generated in
macrophages primed with interferon-y (100),
or RNI generated during infection in vivo (91).
Rather, more virulent isolates of M. tuberculo-
sis may simply be less likely to expose them-
selves to RNI, as might be observed if some
isolates were more effective at altering their
trafficking to late-endosomal compartments
(26).

As with iNOS and RNI generation, the abil-
ity of host macrophages to control M. tubercu-
losis infection by generation of ROI from
NADPH oxidase remains controversial (Table
2). It has generally been thought that M. tu-
berculosis and other pathogenic mycobacteria
are largely resistant to effects of ROI due in
part to their ability to induce expression of a
number of antioxidant activities, including
superoxide dismutase and catalase. For ex-
ample, Mycobacterium microti killing in mur-
ine macrophages in vitro is inhibited by addi-
tion of the H,O, scavenger catalase (130).
Also, experimental M. tuberculosis infection in
phox-deficient mice results in an increase in
bacillary burden prior to the emergence of
adaptive immunity, and a resulting alteration
in granuloma formation when compared with
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M. tuberculosis infections in control mice fol-
lowing the emergence of adaptive immunity
(21). However, other investigators have re-
ported little, if any, effect of NADPH oxidase-
generated ROI on host—pathogen interactions
involving M. tuberculosis (Table 2). For exam-
ple, although activated murine macrophages
are able to control M. tuberculosis and M.
avium growth in vitro, the addition of reactive
oxygen scavengers such as catalase, superox-
ide dismutase, mannitol, or diazabicyclooc-
tane to these mycobacteria-infected macro-
phages fails to abolish the growth restriction
(2, 25). Similarly, no significant difference in
growth of M. tuberculosis is observed in ROI-
deficient murine macrophage cell lines com-
pared with parent ROI-generating ]774.16
macrophages (14). Adding to this confusion
has been the observation of an iNOS-inde-
pendent antimycobacterial activity that may
be mediated by ROI (7), and the observation
that compounds such as aminoguanidine also
inhibit ROI production in addition to RNI (7,
125). The lack of convincing evidence for a
role of phox-mediated ROI production in con-
trol of M. tuberculosis infection appears to be
applicable to human tuberculosis as well, as
researchers studying the antimycobacterial
capability of respiratory burst-deficient mac-
rophages derived from CGD patients failed to
observe any difference in M. tuberculosis
growth following infection compared with
macrophages obtained from healthy control
individuals (40).

M. tuberculosis RESISTANCE
MECHANISMS TO ROI AND RNI

Because of the experimental evidence sug-
gesting a role for ROI and RNI in the control
of M. tuberculosis infection, the identification
of determinants allowing M. tuberculosis to re-
sist and survive during periods of acute and
persistent infection in the host has largely fo-
cused on defining components of oxidative
and nitrosative stress response and elucidat-
ing their role in the infection process. The
study of these pathways in M. tuberculosis
and other mycobacterial species suggests that
although effects resulting from exposure to
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ROI and RNI are likely to be similar to those
observed in enteric organisms, the regulation
of these determinants differs substantially
from the enteric paradigm. For example, ex-
posure of M. tuberculosis to a wide range of
H,O, concentrations results in minimal (27,
44, 68, 112) differential gene expression dur-
ing growth in vitro, whereas exposure of E.
coli or Salmonella to similar H,O, concentra-
tions results in alteration of >40 gene prod-
ucts (81, 126). Similarly, treatment with
cumene hydroperoxide or menadione in-
duces the expression of only a few peptides in
M. tuberculosis (44), whereas exposure of en-
teric organisms to these compounds induces
a multigene response (49, 81, 131). Even the
Fe-containing superoxide dismutase is not
differentially induced in M. tuberculosis in re-
sponse to menadione, a generator of superox-
ide (44), although this peptide is significantly
induced in enteric bacteria in response to the
same stress (49). The difference between my-
cobacteria and enteric bacteria in their re-
sponse to oxidative and nitrosative stress can
be attributed in part to mutations that render
parts of the oxidative and nitrosative stress
dysfunctional in mycobacterial species (Fig.
3). For example, studies of components of ox-
idative stress response have revealed the fol-
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lowing: (a) the presumed central regulator of
peroxidative and nitrosative stress response
in M. tuberculosis, oxyR, is a pseudogene and
contains multiple frameshift mutations and
deletions that render it inactive (27, 112); (b)
the other branches of the oxidative stress re-
sponse, furA and katG, in the other major my-
cobacterial human pathogen, Mycobacterium
leprae, are vestigial and also carry multiple
mutations (29, 83, 94); and (c) the soxRS regu-
lon appears to be absent from the genomes of
mycobacterial species (19, 20).

All members of the M. tuberculosis complex
(M. tuberculosis, Mpycobacterium bovis, My-
cobacterium africanum, and Mycobacterium mi-
croti) that have been examined carry similar
mutations in oxyR (27, 112). In addition, other
evolutionary distraught, fast-growing my-
cobacterial species, including Mycobacterium
smegmatis and Mycobacterium aurum, lack
oxyR in their genomes (30). Intact oxyR has
been observed in a variety of mycobacterial
species including M. leprae, Mycobacterium
marinum, and Mycobacterium avium (94), sug-
gesting that this regulator and its regulon are
conserved and may still be important for as-
pects of physiology and/or virulence in the
majority of members of the genus Mycobac-
terium. For example, purified OxyR from M.

—>

ahpC

M. smegmatis

M. tuberculosis

M. leprae

M. marinum

—
katG

B —
SfurA

FIG. 3. Components of the oxidative stress response in Mycobacteria. Two branches of oxidative stress response
exist in mycobacterial species. (A) The central regulator of the peroxide stress response is dysfunctional in the major
human pathogen Mycobacterium tuberculosis due to the presence of multiple mutations and frameshift insertions. (B)
The other branch of oxidative stress response encoded by regulator furA and catalase-peroxidase katG is dysfunc-
tional in the other major human pathogen Mycobacterium leprae. Arrows, direction of transcription; open triangles
below hatched segments, large deletions; triangles below lines, frameshift mutations; filled balloons, frameshift inser-
tions; open squares, mutations in the start codon; filled squares, nonsense mutations.
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leprae binds the oxyR-ahpC intergenic region
in M. leprae, M. marinum, Mycobacterium
xenopi, Mycobacterium intracellulare, and M.
tuberculosis through recognition of ATC-N,-
GAT, a motif containing the T-N,-A core
characteristic of all LysR-type transcriptional
regulators to which OxyR belongs (94). In ad-
dition, oxyR appears to regulate expression of
ahpC in M. marinum following exposure to or-
ganic peroxides, a phenomenon that is lost
following disruption of oxyR (94; Pagan-
Ramos, unpublished observations). Although
loss of oxyR in members of the M. tuberculosis
complex, but not in other pathogenic my-
cobacterial species, appears paradoxical, we
speculate that oxyR may have been lost from
the tubercle bacilli to prevent expression of
certain downstream effector determinants
that may act as immunogens during stages of
the infection process in vivo (29, 119). For ex-
ample, AhpC is a close homolog of the nat-
ural killer cell enhancement factor NKEF
known to stimulate natural killer cell cytotox-
icity (109, 111), and is a well recognized im-
munogen in a number of pathogens including
mycobacteria (90). The expression of ahpC in
M. tuberculosis and M. bovis species is low or
undetectable during growth in vitro and dur-
ing intracellular growth in macrophages,
whereas ahpC expression is high under these
conditions in M. bovis BCG, an attenuated
vaccine strain of M. bovis that is able to infect,
but not establish, productive persistent infec-
tions in the host (119). In addition, although
ahpC mutants of M. tuberculosis are not atten-
uated for growth during the acute phase of
infection in the murine model of tuberculosis
(119), AhpC may be required during later
stages of the infection process (119). For ex-
ample, ahpC expression is induced in M. fu-
berculosis during growth of the tubercle bacilli
under static conditions (119), an in vitro con-
dition thought to mimic the one M. tuberculo-
sis encounters during growth in granuloma-
tous lesions (132). Others have reported that
expression of antisense RNA to ahpC does re-
sult in a marked attenuation in virulence in
M. bovis when administered to guinea pigs
(135). However, it is difficult to interpret
these results in lieu of a bona fide ahpC knock-
out mutation.
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A different component of oxidative stress
response also appears to be dysfunctional in
the other major human mycobacterial patho-
gen, M. leprae. In this organism, the furA and
katG genes contain multiple mutations that
render them both inactive (Fig. 3) (29, 83, 94).
In a variety of organisms, Fur or Fur ho-
mologs regulate parts of oxidative stress re-
sponse including superoxide dismutase (31,
88, 123), DNA repair enzymes (69), catalase
and peroxidase genes (3, 10, 52, 127, 128),
alkylhydroperoxidase genes (10, 127, 128),
the soxRS regulon (141), and the oxyR gene
(141). In all mycobacterial species that have
been examined to date, furA lies immediately
upstream of and is transcribed in the same di-
rection as the catalase-peroxidase katG (137).
Studies of these genes in M. tuberculosis (99)
or in M. smegmatis (137), a species that also
lacks oxyR, suggest that furA is a negative
regulator of katG expression. For example, M.
smegmatis strains disrupted in furA are more
resistant to H,O, than their wild-type parent,
due to increased expression of katG (137). A
similar mechanism of catalase-peroxidase
regulation has also been observed in related
species, including Streptomyces coelicolor and
Streptomyces reticuli (51, 142). Although im-
portant for processes involving detoxification
of peroxides in vitro (137), regulation of katG
by FurA may also contribute to virulence in
the tubercle bacilli. For example, furA and
katG promoters are sequentially induced dur-
ing growth of M. tuberculosis in murine mac-
rophages (76). In addition, laboratory and
clinical strains expressing little or no KatG
are relatively sensitive to killing by exoge-
nously added H,O, (74) and during growth in
human monocytes following stimulation of
an endogenous oxidative burst (74). Further-
more, growth and persistence of a katG-
deleted (INHr) mutant of M. tuberculosis are
severely compromised in both the murine
and guinea pig models of tuberculosis (70),
and introduction of wild-type copies of furA
and katG into strains of M. tuberculosis deleted
for these genes improves survival in the
murine host (99). Thus, conservation of at
least one branch of the oxidative stress re-
sponse in the two frank human pathogens M.
tuberculosis and M. leprae may be necessary
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for the establishment or maintenance of infec-
tion in vivo.

Additional genes expressed in mycobacter-
ial species may also contribute to oxidative
and/or nitrosative stress response, and partici-
pate in aspects of virulence during the later
stages of the infection process. In M. smegmatis
and M. tuberculosis, an iron-dependent ho-
molog of the diphtheria toxin repressor, dtxR,
affects, directly or indirectly, expression of
genes involved in ROI detoxification including
katG and sodA (33, 34). M. smegmatis ideR mu-
tants are more sensitive to H,0O, in vitro and
exhibit decreased levels of catalase-peroxidase
and manganese superoxide dismutase com-
pared with wild-type strains (34). Introduction
of a plasmid expressing the iron-independent,
hyperrepressor mutant of DtxR, DtxR(E175K),
attenuates virulence of M. tuberculosis in a
murine model of tuberculosis during stages of
persistent infection (73). Two additional genes
from M. tuberculosis have also been shown to
confer resistance to ROI and RNI in surrogate
hosts, although their role in M. tuberculosis
physiology remains unknown (36, 106). Dele-
tion of one of these, noxR1, in M. bovis BCG re-
sults in increased sensitivity to in vitro gener-
ated RNI in comparison with the wild-type
strain (120), although deletion of this gene in
M. tuberculosis does not increase sensitivity to
RNI in vitro or attenuate virulence of M. tuber-
culosis in vivo (120).

OXIDATIVE AND NITROSATIVE STRESS
RESPONSE AND SUSCEPTIBILITY TO
THE ANTITUBERCULOSIS DRUG INH

Apart from the putative role of oxidative
and nitrosative resistance components in M.
tuberculosis physiology and virulence, expres-
sion (or lack thereof) of these components
may also play a role in the innate sensitivity
and acquired resistance of M. tuberculosis to
the front-line antitubercular drug isonicotinic
acid hydrazide (isoniazid; INH) (Fig. 4). Al-
though nearly 50 years have passed since the
first report of INH in the treatment of tuber-
culosis (78), not until recently have mecha-
nisms of INH action and/or resistance been
elucidated. M. tuberculosis and other mem-
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FIG. 4. Pathway of INH activation and targets of its
activity in Mycobacterium tuberculosis. Activation of
INH to its pro-drug form requires modification by KatG
and generates organic free radicals and ROI. Activated
INH inhibits the activity of cell-wall fatty acid machinery
including fatty acid synthase II InhA and B-ketoacyl car-
rier protein synthase KasA. Activated INH also affects
enzymes that modulate intracellular NADH/NAD+ lev-
els including NAD+ nucleosidase and NADH dehydro-
genase.

bers of the M. tuberculosis complex are highly
susceptible to INH, (in the range of 0.02-0.2
pg/ml) (110), whereas most other mycobacte-
ria, including M. leprae, M. marinum, M.
avium, and M. smegmatis, remain relatively re-
sistant to the action of this drug (in the range
of 1-10 pg/ml) (110). INH activation from its
pro-drug form into its active antituberculosis
form requires modification (possibly perox-
idative) by KatG (138). In its active form, INH
interferes with multiple processes including
synthesis of essential cell-wall components
and maintenance of appropriate NADH/
NAD*+ intracellular ratios (28, 57). However,
activation of INH from its pro-drug form into
its active form is also thought to result in pro-
duction of ROI (117, 118). The presence of a
functional katG in M. tuberculosis, in combina-
tion with lack of functional oxyR-dependent
gene induction, may explain in part the ex-
quisite sensitivity of M. tuberculosis to INH.
For example, mutations in the oxyR genes of
E. coli and S. typhimurium (102), as well as M.
marinum (Pagan-Ramos et al., unpublished
observations), render these normally resistant
organisms sensitive to INH. The significance
of dysfunctional components of oxidative
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stress response may also contribute to ac-
quired resistance to INH in M. tuberculosis
and other members of the M. tuberculosis
complex. For example, point mutations or
deletions in katG are the most common mech-
anism of INH resistance in M. tuberculosis iso-
lates recovered from diseased patients (56,
104). Isolates most resistant to INH tend to
carry mutations that severely reduce or elimi-
nate peroxidase activity (56, 139), whereas M.
tuberculosis mutants that retain some degree
of peroxidase activity remain moderately re-
sistant to INH (56). In addition, introduction
of M. tuberculosis katG into INH-resistant mu-
tants of M. tuberculosis restores innate suscep-
tibility to this drug (138), and derepression of
katG expression by inactivation of negative
regulator furA leads to increased sensitivity
of mycobacteria to INH (137).

The inability to express ahpC in response to
peroxide stress may also contribute to the ex-
treme sensitivity and acquired resistance of M.
tuberculosis to INH. M. tuberculosis and all
members of the M. tuberculosis complex, in con-
trast to most other mycobacterial species exam-
ined, express low or undetectable levels of
AhpC and are highly sensitive to INH (119,
140). In contrast, many clinical isolates resistant
to INH carry mutations in the ahpC promoter
region, resulting in increased alkylhydroperox-
idase activity (30, 112, 134). Introduction of
ahpC promoter-up mutations from an INH-re-
sistant derivative of M. bovis into M. smegmatis
also increases resistance to INH (136), and dis-
ruption of ahpC by gene inactivation increases
sensitivity of M. smegmatis to INH (140). How-
ever, unlike the direct role for KatG activity in
INH susceptibility, it remains unclear whether
the mechanism of INH resistance via AhpC is
direct or indirect. For example, increased levels
of ROI resulting from loss of KatG-dependent
catalase and peroxidase activity, or from me-
tabolism of INH, may result in compensatory
promoter-up mutations in ahpC, a characteris-
tic often observed in INH-resistant isolates (30,
113, 114).

Primary targets for KatG-activated INH
are components of the cell-wall biosynthesis
machinery, including those encoded by inhA
and kasA (4,77). InhA is a component of fatty
acid synthase II, a key enzyme in the path-
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way generating mycolic acids and other es-
sential fatty acids of the mycobacterial cell-
wall structure (107). Specifically, inhA cat-
alyzes the NADH-dependent reduction of
long-chain fatty acids (75), a process that can
be inhibited in vitro using purified InhA, 14C-
labeled INH, NAD or NADH, KatG, and
other minor components (62). inhA was first
identified during a search for genes from
INH-resistant mycobacteria that conferred
resistance to INH-sensitive mycobacteria (4).
Mutations in inhA account for INH resistance
in a moderate number of clinical isolates of
M. tuberculosis recovered from diseased hu-
mans (105).

In addition to InhA, activated INH also
targets other components of the cell-wall
biosynthesis machinery. Sequence analysis
of the kasA gene from a genetically diverse
panel of INH-resistant and INH-sensitive or-
ganisms indicates that mutations in this gene
are common and occur in 5-20% of strains
resistant to INH (77). kasA encodes a B-keto-
acyl carrier protein synthase. In M. tuberculo-
sis, kasA is induced in response to INH (134)
and is able to confer resistance to INH-sus-
ceptible strains of M. tuberculosis when mu-
tated (77). Mutations in this gene are not
found in INH-sensitive strains, although a
small subset of INH-resistant strains carry
mutations in both katG and kasA, and as a re-
sult have a disproportionately high mini-
mum inhibitory concentration for INH (77).
Finally, KatG-dependent activation of INH
may also alter other important cellular pro-
cesses that result in INH resistance, includ-
ing the intracellular NADH/NAD* levels.
For example, INH may directly act to deplete
NAD pools by inhibiting the NAD* nucleo-
sidase, an enzyme responsible for the con-
version of NAD to nicotinamide (6, 64). In
addition, M. smegmatis strains carrying ts
mutations in ndh, encoding a type II NADH
dehydrogenase that oxidizes NADH and
transfers electrons to quinones of the respira-
tory chain, are able to resist killing by high
concentrations of INH (>100 pg/ml) (79).
Mutations in additional M. tuberculosis genes
may also confer INH resistance by altering
NADH/NAD* ratios, although their mecha-
nism is less clear (16).
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CONCLUDING REMARKS

Resisting the effects of oxidative and ni-
trosative stress are processes critical for pro-
ductive establishment and maintenance of in-
fection by many bacterial pathogens. For
Mycobacterium tuberculosis and other patho-
genic mycobacterial species, these processes
appear to differ from those observed in other
intracellular bacteria such as enteric organ-
isms. The continued study of M. tuberculosis
and its oxidative and nitrosative stress re-
sponse systems will continue to advance our
knowledge regarding the multifaceted life
cycle of this organism, as well as improve our
understanding of adaptation processes re-
quired for survival during periods of acute
and persistent infection.
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