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Murine macrophages effect potent antimycobacterial function via the production of nitric oxide by the
inducible isoform of the enzyme nitric oxide synthase (NOS2). The protective role of reactive nitrogen
intermediates (RNI) against Mycobacterium tuberculosis infection has been well established in various murine
experimental tuberculosis models using laboratory strains of the tubercle bacillus to establish infection by the
intravenous route. However, important questions remain about the in vivo importance of RNI in host defense
against M. tuberculosis. There is some evidence that RNI play a lesser role following aerogenic, rather than
intravenous, M. tuberculosis infection of mice. Furthermore, in vitro studies have demonstrated that different
strains of M. tuberculosis, including clinical isolates, vary widely in their susceptibility to the antimycobacterial
effects of RNI. Thus, we sought to test rigorously the protective role of RNI against infection with recent clinical
isolates of M. tuberculosis following both aerogenic and intravenous challenges. Three recently isolated and
unique M. fuberculosis strains were used to infect both wild-type (wt) C57BL/6 and NOS2 gene-disrupted mice.
Regardless of the route of infection, NOS2~/~ mice were much more susceptible than wt mice to any of the
clinical isolates or to either the Erdman or H37Rv laboratory strain of M. tuberculosis. Mycobacteria replicated
to much higher levels in the organs of NOS2™'~ mice than in those of wt mice. Although the clinical isolates
all exhibited enhanced virulence in NOS2~/'~ mice, they displayed distinct growth rates in vivo. The present
study has provided results indicating that RNI are required for the control of murine tuberculous infection
caused by both laboratory and clinical strains of M. fuberculosis. This protective role of RNI is essential for the

control of infection established by either intravenous or aerogenic challenge.

Tuberculosis was responsible for over 1.5 million deaths
worldwide in 1999 (26). Mycobacterium tuberculosis infects and
replicates within macrophages. To date, the only mechanism
by which macrophages have been shown to kill M. tuberculosis
is the generation of reactive nitrogen intermediates (RNI) via
the enzyme inducible nitric oxide synthase (NOS2; reviewed in
reference 3). The importance of NOS2 in mediating control
over M. tuberculosis infection has been demonstrated in mice
in several studies. Administration of NOS2 inhibitors to
C57BL/6 mice greatly increased their susceptibility to an intra-
venous challenge of M. tuberculosis, reducing the mean survival
time (MST) from over 300 days to just 28 days (4). NOS2
gene-disrupted mice exhibited profound susceptibility to acute
M. tuberculosis infection established intravenously (13). In a
murine model of latent tuberculosis in which mice were in-
fected for 6 months, the NOS2 inhibitor aminoguanidine re-
sulted in recrudescence of the chronic infection and led to fatal
tuberculosis (6). Recent studies also suggest that NOS2-de-
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rived RNI play a protective role in human tuberculosis (10, 14,
16, 18, 22, 24, 25).

A factor that may affect the ability of RNI to limit the
replication of M. tuberculosis is variability in the sensitivity of
different M. tuberculosis strains to RNI-mediated cytotoxicity.
Several studies have demonstrated that different isolates of M.
tuberculosis can vary in sensitivity to RNI (7, 19, 21, 27). For
instance, the M. tuberculosis C strain, which was responsible for
over 20% of the tuberculosis cases in New York City between
1992 and 1993 (8), was the most RNI-resistant M. tuberculosis
strain among 38 tested with an acellular in vitro system (acid-
ified nitrite) (7). O’Brien et al. also measured the in vitro RNI
sensitivities of several clinical and laboratory strains of M.
tuberculosis and showed a positive correlation between RNI
resistance in vitro and virulence in guinea pigs in vivo (19). In
another study, 13 M. tuberculosis strains were tested for both
sensitivity to cell-free acidified nitrite and the ability to repli-
cate in gamma interferon (IFN-y)-primed murine macro-
phages producing RNI; substantial variation in RNI sensitivity
was observed among the strains in both systems (21). Several of
these strains were tested for the ability to replicate in C57BL/6
mice following aerosol infection and exhibited a wide range
(5 X 10" to 2 X 10°) in the number of bacteria in the lungs 20
and 40 days postinfection (20). However, there was no corre-
lation between RNI tolerance and in vivo virulence, as assessed
by the rate of replication of M. tuberculosis in the lungs of
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infected animals (20, 21). The inconsistency in the correlation
between RNI susceptibility and virulence in vivo (19, 20, 21)
suggested that RNI sensitivity might not contribute to the
outcome of an infection with M. tuberculosis clinical isolates.
Finally, the requirement for NOS2 in the control of infection
caused by recently isolated clinical strains of M. tuberculosis has
not been tested in mice, nor has the significance of RNI in
controlling aerogenic murine tuberculous infection caused by
clinical isolates been examined. Indeed, a recent report (5)
suggests that NOS2™/~ mice are much more resistant to tu-
berculosis following aerosol rather than intravenous infection.
Therefore, the general significance of RNI in host defense
against M. tuberculosis remains to be determined.

In the present study, we tested the importance of the NOS2-
mediated effector function against both laboratory and clinical
strains of M. tuberculosis. We compared the intravenous and
aerosol routes of infection of NOS2™/~ and C57BL/6 mice.
Our data strongly support the requirement for RNI production
in vivo for control of M. tuberculosis infection caused by both
clinical and laboratory strains, regardless of the route of inoc-
ulum delivery. The results also show that the clinical and lab-
oratory strains varied in the ability to replicate and cause
disease in vivo in both NOS2™/~ and wild-type mice.

MATERIALS AND METHODS

Mice. Eight- to 10-week-old C57BL/6 female mice were obtained from The
Jackson Laboratory, Bar Harbor, Maine. NOS2™/~ breeding pairs (12) were
kindly provided by Timothy Billiar at the University of Pittsburgh School of
Medicine and bred as homozygotes. NOS2™/~ mice (11) were also obtained from
The Jackson Laboratory. These two different strains of NOS2™/~ mice gave
similar results in the experiments. All mice were maintained in biosafety level 3,
specific-pathogen-free animal facilities. All mice were observed daily, and those
judged to be moribund were humanely sacrificed and counted as dead.

Bacteria and infections. The M. tuberculosis Erdman strain (Trudeau Institute,
Saranac Lake, N.Y.) was passed through mice, grown in culture once, and frozen
in aliquots. H37Rv was grown in culture and frozen in aliquots. Three anony-
mous clinical isolates of M. tuberculosis (CI3, CI4, and CI7) were obtained
directly from Lowenstein-Jensen slant cultures of specimens obtained from pa-
tients with active tuberculosis at the Montefiore Medical Center of the Albert
Einstein College of Medicine, Bronx, N.Y. All three isolates are drug susceptible
and have distinct IS6710 restriction fragment length polymorphism patterns (1;
data not shown). These isolates were expanded by, at most, three passages in 7H9
liquid medium and frozen in aliquots. Prior to infection, an aliquot was thawed,
diluted in phosphate-buffered saline (PBS) containing 0.05% Tween 80, and
briefly sonicated in a cup-horn sonicator. Intravenous infection was achieved via
a tail vein at a dose of 10° to 10° viable CFU per mouse. For aerosol infection,
mice were placed in a closed-air aerosolization system (In-Tox Products, Albu-
querque, N.Mex.) and exposed for 20 min to nebulized M. tuberculosis at a
concentration calibrated to deliver approximately 10 to 50 CFU to the lungs (23).

Determination of CFU. At regular intervals, mice were humanely sacrificed
and one-quarter or one-half of the lungs, liver, and spleen were homogenized in
PBS containing 0.05% Tween 80. Serial dilutions of the homogenates were
plated onto 7H10 agar, the plates were incubated at 37°C in a 5% CO, atmo-
sphere, and the colonies were enumerated after 21 days.

Histopathology. Formalin-fixed, paraffin-embedded tissues sections were
stained with hematoxylin and eosin for histological analysis and for acid-fast
bacilli by Kinyoun’s method (Difco, Detroit, Mich.) in accordance with the
manufacturer’s directions.

M. tuberculosis growth in broth. From frozen stocks of each strain, 7H9 broth
was inoculated at 10° CFU/ml, grown to an optical density at 600 nm of 1.0
(~3 X 10® CFU/ml), and used to inoculate a fresh culture at 10° CFU/ml. The
cultures were incubated at 37°C with gentle shaking. Daily aliquots were diluted
and plated on 7H10 plates for viable CFU counting. The optical density at 600
nm of each culture was determined daily. In vitro growth was monitored for 8
days. Doubling time of the strains was determined by the formula 1/k, where k =
(log;ox, — 1ogy%)/0.301(¢) and where x,, is the initial concentration of bacteria
and x, is the concentration after time ¢.
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M. tuberculosis growth in macrophages. Thioglycolate-elicited peritoneal mac-
rophages or bone marrow-derived macrophages were obtained from C57BL/6
and NOS2™/~ mice. To obtain bone marrow-derived macrophages, cells were
extracted from the femurs of mice in cold Dulbecco modified Eagle medium
(Life Technologies, Grand Island, N.Y.) medium and washed twice in the same
medium. Cells (2.5 X 10°) were added to LabTek PS petri dishes (Fisher Sci-
entific, Pittsburgh, Pa.) in Dulbecco modified Eagle medium containing 10%
fetal bovine serum, 1 mM sodium pyruvate, 2 mM L-glutamine, and 33% L-cell
fibroblast supernatant. The medium was changed on day 3. On day 5, adherent
cells were washed with ice-cold PBS, detached for 20 min on ice, harvested with
cell scrapers, and plated in a 96-well plate at 1.5 X 10° cells/well in 200 pl. For
activation of macrophages, recombinant murine IFN-y at 100 U/ml was added
and the mixture was incubated for 12 to 18 h (Genentech, South San Francisco,
Calif.) and then lipopolysaccharide (LPS; Sigma, St. Louis, Mo.) at 1 pg/ml was
added. M. tuberculosis cultures were washed and resuspended in macrophage
medium, sonicated, and then added to the macrophages at a multiplicity of
infection of 2 to 4. The inoculum was removed 4 h after infection, the monolayers
were washed once, and the cells were refed with 200 pl of medium/well. To
enumerate viable intracellular mycobacteria, infected macrophages were lysed in
1% saponin and 10-fold serial dilutions were plated onto 7H10 agar plates.
Colonies were counted after 21 days. Nitrites in the supernatants were measured
by the Griess assay as previously described (9).

RESULTS

Clinical M. tuberculosis strains in NOS2™/~ mice infected
intravenously. The abilities of NOS2~/~ mice to control intra-
venous infections (inoculum, 10° to 10° CFU per mouse) with
three clinical strains (CI3, CI4, and CI7) and with laboratory
strain Erdman were compared. All three clinical strains, as well
as Erdman, grew to significantly higher numbers in the lungs of
NOS2™/~ mice (Fig. 1). By 28 days postinfection, the lung
bacterial burdens in NOS2 ™/~ mice infected with the various
strains of M. tuberculosis were 7- to 56-fold higher than that in
wild-type C57BL/6 animals. The difference between tissue bac-
terial burdens in NOS2™/~ and C57BL/6 mice infected with all
of the strains tested was also observed in the spleen and liver
(data not shown). These data indicated that NOS2 is required
for containment of the laboratory Erdman strain of M. tuber-
culosis and the three clinical isolates with distinct restriction
fragment length polymorphism patterns.

Individual clinical isolates exhibited unique replication ki-
netics in vivo. Regardless of NOS2 status, strain CI3 replicated
at the slowest rate in the lungs of infected mice while CI7 grew
most rapidly (Fig. 1B and D). During the initial 28 days postin-
fection, the pulmonic bacterial loads of NOS2™/~ mice in-
fected with strains CI3 and CI7 increased by 75-and 8,100-fold,
respectively (Fig. 1B and D). In the same period postinfection,
the bacterial numbers in the lungs of wild-type C57BL/6 mice
infected with strains CI3 and CI7 increased by 15- and 230-
fold, respectively. These results indicated that the virulence of
the clinical isolates, as measured by in vivo growth in the lungs,
varies in both NOS2™/~ and wild-type mice. Of the four iso-
lates of M. tuberculosis tested in these studies, including the
Erdman laboratory strain, it appears that CI7 is the most vir-
ulent and CI3 is the least virulent, as assessed by in vivo growth
in the lungs of infected mice.

To determine the importance of NOS2 in preventing pro-
gressive fatal tuberculosis, mice infected intravenously with
either one of the clinical isolates or with the Erdman strain
were monitored for death (Fig. 3A). If an animal was judged to
be moribund, it was humanely sacrificed and counted as dead.
No wild-type C57BL/6 mouse succumbed to infection with any
of the isolates during the experimental period. In contrast,
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FIG. 1. Bacterial burdens in lungs of NOS2™/~ (closed circles) and wild-type C57BL/6 (open circles) mice following intravenous infection with
M. tuberculosis Erdman (A) or clinical isolate CI3 (B), CI4 (C), or CI7 (D). Mice were infected with 10° to 10° CFU of M. tuberculosis, and lung
homogenates were plated at the times indicated to determine the number of viable bacilli. Each point is the mean of three mice, and the bar is
the standard error and is representative of two experiments. By 4 weeks postinfection and beyond, the bacterial burden in the lungs of NOS2™/~
mice is significantly greater than that of wild-type C57BL/6 animals for all of the M. tuberculosis strains examined (P < 0.05).

infection with each clinical isolate, as well as the Erdman
strain, proved fatal to NOS2™/~ mice (Fig. 3A). However, the
MSTs varied among the clinical isolates (Table 1), with CI7
being the most virulent and CI3 being the least virulent. The
MSTs of CI3 (P = 0.005) and CI7 (P = 0.03) were significantly
different from that of the Erdman strain. There was a direct
correlation between the MST of NOS2 ™/~ mice (Table 1) and
the ability of the isolates to replicate in NOS2 ™/~ mouse lungs
(Fig. 1).

Clinical M. tuberculosis strains in NOS2™/~ mice infected
aerogenically. To rigorously test the significance of RNI in
defense against the tubercle bacillus, the requirement for
NOS?2 for controlling murine tuberculosis established by the

TABLE 1. Mean survival times of NOS2™/~ mice infected with M.
tuberculosis strains and doubling time of each strain in 7H9 broth®

MST (days) = SD

In vitro
Strain . doubling
Intravenous .

injection Aerosol time (h)
CI3 45 *+5 ND? 30
Cl4 311 ND 43

CI7 25+6 39*+1 25.5

Erdman 33+1 39+1 19

“ Mice were humanely sacrificed when moribund.

? ND, not determined; MST cannot be calculated since not all of the mice
succumbed to the infection by 116 days, at which time the experiment was
concluded.

natural aerogenic route of infection was evaluated. C57BL/6
(wild type) and NOS2 ™/~ mice from two different sources were
aerogenically infected with M. tuberculosis Erdman and three
clinical isolates, CI3, CI4, and CI7. Approximately 10 to 50
CFU per mouse were delivered aerogenically, as determined
by viable CFU counts in lungs at 1 day postinfection. As with
the intravenous infections, each strain replicated to much
higher numbers in the lungs of NOS2™/~ mice than in those of
C57BL/6 mice (Fig. 2). This requirement of NOS2 for control
of an aerogenic tuberculous infection was also demonstrated
when H37Rv—another commonly used laboratory strain of M.
tuberculosis—was used as the infecting organism (data not
shown). These data indicated that RNI are required for the
control of aerogenic infection caused by two laboratory strains
(Erdman and H37Rv), as well as by three distinct clinical
isolates of M. tuberculosis.

The growth advantage exhibited by CI7 over the other
strains tested in the intravenous model (Fig. 1D) was not
apparent in mice infected aerogenically (Fig. 2D). In contrast,
the growth of strain CI3 remained remarkably attenuated in
both NOS2™/~ and C57BL/6 mice infected by aerosols (Fig.
2B), as had been observed in the intravenous infection model
(Fig. 1B). Concordant with the slow-growing phenotype of CI3
in the lungs of infected mice, the development of pulmonic
pathology caused by this isolate was significantly slower than
that observed with other strains of M. tuberculosis examined
(data not shown). However, histopathologic examination of
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FIG. 2. Bacterial burdens in lungs of NOS2™/~ (closed circles) and wild-type C57BL/6 (open circles) mice following aerosol infection with M.
tuberculosis Erdman (A) or clinical isolate CI3 (B), CI4 (C), or CI7 (D). Mice were infected by aerosol with approximately 50 viable bacilli, and
lung homogenates were plated at the times indicated to determine the number of viable bacilli. Each point is the mean of three mice (except on
day 1 postinfection, when two mice were examined), and the bar is the standard error. M. tuberculosis Erdman and clinical isolate CI3 were
evaluated three times with similar results. Isolates CI4 and CI7 were studied once. By 33 days postinfection and beyond, the bacillary load in the
lungs of NOS2™/~ mice was significantly greater than that of wild-type C57BL/6 animals for all of the strains of M. tuberculosis tested (P < 0.05)

tissues from mice infected with the various M. tuberculosis
strains that harbored comparable number of bacilli revealed
similar degrees of granulomatous inflammation (data not shown).

C57BL/6 and NOS2™/~ mice aerogenically infected with ei-
ther the Erdman strain or one of the clinical isolates of M.
tuberculosis were monitored for death. No wild-type mouse
succumbed to the infections during the 116-day study period.

A 100 o

In NOS2™/~ mice, CI7 again was the most virulent of the
clinical isolates (MST, 39 * 1 days); in contrast, aerogenic
infection with CI3 resulted in the loss of only one of five
infected NOS2™/~ mice (Table 1 and Fig. 3B). These results
demonstrated that NOS2™/~ mice were very susceptible to
aerogenic infection with the laboratory Erdman strain of M.
tuberculosis and with certain clinical isolates (Table 1; Fig. 3B).
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FIG. 3. Survival of NOS2-deficient mice following infection with 10° to 10° CFU intravenously (A) or with approximately 50 CFU aerogenically
(B). The M. tuberculosis strains used for infection included Erdman (open triangle) and clinical isolates CI3 (closed circle), CI4 (open circle), and
CI7 (closed triangle). No wild-type C57BL/6 mouse succumbed to infection. There were five mice per group. Similar results were obtained in a

second experiment.
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Growth of clinical strains in vitro. The distinct virulence
patterns associated with the individual isolates may be related
to the inherent growth rate of the isolates, either in vitro or in
vivo. The in vitro doubling time of each strain was determined
by monitoring growth in cultures, seeded at ~10° CFU/ml of
7HO broth, for 8 days (Table 1). Although there was a range of
doubling times, the growth rate in vitro did not correlate with
growth in C57BL/6 or NOS2™/~ mice or with deaths of
NOS2™/~ mice (Table 1).

Growth of clinical strains in macrophages. The abilities of
the most and least virulent clinical isolates, CI3 and CI7, to
grow in peritoneal macrophages obtained from both wild-type
C57BL/6 and NOS2 ™/~ mice were compared. In unactivated
wild-type macrophages, both CI3 and CI7 replicated over 48 h
(Fig. 4). Wild type C57BL/6 macrophages activated with IFN-y
and LPS controlled the replication of both CI3 and CI7, and
there was no significant difference (P > 0.05) between the
numbers of viable intracellular bacilli in cells infected with CI3
and in cells infected with CI7 (Fig. 4). Similarly, there was no
significant difference (P > 0.05) in the growth of CI3 compared
to that of CI7 in unactivated, NOS2-deficient macrophages
(data not shown). Activation of NOS2-deficient macrophages
with IFN-y and LPS did not induce RNI production or poten-
tiate antimycobacterial effects (data not shown). Thus, the
replication kinetics of the two clinical isolates tested were
similar in NOS2™/~ and wild-type murine macrophages in
vitro, suggesting that this in vitro culture system does not
predict virulence.

To determine the capacity of clinical isolates CI3 and CI7 to
induce RNI production in macrophages, nitrite accumulation
was measured in the supernatant of infected, bone marrow-
derived macrophages. IFN-y- and LPS-activated C57BL/6
wild-type macrophages infected with both clinical isolates pro-
duced similar amounts of RNI (Table 2). Interestingly, the
more virulent isolate, CI7, compared to the less virulent iso-
late, CI3, induced significantly less RNI in unactivated macro-
phages 5 days postinfection (Table 2).

DISCUSSION

The data presented here demonstrate that NOS2 is required
for the control of murine infections with recent clinical iso-
lates, as well as laboratory strains, of M. tuberculosis, regardless
of the route of infection. Without the ability to produce NOS2-
derived RNI, mice rapidly succumbed to intravenous infection
with all of the strains of M. tuberculosis tested. Following low-
dose (<50 CFU) aerosol infection, the bacterial numbers of all
of the strains examined (three clinical strains and two labora-
tory strains, Erdman and H37Rv) were higher in the lungs of
NOS2~/~ mice than in those of C57BL/6 mice. Although two
clinical isolates and laboratory strain Erdman proved rapidly
fatal following low-dose aerosol infection of NOS2™/~ mice,
one clinical isolate (CI3) did not cause death in the majority of
infected NOS2™/~ mice. This strain also grew more slowly in
both NOS2™/~ and C57BL/6 mouse lungs, suggesting that it
was less virulent.

In a recently published study, NOS2~/~ mice infected with a
small inoculum of M. tuberculosis laboratory strain Erdman via
the aerosol route were not markedly more susceptible than
wild-type mice, particularly in the early phase of infection (5).
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FIG. 4. Growth of clinical isolates CI3 (A) and CI7 (B) in C57BL/6
macrophages. Thioglycolate-elicited peritoneal macrophages were left
unactivated (solid line) or were activated with IFN-y and LPS (dashed
line) and then infected with one of the clinical isolates of M. tubercu-
losis at a multiplicity of infection of 2 to 4. The number of intracellular
bacteria was determined over 3 days by plating cell lysates onto 7H10
agar plates and enumerating bacterial colonies 21 days later. Each
point is the mean of three wells; bars are standard errors. The x axis
denotes hours postinfection.

Bacterial numbers in the lungs of aerosol-infected NOS2 ™/~
mice were only moderately increased compared to those of
wild-type mice, and the NOS2~/~ mice survived for over 180
days (5). The reasons for the discrepancy between our results

TABLE 2. RNI production induced by M. tuberculosis isolates in
bone marrow-derived macrophages 5 days postinfection

M. tuberculosis Macrophage nitrite/production (pg/ml)”

strain Unactivated IFN-vy/LPS activated
Erdman 0.22 = 0.02 1.50 = 0.10
CI3 0.23 = 0.07 1.29 = 0.03
C17 0.04 = 0.04" 1.39 £ 0.16

“ P = 0.05 versus either Erdman or CI3.
 Data are means * standard deviations.
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and those of Cooper et al. (5) with respect to aerosol infection
of NOS2 ™/~ mice are not clear, but the discrepancy may stem
from differences in the virulence of the Erdman strain used for
these studies. We confirmed our results with another labora-
tory strain, H37Rv (data not shown), whose enhanced viru-
lence in NOS2~/~ mice infected by aerosols has been recently
reported (15). Our studies used two independent and geneti-
cally different NOS2™/~ mouse strains (11, 12) with very sim-
ilar results; one of these mouse strains was also used by Cooper
et al., making it unlikely that the mouse strain is responsible for
the differences seen.

All of the clinical isolates used are from patients with active
tuberculosis, are not drug resistant, and exhibit unique 1S6770
banding patterns, indicating that they are distinct from each
other. There were differences in the isolates with respect to
virulence in vivo and growth rates in vitro. Of the three clinical
isolates tested, CI7 was the most virulent, as evident by its
robust rate of replication in the lungs of infected mice and the
rapidly fatal tuberculosis it caused. The least virulent strain,
CI3, showed attenuated growth in vivo, and infection with this
isolate did not result in a high mortality rate. CI4 was inter-
mediate compared to the other two strains with respect to
virulence. Based on histology, the disparate virulence appears
not to be due to a difference in the ability to induce inflam-
mation and tissue destruction in the lungs. Doubling times in
7HO broth ranged from 19 to 43 h and did not correlate with
bacterial growth in wild-type or NOS2™/~ mice or with the
ability of a strain to progress to fatal tuberculosis in NOS2~/~
mice.

The least and most virulent clinical isolates were compared
for growth in macrophage cultures. Both strains grew in unac-
tivated wild-type macrophages, and this replication was ar-
rested when the macrophages were activated with IFN-y and
LPS. The inhibition of growth and killing of the bacteria were
at least partially NOS2 mediated, as NOS2~/~ macrophages
treated with IFN-y and LPS were unable to inhibit the repli-
cation of the two clinical strains. We reported obtaining similar
results with C57BL/6 and NOS2™/~ macrophages and strain
Erdman (2). Thus, the clinical strains tested here were sensi-
tive to RNI production, both in vivo and in vitro. RNI produc-
tion can be induced by M. tuberculosis infection, albeit at a
much lower level than in IFN-y-primed macrophages. Com-
parison of CI3 and CI7 indicated that the more virulent CI7
isolate induced lower levels of RNI in unactivated macro-
phages. Although limited, these data raise the possibility that
the enhanced virulence of CI7 is due, in part, to its capacity to
avoid inducing mycobacteristatic and/or mycobactericidal lev-
els of RNI soon after infection. With respect to the attenuated
virulence of CI3, it is possible that this strain, while susceptible
to RNI, is more sensitive to RNI-independent antimycobacte-
rial mechanisms than are the other isolates tested. These an-
timycobacterial mechanisms may assume an important role in
defense against M. tuberculosis in an RNI-deficient environ-
ment, such as that in NOS2™/~ mice. Alternatively, it is pos-
sible that the relative avirulence of CI3 is due to an innate
growth deficiency in the lungs of infected mice. Several studies
have investigated the relationship between the mycobacterial
replication rate within lungs or within cultured macrophages
and virulence. The growth rate of tubercle bacilli within the
lung was originally claimed to be a virulence factor by North
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and Izzo (17). This was supported by a comparison of the
ability of individual M. tuberculosis strains to spread within a
community and their replication rate in human macrophages in
vitro (28). M. tuberculosis strain 210, which is responsible for
27% of the tuberculosis cases in central Los Angeles, grew
faster than did strains that caused small outbreaks or isolated
cases (28). Our finding that the growth rate in the lungs of
infected mice correlated well with mortality further confirms
the relationship between in vivo replication and virulence.

In summary, this study has established the important role of
NOS2-generated RNI in protecting mice against clinical iso-
lates, as well as laboratory strains, of M. tuberculosis. In addi-
tion, the protective role of RNI is operative in tuberculous
infections established via the intravenous and aerogenic
routes. These results therefore demonstrate the general in vivo
significance of NOS2 in defense against M. tuberculosis in the
mouse. Interestingly, the growth kinetics in mice and the le-
thality of the clinical strains varied greatly and appear to be
independent of their in vitro replication rate. Additional stud-
ies, including bacterial genotypic analysis, are under way to
identify the determinant(s) of the disparate virulence of these
strains.
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