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Nitric oxide (NO) generated by gamma interferon (IFN-g) activation of macrophages mediates the killing of
many intracellular pathogens. IFN-g is essential to innate resistance to Shigella flexneri infection. We demon-
strate that NO is produced following S. flexneri infection both in mice and in activated cells in vitro and that
while it is able to kill S. flexneri in a cell-free system, it is not required for clearance of S. flexneri in either
infected mice or in activated cells in vitro.

Shigella spp. are the primary cause of bacillary dysentery
worldwide (14). Pathogenic Shigella flexneri induces host cell
uptake and escape from the endocytic vacuole into the cy-
toplasm, where cell-to-cell spread of bacteria is mediated
through recruitment of host cell actin. In vitro, both macro-
phage and epithelial cell lines can be infected with S. flexneri.
Infected mouse and human macrophage cells and HeLa cells
foster intracellular replication and eventually die by apoptosis,
oncosis, or necrosis (9, 19, 32). We have recently demonstrated
that gamma interferon (IFN-g) activation of macrophage or
fibroblast cells induces host cell killing of intracellular S. flex-
neri (30), although the specific IFN-g-induced mediators re-
sponsible for killing remain undefined.

Nitric oxide (NO) and other reactive nitrogen intermediates
(RNIs) are the primary mediators of host cell defense against
many intracellular and extracellular bacterial, parasitic, and
fungal pathogens (8, 13, 17). Experiments implicating NO and
RNIs in killing have largely been based on three complemen-
tary approaches. First, many pathogens, including Mycobacte-
rium tuberculosis and Salmonella typhimurium, are susceptible
to NO generated in cell-free systems (3, 5, 24). Second, inhib-
itors of nitric oxide synthase (NOS) inhibit activated cell killing
of M. tuberculosis, Listeria monocytogenes, or S. typhimurium in
vitro (1, 3, 28) and increase the susceptibility of mice to these
same pathogens (2, 4, 5). Finally, mice with a targeted deletion
in the inducible NOS gene (NOS2) demonstrate increased
susceptibility to infection with M. tuberculosis, L. monocyto-
genes, Toxoplasma gondii, or Leishmania major (15, 16, 26, 31).
In this report, we examine the contribution of NO or other
RNIs in mediating killing of S. flexneri during infection.

Under acidic conditions, NO and other RNIs can be gener-
ated from nitrite through a nitrous acid intermediate (27). To
test whether NO generated in cell-free systems can exert bac-
tericidal effects on S. flexneri, bacterial survival was measured
in tryptic soy broth, at pH 4.5, 5.0, or 5.5, supplemented with
sodium nitrite to final concentrations of 1 to 10 mM (Fig. 1). At
pH 4.5 and 5.0, increasing bactericidal effects were observed
with increasing nitrite concentrations, while no significant kill-
ing was observed at pH 5.5 at any nitrite concentration. Fur-
thermore, no killing was observed at any pH without the ad-

dition of nitrite, demonstrating that the killing observed at pH
4.5 and 5.0 was not due solely to lower pH.

IFN-g in combination with either tumor necrosis factor al-
pha or lipopolysaccharide (LPS) has been shown to maximally
stimulate NO production in mouse macrophages (3, 6). To
define optimal concentrations for the production of NO in
J774 and L2 cells, levels of nitrite (a stable end product of NO
production) were assayed for the culture supernatants of cells
treated overnight with medium containing no additive, recom-
binant mouse (J774 cells) or rat (L2 cells) IFN-g (100 U/ml),
LPS (1 mg/ml), or a combination of these factors. Only baseline
levels of nitrite were found for J774 cells or L2 fibroblast cells
not activated or activated with IFN-g (100 U/ml) alone (Table
1). J774 cells activated overnight with IFN-g and LPS pro-
duced 31.3 6 12.5 mM (mean 6 standard deviation) nitrite;
increased nitrite concentrations were completely inhibited with
aminoguanidine (2 mM). L2 cell monolayers activated in the
same manner failed to produced nitrite after activation over-
night or for 48 h (Table 1).

Levels of nitrite were also measured for the culture super-
natants of J774 macrophage cells, bone marrow macrophages
derived from either C57BL/6 or NOS22/2 mice, and L2 cells
that had been infected with S. flexneri. NOS22/2 mice used in
this study were derived in a 129Sv 3 C57BL/6 mixed back-
ground and had been backcrossed into C57BL/6 for five to six
generations. Since 129Sv mice, C57BL/6 mice, and F2 129Sv 3
C57BL/6 mice have identical susceptibilities to infection with
S. flexneri (data presented below), macrophages harvested
from the bone marrow of C57BL/6 mice were used as controls
in experiments involving macrophages harvested from the
bone marrow of NOS22/2 mice. J774 macrophage cells were
seeded at 5.0 3 105 cells/well in 24-well plates, bone marrow
macrophages were seeded at 2.2 3 105 to 2.4 3 105 cells/well
in 48-well plates, and L2 fibroblast cells were grown as mono-
layers in 35-mm-diameter dishes. For J774 macrophage cells
and bone marrow macrophages, S. flexneri infections were per-
formed at a multiplicity of infection of 1.0, as described pre-
viously (30). For L2 fibroblast cells, S. flexneri infections were
performed at a multiplicity of infection of 0.05 to 0.1. Follow-
ing infection with S. flexneri, increases in nitrite concentrations
were consistently observed for IFN-g-activated J774 macro-
phage cells and bone marrow macrophages from C57BL/6
mice but not for IFN-g-activated L2 fibroblast cells or bone
marrow macrophages derived from NOS22/2 mice (Table 2).
The increases in NO production that occurred following S. flex-
neri infection of IFN-g-activated J774 cells were completely
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inhibited by addition of the NOS inhibitor aminoguanidine (2
mM) (Table 2). In the absence of IFN-g activation, no in-
creases in nitrite concentration were observed for any cell type
(Table 2).

To assess whether NO and RNIs mediate the observed de-
creased intracellular survival of S. flexneri in IFN-g-activated
macrophages and fibroblast cells and the suppression of plaque
formation by S. flexneri in fibroblast cells (30), we tested the
effects of the NOS inhibitor aminoguanidine on killing of in-
tracellular bacteria and bacterial plaque formation in S. flex-
neri-infected cells, as previously described (21, 30). J774 cells
were activated with IFN-g alone or IFN-g and LPS (1 mg/ml),
with and without aminoguanidine (2 mM), and infected 16 h
later with the S. flexneri wild-type strain 2457T at a multiplicity
of infection of 1.0. At either 2.5 or 4.5 h following infection,
significantly lower numbers of intracellular S. flexneri were
recovered from IFN-g-activated cells than from cells not acti-
vated (Fig. 2A). Despite significant reductions in nitrite pro-
duction in the presence of aminoguanidine (Table 2), no dif-
ferences were observed in S. flexneri intracellular survival with
or without aminoguanidine (Fig. 2A). In macrophage cells,
measurements of S. flexneri intracellular survival were ex-
tended for only up to 4.5 to 5.0 h postinfection since maximal

Shigella-induced cell death occurs between 3 and 4 h postin-
fection (32). We have previously shown that IFN-g activation
of L2 cells prevents the formation of plaques by S. flexneri (30).
Treatment of IFN-g-activated cells with aminoguanidine did
not restore S. flexneri plaque formation (data not shown).

S. flexneri is able to escape from the phagocytic vacuole into
the cell cytoplasm (11, 25, 32, 33). Lysis of the phagocytic
vacuole is mediated by the ipaB gene product (11). To deter-
mine whether the observed cellular NO-independent killing of
wild-type S. flexneri was dependent upon bacterial escape into
the cell cytoplasm, we evaluated the role of NO in killing of
ipaB S. flexneri SF620 (20). Killing of intracellular ipaB S. flex-
neri in IFN-g-activated J774 cells was also independent of NO
production (Fig. 2B). Of note, IFN-g-activated cellular killing
of strain SF620 was less efficient than that of wild-type S. flex-
neri. This suggests that IFN-g-activated mediators are more
efficient in killing intracytoplasmic S. flexneri than intravacu-
olar S. flexneri.

Mice with a targeted deletion in the NOS2 gene offer a
complementary approach for the analysis of the contribution
of NO in host defense against pathogens (15, 23, 31). The
survival of intracellular S. flexneri over time was determined in
bone marrow macrophages derived from either NOS22/2 (ge-
netic background described above) or C57BL/6 mice. Primary
macrophages were seeded at 2.2 3 105 to 2.4 3 105 cells/well
in 48-well plates and infected with S. flexneri at a multiplicity of
infection of 1.0, as previously described (30). The same induc-
tion of S. flexneri killing by IFN-g was observed in cells derived
from NOS22/2 mice as in cells derived from C57BL/6 mice
(Fig. 2C).

We have previously used a murine bronchopulmonary
model of S. flexneri infection (18, 29) to assess the susceptibil-
ities of mice with targeted deletions in specific aspects of the
immune system (30). In this model, the lethal dose of S. flexneri
for mice deficient in IFN-g is at least 5 orders of magnitude
less than that for immunocompetent mice, demonstrating an
essential role for this cytokine in innate immunity (30). NO
production in mice can be assessed by measuring the serum
concentration of nitrite plus the more stable end product,
nitrate (15). The concentration of nitrite plus nitrate in sera
from C57BL/6 mice 24 h following intranasal infection with 107

S. flexneri organisms is 1.9-fold greater than that in sera drawn
prior to infection (P 5 0.004) (Table 3). In contrast, the con-
centration of nitrite plus nitrate in sera did not increase fol-
lowing S. flexneri infection in NOS22/2 mice (Table 3).

To assess the contribution of NO to the killing of S. flexneri

FIG. 1. Numbers of viable wild-type S. flexneri strain 2457T organisms after
2 h of incubation in different concentrations of sodium nitrite in tryptic soy broth
at pH 4.5 (squares), 5.0 (circles), or 5.5 (triangles). Each data point represents
the mean of three independent determinations. Error bars, 61 standard devia-
tion. Where error bars are not seen, the error bar was smaller than the symbol.

TABLE 1. Nitrite concentrations in culture supernatants of
uninfected J774 or L2 cells following addition

of IFN-g, LPS, or aminoguanidine

Additive (concn)

Nitrite concn (mM) in:

J774 cells at
16 ha

L2 cells

16 h 48 h

None ,1.6b ,1.6 ,1.6
IFN-g (100 U/ml) ,1.6 ,1.6 ,1.6
IFN-g (100 U/ml) 1 LPS (1 mg/ml) 31.3 6 12.5c ,1.6 ,1.6
IFN-g (100 U/ml) 1 LPS (1 mg/ml) 1

aminoguanidine (2 mM)
,1.6 ,1.6 ,1.6

a Time period of treatment with additive.
b ,1.6 mM, below the limits of detection.
c Mean 6 standard deviation.

TABLE 2. Nitrite concentrations in culture supernatants of
S. flexneri-infected J774 macrophage cells, L2 fibroblast

cells, and bone marrow macrophages from
either C57BL/6 or NOS22/2 micea

Activator (concn)

Nitrite concn (mM)

J774
cells

L2
cells

Bone marrow
macrophages

C57BL/6 NOS22/2

None ,1.6b ,1.6 ,1.6 ,1.6
IFN-g (100 U/ml) 1.6 ,1.6 4.6 ,1.6
IFN-g 1 aminoguanidine

(2 mM)
,1.6 ,1.6 NDc ND

a Nitrite concentrations were evaluated 4.5, 24, and 6 h postinfection for J774
cells, L2 cells, and bone marrow macrophages, respectively.

b ,1.6 mM, below the limits of detection.
c ND, not determined.
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in vivo, we examined the susceptibility of mice fed 2.5% ami-
noguanidine in drinking water, a dose previously demonstrated
to markedly increase the susceptibility of mice to infection with
M. tuberculosis or S. typhimurium (4, 5). Drinking water for
groups of six C57BL/6 mice were supplemented or not supple-
mented with aminoguanidine for 1 week prior to challenge
with 106 or 107 S. flexneri organisms and throughout the time
course of infection (4). The lethal dose of S. flexneri for C57BL/
6 mice has been previously shown to be 107 bacteria (30). No
differences in lethal dose or time to death following infection
were observed between aminoguanidine-treated mice and un-
treated control mice (Fig. 3A).

To further assess whether in vivo resistance to S. flexneri is
an NO-independent process, the susceptibility of NOS22/2

mice to intranasal S. flexneri infection was examined. Groups
of five to nine NOS22/2, F2 129Sv 3 C57BL/6, 129Sv, and
C57BL/6 mice were infected with either 106 or 107 S. flexneri
organisms. No differences in lethal dose or time to death fol-
lowing infection were observed among these mouse strains
(Fig. 3B) (30).

In conclusion, these data demonstrate that S. flexneri is sen-
sitive to NO generated in cell-free conditions, yet both the
killing of S. flexneri in infected cells in vitro and the resistance
of mice are NO-independent processes. This independence
from cellular NO-mediated killing is unusual for intracellular
pathogens and has only recently been described for other
pathogens under specific experimental conditions. For exam-
ple, for some clinical isolates of M. tuberculosis, NOS inhibitors
did not significantly reverse the effects of activated macro-
phage cell killing (24); for Chlamydia trachomatis, NOS22/2

mice and mice treated with NOS inhibitors demonstrated no
difference in ability to clear infection (23); following Mycobac-
terium avium infection, immunocompetent and NOS22/2 mice
demonstrate the same susceptibilities to infection (7); and for
T. gondii, NO is not required to control acute murine infections
but is essential for the prevention of persistent infection (26).

Due to the intrinsic limitations of infections in vitro and in
the mouse bronchopulmonary model, we cannot rule out the
possibility that NO contributes to killing of S. flexneri in intes-
tinal infections. Of note, during human intestinal infection with
Shigella, the expression of inducible NOS has been shown to
increase in the rectal mucosa (12).

Data presented here suggest that for S. flexneri infection,
either (i) IFN-g-activated mediators other than NO or other
RNIs are responsible for clearance of the organism or (ii) the
mechanisms of S. flexneri resistance to NO are activated only

FIG. 2. Intracellular survival of wild-type S. flexneri strain 2457T (A) and
vacuolar escape-deficient mutant S. flexneri strain SF620 (B) within J774 macro-
phage cells following no activation (squares) or activation with IFN-g (triangles),
IFN-g and LPS (circles), or IFN-g, LPS, and aminoguanidine (inverted trian-
gles). (C) Survival of 2457T within primary bone marrow macrophages derived

TABLE 3. Concentration of nitrite plus nitrate in sera following
intranasal infection of either C57BL/6 or NOS22/2

mice with 107 S. flexneri organismsa

Mouse
Strain

Nitrite 1 nitrate concn (mM)
Fold

increase P valuePrior to
infection

24 h
postinfection

C57BL/6 10.3 19.4 1.9 0.004
NOS22/2 13.8 12.8 0.93 0.19

a Data represent the mean serum concentrations of three to five mice per
group.

from NOS22/2 (squares) or C57BL/6 (circles) mice following no activation (open
symbols) or activation with IFN-g (closed symbols). Each data point represents
the mean of four to six independent determinations. Error bars, 61 standard
deviation.
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after cellular invasion. The observation that S. flexneri with
disruption of the superoxide dismutase gene (sodB) is attenu-
ated in both in vitro and in vivo infection assays suggests
that reactive oxygen intermediates may contribute to bacterial
clearance during infection (10). However, since reactive oxy-
gen intermediates react with RNIs to form compounds with
more potent antibacterial activity (8, 22), this observation does
not rule out a role for RNIs in the clearance of S. flexneri. If the
mechanism of resistance of intracellular S. flexneri to NO is one
that is activated only after cellular invasion, it might involve
enhanced scavenging by low-molecular-weight thiols (e.g., glu-
tathione or homocysteine), up-regulation of repair enzymes
following injury induced by RNIs (e.g., RecBCD exonuclease
or endonuclease IV), reduction of intracellular peroxynitrite
formation though the superoxide dismutases (e.g., SodA or
SodC) (8), or as-yet-undescribed factors. Moreover, identi-
fication of the cellular mediators responsible for killing in-
tracellular S. flexneri will require further study.
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