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Tumor necrosis factor receptor (TNFR) p55-knockout (KO) mice are
susceptible profoundly to Salmonella infection. One day after
peritoneal inoculation, TNFR-KO mice harbor 1,000-fold more bac-
teria in liver and spleen than wild-type mice despite the formation
of well organized granulomas. Macrophages from TNFR-KO mice
produce abundant quantities of reactive oxygen and nitrogen
species in response to Salmonella but nevertheless exhibit poor
bactericidal activity. Treatment with IFN-g enhances killing by
wild-type macrophages but does not restore the killing defect of
TNFR-KO cells. Bactericidal activity of macrophages can be abro-
gated by a deletion in the gene encoding TNFa but not by
saturating concentrations of TNF-soluble receptor, suggesting that
intracellular TNFa can regulate killing of Salmonella by macro-
phages. Peritoneal macrophages from TNFR-KO mice fail to localize
NADPH oxidase-containing vesicles to Salmonella-containing vacu-
oles. A TNFR-KO mutation substantially restores virulence to an
attenuated mutant bacterial strain lacking the type III secretory
system encoded by Salmonella pathogenicity island 2 (SPI2), sug-
gesting that TNFa and SPI2 have opposing actions on a common
pathway of vesicular trafficking. TNFa–TNFRp55 signaling plays a
critical role in the immediate innate immune response to an
intracellular pathogen by optimizing the delivery of toxic reactive
oxygen species to the phagosome.

Tumor necrosis factor (TNF) a participates in a broad spec-
trum of biological activities including resistance to parasites,

fungi, and intracellular bacteria (1–8). The multitude of signal-
ing pathways and transcription factors triggered after the binding
of soluble and membrane TNFa to their cognate p55 and p75
TNF receptors underlie the molecular basis for the multifaceted
TNF response (9). By triggering chemokine production and
modulating the expression of vascular cell adhesion molecule-1,
intercellular cell-adhesion molecule-1, and E-selectin, TNFa
orchestrates the recruitment of proinflammatory leukocytes to
sites of infection (1). TNFa participates more directly in resis-
tance to microbial pathogens by controlling the expression of
antimicrobial effector molecules. TNFa synergizes with second-
ary signals as diverse as b2-integrins and IFN-g for the produc-
tion of superoxide and NO (3, 4, 8, 10–12), precursors of a
battery of reactive oxygen and nitrogen species capable of
inhibiting or killing a broad range of viral, bacterial, fungal, and
parasitic microorganisms.

Salmonella is a facultative intracellular pathogen of mononu-
clear phagocytes associated with a variety of clinical syndromes
ranging from self-limiting diarrhea to life-threatening septice-
mia. Experimental evidence strongly points to the importance of
TNFa in resistance to salmonellosis. Administration of neutral-
izing anti-TNFa antibodies or genetic abrogation of TNFa
signaling in TNF receptor (TNFR) p55-knockout (KO) mice
increase the susceptibility of both naı̈ve and vaccinated mice to
Salmonella (2, 5, 6). However, the mechanisms by which this

cytokine confers resistance against Salmonella infections have
not been elucidated completely. Because reactive oxygen and
nitrogen species generated by the NADPH phagocyte oxidase
and inducible NO synthase contribute to resistance to salmo-
nellosis and Salmonella killing by macrophages (13–17), we used
TNFRp55-KO mice to determine whether TNFa controls oxy-
gen-dependent anti-Salmonella actions of phagocytes.

Materials and Methods
Murine Salmonellosis Model. Viability of C57BLy6 Nramp1
G169D (itys) wild-type (WT) mice or congenic Nramp1 G169D
(itys) TNFRp55-KO mice (The Jackson Laboratory) was re-
corded daily after i.p. challenge with approximately 103 colony-
forming units of virulent 12023 (synonymous with ATCC
14028s) or attenuated isogenic sseB mutant Salmonella typhi-
murium (18). Mice were killed by CO2 inhalation, and their livers
were removed aseptically and homogenized in sterile PBS (16).
Viable counts were determined after overnight culture on
Luria-Bertani agar plates.

Histopathology. Hepatic tissue from Salmonella-infected WT or
TNFR-KO mice was obtained after 3 days of infection, fixed
in 10% formalin, stained in hematoxylinyeosin, and examined
by light microscopy for the presence of microabscesses and
granulomata.

Macrophage-Killing Assays. Peritoneal exudate cells from WT
C57BLy6 Nramp1 G169D (itys), TNFR-KO Nramp1 G169D
(itys), and TNFa-KO Nramp1 G169D (itys) mice (The Jackson
Laboratory) were harvested 4 days after i.p. inoculation of 1
mgyml sodium periodate as described (19). Peritoneal exudate
cells were resuspended in RPMI medium 1640 supplemented
with 10% (volyvol) heat-inactivated FCS (Gemini Biological
Products, Calabasas, CA)y1 mM sodium pyruvatey10 mM
Hepesy2 mM L-glutamine (all from Sigma–Aldrich). The mac-
rophages were selected by adherence to a 96-well plate and
cultured for 48 h at 37°C in a 5% CO2 incubator. In selected
experiments, macrophages were incubated with 20 units per ml
of murine IFN-g (Life Technologies, Grand Island, NY) 24 h
before infection. Some groups of macrophages were pretreated
with soluble TNFRp55 (Amgen Biologicals). Biological activity
of the TNF-soluble receptor was confirmed by its ability to
inhibit TNFa-induced macrophage IL-6 production by specific
ELISA (Endogen, Cambridge, MA). TNFa was obtained from
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PeproTech (Rocky Hill, NJ). Adherent macrophages were chal-
lenged with S. typhimurium opsonized with 10% normal mouse
serum at a multiplicity of infection of 10, allowed to internalize
the bacteria for 15 min, and washed with prewarmed medium
containing 6 mgyml gentamicin. At designated time points after
challenge, macrophages were lysed with 0.5% sodium deoxy-
cholate to allow enumeration of surviving bacteria on Luria-
Bertani agar plates.

Quantification of Reactive Oxygen and Nitrogen Species. Reactive
oxygen species produced by Salmonella-infected macrophages
were measured by using 12.5 mM lucigenin (bis-N-methylacri-
dinium) (Sigma–Aldrich) with a Lumistar chemiluminometer
(BMG Lab Technologies, Durham, NC) (13). Production of
reactive nitrogen species by Salmonella-infected macrophages
was determined spectrophotometrically at 550 nm by using the
Griess reagent (13).

Immunofluorescence Microscopy. Green f luorescent protein
(GFP)-expressing 12023 or sseB mutant S. typhimurium were
used for fluorescence microscopy (13, 20). Macrophages ad-
hered onto coverslips were challenged with constitutively GFP-
expressing S. typhimurium strains. After 90 min of infection, the
coverslips were fixed with 2% paraformaldehyde in PBS and
washed with 0.1% Tween 20 and 1% normal goat serum.
Nonspecific labeling was blocked with a 10% normal goat serum
solution. The cells were stained with 5 mgyml of rabbit anti-
p22phox polyclonal antibody (gift of M. Dinauer, Indiana Uni-
versity, Indianapolis, IN), followed by a rhodamine-conjugated
goat anti-rabbit polyclonal antibody (Jackson ImmunoRe-
search). After washing, the coverslips were examined with a
Leica DMR XA microscope equipped with a CCD camera
controlled by the SLIDEBOOK image-processing software (Intel-
ligent Imaging Innovations, Denver, CO).

Transmission Electron Microscopy. Ultrastructural studies were
performed with macrophages from WT and TNFR-KO mice
challenged for 1 h with 12023 or sseB mutant S. typhimurium as
described (20). Cerium chloride was added to detect products of
the respiratory burst (20).

Results
TNFR-KO Mice Rapidly Succumb to Infection With Virulent or Atten-
uated Salmonella Pathogenicity Island 2 (SPI2)-Deficient Salmonella.
sseB mutant S. typhimurium, deficient in the SPI2-encoded type
III secretory system (18, 21), is attenuated for virulence in WT
mice (Fig. 1A; ref. 20). The virulence of the sseB mutant is
restored substantially in congenic TNFR-KO mice (Fig. 1 A),
and these immunodeficient mice are even more susceptible to
infection with the virulent S. typhimurium strain 12023 (Fig. 1 A).
The increased lethality of Salmonella infection in TNFR-KO
mice coincides with a 102- to 103-fold increased bacterial burden
in liver during the initial 1–3 days of infection (Fig. 1B). Similar
differences were observed in splenic bacterial burden (data not
shown). The dramatic differences in the number of 12023 and
sseB mutant S. typhimurium recovered from WT mice are less
pronounced in TNFR-KO mice. Infection of TNFR-KO mice
with sseB mutant S. typhimurium is associated with the early
formation of hepatic granulomas rich in neutrophils and mono-
nuclear cells (Fig. 2). In contrast, the immunodeficient mice
develop necrotic lesions in hepatic parenchyma after 3 days of
infection with virulent S. typhimurium strain 12023 (data not
shown).

Macrophages from TNFR-KO Mice Are Impaired in Their Ability to Kill
Virulent or SPI2-Deficient Salmonella. Attenuated sseB mutant S.
typhimurium is killed more efficiently by untreated or IFN-g-
treated WT macrophages than its isogenic 12023 parent strain

(Fig. 3A). The difference in intracellular survival of these two
Salmonella strains is reduced greatly in macrophages from
TNFR-KO mice, which were found to harbor as much as 10 times

Fig. 1. TNFR-KO mice are hypersusceptible to early phases of Salmonella
infection. (A) Survival of WT and congenic TNFR-KO mice was recorded over
time after infection with roughly 103 colony-forming units of virulent 12023
or attenuated sseB mutant S. typhimurium. (B) The bacterial burden present
in livers of WT and TNFR-KO mice was measured after 1 and 3 days of
Salmonella infection. The data represent the mean 6 SEM of six to 14 mice
from three independent experiments.

Fig. 2. Salmonella-infected TNFR-KO mice develop early granulomas. Hema-
toxylinyeosin-stained sections of hepatic tissue of TNFR-KO mice were ob-
tained after 3 days of infection. The picture is representative of four indepen-
dent experiments.
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more viable bacteria than WT control macrophages. The re-
duced bactericidal activity of macrophages from TNFR-KO mice
is evident already within 2 h of challenge (Fig. 3B), a phase in
which killing of Salmonella by macrophages depends primarily
on the NADPH phagocyte oxidase (13, 15, 16). These observa-
tions suggest a relationship between TNFR and respiratory
burst-dependent killing of Salmonella by macrophages. Macro-
phages from TNFR-KO mice and congenic WT controls in-
fected with either virulent or attenuated S. typhimurium produce
comparable quantities of both superoxide (Fig. 3C) and nitrite
(Fig. 3D).

Targeting of NADPH Phagocyte Oxidase-Containing Vesicles to the
Salmonella Phagosome Is Defective in Macrophages from TNFR-KO
Mice. We tested whether the reduced bactericidal activity of
TNFRp55-deficient macrophages, despite a robust respiratory
burst, results from a failure of vesicles containing active NADPH
phagocyte oxidase to target the Salmonella phagosome. S.
typhimurium strains expressing GFP were used for fluorescence
microscopy. As observed previously (20), the membrane-bound
p22phox subunit of the NADPH phagocyte oxidase efficiently
localized in the proximity of phagosomes containing SPI2-
deficient S. typhimurium but not in 12023-infected macrophages
(53 vs. 5%; Fig. 4 A, B, E, and F). In contrast, nearly all
(94–100%) vesicles harboring p22phox were found to be remote
from Salmonella-containing vacuoles in macrophages from
TNFR-KO mice, regardless of whether the internalized bacteria
expressed SPI2 (Fig. 4 C, D, G, and H). The localization of
p22phox-harboring vesicles was similar in untreated and IFN-g-
treated macrophages infected with GFP-expressing Salmonella
(data not shown). The proximity of the NADPH phagocyte
oxidase to the Salmonella phagosome was examined further by
transmission electron microscopy. Precipitation of cerium per-
hydroxide, an indicator of the respiratory burst (20), was ob-
served on the surface of 40% of sseB-deficient S. typhimurium in
IFN-g-treated WT macrophages (Fig. 5, Left) but only on 3% of
the bacteria within macrophages from TNFR-KO mice (Fig. 5,
Right). These results suggest that TNFRp55 is necessary for

targeting of NADPH phagocyte oxidase-harboring vesicles to
the Salmonella phagosome.

Extracellular TNFa Is Not Needed for Salmonella Killing by Macro-
phages. To test the role for extracellular TNFa signaling in
macrophage killing of S. typhimurium, the bactericidal activity of
macrophages treated with saturating concentrations of TNF-
soluble receptor (22) was examined in macrophages from WT
mice. Enhanced killing of sseB mutant S. typhimurium by WT
macrophages was not reversed by the addition of high concen-
trations of TNF-soluble receptor (Fig. 6).

Effect of TNFa Deletion on Salmonella Killing by Macrophages.
TNFa-KO mice were genotyped by using PCR for the Nramp1
locus (23), and the TNFa deficiency was confirmed by measuring

Fig. 3. Absence of TNFR increases the survival of sseB mutant Salmonella in macrophages. Killing of Salmonella by untreated or IFN-g-treated macrophages from
WT and TNFR-KO mice is shown after 20 (A) or 2 h (B) of challenge. Salmonella-infected macrophages from TNFR-KO mice produced similar or greater quantities
of superoxide (C) and nitrite (D) as WT control macrophages. The data represent the mean 6 SEM of six to 30 independent experiments. *P , 0.001, **P , 0.03
compared with WT controls.

Fig. 4. Localization of the NADPH phagocyte oxidase in macrophages from
TNFR-KO mice. (A and B) The p22phox membrane-bound subunit of the
NADPH phagocyte oxidase (red) localizes in the proximity of GFP-expressing
sseB mutant S. typhimurium (green) within IFN-g-treated macrophages from
WT mice. The p22 subunit of the NADPH phagocyte oxidase is found remote
from bacteria-containing phagosomes within TNFR-deficient macrophages
infected with either attenuated sseB mutant (C and D) or virulent 12023 (G and
H) S. typhimurium, as well as in WT macrophages infected with S. typhimurium
strain 12023 (E and F). The data are representative of 83 vacuoles examined
from three independent experiments.
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macrophage TNFa synthesis by mouse ELISA (data not shown).
Similar to phagocytes from TNFR-KO mice, TNFa-deficient
macrophages exhibit decreased killing of S. typhimurium as early
as 2 h after challenge (Fig. 7). Moreover, the poor bactericidal
activity of TNFa-deficient macrophages cannot be compensated
by exogenous IFN-g administration. Macrophages deficient in
TNFa, like those lacking TNFRp55, are capable of producing
normal amounts of superoxide and nitrite in response to Sal-
monella (data not shown).

Discussion
TNFa can activate phagocytes to produce oxyradicals and
nitrogen oxides (3, 4, 8, 10–12). However, this cytokine seems
dispensable for the synthesis of oxygen-dependent radicals by
primary peritoneal macrophages infected with Salmonella. In
fact, Salmonella-infected macrophages from TNFR-KO or
TNFa-KO mice produce amounts of reactive oxygen and nitro-
gen species comparable to WT controls. These data are in
agreement with previous studies that have described NADPH
phagocyte oxidase and inducible NO synthase (iNOS) activity in
the absence of TNFa signaling (24–27). Despite being able to
produce oxyradicals and nitrogen oxides, macrophages from
TNFa-KO and TNFRp55-KO mice exhibit poor killing of Sal-
monella, a defect manifested as early as 2 h after infection during
a phase dependent on the NADPH phagocyte oxidase (13).

These observations suggest that a defective innate effector
mechanism related to the NADPH phagocyte oxidase, but
distinct from oxidase or iNOS activation, contributes to the
greatly enhanced susceptibility of TNFRp55-deficient mice to
Salmonella infection.

The high incidence of invasive salmonellosis in patients car-
rying mutations in any of the membrane-bound or cytosolic
components of the NADPH phagocyte oxidase demonstrates the
critical importance of the respiratory burst in innate host resis-
tance to Salmonella (23). We present here several lines of
evidence supporting the hypothesis that TNFRp55 contributes to
early resistance to Salmonella infection by optimizing the anti-
bacterial actions of the NADPH phagocyte oxidase. First,
TNFR-KO mice succumb to Salmonella during a phase of
infection dominated by the NADPH phagocyte oxidase (13, 15,
16). Second, SPI2-deficient S. typhimurium, which is attenuated
in the presence of the NADPH phagocyte oxidase, is able to
cause lethal infection in TNFR-KO mice. Third, macrophages
from TNFR-KO mice fail to target NADPH phagocyte oxidase-
containing vesicles to the proximity of the Salmonella phago-
some. Vesicles harboring the p22phox subunit of the NADPH
phagocyte oxidase are distributed within the cytoplasm of
TNFRp55-deficient macrophages at locations remote from
Salmonella-containing vacuoles. Furthermore, electron mi-
croscopy revealed that an SPI2-deficient strain of S. typhimurium
is protected from the actions of the NADPH phagocyte oxidase
in macrophages from TNFR-KO mice, in contrast to WT
macrophages.

Unexpectedly, saturating concentrations of TNF-soluble p55
receptor failed to reduce macrophage killing of Salmonella.
However, macrophages from TNFa-KO mice, similar to those
from TNFR-KO mice, exhibited poor killing of Salmonella

Fig. 5. Ultrastructural localization of active NADPH phagocyte oxidase.
NADPH phagocyte oxidase activity was detected as cerium perhydroxide
precipitate on the surface of sseB mutant Salmonella in macrophages from WT
(Left) but not TNFR-KO (Right) mice. The examples shown are representative
of 91 bacteria examined.

Fig. 6. Effect of TNFa neutralization on Salmonella killing by macrophages.
Neutralization of extracellular TNFa with 10 mgyml TNF-soluble receptor
(sTNFR) does not alter the killing of virulent 12023 or sseB mutant S. typhi-
murium by peritoneal macrophages from WT mice. Selected groups of mac-
rophages were treated with 20 units per ml IFN-g. The data represent the
mean 6 SEM of three to nine independent experiments.

Fig. 7. Bactericidal activity of macrophages from TNFa-KO mice. The reduced
killing of WT (A) or sseB mutant (B) Salmonella by untreated and IFN-g-treated
macrophages from TNFa-KO mice is manifest as early as 2 h after infection. The
data represent the mean 6 SEM of six to nine independent experiments. * P ,
0.02 compared with WT controls.
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despite abundant production of reactive oxygen and nitrogen
species. These results are consistent with a model in which
intracellular TNFa can signal via the p55 receptor to stimulate
trafficking of NADPH phagocyte oxidase-containing vacuoles to
the Salmonella phagosome. The Salmonella SPI2 locus appears
to ameliorate the cytotoxic actions of the respiratory burst by
preventing the trafficking of the NADPH phagocyte oxidase to
the phagosome (20). Therefore, it is conceivable that intracel-
lular TNFa–TNFRp55 complexes regulate vesicular trafficking
and serve as targets for effector proteins exported by SPI2 type
III secretory system.

Among its many functions, TNFa contributes to the recruit-
ment of leukocytes to the foci of infection. Previous studies using
neutralizing antibodies against TNFa in Salmonella-vaccinated
mice have shown a key role for this cytokine in granuloma
formation during late phases of the Salmonella infection (5, 6).
However, our studies indicate that TNFRp55 is dispensable for

either leukocyte recruitment or early granuloma organization
during the earliest stage of primary salmonellosis.

To the plethora of activities already associated with TNFa–
TNFRp55 signaling, our studies identify targeting of the
NADPH phagocyte oxidase to the phagosome as a function of
this cytokine. The critical importance of this process for innate
resistance to bacterial infection must be considered carefully in
the implementation of strategies designed to antagonize TNFa
for the treatment of chronic inflammatory disorders (28).
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