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Although the essential role of tumor necrosis factor (TNF) in resistance to Listeria monocytogenes infection
is well established, the roles of the related cytokines lymphotoxin alpha (LT�) and lymphotoxin beta (LT�) are
unknown. Using C57BL/6 mice in which the genes for these cytokines were disrupted, we examined the
contributions of TNF, LT�, and LT� in the host response to Listeria. To overcome the lack of peripheral lymph
nodes in LT��/� and LT��/� mice, bone marrow chimeras were constructed. TNF�/� and LT��/� chimeras
that lacked both secreted LT�3 and membrane-bound LT�1�2 and LT�2�1 were highly susceptible and
succumbed 4.5 and 6 days, respectively, after a low-dose infection (200 CFU). LT��/� chimeras, which lacked
only membrane-bound LT, controlled the infection in a manner comparable to wild-type (WT) chimeras. The
Listeria-specific proliferative and gamma interferon T-cell responses were equivalent in all five groups of
infected mice (LT��/� and LT��/� chimeras, WT chimeras, and TNF�/� and WT mice). TNF�/� mice and
LT��/� chimeras, however, failed to generate the discrete foci of lymphocytes and macrophages that are
essential for bacterial elimination. Rather, aberrant necrotic lesions comprised predominantly of neutrophils
with relatively few lymphocytes and macrophages were observed in the livers and spleens of TNF�/� and
LT��/� chimeras. Therefore, in addition to TNF, soluble LT�3 plays a separate essential role in control of
listerial infection through control of leukocyte accumulation and organization in infected organs.

Tumor necrosis factor (TNF) and lymphotoxin alpha (LT�)
are two structurally related cytokines that mediate proinflam-
matory activities. The functions of TNF have been extensively
characterized, and this factor is required for host control of
both mycobacteria and other intracellular pathogens, including
Listeria monocytogenes (2, 12, 29). The activities of LT� are
less well understood, but recently an essential role for LT� in
the host response to pulmonary tuberculosis has been demon-
strated (28).

L. monocytogenes is a gram-positive facultative intracellular
bacterium that infects macrophages, as well as epithelial cells
and hepatocytes. Although initially contained in the phago-
some, Listeria is able to penetrate the vacuolar membrane and
enter the host cell cytosol through the action of the pore-
forming toxin listeriolysin O (LLO) (24). As a result, L. mono-
cytogenes is a potent inducer of CD8 T-cell responses (3, 5).
Listeria infection also induces strong activation of antigen-
specific CD4� T cells. Although the role of CD4 T cells re-
mains less well defined, it has recently been demonstrated that
CD4 T-cell help is required for generation of functional CD8
T-cell memory (31, 32). While the effector mechanisms used by
each cell type have not been elucidated fully, studies in which
CD8� gamma interferon (IFN-�)-deficient T cells were trans-
ferred indicated that IFN-� is not required to effect the pro-
tection provided by these cells (14). Further studies revealed
that transfer of wild-type (WT) and TNF-deficient CD8� T

cells mediated antilisterial immunity in wild-type but not TNF-
deficient host mice, demonstrating that TNF plays an essential
role in the expression of antilisterial resistance (14, 34, 35).
The function of lymphotoxin in protective immunity to Listeria
has not been reported.

In this study we examined the roles of TNF, LT�, and
lymphotoxin beta (LT�) in the host response to L. monocyto-
genes infection by using mice with targeted disruption of the
LT�, LT�, and TNF genes. Gene knockout mice were gener-
ated directly in C57BL/6 animals (18), and LT��/�, LT��/�,
and WT donors were used to generate bone marrow radiation
chimeras in syngeneic RAG�/� recipients. This strategy over-
came problems related to the lack of peripheral lymphoid
tissue in mice with an LT� or LT� gene disruption (18, 23).
TNF�/� and LT��/� chimeric mice exhibited severe suscepti-
bility to low-dose intravenous infection with L. monocytogenes,
despite evidence of T-cell activation. LT��/� and WT chimeric
mice both controlled and resolved the infection normally, in-
dicating that LT�, but not LT�, is essential in the host re-
sponse to L. monocytogenes.

MATERIALS AND METHODS

Mice. WT C57BL/6 and C57BL/6.RAG-1�/� mice (RAG is the recombinase
activation gene) were obtained from the Animal Resources Centre (Perth, Aus-
tralia). TNF, LT�, and LT� gene knockout mice were generated in the C57BL/6
genetic background as previously described (22, 26). Adult (�6-week-old) mice
were used in all experiments. The mice were housed under specific-pathogen-
free conditions at the Centenary Institute animal facility until infection, when
they were transferred and maintained in a level 2 physical containment facility.
Experiments were conducted by using protocols approved by the University of
Sydney Animal Care and Ethics Committee.
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Generation of radiation bone marrow chimeras. Bone marrow cells were
harvested from the long bones of donor mice by flushing with phosphate-buffered
saline, washed, and counted. Recipient RAG�/� mice were preconditioned with
5.5 Gy gamma radiation on day �2 and again on day 0. Bone marrow cells (1 �
107 cells/recipient) from WT, LT��/�, and LT��/� mice were injected intrave-
nously on day 0. The cage water was supplemented with trimethoprim (50 �g/ml)
and sulfamethoxazole (0.25 mg/ml) (DBL, Sydney Australia) from weeks 2 to 4
after transplantation. Chimeras were used at least 3 months after preparation,
when complete cellular reconstitution had occurred. Cellular reconstitution was
monitored by analysis of peripheral blood by flow cytometry.

Bacteria and experimental infections. L. monocytogenes was grown in tryptic
soy broth (Difco, Detroit, Mich.) from a sample kindly provided by C. Cheers
(University of Melbourne, Melbourne, Australia). The culture was initiated from
a single colony and cultured for 16 h at 37°C. Bacterial stocks were frozen in 30%
(vol/vol) glycerol and stored at �70°C. LT�, LT�, and WT chimeric mice, as well
as TNF�/� and WT mice, were infected with 200 CFU of L. monocytogenes
intravenously via a lateral tail vein. The numbers of viable bacteria in target
organs were monitored over time by plating serial dilutions of whole-organ
homogenates on supplemented tryptic soy agar (Difco) and counting the bacte-
rial colonies that had formed after 24 h of culture. Heat-killed L. monocytogenes
(HKL) was prepared by incubating bacteria at 80°C for 1 h.

Cytokine production from purified T cells. Single-cell suspensions from the
spleens of L. monocytogenes-infected mice 7 days after infection were stained
with either rat anti-CD4 (clone GK1.5) or anti-CD8 (clone 53.6-7) monoclonal
antibody for 30 min at 4°C. Cells were then washed in 2% (vol/vol) fetal calf
serum in phosphate-buffered saline and incubated with anti-rat immunoglobulin
Dynabeads (Dynal, Australia) for 30 min at 4°C. CD4� and CD8� T cells were
then isolated by two rounds of magnetic separation. The purities of the cell
populations were confirmed by fluorescence-activated cell sorting staining and
analysis of an aliquot of cells from each isolation. Purities of more than 95% were
obtained following separation (data not shown). For analysis of expression of
TNF and LT� mRNA transcripts, total RNA was prepared from cell homoge-
nates using RNAzol B (Tel-Test, Friendswood, Tex.). cDNA was synthesized
using SUPERSCRIPT II RNase H reverse transcriptase (GIBCO BRL) and was
analyzed by reverse transcription-PCR using primers and methods described
previously (26).

T-cell responses to Listeria antigens. Spleens were removed, and single-cell
suspensions were prepared. Erythrocytes were lysed in a hypotonic ammonium
chloride lysis buffer, and the remaining cells were washed, counted, and sus-
pended in complete RPMI medium (RPMI 1640 [Cytosystem, Sydney, Australia]
with 10% fetal bovine serum [Trace, Sydney, Australia], 2 mM L-glutamine
[Sigma], 10 mM HEPES [Sigma], 10 mM Na2CO3, 0.5 �M 2-mercaptoethanol
[Sigma], 100 U/ml penicillin [Trace], and 100 �g/ml streptomycin [CSL, Mel-
bourne, Australia]). To measure antigen-specific T-cell responses, splenocytes
were cultured with HKL (2 �107 CFU/ml) or medium (control) for 72 h. To
assess proliferative responses, cells were pulsed with 1 �Ci of [3H]thymidine
(NEN Life Sciences, Boston, Mass.) for the final 6 h of culture and then har-
vested onto glass fiber filters. The amount of incorporated [3H]thymidine was
determined by liquid scintillation spectroscopy (Pharmacia/Wallace Oy, Turku,
Finland). Specific [3H]thymidine incorporation was calculated by subtracting the
mean counts per minute in unstimulated wells from the mean counts per minute
of test samples.

The concentration of IFN-� in culture supernatants was determined using a
capture enzyme-linked immunosorbent assay and a monoclonal antibody capture
assay with the antibodies R4-6A2 and XMG1.2-biotin (Endogen, Woburn,
Mass.) as previously described (17). No significant proliferation or IFN-� release
was detected in splenocytes from uninfected chimeric and unmanipulated mice.
To determine the frequency of IFN-�-producing cells, splenocytes were cultured
for 16 h in Multiscreen 96-well filtration plates (Millipore, Bedford, Mass.)
precoated with anti-IFN-� antibody R4-6A2 in the presence of HKL, Listeria
lysin O peptide296-304 (LLO296-304) (13), or medium alone. The enzyme-linked
immunospot assay preparations were then developed with anti-IFN-� antibody
XMG1.2-biotin and avidin-alkaline phosphatase as previously described (17).

Histology. Liver tissue samples were fixed in 10% neutral buffered formalin,
processed in paraffin blocks, and sectioned (thickness, 5 �m). The sections were
stained with hematoxylin and eosin and examined to assess the histopathological
responses of infiltrating leukocytes in the livers of L. monocytogenes-infected
mice.

Statistical analysis. Statistical analyses of the results of immunological assays
and log-transformed bacterial counts were conducted using analysis of variance
(ANOVA). Fisher’s protected least-significant difference ANOVA post hoc test
was used for pairwise comparisons of multigroup data sets. P values of 	0.05
were considered significant. Survival was calculated on a Kaplan-Meier nonpara-

metric survival plot, and significance was assessed by the Mantel-Cox log rank
test.

RESULTS

CD8� and CD4� T cells express LT� and TNF following
infection with L. monocytogenes. The expression of transcripts
for LT� and/or TNF was examined in CD4� and CD8� T-cell
populations to determine if both CD4� and CD8� T cells
produce LT� and/or TNF during infection with L. monocyto-
genes. At 7 days postinfection CD4� and CD8� cells were
isolated separately from the spleen using antibody-coated mag-
netic beads, total RNA was extracted, and cDNA was reverse
transcribed. Analysis of cDNA by reverse transcription-PCR
indicated that following infection both CD4� and CD8� T
cells up-regulated the expression of LT� and TNF (Fig. 1).

TNF�/� and LT��/� chimeric mice, but not LT��/� chi-
meric mice, succumb to low-dose L. monocytogenes infection.
To study functions of LT� and LT� independent of secondary
lymphoid organogenesis, LT��/�, LT��/�, and WT bone mar-
row chimeras were generated in irradiated RAG�/� recipients.
Full reconstitution of peripheral lymphoid tissue with normal
lymphoid architecture was observed 3 months after transplan-
tation, and the numbers of peripheral blood leukocytes and
percentages of CD4� and CD8� T lymphocytes were compa-
rable (26, 28). To assess the contribution of secreted LT� and
TNF in the host response to L. monocytogenes infection,
LT��/�, LT��/�, and WT chimeric mice, as well as TNF�/�

and normal WT mice, were infected with 200 CFU of L. mono-
cytogenes via a lateral tail vein. The survival of the infected
mice and the bacterial load were monitored for 2 weeks. All of
the normal WT mice and WT chimeric mice survived and had
similar bacterial loads in their spleens and livers following
infection with L. monocytogenes (data not shown). TNF�/�

mice were extremely susceptible to infection and succumbed 4
to 5 days postinfection (Fig. 2). These mice had significantly
increased bacterial loads in their spleens (Fig. 3A) and livers
(Fig. 3B) as early as 3 days postinfection compared to WT
chimeras (Fig. 3) and normal WT controls (data not shown).
LT��/� chimeric mice were highly susceptible to Listeria in-
fection and succumbed 5 to 6 days postinfection (Fig. 2). Al-

FIG. 1. Expression of LT� and TNF is up-regulated in both CD4�

and CD8� T cells during infection with L. monocytogenes. WT mice
were infected with 200 CFU of L. monocytogenes intravenously, and at
7 days postinfection highly purified (�95%) CD4� and CD8� T cells
were isolated from pooled spleen samples. RNA was extracted and
cDNA was synthesized as outlined in Materials and Methods. The
expression of TNF and LT� was examined by reverse transcription-
PCR. Lane 1, naive CD4� spleen cells; lane 2, naive CD8� spleen cells;
lane 3, CD4� spleen cells; lane 4, CD8� spleen cells; lane 5, total
spleen cells from infected mouse.
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though similar numbers of bacteria were recovered from both
the spleens (Fig. 3A) and livers (Fig. 3B) of LT��/� and WT
chimeras at 3 days postinfection, by day 5 there were signifi-
cantly increased bacterial loads in LT��/� chimeric mice. In
contrast, the LT��/� chimeras controlled the infection in a
manner comparable to WT chimeric mice (Fig. 3). Therefore,

both TNF and secreted LT� independently mediate essential
actions in the host response to L. monocytogenes infection.

Antigen-specific T-cell responses following L. monocytogenes
infection. The T-cell response to Listeria infection peaked be-
tween days 7 and 10 in WT mice (data not shown), but an
antigen-specific T-cell response could be detected after 5 days.
The ability of the TNF�/� mice or LT��/� chimeric mice to
mount T-cell responses to L. monocytogenes was assessed to
determine if the failure to control infection was due to a de-
ficiency in the activation of T cells. Splenocytes from TNF�/�

mice and LT��/�, LT��/�, and WT chimeras infected for 5
days all produced comparable amounts of IFN-� following 3
days of ex vivo culture in the presence of HKL (Fig. 4A). The
proliferative potential of these cells was also assessed at this
time by determining the incorporation of [3H]thymidine during
the final 6 h of culture. Splenocytes from all groups displayed

FIG. 2. Survival of TNF�/� mice and LT��/�, LT��/�, or WT
chimeric mice following infection with L. monocytogenes. WT chimeric
(�), LT� chimeric (F), LT� chimeric (E), and TNF�/� (■ ) mice were
infected intravenously with 200 CFU of L. monocytogenes. The in-
fected mice were monitored daily and euthanized when they showed
signs of ill health. The data are the times to euthanasia for eight
mice/group and are representative of one of three separate experi-
ments. The P value was 	0.001 for TNF�/� versus WT chimeric mice
and for LT� chimeric versus WT chimeric mice as determined by a
Mantel-Cox log rank test.

FIG. 3. TNF and LT��/� chimeric mice fail to control infection
with L. monocytogenes. WT chimeric (�), TNF�/� (■ ), LT� chimeric
(F), and LT� chimeric (E) mice were infected intravenously with 200
CFU of L. monocytogenes, and the bacterial loads in the spleens
(A) and livers (B) were monitored over time. The data are the means
and standard errors for four mice per group and are representative of
one of three experiments. The significance of differences between WT
chimeric and TNF�/� mice, as well as between LT��/� and WT chi-
meric mice, was determined by ANOVA (one asterisk, P 	 0.01; two
asterisks, P 	 0.001).

FIG. 4. TNF�/� and LT��/� chimeric mice have the potential to
mount normal T-cell responses. WT chimeric (open bars), LT� chi-
meric (bars with diagonal lines), LT� chimeric (bars with patterned
lines), and TNF�/� (solid bars) mice were infected intravenously with
200 CFU of L. monocytogenes. At 5 days postinfection splenocytes
were prepared and cultured in the presence of HKL or medium alone
(media) for 3 days. Total IFN-� release was measured by an enzyme-
linked immunosorbent assay (A), and proliferation was determined by
measuring the incorporation of [3H]thymidine during the final 6 h of
culture (B). (C) Cells were cultured in the presence of HKL overnight,
and the frequency of IFN-�-producing cells was determined by the
enzyme-linked immunospot assay. The data are the means 
 standard
errors of the means for four mice per group and are representative of
one of two experiments.
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similar antigen-specific proliferative responses (Fig. 4B). There
were also comparable numbers of Listeria-specific splenic IFN-�-
producing cells at 5 days postinfection in all groups in response to
HKL stimulation (Fig. 4C). Further analysis to determine if the
susceptibility of the LT� chimeric mice was due to a lack of a CD8
T-cell response was then undertaken. WT and LT� chimeric mice
displayed a similar number of T cells producing IFN-� in re-
sponse to the CD8-specific LLO296-304 epitope (Table 1). Fur-
thermore, the percentages of IFN-�-producing T cells detected by
intracellular staining were also similar in both CD4� and CD8� T
cells from WT and LT� chimeric mice.

LT��/� chimeric mice do not form normal foci of leukocytes
in response to infection with L. monocytogenes. To determine if
the increased susceptibility of TNF�/� and LT��/� chimeric
mice to infection was associated with different patterns of

cellular recruitment, liver histology was assessed at days 3 and
5 postinfection. A few small discrete foci (10 or more cells)
were seen in the WT and LT� chimeric mice on day 3, with
even fewer foci evident in the LT� chimeric mice (WT chi-
meric mice, 19 
 3.4 foci/liver section; LT� chimeric mice, 14

 3.2 foci/liver section; LT� chimeric mice, 6 
 3.4 foci/liver
section). At this time TNF�/� mice already displayed extensive
inflammation and necrosis in the liver. By day 5, compact,
discrete collections of macrophages and lymphocytes were
seen in WT chimeras (Fig. 5A) and LT��/� chimeras (Fig.
5B), and these collections were similar to those observed in
normal WT mice (data not shown). In contrast, the foci that
formed in LT��/� chimeric mice (Fig. 5C) and in TNF�/�

mice (Fig. 5D) were grossly abnormal. These aberrant foci
contained numerous neutrophils and relatively few lympho-

FIG. 5. Histopathological response to L. monocytogenes infection is abnormal in the livers of TNF�/� and LT��/� chimeric mice. Livers from
infected WT, LT��/�, and LT��/� chimeric mice and TNF�/� mice were removed at day 5 postinfection and processed for histology. WT (A) and
LT��/� (B) chimeric mice showed infiltrating macrophages and lymphocytes in small, compact, discrete collections of cells, whereas LT��/�

chimeras (C) and TNF�/� (D) mice exhibited large necrotic lesions with numerous neutrophils. Original magnification, �100. The sections show
typical lesions from one of four livers per group from one of two representative experiments.

TABLE 1. Equivalent CD4� and CD8� T-cell responses in WT and LT��/� chimeric mice at 5 days postinfectiona

Parameter WT chimeric mice LT� chimeric mice WT uninfected mice

% CD4� IFN-�-producing cells 3.2 � 0.99 2.4 � 0.84 0.6 � 0.58
% CD8� IFN-�-producing cells 1.64 � 0.22 1.96 � 0.38 0.62 � 0.49
No. of IFN-�-producing cells (106 spleen cells) 184 
 107 200 
 106 36 
 43

a Mice were infected with 200 CFU of L. monocytogenes. Five days later spleens were harvested and either incubated overnight on anti-CD3-coated plates and stained
for CD4, CD8, and intracellular IFN-� or incubated overnight with LLO296-304 and subjected to an enzyme-linked immunospot assay to determine the number of
IFN-�-producing cells. The data are the means and standard errors for three mice per group from one of two independent experiments.

4790 ROACH ET AL. INFECT. IMMUN.



cytes and macrophages, and extensive areas of necrosis were
observed in all lesions.

DISCUSSION

This study defined independent, essential, functions for TNF
and LT� in the murine response to the intracellular pathogen
L. monocytogenes. The requirement for TNF was confirmed
here by progressive infection and profound susceptibility to L.
monocytogenes in TNF�/� mice. The median survival time
after infection was only 4.5 days, and a significant increase in
the bacterial load in the spleen and liver was evident by 3 days
postinfection. This most likely reflects the role of TNF in
facilitating early recruitment of neutrophils, which are crucial
for the containment of early Listeria infection (6, 9). This is in
addition to the role of TNF during the adaptive phase of the
response, in which TNF is essential for the recruitment of T
cells and macrophages into lesions to effect bacterial clearance
(2). These data are consistent with the profound susceptibility
of mice treated with anti-TNF antisera and TNF receptor
I-deficient mice to L. monocytogenes (23, 29) and with the
observation that therapy with recombinant TNF protected
mice from a lethal L. monocytogenes challenge (15).

The role of other TNF superfamily members in antilisterial
immunity has been less clear. This study revealed a separate
and independent role for the soluble form of LT, the homotri-
mer LT�3, but not for the membrane-bound heterotrimeric
forms, LT�2�1 and LT�1�2, in host control of L. monocyto-
genes infections. The membrane-bound heterotrimers signal
through the unique LT� receptor, and the signal is essential for
formation of peripheral lymphoid tissue during embryogenesis
(25). Use of LT��/� and LT��/� chimeras overcomes the
problem of the lack of secondary lymphoid organs in LT��/�-
deficient mice (26, 28), which limits the development of normal
T-cell responses.

LT��/� chimeras lack membrane-bound LT but are suffi-
cient in the LT� secreted homotrimer LT�3, whereas LT��/�

chimeras are deficient in both soluble and membrane-bound
LT. The LT��/� chimeras, but not the LT��/� chimeras, were
highly susceptible and succumbed 6 days after low-dose infec-
tion. Similar susceptibility was observed in LT�-deficient chi-
meras and TNF�/� mice exposed to Mycobacterium tuberculo-
sis by the aerosol route (2, 28). The LT�3 defect was not due
to an indirect effect of a failure to produce TNF, as macro-
phages from LT�-deficient mice (and LT�-deficient mice) ex-
hibited normal TNF secretion in response to lipopolysaccha-
ride and IFN-� stimulation (28). LT� was also not required to
control early bacterial replication. Unlike TNF�/� mice,
LT��/� chimeras contained bacillary growth as effectively as
WT chimeric mice for the first 72 h. However, LT� was re-
quired for effective containment and elimination of Listeria, as
after 5 days of infection both the spleens and livers of the
LT��/� chimeric mice displayed increased bacterial loads.
This was not due to an inability to develop an antigen-specific
T-cell response as both LT��/� chimeras and TNF�/� mice
developed normal Th-1-like T-cell responses.

The significant, overriding defect observed in both LT��/�

chimeras and TNF�/� mice was a profoundly inadequate in-
flammatory response. After 72 h of infection the number of
inflammatory foci identified in the LT��/� chimeric mice was

lower than the number seen in both the WT and LT� chimeric
mice. These differences were most apparent by 5 days postin-
fection, when, rather than responding to L. monocytogenes by
formation of tight foci of T cells and macrophages, as seen in
the WT and LT��/�chimeras, the LT��/� chimeras and
TNF�/� mice responded with diffuse collections of cells,
mainly neutrophils, that failed to contain the infection. Exten-
sive tissue necrosis resulting from the secretion of oxidative
products from activated neutrophils and increased protein ex-
udation were observed. Similar aberrant lesions were observed
in TNF- and LT�-deficient mice infected with M. tuberculosis
(28). Recombinant murine LT�3 induces the leukocyte adhe-
sion molecules vascular cell adhesion molecule 1, intracellular
adhesion molecule 1, and E-selectin on endothelial cells in
vitro and stimulates the T-cell- and monocyte-attracting che-
mokines RANTES, IP-10, and MCP-1 (7, 8). Dysregulated
chemokine expression accompanied abnormal granuloma for-
mation in TNF�/� chimeras infected with M. tuberculosis (2,
27, 28). Since TNF and LT� clearly display independent proin-
flammatory activities and LT�3 can signal through the same
receptors, TNFRI and TNFRII, it is possible that LT�3 activity
is also mediated via an additional signaling pathway, such as
HVEM. Alternatively, LT�3 may signal through the same re-
ceptors as TNF, but the timing and site of production and
therefore the effects of LT�3 signaling may be temporally dis-
tinct.

Independent effector functions for TNF and LT� have been
described in several other murine models of infection. Control
of Toxoplasma gondii required both TNF and LT� acting in
synergy (30), and protection against Mycobacterium bovis BCG
infection was more profoundly impaired in TNF�/� LT��/�

double-knockout mice than in their LT��/� counterparts (4,
16). In a murine model of cerebral malaria, LT� was essential
for the development of the immunopathology, whereas the
central nervous system inflammation progressed independent
of TNF (11). Interpretation of the outcome of infections in
nonchimeric LT-deficient mice is complicated by their lack of
peripheral lymphoid tissues. Impaired activation and expan-
sion of virus-specific CD8� T cells have been observed in
LT��/� mice infected with herpes simplex virus (19), lympho-
cytic choriomeningitis virus (33), Theiler’s murine encephalo-
myelitis virus (20), and influenza virus (21). Impaired T-cell
responses to lymphocytic choriomeningitis virus (33) and also
to Leishmania major (36) required intact peripheral lymphoid
tissue; however, interestingly, LT�-deficient chimeras with suf-
ficient LT�3 resisted L. major infection (36).

Studies of M. tuberculosis and high-dose Listeria infections in
LT� receptor knockout mice revealed susceptibility to both
infections which was not solely attributable to a lack of sec-
ondary lymphoid tissue and implicated membrane-bound
LT�� heterotrimer signaling in protective responses (10). This
contrasts with our observations of protective responses to Lis-
teria and M. tuberculosis in LT��/� chimeras (28; this study).
These discrepancies may reflect indirect effects of LT� recep-
tor deficiency, such as a failure in maturation of antigen-pre-
senting dendritic cells (1, 10).

In conclusion, this study revealed independent functions of
TNF and LT�, but not LT�, in the protective response to L.
monocytogenes. TNF- and LT�-deficient T cells do not display
intrinsic defects in activation or effector function. Rather, both
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of the cytokines are required for the early recruitment of mac-
rophages and T cells to the site of infection and activating
macrophages to eliminate the intracellular bacterial infection.
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