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Tumor necrosis factor (TNF) and the type I TNF receptor (TNFRI), p55, are critical for resistance against
primary infections with the intracellular bacterial pathogen Listeria monocytogenes. Importantly, however, sus-
ceptibility to primary listeriosis in cytokine-deficient mice does not preclude the development or expression of
effective adaptive immunity against virulent L. monocytogenes. We used TNFRI ™'~ mice to study adaptive anti-
listerial immunity in the absence of interactions between TNF and TNFRI. Our experiments indicate that
TNFRI~/~ mice survive and clear high-dose challenges with an attenuated strain of L. monocytogenes that is
incapable of cell-to-cell spread. Furthermore, TNFRI~/~ mice immunized with attenuated L. monocytogenes go
on to develop potent adaptive immunity to subsequent high-dose challenges with virulent L. monocytogenes.
Interestingly, CD8* T-cell depletion in vivo inhibits immunity to L. monocytogenes in the spleen but not in the
liver of TNFRI™/~ mice. The adaptive immune response in these animals is characterized by activation of
listeriolysin O-specific CD8™ T cells, which are capable of transferring antilisterial immunity to naive wild-type
C57BL/6 host mice. These experiments demonstrate the development and expression of potent CD8* T-cell-

mediated antilisterial immunity in the absence of TNFRI.

A number of cytokine and cytokine receptor deficiencies
have been described which render mice more or less suscepti-
ble than wild-type animals to primary infection with the intra-
cellular bacterial pathogen Listeria monocytogenes (13, 40).
These studies have helped establish the importance of cyto-
kines in the innate immune response to infection with L.
monocytogenes. Tumor necrosis factor (TNF) and the type I
TNF receptor (TNFRI), p5S5, comprise a cytokine-cytokine
receptor pair that is clearly important in the normal immune
response to L. monocytogenes. TNF is produced shortly follow-
ing infection with L. monocytogenes, and neutralization of TNF
with specific antibodies exacerbates listeriosis in mice (16, 17,
27). Administration of recombinant human TNF can also re-
duce the severity of primary infection with L. monocytogenes in
mice (20, 33). The importance of this cytokine-receptor pair
during the primary immune response to L. monocytogenes was
confirmed when TNF~/~ (28) and TNFRI '~ (9, 30, 34) mice
were found to be highly susceptible to primary listeriosis. More
recently, a functional death domain of TNFRI™/~ has been
shown to be required for antilisterial resistance (31).

The observation that TNF is critical during the early stages
of the immune response to L. monocytogenes suggests that cells
involved in the innate immune response produce the requisite
TNF. This interpretation is further supported by studies in
which nude (athymic) mice (15) or SCID mice (2), which lack
mature T cells, were rendered more susceptible to L. monocy-
togenes infection by neutralization of TNF. A series of studies
from Unanue’s group using SCID mice helped uncover the
basis of innate immunity to L. monocytogenes and defined an
axis of cytokine-driven interactions between NK cells and mac-
rophages which leads to the activation of listericidal activity
in macrophages and is responsible for the early control of

* Corresponding author. Mailing address: 3-512 Bowen Science
Building, Department of Microbiology, University of lowa, lowa City,
IA 52242. Phone: (319) 335-9720. Fax: (319) 335-9006. E-mail: john
-harty@uiowa.edu.

4470

L. monocytogenes replication in normal mice (40, 41). TNF is a
key mediator of macrophage activation in this process.

Importantly, susceptibility to primary listeriosis does not
necessarily correlate with susceptibility to a secondary chal-
lenge (14). In fact, the most pronounced immunodeficiency
described to date, as measured by susceptibility to primary
challenge with virulent L. monocytogenes, occurs in mice with a
targeted disruption of the gamma interferon (IFN-y) gene.
The 50% lethal dose (LDs,) of virulent L. monocytogenes in
these animals is approximately 10 CFU (12). However, adap-
tive immunity can be elicited by immunization with attenuated
L. monocytogenes, which confers resistance in IFN-y~/~ mice
to high-dose challenges with virulent L. monocytogenes (12).

In addition to its role in the innate response, neutralization
studies suggested that TNF is important during a secondary
response to L. monocytogenes in wild-type mice (35). This
suggested that TNF, produced by cells of the adaptive immune
system, may be involved in adaptive immunity to L. monocy-
togenes. Since CD8" T cells readily produce TNF in response
to antigen-specific stimulation and since CD8" T cells are im-
portant mediators of adaptive immunity to L. monocytogenes,
we hypothesized that TNF-TNFRI interactions might be re-
quired in adaptive immunity to L. monocytogenes. This hypoth-
esis was further suggested by experiments showing that CD8™"
T cells from perforin knockout mice provide antilisterial im-
munity in hosts with depleted IFN-y but fail to do so in hosts
with depleted TNF (43).

In the present studies, we used attenuated L. monocytogenes
to immunize TNFRI™/~ mice and study adaptive immunity to
L. monocytogenes in the absence of interactions between TNF
and TNFRI. We provide evidence that neither the develop-
ment nor the expression of adaptive immunity to L. mono-
cytogenes requires TNFRI. We further demonstrate that, at
least in the spleen, adaptive immunity to L. monocytogenes in
TNFRI/~ mice requires CD8" T cells, indicating that CD8*
T-cell-mediated immunity to L. monocytogenes in the spleen
can function independently of TNFRI.
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MATERIALS AND METHODS

Mice. C57BL/6 (B6, H-2” major histocompatibility complex [MHC]) mice were
obtained from the National Cancer Institute (Frederick, Md.). TNFRI-deficient
(TNFRI /) mice (30) were the kind gift of Amgen, Inc., Toronto, Canada. B6
and TNFRI /™ mice were housed at the University of Iowa animal care unit.
Mice were matched for age and sex and used at 8 to 16 weeks of age.

Bacteria. Virulent L. monocytogenes strains 10403s (4) and XFL204, attenu-
ated L. monocytogenes strains DP-L1942 (ActA™) (5) and DP-L1936 (PIcA"B™)
(38), and Salmonella enterica serovar Typhimurium strain SL1344 (18) are all
resistant to streptomycin. Recombinant L. monocytogenes XFL204 was kindly
provided by H. Shen, University of Pennsylvania. XFL204 is derived from 10403s
and was engineered using previously described strategies (37) to secrete a fusion
protein consisting of dihydrofolate reductase and amino acids 396 to 404 of the
nucleoprotein (NP) of lymphocytic choriomeningitis virus (LCMV) (X. Fan,
unpublished data). NP396-404 is a well-characterized H-2D"-restricted CD8*
T-cell epitope from LCMV (42). Frozen stocks of bacteria were diluted in TSB
and grown in a bacterial shaker at 37°C to an optical density at 600 nm of
approximately 0.1 (approximately 10° CFU/ml), diluted in pyrogen-free saline
(Abbott Laboratories, North Chicago, Ill.), and injected intravenously (i.v.) or
intraperitoneally (i.p.) as indicated in 0.2-ml volumes per animal. Aliquots were
plated onto tryptic soy agar containing 50 pg of streptomycin per ml (TSA-Strep)
to verify the number of CFU injected.

Cell lines and cell culture. EL4 is a C57BL/6-derived thymoma cell line (H-2?
MHC; ATCC TIB-39); EL4-LLO refers to EL4 cells stably transfected with a
plasmid construct expressing listeriolysin O (LLO) and G418 resistance (11).
Cell lines were maintained in RPMI 1640 (Gibco BRL, Grand Island, N.Y.)
supplemented with 10% fetal calf serum, 100 U of penicillin per ml, 100 pg of
streptomycin per ml, 50 pg of gentamicin per ml, 10 mM HEPES, 2 mM L-
glutamine, and 50 pM 2-mercaptoethanol (RP10). Transfected cells were main-
tained in RP10 supplemented with 400 ug of G418 per ml.

Hybridomas and monoclonal Abs. Our studies utilized the following mono-
clonal antibodies (Abs), which were purified from hybridoma supernatants: rat
anti-mouse CD8 (2.43 [36]) and rat anti-mouse CD4 (GK1.5 [7]). Control poly-
clonal rat immunoglobulin G (IgG) was purchased from Sigma (St. Louis, Mo.).
Monoclonal Abs were purified from culture supernatants using protein G affinity
chromatography as recommended by the manufacturer (Pharmacia). Protein
concentrations were determined using the bicinchoninic acid assay (Pierce). Flow
cytometric analysis was performed using fluorescein isothiocyanate-conjugated
anti-CD8 (53.6-7) (Sigma) and phycoerythrin PE-conjugated anti-CD4 (H129.19)
(Sigma).

T-cell subset depletion in vivo was carried out by injecting mice i.p. with a total
of 1 mg of 2.43, GK1.5, or control rat IgG per animal in divided doses for two or
three consecutive days prior to L. monocytogenes challenge (12). CD8" and
CD4™" T-cell subset depletions were quantitated by flow cytometry by dividing
the percentage of cells in the relevant subset of a depleted spleen by the per-
centage of cells in the same subset in a control Ig-treated spleen.

Generation and maintenance of CD8* T-cell lines. H-2> MHC CD8" T-cell
lines specific for LLO were derived from B6 mice and H-2” TNFRI /~ mice and
were restimulated with EL4-LLO cells. A total of 2 X 107 to 4 X 107 splenocytes
from mice injected 7 to 10 days previously with the indicated dose of virulent L.
monocytogenes 10403s or attenuated L. monocytogenes DP-L1942 were incubated
with 3 X 10° irradiated (150 Gy) EL4-LLO stimulator cells in RP10 at 37°C
under 7% CO,. In some experiments (as indicated), infected mice were treated
i.p. with ampicillin at 2 mg/mouse/day on days 1 to 3 postinfection. For T-cell
lines specific for NP396-404, EL4 cells supplemented with 100 nM synthetic
NP396-404 were used as stimulators. Subsequent weekly restimulations were
carried out by combining 3 X 10° to 5 X 10° responder cells with 3 X 10° irra-
diated (150 Gy) stimulator cells and approximately 4 X 107 irradiated (30 Gy)
syngeneic splenocytes in RP10 supplemented with 5% supernatant from con-
canavalin A-stimulated rat spleen cells and 50 mM a-methylmannoside.

SICr release assays. °'Cr release assays were performed by labeling 1.1 X 10°
target cells (EL4 or EL4-LLO) for 1 h at 37°C under 7% CO, in 0.2 ml of RP10
with 100 pCi of sodium [*'Cr] chromate (NEN, Boston, Mass.) and rinsing them
three times with 10 ml of phosphate-buffered saline. Then 10* labeled target cells
per well were combined with effector cells at the indicated ratios in RP10 in
round-bottom 96-well plates. Following a 4-h incubation, supernatant was har-
vested and assayed for °'Cr release in a gamma counter (Wallac, Turku, Fin-
land). Spontaneous and total release were determined by incubating target cells
alone in RP10 or 0.5% Triton X-100, respectively. The percent specific release of
SICr was calculated by the formula 100 X (experimental cpm — spontaneous
cpm)/(total cpm — spontaneous cpm). Spontaneous release was less than 15% of
total in all assays.

Adoptive transfer experiments. The capacity of CD8" T cells to mediate
antilisterial immunity in vivo was quantitated using adoptive-transfer assays.
CD8" T cells restimulated in vitro 7 to 9 days previously were harvested, washed
in antibiotic-free buffer, and resuspended in pyrogen-free saline. The cells were
delivered i.v. in 0.2- to 0.5-ml volumes into naive host mice. Within 2 h, host
mice, including uninjected controls, were challenged i.v. with the indicated dose
of bacteria. The numbers of CFU per spleen and per liver were determined 3
days postchallenge by homogenizing the spleens and livers in 0.2% IGEPAL
(Sigma), plating 10-fold serial dilutions onto TSA-Strep and calculating mean
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colony counts after overnight incubation at 37°C. Data are presented as mean
log,, CFU = standard deviation per spleen or per gram of liver. Student’s 7 test
was used in statistical analysis; P values are shown for each group compared to
the control group in the same experiment which did not receive protective T cells.

Survival assays. The susceptibility of different strains of mice to infection with
virulent L. monocytogenes was quantitated by estimating the lethal dose of 10403s
in 50% of the animals (LDs,) by the method of Reed and Muench (32).

RESULTS

Estimation of the LDy, of virulent L. monocytogenes 10403s
in TNFRI™'~ mice. Previous studies have demonstrated that
TNFRI /™ mice succumb to primary infection with low doses
of virulent LM (250 to 500 CFU) that are sublethal for wild-
type mice (9, 30, 34). It was of interest to estimate the lower
limit of susceptibility of these animals to virulent L. mono-
cytogenes and to explore the possibility that very low chal-
lenges (<250 CFU) with virulent L. monocytogenes might
cause chronic but nonlethal infections in TNFRI™/~ animals.
To estimate the LDy, of virulent L. monocytogenes 10403s in
TNFRI™/~ mice, naive TNFRI ™/~ animals were injected i.v.
with graded doses of 10403s and monitored for survival. CFU
analyses were performed in triplicate on the bacterial suspen-
sions which were used to inject the mice. These indicated that
80 to 115% of the expected dose was delivered. Whereas all
wild-type B6 mice that received 10° CFU of virulent L. mono-
cytogenes survived at least 27 days, all TNFRI™/~ mice that
received the same dose of virulent L. monocytogenes died
within 8 days of challenge. Within 11 days, 43% (3 of 7) of the
TNFRI~/~ mice that received 10*> CFU of virulent L. mono-
cytogenes had died. All TNFRI™/~ mice that were challenged
with 10" CFU of virulent L. monocytogenes survived at least 27
days. These results reveal that the LD, of virulent L. mono-
cytogenes 10403s in naive TNFRI /™ is approximately 107

The LDy, of virulent strain 10403s administered i.v. to B6
mice was approximately 10*7 (data not shown). Thus, com-
pared to wild-type mice, TNFRI '~ mice are highly susceptible
to primary infection with virulent L. monocytogenes. The LDs,
of 10403s is approximately 500-fold lower in TNFRI ™/~ mice
than in wild-type animals.

Chronic L. monocytogenes infection in immunocompromised
mice has been observed previously (1, 23, 40). To test whether
TNFRI ™/~ mice are susceptible to chronic infections with vir-
ulent L. monocytogenes, all surviving mice were sacrificed at 27
or 33 days postchallenge and examined for the presence of
L. monocytogenes. CFU analysis performed on spleen and liver
homogenates with limits of detection of 50 CFU/spleen and
100 CFU/g of liver failed to detect persistent L. monocytogenes
infection in any mice.

These results verify the extreme susceptibility of TNFRI ™/~
to primary challenge with virulent L. monocytogenes compared
to that of control B6 mice. Additionally, the data indicate that
TNFRI ™/~ mice can clear infections with small numbers of vir-
ulent L. monocytogenes, since there was no evidence of chronic
infection in TNFRI™/~ mice that survived near-lethal chal-
lenges.

TNFRI™/~ mice survive high-dose challenges with an atten-
uated strain. Secondary immunity to L. monocytogenes is me-
diated most efficiently by CD8™ T cells in wild-type and IFN-
v/~ mice (12, 13). The susceptibility of TNFRI~/~ mice to
primary L. monocytogenes infection suggests that immuniza-
tion of these mice using virulent L. monocytogenes may be
problematic since necessarily low (and therefore highly vari-
able with respect to the LDs,) challenge doses of virulent
L. monocytogenes may not adequately or consistently prime
T-cell responses. To determine the feasibility of immunizing
TNFRI™/~ mice with attenuated L. monocytogenes, two atten-
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TABLE 1. TNFRI™/~ mice survive high-dose challenges with
attenuated L. monocytogenes DP-1L1942 (actA) but are more
susceptible than B6 mice to attenuated DP-L.1936 (plcAB)*

Strain L. monocytogenes Mouse No. of mice that
(genotype) dose (CFU) strain survived/total no.
DP-L1942 (actA) 10° C57BL/6 3/3
10° TNFRI™/~ 3/3
DP-L1936 (plcAB) 107 C57BL/6 2/3
107 TNFRI ™/~ 0/3
10° TNFRI™/~ 0/5
10° TNFRI ™/~ 3/4
10* TNFRI™/~ 3/4

“B6 and TNFRI™/~ mice were infected i.v. with the indicated doses of atten-
uated L. monocytogenes strain DP-L1942 or DP-L1936 and monitored for sur-
vival for 20 to 30 days. All nonsurviving mice died within 9 days of challenge. Mice
that survived for 20 days after the challenge with DP-L.1936 were analyzed for L.
monocytogenes CFU in the spleen and liver, and no colonies were detected (limit of
detection, 50 CFU/spleen and approximately 100 CFU/g of liver). The data from
DP-L1942-immunized mice are representative of at least six independent experi-
ments. The remaining data are pooled from two independent experiments.

uated strains, DP-L1942 (5) and DP-L1936 (38), were used at
high doses to challenge TNFRI /™ mice. DP-L.1942 carries an
engineered in-frame deletion in the act4 gene, which encodes
a protein involved in actin polymerization and cell-to-cell
spread (8, 22). DP-L1942 is effective for immunization of IFN-
v/~ mice and activates the CD8" T-cell compartment in
IFN-y~/~ and wild-type mice (10, 12). DP-L1936 carries an
engineered in-frame deletion in the genes for phospholipases
A and B (plcA and plcB), which are involved in the escape of
the bacterial cell from the primary (plcB) and secondary (plcA
and plcB) phagosomes (38, 39). Both DP-L.1942 and DP-L1936
are attenuated in wild-type mice, with LDs,s of approximate-
ly 107 and 10%3, respectively (5, 38). TNFRI '~ and B6 mice
were challenged with high doses of both attenuated strains and
monitored for survival (Table 1). Whereas all of the animals
survived high-dose challenge with DP-L1942, all TNFRI '~
mice challenged with 10° CFU of DP-L1936 succumbed to
infection. Mortality was also observed with DP-L.1936 at doses
as low as 10* CFU per animal.

In a separate experiment, one of three TNFRI™/~ mice had
detectable L. monocytogenes (~10° CFU per spleen and per g
of liver) at 7 days after infection with 10° CFU DP-L1942 while
none of three wild-type B6 mice had detectable organisms
(limit of detection, 100 CFU/organ). The levels of L. monocy-
togenes were below these limits in TNFRI ™/~ mice at 10 days
after infection with 10° CFU of DP-L1942. Similar results,
indicating a slight delay in clearance of DP-L.1942 in immuno-
compromised mice, were found with IFN-y~/~ mice (V. P.
Badovinac, A. Tvinnereim, and J. T. Harty, submitted for pub-
lication). However, in all cases examined to date, clearance of
the act4 mutant was complete by 10 days postinfection (p.i.).
This is consistent with the course of sublethal L. monocytogenes
infections in wild-type mice, which are cleared by approxi-
mately 10 days p.i. In contrast, chronic infections are observed
in SCID mice, which lack adaptive immune systems (3), and
slp-76 '~ mice, which lack T cells (26). Thus, the results with
DP-L1.1942 are consistent with those of previous studies in wild-
type and IFN-y~/~ mice and indicate that (i) clearance of
attenuated LM DP-L1942 from TNFRI /™ mice is rapid and
complete and (i) immunization of TNFRI™/~ mice results in
an adaptive immune response which may provide protection
against secondary challenges with virulent LM.

Antigen-specific adaptive immunity to virulent L. monocyto-
genes in TNFRI ™/~ mice. Survival of TNFRI ™/~ mice following
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high-dose challenge with attenuated L. monocytogenes might
only reflect the activity of the innate immune response and
does not demonstrate the development of secondary immu-
nity. To test whether a high-dose challenge with attenuated L.
monocytogenes DP-L1942 leads to the development of second-
ary resistance in TNFRI '~ mice, naive and DP-L1942-immu-
nized TNFRI ™/~ mice were challenged with graded doses of
virulent strain 10403s and monitored for survival (Table 2).
Naive and immunized B6 animals were included as controls.
Consistent with the experiments described above, all naive
TNFRI/~ mice challenged with 2 X 10° CFU of virulent L.
monocytogenes died within 8 to 9 days of challenge. In contrast,
all TNFRI™/~ mice that had been previously immunized with
10° CFU of attenuated strain DP-L1942 survived challenges
with 2 X 10° CFU of virulent strain 10403s. Four of five of the
immunized TNFRI /" mice (80%) survived challenges with
2 X 10° CFU of virulent L. monocytogenes, and one of three
TNFRI™~ mice (33%) survived challenge with 10-fold more
L. monocytogenes CFU. These data indicate that resistance to
virulent strain 10403s in TNFRI~/~ mice undergoing second-
ary challenge is at least 10,000-fold greater than resistance to
this strain in naive TNFRI ™/~ mice.

To examine the severity of infection in naive and immune
TNFRI™/~ mice challenged with virulent L. monocytogenes,
CFUs in the spleen (Fig. 1A) and the liver (Fig. 1B) were
measured 3 days after a high-dose challenge with virulent
strain 10403s. TNFRI~/~ mice that had been previously im-
munized with attenuated L. monocytogenes showed dramatic
reductions in CFUs in both the spleen and the liver compared
to naive animals. Immune TNFRI ™/~ mice and immune B6
mice were equally capable of controlling secondary infection
with virulent L. monocytogenes by day 3 p.i. Both B6 and
TNFRI™/~ mice that had not been previously exposed to at-
tenuated L. monocytogenes suffered severe listeriosis in the
spleen and liver, with high levels of infection. Interestingl)l,
while the primary infection in the livers of naive TNFRI™/™
mice (10°° CFU) was more severe than the primary infection
in the livers of naive B6 mice (10”* CFU), there was no ap-
parent difference in the severity of primary infection in the
spleen. However, with lower doses of virulent L. monocyto-
genes administered i.p., a more severe infection has been ob-
served in both the spleens and the livers of naive TNFRI ™/~
mice than in those of naive B6 mice 3 days following primary

TABLE 2. Previously immunized TNFRI ™/~ mice exhibit high
levels of resistance to secondary challenge with
virulent L. monocytogenes®

Mouse strain Challenge No. of mice that
dose (CFU) survived/total no.
B6
Naive 2 % 10° 2/6
Immune 2% 10° 6/6
TNFRI ™/~
Naive 2 x10° 02
Immune 2% 10° 5/5
Immune 2 % 10° 4/5
Immune 2 %107 1/3

“B6 or TNFRI™/~ mice which had been immunized i.p. with 10° CFU of
attenuated L. monocytogenes DP-1.1942 28 days previously were challenged i.v.
with the indicated dose of virulent strain 10403s, and survival was monitored for
at least 43 days. These data are pooled from two independent experiments, the
second of which did not include a repeat analysis for naive TNFRI™/~ mice or
immune TNFRI™/~ mice challenged with 2 X 107 CFU of virulent L. monocy-
togenes.



VoL. 68, 2000

p<0.01 p<0.005

7 T A.
g7 :
5
2 6
5 T
S 5 1
=]
L

}

g 101 p<0.025 T
. — 9_ J—
3
® g .
> 9] T
20 5
2 T 1

4

2,

B6immune  B6naive RI-/-immune RI-/- naive

FIG. 1. Immunized TNFRI/~ mice exhibit high levels of resistance to sec-
ondary challenge with virulent L. monocytogenes. B6 or TNFRI™/~ (RI—/—)
mice, which were naive or had been immunized i.p. with 10° CFU attenuated L.
monocytogenes DP-1.1942 28 days previously, were challenged i.v. with 1.7 X 10°
CFU of virulent strain 10403s. CFUs in the spleen (A) and liver (B) were
measured 3 days later. Data are presented as mean log;, CFU and standard
deviation for two to four mice per group. Student’s ¢ test was used to calculate P
values. These data are representative of two independent experiments with
similar results.

infection (9). Combined with the survival studies, these results
demonstrate that immunization of TNFRI '~ mice with atten-
uated L. monocytogenes leads to the development of adaptive
immunity to high-dose challenges with virulent L. monocyto-
genes.

To verify the antigen specificity of secondary resistance to
L. monocytogenes in TNFRI ™/~ mice, groups of five to seven
TNFRI /™ mice were immunized with 10° CFU of attenuated
strain DP-L.1942 and 7 weeks later the immune mice and naive
controls were challenged with 10* CFU of virulent L. mono-
cytogenes 10403s or 10? CFU of the unrelated bacterium S. en-
terica serovar Typhimurium SL1344 (18). All the animals were
then monitored for survival. Consistent with the data in Table
2, five of five immunized TNFRI ™/~ mice survived challenge
with virulent strain 10403s while six of six naive TNFRI '~
mice challenged with virulent strain 10403s died. Immune mice
were not resistant to challenge with virulent S. enterica serovar
Typhimurium SL1344, since all seven of these mice also suc-
cumbed. Similarly, five of six naive TNFRI™/~ mice challenged
with virulent S. enterica serovar Typhimurium SL1344 died.

These results indicate that immunization of TNFRI ™/~ mice
with attenuated L. monocytogenes does not result in resistance,
as measured by survival, to an unrelated intracellular bacterial
pathogen. Since the LDy, of SL1344 in wild-type mice is very
low (~25 organisms) (29), we did not perform a direct com-
parison of the virulence of this organism in naive wild-type
versus naive TNFRI ™/~ mice.

These data are also consistent with other experiments (re-
sults not shown) in which TNFRI™/~ mice remain resistant to
high-dose challenges with virulent L. monocytogenes for up to
16 weeks after immunization with DP-L.1942. Thus, clearance
of DP-L1942 by TNFRI ™/~ mice not only is rapid and com-
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plete but also results in long-lasting immunity to challenges
with otherwise lethal doses of virulent L. monocytogenes.

CD8* T cells in TNFRI™/~ mice respond in an antigen-
specific fashion following immunization with L. monocytogenes.
Since the CD8* T-cell response plays an important role in
adaptive antilisterial immunity in wild-type mice (25), it was of
interest to determine whether a CD8" T-cell response devel-
ops in TNFRI™/~ mice following infection with L. monocyto-
genes. Wild-type or perforin-deficient H-2° mice infected with
L. monocytogenes mount H-2K”-restricted CD8" T-cell re-
sponses to LLO, a protein antigen secreted by L. monocy-
togenes (11). Splenocytes from TNFRI ™/~ mice, previously
immunized with 10° CFU of attenuated strain DP-1.1942, were
restimulated in vitro with irradiated syngeneic stimulator EL4-
LLO cells. Following two restimulations in vitro, these effector
cells (which were 98% CD4~ CD8* by flow cytometric analysis
[data not shown]) were tested for antigen-specific cytolytic ac-
tivity in a standard >'Cr release assay (Fig. 2). TNFRI /-
derived CD8™" T cells specific for LLO efficiently lysed target
cells in an antigen-specific fashion. These results indicate that
L. monocytogenes infection in TNFRI™/~ mice activates LLO-
specific CD8* T cells.

One limitation of our studies of listeriosis in TNFRI /"~
mice (which bear MHC molecules of the H-2” haplotype) is
that no endogenous MHC class Ia-restricted CD8" T-cell
epitopes have been defined in the H-2” system. It was of in-
terest to measure the CD8* T-cell response in TNFRI ™/~
mice against a defined H-2P-restricted epitope. Toward that
end, TNFRI™/~ and B6 mice were immunized with high doses
of virulent L. monocytogenes XFL204. Strain XFL204 secretes
a fusion protein containing a known H-2D"-restricted CD8™"
T-cell epitope derived from the nucleoprotein of LCMV
(NP396-404) (H. Shen et al., unpublished data). Challenge
doses of XFL204 in B6 and TNFRI /~ mice were normalized
to approximately 10 LDs, (data not shown). To allow survival
of the animals following high-dose challenge with virulent
strain XFL204, the animals were injected i.p. with ampicillin (2
mg/animal/day) on days 1 to 3 p.i. All B6 and TNFRI '~
animals subjected to this regimen survived for at least 1 week
post challenge. At 7 days postchallenge, splenocytes from each
animal were cultured in vitro with the NP396-404 peptide.
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FIG. 2. CD8" T cells from L. monocytogenes-immunized TNFRI '~ mice
exhibit antigen-specific cytolysis of target cells expressing LLO. LLO-specific
CD8" T cells derived from TNFRI™/~ mice (squares) or B6 mice (circles) were
incubated at the indicated effector-to-target ratio (E:T) with >'Cr-labeled EL4
(open symbols) or >'Cr-labeled EL4-LLO (solid symbols) cells for 3.5 h. Specific
lysis was determined by measuring >'Cr in the supernatant by standard tech-
niques. These data are representative of two independent experiments with
similar results.
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FIG. 3. Antigen-specific expansion of CD8" T cells in TNFRI™/~ mice fol-
lowing high-dose challenge with virulent L. monocytogenes. Wild-type B6 (A) or
TNFRI™/~ (B) mice were injected with approximately 10 LDy, of virulent L.
monocytogenes XFL204 (10° in B6 mice and 10° in TNFRI™/~ mice) followed by
a 3-day course of antibiotic therapy. At 7 days postchallenge, splenocytes were
harvested from each animal and were cultured in vitro with irradiated EL4 cells
and NP396-404 at 100 nM. After 6 days in vitro, responders were incubated at
the indicated dilutions with >'Cr-labeled EL4 cells in the absence (open symbols)
or presence (solid symbols) of NP396-404 at 100 nM for 4 hours. Each line
represents an independent animal.

Following 6 days of restimulation in vitro, responders were
analyzed for antigen-specific cytolytic activity in a standard
SICr release assay (Fig. 3). The results reveal NP396-404-
specific CD8" T-cell expansion and cytolytic activity in all
animals, regardless of genotype, subjected to primary infection
with a high dose of virulent L. monocytogenes XFL204 and
given antibiotic therapy. The >'Cr release assay used in these
experiments is not sufficiently quantitative to conclude that
differences in the level of response are significant.

LLO-specific CD8* T cells derived from TNFRI™'~ mice
transfer potent antilisterial immunity to naive wild-type B6
host mice. LLO-specific CD8* T cells from wild-type B6 mice
mediate potent antilisterial immunity in adoptive-transfer as-
says (11, 43). To assess the ability of LLO-specific CD8" T
cells derived from TNFRI™/~ mice to mediate antilisterial
immunity, naive B6 host mice were injected iv. with LLO-
specific CD8™ T cells from TNFRI™/~ mice and then given a
high-dose challenge with virulent L. monocytogenes 10403s.
CFU analyses of spleen and liver homogenates were per-
formed 3 days postchallenge to assess the level of infection in
T-cell-injected mice and in noninjected control animals (Table
3). The results show that LLO-specific CD8* T cells from
TNFRI™/~ mice mediated dramatic reductions in L. monocy-
togenes CFU in both the spleens and the livers of recipient
animals. Multiple experiments have demonstrated previously
that similar reductions in CFUs correlate with the survival of
T-cell-injected animals whereas unprotected mice die 4 to 6
days after a challenge with similar doses of virulent L. mono-
cytogenes 10403s (43, 44). Thus, LLO-specific CD8" T cells
from TNFRI ™/~ mice mediate antilisterial immunity in naive
B6 host mice.

Adaptive immunity to L. monocytogenes in TNFRI™'~ mice
involves CD8* T cells. While both CD4" and CD8" T cells
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TABLE 3. LLO-specific CD8* T cells from TNFRI™/~ mice
mediate antilisterial immunity in wild-type B6 host mice”

No. of TNERI~/~ Bacterial counts (log;, CFU) per:

CD8" T cells

Spleen g of liver
0 8.3 8.4
0 8.3 8.4
0 8.7 8.3
12 x 10° <4.4 <52
12 X 108 4.7 <52
12 x 10° <4.4 <52

“Three or four B6 mice were injected i.v. with the indicated number of
LLO-specific CD8™ T cells from TNFRI ™/~ mice followed by 1.8 X 10° CFU of
virulent L. monocytogenes 10403s. CFU analyses on spleen and liver homoge-
nates from all mice were performed 3 days postchallenge. In the majority of
cases, no colonies were detected in mice that had received TNFRI~/~ CD8" T
cells (the limit of detection was 4.4 log,, CFU/spleen and 5.2 log,, CFU/g of
liver). One of four control animals (not shown) died before the CFU analysis.

respond in an antigen-specific fashion to infection with virulent
L. monocytogenes, adoptive-transfer experiments (4, 6, 24) and
studies in mice deficient in CD4" or CD8" T cells (21, 25)
indicate that CD8" T cells are the most effective mediators of
specific antilisterial immunity in wild-type mice. To determine
whether CD8" T cells play a role in the expression of second-
ary immunity to L. monocytogenes in the absence of TNFRI,
TNFRI ™/~ mice were immunized with attenuated L. mono-
cytogenes DP-1.1942 and allowed to rest for at least 28 days;
then the CD4™ or CD8™ T cells of the mice were depleted with
injections of depleting monoclonal Ab, and the mice chal-
lenged with virulent L. monocytogenes. At 3 days postchal-
lenge, CFU analyses were performed to determine bacterial
loads in the spleen and liver. In addition, a subset of animals
from each group was monitored for survival for 14 days (see
below). Results of CFU analyses indicate that depletion of
CD8™ cells exacerbated infection in the spleens (Fig. 4A) but
not significantly in the livers (Fig. 4B) of TNFRI /" mice un-
dergoing a secondary response to L. monocytogenes. Depletion
of CD4™ cells, in contrast, did not result in increased bacterial
loads in either the spleen (Fig. 4A) or the liver (Fig. 4B).

A p < 0.005
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FIG. 4. Depletion of CD8" T cells, but not CD4™ T cells, diminishes sec-
ondary immunity to L. monocytogenes in the spleen in TNFRI™/~ mice. Five to
six TNFRI™/~ mice per group were immunized i.p. on day 0 with 10° CFU of
attenuated L. monocytogenes DP-L.1942. On day 30 to 32, immune mice received
control polyclonal rat IgG (rIgG), rat anti-mouse CD8 (aCD8), or rat anti-
mouse CD4 (aCD4) as indicated at 0.3 mg/mouse/day i.p. On day 33, all mice
were challenged i.v. with 10° CFU of virulent strain 10403s. At 3 days p.i., the
animals were sacrificed and analyzed for CFU in the spleen (A) and liver (B).
The efficiency of in vivo depletion averaged 86 and 91% for CD8* and CD4*
cells, respectively, as determined by flow cytometric analysis of splenocytes.
These data are pooled from two independent experiments and are given as mean
and SD. NS, not significant.
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DISCUSSION

Adaptive immunity to L. monocytogenes in the absence of
TNFRI. The requirement for TNF and TNFRI in the primary
response to L. monocytogenes has been established previous-
ly (9, 28, 30, 34). In the experiments described above, we
estimate the LDs, of virulent L. monocytogenes 10403s in naive
TNFRI~/~ mice to be approximately 10, compared to approx-
imately 10*7 in wild-type mice. The extreme susceptibility of
these mice to primary listeriosis complicates studies of second-
ary resistance to L. monocytogenes since anything but the low-
est immunizing dose (which is difficult to estimate precisely at
the time of immunization) is lethal. This problem has been
overcome previously in IFN-y~/~ mice by immunizing naive
animals with an attenuated strain of L. monocytogenes that
does not express the virulence factor encoded by the L. mono-
cytogenes gene actA (12). This strain, which invades host
cells and escapes from the phagosome into the cytoplasm
but fails to spread from cell to cell, elicits protective, CD8*
T-cell-dependent immunity in wild-type and IFN-y~/~ mice
(12). Here we demonstrate the versatility of this strategy
and use it to study secondary immunity to L. monocytogenes
in TNFRI ™/~ mice. Our results also suggest the feasibility of
another approach, which is to immunize susceptible mice with
doses of virulent L. monocytogenes that would otherwise be
fatal and prevent death by reducing the bacterial load with
antibiotics.

TNFRI ™/~ mice survive high-dose challenges with attenu-
ated act4 mutant strains and subsequently develop wild-type
levels of resistance to secondary challenge with virulent strains.
Thus, neither the development nor the expression of high
levels of adaptive immunity to L. monocytogenes requires
TNFRI in genetically deficient mice. This is the second in-
stance (IFN-y being the first) of a cytokine or cytokine recep-
tor being absolutely required for effective innate immunity to
L. monocytogenes but nonessential for an effective adaptive
immune response.

Role of CD8™ T cells in adaptive immunity to L. monocyto-
genes in TNFRI™/~ mice. We directly assessed the role of
CD8" T cells in adaptive immunity to L. monocytogenes in
TNFRI~/~ mice by depleting the CD8™ T cells of immune
TNFRI™/~ mice prior to secondary challenge with virulent
L. monocytogenes. The depletion of CD8™" T cells increased the
severity of secondary listeriosis in the spleens of TNFRI ™/~
mice (Fig. 4). We also demonstrated that CD8* T cells in the
spleens of TNFRI /™ mice respond in an antigen-specific fash-
ion to L. monocytogenes (Fig. 2 and 3). Thus, CD8" T cells can
mediate antilisterial immunity in the spleen by a mechanism
that is independent of TNFRI. The dependence of antilisterial
immunity on CD8* T cells in the spleens of TNFRI ™/~ mice is
consistent with previous studies which showed that perforin
plays a role in CD8" T-cell-mediated immunity to L. monocy-
togenes in the spleen (19, 43, 44).

Depletion of CD8" T cells diminishes secondary immunity
to L. monocytogenes in both the spleens and livers of wild-type
mice (25). In contrast, depletion of CD8" T cells did not result
in significant exacerbation of listeriosis in the livers of immune
TNFRI™’~ mice. These data could result from differential de-
pletion of CD8™ cells in wild-type and TNFRI '~ mouse livers
or less dependence on CD8™ T cells for antilisterial immunity
in the livers in the absence of TNFRI. Preliminary evidence
revealed low or undetectable levels of CD8™ cells in the livers
of wild-type and TNFRI ™/~ mice at 28 days after infection with
strain DP-L.1942 (D. W. White, A. Schlueter, and J. T. Harty,
unpublished data), and thus the CD8" T cells that participate
in immunity in the livers of wild-type mice must be recruited
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from the peripheral pool. Since the peripheral pool of CD8"
T cells in immune TNFRI ™/~ mice was reduced consider-
ably by the antibody treatment, exacerbating the infection in
the spleen, the liver results are most consistent with a com-
pensatory, CD8" T-cell-independent mode of resistance in
TNFRI /™ mice. As has been observed in wild-type mice (25),
depletion of CD4" T cells had no impact on antilisterial im-
munity in either the spleens or livers of immune TNFRI '~
mice. It should be pointed out that our data do not formally
rule out the possibility that CD4* T cells are able to express
some antilisterial activity when CD8" T cells are depleted in
the TNFRI™/~ mice. Together, these data are consistent with
an organ-specific compensatory mechanisms of antilisterial im-
munity in mice lacking TNF-TNFRI interactions. Since this
immunity does not depend on CD4™ or CD8" T cells, it may
be mediated by altered macrophage function or perhaps by vd
T cells. Immunohistochemical studies to characterize the im-
mune response in the livers of mice lacking TNF and TNFRI
are under way to address these issues.

Previous experiments in our laboratory showed that per-
forin-deficient CD8™" T cells failed to transfer antilisterial im-
munity into hosts depleted of TNF with neutralizing Ab (43).
One hypothesis to explain this result is that TNF must engage
TNFRI on the activated CD8" T cell in vivo for it to mediate
antilisterial immunity in an adoptive-transfer assay. Our data
demonstrate that TNFRI expression on activated CD8™" T cells
is not required for adoptive immunity to L. monocytogenes.
Therefore, although TNF may be required for the in vivo
antilisterial activity of CD8" T cells, its direct action on acti-
vated CD8™ T cells via their TNFRI is not required.
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