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Tumor necrosis factor (TNF) plays a critical role in the
host response to the intracellular pathogen Listeria
monocytogenes (LM). TNF exists in soluble and mem-
brane-bound forms and exhibits both unique and
overlapping activities. We examined the role of mem-
brane TNF in the absence of secreted TNF for host
resistance in knockin mice in which the endogenous
TNF was replaced by a regulated, noncleavable allele
(mem-TNF). Macrophages expressing mem-TNF pro-
duced nitric oxide and displayed normal bactericidal
activity. Although mice completely deficient in TNF
(INF~’7) succumbed to LM infection within 4 days,
mem-TNF mice controlled LM infection at a low dose
(10* CFU) but succumbed at a higher dose of infection
(10° CFU). In contrast to complete TNF deficiency,
mem-TNF mice developed confined microabscesses
that expressed inducible nitric oxide synthase. The
transfer of lymphocytes from immunized mem-TNF,
but not TNF~/~, mice protected TNF~/~ mice from
fatal infection. Taken together the data suggest that in
the absence of soluble TNF, the presence of mem-
brane-expressed TNF on phagocytes and lymphocytes
partially restores host defense to LM infection. (Am
J Patbol 2005, 167:1677-1687)

Protective immunity to Listeria monocytogenes (LM) infec-
tion, both in humans and experimental animals, is based
on orchestrated action of T cells, macrophages, and
cytokines, including interferon (IFN)-v, interleukin (IL)-12,
and tumor necrosis factor (TNF)." A critical role for TNF in
anti-LM defense is inferred from neutralization and gene

deletion experiments in mice.?® In addition, the TNF-
related cytokines lymphotoxin (LT)-a and LT-B are also
required to control LM infection.” Both secreted TNF and
LT-« signal through p55 and p75 TNF receptors (TNFR1
and TNFR2, respectively). The cell-bound LT-af3 hetero-
trimers recognize the LT-BR. TNF-R1 signaling appears
to be critical for the control of LM infection®® and LT-BR
also plays a distinct role, while the contribution of TNFR2
is less well defined.

TNF is expressed by a variety of cells, including mac-
rophages and T cells, and is a major regulator of inflam-
mation and leukocyte trafficking.® TNF is first produced
as an integral membrane protein and is subsequently
cleaved by the metalloproteinase-disintegrin  TACE
(TNF-a converting enzyme)®” into the secreted trimeric
TNF. Although the role of TNF in controlling intracellular
bacterial infections is uncontested, the function of mem-
brane TNF in host resistance is less understood.

Several biological functions of membrane TNF have
been described, such as cytotoxicity, polyclonal activa-
tion of B cells, induction of IL-10 by monocytes, induction
of chemokines, and ICAM-1 expression on endothelial
cells.®~° The transgenic overexpression of membrane
TNF has demonstrated an in vivo role in the control of LM
and mycobacterial infection.”''® However, these models
were potentially nonphysiological as transgenic expres-
sion of a membrane-only form of TNF results in artificially
high and nonselective expression of membrane TNF. The
recent generation of mice with functional, normally regu-
lated and expressed membrane-bound TNF, obtained by
knocking-in an uncleavable A1-9, K11E TNF allele (mem-
TNF mice), represents a major advance and allows inter-
esting insights in the role of membrane TNF in lymphoid
structure development and inflammation.™

The question whether membrane TNF expression may
be sufficient to control Listeria infection is becoming very
relevant. Indeed, TNF-neutralizing therapies using anti-
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bodies or soluble receptors have been very successful in
severe inflammatory diseases such as rheumatoid arthri-
tis, Crohn’s disease, or psoriasis, with more than a million
patients treated. However, opportunistic infections in-
cluding Listeria or tuberculosis represent a major compli-
cation of these therapies.'®™'® Therefore, the identifica-
tion of the respective roles of membrane-bound versus
soluble TNF in host response to infection may elucidate
second generation anti-TNF therapies targeted to spare
the host defense to infections.

In the present investigation we asked whether mem-
brane TNF is sufficient to contain LM infection. We used
the mem-TNF knockin mice and compared the host re-
sistance to LM infection in mem-TNF mice and TNF-
deficient mice. Our data demonstrate that membrane
TNF is biologically active and may act as a substitute for
soluble TNF at low-dose infection because mem-TNF
mice survive an LM infection that is fatal for complete
TNF~/~ mice. Furthermore, cell transfer experiments from
immunized mem-TNF mice to TNF-deficient mice sug-
gest that LM-antigen-specific T cells that express mem-
brane-only TNF are sufficient to confer protection against
LM infection.

Materials and Methods
Mice

Mem-TNF,'* TNF~/~,'® and C57BL/6 control mice were
bred in our specific pathogen-free animal facility at the
Centre National de la Recherche Scientifiqgue. Mem-TNF
mice were generated on a C57BL/6 background while
TNF~/~ mice were backcrossed for 10 generations onto
the C57BL/6 background. For all experiments adult (8 to
12 weeks old) animals were kept in sterile confinement in
a P2 animal unit. The infected mice were monitored reg-
ularly for clinical status and weighed daily. Mice were
bled before and at 1, 2, 3, and 4 days after infection to
assess the hematological parameters in the blood using
a Technikon H1E analyzer (Bayer, Paris, France). All
animal experiments complied with the French Govern-
ment’s ethical and animal experiment regulations.

Culture of Bacteria

LM wild-type LO28 and ActA deficient strains were pro-
vided by Prof. P. Cossart (Pasteur Institute, Paris, France)
and cultured in trypticase soy broth (soybean casein
digest medium; Biovalley, Marve la Vallée, France). Bac-
teria were aliquoted and stored in 30% glycerol at —80°C
at a concentration of 5 X 10° CFU/ml. Heat-killed LM
(HKLM) was prepared by incubation at 60°C for 1 hour
followed by two washes with sterile phosphate-buffered
saline (PBS).

Primary Macrophage and Dendritic Cell Culture

Murine bone marrow cells were isolated from femurs and
differentiated into macrophages after culturing at 10°
cells/ml for 7 days in Dulbecco’s modified Eagle’s me-

dium (Sigma) supplemented with 20% horse serum and
30% L929 cell-conditioned medium as described be-
fore.2%2" Seven days after washing and reculturing in
fresh medium, the cell preparation consisted of a homog-
enous population of macrophages (>97% CD11b™
cells). Alternatively, murine bone marrow cells were dif-
ferentiated into myeloid dendritic cells (>98% CD11c™
cells) after culturing at 2 X 10° cells/ml for 10 days in
RPMI supplemented with 10% fetal calf serum, glu-
tamine, antibiotics, and 4% J558L cell-conditioned me-
dium as a source of GM-CSF, as described.??

Bone marrow-derived macrophages (BMDMs) and
dendritic cells were plated in 96-well microculture plates
(at 10° cells/well) and stimulated with lipopolysaccharide
(LPS) (Escherichia coli, serotype O111:B4 at 100 ng/ml;
Sigma), HKLM (at a bacteria:cell ratio of 200:1), and live
LM (at a bacteria:cell ratio of 2:1). After 24 hours of
stimulation, the supernatants were harvested for cytokine
determination.

Macrophage Killing Assay

To test LM killing, macrophages from the different strains
were incubated for 20 minutes at 37°C with LM at a
multiplicity of infection (MOI) of 1 in Dulbecco’s modified
Eagle’s medium complemented with L-glutamine (5
mmol/L) and 10% fetal calf serum. After addition of gen-
tamicin (10 wg/ml), macrophages were extensively
washed to remove extracellular bacilli, and incubated in
the same medium with and without recombinant mouse
TNF (rmTNF, 10 ng/ml; PreproTech, Rocky Hill, NJ). After
3 and 6 hours of incubation, the number of viable intra-
cellular bacteria in each well was determined by culturing
on tryptic soy broth agar plates. Plating was performed in
duplicate serial dilutions and macrophage killing was
assessed by the determination of CFU in infected mac-
rophages from two individual mice per group.

Cytokine Determination

IL-12p40 or IFN-y were quantified using commercial en-
zyme-linked immunosorbent assay (ELISA) kits following
the instructions of the manufacturer (Duoset; R&D Sys-
tems, Abingdon, UK). As described previously, bioactive
TNF was assessed using the WEHI 164 cell-based bio-
assay, which has a higher sensitivity than ELISA, detect-
ing 0.5 pg/ml of TNF.2®

Flow Cytometry

After stimulation, macrophages were harvested, washed
once in PBS containing 0.5% bovine serum albumin
(PBS/BSA), and incubated on ice at 10° cells/50 ul with
2% mouse serum for 20 minutes. After centrifugation (10
minutes at 200 X g, 4°C), macrophages were incubated
in PBS/BSA with primary antibodies (anti-CD40-PE clone
2G9, anti-CD86-PE clone GL1, or anti-CD11b-PerCP
Cy5.5 clone M1/70) for 20 minutes in the dark. All anti-
bodies were from BD Pharmingen (San Diego, Ca). After



washing with PBS/BSA, cells were analyzed on a Becton
Dickinson LSR analyzer.

Mouse Infection, VVaccination, and Transfer of
Splenic T Cells

Infection

Mice were injected intravenously in the caudal vein
with 10% or 10° CFU of LM per mouse as described
before.?” On day 3, liver and spleen were harvested. The
number of viable bacteria in organ homogenates was
determined by plating serial dilutions on trypticase soy
broth agar plates (Biovalley) and incubating for 24 hours
at 37°C followed by counting CFU.

Restimulation and Transfer of Splenic Cells

Splenocyte suspensions were obtained from C57BL/6,
TNF~/~, and mem-TNF mice 7 days after injection of 10°
ACTA-deficient LM or saline. Nonadherent cells were
restimulated in vitro with LM, HKLM, listeriolysin (LLO)
peptide (fragment 189-201; Neosystem, Strasbourg,
France), or Mycobacterium bovis-bacillus Calmette-
Guerin (BCG), and the supernatants were assessed for
IFN-y levels by ELISA. For the cell transfer, 2 x 107
nonadherent cells (>95% lymphocytes with 65% CD3* T
cells) in 200 ul were injected intravenously into TNF~/~
recipient mice, followed 1 hour later by intravenous injec-
tion of LM at 10* CFU/mice. Body weight was recorded
daily, and the spleen and liver were taken 3 days after
infection to enumerate viable bacteria.

Histology and Immunohistochemistry

Samples of liver and spleen were fixed in 10% buffered
formalin (Shandon, Pittsburgh, PA). Tissues were dehy-
drated in ethanol and embedded in paraffin. Sections (4
uwm) were cut and stained with hematoxylin and eosin
(H&E) for evaluation of pathological changes. The num-
ber of microabscesses was quantified by counting 20
microscopic fields at X100 magnification. The size of
microabscesses was assessed by measuring the diam-
eter of 20 randomly selected micro-abscesses per
mouse at X400 magnification.

For immunohistochemical analysis, liver and spleen
were embedded with Tissue-Tek (Sakura, Zoeterwoude,
The Netherlands) in cryomolds, immediately frozen on
dry ice, and stored at —80°C as described before.?* The
frozen tissues were cut at 5-um thickness on a cryostat
(Leica, Nussloch, Germany), air-dried, and stored at
—80°C. Before use the sections were fixed in acetone (10
minutes at 4°C), and endogenous peroxidase activity
was blocked using methanol with 1% H,0, (30 minutes).
Endogenous biotin in the liver was blocked using PBS
containing 0.1% avidin (20 minutes) and PBS containing
0.01% biotin (20 minutes). The tissue sections were in-
cubated with appropriate normal serum (30 minutes) be-
fore incubation for 2 hours at 37°C with the primary anti-
body. Antibodies to GR1, F4/80, and inducible nitric
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oxide synthase (iNOS) were from BD Pharmingen. The
sections were then incubated for 30 minutes at 37°C with
the appropriate biotinylated secondary antibody. Avidin-
biotin peroxidase complexes were added to the sections
for 30 minutes (ABC Vector kit; Vector Laboratories, Bur-
lingame, CA), washed, and developed with diaminoben-
zidine substrate (DAKO, Glostrup, Denmark). After rins-
ing in PBS, the sections were mounted in Eukitt (Kindler
and Co., Freiburg, Germany).

Nitrite Measurements

Nitrite concentrations in supernatants from macrophages
were determined using the Griess reaction (1% sulfanil-
amide in 2.5% phosphoric acid and 0.1% n-1-napthyleth-
ylenediamide dichloride in 2.5% phosphoric acid).?® Af-
ter a 30-minute incubation at room temperature under
agitation, the absorbance at 540 nm was measured
(NO,~ was quantified using NaNO,, as a standard).

Statistical Analysis

Statistical evaluation of differences between the experi-
mental groups was determined by Kaplan-Meier test for
survival curves, Mann-Whitney U-test for ex vivo experi-
ments, and Student’s t-test for in vitro data, using Prism
software.

Results

Absence of Secreted TNF, but Normal Nitric
Oxide Production and Killing of LM by Mem-
TNF Macrophages

We first investigated whether cultured BMDM secrete
TNF in response to LPS, LM, or heat-killed LM (HKLM).
Soluble TNF was secreted by BMDM from wild-type mice
but was essentially undetectable in culture supernatants
of BMDM from mem-TNF and TNF~/~ mice using the
sensitive WEHI bioassay (Figure 1A), in agreement with
the original report.’ To confirm that mem-TNF knockin
mice do not secrete TNF in vivo, mice were injected
intraperitoneally with 100 g of LPS, blood was collected
90 minutes later, and serum was analyzed for TNF con-
tent. In contrast to wild-type mice, which displayed sig-
nificant serum TNF levels, TNF was undetectable in the
sera of both TNF/~ and mem-TNF mice (data not
shown). We next determined whether IL-12p40 and nitric
oxide production by LPS-, LM-, or HKLM-stimulated
BMDMS was dependent on TNF expression. Macro-
phages secreted IL-12p40 on stimulation with LPS, LM,
or HKLM, and we observed unexpectedly high IL-12p40
levels in TNF~/~ as compared to wild-type macrophages
(Figure 1B). An overproduction of Th1 cytokines has
been demonstrated previously in TNF-deficient mice on
Mycobacterium bovis-bacillus Calmette-Guerin (BCG) in-
fection,?®?” suggesting that TNF has a regulatory role for
Th1 cytokine response. Such a deregulation of Th1 re-
sponse has not been reported for LM infection, so we
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Figure 1. Impaired soluble TNF but normal IL-12p40, nitrite production, and killing of LM by macrophages from mem-TNF mice. A—C: TNF (A), IL-12p40 (B),
and nitrite (C) production measured in the supernatant of macrophages from C57BL/6, mem-TNF, and TNF ™/~ mice 24 hours after infection by LM (MOI of 2)
or stimulation by heat-killed LM (HKLM; 200 bacteria per cell) or LPS (100 ng/ml). Results are means % SD of two mice per genotype and are representative of
three independent experiments (*P < 0.05). D and E: Killing of viable LM by macrophages expressed as CFU per 10° macrophages at 3 hours. D: Macrophages
were infected with LM (MOI of 1) for 20 minutes, washed extensively to remove extracellular bacilli, and further incubated for 3 hours, after which CFU were
determined. E: Addition of recombinant mouse TNF (10 ng/ml) corrected the killing of LM by TNF~/~ macrophages. Results expressed as CFU per 2 X 10°
macrophages at 3 hours after infection showed no significant differences. Data are given as the mean = SD (17 = 2 mice with duplicate CFU analysis per group)

and are from one representative experiment of two independent experiments.

then asked whether mem-TNF macrophages retained an
augmented IL-12p40 response comparable to TNF~/~
macrophages. Interestingly, mem-TNF macrophages ex-
pressed IL-12p40 levels comparable to those of wild-type
macrophages. The data therefore suggest that mem-
brane TNF prevents the exaggerated IL-12p40 re-
sponses seen in the complete absence of TNF, but the
mechanism of deregulated Th1 response is still
unclear.?627

Killing of bacilli critically depends on activation of
NOS2.28 We therefore tested the production of nitrite after
LM macrophage activation. Nitrite production in mem-
TNF BMDMs stimulated with LM, HKLM, or LPS was
similar to the levels seen in wild-type cells but partially
reduced in TNF~/~ macrophages (Figure 1C). To assess
the biological relevance of the measured nitrite levels, the
bactericidal activity of mem-TNF macrophages was
tested. Macrophages from mem-TNF mice had capacity
to kill LM comparable to that of wild-type cells, and CFU

levels were higher in TNF-deficient macrophages at 3
hours (Figure 1D) and 6 hours (data not shown), but this
did not reach statistical significance. Addition of recom-
binant mouse TNF to the macrophages in culture in-
creased the bactericidal effect in all groups, but
importantly, it corrected the defect of TNF-deficient mac-
rophages (Figure 1E). Therefore, the data suggest that
membrane TNF expressed by macrophages is sufficient
to induce early nitrite production by macrophages and
killing of LM, both of which are impaired in the complete
absence of TNF. Lastly, LM-induced up-regulation of co-
stimulatory molecules in macrophages and dendritic
cells was TNF-independent because CD40 and CD86
expression was comparable in wild-type, mem-TNF, and
TNF~/~ macrophages (data not shown).

Taken together, these observations confirm the ab-
sence of functional soluble TNF in mem-TNF mice'* and
imply that membrane-bound TNF can substitute soluble
TNF in some of its functions: macrophages from mem-
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Figure 2. Enhanced control of LM infection in mem-TNF mice compared to TNF-deficient mice. A and B: Survival on intravenous infection with doses of LM at
10" CFU (A, = 4 mice; Kaplan-Meier B6 versus TNF KO, P < 0.01; mem-TNF versus TNF KO, P < 0.01) or at 10° CFU (B, n = 9 to 13; B6 versus mem-TNF,
P < 0.01; B6 versus TNF KO, P < 0.01). C and D: Bacterial load in the liver (C) and spleen (D) of mem-TNF, TNF /™ mice (KO), and wild-type (B6) mice 3
days after infection with 10* CFU. Each group comprised four to six mice; mean values % SD are given. *P < 0.05, **P < 0.01. The results are from one experiment

representative of two independent experiments.

TNF mice were able to produce nitrite and control infec-
tion in vitro. Therefore, it was reasonable to assume that
membrane TNF may confer resistance to LM infection in
vivo.

Mem-TNF Mice Are More Resistant to LM
Infection Than TNF~/~ Mice

A critical role for TNF has been shown in the control of LM
infection.®® We confirmed the role of TNF and further
ascribed it to both soluble and membrane TNF (Figure 2,
A and B). Soluble TNF was dispensable at low infection
dose of LM (10* CFU) because mem-TNF mice survived
a dose at which TNF~/~ mice succumbed (P < 0.05,
Figure 2A). However, at the higher infectious dose of 10°
CFU, both TNF~/~ and mem-TNF mice, but not wild-type
mice, succumbed to infection (P < 0.05, Figure 2B). The
increased resistance of mem-TNF mice correlated with
reduced bacterial burden in the liver of these mice as
compared to TNF~/~ mice after infection with 10* CFU of
LM (P < 0.05, Figure 2C). In mem-TNF mice the CFU
values were slightly higher than in wild-type mice in liver
and spleen (P < 0.05; Figure 2, C and D). Thus, the
bacterial burden in mem-TNF was intermediate from the

values found in wild-type and TNF~/~ mice. The results
indicate that in the absence of soluble TNF, membrane-
bound TNF confers substantial protection to LM infection,
sufficient to control a low-dose but not a high-dose
infection.

Smaller and Confined Hepatic Microabscesses
in Mem-TNF Mice

To gain more insight in the cellular mechanisms of mem-
TNF sustained resistance we next investigated the mor-
phology of liver tissue 3 days after infection. The typical
hepatic microabscesses rich in neutrophils induced by
LM infection were more abundant in mem-TNF mice as
compared to wild-type controls while the microab-
scesses appeared larger with diffuse infiltration and ne-
crotic areas in the liver parenchyma in TNF~/~ mice
(Figure 3, A-F). The number of microabscesses was
increased in mem-TNF and TNF /" livers as compared to
the wild-type controls (Figure 3G). In contrast, the size of
the micro-abscesses increased in TNF~/~ mice but ap-
peared essentially normal in mem-TNF mice (Figure 3H).

Concomitant with the increased size, semiquantitative
immunohistochemistry analysis of liver sections revealed
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Figure 3. Numerous but confined, smaller hepatic microabscesses in mem-TNF mice compared to TNF-deficient mice. A—F: Histological sections of livers showing
small confined microabscesses in mem-TNF and wild-type mice and spreading infection in TNF-deficient mice (TNF KO) (H&E staining). G: Increased number
of microabscesses in mem-TNF and TNF-deficient mice as compared to wild-type controls. *P < 0.05. H: Normal-sized microabscesses in mem-TNF mice as
compared to TNF-deficient mice. Mean diameters = SD (arbitrary units) of abscesses are given. **P < 0.001. Wild-type, mem-TNF, and TNF-deficient mice were
infected with 10> CFU of LM and examined for histology 2 days after infection (7 = 4 mice per group). Original magnifications: X40 (A—C); X100 (D—F).

increased neutrophil (GR1™) and macrophage (F4/80™)
levels in TNF~/~ (Figure 4, G and H) but not in mem-TNF-
infected mice (Figure 4, D and E) compared to wild-type
mice (Figure 4, A and B). The hepatic expression of
iINOS, as assessed by immunostaining,®* was similar in
microabscesses of mem-TNF mice (Figure 4F) as com-
pared to wild-type controls (Figure 4C) but distinctly more
pronounced than in TNF~/~ mice (Figure 4l). Therefore,
the morphological assessment revealed increased leuko-
cyte recruitment in TNF~/~ mice. Membrane TNF expres-
sion allowed a controlled recruitment of neutrophils. The
activation of inflammatory cells seemed more effective in
the liver of membrane TNF-expressing mice as com-
pared to complete TNF deficiency, as illustrated by the
iINOS expression levels.

To follow more closely the systemic effects of LM in-
fection, blood differential leukocyte counts were deter-
mined. An augmented base-line leukocyte count in
TNF~/~ and LT-a/~ mice has been reported before and
may be due to a homing defect,?®*° which is not seen in
mem-TNF mice (data not shown). To normalize the data
we expressed the changes in blood cell counts as per-
centage of the cell counts before infection. LM infection
induced an initial increase (day 1) followed by a de-
crease of neutrophil counts on day 2 after infection (Fig-
ure 5A). This neutropenia was transient in wild-type and
mem-TNF mice and recovered thereafter (data not
shown). Neutropenia was pronounced and sustained in
TNF~/~ mice. Lymphocyte counts were reduced in all
groups at 2 days, in line with published data on massive
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TNF KO

Figure 4. Increased neutrophil recruitment and iNOS expression in hepatic microabscesses from mem-TNF mice. Wild-type, mem-TNF, and TNF-deficient mice
were infected with 107 CFU of LM, and frozen liver sections were immunostained with GR1, F4/80, or NOS2 antibodies, as described in Materials and Methods.
Black arrows point to positive staining in microabscesses. Representative micrographs are shown (7 = 4 mice per group). Original magnifications, X40.

apoptosis of lymphocytes in the spleen. Lymphocyte
numbers partially recovered thereafter in mem-TNF and
wild-type mice but remained very low in TNF~/~ mice
(Figure 5B). Activated lymphocytes, as defined by their
morphology, were found in controls and mem-TNF mice
but absent in TNF~/~ mice (Figure 5C). Therefore, mem-
brane TNF provides protective signals that allow a con-
trolled systemic and hepatic inflammation with a rapid
recovery of blood counts after infection.

T-Cell Response to LM and Protection of TNF-
Deficient Mice by Transfer of Immune T Cells
from Mem-TNF Mice

Because the expression of co-stimulatory molecules was
normal in the complete absence of TNF, we asked
whether TNF-deficient mice infected with the attenuated,
ActA-deficient LM strain were able to mount protective
immunity. First, the T-cell response induced by ActA-
deficient LM infection was tested, on ex vivo restimulation
of splenic T lymphocytes with HKLM and LLO peptide
189-201. T cells from mem-TNF and TNF~/~ mice in-
jected with 10° ActA-deficient LM attenuated strain 7

days before responded with a comparable IFN-y produc-
tion as wild-type mice to restimulation by HKLM or LLO
189-201 (Figure 6A). This response was specific to LM
because no restimulation was obtained with the unrelated
mycobacterium BCG. Therefore, TNF appears not to be
required for an antigen-specific immune response, con-
sistent with previous reports.®'32

We next asked whether membrane TNF expressed on
antigen-specific lymphocytes was sufficient to confer ef-
fective protection in vivo. To this end, TNF~/~ mice re-
ceived splenic lymphocytes (2 X 107 cells, 95% lympho-
cytes) from wild-type, mem-TNF mice, or TNF~/~ mice,
either naive or preinfected for 7 days with ActA-deficient
LM strain (10° CFU). The recipient mice were then chal-
lenged with 10* CFU of virulent LM. Lymphocytes from
ActA-deficient LM-immunized wild-type and mem-TNF
mice, but not TNF~/~ mice (Figure 6A), prevented body
weight loss (data not shown), and the reconstituted
TNF~/~ mice survived the virulent LM infection (P < 0.05,
Figure 6B). The bacterial load in liver and spleen was
tested on transfer of immune lymphocytes in TNF~/~
mice. Three days after infection, CFU levels in liver and
spleen were significantly lower in TNF~/~ mice receiving
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Figure 5. Sustained reduction of circulating neutrophils and lymphocytes in
TNF-deficient, but not mem-TNF, mice after LM infection. Changes of neu-
trophil (A), lymphocyte (B), and activated lymphocyte (C) blood counts after
LM infection are shown as percentage of the preinfection cell counts. Mice
were infected with 107 CFU of LM, and hematological parameters were
determined at days 0 and 1 to 4 (n = 4) using a Technikon H1E analyzer.

an adoptive transfer of lymphocytes from immunized
C57BL/6 or mem-TNF mice (Figure 6, C and D) but not
from immune TNF~/~ mice. Finally, TNF~/~ mice trans-
ferred with immune lymphocytes from wild-type or mem-
TNF mice, but not TNF~/~ mice, had very small hepatic
granulomas compared to TNF~/~ control mice (Figure 7),
indicating that the inflammation and infection were con-
trolled by the adoptive transfer of mem-TNF-expressing
lymphocytes.

The data demonstrate that membrane TNF is able to
control a low-dose LM infection and that adoptive transfer
of immune lymphocytes expressing membrane TNF con-
fers protection in TNF~/~ mice. Despite a normal T-cell
response on vaccination, TNF~/~ mice were not resistant
to LM infection after transfer of immune TNF~/~ lympho-

cytes. Therefore, the transfer experiments indicate that
membrane-expressed TNF is essential to mount protec-
tive immunity in TNF-deficient mice.

Discussion

We report here that membrane TNF plays an important
role in the control of LM infection using a knockin mouse
model in which the endogenous TNF allele was replaced
by a noncleavable membrane TNF.'* The sole expres-
sion of membrane TNF endows macrophages to kill LM in
vitro and confers substantial protection to infection with
LM in vivo. Further, the transfer of immune lymphocytes
from membrane TNF mice confers resistance to LM in-
fection in the absence of secreted TNF.

A critical role of TNF for the effective control and res-
olution of LM infection has been demonstrated previous-
ly.%® Furthermore, TNF derived from hematopoietic cells,
especially macrophages/neutrophils, plays a critical role
in inflammatory reactions®®33 and Listeria infection.®* For
mycobacterial infection a partial protective effect has
been shown by membrane TNF in the same noncleavable
membrane TNF mouse®® and in a different transgenic
mouse model.'® The partial protection generated in
mem-TNF mice could indicate local cell-to-cell TNF sig-
naling by membrane-expressed TNF on T cells or mac-
rophages at the site of infection, leading to a partial
activation of the immune cells. Indeed, for the resistance
to intracellular pathogens TNF must be produced local-
ly,%® whereas exogenous systemically administered TNF
is ineffective.®” Several biological functions of membrane
TNF signaling through both TNFR1 and TNFR2 have
been reported previously in vitro® and in vivo using trans-
genic mice expressing membrane TNF.383° Because
TNFR2~/~ mice are resistant (data not shown) and TNF-
R17/~ mice are highly sensitive to LM infection,>® the
data suggest that membrane TNF signals through
TNF-R1 to confer protection to LM infection. Further,
membrane TNF has been shown to be involved in reverse
(outside-to-inside) signaling. On ligation of the receptor,
mem-TNF-expressing cells are activated to express E-
selectin.*® Thus, membrane TNF in T cells might function
as a bipolar positive regulator of inflammation, either
transmitting signals as a ligand to target cells or receiving
signals through membrane TNF itself into T cells.

Although the exact mechanism of how protection is
acquired through membrane TNF is unclear, membrane
TNF on activated T cells might be sufficient for activation
of macrophages at low-dose infection, resulting in the
up-regulation of NOS2 expression, which is crucial for
bacterial killing.2® However, during high-dose infection,
secreted TNF and distal signaling, especially for leuko-
cyte recruitment, appears to be required for a full protec-
tive host response.

In response to mycobacterial infection, TNF~/~ mice
develop an uncontrolled type 1 immune response with
increased IL-12 and IFN-y production and tissue destruc-
tion.?® The IL-12 overproduction and the spreading of the
microabscesses seen in LM-infected TNF~/~ mice was
abrogated in mem-TNF mice, indicating that the mem-



A B vediom
30 B BCG2X
0O HKLM 200X
25 B LLO 189-201
20 -
g
s
z
=1
10
5 4
0 ,j
B6 imm B6 naive Mem-TNF Mem-TNF TNF KO TNF KO
imm naive imm naive
" P e
80 | 3| B6 imm
= —a&A— B6 naive
= 3
‘_m" 60 —4— TNF KO naive —[- Mem-TNF imm
g 40 —&— TNF KO imm
5 —@- Mem-TNF naive
? 20

0 2 4 6 8 10
Days after infection

CFU per Liver

Membrane TNF in Listeria Infection 1685
AJP December 2005, Vol. 167, No. 6

10°
108 4
¢
‘_
i ¥ 2

106

>$
o
&

10

104

Transfered

B6 B6 Mem-TNF  Mem-TNF TNF KO TNF KO
naive imm naive imm naive imm cell type
D . . ns.
108 r 1 r 1 —
. & o
. + +
¢
5 3 0
5 100
=
3 3
10°
104 i
B6 B6 Mem-TNF  Mem-TNF TNFKO  TNF KO T fered
naive imm naive imm naive imm fans ere
cell type

Figure 6. Enhanced resistance of TNF-deficient mice to virulent LM infection after lymphocyte transfer from immune mem-TNF mice. A: Production of IFN-y on
antigen restimulation of T cells from LM-infected mice, independent of TNF. Splenic T cells from wild-type, mem-TNF, and TNF~/~ mice, either naive or infected
with 10° CFU of ActA-deficient LM strain 7 days before (imm), were restimulated ex vivo with HKLM (200 bacteria per cell) and LLO 189-201 (1 ug/ml) or an
irrelevant antigen (BCG at an MOI of 2): IFN-vy levels were measured in the supernatant at 24 hours by ELISA. Data are expressed as the mean = SD (7 = 3 mice).
B: Enhanced survival of TNF-deficient mice receiving lymphocytes from immune mem-TNF mice. Splenic nonadherent cells (2 X 107) from naive or ActA-deficient
LM-vaccinated C57BL/6, mem-TNF, and TNF-deficient mice (as above) were transferred into TNF~/~ mice 1 hour before intravenous infection with 10* CFU of
LM. Survival was recorded daily (z = 3 naive and n = 6 immune mice; Kaplan-Meier mem-TNF naive versus mem-TNF imm, P < 0.05). C and D: Control of
bacterial growth in TNF-deficient mice by adoptive transfer from immune mem-TNF, but not TNF-deficient, mice. Bacterial load in liver (C) and spleen (D) of
TNF-deficient mice reconstituted with immunized splenic cells as in (B), 3 days after infection with 10* CFU of LM. Bacterial load expressed as CFU per organ,
individual counts from one representative of two experiments are shown (*P < 0.05).

brane form of TNF is sufficient to control LM infection.
However, to what extent an exaggerated type 1 response
may contribute to uncontrolled LM infection in the com-
plete absence of TNF is presently unknown.
Interestingly, mem-TNF and TNF/~ mice develop an
LM-specific T-lymphocyte response as shown on re-
stimulation of splenocytes with HKLM and LLO 189-201,
producing comparable IFN-y production to that of wild-
type mice. Protective immunity to virulent LM after infec-
tion with attenuated strains has been described for TNF-
R17/~ mice®" and MyD88-deficient mice.*' Similarly,
MyD88-deficient mice are able to mount protective re-
sponse to mycobacterial infection on vaccination.*® Us-
ing TNF-deficient mice, we show that the TNF/TNFR1
pathways may not be absolutely necessary to develop
adaptive immunity to LM on infection with an attenuated
strain. This is in line with previous reports showing a
critical role of cell-mediated immunity of CD8 T cells in
controlling infection.®"32 To assess whether membrane-
expressed TNF on lymphocytes could confer protection,
lymphocytes from immunized mice were transferred into
TNF~/~ mice. Splenocytes from mem-TNF mice, but not
TNF~/~ mice, conferred protection. The mice survived
and were able to clear the bacteria from the organs.
Interestingly, TNF-deficient splenocytes, although primed
to LM antigens after vaccination and competent for pro-
ducing IFN-y on ex vivo restimulation, were unable to

confer protection to TNF-deficient mice. It is likely that
aside from the T-cell effector functions, membrane-ex-
pressed TNF on T cells activates macrophages and aug-
ments their bactericidal properties. CD8 T cells contrib-
ute to cell-mediated immunity to LM, as shown previously
by antibody depletion of T-cell subpopulations.*’ There-
fore our data suggest that membrane-expressed TNF on
T cells is sufficient to reconstitute TNF deficiency and
confer host protection.

In summary, we show here for the first time that mem-
brane TNF participates in cell-mediated immunity to LM.
In the absence of secreted TNF, membrane-bound TNF
endows macrophages with enhanced capacity to kill LM.
Protective immunity can be adoptively transferred by im-
mune lymphocytes from vaccinated mem-TNF mice to
naive TNF/~ mice, suggesting that membrane-ex-
pressed TNF on lymphocytes is likely responsible for
protective immune responses. The findings are signifi-
cant, especially in the context of TNF-neutralizing thera-
pies using antibodies or soluble receptors. Such strate-
gies have been recently introduced and are now widely
used in severe inflammatory diseases such as rheuma-
toid arthritis, Crohn’s disease, or psoriasis, in which the
major complications are represented by opportunistic
infections including Listeria and tuberculosis.'®~'® Delin-
eating the respective role of membrane-bound versus
soluble TNF in host response to infection might open new
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Figure 7. Controlled microabscesses in TNF~/~ mice after adoptive transfer of lymphocytes from immune mem-TNF mice, but not TNF~/~ mice. Splenic
nonadherent cells (2 X 107) from naive or vaccinated C57BL/6, mem-TNF, and TNF-deficient mice were injected intravenously into TNF~/~ mice as in Figure 6.
Representative sections of liver microabscesses were examined 3 days after infection with 10* CFU of LM (72 = 4 mice per group, H&E staining). Black arrows
point to microabscesses. Original magnifications, X40.

avenues for better targeted, second generation anti-TNF
therapies that spare the anti-microbial host defense.
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