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CD14 Works with Toll-Like Receptor 2
to Contribute to Recognition and Control
of Listeria monocytogenes Infection

Laure Janot,1,a Thomas Secher,1,a David Torres,1,a Isabelle Maillet,1 Josef Pfeilschifter,2 Valerie F. J. Quesniaux,1

Regine Landmann,3 Bernhard Ryffel,1 and François Erard1

1University of Orléans and Centre National de la Recherche Scientifique Unité Mixte de Recherche (UMR 6218), Orléans, France; 2Pharmacologie,

University of Frankfurt, Germany; 3Zentrum Lehre und Forschung, University Hospitals Basel, Switzerland

Toll-like receptor 2 (TLR2) signaling has been shown to contribute to resistance to Listeria monocytogenes infec-

tion, as TLR2-deficient mice have a heightened susceptibility to infection with this organism. Because CD14 may

associate with TLR2, we investigated the role of CD14 in Listeria responses. In both CD14-deficient and TLR2-

deficient macrophages, nuclear factor kB translocation; CD40 and CD86; and the production of interleukin (IL)–

12, IL-6, tumor necrosis factor, and nitric oxide are reduced. The absence of CD14 augmented susceptibility to

Listeria infection, reduced survival, and diminished bacterial clearance, as observed in TLR2-deficient mice. Com-

pared with C57BL/6 control mice, CD14-deficient mice were observed to have a greater number of hepatic micro-

abscesses containing abundant neutrophils, these abscesses were larger in size, and there was reduced inducible

nitric oxide synthase expression. Further, mice that are both CD14 deficient and TLR2 deficient display suscepti-

bility to infection that is comparable to that of mice deficient in either CD14 or TLR2 alone. Therefore, the present

data demonstrate the role of CD14 and TLR2 in the recognition and control of Listeria infection and host

resistance.

Toll-like receptors (TLRs) recognize a wide range of mi-

crobial pathogens, and their products modulate the in-

nate immune response that may lead to inflammation

and altered host defense [1–3]. We previously reported

that TLR2 signaling can be shown to contribute to resis-

tance to Listeria monocytogenes infection because TLR2-

deficient mice have a higher susceptibility to infection

with this organism [4]. The involvement of the TLR sig-

naling pathwaywas further confirmed by the heightened

susceptibility of myeloid differentiation primary re-

sponse gene (88) (MyD88)–deficient mice [5, 6]. Hav-

ing tested several other TLRs, such as TLR3, TLR4, and

TLR9, by using gene-deficient mice, we concluded that

they play no role in Listeria-induced immune activation

(unpublished data), which emphasizes the role of TLR2

in the immune response to Listeria. Because TLR2 may

associate with other membrane receptors for pathogen

recognition, we asked whether CD14 might contribute

to the TLR2-mediated response to Listeria.

Together with TLR4 and MD2, CD14 is critical for

the recognition of lipopolysaccharide (LPS) and/or

endotoxin from gram-negative bacteria by different

host cells that initiate cell activation and the release

of proinflammatory cytokines [7, 8]. CD14 is not

an obligatory coreceptor of TLR4. Indeed, in LPS-

induced, TLR4-mediated acute lung injury, CD14

is required in response to low doses of LPS but is less

critical at higher doses of LPS [9]. CD14 may par-

ticipate in MyD88-independent, Toll/interleukin-1

receptor (TIR) domain-containing adaptor inducing

interferon-b–mediated and/or TIR domain-containing

adaptor inducing interferon-b–related adaptor mole-

cule–mediated signalling of rough LPS or lipid A [10].

CD14 is also involved in corecognition by TLR2 of var-

ious TLR ligands, such as peptidoglycan from Staphylo-

coccus aureus and Streptococcus pneumonia [11] and hu-
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man cytomegalovirus [12], and secreted microbial products

from group B Streptococcus [13]; lipoteichoic acid–induced cell

activation also depends on CD14 [14]. By using neutralizing an-

tibodies to CD14 in TLR2-transfected CHO cells, the induction

of tumor necrosis factor (TNF) production by killed L. monocy-

togenes was shown to depend, in part, on CD14 associated with

TLR2 [15]. Typically, this is the case for the synthetic bacterial

lipopeptide Pam3CSK4, signaling through heterodimers of

TLR2 and TLR1, whereas diacylated Pam2CSK4, MALP2 or zy-

mosan that signal throughTLR2 and/or TLR6 require CD14 [10,

16]. CD14 may, however, participate to a lesser extent in signal-

lingmediated by the TLR2-TLR6 complex than in signallingme-

diated by TLR4, because the TLR2-TLR6 complex was also

shown to associate with CD36 [17]. Recently, activation of TLR3

has been shown to be enhanced by CD14, and an association of

TLR3 and CD14 with the activating ligand has been demon-

strated [18]. However, several TLR ligands recognize and acti-

vate cells independently of CD14.

In this study, we investigated whether CD14 participates in

the host response to Listeria infection. There are a number of

reasons to think that this is the case. First, CD14-deficient mac-

rophages have a reduced proinflammatory response and re-

duced nitric oxide (NO) production. Second, CD14-deficient

mice display diminished resistance to intravenous Listeria infec-

tion, similar to TLR2-deficient mice, and mice that are both

TLR2 deficient and CD14 deficient are no more susceptible than

mice deficient in either gene alone. Finally a role for TLR4 is

excluded in this response. Therefore, the data suggest that CD14

is acting together with TLR2 to mount an efficient innate im-

mune response to Listeria.

METHODS

Mice and infection. Mice 8–12 weeks old that were CD14

deficient (obtained from M.W Freeman [19]), TLR4 deficient

[20], TLR2 deficient [21], TLR2 deficient and CD14 deficient

(obtained from R. Landmann), or MyD88 deficient [22] and

C57BL/6 control mice were used in this study. All mice were

backcrossed for 10 generations onto the C57BL/6 background

and bred under specific pathogen-free conditions at the Trans-

genose Institute (Centre National de la Recherche Scientifique).

The animal experiments complied with the French govern-

ment’s ethical and animal experiment regulations. L. monocyto-

genes (L028 strain; Pasteur Institute) was cultured in LPS-free

trypticase soy broth (soybean casein digest medium; Biovalley)

and was aliquoted and stored in 30% glycerol at 280°C until

use [4].

CD14-deficient mice, TLR2-deficient might, TLR4-deficient

mice, CD14-deficient and TLR2-deficient mice, MyD88-

deficient mice, and C57BL/6 control mice were injected in the

caudal vein with 3 3 104 colony-forming units (cfu) per mouse.

On days 2 and 3, livers and spleens were harvested. The organs

were homogenized by use of a disposable homogenization sys-

tem (Dispomix; Medictools AG), and the number of viable bac-

teria (colony-forming units) in the homogenates was deter-

mined by plating serial dilutions on trypticase soy broth agar

plates (Biovalley) incubated at 37°C for 24 h as described else-

where [4].

Primary macrophage culture. Murine bone marrow cells

were isolated from femurs and differentiated into macrophages

after culturing 106 cells/mL for 7 days in Dulbecco’s modified

Eagle medium (DMEM) (Sigma) supplemented with 20% horse

serum and 30% L929 cell-conditioned medium (as a source of

macrophage colony-stimulating factor) [23]. Three days after

washing and reculturing in fresh medium, the cell prepara-

tion contained a homogenous population of macrophages

(.97% CD11b1 cells). Bone marrow–derived macrophages

(BMDMs)were plated in 96-wellmicrotiter culture plates (at 105

cells/well) by using serum-free DMEM (free of sCD14 and

lipopolysaccharide-binding protein) with 100 U of interferon

(IFN) g and stimulated with LPS (LPS of Escherichia coli, sero-

type O111:B4 [Sigma], at 100 ng/mL), and L. monocytogenes (at

MOI 1:2, e.g., 2 3 106 cfu/mL). The viability of the macro-

phages as tested by trypan blue exclusion was not affected. After

6 h and 18 h of stimulation, the supernatants were harvested for

cytokine determination.

Cytokine and nitric oxide (NO) determination. TNF, in-

terleukin (IL)–12p40, or IL-6 were quantified in cell-free super-

natants from cell culture by use of commercial ELISA with a

detection limit of 5 pg/mL (Duoset; R&D Systems). Nitrite

(NO22; derived from NO breakdown) concentrations in super-

natants from macrophages were determined by use of Griess

reagent (1% sulphanilamide in 2.5%phosphoric acid, 0.1%n-1-

napthylethylenediamide dichloric in 2.5% phosphoric acid [24].

After 30 min incubation at room temperature under agitation,

the absorbance at 540 nm was measured. NO22 was quantified

using sodium nitrite (NaNO2) as a standard.

Microscopic evaluation of liver tissue. Livers were fixed in

10% buffered formalin (Shandon). Tissues were dehydrated in

ethanol and embedded in paraffin. Sections (3 mm)were cut and

stained with haematoxylin and eosin for evaluation of patho-

logic changes. The number of microabscesses was quantified by

counting in 20 microscopic fields at 1003 magnification. The

diameter of microabscesses was evaluated at 4003 magnifica-

tion by using an ocular grid, and 50 microabscesses were mea-

sured by 2 independent observers [4].

NO synthase type 2 (NOS2) expression in paraffin-embedded

sections of liver tissue. Paraffin-blocked tissue slides were rehy-

drated through xylene, 100% ethanol, 96% ethanol, and 70% etha-

nol to water. To unmask epitopes, sections were placed in citrate

buffer, heated for 10min in amicrowave oven, andfixed for 10min

in acetone. Endogenous peroxidase activity was blocked by 1%
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H2O2 inmethanol for 30min, and endogenous biotin was blocked.

Slides were incubated for 2 h at room temperature with the rabbit

anti–mouse inducible nitric oxide synthase (NOS2) primary anti-

body (1:1000 dilution; supplied by J. Pfeilschifter), followed by in-

cubation with biotinylated goat anti–rabbit antibody and revealed

by use of the ABC Vector Kit for 30 min. Slides were washed and

incubated for 10min in fresh diaminobenzidine substrate. Sections

were incubated for 2 min in 1% CuSO4, counterstained with

haematoxylin, dehydrated through 70% ethanol, 96% ethanol,

100% ethanol to xylene and mounted in Eukitt (O.Kindler) for

semiquantitative analysis by light microscopy.

Flow cytometry analysis of macrophages and cells obtained

from liver tissue. After stimulation, macrophages were har-

vested, washed once in PBS that contained 0.5% bovine serum

albumin (BSA), and incubated on ice at 105 cells/50 mL with

primary antibodies (anti–CD40-PE [clone 3/23], anti–CD86–

fluorescein isothiocyanate [FITC] [clone GL1], and anti–

CD11b-PerCP Cy5.5 [clone M1/70]) for 20 min in the dark. All

Figure 1. CD14-dependent production of proinflammatory cytokines in Listeria monocytogenes (LM)–infected bone marrow–derived macrophages (BMDMs).

BMDMs from C57BL/6 control mice(black bars) and CD14-deficient (2/2) mice (white bars) were unstimulated (medium) or stimulated for 18 h with live L.

monocytogenes (MOI, 1:2 [as described in the Methods section]) or lipopolysaccharide (LPS) (100 ng/mL). The concentrations of interleukin (IL)–12p40 (A), IL6

(B), tumor necrosis factor (TNF) (C) and nitric oxide (NO) (D) in the supernatant were determined by ELISA (for IL-12p40, IL-6, and TNF) and by the Griess method

(for NO). Graphs show results of 1 experiment representative of 2 independent experiments, expressed as mean 6 SD (*P , .05, ***P , .001). E,

Bacteriocidal activity of macrophages from CD142/2 mice and C57BL/6 control mice assessed in vitro, as described in the Methods section. Graph

shows results of 1 experiment representative of 2 independent experiments; number of viable bacilli are expressed as mean 6 SD (n 5 4). 2/2,

deficient; ND, not detectable.
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antibodies were obtained from BD Pharmingen. After washing

with PBS that contained 0.5% BSA, cells were analyzed on a

Becton Dickinson LSR analyzer.

For the flow cytometric analysis of inflammatory cells in the

liver, mice were euthanized and the organs perfused with saline.

Spleens and livers were minced with scissors, pressed through a

nylon filter, resuspended in Percoll 33% gradient, and centri-

fuged at 1000 g for 20 min. Erythrocytes in the pellet were lysed

with 155 mmol/L NH4Cl, 10 mmol/L NaHCO3, and 0.1 mmol/L

EDTA for 5 min on ice. Finally, the cells were resuspended in

PBS that contained 0.5% BSA for fluorescence-activated cell

sorter analysis using the protocol and antibodies described

above.

Nuclear translocation of nuclear factor kB (NF-kB) in

macrophages. BMDMswere grown onmicroscopic slides in the

presence of 10U IFNg overnight and then incubatedwith L. mono-

cytogenes (MOI, 1:2) for 1h ,washedwithPBS, and thenfixed in 4%

paraformaldehyde and permeabilized with 0.5% Triton X-100.

Macrophages were incubated with goat anti–murine NF-kBp65

mAb for 1 h at room temperature, washed and incubated with

swine anti–goat IgG FITC (Sigma). The nuclear translocation of

NF-kB was assessed by fluorescence microscopy and 200 cells per

group were counted. The nuclear translocation was confirmed and

documented by confocal microscopy (Leica SP2).

Macrophage killing assay. The bactericidal activity of mac-

rophages was determined as described elsewhere [25]. In brief,

cells were plated in 24-well tissue culture plates (106 cells/well) in

the presence of 100 U IFNg overnight and then exposed to L.

monocytogenes (MOI, 1:2 [e.g., 106 cells/mL per 2 3 106 cfu/

mL]). After 30 min incubation at 37°C, gentamycin (10mg/mL)

was added, and the cells were harvested immediately or after

incubation periods of 1.5 h, 3 h, and 5 h and washed 3 times

(each wash was with 1 mL of DMEM that contained 10% fetal

calf serum). The supernatant was plated at 10-fold dilutions on

trypticase soy broth (Biovalley), as described above. The plates

were incubated at 37°C, and the number of colony-forming

units was enumerated after 24 h.

Statistical analysis. The statistical evaluation of differences

between the experimental groups was performed by the use of

the log rank test for survival studies and the Student’s t test.

Figure 2. Reduced resistance of CD14-deficient (2/2) mice infected with Listeria monocytogenes. We injected 3 3 104 colony-forming units of

Listeria intravenously into CD142/2 mice (A), TLR22/2 mice (B), TLR42/2 mice (C), CD142/2 and TLR22/2 mice (D), and MyD882/2 mice (E).

Survival rates were compared to that of C57BL/6-infected control mice during a 10-day period (for 6 mice per group). Graphs show results from 1

experiment representative of 2 independent experiments (*P , .05, **P , .01, determined by log rank test).
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RESULTS

Reduced production of IL-12p40, IL-6, TNF, and NO in

CD14 – deficient macrophages stimulated by Listeria. To

characterize the role of CD14 for proinflammatory cytokine

production in response to L. monocytogenes, primary bone mar-

row–derived macrophages from CD14-deficient mice and

C57BL/6 control mice were stimulated with L. monocytogenes.

The production of IL-12p40, IL-6, and, to a lesser extent, TNF

was significantly reduced after L. monocytogenes activation of

CD14-deficient macrophages at 6 h (not shown) and 18 h (fig-

ures 1A–1C), compared with cells from control mice, without

affecting the cells’ viability. As expected, the cytokine responses

to low doses of LPS were abrogated in CD14-deficient macro-

phages (figure 1), as was also seen in TLR4-deficient macro-

phages (not shown). A similar reduction in cytokine production

in response to L. monocytogenes infection is seen in TLR2-

deficient and MyD88-deficient macrophages, as reported else-

where [4].To explore the potential mechanisms of a bactericidal

effect, we measured NO production. Macrophages from CD14-

deficientmice produced less NO in response to L. monocytogenes

infection, compared with macrophages from control mice (fig-

ure 1D) (P , .05). Despite diminished NO production, there

was no significant reduction of bacterial killing by macrophages

from CD14-deficient mice (figure 1E) (P . .05).

Therefore, the data suggest that CD14 is involved in L. mono-

cytogenes–induced macrophage activation. In view of the re-

duced proinflammatory cytokine and NO production, we hy-

pothesized that host resistance to infectionwith this intracellular

pathogen may be diminished in CD14-deficient mice.

Reduced resistance and bacterial clearance in Listeria-

infected, CD14-deficient mice. Because L. monocytogenes

activates macrophages in a CD14-dependent and TLR2-

dependent manner, we asked whether the CD14 engagement

contributes to TLR2-dependent resistance to an in vivo L. mono-

cytogenes infection. We compared the resistance of C57BL/6

control mice and CD14-deficient mice to a systemic injection of

L. monocytogenes. Intravenous infection with 3 3 104 cfu per

mouse caused death in 60% of CD14-deficient mice within 5

days, whereas all control mice survived (figure 2A). TLR2-

deficient mice display a similar susceptibility to infection,

whereas TLR4-deficient mice are resistant (figures 2B and 2C).

To test whether therewas an additive effect when bothCD14 and

TLR2 genes were inactivated, we used mice that were both CD14

deficient and TLR2 deficient; their susceptibility to L. monocy-

togenes infectionwas comparable to that of single gene–deficient

mice (figure 2D). In contrast, we confirm that MyD88-deficient

mice are highly sensitive to L. monocytogenes infection (figure

2E), as we reported before [6]. Therefore, these data clearly show

that CD14-deficient mice have heightened susceptibility to L.

monocytogenes infection.

In view of their increased sensitivity to infection with this or-

ganism, we asked whether the rate of bacterial clearance might

be reduced in CD14-deficient mice. The bacterial load in spleen

and liver tissue from control and CD14-deficient mice that had

been infected with 3 3 104 cfu of L. monocytogenes per mouse

was analyzed. Three days after infection, CD14-deficient mice

displayed ;2 log higher levels of colony-forming units in the

liver and 1 log higher levels in the spleen, compared with wild-

type control mice, and MyD88-deficient mice had significantly

higher levels than control mice (figures 3A and 3B). TLR2-

deficient mice and mice deficient in both CD14 and TLR2 dis-

played an increase in the number of viable bacteria in the liver

and spleen that was comparable to that seen in mice that lacked

CD14 expression alone, without evidence of an additive effect

(figure 3). Therefore, reduced host resistance in the absence of

CD14 and/or TLR2 is associated with a significant increase of

bacilli in the liver. As consequence of the higher bacterial load,

augmented inflammation with an increased number of hepatic

microabscesses was expected.

Augmented hepatic inflammatory response in Listeria-

infected, CD14-deficient mice. Microscopic examination of

liver tissue at low magnification revealed distinct differences in

Figure 3. Reduced rate of bacterial clearance from the liver and

spleen of CD14-deficient mice infected with Listeria monocytogenes.

Bacterial load in the liver (A) and spleen (B) of CD14-deficient (2/2)

mice, TLR22/2 mice, CD14 2/2 and TLR22/2 mice, TLR42/2 mice,

MyD882/2 mice, and C57BL/6 control mice 3 days after infection with

3 3 104 colony-forming units of L. monocytogenes (4 per group). Each

symbol indicates the liver or spleen of 1 mouse. Results are from 1

experiment representative for 2 independent experiments and are ex-

pressed as mean 6 SD (*P , .05, **P , .01. NS, not significant.
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the hepatic microabscesses observed in CD14-deficient mice,

compared with those observed in C57BL/6 control mice (figure

4A) 3 days after infection. The hepatic microabscesses in CD14-

deficient mice were generally larger, less confined, and partially

confluent. The number of abscesses was significantly increased

in CD14-deficient mice (figure 4B). Moreover, the microab-

scesses in these mice had less-defined boundaries, contained

more abundant neutrophils and necrotic tissue (figure 4C), and

were larger (figure 4D), comparedwith the abscesses observed in

control mice. Further, as an indicator of reduced phagocyte ac-

tivation and bactericidal activity in vivo, NOS2 expression in

infected liver tissue was clearly reduced in CD14-deficient mice,

compared with control mice (figure 4E). Therefore, the absence

of CD14 is associated with reduced NOS2 expression, enhanced

neutrophil recruitment, and formation of large microabscesses

in the liver.

Flow cytometric analysis of the inflammatory cells in the liver

at 2 days after infection, when the bacterial loads are comparable

between the experimental groups (data not shown), revealed de-

creased expression of CD40 by CD11b1 cells from CD14-

deficient mice, compared with cells from C57BL/6 control mice,

which suggested reduced activation of monocytes and/or mac-

rophages in the liver (figure 5). In contrast, the number of Gr11

neutrophils is slightly increased at the same time point (not

shown), as shown by microscopic examination of the tissue sec-

tions.

CD14- and TLR2-dependent activation of NF-kB and co-

stimulatory molecules. To further dissect potential crosstalk

between the TLR2 and CD14 receptor pathways, we assessed the

translocation of cytosolic NF-kB into the nucleus in BMDMs at

several time points after L. monocytogenes infection. Although

uninfected macrophages from control mice did not show any

significant nuclear staining, incubation with L. monocytogenes

induced rapid nuclear translocation of NF-kB in macrophages

from C57BL/6 mice, which reached a maximum at 1 h with 64%

of macrophages showing nuclear staining. In contrast, nuclear

Figure 4. More abundant and larger hepatic microabscesses observed in CD14-deficient (2/2) mice. C57BL/6 and CD142/2 mice were infected

with 3 3 104 colony-forming units of Listeria monocytogenes and liver tissue was histologically examined 3 days after infection (4 mice per group).

Sections of liver tissue showing small, confined microabscesses in wild-type mice and spreading infection in CD142/2 mice (A) (hematoxylin and eosin

staining, 3100). Increased numbers of microabscesses in CD142/2 mice, compared with C57BL/6 controls (B). Histological sections of liver tissue

showing small, confined microabscesses in wild-type mice and spreading infection in CD142/2 mice (C) (hematoxylin and eosin staining, 3400). D,

Mean diameter of microabscesses in millimeters. Graphs show results from 1 experiment representative of 2 independent experiments expressed as

mean 6 SD (*P , .05, **P , .01). E, Reduced expression of inducible nitric oxide synthase in the liver of CD142/2 mice. Immunostaining was

performed at 3 days after infection in C57BL/6 control mice and CD142/2 mice by immunohistochemical analysis (3100 and 3400) (n 5 4).
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translocation was absent in macrophages from CD14-

deficient or TLR2-deficient mice after L. monocytogenes infec-

tion (figure 6A). Therefore, L. monocytogenes induced NF-kB

activation through CD14 and TLR2 with similar kinetics and

magnitude. Further, reduced NF-kB activation was found

to be associated with diminished upregulation of CD40 and

CD86 expression in macrophages from CD14-deficient mice

and TLR2-deficient mice infected with L. monocytogenes,

compared with macrophages from control mice (figure 6B).

Therefore, both NF-kB and costimulatory molecule expres-

sion are reduced to a similar extent in macrophages from

CD14-deficient mice or TLR2-deficient mice. The data

suggest that CD14 and TLR2 sense molecular patterns

expressed by L. monocytogenes in concert. Reduced macro-

phage activation, cytokine production, and NO production

may explain reduced in vivo host responses with dimin-

ished rates of bacterial clearance and enhanced inflamma-

tion observed in CD14-deficient mice and TLR2-deficient

mice.

DISCUSSION

The present data demonstrate for the first time, to our knowl-

edge, that CD14-deficient mice have an increased sensitivity to

L. monocytogenes infection with reduced survival rates due to

impaired activation and killing of phagocytes that results in re-

duced rates of bacterial clearance and augmented inflammatory

pathology. In fact, in macrophages stimulated by L. monocyto-

genes, the production of IL-12p40, IL-6, NO, and, to a lesser

extent, TNF that depends in part on TLR2 signaling, but not on

TLR4 signaling, is reduced. These results are in agreement with

those of Flo et al., who demonstrated that CD14 neutralization

reduced TNF production in TLR2-transfected CHO cells acti-

vated by heat killed L. monocytogenes [15]. In the present study,

we show that cytokine and NO production by primary macro-

phages stimulated with live L. monocytogenes is dependent on

CD14 and TLR2 [4]. In addition, the nuclear translocation of

NF-kB and expression of the costimulatorymolecules CD40 and

CD86 are diminished in the absence of either of CD14 or TLR2.

In conformity with our results, reduced cytokine production in

macrophages from TLR2-deficient mice has been shown [26]

and reduced serum levels of IFNg, TNF, and IL-12 have been

reported in these mice [5]. Furthermore, we extend this obser-

vation and demonstrate a role for CD14 in in vivo Listeria infec-

tion. Reduced resistance to Listeria infection is seen in both

CD14-deficient and TLR2-deficient mice. Moreover, mice defi-

cient in CD14 or TLR2 alone and mice deficient in both CD14

and TLR2 display comparable reduction in host resistance, with

increased of bacterial load and enhanced acute hepatic inflam-

mation. The discrepancy between the susceptibility reported

previously in TLR2-deficient mice [6, 27] and our data here may

be explained by different routes of infection (intraperitoneal

versus intravenous), the number of backcrosses of the mice, and

the strains of Listeria used.

The involvement of CD14 agrees well with our unpublished

data that suggest L. monocytogenes signals through TLR2-TLR6

complexes. Indeed, ligands of TLR2-TLR6heterodimers, such as

Pam2CSK4, MALP2 or zymosan, seem to require CD14,

whereas ligands of TLR2-TLR1 heterodimers, such as

Pam3CSK4, bind and signal independently of CD14 [1, 28, 29].

It should be emphasized that the MyD88-deficient mice are dis-

tinctly more susceptible to L. monocytogenes infection than

TLR2-deficient or CD14-deficient mice (figure 2D). Previously,

a high sensitivity to Listeria infection was reported for MyD88-

deficient mice, but interestingly, an adaptive immune response

with protective immunitywas obtained in the absence ofMyD88

[30].MyD88 is further involved in crosstalkwith other pathways

such as the focal adhesion kinase [31] that may play a role in the

Figure 5. CD14-dependent recruitment and activation of macrophages

in the liver. CD14-deficient mice and control mice were infected with

3 3 104 colony-forming units of Listeria monocytogenes, and mononu-

clear cells from the liver were isolated 2 days after infection (4 mice per

group). The cells were stained with CD11b and CD40 and analyzed by

flow cytometry. Numbers are the percentage of double-positive cells in

the mononuclear cell population. Graphs show results from 1 experiment

that are representative of 2 independent experiments, expressed as mean

6 SD (n 5 2).
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process of spreading Listeria infection. CD14 has so far not been

reported to be involved in receptor complexes other than TLR4

and TLR2, with the exception of TLR3. A TLR3 ligand poly-

inositine-cytosine analogue has been shown to activate antigen-

presenting cells in a TLR3- CD14 dependent manner, and a

ligand- TLR3-CD14 complex has been demonstrated [18].

CD14 seems to be involved in regulating neutrophil influx,

because CD14-deficient mice show increased expression of

CXCR2, MIP2, and neutrophil transmigration in pneumococcal

infection [32], whereas neutrophil migration was delayed in

CD14-deficient mice early after peritoneal infection with Salmo-

nella, acting through TLR4 [33]. Here, neutrophil recruitment

Figure 6. CD14-dependent nuclear factor kB (NF-kB) translocation and upregulation of CD40 and CD86 expression in Listeria monocytogenes

(LM)–infected bone marrow–derived macrophages (BMDMs). NF-kB translocation in L. monocytogenes–infected macrophages (A). BMDMs from

C57BL/6 mice and CD14-deficient mice were stimulated for 1h with L. monocytogenes (MOI, 1:2), and NF-kB staining was assessed. A quantitative

evaluation of the percentage of cells showing NF-kB translocation is presented here as a bar graph. Reduced upregulation of CD40 and CD86 expression

(B) in CD14-deficient macrophages after L. monocytogenes or lipopolysaccharide (LPS) stimulation (2 mice per group). Graphs show results from 1

experiment representative of 3 independent experiments. Counts represent the relative cell number. MFI, mean fluorescence intensity.
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after L. monocytogenes infection is enhanced, resulting in large,

diffusemicroabscesses in the liver of CD14-deficientmice.How-

ever, the data suggest that macrophages and neutrophils from

CD14-deficient mice and TLR2-deficient mice may be less effec-

tive in killing in vivo, as indicated by reduced iNOS expression in

the liver, although the macrophage mediated killing was not re-

duced in vitro. Reactive nitrogen is a key bactericidalmechanism

for mycobacteria [34] and Listeria [35]. However, the killing of

Listeria is further supported by reactive oxygen produced by

phagocytes oxidase (pg91phox). In fact, mice that are double-

deficient for pg91phox and NOS2 are more susceptible to Listeria

infection [35] than single-deficient mice, but the existence of

alternative mechanisms of killing is discussed [36].

Although we showed reduced resistance in TLR2-deficient

mice [5, 6] and CD14-deficient mice, the dramatically height-

ened susceptibility of MyD88-deficient mice that has bee de-

scribed before [5, 6] cannot be solely ascribed to defective TLR

sensing of L. monocytogenes. We have tested most of the TLRs by

using single-gene deficient mice (data not shown), suggesting

that TLR2-CD14 may contribute to this heightened susceptibil-

ity, along with other non-TLR pathogen recognition receptors

on the membrane, which are yet to be identified.

Previous investigations demonstrated the induction of

MCP-1 in macrophages by L. monocytogenes and CCR2-

dependent recruitment and activation of monocytes [27]. The

induction of MCP-1 was found to be MyD88-dependent and

TLR2-independent. Edelson et al. [6] offer data that reinforce

the MyD88-dependent control of L. monocytogenes infection,

suggesting a contribution by IL-1 and IL-18 receptor pathways,

which depend on TLR signaling on the MyD88 adapter protein.

This hypothesis is further reinforced by reduced IL-1 production

in L. monocytogenes–infected, ASC-deficient macrophages [26].

Therefore, TLR2-CD14 and additional, undefined pattern rec-

ognition receptors induce IL-1 and IL-18, which are required,

together with IFNg, IL-1, and TNF, to control L. monocytogenes

infection. However, a recent report demonstrated that IL-1 sig-

naling is dispensable for the control of systemic Listeria infec-

tion, but required to control cerebral listeriosis [37].

In conclusion, Listeria activates macrophages in vitro in a

CD14-dependent and/or TLR2-dependent manner. CD14 ex-

pression is required for host resistance to L. monocytogenes in-

fection in vivo; reducedCD14 expression results in bacterial per-

sistence, reduced NOS2 expression in the liver, and heightened

mortality. However, there is no additive effect with TLR2; mice

deficient in both CD14 and TLR2 have comparably heightened

susceptibility to Listeria infection.
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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

(TNF2/2) succumbed to LM infection within 4 days,

mem-TNF mice controlled LM infection at a low dose

(104 CFU) but succumbed at a higher dose of infection

(105 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 TNF2/2, mice protected TNF2/2 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 Pathol 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)-g, interleukin (IL)-12,

and tumor necrosis factor (TNF).1 A critical role for TNF in

anti-LM defense is inferred from neutralization and gene

deletion experiments in mice.2,3 In addition, the TNF-

related cytokines lymphotoxin (LT)-a and LT-b are also

required to control LM infection.4 Both secreted TNF and

LT-a signal through p55 and p75 TNF receptors (TNFR1

and TNFR2, respectively). The cell-bound LT-ab hetero-

trimers recognize the LT-bR. TNF-R1 signaling appears

to be critical for the control of LM infection2,3 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.5 TNF is first produced

as an integral membrane protein and is subsequently

cleaved by the metalloproteinase-disintegrin TACE

(TNF-a converting enzyme)6,7 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.8–10 The transgenic overexpression of membrane

TNF has demonstrated an in vivo role in the control of LM

and mycobacterial infection.11–13 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 D1-9, 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.14

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.15–18 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

TNF2/2 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,14 TNF2/2,19 and C57BL/6 control mice were

bred in our specific pathogen-free animal facility at the

Centre National de la Recherche Scientifique. Mem-TNF

mice were generated on a C57BL/6 background while

TNF2/2 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 L028 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 280°C

at a concentration of 5 3 109 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 106

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.20,21 Seven days after washing and reculturing in

fresh medium, the cell preparation consisted of a homog-

enous population of macrophages (.97% CD11b1

cells). Alternatively, murine bone marrow cells were dif-

ferentiated into myeloid dendritic cells (.98% CD11c1

cells) after culturing at 2 3 105 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.22

Bone marrow-derived macrophages (BMDMs) and

dendritic cells were plated in 96-well microculture plates

(at 105 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 mg/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-g 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.23

Flow Cytometry

After stimulation, macrophages were harvested, washed

once in PBS containing 0.5% bovine serum albumin

(PBS/BSA), and incubated on ice at 105 cells/50 ml with

2% mouse serum for 20 minutes. After centrifugation (10

minutes at 200 3 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
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washing with PBS/BSA, cells were analyzed on a Becton

Dickinson LSR analyzer.

Mouse Infection, Vaccination, and Transfer of

Splenic T Cells

Infection

Mice were injected intravenously in the caudal vein

with 104 or 105 CFU of LM per mouse as described

before.21 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,

TNF2/2, and mem-TNF mice 7 days after injection of 106

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-g levels by ELISA. For the cell transfer, 2 3 107

nonadherent cells (.95% lymphocytes with 65% CD31 T

cells) in 200 ml were injected intravenously into TNF2/2

recipient mice, followed 1 hour later by intravenous injec-

tion of LM at 104 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

mm) 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 3100 magnification. The size of

microabscesses was assessed by measuring the diam-

eter of 20 randomly selected micro-abscesses per

mouse at 3400 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 280°C as described before.24 The

frozen tissues were cut at 5-mm thickness on a cryostat

(Leica, Nussloch, Germany), air-dried, and stored at

280°C. Before use the sections were fixed in acetone (10

minutes at 4°C), and endogenous peroxidase activity

was blocked using methanol with 1% H2O2 (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

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).25 Af-

ter a 30-minute incubation at room temperature under

agitation, the absorbance at 540 nm was measured

(NO2
2 was quantified using NaNO2 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 TNF2/2 mice using the

sensitive WEHI bioassay (Figure 1A), in agreement with

the original report.14 To confirm that mem-TNF knockin

mice do not secrete TNF in vivo, mice were injected

intraperitoneally with 100 mg 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 TNF2/2 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 TNF2/2 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,26,27 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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then asked whether mem-TNF macrophages retained an

augmented IL-12p40 response comparable to TNF2/2

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.26,27

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 TNF2/2 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

TNF2/2 macrophages (data not shown).

Taken together, these observations confirm the ab-

sence of functional soluble TNF in mem-TNF mice14 and

imply that membrane-bound TNF can substitute soluble

TNF in some of its functions: macrophages from mem-

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 TNF2/2 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 6 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 105 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 TNF2/2 macrophages. Results expressed as CFU per 2 3 105

macrophages at 3 hours after infection showed no significant differences. Data are given as the mean 6 SD (n 5 2 mice with duplicate CFU analysis per group)
and are from one representative experiment of two independent experiments.
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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 TNF2/2 Mice

A critical role for TNF has been shown in the control of LM

infection.2,3 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 (104 CFU) because mem-TNF mice survived

a dose at which TNF2/2 mice succumbed (P , 0.05,

Figure 2A). However, at the higher infectious dose of 105

CFU, both TNF2/2 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 TNF2/2 mice after infection with 104 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 TNF2/2 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 TNF2/2 mice

(Figure 3, A–F). The number of microabscesses was

increased in mem-TNF and TNF2/2 livers as compared to

the wild-type controls (Figure 3G). In contrast, the size of

the micro-abscesses increased in TNF2/2 mice but ap-

peared essentially normal in mem-TNF mice (Figure 3H).

Concomitant with the increased size, semiquantitative

immunohistochemistry analysis of liver sections revealed

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
104 CFU (A, n 5 4 mice; Kaplan-Meier B6 versus TNF KO, P , 0.01; mem-TNF versus TNF KO, P , 0.01) or at 105 CFU (B, n 5 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, TNF2/2 mice (KO), and wild-type (B6) mice 3
days after infection with 104 CFU. Each group comprised four to six mice; mean values 6 SD are given. *P, 0.05, **P, 0.01. The results are from one experiment
representative of two independent experiments.
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increased neutrophil (GR11) and macrophage (F4/801)

levels in TNF2/2 (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

iNOS, as assessed by immunostaining,24 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 TNF2/2 mice (Figure 4I). Therefore,

the morphological assessment revealed increased leuko-

cyte recruitment in TNF2/2 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

iNOS 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

TNF2/2 and LT-a2/2 mice has been reported before and

may be due to a homing defect,29,30 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

TNF2/2 mice. Lymphocyte counts were reduced in all

groups at 2 days, in line with published data on massive

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 6 SD (arbitrary units) of abscesses are given. ***P , 0.001. Wild-type, mem-TNF, and TNF-deficient mice were
infected with 105 CFU of LM and examined for histology 2 days after infection (n 5 4 mice per group). Original magnifications: 340 (A–C); 3100 (D–F).
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apoptosis of lymphocytes in the spleen. Lymphocyte

numbers partially recovered thereafter in mem-TNF and

wild-type mice but remained very low in TNF2/2 mice

(Figure 5B). Activated lymphocytes, as defined by their

morphology, were found in controls and mem-TNF mice

but absent in TNF2/2 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 TNF2/2 mice in-

jected with 106 ActA-deficient LM attenuated strain 7

days before responded with a comparable IFN-g 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.31,32

We next asked whether membrane TNF expressed on

antigen-specific lymphocytes was sufficient to confer ef-

fective protection in vivo. To this end, TNF2/2 mice re-

ceived splenic lymphocytes (2 3 107 cells, 95% lympho-

cytes) from wild-type, mem-TNF mice, or TNF2/2 mice,

either naı̈ve or preinfected for 7 days with ActA-deficient

LM strain (106 CFU). The recipient mice were then chal-

lenged with 104 CFU of virulent LM. Lymphocytes from

ActA-deficient LM-immunized wild-type and mem-TNF

mice, but not TNF2/2 mice (Figure 6A), prevented body

weight loss (data not shown), and the reconstituted

TNF2/2 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 TNF2/2

mice. Three days after infection, CFU levels in liver and

spleen were significantly lower in TNF2/2 mice receiving

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 104 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 (n 5 4 mice per group). Original magnifications, 340.
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an adoptive transfer of lymphocytes from immunized

C57BL/6 or mem-TNF mice (Figure 6, C and D) but not

from immune TNF2/2 mice. Finally, TNF2/2 mice trans-

ferred with immune lymphocytes from wild-type or mem-

TNF mice, but not TNF2/2 mice, had very small hepatic

granulomas compared to TNF2/2 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 TNF2/2 mice. Despite a normal T-cell

response on vaccination, TNF2/2 mice were not resistant

to LM infection after transfer of immune TNF2/2 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.14 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.2,3 Furthermore, TNF derived from hematopoietic cells,

especially macrophages/neutrophils, plays a critical role

in inflammatory reactions20,33 and Listeria infection.34 For

mycobacterial infection a partial protective effect has

been shown by membrane TNF in the same noncleavable

membrane TNF mouse35 and in a different transgenic

mouse model.13 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,36 whereas exogenous systemically administered TNF

is ineffective.37 Several biological functions of membrane

TNF signaling through both TNFR1 and TNFR2 have

been reported previously in vitro9 and in vivo using trans-

genic mice expressing membrane TNF.38,39 Because

TNFR22/2 mice are resistant (data not shown) and TNF-

R12/2 mice are highly sensitive to LM infection,2,3 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.40 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.28 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, TNF2/2 mice

develop an uncontrolled type 1 immune response with

increased IL-12 and IFN-g production and tissue destruc-

tion.26 The IL-12 overproduction and the spreading of the

microabscesses seen in LM-infected TNF2/2 mice was

abrogated in mem-TNF mice, indicating that the mem-

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 104 CFU of LM, and hematological parameters were
determined at days 0 and 1 to 4 (n 5 4) using a Technikon H1E analyzer.
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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 TNF2/2 mice develop an

LM-specific T-lymphocyte response as shown on re-

stimulation of splenocytes with HKLM and LL0 189-201,

producing comparable IFN-g production to that of wild-

type mice. Protective immunity to virulent LM after infec-

tion with attenuated strains has been described for TNF-

R12/2 mice31 and MyD88-deficient mice.41 Similarly,

MyD88-deficient mice are able to mount protective re-

sponse to mycobacterial infection on vaccination.42 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.31,32 To assess whether membrane-

expressed TNF on lymphocytes could confer protection,

lymphocytes from immunized mice were transferred into

TNF2/2 mice. Splenocytes from mem-TNF mice, but not

TNF2/2 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-g 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.41 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

naı̈ve TNF2/2 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.15–18 Delin-

eating the respective role of membrane-bound versus

soluble TNF in host response to infection might open new

Figure 6. Enhanced resistance of TNF-deficient mice to virulent LM infection after lymphocyte transfer from immune mem-TNF mice. A: Production of IFN-g on
antigen restimulation of T cells from LM-infected mice, independent of TNF. Splenic T cells from wild-type, mem-TNF, and TNF2/2 mice, either naı̈ve or infected
with 106 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 mg/ml) or an
irrelevant antigen (BCG at an MOI of 2): IFN-g levels were measured in the supernatant at 24 hours by ELISA. Data are expressed as the mean 6 SD (n 5 3 mice).
B: Enhanced survival of TNF-deficient mice receiving lymphocytes from immune mem-TNF mice. Splenic nonadherent cells (2 3 107) from naı̈ve or ActA-deficient
LM-vaccinated C57BL/6, mem-TNF, and TNF-deficient mice (as above) were transferred into TNF2/2 mice 1 hour before intravenous infection with 104 CFU of
LM. Survival was recorded daily (n 5 3 naı̈ve and n 5 6 immune mice; Kaplan-Meier mem-TNF naı̈ve 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 104 CFU of LM. Bacterial load expressed as CFU per organ,
individual counts from one representative of two experiments are shown (*P , 0.05).
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avenues for better targeted, second generation anti-TNF

therapies that spare the anti-microbial host defense.

Acknowledgments

We thank Dr. R. Guler, Institute of Infectious Disease and

Molecular Medicine, University of Cape Town, Ronde-

bosch, South Africa, for critical comments.

References

1. Pamer EG: Immune responses to Listeria monocytogenes. Nat Rev

Immunol 2004, 4:812–823

2. Pfeffer K, Matsuyama T, Kundig TM, Wakeham A, Kishihara K, Sha-

hinian A, Wiegmann K, Ohashi PS, Kronke M, Mak TW: Mice deficient

for the 55 kd tumor necrosis factor receptor are resistant to endotoxic

shock, yet succumb to L. monocytogenes infection. Cell 1993,

73:457–467

3. Rothe J, Lesslauer W, Lotscher H, Lang Y, Koebel P, Kontgen F,

Althage A, Zinkernagel R, Steinmetz M, Bluethmann H: Mice lacking

the tumour necrosis factor receptor 1 are resistant to TNF-mediated

toxicity but highly susceptible to infection by Listeria monocytogenes.

Nature 1993, 364:798–802

4. Ehlers S, Holscher C, Scheu S, Tertilt C, Hehlgans T, Suwinski J,

Endres R, Pfeffer K: The lymphotoxin beta receptor is critically in-

volved in controlling infections with the intracellular pathogens Myco-

bacterium tuberculosis and Listeria monocytogenes. J Immunol 2003,

170:5210–5218

5. Vassalli P: The pathophysiology of tumor necrosis factors. Annu Rev

Immunol 1992, 10:411–452

6. Black RA, Rauch CT, Kozlosky CJ, Peschon JJ, Slack JL, Wolfson MF,

Castner BJ, Stocking KL, Reddy P, Srinivasan S, Nelson N, Boiani N,

Schooley KA, Gerhart M, Davis R, Fitzner JN, Johnson RS, Paxton RJ,

March CJ, Cerretti DP: A metalloproteinase disintegrin that releases

tumour-necrosis factor-alpha from cells. Nature 1997, 385:729–733

7. Cerretti DP: Characterization of the tumour necrosis factor alpha-

converting enzyme, TACE/ADAM17. Biochem Soc Trans 1999,

27:219–223

8. Decker T, Lohmann-Matthes ML, Gifford GE: Cell-associated tumor

necrosis factor (TNF) as a killing mechanism of activated cytotoxic

macrophages. J Immunol 1987, 138:957–962

9. Grell M, Douni E, Wajant H, Lohden M, Clauss M, Maxeiner B, Geor-

gopoulos S, Lesslauer W, Kollias G, Pfizenmaier K, Scheurich P: The

transmembrane form of tumor necrosis factor is the prime activating

ligand of the 80 kDa tumor necrosis factor receptor. Cell 1995,

83:793–802

10. Kriegler M, Perez C, DeFay K, Albert I, Lu SD: A novel form of

TNF/cachectin is a cell surface cytotoxic transmembrane protein:

ramifications for the complex physiology of TNF. Cell 1988, 53:45–53

11. Pasparakis M, Alexopoulou L, Episkopou V, Kollias G: Immune and

inflammatory responses in TNF alpha-deficient mice: a critical re-

quirement for TNF alpha in the formation of primary B cell follicles,

follicular dendritic cell networks and germinal centers, and in the

maturation of the humoral immune response. J Exp Med 1996,

184:1397–1411

12. Olleros ML, Guler R, Corazza N, Vesin D, Eugster HP, Marchal G,

Chavarot P, Mueller C, Garcia I: Transmembrane TNF induces an

efficient cell-mediated immunity and resistance to Mycobacterium

bovis bacillus Calmette-Guerin infection in the absence of secreted

TNF and lymphotoxin-alpha. J Immunol 2002, 168:3394–3401

13. Olleros ML, Guler R, Vesin D, Parapanov R, Marchal G, Martinez-

Soria E, Corazza N, Pache JC, Mueller C, Garcia I: Contribution of

transmembrane tumor necrosis factor to host defense against Myco-

Figure 7. Controlled microabscesses in TNF2/2 mice after adoptive transfer of lymphocytes from immune mem-TNF mice, but not TNF2/2 mice. Splenic
nonadherent cells (2 3 107) from naı̈ve or vaccinated C57BL/6, mem-TNF, and TNF-deficient mice were injected intravenously into TNF2/2 mice as in Figure 6.
Representative sections of liver microabscesses were examined 3 days after infection with 104 CFU of LM (n 5 4 mice per group, H&E staining). Black arrows
point to microabscesses. Original magnifications, 340.

1686 Torres et al
AJP December 2005, Vol. 167, No. 6

96



bacterium bovis bacillus Calmette-Guerin and Mycobacterium tuber-

culosis infections. Am J Pathol 2005, 166:1109–1120

14. Ruuls SR, Hoek RM, Ngo VN, McNeil T, Lucian LA, Janatpour MJ,

Korner H, Scheerens H, Hessel EM, Cyster JG, McEvoy LM, Sedg-

wick JD: Membrane-bound TNF supports secondary lymphoid organ

structure but is subservient to secreted TNF in driving autoimmune

inflammation. Immunity 2001, 15:533–543

15. Keane J, Gershon S, Wise RP, Mirabile-Levens E, Kasznica J, Schwi-

eterman WD, Siegel JN, Braun MM: Tuberculosis associated with

infliximab, a tumor necrosis factor alpha-neutralizing agent. N Engl

J Med 2001, 345:1098–1104

16. Keane J: TNF-blocking agents and tuberculosis: new drugs illuminate

an old topic. Rheumatology (Oxford) 2005, 44:714–720

17. Mohan AK, Cote TR, Siegel JN, Braun MM: Infectious complications

of biologic treatments of rheumatoid arthritis. Curr Opin Rheumatol

2003, 15:179–184

18. Mohan AK, Cote TR, Block JA, Manadan AM, Siegel JN, Braun MM:

Tuberculosis following the use of etanercept, a tumor necrosis factor

inhibitor. Clin Infect Dis 2004, 39:295–299

19. Marino MW, Dunn A, Grail D, Inglese M, Noguchi Y, Richards E,

Jungbluth A, Wada H, Moore M, Williamson B, Basu S, Old LJ:

Characterization of tumor necrosis factor-deficient mice. Proc Natl

Acad Sci USA 1997, 94:8093–8098

20. Muller M, Eugster HP, Le Hir M, Shakhov A, Di Padova F, Maurer C,

Quesniaux VF, Ryffel B: Correction or transfer of immunodeficiency

due to TNF-LT alpha deletion by bone marrow transplantation. Mol

Med 1996, 2:247–255

21. Torres D, Barrier M, Bihl F, Quesniaux VJ, Maillet I, Akira S, Ryffel B,

Erard F: Toll-like receptor 2 is required for optimal control of Listeria

monocytogenes infection. Infect Immun 2004, 72:2131–2139

22. Lutz MB, Kukutsch N, Ogilvie AL, Rossner S, Koch F, Romani N,

Schuler G: An advanced culture method for generating large quan-

tities of highly pure dendritic cells from mouse bone marrow. J Im-

munol Methods 1999, 223:77–92

23. Espevik T, Nissen-Meyer J: A highly sensitive cell line, WEHI 164

clone 13, for measuring cytotoxic factor/tumor necrosis factor from

human monocytes. J Immunol Methods 1986, 95:99–105

24. Garcia I, Guler R, Vesin D, Olleros ML, Vassalli P, Chvatchko Y,

Jacobs M, Ryffel B: Lethal Mycobacterium bovis bacillus Calmette

Guerin infection in nitric oxide synthase 2-deficient mice: cell-medi-

ated immunity requires nitric oxide synthase 2. Lab Invest 2000,

80:1385–1397

25. Green LC, Wagner DA, Glogowski J, Skipper PL, Wishnok JS, Tan-

nenbaum SR: Analysis of nitrate, nitrite, and [15N]nitrate in biological

fluids. Anal Biochem 1982, 126:131–138

26. Zganiacz A, Santosuosso M, Wang J, Yang T, Chen L, Anzulovic M,

Alexander S, Gicquel B, Wan Y, Bramson J, Inman M, Xing Z: TNF-

alpha is a critical negative regulator of type 1 immune activation

during intracellular bacterial infection. J Clin Invest 2004,

113:401–413

27. Hodge-Dufour J, Marino MW, Horton MR, Jungbluth A, Burdick MD,

Strieter RM, Noble PW, Hunter CA, Pure E: Inhibition of interferon

gamma induced interleukin 12 production: a potential mechanism for

the anti-inflammatory activities of tumor necrosis factor. Proc Natl

Acad Sci USA 1998, 95:13806–13811

28. MacMicking JD, Nathan C, Hom G, Chartrain N, Fletcher DS, Trum-

bauer M, Stevens K, Xie QW, Sokol K, Hutchinson N, Chen H, Mudget

JS: Altered responses to bacterial infection and endotoxic shock in

mice lacking inducible nitric oxide synthase. Cell 1995, 81:641–650

29. De Togni P, Goellner J, Ruddle NH, Streeter PR, Fick A, Mariathasan

S, Smith SC, Carlson R, Shornick LP, Strauss-Schoenberger J, Rus-

sell JH, Karr R, Chaplin DD: Abnormal development of peripheral

lymphoid organs in mice deficient in lymphotoxin. Science 1994,

264:703–707

30. Eugster HP, Muller M, Karrer U, Car BD, Schnyder B, Eng VM, Woerly

G, Le Hir M, di Padova F, Aguet M, Zinkernagel R, Bluethmann H,

Ryffel B: Multiple immune abnormalities in tumor necrosis factor and

lymphotoxin-alpha double-deficient mice. Int Immunol 1996, 8:23–36

31. White DW, Badovinac VP, Fan X, Harty JT: Adaptive immunity against

Listeria monocytogenes in the absence of type I tumor necrosis factor

receptor p55. Infect Immun 2000, 68:4470–4476

32. White DW, Badovinac VP, Kollias G, Harty JT: Cutting edge: antilis-

terial activity of CD81 T cells derived from TNF-deficient and TNF/

perforin double-deficient mice. J Immunol 2000, 165:5–9

33. Murphy CA, Hoek RM, Wiekowski MT, Lira SA, Sedgwick JD: Inter-

actions between hemopoietically derived TNF and central nervous

system-resident glial chemokines underlie initiation of autoimmune

inflammation in the brain. J Immunol 2002, 169:7054–7062

34. Grivennikov SI, Tumanov AV, Liepinsh DJ, Kruglov AA, Marakusha BI,

Shakhov AN, Murakami T, Drutskaya LN, Forster I, Clausen BE,

Tessarollo L, Ryffel B, Kuprash DV, Nedospasov SA: Distinct and

nonredundant in vivo functions of TNF produced by t cells and

macrophages/neutrophils: protective and deleterious effects. Immu-

nity 2005, 22:93–104

35. Saunders BM, Tran S, Ruuls S, Sedgwick JD, Briscoe H, Britton WJ:

Transmembrane TNF is sufficient to initiate cell migration and

granuloma formation and provide acute, but not long-term, con-

trol of Mycobacterium tuberculosis infection. J Immunol 2005,

174:4852–4859

36. Bekker LG, Moreira AL, Bergtold A, Freeman S, Ryffel B, Kaplan G:

Immunopathologic effects of tumor necrosis factor alpha in murine

mycobacterial infection are dose dependent. Infect Immun 2000,

68:6954–6961

37. Kindler V, Sappino AP, Grau GE, Piguet PF, Vassalli P: The inducing

role of tumor necrosis factor in the development of bactericidal gran-

ulomas during BCG infection. Cell 1989, 56:731–740

38. Kusters S, Tiegs G, Alexopoulou L, Pasparakis M, Douni E, Kunstle G,

Bluethmann H, Wendel A, Pfizenmaier K, Kollias G, Grell M: In vivo

evidence for a functional role of both tumor necrosis factor (TNF)

receptors and transmembrane TNF in experimental hepatitis. Eur

J Immunol 1997, 27:2870–2875

39. Lucas R, Juillard P, Decoster E, Redard M, Burger D, Donati Y, Giroud

C, Monso-Hinard C, De Kesel T, Buurman WA, Moore MW, Dayer JM,

Fiers W, Bluethmann H, Grau GE: Crucial role of tumor necrosis factor

(TNF) receptor 2 and membrane-bound TNF in experimental cerebral

malaria. Eur J Immunol 1997, 27:1719–1725

40. Harashima S, Horiuchi T, Hatta N, Morita C, Higuchi M, Sawabe T,

Tsukamoto H, Tahira T, Hayashi K, Fujita S, Niho Y: Outside-to-inside

signal through the membrane TNF-alpha induces E-selectin (CD62E)

expression on activated human CD41 T cells. J Immunol 2001,

166:130–136

41. Way SS, Kollmann TR, Hajjar AM, Wilson CB: Cutting edge: protective

cell-mediated immunity to Listeria monocytogenes in the absence of

myeloid differentiation factor 88. J Immunol 2003, 171:533–537

42. Fremond CM, Yeremeev V, Nicolle DM, Jacobs M, Quesniaux VF,

Ryffel B: Fatal Mycobacterium tuberculosis infection despite adaptive

immune response in the absence of MyD88. J Clin Invest 2004,

114:1790–1799

Membrane TNF in Listeria Infection 1687
AJP December 2005, Vol. 167, No. 6

97



Dominant-Negative Inhibitors of Soluble TNF Attenuate

Experimental Arthritis without Suppressing Innate

Immunity to Infection

Jonathan Zalevsky,* Thomas Secher,† Sergei A. Ezhevsky,* Laure Janot,† Paul M. Steed,*

Christopher O’Brien,* Araz Eivazi,* James Kung,* Duc-Hanh T. Nguyen,*

Stephen K. Doberstein,* François Erard,† Bernhard Ryffel,† and David E. Szymkowski1*

TNF is a pleiotropic cytokine required for normal development and function of the immune system; however, TNF over-

expression also induces inflammation and is associated with autoimmune diseases. TNF exists as both a soluble and a

transmembrane protein. Genetic studies in mice have suggested that inflammation in disease models involves soluble TNF

(solTNF) and that maintenance of innate immune function involves transmembrane TNF (tmTNF). These findings imply that

selective pharmacologic inhibition of solTNF may be anti-inflammatory and yet preserve innate immunity to infection. To

address this hypothesis, we now describe dominant-negative inhibitors of TNF (DN-TNFs) as a new class of biologics that

selectively inhibits solTNF. DN-TNFs blocked solTNF activity in human and mouse cells, a human blood cytokine release

assay, and two mouse arthritis models. In contrast, DN-TNFs neither inhibited the activity of human or mouse tmTNF nor

suppressed innate immunity to Listeria infection in mice. These results establish DN-TNFs as the first selective inhibitors of

solTNF, demonstrate that inflammation in mouse arthritis models is primarily driven by solTNF, and suggest that the

maintenance of tmTNF activity may improve the therapeutic index of future anti-inflammatory agents. The Journal of

Immunology, 2007, 179: 1872–1883.

T
umor necrosis factor is a multifunctional cytokine known

to regulate inflammation, autoimmunity, cancer, and in-

fection (1–5). TNF is synthesized and presented on the

cell surface as a trimeric transmembrane protein that can be

cleaved by TNF-a converting enzyme (TACE)2 (2) protease to

generate soluble TNF (solTNF). Both forms of TNF are known to

induce cell signaling events, with transmembrane TNF (tmTNF)

acting through cell-cell contacts to promote juxtacrine signaling

and solTNF acting in a paracrine fashion. Mounting evidence from

clinical observations in humans and experimental studies in ro-

dents suggests that paracrine signaling by solTNF is associated

with chronic inflammation (6, 7), whereas juxtacrine signaling by

tmTNF plays an essential role in resolving inflammation (8–10)

and maintaining immunity to pathogens including Listeria mono-

cytogenes (11, 12) andMycobacterium tuberculosis (13–16). It has

been suggested that different signaling cascades induced by these

two forms of TNF may explain the contrasting beneficial and det-

rimental roles of the cytokine seen in animal models and human

diseases (2, 6, 17–19).

TNF sequestration by monoclonal anti-TNF Abs (infliximab and

adalimumab) and the IgG1 Fc-TNF receptor (TNFR) 2 fusion pro-

tein (etanercept) has been a successful treatment strategy for sev-

eral autoimmune diseases, including rheumatoid arthritis. These

two classes of biologics effectively control disease progression and

in some cases can induce remission. Their use has also been linked

to serious adverse events such as congestive heart failure, demy-

elinating disease, and lupus (20). Most notably, the use of anti-

TNF biologics has been associated with an increased risk of in-

fection (20–24). A significant common feature of these biologics

is that they inhibit both paracrine (solTNF) and juxtacrine

(tmTNF) cell signaling (25–28). Taken together with the mouse

genetic data, these findings suggest that a solTNF-selective inhib-

itor that spares tmTNF activity might inhibit inflammation without

suppressing the immune response to infection.

A previous report described the invention of a novel class of

anti-TNF biologics (DN-TNFs) that work through a unique

dominant-negative mechanism (29). These engineered variants

of human TNF neither bind to nor signal through the NF re-

ceptors TNFR1 or TNFR2, but rapidly exchange subunits with

native TNF homotrimers to form inactive mixed heterotrimers,

effectively eliminating native TNF. DN-TNFs inhibit multiple

functions of TNF, including NF-kB nuclear translocation and

transcriptional activation and caspase-mediated apoptosis (29);

they also reduce disease severity in rat models of arthritis and

Parkinson’s disease (30).

We now report that DN-TNFs are selective inhibitors of

solTNF. DN-TNFs blocked solTNF paracrine signaling in nu-

merous assays, including caspase activation in human and

mouse cell lines and proinflammatory cytokine production in

human whole blood. Absolute efficacy and mass potency in

these assays were comparable to the Ab and decoy receptor

classes of anti-TNF biologics. In contrast, DN-TNFs failed to
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inhibit juxtacrine signaling mediated by tmTNF, whereas non-

selective biologics retained activity in these assays. DN-TNF

biologics were as effective as a decoy receptor in reducing in-

flammation in two mouse models of arthritis. However, treat-

ment with DN-TNFs did not suppress the resistance of mice to

L. monocytogenes infection as measured by survival, bacterial

load, and histopathology, whereas nonselective inhibition by

decoy receptor led to marked immunosuppression. Decoy re-

ceptors also sensitized mice expressing only tmTNF (tmTNF

knockins) to Listeria infection, whereas a DN-TNF biologic did

not, providing further in vivo evidence that DN-TNFs are se-

lective inhibitors of solTNF.

Materials and Methods
Preparation of anti-TNF biologics

DN-TNF proteins were prepared, processed, and handled as described pre-
viously (29). Multiple DN-TNF variants were engineered and assessed in
in vitro and in vivo studies. These variants contained different combina-
tions of six key mutations that disrupt TNFR binding (see Table I). Addi-
tional mutations were introduced in some compounds to facilitate purifi-
cation, improve expression, or permit site-specific pegylation for in vivo
use. Etanercept, infliximab, and adalimumab were obtained from a phar-
macy (RxUSA).

Soluble TNF production and signaling assays

To measure solTNF signaling, increasing concentrations of TNF inhibitors
were incubated with the indicated concentrations of recombinant human or
mouse solTNF or mouse lymphotoxin a (R&D Systems) for 60 min at
37°C in PBS supplemented with 0.02% Igepal CA-630 (Sigma-Aldrich).
This time period (60 min) was chosen to assure complete interaction with
TNF for all biologics based on a previous report that DN-TNFs exchanged
efficiently with native TNF within 20 min (29). These mixtures were ap-
plied to either human U937 cells or mouse WEHI-13VAR cells in the
presence of 1 mg/ml actinomycin D (ICN Pharmaceuticals). After an ad-
ditional 3-h incubation, a fluorescently labeled caspase-3/7 substrate
(DEVD-R110; Roche) was used as a marker of TNF-induced apoptosis
(31). Physiologically produced and processed solTNF was generated by
treating either human THP-1 cells or murine RAW264.7 cells with 1 mg/ml
LPS (Sigma-Aldrich). Conditioned medium was harvested and solTNF was
measured using a commercial anti-human or anti-mouse TNF ELISA kit.
Conditioned medium was supplemented with TNF inhibitors and 0.02%
Igepal CA-630 and incubated for 60 min at 37°C. These mixtures were then
added to cells as described above to induce caspase signaling. Levels of
caspase activation induced by human and mouse solTNF were comparable
in human U937 and mouse WEHI-13VAR cells. To permit a direct com-
parison of the efficacy and potency of DN-TNFs and control biologics
against murine and human TNF irrespective of potential differences in cell
assay formats, caspase activity is expressed as relative units normalized to
maximum velocity (Vmax). To facilitate comparisons of different DN-TNF
molecules, the polyethylene glycol (PEG) groups on several DN-TNF bio-

logics (see Table I) are not included in the indicated concentrations. All
protein concentrations are given by mass; to convert to molar concentra-
tions, note the following molecular masses: DN-TNF biologics, 52 kDa;
etanercept;105 kDa; adalimumab,;148 kDa; and infliximab,;149 kDa.

Native TNF:DN-TNF heterotrimer detection

Conditioned medium from LPS-treated RAW264.7 cells was supple-
mented with XENP267 and screened for native murine solTNF:DN-TNF
heterotrimer formation using an indirect sandwich ELISA as previously
described (29). ELISA plates were coated overnight with 2 mg/ml anti-
mouse TNF Ab (BioSource International) and blocked the next day with
BSA (ICN Pharmaceuticals). Conditioned medium samples were applied
and heterotrimers detected with anti-penta-His Ab-biotin conjugate (Qia-
gen). Alkaline phosphatase-conjugated NeutrAvidin coupled with a lumi-
nescent enzyme substrate was used for detection. Under these conditions,
the ELISA signal is produced exclusively from XENP267:mouse solTNF
heterotrimers; control mixtures of etanercept and mouse solTNF are at
background.

Transmembrane TNF production and signaling assays

Standard molecular biology techniques were used to delete amino acids
77–89 from full-length human TNF to generate D1–12proTNF (32). This
construct was transiently transfected into Chinese hamster ovary (CHO)
cells using Lipofectamine (Invitrogen Life Technologies); the next day the
cells were trypsinized and transferred into 96-well plates to reduce well-
to-well variation. After an overnight incubation with increasing doses of
TNF inhibitors, U937 cells and 1 mg/ml actinomycin D were added; cells
were cocultured for an additional 3 h to induce tmTNF-dependent caspase
activity. No human solTNF bioactivity was detected under these experi-
mental conditions. To generate endogenous mouse tmTNF, RAW264.7
cells were treated with 1 mg/ml LPS (Sigma-Aldrich) in the presence of 10
mM TACE inhibitor TAPI-2 (BIOMOL International). These cells were
mixed with 1 mg/ml actinomycin D and U937 target cells to induce
tmTNF-mediated caspase activity. No mouse solTNF bioactivity was de-
tected under these experimental conditions. Caspase assay data are ex-
pressed as described above for solTNF assays; statistical analysis was by
one-way ANOVA.

Microscopy for mouse tmTNF-induced caspase assay

RAW264.7 cells were plated onto glass coverslips; the next day, the me-
dium was replaced and cells were untreated, incubated with 1 mg/ml LPS
(Sigma-Aldrich), or incubated with 1 mg/ml LPS and 10 mM TAPI-2
(BIOMOL International) for 1 h at 37°C. Cells were washed in PBS,
placed on ice, and mixed with 5 mg/ml anti-mouse TNF Ab (R&D
Systems) for an additional 1 h. Cells were maintained on ice during this
incubation to minimize internalization of the Ag complex. Cells were
then washed in PBS, fixed, and processed for microscopy as described
by the Ab supplier. Epifluorescent imaging was done using an Eclipse
TS100 (Nikon) equipped with a charge-coupled device camera (Media
Cybernetics).

Table I. DN-TNF biologics: sequence modifications from native human solTNFa

DN-TNF Tagb

Improves
Expression
(V1M)

Impairs Binding to TNFR1, TNFR2 Allows Site-Specific
Pegylation (C69V,
C101A, R31C)c

Improves In
Vivo Half-Life
(Mod C31)dL57Y S86Q Y87H I97T Y115Q A145R

XENP246 X X X
XENP249 X X X
XENP257 X X X
XENP267 X X X
XENP268 X X X
XENP344 X X X X 5-kDa mPEGe

XENP345 X X X X 5-kDa mPEGe

XENP346 X X X X 10-kDa mPEGe

XENP1595 X X X X 10-kDa mPEGe

XENP1596 X X X X Ethyl

a Sequence changes are based on 157-aa native human solTNF (UniProtKB/Swiss-Prot database entry P01375).
b N-terminal MHHHHHH.
c R31C also impairs TNFR binding.
d Posttranslational modification (Mod) of amino acid C31.
e mPEG, monomethoxy-polyethylene glycol (for clarity, mPEG is not included in indicated concentrations).
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Human whole blood culture

Blood samples for the TNF-induced IL-8 assays were supplied by
HemaCare Blood Services following protocols approved by its institutional
review board. Blood was drawn from healthy donors by venipuncture and
immediately aliquoted into vials containing endotoxin-free sodium heparin
(Sigma-Aldrich). Whole blood cultures were performed in flat-bottom mi-
crotiter plates; reagents were prepared in PBS containing 0.1% endotoxin-
free BSA (Sigma-Aldrich). For TNF inhibition studies, biologics were
combined with human solTNF and incubated for 2 h at 37°C in PBS sup-
plemented with 0.02% Igepal CA-630. These mixtures were diluted 20-
fold, added to blood specimens, and incubated an additional 6 h. Triton
X-100 was then added to a final concentration of 0.5% to lyse cells and
release any cell-bound cytokines. IL-8 levels were measured using a com-
mercial ELISA (R&D Systems). Dose-ranging studies with blood from
multiple donors were first done to establish the optimal solTNF concen-
tration for antagonist studies.

Mouse collagen Ab-induced arthritis (CAIA) model

Three mouse CAIA studies were performed by MD Biosciences following
protocols approved by its institutional review board. Male BALB/c mice
(n 5 8/group) were treated prophylactically with TNF inhibitors or vehicle
delivered i.p., s.c., or i.p. by osmotic pump. In the first study, mice were
given daily i.p. injections of vehicle or 10 mg/kg XENP345, XENP346,
XENP1595, or etanercept. Injections started on day 23 and continued to
day 12. Experimental arthritis was induced on day 0 by i.v. injection of four
anti-collagen mAbs (MD Biosciences) at 25 mg/kg each followed by 2.5
mg/kg LPS given i.p. 72 h later. Arthritis severity was measured in a
blinded fashion by measuring hind paw thickness (average of left and right)
using a digital caliper. The second study was conducted similarly, except
that etanercept and XENP1595 were given at a lower dose and frequency
(1.0 mg/kg every 3 days) using the projected clinical formulation and s.c.
route. Injections started on day 21 and continued to day 14. In the pump
study, 14-day osmotic pumps (Alzet) were primed, loaded, and surgically
implanted i.p. on day 23 and replaced with a fresh pump on day 11 using
standard methods. Pumps delivered either XENP1595 at 3, 10, or 30 mg/
kg/day, etanercept at 10 mg/kg/day, or a vehicle control (PBS (pH 8.0) and
10% glycerol). Hind paw thickness was recorded by caliper as described
above. Steady-state serum levels of DN-TNFs and etanercept were deter-
mined at the end of the study by using a custom sandwich ELISA for
DN-TNFs and a commercial TNFR2 ELISA for etanercept. For all CAIA
studies, statistical analysis of hind paw thickness data was by one-way
ANOVA with Dunnett’s posttest.

Mouse collagen-induced arthritis (CIA) model

Mouse CIA studies were performed by Washington Biotechnology follow-
ing protocols approved by its institutional review board. Arthritis was in-
duced in male DBA/1J mice by two s.c. injections of an emulsion con-
taining 5 mg/kg bovine collagen in CFA on day 0 and in IFA on day 21.
Disease onset was observed by day 27 and therapeutic dosing was begun
on day 33. Mice (n 5 10/group) were treated therapeutically s.c. with
vehicle, XENP1595, or etanercept. Disease symptoms were measured by
summing arthritis score from four paws (0, no visible effects of arthritis; 1,
edema and/or erythema of one digit; 2, edema and/or erythema of two
joints; 3, edema and/or erythema of more than two joints; and 4, severe
arthritis of the entire paw and digits); statistical significance was assessed
using a Kruskal-Wallis nonparametric test with Dunn’s posttest for multi-
ple comparisons.

Generation of TNF knockout and tmTNF knockin mice

Knockout mice deficient in TNF (TNF2/2) and tmTNF knockin mice were
bred and housed in a pathogen-free facility at the Centre National de la
Recherche Scientifique (Orléans, France). tmTNF knockin mice expressing
only tmTNF were generated directly on a C57BL/6 background by replac-
ing the endogenous TNF allele with the D1–9,K11E TNF allele to ensure
the complete loss of TACE-mediated cleavage but normal cell surface
expression and function of tmTNF (7). TNF knockout mice were back-
crossed onto the C57BL/6 background as described (12).

Mouse infection model

The initial L. monocytogenes infection survival studies in normal TNF1/1

mice and in tmTNF knockin mice were performed at the Centre National
de la Recherche Scientifique following protocols approved by its institu-
tional review board. In the normal mouse study, vehicle or 30 mg/kg
XENP345, XENP1595, or etanercept was administered s.c. on days 21
and 2 to C57BL/6 mice (n 5 6/group) infected on day 0 with 104 CFU L.

monocytogenes i.v. as described (33). L. monocytogenes-infected TNF

knockout and tmTNF knockin mice that were not treated with anti-TNF
biologics were used as genetic controls. Survival and body weight were
monitored and, in an additional four mice per satellite group, liver histol-
ogy and bacterial load (CFU) were assessed 3 days after infection (33). In
the tmTNF knockin study, mice (n 5 10/group) were infected as described
above and treated with vehicle or 10 mg/kg XENP1595 or etanercept s.c.
on days 21, 2, 6, 9, and 13. L. monocytogenes-infected TNF knockout
mice not treated with anti-TNF biologics served as genetic positive con-
trols. Survival and bacterial load in the liver were monitored in an addi-
tional four mice per satellite group as described above.
Another Listeria survival study was performed by Washington Biotech-

nology following protocols approved by its institutional review board. Fe-
male BALB/c mice (n 5 8/group) were injected i.p. daily with vehicle or
10, 30, or 50 mg/kg XENP1595 or etanercept. After three days, mice were
food-deprived for 24 h and orally infected with L. monocytogenes at the
doses indicated. Food was restored and TNF inhibitors were administered
for an additional 3 days. Mice were then euthanized, and bacterial loads in
spleen (total CFU) and blood (CFU/ml) were determined by standard methods.
In all Listeria studies, survival data (Kaplan-Meier plots) were compared using
a log rank test for comparison of groups, and bacterial load data were analyzed
using a one-way ANOVA with Dunnett’s posttest.

Results
DN-TNFs contain key mutations that prevent binding and activa-

tion of TNFR1 and TNFR2 (29, 34) yet maintain their structural

integrity and ability to rapidly exchange monomer subunits with

native solTNF. When mixed with solTNF, DN-TNFs sequester

and effectively eliminate native cytokine by forming inactive

mixed heterotrimers. Table I shows the sequences of the 10 DN-

TNF biologics described in this report, including the combinations

of six key mutations that impair TNFR binding. Modifications

made to enhance expression, allow site-specific pegylation, and

improve half-life are also shown. The 10 DN-TNF variants fall

into several groups possessing the same critical mutations that im-

pair TNFR1 and TNFR2 binding (Table I). For example,

XENP267, XENP344, XENP1595, and XENP1596 all include

Y87H and A145R mutations to inhibit receptor binding and differ

only in the presence or absence of an N-terminal tag or PEG side

chain. Multiple DN-TNF variants were included in some studies to

assess whether the results were unique to individual compounds or

broadly associated with this class of biologics. The variants in-

cluded in each study were selected based on the nature of the

assay; typically, multiple variants were included for in vitro studies

on human cells, and fewer were used for in vitro and in vivo mouse

studies. For example, initial human in vitro studies tested multiple

DN-TNF variants containing different TNFR binding mutations;

all showed similar efficacy (Fig. 1, A and C). In subsequent studies,

subsets of these variants were tested (e.g., pegylated variants were

used in mouse models).

DN-TNF biologics inhibit solTNF-induced caspase activation

In previous studies we showed that DN-TNFs inhibit several TNF

activities, including NF-kB transcriptional activation and nuclear

translocation, and caspase-mediated apoptosis (29). In this study,

we compared DN-TNF inhibition of solTNF activity via subunit

exchange to the TNF sequestration mechanism of other biologics

by using recombinant and endogenously produced solTNF as tar-

gets. A caspase activation assay in human cells was selected be-

cause it is a well-established and sensitive method for quantifying

TNF bioactivity (35, 36). In preparation for in vivo pharmacology

studies and to characterize the species-specificity of DN-TNF, an

analogous cell signaling assay was developed using mouse TNF

and TNFRs. U937 and WEHI-13VAR cells were chosen as human

and murine target cell lines, respectively, because both have been

shown to express TNFRs and both are sensitive to TNF-induced

caspase activation (37–40). We have also confirmed by flow cytom-

etry that U937 cells express TNFR1 and TNFR2 (data not shown).
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In the human U937 cells, anti-TNF mAbs, decoy receptors, and

multiple DN-TNF biologics inhibited recombinant human solTNF-

induced caspase activation with similar maximal efficacy (Fig. 1A),

with the two Abs being more potent by mass. In the murine cell

line WEHI-13VAR, the three classes of TNF inhibitors also

blocked recombinant mouse solTNF-induced caspase activation

(Fig. 1B). Infliximab was less effective against mouse TNF relative

to human TNF, probably due to the species-specificity of the Ab;

this precluded its use in subsequent mouse models of arthritis and

infection. The finding that a DN-TNF biologic derived from hu-

man solTNF is an effective antagonist of mouse solTNF is in

agreement with published observations showing that human

solTNF can exchange subunits with mouse solTNF to form

heterotrimers (41).

TNF is naturally produced as a transmembrane protein that is

processed by TACE to generate solTNF. Because solTNF pro-

duced in Escherichia coli is posttranslationally processed differ-

ently than in human or mouse cells (e.g., mouse solTNF is glyco-

sylated), it was important to demonstrate DN-TNF inhibition

against endogenously produced solTNF. LPS was therefore used to

induce the production of physiological human or mouse solTNF.

Briefly, human THP-1 cells or mouse RAW264.7 cells were

treated with LPS, the conditioned medium was collected, and

solTNF levels were determined by ELISA. The conditioned me-

dium was then supplemented with increasing concentrations of

TNF inhibitors and used to stimulate caspase activation in U937

cells. The three classes of TNF inhibitors showed similar activity

against endogenously produced human solTNF (Fig. 1C). Similar

results were obtained with mouse TNF; etanercept and DN-TNF

inhibited endogenous mouse solTNF to a similar extent (Fig.

1D, left axis). In addition, a sandwich ELISA was used in this

study to demonstrate that DN-TNF activity correlates with het-

erotrimer formation between DN-TNF and mouse solTNF (Fig.

1D, right axis).

FIGURE 1. Inhibition of recombinant and physiological solTNF by DN-TNF biologics. A, Inhibition of recombinant human solTNF-induced cell signaling.

Human solTNF (5 ng/ml) was incubated with vehicle or increasing concentrations of DN-TNFs (XENP267, XENP268, XENP344, and XENP1595), decoy

receptor (etanercept), or neutralizing mAbs (infliximab and adalimumab) and then mixed with human U937 cells to induce caspase activity (mean 6 SEM, n 5

4). IC50 values: mAbs, 2 ng/ml; DN-TNFs, 11 ng/ml; etanercept, 20 ng/ml. B, Inhibition of recombinant mouse solTNF-induced cell signaling. Mouse solTNF

(5 ng/ml) was incubated with increasing concentrations of XENP267, etanercept, or infliximab and then mixed with mouse WEHI-13VAR cells to induce caspase

activity (mean6 SD, n 5 3). IC50 values: infliximab, 37 ng/ml; XENP267, 5 ng/ml; etanercept, 2 ng/ml.C, Inhibition of LPS-induced physiological human solTNF

activity. Human THP-1 cells were stimulated with LPS to generate conditioned medium containing 6 ng/ml secreted solTNF. Conditioned medium was incubated

with vehicle or increasing concentrations of DN-TNFs (XENP246, XENP249, XENP257, and XENP267), etanercept, or infliximab and then processed as

described in A (mean 6 SD, n 5 3). IC50 values: infliximab, 7 ng/ml; DN-TNFs, 0.5–8 ng/ml; etanercept, 2 ng/ml. D, Inhibition of LPS-induced physiological

mouse solTNF activity. Conditioned medium from LPS-treated mouse RAW264.7 cells containing 10 ng/ml murine solTNF was incubated with increasing doses

of XENP267 or etanercept. Mixtures were split and aliquots were used to stimulate caspase activation in human U937 cells, whereas the remainder was assayed

for mouse TNF:DN-TNF heterotrimer formation by using a sandwich ELISA (mean 6 SEM, n 5 3). Caspase IC50 values: XENP267, 14 ng/ml; etanercept, 36

ng/ml. Inhibitory activity of DN-TNF correlates with subunit exchange into endogenous mouse solTNF. E, DN-TNF and infliximab do not inhibit lymphotoxin

a (solTNFb) activity. Mouse recombinant lymphotoxin a (5 ng/ml) was incubated with increasing concentrations of XENP267, etanercept, or infliximab and then

mixed with mouse WEHI-13VAR cells to induce caspase activity (mean 6 SD, n 5 3). IC50 value: etanercept, ,1.0 ng/ml.
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Because many proteins in the TNF superfamily share conserved

structural features, it was important to determine whether the ex-

change mechanism of DN-TNF is specific for TNF; therefore, a

signaling assay was established to measure inhibition of lympho-

toxin a (solTNFb), the most closely related cytokine. As described

above, the three classes of TNF inhibitors blocked recombinant

mouse solTNF (Fig. 1B). However, DN-TNF and Ab failed to

block recombinant mouse lymphotoxin a (each showed a .1000-

fold loss of potency relative to solTNF), whereas the decoy recep-

tor retained activity (Fig. 1E) in agreement with a previous report

(26). Taken together, the five studies shown in Fig. 1 demonstrate

that DN-TNF biologics effectively antagonize recombinant or en-

dogenously produced solTNF with comparable overall efficacy to

that of a decoy receptor and anti-TNF Abs; however, DN-TNF

does not block the activity of lymphotoxin a.

DN-TNF biologics do not inhibit tmTNF-induced caspase

activation

Based on the structural differences between solTNF and tmTNF,

we reasoned that solTNF might dissociate more readily than the

membrane-bound form and, thus, a DN-TNF biologic might be a

less effective inhibitor of tmTNF. To test this hypothesis, we de-

veloped a heterologous tmTNF expression system to quantify the

effects of DN-TNF biologics on tmTNF-induced juxtacrine signal-

ing. Such heterologous cocultures are established tools for assess-

ing tmTNF bioactivity and its inhibition by biologics (26, 42).

Expression of both human and mouse tmTNF was elicited in cell

lines, and signaling was again monitored by using caspase activa-

tion in human U937 target cells.

Briefly, to generate human tmTNF-expressing cells, CHO cells

were transfected with a human TNF construct lacking the TACE

cleavage site (D1–12proTNF), thus generating bioactive tmTNF

that is not shed from the cell surface (26, 32). These tmTNF-

expressing cells were incubated overnight with increasing concen-

trations of TNF inhibitors and cocultured the next day with U937

target cells. In this system, human tmTNF on CHO cells engages

human TNFRs on U937 cells to stimulate caspase activity 3- to

4-fold over background. In agreement with the literature (25–28),

mAbs and decoy receptors inhibited human tmTNF-induced

caspase activation (IC50 values in this assay were;0.12 mg/ml for

the mAbs and ;1.2 mg/ml for etanercept). In contrast, DN-TNF

biologics failed to inhibit tmTNF-induced activation even at .100

mg/ml (Fig. 2A), which is ;10,000-fold greater than the DN-TNF

dose shown to effectively inhibit human solTNF (Fig. 1, A and C).

Control experiments were conducted to confirm that no solTNF is

generated by D1–12proTNF-transfected CHO cells (Fig. 2B) and

to demonstrate that caspase activation is detectable above back-

ground only when human tmTNF-expressing CHO cells (but not

mock-transfected cells) are mixed with human U937 target cells

(Fig. 2C).

Similar results were obtained in cocultures by using cells ex-

pressing murine tmTNF. LPS-stimulated mouse RAW264.7 cells

were treated with TAPI-2, a small-molecule TACE inhibitor that

traps uncleaved tmTNF on the cell surface (43). These mouse

tmTNF-expressing cells were incubated with TNF inhibitors and

cocultured with human U937 target cells to induce caspase acti-

vation as described above. In this juxtacrine signaling assay, 10

mg/ml DN-TNF had no effect on murine tmTNF-mediated caspase

activation, whereas decoy receptor and anti-mouse TNF Ab re-

duced caspase activation to background levels (Fig. 3A). Controls

for this assay were also performed to confirm that no solTNF is

generated in the medium (Fig. 3B) and that tmTNF is expressed at

high levels on the RAW264.7 cell membrane (Fig. 3, C–E) only in

the presence of LPS and TAPI-2.

These findings indicate that the DN-TNF class of inhibitors is

highly selective for solTNF whether of human or mouse origin and

whether recombinantly or physiologically produced. Unlike other

classes of TNF inhibitors, DN-TNF biologics do not inhibit solTNFb

or tmTNF. Based on these observations, DN-TNF biologics are suit-

able tools to explore the role of solTNF in primary human cell assays

as well as in mouse models of inflammation and immunity.

DN-TNF biologic inhibits solTNF-induced release of IL-8 in

human blood

Translational studies were performed using a human whole blood

assay to assess the anti-inflammatory effects of DN-TNF. This as-

say has previously been used to show that anti-TNF agents, in-

cluding decoy receptor and mAbs, suppress TNF-induced IL-8

FIGURE 2. DN-TNFs do not inhibit activity of heterologously ex-

pressed human tmTNF. A, CHO cells expressing human tmTNF lacking a

TACE cleavage site (D1–12proTNF) were incubated overnight with vehi-

cle or increasing concentrations of DN-TNFs, etanercept, infliximab, or

adalimumab. U937 cells were added and cocultured an additional 3 h to

induce caspase activation via juxtacrine signaling. Etanercept and mAbs

inhibited tmTNF-induced caspase activation, whereas four DN-TNFs did

not (mean 6 SEM, n 5 6). IC50 values: infliximab and adalimumab, 120

ng/ml; etanercept, 1170 ng/ml. B and C, Controls for human D1–12proTNF

coculture assays. To correctly interpret the results of the CHO and U937

cell coculture assays, it was necessary to determine: 1) whether detectable

solTNF was generated by human D1–12proTNF-transfected CHO cells;

and 2) the background contribution of each cell type to caspase activity

measured during the coculture. B, Coculture assay in which CHO cells

were either mock transfected with vehicle or transfected with the D1–

12proTNF expression construct. U937 cells were incubated with either

CHO cells or with conditioned medium obtained from the same CHO cells.

Only CHO cells expressing D1–12proTNF protein induced caspase activity

in U937 cells; no detectable TNF activity was present in conditioned medium

from D1–12proTNF-transfected CHO cells or mock-transfected controls. C,

Background effect of CHO and U937 cells on the tmTNF coculture assay.

CHO cells alone, U937 cells alone, D1–12proTNF-transfected CHO cells

alone, and coculture of mock-transfected CHO cells plus U937 cells estab-

lished background levels of caspase activity. Coculture of D1–12proTNF-

transfected CHO plus U937 cells stimulated a 3- to 4-fold increase in caspase

activity over controls. All experimental procedures were as described in Ma-

terials and Methods. For B and C, values represent mean 6 SD (n 5 24).
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release (44, 45). It therefore serves as an independent confirmation

of the caspase assays shown in Fig. 1 and, more importantly, as-

sesses the effects of DN-TNF on primary immune cells in the com-

plex signaling environment of human whole blood. To determine

the donor variability of solTNF-induced cytokine release, blood

was collected from five human donors and treated with escalating

doses of recombinant human solTNF (Fig. 4A). All donors re-

sponded with maximal IL-8 release ranging from 3 to 7.5 ng/ml,

with EC50 values ranging from;1 to 6 ng/ml TNF. Based on these

results, inhibition studies were done in five additional donors using

3 and 6 ng/ml solTNF with increasing doses of DN-TNF, anti-TNF

Abs, or decoy receptor. In agreement with the caspase assays de-

scribed above, DN-TNF efficacy and mass potency were similar to

that of other TNF inhibitors, demonstrating that in a physiologi-

cally relevant whole blood environment anti-TNF agents effi-

ciently block IL-8 release, regardless of inhibitory mechanism (Ta-

ble II and Fig. 4B).

DN-TNF biologics reduce inflammation in two mouse models of

arthritis

To assess the in vivo anti-inflammatory activity of solTNF-selec-

tive inhibition, DN-TNFs were investigated in two established

mouse models of arthritis. In the first model (collagen Ab-induced

arthritis (CAIA); Fig. 5), mice were treated prophylactically with

TNF inhibitors, and experimental arthritis was induced by passive

immunization using a mixture of four anti-collagen mAbs on day

0 followed by LPS on day 3. The severity of arthritis was moni-

tored throughout the study by measuring hind paw thickness. This

model has the advantages of being rapid (7 days to the peak of

inflammation) and robust in arthritic phenotype, with typically

100% incidence of affected animals (46, 47); furthermore, inhibi-

tion of TNF by biologics is efficacious in this model (48).

Four independent studies were performed to determine DN-TNF

efficacy in the CAIA model; these studies used different DN-TNF

biologics, dosing regimens, and routes of administration (i.p., s.c.,

and i.p. by osmotic pump). All arthritis studies included etanercept

as a positive control. Results were consistent for all four studies as

measured by hind paw edema and arthritis score; representative

edema data from three of these studies are discussed below (ar-

thritis score data not shown). In the first study, three DN-TNFs

given daily at 10 mg/kg i.p. reduced hind paw inflammation com-

pared with vehicle (Fig. 5A). Note that vehicle is an appropriate

control for DN-TNF agents because these biologics are variants of

human solTNF and therefore do not possess Ab Fc domains and

their associated effector functions. The decoy receptor etanercept,

administered using the same dosing regimen, also reduced hind

paw inflammation to a similar extent as that by DN-TNF

compounds.

Several DN-TNF biologics were pegylated to improve in vivo

half-life (29), allowing less frequent dosing. In the second CAIA

study (Fig. 5B), we found that a pegylated DN-TNF was effica-

cious when given s.c. at one-tenth the dose and one-third the

frequency used in Fig. 5A. Histological examination of bone

and cartilage at day 28 showed a trend toward reduced pathol-

ogy (scores for bone and cartilage were decreased by 24–29%

with both DN-TNF and etanercept), although differences among

all groups were not statistically significant at this early time

point (data not shown). Longer studies are necessary to deter-

mine whether inhibition of acute inflammation in the CAIA

FIGURE 3. DN-TNF does not inhibit mouse tmTNF activity on human TNF receptors. A, Mouse RAW264.7 (RAW) cells were treated with 1 mg/ml LPS

in the presence of 10 mM TACE inhibitor TAPI-2 to generate cells expressing tmTNF. Cells were incubated with 10 mg/ml XENP267 (X267), etanercept (Eta),

or anti-mouse TNF neutralizing Ab (Ab) and then cocultured with human U937 cells to induce caspase activity. All columns contain RAW264.7 and U937 cells

plus TAPI-2; differing LPS and biologics treatments are as shown. Etanercept and Ab decreased activity to background levels while DN-TNF had no effect (mean6

SEM, n 5 18; p , 0.01 for etanercept and Ab vs vehicle). B–E, Controls for murine tmTNF coculture assays. B, U937 caspase assay using conditioned medium

obtained from untreated, LPS-treated, or LPS- and TAPI-2-treated RAW264.7 cells. The addition of TAPI-2 to LPS-treated cells effectively inhibits the production

of solTNF (mean 6 SD, n 5 6). C–E, Endogenously expressed murine TNF is trapped on the surface of LPS-stimulated RAW264.7 cells treated with TACE

inhibitors. RAW264.7 cells were untreated (C), incubated with 1 mg/ml LPS to induce TNF (D), or incubated with 1 mg/ml LPS and 10 mM TACE inhibitor

TAPI-2 (E). In the absence of LPS no TNF is produced (C); in the presence of LPS there is only a slight increase in cell surface TNF (D) because as TNF is

expressed it is processed by TACE and shed into the medium as solTNF. LPS stimulation combined with TACE inhibition generates a significant amount of tmTNF

trapped on the surface of these cells (E). All caspase procedures were as described in Materials and Methods.
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model by DN-TNFs will translate into reduced bone and carti-

lage degradation.

To address potential differences in pharmacokinetics among dif-

ferent classes of anti-TNF biologics, a third CAIA study was done

using osmotic pumps to deliver inhibitors. Pump delivery provides

a constant infusion of drug and allows better correlation of steady-

state blood levels and inflammation endpoints. Three increasing

doses of DN-TNF caused a progressive reduction in inflammation,

with decoy receptor at 10 mg/kg showing comparable activity to

the same dose of DN-TNF. Proportional increases in serum DN-

TNF levels at 3, 10, and 30 mg/kg (measured at the end of the

FIGURE 4. DN-TNF biologic inhibits solTNF-induced release of IL-8 in

human blood. A, TNF dose responses for induction of IL-8 release in whole

blood from multiple human donors. Fresh whole blood was obtained from five

human donors; IL-8 release after solTNF treatment was then determined as

described in the Materials and Methods (mean 6 SEM, n 5 3). The absolute

level of solTNF-induced IL-8 release varied among donors; EC50 values

ranged from 1 to 6 ng/ml TNF. B, Inhibition of solTNF-induced IL8 release.

Recombinant human solTNF (3 ng/ml) was incubated with increasing amounts

of XENP1595, etanercept, infliximab, or adalimumab and then mixed with

human whole blood for 6 h at 37°C. Blood cells were lysed with Triton-X100

and IL-8 production was determined by sandwich ELISA (mean6 SEM, n 5

4). Donor shown is number 5134 from Table II; see the table for IC50 values

for whole blood assays of five human donors.

FIGURE 5. DN-TNFs and decoy receptor reduce arthritis in the mouse

collagen Ab-induced arthritis model. A, Intraperitoneal route, prophylactic

dosing. Beginning on day 23, mice (n 5 8/group) were dosed daily i.p.

with vehicle or 10 mg/kg etanercept or DN-TNF (XENP345, XENP346, or

XENP1595). Joint inflammation was stimulated by i.v. injection of 25

mg/kg each of four anti-collagen Abs on day 0, followed by 2.5 mg/kg LPS

i.p. on day 3. DN-TNFs and etanercept significantly reduced disease symp-

toms as measured by hind paw thickness (mean 6 SEM): XENP345,

61.4% reduction in area under the curve; XENP346, 88.6%; XENP1595,

72.4%; and etanercept, 74.8% (p , 0.01 for all groups vs vehicle). At the

time of sacrifice, drug levels were measured and found to be as follows:

XENP345, 0.8 6 0.4; XENP346, 4.2 6 3.5; XENP1595, 7.0 6 4.6; and

etanercept, 35 6 11 mg/ml. B, Subcutaneous route, prophylactic dosing.

Beginning on day 23, mice (n 5 8/group) were dosed s.c. every 3 days

with vehicle or 1.0 mg/kg etanercept or XENP1595. Experimental arthritis

was induced as in A and hind paw thickness (mean6 SEM) was monitored

for 28 days. XENP1595 and etanercept significantly reduced hind paw

thickness compared with vehicle-treated controls: XENP1595, 35.6% re-

duction; etanercept, 46.9% (p , 0.01 for both groups vs vehicle area under

the curve). C, Dose response to DN-TNF treatment. Mice were implanted

on day 3 with osmotic pumps to deliver vehicle, 10 mg/kg/day etanercept,

or XENP1595 at 3, 10, or 30 mg/kg/day i.p. Experimental arthritis was

induced as in A; disease symptoms were measured using hind paw thick-

ness (mean 6 SEM), and serum drug levels were measured at the conclu-

sion of the study by using a sandwich ELISA. DN-TNF rescued mice from

arthritic symptoms in a dose-dependent manner: XENP1595 at 3, 10, and

30 mg/kg/day 5 10.9, 27.5, and 39.1% reduction; etanercept at 10 mg/kg/

day 5 26.8% reduction (p , 0.05 vs vehicle for all groups except 3 mg/kg

XENP1595). Average steady-state serum levels were 7.0 6 4.1, 24.6 6

7.1, and 220 6 161 mg/ml for the 3, 10, and 30 mg/kg/day dose levels of

XENP1595 and 14.6 6 13.1 mg/ml for etanercept (mean 6 SD).

Table II. Inhibition of TNF-induced IL-8 release in human whole blood

by anti-TNF biologics

Donor

IC50 (ng/ml)

5129 5131 5132 5133 5134 Mean 6 SD

3 ng/ml TNF
XENP1595 15.5 6.8 17.1 11.8 11.5 12.5 6 4.0
Etanercept 13.7 10.9 10.7 9.7 9.1 10.8 6 1.8
Adalimumab 15.9 14.6 19.2 15.3 13.4 15.4 6 2.2
Infliximab 19.5 16.2 16.5 16.5 19.5 17.5 6 1.7

6 ng/ml TNF
XENP1595 61.4 25.0 36.3 28.8 26.0 35.5 6 15.1
Etanercept 26.9 26.2 27.1 17.9 17.2 23.1 6 5.0
Adalimumab 47.5 34.4 89.3 46.5 41.0 51.7 6 21.6
Infliximab 45.0 39.4 69.3 45.1 39.5 47.7 6 12.4

Values are mean IC50 (n 5 4) from a six-point dose response as shown in Fig. 4B
for donor 5134.
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study) correlated with efficacy (Fig. 5C). These results suggest that

in the mouse the comparable efficacy of DN-TNF and decoy re-

ceptor can be attributed to solTNF inhibition at similar systemic

drug exposures.

CIA is another established experimental arthritis model and has

been used to demonstrate anti-inflammatory activity of Ab and

decoy receptor anti-TNF biologics (49–51). In previous studies we

showed that DN-TNFs are anti-inflammatory in the rat CIA model

when dosed soon after the onset of symptoms (29). To extend these

observations, DN-TNF was investigated in an advanced CIA

mouse model. An aggressive dosing strategy was adopted; animals

were permitted to develop advanced disease before TNF inhibitors

were administered therapeutically on day 33, 5 to 7 days after a

detectable increase in the arthritis score. Fig. 6 shows that DN-

TNF at 3, 10, and 30 mg/kg given daily s.c. suppressed arthritis

score comparably to decoy receptor, indicating that inhibition of

tmTNF by a decoy receptor generates no additional anti-

inflammatory activity relative to selective inhibition of solTNF.

For DN-TNF, the 10 and 30 mg/kg groups showed significant re-

ductions ( p , 0.05); for etanercept, only the 30 mg/kg group

achieved significance ( p , 0.001). The dose response for both

compounds was modest, possibly because drugs were dosed ther-

apeutically in advanced disease rather than prophylactically. There

was no significant difference in the histopathology of bone and

cartilage for any treatment group vs vehicle; as with the CAIA

studies above, longer studies are required to determine whether the

FIGURE 6. DN-TNF and decoy receptor reduce arthritis in the mouse

collagen-induced arthritis model. Arthritis was induced using a 5 mg/kg

s.c. administration of bovine collagen type II on days 0 and 21. Joints were

inflamed by day 27 and therapeutic dosing was begun on day 33 using

vehicle, XENP1595, or etanercept at 3, 10, and 30 mg/kg/day s.c. in panels

A, B, and C, respectively. Untreated animals served as a baseline. Disease

symptoms were measured using the sum of arthritis scores (0–4) from four

paws (mean 6 SEM, n 5 8/group). Biologics were efficacious at doses of

3, 10, and 30 mg/kg, reducing the area under the curve (using start of

dosing as baseline) relative to vehicle by 55, 67, and 68% for XENP1595

and 53, 63, and 86% for etanercept (p , 0.05 for 10 and 30 mg/kg

XENP1595 and p , 0.001 for 30 mg/kg etanercept; there were no signif-

icant differences between XENP1595 and etanercept at any dose).

FIGURE 7. Selective inhibition of solTNF by DN-TNFs does not in-

crease mortality of TNF1/1 mice after Listeria challenge. C57BL/6 mice

were given two s.c. doses (days 21 and 2) of vehicle or 30 mg/kg

XENP1595, XENP345, or etanercept. L. monocytogenes (104 CFU) was

administered i.v. to all mice on day 0. Listeria-infected TNF knockout and

tmTNF knockin mice not treated with TNF inhibitors were used as genetic

controls. Survival was monitored for 10 days (A, n 5 6/group), and liver

histology (B, n 5 4 per group) was assessed 3 days after infection. In A,

survival in etanercept and TNF knockout groups is significantly reduced

relative to vehicle, tmTNF knockin, and XENP1595 groups (p , 0.005). In

B, note the increased size and number of liver microabscesses (darker

regions) in the etanercept-treated group. Scale bars, 1 mm.
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acute anti-inflammatory effects in CIA will result in reduced joint

damage at later time points.
These in vivo pharmacology studies demonstrate that DN-TNF

biologics are anti-inflammatory in well-characterized murine mod-

els of arthritis, showing comparable activity to that of a nonselec-

tive anti-TNF agent. The similar results seen for solTNF-selective

inhibition relative to nonselective solTNF and tmTNF inhibition

further suggest that solTNF is the major contributor to inflamma-

tion in these experimental models.

DN-TNF biologics maintain immunity to Listeria infection in

normal and tmTNF knockin mice

Genetic evidence has shown that TNF knockout mice are immu-

nosuppressed and therefore sensitized to mycobacterial and liste-

rial infection, whereas normal mice or mice expressing tmTNF

exclusively (tmTNF knockins) mount a sufficient immune re-

sponse to delay or overcome infection (10–14, 16, 52). One hy-

pothesis suggested by these genetic data is that a solTNF-selective

FIGURE 8. Effect of selective solTNF and nonselec-

tive TNF inhibition on innate immunity to Listeria chal-

lenge. Female BALB/c mice (n 5 8/group) were dosed

daily i.p. with vehicle (Veh) or 10, 30, or 50 mg/kg of

either etanercept or XENP1595. On day 4, mice were

orally infected with 3.9 3 109 (A and B), 1.0 3 1010 (C

and D), or 3.2 3 1010 (E and F) CFU of L. monocyto-

genes. On day 7, mice were euthanized and their spleens

(A, C, and E) and blood (B, D, and F) were evaluated for

bacterial load (bars represent means; U, undetectable).

See Table III for p values for each group. Regardless of

bacterial inoculum or dose of biologic, etanercept in-

creased CFUs in blood and spleen relative to vehicle

and XENP1595 groups.

Table III. Effect of treatment with anti-TNF biologics on L. monocytogenes load in mice 3 days

postinfectiona

Listeria Dose (CFU, Oral) 3.9 3 109 1.0 3 1010 3.2 3 1010

Spleen (CFU 3 104)
Vehicle 5 6 1 86 1 166 5
XENP1595 (10 mg/kg) 56 4 76 1 166 5
XENP1595 (30 mg/kg) 106 4 66 1 216 9
XENP1595 (50 mg/kg) 186 5 536 13 8 6 2
Etanercept (10 mg/kg) 4606 230p 720 6 390p 2,700 6 1,300ppp

Etanercept (30 mg/kg) 6506 270p 730 6 350pp 170 6 70
Etanercept (50 mg/kg) 25,0006 19,700ppp 330 6 110p 190 6 60p

Blood (CFU/ml)
Vehicle 13 6 8 36 3 56 5
XENP1595 (10 mg/kg) 56 5 06 0 186 18
XENP1595 (30 mg/kg) 136 13 8 6 8 256 17
XENP1595 (50 mg/kg) 106 10 0 6 0 36 3
Etanercept (10 mg/kg) 3706 190p 140 6 54p 1,655 6 410pp

Etanercept (30 mg/kg) 3156 160 138 6 36pp 1,306 6 300pp

Etanercept (50 mg/kg) 4,9006 4,200ppp 88 6 21p 1,903 6 420pp

a Values are mean 6 SEM (n 5 8); see Fig. 8 for data on individual mice.
p, p , 0.05; pp, p , 0.01; ppp, p , 0.001.
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and tmTNF-sparing anti-inflammatory biologic would similarly

preserve innate immunity to infectious challenge, whereas a non-

selective TNF inhibitor would not. We tested this hypothesis in

mice treated with DN-TNFs or a decoy receptor to determine

whether either class of biologic compromised innate immunity to

bacterial infection. L. monocytogenes was chosen as the model in

part because it has been the organism of choice for previous TNF

genetic studies. In addition, Listeria is an intracellular pathogen

that causes granulomatous inflammation and is a risk factor asso-

ciated with the clinical use of nonselective anti-TNF biologics (20,

21), yet this organism does not require the containment facilities

and extended time periods necessary for M. tuberculosis models.

The effects on survival of two DN-TNFs and decoy receptor

were first determined in normal TNF1/1 mice. Vehicle or TNF

inhibitors were administered s.c. on day 21 and day 2 to mice

infected i.v. on day 0 with 104 CFU L. monocytogenes. TNF

knockout and tmTNF knockin mice not treated with anti-TNF

agents were used as genetic controls. Survival was monitored for

10 days and liver histology was assessed in satellite groups 3 days

after infection. The two DN-TNFs did not suppress host resistance

to challenge relative to the vehicle (Fig. 7A). In contrast, all six

mice treated with decoy receptor died by day 8. As expected, all

TNF knockout controls died by day 5, whereas knockin mice ex-

pressing only tmTNF were fully protected. Histological assess-

ment of livers revealed an increase in the size and number of mi-

croabscesses in the decoy receptor-treated group (Fig. 7B); livers

from mice treated with DN-TNFs appeared similar to those from

tmTNF knockins. These results indicate that inhibition of tmTNF,

whether genetically via knockout or pharmacologically by treat-

ment with nonselective biologic, results in sensitization of mice to

Listeria infection. In contrast, inhibition of solTNF alone, whether

genetically in tmTNF knockin mice or pharmacologically by DN-

TNF, does not suppress innate immunity.

To investigate whether the preservation of immunity to Listeria

was a simple dosage effect that could be overwhelmed by increas-

ing infectious challenge and/or TNF inhibition, we extended the

study using higher doses of both Listeria and anti-TNF biologics.

Groups were orally inoculated with three increasing doses of Lis-

teria. Starting 3 days before infection, vehicle, DN-TNF, or decoy

receptor was given daily i.p. at 10, 30, or 50 mg/kg. All eight mice

per group were sacrificed on day 3 postinfection, and bacterial

loads were determined in spleen and blood. At all Listeria doses

the decoy receptor greatly increased the bacterial load in both the

spleen (;10- to 5000-fold) and blood (;25- to 400-fold), whereas

DN-TNF-treated mice were comparable to the vehicle-treated con-

trols (Table III). There is a statistically insignificant small increase

in spleen bacterial load in one XENP1595-treated group at the

middle inoculum of Listeria (Fig. 8C); however, all mice in this

group had undetectable levels of Listeria in the blood (Fig. 8D),

and this result was not repeated in the low or high inoculum groups

(Fig. 8, A and E). Two of 72 decoy receptor-treated mice died

before day 3, whereas all 24 vehicle- and 72 DN-TNF-treated mice

survived. Because Listeria is an intracellular pathogen, detectable

listeremia is evidence of an uncontrolled infection. Notably, although

all mice had detectable bacterial loads in the spleen (Fig. 8, A, C, and

E), few of the DN-TNF (10 of 72) or vehicle-treated mice (5 of 24)

had any detectable bacteria in the blood, whereas almost all (67 of 70)

of the etanercept-treated mice did, regardless of Listeria inoculum or

drug dose (Fig. 8, B, D, and F). These results indicate that DN-TNF-

treated mice mounted an innate immune response indistinguishable

from that of vehicle-treated control mice.

TmTNF knockin mice serve as a useful model for dissecting the

functions of solTNF and tmTNF in immunity and for investigating

possible differential effects of anti-TNF biologics on these two

ligands. Listeria infection studies were therefore next performed in

tmTNF knockin mice to determine whether the immunosuppres-

sion observed with decoy receptor in TNF1/1 mice could be re-

produced in the absence of solTNF. tmTNF knockin mice were

treated with vehicle or 10 mg/kg DN-TNF or decoy receptor twice

weekly s.c., and infected i.v. with 104 Listeria the day after the first

drug dose. All DN-TNF and vehicle-treated mice survived to the

end of the study (Fig. 9A). In contrast, six of 10 mice in the decoy

receptor-treated group died by day 7. As controls, TNF knockouts

were also infected and, as expected, all died by day 6. In a satellite

study with four mice per group, similar results were observed for

the bacterial load in the liver at day 3, with a 23-fold increase in

CFU in decoy receptor-treated mice compared with the vehicle and

a 13-fold increase compared with DN-TNF-treated mice (Fig. 9B).

In addition, liver microabscess sizes were significantly increased in

the TNF knockout and decoy receptor-treated groups (not shown).

These results demonstrate that decoy receptor sensitized mice to Lis-

teria even in the absence of solTNF and further support the hypothesis

that DN-TNF has no effect on tmTNF-dependent innate immunity.

Discussion
These studies show that DN-TNF biologics selectively inhibit

solTNF activity in vitro and in vivo. DN-TNFs blocked paracrine

FIGURE 9. DN-TNF does not increase mortality of tmTNF knockin

mice after Listeria challenge. The tmTNF knockin mice (n 5 10/group)

were treated with vehicle or 10 mg/kg XENP1595 or etanercept s.c. on

days21, 2, 6, 9, and 13 and infected with 104 L. monocytogenes i.v. on day

0. Survival (A) was monitored over 13 days, and bacterial load in the liver

(B) was measured at day 4 in a satellite group of four mice. Listeria-

infected TNF knockout mice (n 5 10) were used as a genetic control for

the survival study. In A, survival in etanercept and TNF knockout groups

is significantly reduced relative to vehicle and XENP1595 groups (p ,

0.005). In B, bacterial load in etanercept and TNF knockout groups is

significantly higher than in vehicle and XENP1595 groups (p , 0.01). In

addition, liver microabscess sizes were significantly increased in the TNF

knockout and decoy receptor-treated satellite groups: vehicle, 3.2 6 1.1

mm; XENP1595, 3.5 6 0.71 mm; TNF knockout, 46.5 6 5.7 mm; and

etanercept, 38.56 12.2 mm (mean6 SD; p , 0.01 for etanercept and TNF

knockout compared with vehicle and XENP1595).
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(solTNF) signaling in human and mouse cell lines and in a human

whole blood cytokine release assay and were as effective as a non-

selective decoy receptor in reducing inflammation in two mouse

models of arthritis. In contrast, DN-TNFs failed to block juxtacrine

signaling induced by human or mouse tmTNF in the same assays.

DN-TNF biologics also maintained innate resistance to L. mono-

cytogenes infection in normal and tmTNF knockin mice, while

nonselective TNF inhibition by decoy receptor led to a marked

immunosuppression and increased mortality.

SolTNF selectivity appears to be an intrinsic property of the

dominant-negative mechanism of DN-TNFs. Although the molec-

ular basis for solTNF ligand selectivity remains to be explored, one

explanation is that solTNF homotrimers are more labile than

tmTNF homotrimers. Trimer dissociation is obligatory for ex-

change and is likely to be impeded by the large transmembrane and

intracellular domains of tmTNF (32, 53) and by the membrane

lipid anchor at Cys47 (54). The DN-TNF mechanism is not un-

precedented in genetics; for example, a recent study describes a

mutation in mouse TNF that suppresses TNF activity in vivo by a

dominant-negative mechanism (55). However, in this system both

solTNF and tmTNF are suppressed because endogenous heterozy-

gotic expression results in the formation of heterotrimeric tmTNF.

In contrast to DN-TNFs, anti-TNF Abs and decoy receptor only

require TNF binding for activity, explaining the ability of these

biologics to inhibit both solTNF and tmTNF.

Ligand selectivity allows DN-TNFs to be used as pharmaco-

logic tools to explore the roles of solTNF and tmTNF in mediating

the multiple functions attributed to this cytokine. For example,

these are the first data exploiting selective and nonselective phar-

macologic inhibitors to demonstrate the minimal contribution of

tmTNF to inflammation in mouse arthritis models. Selective inhi-

bition with DN-TNFs was similarly useful in dissecting out the

roles of the two forms of TNF in maintaining immunity to infec-

tion. Pharmacologic inhibition in Listeria challenge models indi-

cates that tmTNF plays a protective role in innate immunity,

whereas solTNF appears less important. These results support the

hypothesis that tmTNF and solTNF have nonredundant and per-

haps complementary roles in inflammation and immunity (2, 7, 10,

19), which was first proposed based on evidence from mouse ge-

netic models. These roles are possibly mediated by differential

signaling through TNFR1 and TNFR2 (56–59), potentially cou-

pled with reverse signaling events that can only be induced in cells

expressing tmTNF (60). Future studies with DN-TNF biologics

may help elucidate the complex signaling events initiated by

solTNF and tmTNF ligands acting on TNFR1 and/or TNFR2.

Two reports using tmTNF knockin mice have suggested that

tmTNF alone can drive inflammation (61, 62). However, attribut-

ing inflammation solely to tmTNF signaling in these mice is prob-

lematic, because the two studies report high levels of solTNF ex-

pression in homozygous solTNF knockouts. In addition, tmTNF

expression in such knockins is abnormally high; such dysregula-

tion of tmTNF levels may lead to nonphysiological in vivo func-

tions. Finally, a complication of genetic models is the lack of tem-

poral control of TNF activity; in unconditional knockouts, TNF is

absent throughout development of the immune system, which may

lead to compensatory physiological effects. For example, it is

known that tmTNF drives normal lymphoid development (7);

therefore, genetic models do not allow separation of direct effects

on innate immunity of tmTNF from its indirect effects in ensuring

normal development of the immune system. This developmental

aspect could help explain why some reports indicate that tmTNF

knockin mice possess intermediate sensitivity to acute M. tuber-

culosis infection relative to total TNF knockout and TNF1/1 mice

(13, 14), while other reports suggest that tmTNF knockin mice are

as resistant to tuberculosis as TNF1/1 mice (16, 52). Another pos-

sible explanation for differences between DN-TNF and decoy re-

ceptor biologics is the differential inhibition of lymphotoxin a ac-

tivity by these agents (Fig. 1E). Comparative pharmacology

studies of the three classes of anti-TNF biologics (decoy receptors,

Abs, and dominant negatives) may help explain the signaling dif-

ferences that underlie their disparate effects on inflammation and

immunity, and such studies are in progress.

In conclusion, we have demonstrated that DN-TNF biologics

selectively inhibit solTNF activity in vitro and in vivo. TNF ligand

selectivity allows these agents to serve as discriminating tools to

refine our understanding of the multiple functions of this pleiotro-

pic cytokine and to shed light on the conflicting roles reported for

TNF in the immune system and in disease. The use of DN-TNFs

in mice, combined with studies in genetic models, suggests that

solTNF-selective inhibitors may effectively reduce inflammation

while preserving adequate host immunity to infection. Because

increased risk of listeriosis and other infections is a liability of

nonselective anti-TNF drugs, DN-TNF compounds may have po-

tential for the treatment of rheumatoid arthritis and other inflam-

matory and autoimmune diseases.
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Laure JANOT 

Rôle des récepteurs Toll-Like et de CD14 dans la réponse à 

Listeria monocytogenes et à la flagelline extraite de 

Salmonella typhimurium

L’organisme est exposé à divers agents infectieux et doit mettre en place une réponse immunitaire adéquate pour se 

protéger. Mes travaux de thèse m’ont permis d’étudier la réponse innée à l’infection par Listeria monocytogenes (L.m) et 

l’inflammation pulmonaire induite par la flagelline extraite de Salmonella typhimurium. Mes résultats ont mis en évidence 

l’association du co-récepteur CD14 avec TLR2 (Toll-like Receptor 2) dans la détection de L.m injectée par voie veineuse. 

En revanche, CD14 ne semble pas être associé au TLR5 dans la reconnaissance de la flagelline. Par ailleurs, l’activation 

des TLR par leurs ligands permet la synthèse de cytokines intervenant dans l’inflammation. J’ai ainsi pu étudier plus 

précisément le TNF (Tumor Necrosis Factor). Cette protéine pro-inflammatoire est un des médiateurs principaux de 

l’immunité et existe sous une forme membranaire qui a été peu étudiée (Mem-TNF) et sous une forme soluble bien 

connue (sTNF). Mes études ont montré que ce Mem-TNF active la production de cytokines et de médiateurs chimiques de 

l’inflammation conférant une protection partielle contre Listéria. L’étude de cette cytokine membranaire nous a permis de 

tester une nouvelle génération de traitements moins agressifs que les anti-TNF contre l’arthrite rhumatoïde ou la maladie 

de Crohn. 

MOTS CLES : TLR2, TLR5, CD14, listeria monocytogenes, TNF, flagelline, inflammation pulmonaire 

Implication of the Toll-Like Réceptor and CD14 in response 

to Listeria monocytogenes and flagellin from Salmonella 

typhimurium

Toll-like receptors (TLRs) recognize a wide range of microbial pathogens and their products modulate the innate 

immune response that may lead to inflammation. In order to better understand the host-pathogen relationship, we have 

studied the implication of the co-receptor CD14 in the innate immune response to Listeria monocytogenes and to the 

bacterial flagellin from Salmonella typhimurium. Our results clearly show that TLR2 requires CD14 to control Listeria

infection whereas TLR5 does not. Moreover, TLR activation leads to pro-inflammatory cytokines production such as 

Tumor Necrosis Factor (TNF). This pleiotropic protein is required for normal development and function of the immune 

system. TNF can be secreted (sTNF) or associated to the membrane (Mem-TNF). Our results suggest that Mem-TNF can 

activate the synthesis of cytokines and chemicals mediators of inflammation and partially protect mice from a moderate 

infection. These experiments open new avenues for the treatment of inflammatory disease like rheumatoid arthritis or 

Crohn disease. 
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