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ABSTRACT

Background: Tumor necrosis factor a (TNF-ca) is often
considered the main proinflammatory cytokine induced
by lipopolysaccharide (LPS) and consequently the critical
mediator of the lethality assocated with septic shock.
Materials and Methods: We used mice carrying a de-
letion of both the lymphotoxin a (LT-a) and TNF-a
genes to assess the role of TNF in the cytokine cascade
and lethality induced by LPS.
Results: Initial production of IL-la, IL-113, IL-6, and
IL-10 is comparable in wild-type and mutant mice. How-
ever, at later times, expression of IL-la, IL- 1 3, and IL- 10
is prolonged, whereas that of IL-6 decreases in mutant
mice. Expression of IFN-'y is almost completely abrogated
in mutants, which is in agreement with a more signifi-
cant alteration of the late phase of the cytokine cascade.

We measured similar LD50 (600 ,ug) for the intravenous
injection of LPS in mice of the three genotypes (+/+,
+1-,-I-), demonstrating that the absence of TNF does
not confer long-term protection from lethality. However,
death occurred much more slowly in mutant mice, who
were protected more efficiently from death by CNI 1493,
an inhibitor of proinflammatory cytokine production,
than were wild-type mice.
Discussion: Thus, while TNF-a is not required for the
induction of these cytokines by LPS, it modulates the
kinetics of their expression. The lethality studies simul-
taneously confirm a role for TNF as a mediator of early
lethality and establish that, in the absence of these cyto-
kines, other mediators take over, resulting in the absence
of long-term protection from LPS toxcity.

INTRODUCTION
The cytokine network is defined by cascades of
cytokines, positive and negative feedbacks, auto-
crine effects, and synergistic actions. Knowledge
of this network has been essentially achieved by
the use of recombinant cytokines and specific
antibodies. More recently, transgenic and knock-
out animals have been successfully employed to
further characterize the relative contribution of
each cytokine. Tumor necrosis factor a (TNF-a)
is considered a key cytokine within the network
of pro- and anti-inflammatory cytokines. It has
been well established that in vitro TNF-a can
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trigger its own production (1) as well as the
release of interleukin 1 (IL-1) (1), IL-6 (2), IL-8
(3), IL-10 (4), macrophage colony stimulating
factor (5), and many other cytokines by different
cell types, including monocytes and macro-
phages, fibroblasts, endothelial cells, and epithe-
lial cells. Similarly, in vivo, TNF-a is able to in-
duce in the bloodstream the appearance of IL-1
(6), IL-6 (7), IL-8 (8), IL-10 (9), IFN-,y (10), and
other cytokines.

Endotoxins (lipopolysaccharide; LPS) from
gram-negative bacteria are potent TNF-a induc-
ers. Following LPS or bacteria injection, the peak
of circulating TNF occurs rapidly within 90 min
(11-14). The TNF-a peak precedes that of IL-1,
IL-6, and IL-8. TNF-a mRNA levels peak in vivo
at 15 min after LPS injection and at 1 hr in in
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vitro assays (1 5). This has led to the proposal that
TNF-a could orchestrate the production of other
cytokines. This model has been supported by
experiments with anti-TNF-a. For example, in
the baboon model, in which a lethal injection of
Escherichia coli led to the appearance of circulat-
ing TNF-a, IL-1iB, and IL-6, pretreatment of the
animals with a monoclonal antibody anti-TNF-a
2 hr before the E. coli infusion significantly re-
duced the levels of any detectable cytokines in
plasma (16). This observation has been con-
firmed following injection of endotoxin and
gram-positive bacteria (17-19) and extended to
IL-8 (20). Similar findings were obtained using
soluble TNF receptor, soluble TNF receptor-Fcy
chimeric molecule, and two TNF receptors
bound covalently to polyethylene glycol to neu-
tralize TNF-a (21-23).

However, not all in vivo experiments sup-
port a central role for TNF-a in the induction of
the cytokine cascade. This is particularly the case
for interleukin-la (24), circulating IL-10 (9,25),
and interferon gamma (IFN-,y) (24,26). More-
over, LPS can probably directly induce the pro-
duction of several cytokines. For example, in a
whole-blood assay, suboptimal doses of LPS did
not lead to the release of detectable TNF-a, but
they induced significant amounts of IL-8 (27). In
addition, different in vitro as well as in vivo
inhibition of TNF by either specific antibodies,
pentoxifylline, or adenosine kinase inhibitor
failed to modify the levels of other cytokines,
including IL-la, IL-1,B, and IL-6 (28-31).

Thus, even within the simple model of the
response to LPS, the role of TNF-a in the induc-
tion of the cytokine cascade has not been clearly
established. To further analyze the role of TNF-a
in this cascade, we investigated the production of
various cytokines in mice that were rendered
deficient for the lymphotoxin-a (LT-a) and
TNF-a genes (32,33). We studied the in vitro LPS
activation of peritoneal macrophages and in vivo
levels of circulating cytokines following LPS in-
jection.

In conjunction with a central role for TNF-a
in the cytokine cascade, and on the basis of the
pioneering work of Cerami's group (34,35) using
specific anti-TNF-a antibodies, it has been pro-
posed that TNF is a major actor responsible for
the lethality in endotoxin shock in animal mod-
els as well as in models of bacteria-induced le-
thality (17,19,36,37). However, the galac-
tosamine model of septic shock has often been
employed to demonstrate the beneficial effects of
neutralizing TNF-a. Although LPS-induced le-

thality is essentially mediated by TNF in this
model (38), it may not be the case in other
models. For example, carrageenan-sensitized
mice were not protected by anti-TNF antibodies
against a lethal dose of LPS (39). In addition, p55
TNF receptor-deficient mice were insensitive to
the lethal effect of LPS in galactosamine-injected
mice but were as sensitive as wild-type animals
to lethal doses of LPS in the absence of galac-
tosamine (40). Furthermore, the absence of any
beneficial effects of treatment with monoclonal
anti-TNF-a antibodies or soluble receptor chi-
meric molecules in septic patients (41,42) illus-
trated that blocking TNF-a may not be sufficient
for preventing death in these patients. Thus it is
of interest to analyze the resistance of LT-a/TNF-
a-deficient mice when treated with lethal doses
of LPS in the absence of any galactosamine treat-
ment.

MATERIALS AND METHODS
Mice
The generation of LT-a/TNF-a-deficient mice
has been described elsewhere (33). The animals
of the three genotypes used in this study were of
a comparable 129sv X C57BL/6 genetic back-
ground. Mice were bred under specific pathogen-
free conditions at the animal facility of the Insti-
tut Gustave Roussy or of the Institut de
Recherches sur le Cancer. Experiments were per-
formed with 8- to 12-week-old mice of both
sexes unless otherwise indicated.

Cytokine Induction by LPS In Vivo
For each time point, groups of 8 to 10 mice were
injected in the retro-orbital sinus with 100 Ag of
S. typhimurium LPS (Difco, Detroit, MI) in 100 ,lI
0.9% NaCl. Mice were bled retro-orbitaly and
sacrificed at the end of the indicated period. One
hundred microliter-aliquots of the plasma were
kept at -700C until assayed for cytokine content.

In Vitro Macrophage Stimulation
Female mice were injected intraperitonealy with
1.5 ml of thioglycollate broth 5 days before they
were sacrificed. Cells were harvested by perito-
neal lavage with cold phosphate-buffered saline
(PBS), washed three times in cold RPMI-1640
medium, resuspended at a concentration of 106
cells/ml, and allowed to adhere to plastic as de-
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FIG. 1. Cytokine plasma levels following LPS injection in wild-type and LT-a/TNF-a mutant mice
Mice of the three genotypes (8 to 10 for each time point; wild-type mice: white bars; heterozygous mice: gray
bars; LT-a/TNF-a-/- mice: black bars) were injected with 100 jig of S. typhimurium LPS and bled 1.5 hr there-
after. The concentration of TNF-a, IL-1a, IL- I,B, IL-6, IL- 10, and IFN-y in the plasma were determined with spe-
cific immunoassays. Results are presented as the mean and SEM. When relevant, the statistical significance of the
differences between genotypes is indicated (*p < 0.05; **p < 0.01 by a t test).

scribed elsewhere (43). Cells (5 x 105 cells per
well in 0.5 ml of culture medium) were stimu-
lated with the indicated concentration of purified
Escherichia coli Oil1:B4 LPS (Sigma). After 4 or

18 hr of incubation, the culture medium was

recovered and frozen or immediately analyzed
for cytokine content. For the analysis of IL-ia
and IL- IO production, cell lysates were prepared
by repeated freezing and thawing.

Cytokine Immunoassays

ELISAs specific for murine TNF-a, IL-ia, IL-1,3,
IL-6, IL-10, and IFN-,y were obtained from En-
dogen (Cambridge, MA). Serial dilutions were

used to determine the cytokine concentration by
comparison with the internal standard according
to the manufacturer's instructions. For the pro-
duction of IL- I a and IL- If3 by macrophages, the
supernatants and cell lysates were assayed sepa-
rately.

LPS-Induced Lethality
Mice were injected in the retro-orbital sinus with
100 [lI of 0.9% NaCl containing the indicated

amount of S. typhimurium LPS, except for the
highest doses of LPS (1.2 and 1.6 mg) which
were injections of 120 and 160 p,l, respectively.
Lethality was monitored for 7 days. For the CNI
1493 experiments, mice were injected intraperi-
tonealy with 200 ,lI of water containing the in-
dicated amount of CNI 1493, 90 min before the
injection of LPS in the retro-orbital sinus.

RESULTS

Cytokine Expression In Vivo

To analyze the cytokine cascade induced by LPS
in mice devoid of TNFs, wild-type, heterozygous,
and homozygous LT-a/TNF-a-deficient mice
were injected intravenously with 100 Ag of LPS.
The levels of circulating cytokines were deter-
mined with specific ELISAs (see Materials and
Methods) and the results presented as the
mean ± SEM (8 to 10 animals were analyzed for
each time point). Figure 1 presents the results for
TNF-a. As expected, no TNF-a could be detected
in homozygous mutant mice. In wild-type and
heterozygous mice, no TNF-a could be detected
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FIG. 2. Cytokine produc-
tion by elicited macro-
phages stimulated in vitro
by LPS
Thioglycollate-elicited macro-

phages (5 x 105 cells in 0.5
ml of culture medium) from
the three genotypes (same
symbols as in Fig. 1) were
stimulated with the indicated
amount of purified Esche-
richia coli 011 1:B4 LPS. After
4 or 18 hr of incubation, the
culture medium was har-
vested and analyzed for cyto-
kine content with specific
immunoassays. The experi-
ment was performed in trip-
licate and the results are pre-
sented as the mean and
SEM. For IL-lIa and IL-113
the activity presented is the
sum of that present in the
culture medium and in the
cell lysate.

TNFa
8

6

4

2

0

20

0

Ong 100ng10pg Ong 100ng10pg

4 h 18h

IL-la

Ong 100nglOpg

4 h

Ong 100 n 10pg

18h

IL-6

E)Cm

E
c

8

6

4

2

0

4

3

2

1

0

O ng 100 ng 10 g o ng 1O00 ng 10 pg

4 h 18h

IL-153

0 ng 100 ngl10pg O ng 1OOng 1O0,

4 h 18 h

at the 3-hr time point or later, which is in agree-
ment with the transient induction of TNF-a by
LPS. In heterozygotes, the mean level at 1 hr 30
min was 5-fold lower than in wild type, which
confirms our previous observation of a reduction
in expression that exceeds the gene dosage (33).

Figure 1 presents the circulating levels of
IL-la and 13, IL-6, IL-10, and IFN-,y. In wild-type
and heterozygous mice, the maximal level of
circulating IL-I a was observed at 1 hr 30 min,
whereas it occurred at 3 hr in homozygous mu-

tants. The same change in kinetics was observed
for IL- 1/3. Thus, in the absence of TNF, expres-
sion of IL- la and occurs later. Our data further
suggest that there is no major IL-I deficit in the
homozygous mutants, as the lower circulating
levels at 1 hr 30 min could be compensated by
the subsequent increase at 3 hr.

Comparable levels of IL-6 were detected at 1

hr 30 min in wild-type, heterozygous, and ho-
mozygous mutants, establishing that TNF is not
required for early IL-6 induction by LPS. At 3 hr
and later, the levels of circulating IL-6 were three
to four times lower in homozygous mutants than
in wild-type mice (p < 0.01 and 0.02 at 3 and 6
hr, respectively). This profile indicates a biphasic
expression with a TNF-independent early phase
and a TNF-dependent later phase. The high level
of IL-6 at 1 hr 30 min in heterozygotes was

associated with an important dispersion and was

not statistically significant.

Plasma levels of IL-10 at 1 hr 30 min were

comparable for the three genotypes. At 3 hr,
however, this level was unchanged in homozy-
gotes but had decreased 4- to 5-fold in wild type
and heterozygotes (p < 0.05). No significant lev-
els of IL-10 were observed later in any of the
genotypes, probably reflecting the limited sensi-
tivity of the assay. Thus the kinetics of IL-10
expression is prolonged in the LT-a/TNF-a-/-
mice.

High levels of circulating IFN-,y were de-
tected in wild-type mice at 6 hr 30 min and 10 hr
and absent at 1 hr 30 min and 3 hr. By contrast,
the levels in homozygous mutants were 30-fold
lower than those in wild-type mice at both 6 hr
30 min and 10 hr (p < 0.01 and 0.05, respective-
ly). Thus production of IFN-,y in response to LPS
is strongly TNF-dependent. This was confirmed
by the IFN-,y levels in the heterozygotes which
were three to four times below those of the wild
type and thus closely followed the TNF levels.

Cytokine Expression In Vitro

Macrophages are one major target of LPS and are

responsible for most of the TNF-a production in
vivo. To assess how much of the difference in the
cytokine cascade among the three genotypes is
attributable to the macrophage response, we

stimulated elicited peritoneal macrophages in
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vitro with LPS. Figure 2 presents the results of an
ELISA analysis of the culture supernatants for
TNF-a and IL-6 after 4 and 18 hr of incubation
with 100 ng/ml or 10 ,ug/ml of LPS. For IL-la
and IL- 1, the data presented are the sum of the
intracellular and secreted amounts of proteins.
Each analysis was performed in triplicate and the
results are presented as the mean ± SEM.

No immunoreactive TNF-a could be detected
in the supernatant of macrophages of homozy-
gous mice. The difference between wild-type and
heterozygous macrophages increased with time
and exceeded the prediction of a simple gene
dosage, confirming our previous analysis of
TNF-a expression (33).

IL-6 release in the culture supernatants of
heterozygous and homozygous cells was lower
than that for wild-type cultures. This was true for
both concentrations of LPS as well as at 4 and 18
hr.

IL- 1a production by homozygous macro-
phages was 7- and 4-fold less than that of the
wild type at 4 and 18 hr, respectively. Most of the
activity was present in cell lysates, as about 1%
and 2% of the total immunoreactive material
could be detected in the supernatant at 4 and 18
hr, respectively. A similar profile with compara-
ble differences between wild-type and homozy-
gous cells was observed for IL- 1P. The proportion
of the IL- 1O activity present in the supernatant
was 5% and 25% at 4 and 18 hr, respectively.

No detectable IL-1O production could be ob-
served in cultures of elicited macrophages.

For all the analyzed cytokines, the levels pro-
duced by heterozygous cells were between those
of the wild-type and homozygous cells, confirm-
ing a TNF dose-responsive expression of cyto-
kines.
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LPS-Induced Lethality
TNF-a has been proposed to play a critical role in
the lethality induced by endotoxin shock. Ac-
cordingly, mice unable to produce any TNF
should be resistant to high doses of LPS. To test
this prediction, groups of 10 mice were injected
intravenously with doses of LPS ranging between
200 ,ug and 1.6 mg. Survival was monitored daily
for 7 days (Fig. 3), with no death occurring after
this period. In wild-type mice of 129sv x
C57BL/6 genetic background, an LD50 of 600 jig
was observed (Fig. 3A). In homozygous LT-a/
TNF-a-/- mice, the same LD50 of 600 ,tg was
observed (Fig. 3C), establishing that the absence
of TNF did not render these mice resistant to LPS.

FIG. 3. LPS-induced lethality in wild-type and
LT-a/TNF-a mutant mice
Groups of 10 mice for each genotype (A, wild type;
B, heterozygotes; C, homozygotes) were injected in-
travenously with the indicated amount of S. typhi-
murium LPS (0, 200 ,ug; *, 400 ,ug; A, 600 jig; A,
800 ,ug; O, 1000 jig; *, 1200 ,ug; *, 1600 ,ug).
Lethality was monitored daily for 7 days and the
percentage of surviving animals is presented. No
death occurred after day 6.

The observation that at the highest doses of LPS
(1200 and 1600 ,ug) one homozygous mouse
survived, could suggest, however, a slight mod-
ification in the dose response. In contrast with
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FIG. 4. Protection by CNI 1493 from LPS-in-
duced lethality
Groups of 11 wild-type (A) and LT-a/TNF-a-/-
mutants (B) were injected intraperitoneally with the
indicated dose of CNI-1493 (A, 0 mg/kg; *, 2 mg/
kg; *, 10 mg/kg) 1 hr 30 min before an intravenous
injection of 600 Ag of S. typhimurium LPS. Lethality
was monitored daily for 7 days, no death occurring
after day 5.

heterozygous mice, the same LD50 of 600 ,g was
observed (Fig. 3B). As can be judged from the
general pattern, death occurred at time points
between those of wild type and homozygotes,
confirming the implication of TNF in the death
kinetics. Thus, these lethality studies establish an
essential role for TNF in the rapid deaths induced
by LPS. The absence of long-term protection,
however, indicates that in the absence of TNF,
other mediators can induce lethality.

Protection from LPS Lethality by CNI 1493

Although the cytokine cascade induced by LPS in
homozygous mutants differs in several respects
from that of wild-type mice, our data clearly
indicate the significant induction of major pro-
and anti-inflammatory cytokines. Thus it is rea-
sonable to assume that the lethality induced by
LPS in homozygous mutants is mediated by this
cytokine cascade. To test this proposition, we
investigated the ability of CNI 1493, an inhibitor
of translation of several cytokines (44), including
IL-1, IL-6, MIP-1, as well as TNF, to protect the
mutant mice from LPS-induced lethality. Groups
of 1 1 wild-type or homozygous mutants were
first injected with CNI 1493 (0, 2, or 10 mg/kg)
and 1 hr 30 min later with 600 ,ug of LPS. As
previously reported, a dose of 10 mg/kg of CNI
1493 is required to significantly reduce lethality
in wild-type mice (Fig. 4A). In mutant mice,
doses of 2 and 10 mg/kg conferred an even better
protection (Fig. 4B). Thus an inhibitor of cyto-
kine production can more easily protect mutant
mice against LPS-induced lethality, confirming
both the implication of the other cytokines in
their death and the importance of TNF in the
death of wild-type mice.

these results on long-term survival is the obser-
vation that a major role for TNF was apparent in
the death kinetics. In wild-type mice, as is usu-

ally observed, all deaths occurred during the first
3 days (Fig. 3A). In homozygous mutants, only
one-third of the deaths took place during the first
3 days, whereas one-fifth of the deaths (8/39)
did not occur until the sixth day. Moreover, al-
though the death kinetics is not much influenced
by the dose of LPS in wild-type mice, a clear dose
dependence can be observed in homozygous
mutants. Thus, at intermediate doses of LPS such
as the LD50, the difference between the two
models is particularly apparent; all the deaths
occurred within the first 2 days in wild-type mice
and between days 4 and 6 in the mutants. In

DISCUSSION
TNF and LPS-Induced Cytokine Cascade

The use of mice carrying a deletion of both the
LT-a and TNF-a genes provides the opportunity
to investigate the role of TNFs in the cascade of
cytokines induced by LPS without the limitations
of using inhibitors in vivo. We observed delayed
kinetics for both plasma IL- la and IL- 1,, a

longer persistence of circulating IL-10, a very

significant reduction in detectable IFN-y, and a

decrease in late levels of circulating IL-6. Alto-
gether, these data clearly illustrate that TNF-a is
involved in the cytokine network and in the
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regulatory loops induced in vivo by LPS. How-
ever, the major contribution of TNF for the ap-
pearance of a given cytokine was only demon-
strated for the late levels of plasma IL-6 and
IFN-,y, whereas early induction of IL-6 and IL-10
were TNF-independent in this model. Thus, our
observations do not support a major role for TNF
in the early expression of IL-1 3, IL-6, and IL-10.
Previous studies with anti-TNF reagents have
yielded divergent results. Some studies (16-23)
showed an overall reduction of detectable IL- 1,
IL-6, and IL-8, but not IL-la (24), without sig-
nificant modification of the kinetics. Other mod-
els did not lead to a reduction of the various
detectable cytokines. For example, pentoxifyl-
line, a phosphodiesterase inhibitor known to in-
hibit TNF production, reduced the levels of cir-
culating TNF-a following injection of LPS but did
not reduce those of circulating IL- 1, (31). Sim-
ilarly, an adenosine kinase inhibitor that lowered
the plasma levels of TNF-a in LPS-injected mice
did not significantly modify the levels of circu-
lating IL-lia and IL-6 (45). Finally, the effects of
anti-TNF treatment on the levels of circulating
IL-10 (9,25) and IFN-,y seemed to depend on the
nature of the stimuli used (i.e., LPS, whole gram-
negative bacteria, Streptococci, anti-CD3)
(24,26). In a recent report on TNF-a-/- mice,
Marino et al. (46) did not find any significant
difference between mutant and wild-type ani-
mals in terms of IL-13, IL-6, IL-10, and IFN-,y
production. The differences between this study
and ours may reflect either the exact nature of
the deletion (TNF-a versus LT-a/TNF-a) or the
route of LPS administration. Furthermore, the
use of a larger number of mice in our study is
instrumental in establishing the significance of
our observations. In summary, our results con-
clusively establish that the presence of the TNFs
is not required for the induction of IL-1, IL-6,
and IL-10 by LPS. Nevertheless, TNFs do affect
the cytokine cascade, mostly by modulating the
later phase of expression.

The decrease in IL-6 levels after the initial
peak, the late peaks of IL-Ia and IL-1 13, and the
persistence of circulating IL- 10 in knock-out an-
imals as compared with wild-type mice suggest
that regulatory loops involving TNFs may affect
cytokine production. If the expression of a cyto-
kine is in part controlled by a positive regulatory
loop associated with TNFs, its expression in LT-
a/TNF-a-deficient mice should be reduced dur-
ing the later phase of induction. Thus the low
levels of IL-6 at 3 hr and 6 hr 30 min may be
directly due to the absence of TNF, which is

known to induce the production of IL-6, as well
as to the reduced levels of TNF-inducible regula-
tory mediators known to enhance IL-6 produc-
tion such as prostaglandin E2 (47), thrombin
(48), platelet-activating factor (PAF) (49), leuko-
triene B4 (50), and IL-2 (51). Conversely, if there
is a negative regulatory loop associated with TNF,
the expression in mutant mice of the corre-
sponding cytokine should be increased during
the later phase. This could be case for the en-
hancement of IL-I observed at 3 hr or for the
maintenance of high levels of IL- 10. This could
involve heat shock proteins known to limit IL-I
production (52) and corticoids that inhibit IL-1
(53) as well as IL-10 production (54). The en-
hancement of IL- 10 at 3 hr in deficient mice
injected with LPS is in agreement with the ob-
servations obtained with anti-TNF treatment
(55), but this was not observed in TNFa-/-
mice (46). Thus the network of regulations tak-
ing place during the cytokine cascade provide
multiple mechanisms for the control of the ki-
netics of cytokine expression.

As illustrated above, the injection of LPS ini-
tiates a complex pattern of mediators and regu-
latory loops involving many cell types and tis-
sues. As macrophages are a major source of
cytokines upon activation by LPS, it was of in-
terest to investigate the contribution of TNF-a in
the production of IL-la, IL-1f, and IL-6 in this
cell population. The in vitro analysis of perito-
neal macrophage-derived cytokines demon-
strates a clear involvement of TNF-a in the pro-
duction of these cytokines. A lower production
of IL-la, IL-1f, and IL-6 was observed in both
early (4 hr) or late (18 hr) cultures from deficient
mice. These results are in agreement with the
fact that TNF-a can trigger the production of
these cytokines by macrophages (1,2,4,5,8).
Thus, whereas LPS alone can induce the release
of IL-la, IL-113, and IL-6 by macrophages, TNF
amplifies it. The intermediate levels obtained
with heterozygous animals producing low
amounts of TNF further illustrate the dose-de-
pendent effect of TNF on IL-la, IL-13, and IL-6
production. In cell cultures, as in the in vivo
studies, the use of TNF inhibitors has provided
divergent results. Inhibition of TNF by specific
antibodies failed to modify the levels of released
IL-la, IL-13, and IL-6 in human whole-blood
assays upon activation by LPS (28,56), whereas
IL-8 release was shown to be biphasic. LPS at
optimal concentrations induces a first wave of
IL-8 and TNF-a, whereas a second wave of IL-8
appears following TNF-a acting within a positive



F. Amiot et al.: LPS Lethality in TNF-Deficient Mice 871

feedback loop. Pentoxifylline, a phosphodiester-
ase inhibitor known to inhibit TNF production,
did not affect the release of IL-6 by LPS- or
Staphylococcus-activated human peripheral
blood mononuclear cells (29,30). Finally, metal-
loproteinase inhibitors that prevent TNF process-
ing did modify the release of IL-1,B, IL-6, or IL-8
(57,58). Further studies are required to fully an-
alyze the reasons for the low capacity of perito-
neal macrophages from LT-a/TNF-a-deficient
mice to produce IL-1 and IL-6. It might reflect
different macrophage subpopulations, as defi-
cient mice possess profiles of leukocytes different
from those of wild-type animals (32), or different
levels of receptor expression, such as CD14.
However, heterozygous mice exhibit only very
subtle differences from wild-type animals in their
cell populations; nonetheless, a reduction of cy-
tokine expression was observed in heterozygous
macrophage cultures. Altogether, these in vitro
patterns, which are quite different from those
obtained in vivo, confirm that the in vivo situa-
tion following LPS injection is not a simple re-
flection of macrophage activation.

TNF and LPS-Induced Lethality
For more than a decade, TNF has been consid-
ered a major actor in LPS-induced lethality and
tissue injury. These conclusions were reached
following experiments in animals models in
which injection of anti-TNF (17,19,34-37) or
soluble TNF receptors (21,59-61) protected the
animal against endotoxin-induced shock or
gram-negative bacteriemia. Furthermore, injec-
tion of TNF was able to mimic most of the dele-
terious effect associated with LPS challenge or
gram-negative bacteria infection. However, the
use of galactosamine in some animal models, the
differences in protection as a function of the
nature of the infectious agent (18,62,63), and
the fact that blocking TNF in human sepsis did
not lead to significant improvement (41,42) has
dampened the optimistic concept that blocking
TNF would be sufficient for preventing death and
organ injury in sepsis patients.

Although we and others have previously
shown that LT-a/TNF-a-deficient animals are
highly resistant to LPS-induced shock in the
galactosamine model (33,64), we now report
that in the absence of galactosamine treatment,
the LD50 of LPS is similar in wild-type and LT-a/
TNF-a-deficient mice (i.e., 600 ,ug). It is worth
noting that histological analysis of the tissues
(lung, adrenal, kidney, liver, gut) sampled

shortly before death did not reveal any signifi-
cant differences between wild-type and knock-
out animals (data not shown). While these ob-
servations definitively establish that LPS-induced
shock can be lethal in the absence of TNF, we
have also obtained indications that TNF contrib-
utes to the severity of LPS-induced shock. Spe-
cifically, the marked difference in the death ki-
netics of wild-type and homozygous mutant
mice indicates that TNF is required for the rapid
death observed in LPS-treated wild-type mice. In
addition, although the LD50 is identical in both
groups, 1 mutant mice out of 10 survived at the
two highest doses (1200 and 1600 jig), suggest-
ing that 100% lethality could be difficult to
achieve in the absence of TNF. Similarly, Marino
et al. (46) showed that TNFa-/- mice appeared
somewhat more resistant to the lethal effect of
LPS. We have previously reported (33) that, be-
cause of the regulation of TNF production, the
phenotype of heterozygous mice challenged with
high doses of LPS could be more similar to that of
homozygous mutants than to that of wild-type
mice. This is again apparent in the present lethal-
ity study, as both the delayed death kinetics and
the survival of a few mice at the highest doses
were observed with heterozygous mice.

In mutant mice, the LPS-induced cytokine
cascade still has an important proinflammatory
component. Because IL-1, leukemia inhibitory
factor (LIF), macrophage migration inhibitory
factor (MIF), and IFN-,y have overlapping activ-
ities with TNF, they could contribute to the del-
eterious effects following LPS injection. Indeed,
in wild-type mice, blocking IL- I with IL- I recep-
tor antagonist (65) or passive immunization
against LIF (66), MIF (67), and IFN--y (10) pro-
tects against LPS-induced mortality. Further-
more, in addition to cytokines, the blocking of
several other mediators (including PAF, tissue
factor, anaphylatoxins, nitric oxide, prostaglan-
dins, or leukotriene) has also been shown to be
beneficial in animal models, indicating the mul-
tiplicity of potential mediators of LPS-induced
lethality. CNI 1493 is a translation inhibitor of
several proinflammatory cytokines, including
TNF-a and IL-1 (44, 68), which can protect mice
from the lethality induced by LPS alone (69). The
fact that LT-a/TNF-a-deficient mice could be
protected with lower doses of CNI-1493 than
those required by wild-type mice and that death
in deficient mice occurs later than in wild-type
mice confirms that although other mediators can
substitute for TNFs, LPS-induced shock is less
severe in mutant than in wild-type mice.
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Our data are in agreement with previous
reports on TNF receptor (TNFR) knock-out mice.
In the absence of galactosamine, LPS-induced
lethality in p55 TNFR and p75 TNFR-deficient
mice was similar to that in wild-type animals,
whereas in the galactosamine model, p55
TNFR-/- but not p75 TNFR-/- mice were pro-
tected (40,70). This illustrates the importance of
the model and suggests that the claim that p55
TNFR-/- mice are resistant to endotoxin shock
might be misleading (71). Nevertheless, trans-
genic mice for a fusion protein (p55 TNFR-Fc'y3)
have been reported to be resistant to endotoxin-
induced shock in the absence of galactosamine
(72). However, in this study, comparisons be-
tween wild-type and transgenic mice were only
performed at a unique dose of LPS (LD50 = 250
,tg in this model).

LT-a/TNF-a-deficient animals are important
tools for analyzing the contribution of TNF that
circumvent the difficulties inherent to the use of
pharmaceutical reagents. However, the specific
features of these knock-out mice should be kept
in mind when trying to transpose the results to
normal situations, as the absence of secondary
lymphoid organs (32,64) and hyperleukocytosis
create a biological context that differs from nor-
mal ones. Nevertheless, the observation that LPS
can induce lethal shock in these deficient ani-
mals further suggests that caution should be
taken when considering TNF as a unique target
for future sepsis therapy.
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