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C57BL/6J mice given low doses of lipopolysaccharide (LPS) (100 ng per mouse) plus D-galactosamine (8 mg
per mouse) die within 24 h following LPS administration. We used this septic shock model to confirm the role
of tumor necrosis factor in mortality using a monoclonal antibody to tumor necrosis factor to prevent lethality.
Furthermore, we demonstrated that interleukin 6, rather than playing a lethal role, protected mice against
death in this septic shock model. Antibody to interleukin 6 did not affect the fatal outcome in this low-LPS-dose
model. However, pretreatment with antibody to tumor necrosis factor did protect the mice against death, in a

dose-dependent manner. Moreover, mortality was enhanced by pretreatment with antibody to interleukin 6
when tumor necrosis factor was partly limited by anti-tumor necrosis factor treatment. Mortality was

significantly reduced by pretreatment with both recombinant interleukin 6 and low doses of antibody to tumor
necrosis factor; in the absence of the low dose of antibody to tumor necrosis factor, interleukin 6 alone did not
confer any protection. These data demonstrate in vivo antagonistic activities of tumor necrosis factor and
interleukin 6 and show that interleukin 6 can play a protective role against death from septic shock.

Septic shock is an often-fatal condition usually resulting
from gram-negative bacteremia. In the absence of overt
infection, it can be caused by lipopolysaccharide (LPS).
Investigators have shown that the in vivo activity of LPS is
due to the mediators produced by the host's cells. Among
these mediators are tumor necrosis factor (TNF), interleukin
1 (IL-1), IL-8, and IL-6.

Passive administration of recombinant TNF was shown to
induce shock in rats (20), while antibodies (Abs) to TNF
protected mice against the lethal effects of TNF (5, 7, 10).
Moreover, it had been noted that high levels of IL-6 in
meningococcal septic shock were associated with fatal out-
come (21). Since recombinant TNF alone did not induce
shock in patients undergoing clinical trials with the cytokine
in one study (21), interaction with another cytokine, such as
IL-6, may play an important role in human septic shock. In
another study, TNF did induce shock symptoms in patients
(15), but the possibility of interaction with another cytokine,
such as IL-6, had not been explored. LPS is known to
potentiate recombinant TNF-induced shock (16), and LPS
induces IL-6 synthesis (6).
On the basis of these observations, we decided to inves-

tigate the role each cytokine plays in a murine septic shock
model. We confirmed the role of TNF in this septic shock
model and found that IL-6 antagonized TNF in vivo, pro-
tecting mice from death.

MATERIALS AND METHODS
Mice. Male C57BL/6J mice, 5 weeks of age, were obtained

from Jackson Laboratory. They were rested at least 5 days
prior to use.

Reagents. Endotoxin-free phosphate-buffered saline (PBS)
was purchased from GIBCO.
LPS (Escherichia coli O111:B4) was purchased from List

Biological Laboratories, Inc. It was dissolved in PBS at 1
mg/ml and stored in 500-,lI aliquots at -80°C until use. Prior
to being frozen, the mixture was sonicated for 5 min in a
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sonifying bath. After being thawed, the mixture was reson-
icated for 5 min. Appropriate dilutions were made in PBS, in
polypropylene tubes.

D-Galactosamine (Sigma Chemicals) was dissolved at 32
mg/ml in PBS and mixed with an equal volume of diluted,
sonicated LPS. The LPS-galactosamine mixture (LPS-GalN)
was used immediately, and fresh batches were made for each
experiment.

Procedure. Each mouse received 0.5 ml of LPS-GalN
(consisting of 100 ng of LPS plus 8 mg of D-galactosamine)
(see Table 1) intraperitoneally (i.p.) between 1 and 3 p.m.
Twenty mice per experimental (treatment) group were used;
each experiment was repeated at least twice. The animals
were scored for mortality at 24 h. In early experiments it was
observed that if the animals survived for 24 h, they survived
the LPS challenge. Thus, all experiments were terminated at
24 h. Ab to IL-6 was given at doses used by Starnes et al.
(19), at either 1 or 18 h before the LPS-GalN challenge. Ab
to TNF was given 18 h prior to the LPS-GalN challenge at
the doses described in Results.

Analysis of serum cytokines. Blood samples were collected
from anesthetized mice into Capiject (Terumo) serum sepa-
rator tubes and allowed to clot. Sera were removed after
microcentrifugation for 5 min. The IL-6 and TNF contents in
serum samples obtained 90 min after LPS-GalN administra-
tion were measured; this time point was found to be associ-
ated with the peak concentrations of TNF in serum after
LPS administration in earlier experiments (data not shown).
Cytokine-specific enzyme-linked immunosorbent assays
(ELISAs) were performed as described in the original papers
(18, 19). Purified recombinant TNF (Genzyme) and IL-6
(Biosource) were used as standards.
Monoclonal Abs to cytokines. Monoclonal Ab 20F-3 (anti-

IL-6) was obtained from John Abrams, DNAX Research
Institute of Cellular and Molecular Biology (19). It was made
by Verax, New Lebanon, N.H., according to Good Manu-
facturing Procedures and was ascertained by Verax to be
endotoxin free by the Limulus lysate assay. The lyophilized
Ab was reconstituted in endotoxin-free PBS (Sigma) prior to
use. Purified TN3-19.12 Ab (anti-TNF) was also diluted in
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TABLE 1. Effects of LPS doses on mortality'
LPS (ng)/mouse Ab (mg)/mouse % of mice deadb

0 0 0
6.25 0 57 8

12.5 0 57 10
25 0 64 20
50 0 78 14
100 0 90 13
150 0 70 4
200 0 70 8
100 Vc 85 8
100 2c 95 ± 5
100 1 100 ±0

a The table shows that Ab to IL-6 does not protect against mortality.
C57BL/6J mice were given various doses of LPS-GalN i.p. as indicated.
Twenty-four hours later, percent mortality was assessed. At least 20 mice
were included in each group.

b The data are means and standard deviations from three independent
experiments.

c Ab was anti-IL-6, as described in Materials and Methods.
d Control Ab, anti-IL-5, used as described in Materials and Methods.

endotoxin-free PBS for all experiments (18). As protein
controls, purified hamster gamma globulin (Cappel) and
purified anti-IL-5 (obtained from Robert Coffman, DNAX
Research Institute of Cellular and Molecular Biology; same
isotype as anti-IL-6 [17]) were used.

Statistical analysis. Data were analyzed by Student's t test.

RESULTS
Determination of the 90%o lethal dose for LPS-GaIN. Doses

of LPS ranging from 6.25 to 200 ng per mouse were injected
i.p. with D-galactosamine as described above. Mortality was
assessed 24 h later. As shown in Table 1, a dose relationship
was observed with doses up to 100 ng per mouse (90%
mortality). In parallel experiments in which D-galactosamine
was not coadministered with the LPS, animals survived
doses of 1.5 mg for more than 72 h (data not shown).
Treatment with anti-IL-6 did not affect mortality. To iden-

tify the role of IL-6 in this lethal septic shock model, we
injected mice i.p. with 1 or 2 mg of anti-IL-6 1 to 2 h prior to
LPS-GalN treatment. These doses were shown previously to
protect mice from death in a lethal bacteremia model (19).
Isotype control Ab anti-IL-5 was used as a control protein in
equal amounts. Table 1 shows that there was no protective
effect against mortality with anti-IL-6 treatment. Because of
the long circulating half-life of the isotype of anti-IL-6 (rat
-ylK; half-life, 10 days to 2 weeks), we gave the Ab the night
before LPS-GalN administration in case 1 h was not long
enough for all the anti-IL-6 to enter the general circulation
from the peritoneal cavity. Even with overnight treatment,
anti-IL-6 failed to confer any protection against mortality
(data not shown). We concluded from these experiments that
IL-6 was not playing a pathological role in this lethal septic
shock model.
Treatment with anti-TNF protected mice against mortality.

We measured the protective effect of the TN3-19.12 Ab in
this septic shock model, which had not been determined
previously for this particular antibody to TNF. Figure 1
shows the relationship between mortality and the average
dose of anti-TNF administered. We found that 25 ,ug of
anti-TNF given overnight routinely conferred 50 to 70%
protection from death in our model. Lower doses (10 ,ug and
below) conferred very little protection.
Treatment with anti-IL-6 potentiated mortality when TNF
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FIG. 1. Protection by anti-TNF was dose dependent. Various

doses of anti-TNF were given. Eighteen hours after Ab or control
treatment, mice were given LPS-GalN, and mortality was assessed
24 h later. Administration of 0.5 mg of control protein (purified
hamster gamma globulin) per mouse resulted in 100% mortality.

was partially neutralized. We wanted to see whether treat-
ment with anti-IL-6 could confer any protection under
conditions in which the circulating TNF concentration was
extremely limited. Therefore, we treated mice with 1 or 2 mg
of anti-IL-6 simultaneously with 25 ,ug of anti-TNF 18 h prior
to LPS-GalN administration. Figure 2 summarizes the re-
sults of two such experiments. To our surprise, we found
that treatment with anti-IL-6 enhanced mortality signifi-
cantly. In one experiment, anti-TNF treatment alone re-
sulted in 25% mortality whereas the combination of anti-IL-6
and anti-TNF Abs conferred 65% mortality. In another
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FIG. 2. Treatment with anti-IL-6 (20F-3) enhanced mortality
when TNF was partially neutralized with anti-TNF (TN3). Mice (20
per group) were treated overnight with 25 ,ug of anti-TNF alone or
supplemented with 1 mg of anti-IL-6 (20F-3) and then challenged
with LPS-GalN. Twenty-four hours later, mortality was assessed.
Data were analyzed by Student's t test. DPBS, Dulbecco's phos-
phate-buffered saline; HGG, hamster gamma globulin.
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FIG. 3. Treatment with IL-6 enhanced protection from mortality
when TNF was partially neutralized by anti-TNF. Mice (20 per
group) were given IL-6 at the indicated doses 1 h before receiving
LPS-GaIN. Twenty-four hours later, mortality was assessed. Data
were analyzed by Student's t test. HGG, hamster gamma globulin.

experiment, anti-TNF treatment alone resulted in 20% mor-
tality but the combination of Abs gave 45% mortality. When
only 10 pLg of anti-TNF was given, there was no effect on
mortality (data not shown). These data indicated to us that
IL-6 may be playing a protective, rather than lethal, role in
this septic shock model.
Treatment with rIL-6 protected against mortality when

TNF was limited. On the basis of the data shown in Fig. 2, we
administered recombinant IL-6 (rIL-6) i.p. to mice 1 h prior
to LPS-GaIN administration. Each of these mice had been
treated the night before with 25 p.g of anti-TNF. The doses of
rIL-6 were decided upon as follows. Mice injected with 100
ng of LPS-GalN were bled 90 min later. The sera obtained
were analyzed for TNF and IL-6 content at 90 min, because
that is the time of peak TNF (the lethal cytokine) concen-
tration. At 90 min after LPS-GaIN administration, the con-
centration of TNF was 2 ±- 1 ng/ml and the IL-6 concentra-
tion was 44 ± 13 ng/ml. Assuming a maximum total body
fluid volume of 10 ml per mouse, we calculated that treat-
ment with 100 ng of LPS-GaIN resulted in 440 ng of IL-6 per
mouse. Therefore, we gave this dose and higher and lower
doses in half-log increments to see the effect of rIL-6 when
TNF was limited by anti-TNF pretreatment.

Figure 3 shows that at doses of 132 to 570 ng per mouse,
rIL-6 conferred significant protection against mortality. In
these experimtents, mortality was lowered from an average
of 20% to 0 (P < 0.05) at 132, 440, and 570 ng per mouse.
With lower doses tested (44 ng and less), no effect was
observed. Thus, when TNF was partially neutralized, rIL-6
protected mice against death.

In experiments in which TNF was not partly neutralized
with 25 pLg of Ab to TNF 18 h prior to LPS-GaIN treatment,
rIL-6 failed to confer any effect (Fig. 4). Thus, the effect of
IL-6 was protective only in situations in which TNF was
limited by pretreatment with low doses of anti-TNF.

DISCUSSION
We have confirmed that TNF plays the major pathological

role in the LPS-GaIN septic shock model. Moreover, when
TNF is partially limited, IL-6 protects against TNF-medi-
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FIG. 4. IL-6 treatment without anti-TNF treatment did not en-
hance protection from mortality. Mice (20 per group) were given
IL-6 at the indicated doses 1 h prior to receiving LPS-GalN.
Twenty-four hours later, mortality was assessed. Data were ana-
lyzed by Student's t test. Shaded and hatched bars, experiments 1
and 2, respectively.

ated mortality. The data are significant for several reasons.
First, they emphasize the potential therapeutic value of
limiting TNF levels in the treatment of septic shock. Second,
they indicate that adjunct therapy with rIL-6 may be bene-
ficial in the treatment of patients with septic shock. Third,
the data demonstrate that TNF and IL-6 are not parallel-
acting proinflammatory cytokines but, rather, can antago-
nize each other in vivo.
Because we wanted to use a murine model of septic shock

requiring low LPS doses, we decided to use the LPS-GalN
model developed by Galanos et al. (12, 15). These authors
had shown that treatment with D-galactosamine affected
UDP ribosylation in the liver but the other organs were not
affected by the treatment nor was D-galactosamine treatment
in the absence of LPS lethal. Other models using low doses
of LPS, such as adrenalectomy (4) and actinomycin D
treatment (3), affect many organs. While investigators had
previously shown that macrophage products are involved in
septic shock following LPS-GalN treatment (9, 11), they did
not definitively show the role of TNF nor did they examine
the role of IL-6 in this model.
Our data support the findings of Aderka et al. (1). These

authors found that IL-6 inhibited TNF production by LPS-
stimulated human monocytes and by mice in vivo. However,
they did not show actual antagonism of a biological effect of
TNF by IL-6, as we have shown. It is possible that treatment
with rIL-6 1 h before LPS-GalN administration likewise
attenuated TNF production but that the inhibition was not
sufficient to affect fatality in the absence of anti-TNF pre-
treatment (Fig. 3 and 4). In any event, TNF and IL-6 form a
complete feedback loop whereby TNF induces IL-6 synthe-
sis (13) and IL-6 in turn inhibits TNF production (1). More
recently, Franks et al. (8) showed that in mice pretreated
with carrageenan there was an increase in survival and an
increase in the levels of IL-6 in serum. In their model, IL-6
may be playing a protective role as well. Alcorn et al. (2)
showed that inducing the acute-phase response with turpen-
tine 24 h prior to challenge with LPS-GalN had a protective
effect. This could be explained, in light of the data presented
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here, by the generation of circulating IL-6 by the turpentine.
The IL-6 would then generate the acute-phase response, and
the mechanism of action for the protection could be due to
the acute-phase proteins themselves. We are currently in-
vestigating this question. Since LPS-GalN did not inhibit
IL-6 synthesis in vivo but D-galactosamine treatment is
known to inhibit acute-phase protein transcription in the
liver (14), it is likely that protection from lethal sepsis by
IL-6 is mediated by the acute-phase response. These data
indicate that IL-6 is not so much a proinflammatory cytokine
like IL-1 or TNF but, rather, is part of a natural anti-
inflammatory response, which includes a feedback loop on
TNF synthesis. Furthermore, IL-6 induces adrenocortico-
tropin release (22) and thereby induces cortisol synthesis.
Thus, it possible that IL-6 plays a major beneficial role in
homeostasis via induction of glucocorticoids, as well as via
the induction of the acute-phase response.
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