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Interleukin-6 (IL-6) is a multipotential cytokine detected in the serum of patients or experimental animals
undergoing bacterial sepsis. To date, the role of IL-6 in gram-negative sepsis models has been controversial.
We have used IL-6-deficient mice to investigate the role of IL-6 during virulent Escherichia coli infection and
in lipopolysaccharide (LPS)-induced mortality. In this report we describe an increased susceptibility of
IL-6-deficient mice to E. coli infection in terms of mortality and accumulation of viable bacteria in tissues,
indicating a protective role for IL-6 during the immune response against E. coli. In contrast, mortality rates
of IL-6-deficient mice and control animals undergoing LPS-induced shock did not differ, indicating that IL-6
was inconsequential for survival in this model. Furthermore, we have shown that neutrophils were crucial for
resistance to E. coli in normal mice. IL-6-deficient mice were unable to efficiently induce neutrophilia in the
bloodstream immediately following challenge with E. coli, in contrast to a characteristic neutrophilia induced
in control animals. Prophylactic treatment of the mutant animals with recombinant IL-6 protein reverted both
the deficit of neutrophilia and the accumulation of bacteria in tissues. These data clarify the role of IL-6 as
protective in virulent E. coli infection and suggest that the protective effect may be at least partially mediated

through neutrophils.

Interleukin-6 (IL-6) is a cytokine having multiple biological
activities on a wide variety of cells (14). IL-6 is found in serum
and other bodily fluids as a result of severe infection, inflam-
mation, burns, and general trauma (8). Gram-negative bacte-
rial sepsis induces high levels of IL-6 in the serum, and IL-6
expression has been suggested for use as a diagnostic marker of
this disease state (11). Numerous mouse studies have used
anti-IL-6 neutralizing antibodies to examine the correlation of
IL-6 expression with this disease state. The interpretation of
results from these experiments has been controversial, in that
the presence of IL-6 was determined to be detrimental (12, 21)
or, in contrast, protective (1).

A number of issues may impact on these discrepant results.
Independent reports have shown that anti-IL-6 treatment of
mice can result in surprisingly enhanced levels of IL-6 biolog-
ical activity in the serum, suggesting chaperoning effects of the
antibody (12, 16, 22). Additionally, different methods of induc-
ing shock or infectious disease states have been used. Direct
lipopolysaccharide (LPS) administration or LPS plus a sensi-
tizing reagent are widely used models but are unlikely to mimic
a realistic infection that leads to septic shock-induced death.
Administration of virulent Escherichia coli has also been used
and may represent a better method to evaluate the role of a
molecule in the immune response that precedes the shock and
mortality phases of the disease.

We have resolved some of the discrepancies of the role of
IL-6 in gram-negative sepsis by using IL-6-deficient mice to
compare mortality rates due to experimental E. coli infection
and LPS administration. We have previously described the
generation of these mice and their susceptibility to the gram-
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positive bacterium Listeria monocytogenes, demonstrating the
beneficial role of IL-6 during listeriosis (7). Our results in the
present study indicate that IL-6 plays a protective role in the
immune response against virulent E. coli but is irrelevant for
survival during LPS-induced shock. We demonstrate the cru-
cial importance of the neutrophil lineage in protective immu-
nity against E. coli in normal animals and characterize a par-
tially defective neutrophil response in IL-6-deficient mutants.
These data show the beneficial aspect of IL-6 production dur-
ing bacterial infection and indicate that the concept of long-
term therapeutic antagonism of IL-6 in other disease states
where IL-6 is detrimental, such as in estrogen-linked osteopo-
rosis (2, 17) and neoplasia (13), should be considered in the
context of a potential immunocompromising effect.

MATERIALS AND METHODS

Mice. All IL-6-deficient and control animals used in this study were housed in
the DNAX animal facilities in micro-isolator top cages. Quarterly health screens
were performed on sentinel animals and animals directly from the IL-6-deficient
and control colonies to ensure that animals were free of bacterial, viral, and
parasitic agents. The mice in this study were 8 to 12 weeks old, and their
production has been previously described (7). In all experiments, unless noted,
the IL-6-deficient and control animals were of hybrid 129 X C57Bl/6 genetic
background and were offspring generated from +/+ or —/— littermates. Infec-
tion of the parental C57BI/6 or 129 strains resulted in no significant difference in
resistance to E. coli infection (data not shown).

E. coli and LPS administration and analysis. Mice were injected intraperito-
neally with 5 X 10° E. coli organisms (ATCC 25922). E. coli stocks were prepared
by growing a lyophilized stock in Luria-Bertani (LB) medium and freezing the
bacteria in phosphate-buffered saline (PBS)—glycerol at high concentration. The
virulence and storage capacity of frozen stocks were determined by trial titration
experiments, in which dilutions of the bacteria were compared with dilutions of
the vehicle alone. For LPS administration, various doses of LPS (Sigma, St.
Louis, Mo.) were injected into the tail vein of mice. Survival was monitored each
day. For bacterial plating, tissues were removed from infected mice (minimum of
five mice per group), weighed, and disrupted in a Dounce homogenizer. Tissue
lysates were plated out in triplicate in serial dilutions on LB agar plates from
either individual tissue samples or from group samples.

Blood analysis. Leukocyte (WBC) counts were determined by tail bleeds and
subsequent analysis of blood on a Serono 9010 automated blood analysis ma-
chine. Neutrophil percentages were determined by differential counts of Wrights
and Glemsa-stained blood smears, and absolute neutrophil counts were calcu-
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FIG. 1. IL-6-deficient mice were susceptible to E. coli infection but not to LPS administration. (A) Mice were injected intraperitoneally with 5 X 10° virulent E.
coli and examined for survival. Closed boxes represent control animals, and open boxes represent IL-6-deficient animals. (B) Mice were injected intravenously with 150
pg of LPS and examined for survival. Legend is the same as above. The y axes in panels A and B show the total number of animals in the experiment. (C) Livers were
removed from five control (WT) or four IL-6-deficient (KO) animals and evaluated for E. coli CFU. (A fifth IL-6-deficient animal in this experiment died from the

infection.) Bar indicates mean CFU per mg of tissue for each group.

lated on the basis of the percentage of neutrophils and the total WBC counts for
each mouse. The WBC count and blood smear were generated from the same tail
bleed, and each individual WBC count at each time point was matched with the
appropriate individual blood smear.

rIL-6 and RB6-8C5 administration. Murine recombinant IL-6 (rIL-6) (R & D
systems) was given to animals at day —1 and day 0, with 12.5 pg administered
subcutaneously each day. For neutrophil depletion, 800 pg of purified RB6-8C5
(hybridoma cells were a gift from R. Coffman, Palo Alto, Calif.) was injected
intraperitoneally on day —1 and day 0 of infection as previously described (7).
RB6-8C5 is a rat immunoglobulin G antibody with a specificity for the Gr-1
antigen and has been extensively used for in vivo neutrophil depletion studies
(5-7, 18, 20). Depletion of the neutrophil lineage was verified in control exper-
iments by peripheral blood smears and resulted in the absence of detectable
mature neutrophils. Monoclonal antibody (MAb) GL113 raised against B-galac-
tosidase was used as an immunoglobulin G control.

RESULTS

IL-6-deficient mice displayed an increased susceptibility to
virulent E. coli infection but not to LPS-induced shock. Thirty-
nine control mice and thirty-nine IL-6-deficient mice were
infected with 5 X 10° virulent E. coli and examined for survival
over time. IL-6-deficient mice were more susceptible to death
from this challenge than were control animals (Fig. 1A). Mor-
tality rates were accumulated quickly, with the majority of
animals dying within 24 to 36 h.

Additionally, 20 control and 20 IL-6-deficient animals were
administered 150 pg of LPS intravenously and monitored for
survival. No significant difference between mortality rates was
observed (Fig. 1B), indicating that the role of IL-6 was incon-
sequential during shock-induced mortality by LPS. A series of
titration experiments were performed with intravenous LPS
administration ranging from 50 to 200 wg and resulted in no
difference in mortality rates between the control and mutant
animals (data not shown). The data presented in Fig. 1A and
B highlight an important distinction between infection with a
virulent gram-negative bacterium and LPS-induced mortality.
In both E. coli and LPS administration, the survival of animals
did not change beyond the last indicated time point.

E. coli replicated extensively in the livers and spleens of
infected IL-6-deficient animals. As a more quantitative mea-
sure of the increased sensitivity of IL-6-deficient mice, we

examined the tissues of experimentally infected animals for the
systemic growth of E. coli. Livers from animals 20 h postinfec-
tion were weighed and homogenized, and dilutions of the ly-
sates were plated onto bacterial medium. Livers of IL-6-defi-
cient animals contained significant increases of viable bacteria
compared with control animals (Fig. 1C), consistent with the
increased mortality in the mutant animals. The average of
bacterial accumulation data for both groups varied slightly
from experiment to experiment, probably due to the rapid
kinetics of sepsis in this model. However, the relative compar-
ison of the averages between groups was consistent in each
experiment, with a difference between the control and mutant
animals of at least two orders of magnitude. Two experiments
were performed by plating out infected tissue from individual
animals, and three experiments were performed by plating out
infected tissues from pooled groups of animals. An identical
experiment to that shown in Fig. 1C was performed with the
IL-6 mutation backcrossed five generations to the 129 Sv ge-
netic background and gave similar results to those presented
here with a hybrid genetic background (data not shown).
Neutrophilia was impaired in IL-6-deficient mice during E.
coli infection. A typical response to bacterial infection is an
immediate neutrophilia in the bloodstream, and various neu-
trophil parameters have been used to successfully predict pa-
tient classification during sepsis (19). IL-6, when injected into
normal animals, causes an increase in peripheral blood neu-
trophil numbers (24). Additionally, we have previously shown
that IL-6-deficient mice displayed a suboptimal neutrophilia
during listeriosis (7). Therefore, we examined peripheral blood
cells of control and mutant animals for a characteristic neu-
trophilia in response to E. coli infection. Infected animals were
bled at 3, 4.5, and 6 h postinfection. Both control and IL-6-
deficient mice had similar reduced overall WBC counts post E.
coli infection (data not shown), as previously described in nor-
mal animals (23). Blood smears were then examined to distin-
guish cell types. Control mice showed a strong neutrophilia,
even in the background of general cytopenia, whereas IL-6-
deficient animals failed to display peripheral blood neutro-
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FIG. 2. IL-6-deficient mice were unable to induce normal neutrophilia in
response to E. coli infection. Control (m) and IL-6-deficient (IL-6 KO) (O0)
animals were infected with E. coli, and peripheral blood was examined at the
indicated time points postinfection. Animals were evaluated for total WBC
counts. Blood smears were stained with Wrights and Giemsa stains and examined
for the percentage of neutrophils. The absolute number of neutrophils was
calculated on the basis of the percentage of neutrophils and the total WBC count
(103/mm?). Five animals per group were analyzed. The difference between the
groups at the 4.5-h time point varied from experiment to experiment and did not
always reach statistical significance. The difference between the groups at the 6-h
time point was highly significant (P = 0.0001 in an unpaired ¢ test). Similar results
were obtained at the 6-h time point in three independent experiments. Error bars
show standard deviation.

uninfected 6 hrs

philia in response to E. coli infection (Fig. 2). These data are
presented in terms of absolute neutrophil numbers, which take
into account the generalized cytopenia seen at each time point
(see Materials and Methods). Multiple experiments indicated
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that the 6-h time point showed the strongest difference be-
tween control and mutant groups.

rIL-6 administration reverted the defective neutrophilia
and susceptibility to E. coli growth in IL-6-deficient mice. rIL-6
was administered to the infected mutant animals in an attempt
to induce neutrophilia and revert the accumulation of bacteria
in the tissues. Groups of control and mutant animals were
treated with rIL-6 or with PBS and then infected with E. coli.
Peripheral blood was examined for the percentage and abso-
lute numbers of neutrophils at 6 h postinfection. As expected,
IL-6-deficient animals treated with PBS were unable to induce
neutrophilia in the blood at 6 h postinfection. The administra-
tion of rIL-6 protein to a group of mutant animals restored the
neutrophilia in the blood, up to the increased level of neutro-
phils seen in the control mice treated with rIL-6 (Fig. 3A).
These same animals were then sacrificed and examined for
bacterial accumulation in the liver at 20 h postinfection. As the
analysis of tissues from individual animals of the control or
IL-6-deficient groups gave consistent and reproducible differ-
ences of over two orders of magnitude (see Fig. 1C), the tissues
in this experiment were pooled from five animals per group.
The rIL-6 treatment reduced bacterial accumulation in IL-6-
deficient animals to background levels (Fig. 3B). Therefore,
both the lack of neutrophilia and the subsequent accumulation
of E. coli in the liver were completely reverted by administra-
tion of rIL-6. These data suggest that restoring neutrophilia
may be important for increased resistance to bacterial accu-
mulation.

The neutrophil lineage plays a primary role in resistance to
E. coli infection in normal mice. To directly examine the over-
all importance of the neutrophil lineage for immunity in ex-
perimental E. coli infection, we depleted normal C57B1/6 mice
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FIG. 3. rIL-6 reverted the lack of neutrophilia and the increased accumulation of bacteria. (A) Animals were treated with rIL-6 or PBS and infected with E. coli.
Absolute numbers of neutrophils were calculated as described in the legend for Fig. 2. The difference between PBS-treated control (m) and mutant (CJ) groups was
statistically significant (P < 0.005), as was the increase in neutrophil numbers between mutants treated with PBS and mutants treated with rIL-6 (P < 0.0002). Each
group contained five animals. Error bars show standard deviation. (B) The same animals in this experiment were sacrificed at 20 h postinfection, and bacterial CFU

were determined from the livers of animals in each of the four groups.
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FIG. 4. Neutrophil-depleted animals were highly susceptible to E. coli infection. (A) Ten normal C57BI/6 animals (CJ) were depleted in vivo of neutrophils by
administration of MAb RB6-8C5. They were then infected with E. coli and monitored for survival over time. Ten control animals (m) were treated with an
immunoglobulin G control MAb, infected with E. coli, and monitored for survival. The y axis shows the total number of animals. (B) Normal C57Bl/6 animals were
depleted of neutrophils and infected with E. coli. Control animals were treated as described above. Animals were sacrificed at 18 h postinfection, and E. coli CFU in

livers and spleens were determined. Each group contained five animals.

of mature neutrophils by administration of MAb RB6-8C5 and
subsequently infected them with E. coli. This same strategy has
been used successfully to establish the importance of neutro-
phils in other infectious disease models, such as L. monocyto-
genes (5, 6, 18) and Francisella tularensis (20). In control ex-
periments RB6-8C5 treatment rendered both uninfected and
infected mice neutropenic when peripheral blood smears were
examined. No other variations in cell populations were seen
(data not shown), similar to other reported studies (5, 6). Mice
depleted of neutrophils by RB6-8C5 became strikingly suscep-
tible to E. coli infection (Fig. 4A). The E. coli administration
killed 100% of the RB6-8C5-treated mice, whereas 100% of
the control mice survived. Bacterial accumulation in the livers
and spleens was determined in a similar experiment in which
mice in each group were infected and sacrificed 20 h postin-
fection. A large increase of bacteria in the tissues of the RB6-
8C5-treated animals was observed (Fig. 4B).

These data indicate the overwhelming importance of the
neutrophil lineage in controlling the early stages of virulent E.
coli infection. Variations from the normal neutrophil response,
such as failure to induce a rapid neutrophilia, may be at least
partially responsible for the increased susceptibility of IL-6-
deficient animals to E. coli infection.

DISCUSSION

To address the controversial role of IL-6 in gram-negative
sepsis, we examined mortality rates of IL-6-deficient mice in-
fected with virulent E. coli or injected with LPS. IL-6-deficient
mice showed an increased bacterial accumulation and an in-
creased mortality rate due to E. coli infection. In contrast, we
observed no difference between IL-6-deficient and control an-
imals during LPS-induced mortality. These data emphasize an
important distinction between infection with a virulent organ-
ism and LPS administration. IL-6 leads to protection in an
active immune response that precedes the shock phase of sep-
sis but plays no detectable role in mortality rates induced by

LPS, a method that bypasses the crucial immune response to
an infectious agent. Others have shown, in independently gen-
erated IL-6-deficient mice, that the liver acute-phase response
to LPS injection is not IL-6 dependent (9) or only moderately
reduced in the mutant animals (15). Their results are consis-
tent with our demonstration that IL-6 was of no consequence
in survival after LPS administration. However, in contrast to
systemic administration of LPS, a local tissue damage model
was shown to have more pronounced effects in the ability of
IL-6-deficient animals to produce an acute-phase response
(15).

The increased susceptibility of IL-6 mutant mice to E. coli
infection but not to LPS administration raises a number of
questions concerning sepsis models. The data presented in this
paper suggest that LPS studies should be carried out in direct
comparison with the more realistic infection by virulent gram-
negative organisms. This issue is likely to have contributed to
at least some of the controversy regarding IL-6 and its mech-
anism of action during sepsis.

We provide direct evidence of the importance of neutrophils
in immunity to E. coli infection. RB6-8C5 neutrophil depletion
analysis showed that normal mice require neutrophils for re-
sistance to E. coli. On the basis of these data, the relationship
of neutrophils to the susceptibility seen in IL-6-deficient mice
was investigated. IL-6-deficient animals were unable to induce
neutrophilia in comparison with control animals, and this de-
fect could be reversed upon exogenous rIL-6 administration.
Earlier work from our laboratory showed a similar finding in
the IL-6-deficient mouse during listeriosis, a gram-positive
bacterial infection. Therefore, IL-6 may be important in a
general aspect of innate immunity to a variety of bacterial
infections. Steady-state neutrophils were found in normal
numbers in IL-6-deficient mice when these animals were main-
tained in pathogen-free conditions (7). Perhaps the initial neu-
trophilia in response to infection is critical, and if it does not
occur, early bacterial replication may increase and lead to
increased susceptibility. Since depletion of the entire neutro-
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phil lineage caused a more striking increase in mortality rates
in comparison with the bacterial challenge of IL-6-deficient
mice, the loss of IL-6 is likely to only partially inhibit the
proper neutrophil response. Numerous other immunoregula-
tory molecules presumably play a role in the proper overall
functional response of the neutrophil. Borish et al. have re-
ported that IL-6 helps to prime neutrophils for oxidative burst
and degranulation in vitro, although these effects were not
extensive (4). In this regard, IL-6 may also contribute to in-
duction of bactericidal effects of the neutrophil. It has also
recently been reported that certain concentrations of rIL-6 can
suppress apoptosis of neutrophils in vitro (3). In addition to
the variation in the normal pattern of neutrophilia, other im-
mune system cells and pathways may not function properly
during infection in IL-6-deficient animals.

Administration of LPS to chimpanzees in the presence or
absence of IL-6 neutralizing antibodies was reported not to
influence neutrophilia (25). Given the difference in outcome
between the virulent E. coli and LPS models of sepsis that we
report here, comparisons of studies using these two different
agents may not be entirely appropriate. For example, injection
of LPS may be directly stimulatory for neutrophils and thus
bypass the need for factor stimulation. Additionally, at least in
the mouse, complete antibody neutralization of growth factors
is difficult to verify and has been problematic, with numerous
reports of chaperoning effects of antibodies (12, 16, 22).

Neutrophils are clearly required to mount early resistance to
E. coli, as shown by RB6-8C5 depletion analysis. Interestingly,
it is thought that excessive neutrophil activity may compound
the problems associated with severe sepsis by directly inducing
tissue damage. Therefore, the appropriate response, which is
likely to become deregulated in severe septic conditions, may
require a fine balance between bactericidal activity and mini-
mal tissue damage. Nevertheless, the importance of neutro-
phils is well documented in clinical settings. For example, che-
motherapeutic treatment of cancer can be dose-limited by the
extent of the resulting neutropenia and opportunistic infec-
tions (10).

The data presented in this paper clearly show the benefits of
IL-6 in an in vivo response to bacterial infection. Other studies
using IL-6-deficient animals have shown the detrimental effects
of IL-6 in other disease situations, such as in bone remodeling
disorders (2, 17) and B-cell neoplasia (13). Thus, efforts to
treat certain patient groups with IL-6 for beneficial purposes or
to antagonize IL-6 to eliminate potential detrimental effects of
this molecule encounter a dichotomy. Supplying or eliminating
IL-6 as a long-term treatment must be balanced for intended
versus unwanted effects.
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