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The murine p-galactosamine (pD-gal) model of tumor necrosis factor alpha (TNF-«) hypersensitization was
used as an initial tool to investigate the potential contribution of TNF-« to lethal intraperitoneal (i.p.) infection
with Enterococcus faecalis. p-gal sensitized mice to lethal E. faecalis infection, whereas dexamethasone and
neutralizing anti-TNF-« antibody protected p-gal-treated, E. faecalis-infected mice, implicating TNF-« in the
lethal response to E. faecalis infection in p-gal-treated mice. Circulating TNF-a was undetectable for at least
8 h following i.p. E. faecalis infection, although low peritoneal levels of TNF-a were detected within 3 h,
suggesting that localized TNF-a production contributed to the lethal response to E. faecalis infection in
D-gal-treated mice. Although i.p. E. faecalis infection failed to induce a detectable systemic TNF-« response,
circulating Interleukin-6 (IL-6) was detected within 3 h of infection. IL-6 was also detected in the peritoneum
within an hour of infection, prior to the appearance of peritoneal TNF-a. In striking contrast to in vivo results,
E. faecalis induced a potent and rapid TNF-a response from both mouse peritoneal macrophages and the RAW
264.7 cell line in vitro. This led us to hypothesize that TNF-a production in response to E. faecalis infection is
suppressed by IL-6 in vivo. In vitro experiments demonstrated a statistically significant, but modest, inhibitory
effect of IL-6 on TNF-« production by RAW cells stimulated with E. faecalis. Collectively, these data indicate
that acute, lethal E. faecalis infection appears to induce an unusual cytokine response that differs in character

from that previously described for most other gram-positive and gram-negative bacteria.

Recent estimates indicate that between 300,000 and 500,000
Americans are diagnosed with sepsis annually and that the
mortality associated with this condition remains between 20
and 50% despite significant advances in antimicrobial and sup-
portive therapy (48). The pathogenesis of sepsis is recognized
to involve the systemic production of a diverse array of inflam-
matory cytokines by several host cell types (e.g., monocytes-
macrophages, endothelial cells, and neutrophils) in response to
microbes or microbial products (8, 20). This inflammatory cas-
cade can become self-sustaining when cytokines produced
early in the infectious process (e.g., tumor necrosis factor alpha
[TNF-a] and interleukin-1 [IL-1]) induce further production of
these and other proinflammatory cytokines (20, 44)

Agents directed at common triggers for the sepsis syndrome
(e.g., lipopolysaccharide [LPS]) or cytokines (e.g., TNF-a and
IL-1) associated with systemic inflammation would, at least
conceptually, be attractive therapeutic targets (1, 14). Regret-
tably, most of these potentially novel therapeutic approaches
have failed to significantly affect the overall mortality of sepsis
patients despite their success in many experimental animal
models of sepsis (1, 2, 9, 16, 29, 38). One potential explanation
for these repeated clinical failures is that sepsis, in fact, rep-
resents a heterogeneous collection of clinically related diseases
whose pathogenesis may vary substantially, depending upon
the microbe responsible for inducing the systemic proinflam-
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matory cascade (e.g., gram-negative versus gram-positive or-
ganisms) (6, 34, 43).

The potential significance of differences in the host inflam-
matory response to gram-positive versus gram-negative bacte-
rial infections was strongly suggested by a recent phase II
clinical trial evaluating the therapeutic efficacy of soluble type
IT (p75) TNF-a receptor-Fc fusion protein constructs in re-
ducing sepsis-related mortality (16). Although no overall sur-
vival benefit was observed in septic patients enrolled in that
study, one subgroup of patients manifested a statistically sig-
nificant dose-dependent increase in 28-day mortality relative to
that of placebo-treated patients (16). This deleterious effect of
anti-TNF-a therapy was identified in patients with gram-posi-
tive sepsis and was not observed in patients with gram-negative
sepsis (16). These findings support the concept that TNF-«
may benefit the host under at least some conditions of gram-
positive sepsis, despite the general consensus that TNF-« is
among the most harmful endogenous substances produced
during sepsis. It is also worth noting that mice that are pre-
treated with neutralizing anti-TNF-a antibody or that are ge-
netically deficient for the 55-kDa receptor for TNF-a show
increased mortality when experimentally infected with the
gram-positive bacterium Listeria monocytogenes (31, 35). In
view of the significant recent increase in the incidence of nos-
ocomial infections and sepsis attributable to gram-positive bac-
teria, more detailed evaluation of microbe-specific differences
in the pathogenesis of sepsis appears warranted (7, 34). Find-
ings from such studies have the potential to increase opportu-
nities for new therapeutic approaches to the treatment of sep-
sis.
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The murine D-galactosamine (D-gal) sensitization infection
model has been extensively utilized to investigate the host
inflammatory response in septic shock (18, 41, 42, 49). In this
model, intraperitoneal (i.p.) administration of p-gal, which re-
versibly inhibits hepatocyte protein synthesis for approximately
2 to 4 h, also markedly sensitizes mice to the lethal effects of
both endotoxin and gram-negative bacteria (11, 15). Experi-
mental evidence strongly supports the conclusion that lethality
in the p-gal model is, in large part, caused by TNF-a produced
by host inflammatory cells in response to endotoxin (18, 19,
28). In this respect, pretreatment of mice with either neutral-
izing anti-TNF-a antibody or dexamethasone (DEX), which,
among other effects, inhibits TNF-« synthesis, has been shown
to reverse D-gal sensitization to endotoxin (18, 28, 41, 42).
Additionally, p-gal treatment only minimally alters sensitivity
to endotoxin in mice that are genetically deficient in either
TNF-a or the 55-kDa receptor for TNF-a (33). Lastly, p-gal-
treated mice are also rendered hypersensitive to the lethal
effects of TNF-a by itself (19). Thus, the p-gal mouse model
has been generally accepted as a useful model with which to
assess the potential deleterious effects of TNF-c.

We recently reported marked differences in the pathogenic
mechanisms and contributory roles of TNF-« in lethality in-
duced by Staphylococcus aureus and Escherichia coli in the
D-gal model (41). Pretreatment of mice with p-gal reduced the
lethal dose of E. coli by approximately 4 orders of magnitude.
Importantly, the protective effects of DEX treatment on D-gal-
sensitized mice challenged with E. coli were about 150-fold.
Collectively, these observations suggest that E. coli-mediated
lethality occurred primarily via TNF-a-dependent mecha-
nisms. In contrast, when mice were infected with S. aureus,
D-gal pretreatment had essentially no differential impact on
lethality (<10-fold) and DEX pretreatment failed to provide
any significant protection of p-gal-treated mice. The latter data
suggested only a minimal role for TNF-a as a lethal mediator
in S. aureus infection in the experimental p-gal model. In vitro
studies supported these findings; E. coli induced high levels
TNF-a production in cultures of mouse peritoneal macro-
phages relative to those induced by S. aureus (an approxi-
mately 100-fold difference). Collectively, these observations
support the conclusion that TNF-a plays a critical role in
lethality induced by an endotoxin-containing gram-negative
organism (e.g., E. coli) in D-gal-treated mice but contributes
little to lethality induced by S. aureus, a gram-positive organism
lacking endotoxin (41).

In this report, we describe the results of studies designed to
investigate the role of TNF-«a in lethality induced by the clin-
ically important gram-positive bacterium Enterococcus faecalis
with the same D-gal model described above. Enterococcus spp.
are among the most common causes of gram-positive sepsis,
and these infections may be extremely difficult to treat because
of the organism’s broad resistance to many antimicrobial
agents (23, 27). Mortality rates attributable to enterococcal
bacteremia are similar to those seen in gram-negative bacte-
remia, yet the inflammatory cascade associated with entero-
coccal sepsis has not been well characterized (13, 22, 26).
Elucidation of the role of TNF-a and other inflammatory cy-
tokines would therefore be a crucial first step in understanding
the pathogenesis of enterococcal sepsis and death. In this com-
munication, we report that E. faecalis appears to involve
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TNF-« in the induction of mortality and, in this respect, be-
haves more like a gram-negative than a gram-positive bacte-
rium in the experimental D-gal model. In support of this con-
clusion, neutralizing antibody to TNF-a provided protection to
D-gal-treated mice challenged with lethal doses of E. faecalis.
Interestingly, a systemic TNF-a response was essentially unde-
tectable following infection with two clinical isolates of E.
faecalis, suggesting that localized TNF-a production may be
sufficient to trigger a lethal response in the p-gal model. In
striking contrast to the results obtained with the p-gal model,
our results also suggest that acute E. faecalis infection can
result in death by a predominantly TNF-a-independent mech-
anism in mice not previously treated with p-gal. Additionally, a
systemic IL-6 response to E. faecalis infection develops in the
absence of circulating TNF-a and peritoneal IL-6 is detected
prior to peritoneal TNF-«, suggesting that E. faecalis induces
IL-6 by a predominantly TNF-a-independent mechanism. Col-
lectively, these data establish a relatively unique cytokine pro-
file in response to potentially lethal E. faecalis infections in
mice.

MATERIALS AND METHODS

Bacterial isolates. E. coli O111:B4 was obtained from List Biological Labora-
tories (Campbell, Calif.). S. aureus M (type 1) was a gift from Chia Y. Lee,
Department of Microbiology, Molecular Genetics, and Immunology, University
of Kansas Medical Center. Two E. faecalis isolates (CP-1 and CP-2) were clinical
isolates from the collections of the Truman Medical Center (Kansas City, Mo.).
All other bacteria were generous gifts from Rebecca Horvat and came from the
collection of clinical isolates at the University of Kansas Medical Center (Kansas
City). These included five S. aureus strains, one Streptococcus mitis strain, one
Streptococcus pneumoniae strain, one E. faecalis strain (K9), two E. coli strains,
four Klebsiella pneumoniae strains, one Citrobacter diversus strain, one Pseudo-
monas aeruginosa strain, and one Proteus mirabilis strain.

Several colonies from a streaked plate grown overnight on Trypticase soy agar
were used to initiate bacterial growth. Bacteria were inoculated into Trypticase
soy broth and grown overnight at 37°C with aeration. On the following morning,
0.1 ml of this culture was transferred to 50 ml of fresh medium and the bacteria
were grown to mid-log phase. The bacteria were then washed three times in
sterile saline and diluted in either cell culture medium (see below) for in vitro
stimulation, sterile saline for in vivo cytokine stimulation, or phosphate-buffered
saline (PBS) for sepsis lethality studies.

Experimental animals. Outbred CF-1 female mice, 6 to 8 weeks of age, were
purchased from Charles River Laboratories, Inc. (Wilmington, Mass.). All mice
were monitored at either the University of Kansas Medical Center or the Uni-
versity of Missouri, Kansas City, animal facilities for 5 to 10 days before being
used for experiments, with food and water provided ad libitum. Both animal
facilities are American Association for Assessment and Accreditation of Labo-
ratory Animal Care accredited.

Reagents. Purified LPS from the deep rough mutant of E. coli D31m4 was a
generous gift from Nilofer Qureshi (36). p-gal was obtained through Sigma
Chemical Co. (St. Louis, Mo.) and was dissolved in 5 mM PBS freshly prepared
in each instance from solid sodium phosphates. DEX was purchased from Amer-
ican Regent Labs (Shirley, N.Y.). Recombinant mouse IL-6 was purchased from
R&D Systems, Inc., Minneapolis, Minn.

IL-6 and TNF-a assays. Mouse IL-6 concentrations in macrophage culture
supernatants, serum, and peritoneal lavage fluid were determined by enzyme-
linked immunosorbent assay (ELISA) with the OPTIA IL-6 Set (Pharmingen,
San Diego, Calif.).

TNF-a concentrations in macrophage culture supernatants, serum, and peri-
toneal lavage fluid were determined with the Quantikine M Mouse TNF-a
Immunoassay kit (R&D Systems). The minimum concentration of TNF-« stated
by the manufacturer to be detectable by this assay is 5.1 pg/ml.

The manufacturer’s protocols for both TNF-a and IL-6 assays were followed
exactly. All data for TNF-a and IL-6 represent the average of duplicate samples
for each specimen. Each experiment was repeated at least twice.

Serum and peritoneal cytokine production. For the analysis of cytokines in
serum and peritoneal lavage fluids, mice were injected i.p. with viable bacteria in
0.2 ml of sterile saline and sacrificed and bled by decapitation with a small-animal
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guillotine. Serum was separated from clotted blood components and frozen at
—70°C until tested. Because of the small volumes, all serum specimens were
minimally diluted fivefold prior to testing. Peritoneal lavage was performed
immediately after sacrifice by injecting 5.0 ml of PBS into the peritoneal cavity,
vigorously agitating the peritoneal cavity, reaspirating the peritoneal lavage fluid,
and freezing it at —70°C until testing. Peritoneal cytokine levels are expressed as
picograms per peritoneum. This value was determined by measuring the cytokine
concentration within the peritoneal lavage fluid and then correcting for the total
volume of lavage fluid injected per mouse.

Culture of macrophages. The murine macrophage-like cell line RAW 264.7
(American Type Culture Collection, Manassas, Va.) was used in all of the in vitro
tissue culture studies described here. Macrophages were cultured in RPMI 1640
medium (Life Technologies, Grand Island, N.Y.) supplemented with 100 U of
penicillin per ml, 100 pg of streptomycin per ml, and 10% heat-inactivated fetal
bovine serum (endotoxin content of <0.06 ng/ml; Sigma) at 37°C in a humidified
5% CO,-95% air environment. Before being stimulated, macrophages were
seeded in culture plates and cultured overnight.

Sepsis lethality studies. Mice were injected i.p. with 0.4 ml of LPS (0.125
pg/ml) or a bacterial suspension per mouse with or without 50 mg of p-gal per
ml. In some experiments, 100 pg of DEX in 0.2 ml of PBS was also injected i.p.
immediately before the bacterial challenge. Lethality was monitored at defined
time intervals for up to 48 h. Fifty percent lethal dose (LDsy) determinations
were done by the method of Reed and Muench (37). When mice were passively
immunized against TNF-a, 6.75 X 10* neutralizing units of polyclonal rabbit
anti-TNF-a antibody (a kind gift of Roderick McCallum, Texas A&M University,
College Station) per mouse was injected via the i.p. route 1 h prior to a bacterial
or endotoxin challenge, exactly as previously described; appropriately diluted
normal rabbit serum (NRS) was used as a control (21).

Statistics. TNF-a and IL-6 levels in serum, peritoneal fluid, and culture su-
pernatant fluid are presented as means *+ standard errors of the means (SEM),
with differences between groups assessed for significance by the Student paired
t-test method (10). Differences in mortality were compared with the Fisher exact
probability test (40). With each statistical method, a calculated P value of <0.05
was considered significant.

RESULTS

Differential p-gal sensitization of mice to potentially lethal
bacterial infections. Eleven gram-positive (6 S. aureus strains,
1 S. mitis strain, 1 S. pneumoniae strain, and 3 E. faecalis
strains) and 10 gram-negative (3 E. coli strains, 4 K. pneu-
moniae strains, 1 C. diversus strain, 1 P. aeruginosa strain, and
1 P. mirabilis strain) bacterial strains were evaluated for lethal
potency in D-gal-sensitized mice. Figure 1 summarizes the
LDsys of all of the bacterial strains tested for untreated mice
versus those for mice treated with p-gal. As anticipated, the
LDs,s of all of the gram-negative bacteria tested were mark-
edly decreased when the animals were treated with D-gal rel-
ative to those of the untreated controls (approximately 2 or-
ders of magnitude for most gram-negative isolates). Further,
the LDs,s of gram-positive bacteria other than E. faecalis were
generally unaltered by p-gal treatment relative to those of
controls. In striking contrast to these findings, however, the
LDy s of all three of the E. faecalis isolates tested were reduced
to an extent roughly comparable to those observed with the
gram-negative isolates. Thus, our previously published findings
suggesting that TNF-a contributes to the lethality induced by
E. coli but not to that induced by S. aureus appear to be
generally applicable to other gram-positive and gram-negative
bacteria, with the exception of E. faecalis (41).

DEX protection of mice from potentially lethal bacterial
infections. DEX is known to inhibit LPS-induced TNF-a pro-
duction by mononuclear phagocytes and typically protects mice
against the detrimental effects of LPS but does not protect
against the lethal effects of TNF-« itself, suggesting that its in
vivo effects are mediated primarily through inhibition of
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FIG. 1. Differential D-gal sensitization of mice to lethality induced
by clinical and laboratory bacterial isolates. Eleven gram-positive (6 S.
aureus strains, 1 S. mitis strain, 1 S. pneumoniae strain, and 3 E. faecalis
strains) and 10 gram-negative (3 E. coli strains, 4 K. pneumoniae
strains, 1 C. diversus strain, 1 P. aeruginosa strain, and 1 P. mirabilis
strain) bacterial strains were evaluated for lethal potency in D-gal-
sensitized mice. Animals were injected i.p. with graded doses of each
bacterial strain either with or without D-gal, and the resulting mortality
was evaluated over 48 h. Each datum point represents experiments
performed with at least 48 mice. The solid diagonal line is drawn at a
1:1 ratio between the LDs,s of untreated and D-gal-treated mice. The
dashed diagonal line is drawn at a 100:1 ratio between the LDs,s of
untreated and D-gal-treated mice. Consequently, if an isolate is aligned
on the solid diagonal line, its LD, was not changed by D-gal treatment.
If, however, an isolate is aligned on the dashed diagonal line, its LDs,
was decreased 100-fold by D-gal treatment. Symbols: &, E. faecalis; @,
gram-negative bacteria; O, gram-positive bacteria other than E. faeca-
lis.

TNF-a production (19). This protective effect of DEX can be
most clearly documented in p-gal-treated mice, where DEX
substantially reduces the extent of D-gal sensitization. The data
in Fig. 2 summarize the relative protective effects of DEX
against the same gram-negative and gram-positive bacterial
isolates described in the legend to Fig. 1. DEX provided pro-
tection against a lethal challenge with all of the gram-negative
bacteria tested but failed to protect against a lethal challenge
with most of the gram-positive bacteria tested (Fig. 2). Once
again, however, the three E. faecalis isolates were the exception
to these findings; DEX treatment provided survival protection
to E. faecalis-infected and p-gal-treated mice. These data pro-
vide further support for the conclusion that TNF-a mediates
lethality induced by all of the gram-negative isolates tested but
does not contribute substantially to lethality induced by the
gram-positive bacteria tested, with the exception of the three
E. faecalis isolates.

Protective effects of anti-TNF-« antibody. Administration of
neutralizing anti-TNF-a antibody to LPS-challenged, p-gal-
treated mice is known to provide significant protection against
lethality (19). Given the data above suggesting that TNF-a
contributes to lethal E. faecalis infection in D-gal-sensitized
mice, we investigated whether neutralizing antibody to TNF-a
would protect against E. faecalis infection. Control animals
were administered NRS, and LPS (0.05 pg per mouse) was
injected i.p. as an additional control, both to confirm the pro-
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FIG. 2. DEX protection of mice from lethal infection with clinical
and laboratory bacterial isolates. The bacterial strains represented are
identical to those described in the legend to Fig. 1. Animals were
injected i.p. with graded doses of each bacterial strain with D-gal with
or without 100 pg of DEX, and the resulting mortality was evaluated
over 48 h. Each datum point represents experiments performed with at
least 48 mice. The data show the impact that pretreatment with 100 pg
of DEX has on the LDj, of each bacterial isolate tested. Symbols: O,
E. faecalis; @, gram-negative bacteria; O, gram-positive bacteria other
than E. faecalis.

tective efficacy of the anti-TNF-a antibody and to document
increased sensitization to lethality due to p-gal treatment. The
results of two experiments designed to determine the extent to
which rabbit polyclonal anti-TNF-a antibody would protect
mice from a lethal i.p. inoculation with viable E. faecalis (CP-1)
are presented in Table 1. As anticipated, all six LPS-treated
mice that were pretreated with NRS plus p-gal died (column 2)
whereas all six mice pretreated with NRS plus saline (column
1) survived, indicating that Dp-gal sensitized mice to LPS-in-
duced lethality (P < 0.005). All six LPS-treated mice that were
pretreated with anti-TNF-a plus saline survived (column 3)
since they had not been sensitized by Dp-gal. Further, all six

TABLE 1. Anti-TNF antibody-mediated protection of D-gal-treated
mice against lethal injection with either LPS or E. faecalis CP-1¢

Mortality
Treatment NRS anﬁ?;“;i}i:grllglm
—D-gal +D-gal —p-gal +Dp-gal

LPS 0/6 6/6"” 0/6 0/6"
E. faecalis

10® CFU 0/6 0/6 0/6 0/6

10° CFU 0/6 6/6" 0/6 0/6"

10" CFU 5/6 5/6 3/6 6/6

“Mice were injected i.p. with 0.4 ml of LPS (0.125 pg/ml) or a bacterial
suspension per mouse with or without p-gal at 50 mg/ml. Lethality was monitored
for 48 h. Mice were passively immunized against TNF by administering poly-
clonal rabbit anti-TNF antibody via the i.p. route 1 h prior to a bacterial or
endotoxin challenge. Appropriately diluted NRS was used as a control. The
numerator represents the number of mice dead at 48 h, and the denominator is
the number of mice receiving the specified treatment. The data shown represent
a composite of two experiments.

b P < 0.005.
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LPS-treated mice pretreated with anti-TNF-a plus p-gal sur-
vived (column 4), in contrast to the 100% mortality of the six
mice pretreated with NRS plus p-gal (column 2) (P < 0.005);
thus, anti-TNF-a protected p-gal-treated mice from LPS-in-
duced lethality. These control experiments confirm that p-gal-
treated mice were sensitized to LPS-induced lethality and that
anti-TNF-a antibody provides protection to these sensitized
mice.

Data obtained with E. faecalis CP-1-treated mice given three
challenge doses are also presented in Table 1. The key result
from this experiment was obtained with an inoculum of 10°
CFU/ml. All six of the mice inoculated with 10° CFU of E.
faecalis that were pretreated with NRS plus p-gal died (column
2), whereas all six of the mice pretreated with NRS plus saline
(column 1) survived, indicating that p-gal sensitized mice to E.
faecalis-induced lethality (P < 0.005). All six of the mice inoc-
ulated with 10° CFU of E. faecalis that were pretreated with
anti-TNF-a plus saline survived (column 3), as anticipated,
since they had not been sensitized by treatment with pD-gal. All
six of the mice inoculated with 10° CFU of E. faecalis that were
pretreated with anti-TNF-a plus D-gal survived (column 4), in
contrast to the 100% mortality of the six mice pretreated with
NRS plus p-gal (column 1) (P < 0.005). Thus, these data
confirm that anti-TNF-a also protected D-gal-treated mice
from E. faecalis-induced lethality in a manner essentially iden-
tical to that observed with LPS-challenged mice. All mice re-
ceiving an inoculum of 10® CFU of E. faecalis survived,
whereas mice receiving an inoculum of 10'® CFU or greater
(data not shown) generally died regardless of whether or not
D-gal or anti-TNF-a antibody was administered. Thus, the pro-
tective effects of anti-TNF-o antibody are primarily restricted
to those mice that are sensitized to the lethal effects of E.
faecalis infection by p-gal.

In vivo TNF-« response to E. faecalis infection. To further
investigate the potential contribution of TNF-a to the patho-
genesis of enterococcal infections, we infected mice i.p. with
two distinct strains of E. faecalis (CP-1 and K9) and measured
TNF-«a levels in blood and peritoneal fluid at various times
after infection; E. coli was used as a control. As shown in Fig.
3a, TNF-a levels in serum peaked 1 h after E. coli infection and
decreased thereafter. In contrast, neither strain of E. faecalis
induced a detectable systemic TNF-a response. The failure of
E. faecalis to induce a systemic TNF-a response was unantic-
ipated in view of studies with D-gal-treated mice, described
above, implicating TNF-a in the pathogenesis of lethal E.
faecalis infection. We have previously shown that another
gram-positive bacterium (i.e., S. aureus) induces a serum
TNF-a response that was initially detected (<1 ng/ml) at 3 h
and continued to increase until at least 6 h after i.p. infection
(42). As shown in Fig. 3b, E. coli also induced a rapid perito-
neal TNF-a response, with peak levels 1 h after infection. The
peritoneal TNF-a response to E. faecalis was significantly less
rapid and pronounced than the response to E. coli, but TNF-a
was readily detectable in the peritoneal cavity shortly after E.
faecalis infection.

Importantly, 4 (40%) of 10 mice inoculated i.p. with E.
faecalis K9 in this experiment died prior to sacrifice, approxi-
mately 6 h after inoculation. Peritoneal lavages were per-
formed within an hour of death on three of these four mice,
and TNF-a was undetectable in peritoneal lavage fluid from
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FIG. 3. TNF-a levels in serum and peritoneal fluid following an i.p.
bacterial challenge. Shown are TNF levels in serum and peritoneal
fluid following i.p. inoculation with viable E. coli (107 CFU per mouse),
E. faecalis K9 (10° CFU per mouse), or E. faecalis CP-1 (10° CFU per
mouse). Symbols: ellipses, E. coli; triangles, E. faecalis K9; sunbursts,
E. faecalis CP-1. Experiments were performed at least twice with sim-
ilar results. Each datum point represents the mean = SEM for five
mice. Statistical significance in panel a: **, P < 0.005; *, P < 0.05.
Statistical significance in panel b: **, P < 0.005; *, P <0.05 (E. coli
versus E. faecalis CP-1); ***, P < 0.05 (E. coli versus E. faecalis K9).

any of the three mice. Additionally, a systemic TNF-a response
did not appear to contribute to the observed mortality, as none
of the E. faecalis K9-infected mice sacrificed at either 5 or 7 h
had detectable circulating TNF-a.

The experiment described above was performed with the
expectation of collecting data at 18 h, but all five mice inocu-
lated with E. coli and four of five mice inoculated with E.
faecalis K9 died prior to the 18-h specimen collection. In the
one E. faecalis K9-infected mouse that survived for 18 h, the
peritoneal TNF-« level was determined to be 0.2 ng per peri-
toneum whereas TNF-a was undetectable in serum and IL-6
was undetectable in the peritoneal fluid and serum. All five
mice inoculated with E. faecalis CP-1 survived for 18 h; TNF-«a
and IL-6 were undetectable in the serum of any of these mice.
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TNF-a was also undetectable in the peritoneal fluid of all five
of these mice, and peritoneal IL-6 levels were 69 * 33 pg per
peritoneum.

These experiments were conducted a total of three times
with slight variations in inoculum size and specimen collection
times. In the three experiments, 11 (46%) of 24 mice died prior
to sacrifice, 5 to 8 h after inoculation with E. faecalis KO,
whereas none of 24 mice inoculated with E. faecalis CP-1 died
during this time. TNF-a was never detected in the serum of any
E. faecalis-infected mouse. Thus, these data support the con-
clusion that an i.p. challenge with viable E. faecalis can produce
mortality in the absence of a detectable systemic TNF-« re-
sponse.

In vivo IL-6 response to E. faecalis infection. Failure to
detect circulating TNF-a in previous experiments prompted
further characterization of the host cytokine response. We
chose to measure IL-6 levels in plasma and peritoneal fluid
following E. faecalis infection because IL-6 levels correlate
closely with mortality in sepsis and because IL-6 is considered
a sensitive indicator of the host response to infection (20). As
shown in Fig. 4a, both E. coli and E. faecalis elicit systemic IL-6
responses. Although E. coli induced significantly higher IL-6
levels in serum (42 ng/ml by 3 h postinoculation) than did E.
faecalis (5 ng/ml by 5 h postinoculation), these differences are
orders of magnitude less pronounced than the differences ob-
served in the relative TNF-a responses. Within the peritoneal
cavity (Fig. 4b), both E. coli and E. faecalis induced potent IL-6
responses, which differed significantly between E. coli and E.
faecalis at 1 h postinfection but did not differ significantly by
3 h postinfection. It therefore appears that the cytokine re-
sponse to an i.p. challenge with E. faecalis, while manifesting
marked differences relative to E. coli, as assessed by TNF-a
responses, is much less pronounced when IL-6 levels are com-
pared.

In vitro cytokine response to E. faecalis. In view of the
atypical host cytokine response to E. faecalis infection in vivo,
we investigated the potential for E. faecalis to induce IL-6 and
TNF-a production from macrophages in vitro. Preliminary
studies indicated that both heat-killed and viable E. faecalis
induced a relatively rapid TNF-a response, but only a weak
and delayed IL-6 response, from thioglycolate-elicited mouse
peritoneal macrophages. To further characterize the in vitro
cytokine response to E. faecalis, two of the E. faecalis strains
(CP-1 and K9) used in the in vivo studies summarized above
were heat killed and added to cultures of the macrophage-like
murine cell line RAW 264.7; LPS was used as a control. At
various times thereafter, the concentrations of TNF-a and 1L-6
in cell culture supernatants were determined by ELISA.

As shown in Fig. 5a, LPS induced the anticipated rapid
TNF-a response. Both E. faecalis strains also rapidly induced
readily detectable TNF-«, with levels in supernatant cell cul-
ture medium exceeding 5 ng/ml by 2 h poststimulation. On the
basis of these in vitro results, it appears that the low level of
TNF-a in the peritoneal fluid and its undetectability in the
serum of mice infected with E. faecalis are not due to an
inherent inability of enterococci to induce macrophages to
produce TNF-a within the time frame of these in vivo studies.

As shown in Fig. 5b, the LPS control induced a rapid IL-6
response from macrophages in vitro. With either E. faecalis
strain, however, IL-6 levels in supernatant were below the
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FIG. 4. Serum and peritoneal IL-6 levels following an i.p. bacterial
challenge. Shown are serum and peritoneal IL-6 levels following i.p.
inoculation with viable E. coli (10" CFU per mouse), E. faecalis K9 (10°
CFU per mouse), or E. faecalis CP-1 (10° CFU per mouse). Symbols:
ellipses, E. coli; triangles, E. faecalis K9; sunbursts, E. faecalis CP-1.
Experiments were performed at least twice with similar results. Each
datum point represents the mean = SEM for five mice. Statistical
significance in panel a: **, P < 0.005; *, P < 0.05 (E. coli versus E.
faecalis CP-1 and KO9). Statistical significance in panel b: **, P < 0.005;
++, P <0.005 (E. coli versus E. faecalis K9); *, P < 0.05 (E. coli versus
E. faecalis CP-1); +, P < 0.05 (E. faecalis CP-1 versus E. faecalis K9).

detection limit at 2 h and below 0.5 ng/ml at 6 h after stimu-
lation. Between 6 and 18 h, E. faecalis induced a vigorous IL-6
response, with IL-6 concentrations in supernatant near 40
ng/ml for both CP-1 and K9 (data not shown).

Collectively, the results of these in vitro studies indicate that
E. faecalis, in comparison to LPS, can induce relatively rapid
and robust TNF-« production but only a delayed IL-6 response
in cultures of the RAW 264.7 mouse macrophage-like cell line.
These results contrast rather strikingly with in vivo studies
reported above that showed that, following an i.p. challenge
with E. faecalis, IL-6 was rapidly detectable in both serum and
the peritoneal cavity whereas TNF-a was not detected in se-
rum but was detected at low levels in the peritoneal cavity.
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FIG. 5. Invitro production of TNF-« and IL-6 by RAW 264.7 cells
stimulated with E. faecalis. RAW cells were grown in vitro and stim-
ulated with heat-killed E. faecalis CP-1 or K9 (107 CFU/ml) or LPS (10
ng/ml). Cell culture supernatants were collected at 0, 2, and 6 h after
stimulation. IL-6 and TNF concentrations were determined by ELISA.
Symbols: ellipses, LPS; triangles, E. faecalis K9; diamonds, E. faecalis
CP-1. Experiments were repeated three times with consistent results.
Values represent means = SEM for triplicate tissue culture wells.

IL-6 suppression of in vitro TNF-a production. One regu-
latory function that has been attributed to IL-6 is the ability to
suppress an ongoing TNF-a response (20). IL-6 can suppress
TNF-a production either directly, by its action on TNF-a-
producing cells, or indirectly, by stimulating corticosterone
production (3, 4,47). In order to assess the relative ability of
IL-6 to directly inhibit TNF-a production by macrophages in
response to E. faecalis, RAW cells were pretreated with IL-6
for 18 h prior to E. faecalis stimulation for an additional 18 h.
A preliminary dose-response curve was generated with fivefold
serial dilutions ranging from 0.08 to 50 ng of IL-6 per ml. These
studies showed dose-dependent inhibition of TNF-a produc-
tion from 0.08 to 2.0 ng/ml with no further inhibition at con-
centrations greater than 2.0 ng/ml. Subsequent studies were
performed with an IL-6 concentration of 10.0 ng of IL-6 per ml
to ensure maximum potential suppression. Varying either the
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FIG. 6. IL-6-mediated suppression of TNF production by RAW
cells. RAW cells were pretreated with medium alone (closed circles) or
IL-6 (10 ng/ml) (open circles) for 18 h prior to stimulation with heat-
killed E. faecalis K9 (a) or CP-1 (b). Cell culture supernatants were
collected after 18 h of stimulation, and TNF concentrations were
determined. Experiments were repeated three times with consistent
results. Data are means = SEM. *x, P < 0.005; %, P < 0.05.

period that RAW cells were pretreated with IL-6 from 6 to
18 h or the period that RAW cells were stimulated with E.
faecalis from 3 to 18 h did not markedly affect the extent of
TNF-« inhibition in subsequent studies.

The data shown in Fig. 6a and b demonstrate a statistically
significant, but modest, inhibitory effect of 10 ng of IL-6 per ml
on TNF-a production by RAW cells stimulated with various
concentrations of E. faecalis. The extent of this suppression
would most likely not be sufficient to account for the lack of a
detectable systemic TNF-a response to a challenge with E.
faecalis in vivo.

DISCUSSION

The experiments presented in this report have established
that our previously published observations suggesting a differ-
ential contribution of TNF-« to lethality due to infection with
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E. coli or S. aureus in D-gal-treated mice was not unique to
those two isolates (41). In this regard, D-gal increased the
sensitivity of mice to lethal infection and DEX protected mice
against a lethal infection with all 10 of the gram-negative iso-
lates tested, suggesting a central role for TNF-a. In contrast,
with all of the gram-positive isolates studied (except those of E.
faecalis), p-gal failed to sensitize mice to, and DEX failed to
protect them against, lethality, suggesting that TNF-a does not
contribute significantly to lethality induced by most gram-pos-
itive bacteria in this model. The findings that p-gal sensitized
mice to and DEX protected them against the lethal effects of
i.p. infection with all three clinical E. faecalis isolates suggest
that TNF-a contributes significantly to lethality induced by this
organism in the D-gal model. Collectively, these data establish
that, in the p-gal model of TNF-a hypersensitization, the re-
sults of earlier studies with E. coli and S. aureus would extrap-
olate to other gram-negative and gram-positive bacteria, with
the exception of E. faecalis (41).

Interestingly, however, TNF-a could not be detected in the
serum of mice during the first 8 h following i.p. administration
of viable E. faecalis. In one experiment, an 18-h time point was
included and TNF-a remained undetectable in serum at this
time point. TNF-a was detected within the peritonea of mice
inoculated i.p. with E. faecalis, but peak peritoneal TNF-«a
levels were approximately one-sixth to one-third of those ob-
served with E. coli and were delayed by 2 to 4 h.

A particularly interesting finding in these studies was that 11
(46%) of 24 mice infected with E. faecalis K9 died 5 to 8 h after
inoculation, whereas none of 24 mice inoculated with E. fae-
calis CP-1 died in this time frame. The experimental proce-
dures used for both strains were identical, and experiments
with both strains were performed simultaneously. Conse-
quently, the differential death rate appears to be attributable to
the host’s differential response to infection, yet neither strain
induced detectable TNF-a levels in serum and peritoneal
TNF-a levels were not significantly different between these two
strains. In one experiment, three mice that died within 6 h of
inoculation with E. faecalis K9 had peritoneal lavages per-
formed within an hour of death; TNF-a was undetectable in
peritoneal lavage fluid from any of these mice. As peritoneal
TNF-a is generally present 3 h after an i.p. challenge with E.
faecalis K9 (Fig. 3b), the absence of detectable TNF-« in peri-
toneal lavage fluid from these three dead mice arouses curios-
ity about whether TNF-a might actually protect non-p-gal-
treated mice against a potentially lethal enterococcal infection
(16, 31, 35). Neutralizing anti-TNF-a antibody also failed to
provide significant protection to non D-gal-treated mice in-
fected i.p. with E. faecalis K9 (data not shown). Minimally,
these data appear to support the conclusion that TNF-a did
not contribute substantially to the death of mice within 5 to 8 h
of i.p. inoculation with viable E. faecalis K9. It is extremely
important to note that these mice were not pretreated with
D-gal.

The absence of a detectable systemic TNF-a response sug-
gests that D-gal sensitization to E. faecalis infection occurs by a
totally TNF-a-independent mechanism. Studies with rabbit
polyclonal neutralizing anti-TNF-a antibodies, however, would
complicate such a conclusion. In this regard, whereas six of six
D-gal-treated control mice died following an i.p. challenge with
10° CFU of E. faecalis CP-1, all six p-gal-treated mice pre-
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treated with anti-TNF-« antibody survived an identical bacte-
rial challenge. These results are a composite of two separate
experiments and strongly suggest an important role for TNF-a,
at least at some level, in lethal E. faecalis infection of p-gal-
treated mice. It is noteworthy that the challenge dose of E.
faecalis at which anti-TNF-a was most effective was also the
dose at which the effects of D-gal are most sensitizing for a
lethal E. faecalis infection. Neither p-gal nor anti-TNF-a was
shown to have a significant impact on mortality due to inocula
of 10%, 10'° or 5 X 10'° (data not shown) CFU. Thus, the
protective effect of anti-TNF-a antibody was limited to those
mice that were sensitized to a lethal E. faecalis infection by
D-gal.

Although we have not conclusively excluded the possibility
of a systemic TNF-a response at some point beyond 8 h after
an E. faecalis infection, the sensitizing effect of p-gal would be
expected to have dissipated by this time (11, 15, 43, 49). Ad-
ditionally, E. faecalis-infected mice tested at 18 h did not have
detectable circulating TNF-o and the kinetics of peritoneal
TNF-a production indicated a peak at 3 to 5 h, with levels
decreasing thereafter. Consequently, late TNF-a production is
unlikely to account for the observed p-gal-dependent sensiti-
zation of E. faecalis-infected mice. The more likely explanation
for the protective effects of anti-TNF-a antibody in D-gal-
sensitized, E. faecalis-infected mice is that localized TNF-«a
production, perhaps within the peritoneal cavity, contributes
substantially to mortality. Recent publications support the con-
cept of a potentially lethal compartmentalized cytokine re-
sponse following intraabdominal infection (30, 39). For E. fae-
calis K9, mean peritoneal TNF-a levels approximated 200 pg
per peritoneum at 3 h postchallenge with 10° bacteria. This
level of TNF-a was estimated by injecting 5 ml of PBS into the
peritoneum, reaspirating the fluid, determining the TNF-a
concentration in the fluid, and multiplying by the volume of
lavage fluid. If one considers that there might be only 0.2 ml of
fluid in the peritoneum prior to lavaging, however, the con-
centration of TNF-a within the peritoneal cavity could ap-
proach 1.0 ng/ml, which might be sufficient to kill a p-gal-
sensitized mouse. Although peritoneal TNF-a levels were not
determined in mice challenged with E. faecalis inocula greater
than 10° CFU, TNF-«a remained undetectable in the serum of
mice challenged i.p. with 10'® CFU of E. faecalis CP-1 or K9
(data not shown).

Experiments to explore the kinetics of TNF-a production
were carried out with mice that had not been treated with
D-gal. We considered the possibility that p-gal treatment itself
might enhance TNF-a production in response to E. faecalis,
although it is generally accepted that this does not occur with
gram-negative bacteria. The validation of such a hypothesis
would potentially serve to explain many of the unusual findings
presented in this report. Experiments designed to explore this
possibility, however, established that p-gal treatment had nei-
ther a significant nor a discernible impact on TNF-a produc-
tion in mice inoculated i.p. with viable E. faecalis (data not
shown).

Despite the failure of E. faecalis to induce a systemic TNF-a
response, we confirmed that E. faecalis infection elicits a sys-
temic cytokine response by measuring IL-6 levels in serum.
Serum IL-6 levels peaked at approximately 5 ng/ml 5 h after
i.p. infection with E. faecalis; these levels were approximately
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one-eighth of the peak IL-6 levels observed 3 h after i.p. in-
fection with E. coli. Within the peritoneal cavity, E. faecalis
also induced rapid production of IL-6. Interestingly, by 3 h
after a challenge, peritoneal IL-6 production did not differ
significantly between E. faecalis and E. coli.

TNF-a is generally considered to be a major stimulus of the
in vivo IL-6 response to either LPS or E. coli (46). Others have
demonstrated this by showing that pretreatment with anti-
TNF-a antibodies essentially abrogates the IL-6 response to
LPS or E. coli (17, 45). Our findings that E. faecalis induces a
systemic IL-6 response without a systemic TNF-a response and
that IL-6 is detected prior to TNF-« in peritoneal fluid suggest
that in vivo, E. faecalis induces IL-6 by a TNF-a-independent
mechanism. This finding may be significant with respect to
modulation of the host cytokine response.

The relatively modest in vivo TNF-a response elicited by E.
faecalis was somewhat unanticipated, in view of published re-
ports that lipoteichoic acid purified from E. faecalis has the
capacity to induce TNF-a production from macrophages in
vitro (5, 24). Studies done to assess the capacity of E. faecalis
CP-1 and K9 to induce TNF-a production from thioglycolate-
elicited mouse peritoneal macrophages indicated that both
viable and heat-killed organisms are capable of promoting
TNF-a secretion. Further studies conducted with heat-killed E.
faecalis and the murine macrophage-like cell line RAW 264.7
indicated that E. faecalis repeatedly and consistently induced
significant TNF-a production in vitro within 2 h of a challenge
but that IL-6 production was typically delayed for several
hours.

In view of the failure of E. faecalis to induce an early sys-
temic TNF-a response in vivo, the capacity of E. faecalis to
induce an early TNF-a response in vitro is intriguing. We
considered the possibility that E. faecalis might promote sup-
pression of a TNF-a response in vivo. There are many possible
mechanisms by which this could occur, and it was beyond the
scope of this study to exhaustively explore these possibilities. In
this regard, one regulatory function attributed to IL-6 is the
ability to suppress an ongoing TNF-a response (3, 20). In the
typical response to a bacterial infection or LPS, TNF-a pro-
duction normally precedes IL-6 production (32, 44). The early
release of TNF-a stimulates subsequent IL-6 production,
which then functions as part of a negative-feedback regulatory
pathway that turns off TNF-a production (12, 17, 25, 45). IL-6
can suppress TNF-a production either directly, by its action on
TNF-a-producing cells, or indirectly, by stimulating corticoste-
rone production (3, 4,47). Our data indicate that the in vivo
response of mice to E. faecalis infection differs from the re-
sponse to gram-negative bacteria (e.g., E. coli) and LPS, in that
circulating IL-6 levels are elevated soon after a bacterial chal-
lenge, despite undetectable TNF-a in plasma. Under these
conditions, it is possible that early and sustained IL-6 produc-
tion might suppress TNF-a production before significant levels
of TNF-a can be generated. Such a mechanism might be an-
ticipated to abort a potential systemic TNF-a response to E.
faecalis infection. Consequently, in vitro studies were con-
ducted and established that pretreatment of RAW cells with
IL-6 did, in fact, suppress TNF-a production in response to E.
faecalis. Despite the statistical significance of these findings,
the extent to which TNF-a production was suppressed repre-
sented only a relatively modest reduction in the total TNF-«a
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produced. Thus, although these data suggest that IL-6 might
contribute somewhat to the weak in vivo TNF-a response to E.
faecalis infection, they do not support the conclusion that IL-6
is fully responsible for this effect. It is possible, however, that
the ability of IL-6 to inhibit TNF-a production by macrophages
stimulated with E. faecalis is only partially attributable to its
direct interaction with macrophages and that IL-6-mediated
TNF-a suppression might be enhanced in vivo (4, 47).

In summary, the data presented here support the following
key conclusions. First, b-gal sensitization to E. faecalis-induced
mortality appears to occur by a TNF-a-dependent mechanism
in the absence of a systemic TNF-a response, thereby suggest-
ing that localized TNF-a production, perhaps within the peri-
toneal cavity, contributes substantially to fatal infection in this
model. Second, in mice that had not been treated with p-gal,
the pathogenesis of an acute fatal infection following i.p. in-
oculation with E. faecalis appears to occur via a TNF-a-inde-
pendent mechanism. Third, the relatively modest TNF-a re-
sponse to E. faecalis infection in vivo, in conjunction with the
capacity of E. faecalis to elicit a robust TNF-a response in
vitro, suggests that there may be active suppression of TNF-a
production in response to E. faecalis infection in vivo. Fourth,
it appears likely that E. faecalis induces early systemic and
peritoneal IL-6 production through a largely TNF-a-indepen-
dent mechanism. Finally, pretreatment of macrophages with
IL-6 results in significant suppression of TNF-a production
following stimulation with E. faecalis, but this suppression ap-
pears to be insufficient to account for the feeble in vivo TNF-a
response to E. faecalis infection. Collectively, the data gener-
ated in this study further emphasize the heterogeneous nature
of the host inflammatory cytokine response to infectious stim-
uli. Acute lethal E. faecalis infection appears to induce an
unusual cytokine response that, when further characterized
and understood, will provide significant additional insights into
the pathogenesis of sepsis.
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