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Previous studies have shown that tumor necrosis factor alpha (TNF-a) plays a pathophysiologic role in
sepsis induced in rat pups by group B streptococci (GBS). In this model, TNF-a is also partially responsible
for the induction of interleukin-6 (IL-6). The present study was undertaken to investigate the role of IL-6 in
neonatal BALB/c mice infected with type III GBS. The effect of anti-IL-6 monoclonal antibodies and
recombinant IL-6 on lethality and TNF-« production was investigated. In mouse pups infected with GBS strain
COHL1, plasma IL-6 reached levels of 3,067 = 955 and 1,923 = 891 U/ml when measured at 22 and 48 h,
respectively (P < 0.05 compared with uninfected controls). Pretreatment with 25 pg of anti-IL-6 antibodies
totally prevented the increase in circulating IL-6 bioactivity at both 22 and 48 h after infection (P < 0.05).
Treatment with anti-IL-6 also induced a moderate decrease in survival time of mice infected with lethal doses
of strains COH1 and COH31, as evidenced by increased lethality (P < 0.05) at 24 to 48 h but not at 96 h. Mouse
recombinant IL-6 (12,500 U) given 6 h before challenge with strains COH1 and COH31 consistently increased
survival time, as evidenced by decreased (P < 0.05) lethality at 48 to 72 h but not at 96 h. The effects of IL-6
pretreatment were dose dependent, since no protection was observed with doses lower than 12,500 U. In
addition, no effects on lethality were noted when IL-6 was given at the time of challenge or at later times. TNF-a
elevations (P < 0.05 compared with uninfected controls) were measured at 12, 22, and 48 h after challenge with
strain COH1 (68 = 28, 233 + 98, and 98 + 34 U, respectively). Pretreatment with IL-6 significantly (P < 0.05)
decreased plasma TNF-« levels at 12 and 22 h, with 55 and 69% inhibitions, respectively. Anti-IL-6 had an
opposite effect, as evidenced by a 145% increase (P < 0.05) in TNF-a levels at 48 h after challenge. Collectively,
our data are compatible with the hypothesis that IL-6 is involved in negative feedback regulation of plasma
TNF-a levels in experimental GBS sepsis. In this model, IL-6 pretreatment can increase survival time. Future

studies will be needed to investigate the mechanisms underlying this effect.

Interleukin 6 (IL-6) is one of the major mediators of the
immune system’s acute responses to any infectious or inflam-
matory stimulation (34). This cytokine is produced by both
lymphoid and nonlymphoid cells and has been shown to
regulate proliferation and differentiation of T (17, 30) and B
(16) lymphocytes and hematopoietic stem cells (6, 41). In
addition, IL-6 is a major mediator of the acute-phase response,
mediating the synthesis and release of a variety of acute-phase
proteins in the liver (11, 24).

The role of IL-6 in various infectious processes is not yet
well understood. Elevated levels of IL-6 are present in serum
and tissues during experimental infections of mice with Listeria
monocytogenes (15), mycobacteria, and brucellae (28). Endo-
toxins are known to activate IL-6 synthesis (9, 23), and the
levels of IL-6 and other cytokines such as tumor necrosis factor
alpha (TNF-a) and IL-1 are elevated in septic adults (14) and
infants (7, 13, 22).

In some gram-positive and gram-negative bacterial sepsis
models, lethality and pathophysiologic changes are mediated
by TNF-a (10, 33) and IL-1 (2, 25). Less is known about the
role of IL-6 in septic shock models. Administration of anti-IL-6
monoclonal antibody produced divergent effects in two gram-
negative shock models. Anti-IL-6 protected mice against a

* Corresponding author. Mailing address: Istituto di Microbiologia,
Piazza XX Settembre, 4, I-98122 Messina, Italy. Phone: 39-90-712110/
672508. Fax: 39-90-719910.

4997

lethal Escherichia coli challenge, suggesting a pathophysiologic
role for this cytokine (29). However, anti-IL-6 enhanced
endotoxin-induced lethality in galactosamine-sensitized mice
when TNF-a activity was partially blocked by limited doses of
anti-TNF-a (3).

We have previously documented that TNF-a plays a patho-
physiologic role in sepsis induced in rat pups by group B
streptococci (GBS), a major human neonatal pathogen (19,
31). In this model, plasma levels of TNF-a and other cytokines,
including IL-6, correlate with sepsis severity. In addition,
TNF-a is at least partially responsible for the induction of IL-6,
as evidenced by a reduction in circulating IL-6 bioactivity
following neutralization of TNF-a by specific antibodies (31).
The present study was undertaken to investigate the role of
IL-6 in experimental GBS sepsis. The effect of anti-IL-6
antibodies and recombinant IL-6 (rIL-6) on lethality and
TNF-a production in septic neonatal mice was investigated.
Neonatal mice rather than rats were used because of the wider
availability of mouse-specific reagents and the opportunity to
use smaller quantities of these reagents. Previous studies have
shown that GBS infections in neonatal mice and rats have a
similar clinical course, histopathologic features, (26), and
cytokine release (32).

MATERIALS AND METHODS

Neonatal mice. Neonatal (24 to 48 h old) BALB/c mice were
used. Parental mice were obtained from Charles River Italia
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(Calco, Italy). Pups from each litter were randomly assigned to
control or experimental groups, marked, and kept with the
mother.

Bacteria. GBS strains COH1 and COH31, originally isolated
from septic neonates, were kindly provided by Craigh Rubens,
University of Washington, Seattle (20). Strain COH1 produces
higher amounts of type III capsular polysaccharide and is more
virulent than strain COH31 in animals (19, 20, 32). Bacteria
were grown to the late logarithmic phase in Todd-Hewitt broth
(Difco, Diagnostic International Distribution, Milano, Italy)
and diluted to the appropriate concentration in phosphate-
buffered saline (PBS; 0.01 M phosphate, 0.15 M NaCl [pH
7.2]) before inoculation into neonatal mice.

Sepsis model. Mouse pups received subcutaneous injections
of viable GBS resuspended in 25 pl of PBS. Inocula were
adjusted to give bacterial numbers corresponding to one or five
times the 90% lethal dose (LDgy). The LDg,s were 1.5 X 102
and 1 X 10° CFU, respectively, for strains COH1 and COH31,
confirming the higher virulence of the former strain. Mortality
was assessed every 12 h. With this model, deaths rarely
occurred after 96 h. GBS were confirmed as the cause of death
by reisolating the bacteria from blood.

Administration of rIL-6 and anticytokine antibodies. Mouse
rIL-6 (specific activity, 100 U/ng), rat anti-mouse IL-6 mono-
clonal antibodies (MADb), and rabbit anti-mouse TNF-a serum
were purchased from Genzyme (Cinisello Balsamo, Italy). IL-6
and anti-IL-6 were given neat or diluted in PBS supplemented
with 0.1% bovine serum albumin intraperitoneally in 25- or
50-pl volumes at different times before challenge with viable or
killed bacteria. Control animals received an equal amount of
vehicle. In some experiments, anti-TNF-a (Genzyme) or nor-
mal rabbit serum (25 pl) was given intraperitoneally 6 h before
challenge.

TNF-a and IL-6 measurements. To measure circulating
levels of TNF-a and IL-6, groups of 10 animals were killed by
decapitation under ether anesthesia at different times after
challenge with viable bacteria. Mixed venous-arterial blood
was collected in heparinized containers and centrifuged after
saving 10 pl for colony counts. These were performed by
standard pour plate methods. Pooled plasma from two animals
(50 to 70 pl) was stored at —70°C until assayed for TNF-a and
IL-6 activity by cytotoxicity with 1929 murine fibroblasts, and
B9 proliferation assays, respectively, as previously described
(31). :

TNF-a activity was expressed in units per milliliter, 1 U
being defined as the amount of cytokine causing 50% lysis of
1929 cells. Six serial twofold dilutions (final dilutions, 1:20 to
1:640) were tested in duplicate for each sample. The assay was
calibrated by using murine recombinant-TNF-a (specific activ-
ity, 20 U/ng; Genzyme) as a standard. TNF-a activity in
selected plasma samples was totally inhibited by a 1:100
dilution of rabbit anti-murine TNF-a serum but not by normal
rabbit serum.

IL-6 activity was also expressed in units per milliliter, 1 U
being defined as the amount of IL-6 causing 50% maximal
proliferation of B9 cells. Nine serial twofold dilutions (from
1:20 to 1:5,120) were tested in duplicate for each sample. The
assay was calibrated by using murine rIL-6 as a standard.

Data expression and statistical analysis. TNF and IL-6
levels are expressed as means * standard deviations for five
independent observations. Each observation was conducted on
pooled samples from two animals. To calculate mean values,
results below the detection level (20 U/ml) were assigned a
theoretical value of 10 U/ml. Differences in plasma cytokine
levels were assessed by one-way analysis of variance and the
Student-Newman-Keuls test. Differences in lethality were as-
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FIG. 1. Circulating IL-6 levels in neonatal mice infected with 5
LDyys of type IIT GBS strain COH1. Plasma was collected at various
times after challenge from pups (10 per group) pretreated intraperi-
toneally with vehicle (M) or 25 pg of anti-mouse IL-6 MAb (O) at 6 h
before challenge. Points and bars represent means + standard devia-
tions for five observations. Each observation was conducted on pooled
plasma samples from two pups. *, significantly (P < 0.05) different
from vehicle controls by one-way analysis of variance and the Student-
Newman-Keuls test.

sessed by the two-tailed Fisher exact test. With both tests,
differences were considered significant when P values were
<0.05.

RESULTS

Effects of anti-IL-6 antibodies. Figure 1 depicts plasma IL-6
levels in neonatal mice pretreated with 25 pg of anti-IL-6 MAb
and in vehicle-treated controls at 12, 22, and 48 h after
challenge with 5 LDgygs of strain COH1. Plasma IL-6 values
were 19 + 9 U/ml (n = 10) in uninfected controls (not shown).
In infected controls, IL-6 levels were significantly increased to
3,067 = 955 and 1,923 * 891 U/ml (P < 0.05 compared with
uninfected controls) when measured at 22 and 48 hours,
respectively, as observed previously in neonatal rats (31).
Pretreatment with anti-IL-6 MADb totally prevented the in-
crease in circulating IL-6 bioactivity at both 22 and 48 h after
infection (P < 0.05) (Fig. 1).

In further experiments, the effect on lethality of the same
anti-IL-6 treatment was investigated. To verify whether con-
sistent results would be obtained using different bacterial
numbers as a challenge, mouse pups were infected with 1 and
5 LDyg,s of two strains with different degrees of virulence (see
Materials and Methods). Anti-IL-6 MAb induced a moderate
decrease in survival time, as evidenced by increased lethality (P
< 0.05) at 24 to 48 h but not at 96 h. No significant effect was
observed with the 1 LDy, dose of the less virulent strain (Fig.
2, top right).

Effects of rIL-6 on lethality. Since anti-IL-6 tended to
accelerate lethality in this model, we investigated whether
administration of rIL-6 would be beneficial. Mouse pups were
treated with various doses of mouse rIL-6 at 6 h before
challenge with 5 LDgs of GBS strain COH1 (Table 1).
Pretreatment with 12,500 or 25,000 U per pup increased
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FIG. 2. Effect of anti-mouse IL-6 antibodies on survival of GBS-infected neonatal mice. Pups (16 per group) received vehicle ((J) or 25 pg of
anti-mouse IL-6 MAD (H) at 6 h before challenge with 1 or 5 LDgs of type III GBS strains COH1 and COH31. *, significantly (P < 0.05) different

from vehicle controls by Fisher exact test.

survival time, as evidenced by decreased (P < 0.05) lethality at
48 and 72 h. However, this effect was no longer significant at 96
h after infection. The effects of rIL-6 were dose dependent,
since no protection was observed with doses lower than 12,500
U per pup (Table 1). Similar results were obtained when strain
COH31 was used as the challenge strain (data not shown).

The time of IL-6 pretreatment relative to challenge was also
critical (Table 2). No effects were noted when IL-6 was given at
the time of challenge or at later times, while the cytokine was
effective when given prophylactically at 6 or 18 h before
challenge.

TABLE 1. Effects of various doses of IL-6 on
GBS-induced lethality®

No. (%) of mice dead

: IL-6 dose
Expt no. (U/mouse) 24h  48h 72h 96 h

1 0(vehicle) 3(21) 10(71) 14(100) 14 (100)
6,250 2(14) 4(29) 10(71) 14 (100)

12,500 1(7)  2Q14° 643 11(79)
2 0(vehicle) 4(29) 9(64) 14(100) 14 (100)
3,125 3(21) 11(79) 12(86) 14 (100)
781 2(14) 8(57) 14(100) 14 (100)
3 0 (vehicle) 2(14) 10(71) 12(86) 14 (100)

12,500 00) 1(7° 31 9(64)

25,000 000) 3(QLF 3(1)° 10(71)

“ Mouse pups (14 per group) were challenged with 5 LDggs of strain COHI1.
P < 0.05 by Fisher exact test, compared with the respective vehicle controls.

Effect of IL-6 and anti-IL-6 on plasma TNF-a levels and
CFU. Because IL-6 can modulate TNF-a production (1), the
effects of IL-6 or anti-IL-6 on circulating TNF-a levels in septic
pups were investigated. Plasma TNF-a concentrations were
below the detection limit in uninfected and baseline controls
(n = 10; not shown). Figure 3 shows TNF-a levels in control
and treated mice at various times after infection with 5 LDggs
of strain COH1. TNF-a elevations (P < 0.05 compared with
baseline controls) were measured at 12, 22, and 48 h after GBS
challenge in untreated animals (68 *+ 28, 233 + 98, and 98 +
34 U/ml, respectively). Pretreatment with IL-6 significantly
(P < 0.05) decreased TNF-a levels at 12 and 22 h by 55 and

TABLE 2. Effect of time of administration of IL-6 on

GBS-induced lethality”
Tiie of No. (%) of mice dead
administration” (h) 24h 48h 72h 9 h

Expt 1

~(vehicle) 429  9(64)  13(93)  14(100)

-18 1) 2Q14F  2(14¢  11(79)

—6h 0(0) 2014 4(29F  10(71)
Expt 2

—(vehicle) 2014 8(5T)  12(86) 14 (100)

0 321)  6(43)  10(71) 12 (86)

+24 2(14)  7(50) 9 (64) 13 (93)

% Mouse pups (14 per group) were challenged with 5 LDggs of strain COH1.
b Relative to time of challenge.
¢ P < 0.05 by Fisher exact test, compared with the respective vehicle controls.
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FIG. 3. Plasma TNF-a levels in neonatal mice infected with 5
LDgyys of type III GBS strain COH1. Plasma was collected at the
indicated times after challenge from pups (10 per group) pretreated
with vehicle (M), 12,500 U of rIL-6 (@), or 25 pg of anti-mouse IL-6
MAD (A) at 6 h before challenge. Points and bars represent means +
standard deviations for five observations. Each observation was con-
ducted on pooled plasma samples from two pups. *, significantly (P <
0.05) different from vehicle controls by one-way analysis of variance
and the Student-Newman-Keuls test.

69%, respectively. Anti-IL-6 had an opposite effect, as evi-
denced by a 145% increase (P < 0.05) in TNF-a levels at 48 h
after challenge.

Since experimental abrogation of TNF-a activity was bene-
ficial in septic rat pups (31), the effects on lethality of IL-6 were
compared with those of anti-TNF-a. Table 3 shows that rIL-6
and anti-TNF-a had similar effects in increasing survival at 48
and 72 h (P < 0.05). However, combined treatment with these
agents did not afford any further protection over treatment
with IL-6 or anti-TNF-« alone (Table 3).

CFU counts performed on blood samples obtained from
animals treated with IL-6 (12,500 U) or anti-IL-6 (25 pg) 6 h
before challenge with 5 LDgs of strain COH1 did not reveal
significant differences among the experimental groups (data
not shown).

TABLE 3. Effect of combined treatment with IL-6 and anti-TNF-a
on GBS-induced lethality”

No. (%) of mice dead

Pretreatment
24 h 48 h 72h 96 h

Expt 1

Normal rabbit serum 3(21) 9(64 14 (100 14 (100)

Anti-TNF-a 0(0) 1(7) 5 (36) 10 (71)

Anti-TNF-a + IL-6 0(0) 0 (0)" 6 (43)” 9 (64)
Expt 2

Vehicle 4(29) 8(7) 13 (93) 14 (100)

IL-6 1(7) 2(14 ° 4 (29)” 12 (86)

Anti-TNF-a + IL-6 0(0) 1(7) 3(21)° 9 (64)
2 Mouse pups (14 per group) received treatments 6 h before challenge with 5
LDygqs of strain COH1.
& P < 0.05 by Fisher exact test, compared with the respective vehicle controls.
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DISCUSSION

Cytokine mediators may play major roles in the pathophys-
iology of septic shock induced by either gram-negative or
gram-positive bacteria. While TNF-a has a protective role in
localized infections and in diseases caused by intracellular
bacteria, high circulating TNF-a and IL-1 levels can produce
detrimental inflammatory and hemodynamic responses, lead-
ing to multiorgan failure and death (36). The role of IL-6 in
septic shock is highly controversial. Because IL-6 decreases
TNF-a production (1) and the expression of TNF receptors in
macrophages (4), it can be considered mainly anti-inflamma-
tory. In addition, IL-6 is the main inducer of hepatic acute-
phase proteins, many of which may bind and inactivate proin-
flammatory mediators, thereby mitigating the course of septic
shock (35, 37). IL-6 also induces adrenocorticotropin and, in
turn, cortisol, a potent anti-inflammatory hormone (40).

The effects of experimental abrogation of endogenous IL-6
with specific antibodies varied in two gram-negative sepsis
models (3, 29). Although in both of these models lethality
could be totally prevented by anti-TNF-a antibodies, anti-IL-6
protected mice against lethal challenges with E. coli or rITNF-a
(29) but had no effect in galactosamine-sensitized mice chal-
lenged with endotoxin (3). In the latter study, anti-IL-6 and
IL-6 enhanced and decreased, respectively, lethality when
TNF-a was partially neutralized by limited anti-TNF-a doses.

Little is known about the role of IL-6 in neonatal or
gram-positive sepsis. Since anti-TNF-a antibodies or blocking
compounds are beneficial in animal models of GBS disease
(12, 31), we hypothesized that modulating TNF-a production
by the administration of rIL-6 or anti-IL-6 would affect lethal-
ity. Results show that neutralization of endogenous IL-6 can
result in a moderate decrease in survival time of neonatal mice
rendered septic with GBS. This effect was associated with
increased TNF-a levels at 48 h after challenge. Conversely,
exogenous IL-6 markedly reduced TNF-« levels and prolonged
survival. Since TNF-« is involved in IL-6 induction (31), our
data support the hypothesis that IL-6 participates in a negative
feedback loop regulating TNF-« levels during GBS sepsis. This
is in agreement with observations in adult mice infected with E.
coli (29). In that model, anti-IL-6 increased TNF-a levels,
while anti-TNF-a decreased IL-6 levels.

Monocytes from very small premature (42) but not term (21,
27, 43) infants show defective production of IL-6 in response to
GBS and other pathogens. The production of TNF-a was also
reported to be lower in premature neonates (8, 38). However,
mixed mononuclear cell from term neonates were recently
shown to produce more TNF-a than those from adults in
response to GBS (39). Thus, the possibility that altered
regulation of TNF-a and other inflammatory mediators plays a
role in the pathophysiology of neonatal sepsis should be
considered in future studies.

Since IL-6 has pleiotropic effects on a number of different
cell types, our data cannot exclude the possibility that mecha-
nisms other than down regulation of TNF-a may contribute to
or even be predominant in the effects of IL-6 in our model. The
induction of an acute-phase response by low doses of rIL-6 did
not alter the lethality of galactosamine-sensitized or normal
mice challenged with endotoxin (5). Since, in the present study,
the minimal effective dose of IL-6 was approximately 16-fold
greater than that employed to induce the acute-phase response
in adult (5) and neonatal (32) mice, it is unlikely that the latter
effect of IL-6 contributed to increased survival. Further studies
will be needed to assess whether IL-6-induced modulation of
cortisol and acute-phase protein responses plays a role in GBS
sepsis.
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IL-6 pretreatment has been shown to prime host defenses
against infection with the facultative intracellular pathogen L.
monocytogenes, resulting in decreased bacterial numbers in the
spleen and liver (18). As in the present study, timing of
administration relative to challenge was crucial, as evidenced
by lack of effects when the cytokine was given at the time of or
after infection. In our study, no differences in bacterial num-
bers were noted between IL-6-treated and control mice. This
may relate to differences in the defense mechanisms against
facultative intracellular and encapsulated bacteria or in the
time course of the infections. In the Listeria study, the more
significant differences were observed at 4 days after infection,
a time at which lethality approaches 100% in the GBS model.
It should be noted, however, that the doses used in the Listeria
study were at least 20-fold higher than the ones presently used.
Thus, it cannot be excluded that IL-6 at high doses can increase
host defenses against GBS as well.

Future studies will be needed to assess whether IL-6 can
prove effective in the therapy of GBS diseases in conjunction
with antibiotics, supportive measures, and, possibly, other
anti-inflammatory agents.
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