J. Med. Microbiol. — Vol. 49 (2000), 701-707
© 2000 The Pathological Society of Great Britain and Ireland
ISSN 0022-2615

HOST RESPONSE TO INFECTION

Prolonged survival of mice with Pseudomonas
aeruginosa-induced sepsis by rlL-12 modulation of

IL-10 and interferon-y
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Interleukin-12 (IL-12) is thought to play an important role as a modulator of levels of
IL-10 and interferon-y (IFN-y). To address the therapeutic effects of rIL-12 in an
endogenous sepsis model in mice, which closely mimics the pathophysiology of
septicaemia in man, the effects of rIL-12 on the levels of cytokines such as IL-10 and
IFN-y, and on the survival of septic mice infected with Pseudomonas aeruginosa PAO1
were examined. First, in the endogenous sepsis model, the serum levels of IFN-y and IL-
10 remained normal until days 8 and 10, respectively, when significant rises were seen.
On day 11, levels of IFN-y returned to normal, but levels of IL-10 remained high.
Interestingly, the IL-10 serum level reached a maximum 2 days later than the IFN-y
serum level. In the light of these results, septic mice were given 0.01 ug of rIL-12 by
intraperitoneal injection and the serum levels of endogenous cytokines and the survival
times were examined. Mice treated with rIL-12 on days 5, 6 and 7 after infection
survived significantly longer than control septic mice treated with saline only. Treatment
with rIL-12 also led to a significant increase of the serum IFN-y level and a decrease of
the serum IL-10 level on day 11. These results suggest that rIL-12 exerts therapeutic
activity against endogenous sepsis caused by P aeruginosa by stimulating pro-

inflammatory responses and attenuating anti-inflammatory responses.

Introduction

Sepsis in immunocompromised patients frequently
arises as a result of invasion by endogenous microflora,
particularly from the gastrointestinal tract [1]. Pseudo-
monas aeruginosa causes endogenous sepsis, which
results in a higher mortality rate than that caused by
any other gram-negative bacterium [1]. A model of
endogenous sepsis induced by P aeruginosa in mice
treated with cyclophosphamide was developed [2—4] in
which the pathological features resembled those of
human patients with sepsis [5].

Sepsis has recently been defined as the presence of
systemic inflammatory response syndrome (SIRS)
associated with a confirmed infectious process [6]. It
has been shown that cytokines such as interleukin-1
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(IL-1), tumour necrosis factor-a (TNF-a) and inter-
feron-y (IFN-y) play critical roles in SIRS [7].
Excessive production of pro-inflammatory cytokines
such as TNF-a and IFN-y plays a prominent role in the
pathogenesis of tissue injury evolving from septic
shock [8]. An excess of these systemic pro-inflamma-
tory cytokines may have prognostic value for a poor
clinical outcome [8, 9]. The anti-inflammatory cytokine
IL-10 influences the production or activity, or both, of
these pro-inflammatory cytokines [10]. A recent report
suggested that enhanced production of pro-inflamma-
tory cytokines is accompanied by up-regulation of
counter-regulatory mechanisms in sepsis [8]. However,
elevated plasma levels of IL-10 have been reported in
patients with lethal sepsis [7, 11-13]. The sustained
high levels of IL-10 may reflect an attempt by the host
to attenuate concurrent pro-inflammatory cytokine
activity and immunosuppression characterised by
monocytic de-activation [13, 14] designated as ‘im-
munoparalysis’ [14].

IL-12, produced primarily by macrophages, promotes
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the development of naive T cells into Thl cells in
response to antigen and plays a primary role in the
induction of cell-mediated immunity [15, 16]. IL-12
has been shown to have therapeutic activity against
infection with intracellular bacteria, fungi and proto-
zoan pathogens in murine models [17—-22]. However,
little is known about whether IL-12 has a therapeutic
effect against extracellular pathogens such as P
aeruginosa, which is a frequent cause of the most
critical sepsis in man. IL-12 administration has been
reported to improve survival time in murine neonatal
sepsis caused by group B streptococci [23]. These
findings prompted the study of the in-vivo effects of
rIL-12 on the kinetics of endogenous cytokines and on
mortality in the septic mouse model, which is similar
to human sepsis.

Materials and methods
Reagents

Sodium ampicillin (ABPC, Viccillin; Meiji Seika
Kaisha, Tokyo, Japan), cyclophosphamide (CY, Endox-
an; Shionogi, Osaka, Japan) and murine rIL-12
(specific activity 3.8 X 10" U/mg; Genzyme Diagnos-
tics, Cambridge, MA, USA) were purchased from
commercial sources as indicated.

Bacterial strain and medium

P aeruginosa PAO1 [24] was kindly provided by
Professor B. H. Iglewsky (University of Rochester
School of Medicine and Dentistry, Rochester, NY,
USA). This strain has been well characterised and
produces most of the known virulence factors [25]. The
organism was grown on Trypticase Soy Agar (BBL) at
37°C for 18 h from a frozen stock. The harvested cells
were suspended in sterile saline 0.45% and adjusted to
107 cfu/ml as determined by spectrophotometry (UVI-
DEC-40; Jasco, Tokyo, Japan).

Production of the endogenous sepsis model and
preparation of serum samples

Endogenous P aeruginosa sepsis was induced as
described previously [26]. Specific-pathogen-free ddY
mice (5-week-old males; Japan Shizuoka Laboratory
Center, Shizuoka, Japan) weighing 25-30 g were used
in the experiments. Mice were given a sterile diet and
distilled water. Faecal specimens were obtained before
the study and examined to ensure the absence of P
aeruginosa. P aeruginosa PAO1 was administered to
mice in their drinking water between days 1 and 4.
Mice received ABPC 200 mg/kg by intraperitoneal
(i.p.) injection daily on days 1—4 to disrupt the normal
gastrointestinal flora. They were also inoculated i.p.
with CY 200 mg/kg on days 5, 7 and 9 to induce
sepsis. At least 10 mice were used in each group and
their survival was monitored until day 20.

Cardiac blood samples from mice anaesthetised with
pentobarbital were obtained aseptically with pyrogen-
free materials. Blood samples were allowed to clot at
4°C in pyrogen-free glass tubes and then centrifuged at
2000 g for 15 min. Serum samples were preserved at
—80°C until used.

Cytokine assays

IFN-y and IL-10 levels in murine sera were measured
with ELISA kits (Endogen, Woburn, MA, USA). The
assays were performed in duplicate as recommended by
the manufacturer. The results are expressed as the
mean and SEM of at least five mice/group.

Effect of rIL-12 on endogenous sepsis in mice

rIL-12 (0.003, 0.01, 0.03 or 0.1 ug/mouse) was
injected i.p. into mice on days 5, 6 and 7. As
0.01 ug/mouse appeared to be the optimal dose, the
efficacy of this dose was examined on days 5, 6 and 7
or days 9, 10 and 11. Saline was injected into ABPC-
and CY-treated mice on an identical schedule for
control.

Statistical analysis

The differences in the survival rates and time of each
group were evaluated by the log-rank test. Serum
cytokine levels were compared by the Mann-Whitney
U test; p =<0.05 was considered significant.

Results

Survival kinetics of mice with endogenous sepsis
due to P aeruginosa PAOI

All mice infected with P aeruginosa PAO1 died by day
14, as shown in Fig. 1, whereas no death was observed
up to day 20 in control mice with no bacterial
challenge. P aeruginosa was detected by culturing
cardiac blood from the septic mice, but not from the
control mice killed at the end of the experiments.

Time course of the levels of IFN-y and IL-10 in
mice with endogenous sepsis due to P aeruginosa

PAOI

Initial experiments aimed to characterise the pro-
inflammatory and anti-inflammatory responses in
endogenous sepsis due to P aeruginosa PAO1. Serial
levels of serum IFN-y and IL-10 in this mouse model
are shown in Fig. 2. IFN-y levels were normal (67.1
SEM 26.5 pg/ml) until day 8; they rose on day 9,
reached a maximum on day 10 (2543 SEM
50.2 pg/ml) and then declined on day 11 when the
mice began to die. The serum levels on days 9 and 10
were significantly higher than on day 8 (p <<0.034).
The serum levels of IL-10 were also within the normal
range (174.3 SEM 73.5 pg/ml) up to day 10. On day
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Fig. 1. Survival kinetics of mice with endogenous sepsis due to P aeruginosa PAO1 and control mice. Mice were fed P,
aeruginosa PAO1 on days 1—-4. They were also given ampicillin (A) 200 mg/kg and cyclophosphamide (C) 200 mg/kg
on the indicated days (10 mice/group). All the mice given P aeruginosa PAOI1 died of bacteraemia due to challenge
strain PAO1 by day 14 (@); no control mice (O) (without bacterial challenge) died (p<0.001).
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Fig. 2. Serial measurements of serum IFN-y (@) and IL-10 (O) levels in mice with endogenous sepsis due to P
aeruginosa PAO1. The level of IFN-y did not change up to day 8 (<93.6 pg/ml); on day 9 it increased to 238.4 SEM
106.4 pg/ml (p = 0.028 versus day 8) and on day 10 to 254.3 SEM 50.2 pg/ml (p = 0.034 versus day 8) when the mice
began to die. The levels of IL-10 were normal up to day 10 (174.3 SEM 73.5 pg/ml). The level of IL-10 increased
significantly on day 11 (4855.8 SEM 1310.6 pg/ml, p = 0.006 versus day 10). The results are expressed as the mean

and SEM of at least five mice/group.

11, IL-10 serum levels rose significantly (4855.8 SEM
1310.6 pg/ml; p = 0.006) then the level declined
slightly, but on day 13 was still significantly higher
than on day 10 (p = 0.011).

Effect of vIL-12 on lethality induced by
endogenous sepsis in mice

The study investigated whether rIL-12 treatment could
alter the survival rate of mice with endogenous sepsis.
First, mice were treated with rIL-12 (0.003, 0.01. 0.03
or 0.1 ug/mouse) on days 5, 6 and 7. The control
septic group (mice given ABPC and CY, and
inoculated with P aeruginosa PAO1) was treated with
only saline. The mean survival time (MST) and final
survival rate (FSR) of the control septic mice were 13.1
SEM 0.4 days and 0%, respectively. The survival rates

were significantly better in septic mice treated with
0.003 ug of rIL-12 (40%) than in control mice (0%).
The improvement seen with a dose of 0.003 ug of rIL-
12 was not enhanced by increasing the dose to 0.01 or
0.03 ug, whereas a dose of 0.1 ug led to a survival rate
no better than that of the control mice (Fig. 3).
Furthermore, to determine whether the schedule of rIL-
12 treatment affected the survival of the mice, rIL-12
was administered to mice on days 9, 10 and 11.
Administration of rIL-12 on both schedules had similar
effects on the survival rate (data not shown). The
question as to whether one injection of rIL-12 was
sufficient to reduce mortality was next examined.
However, treatment with 0.01 ug of rIL-12 on day 5
or on day 7 did not improve the survival rate (data not
shown). As IFN-y levels were also found to increase on
days 9 and 10 in the septic mice, 0.01 ug of rIL-12 was
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Fig. 3. Survival curves of the rIL-12-treated septic mice. Survival rates of the mice treated with 0.003 (A), 0.01(®) and
0.03 (O) ug of rIL-12 were significantly better than that of the control mice (X) (*p = 0.025, 0.016 and 0.023,
respectively). There was no significant difference in survival rate among the three groups with different rIL-12
concentrations of 0.003, 0.01 and 0.03 ug, whereas treatment with 0.1 ug (x) of rIL-12 did not increase the survival

rate (p = 0.180).

administered on days 5, 6 and 7 for the next series of
experiments.

Changes in levels of IFN-y and IL-10 in sera of
rIL-12-treated septic mice

To examine whether rIL-12 treatment affects the
inflammatory response in sepsis, serum levels of the
cytokines were measured on days 9, 11 and 13. As
shown in Fig. 4, the level of IFN-y fluctuated, and the
level on day 11 was significantly increased in rIL-12-
treated septic mice above the level in the control septic
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Fig. 4. Effect of rIL-12 on serum IFN-y in mice with
endogenous sepsis due to P aeruginosa PAO1. Groups of
10 mice each were administered 0.01 ug of rIL-12 (A) or
saline only (control, [J). The level of IFN-y was
significantly higher in rIL-12-treated mice than in the
untreated mice on day 11 (*p = 0.009). However, on days
9 and 13 no significant difference was found between the
two groups (p = 0.75 and 0.92, respectively). The results
are expressed as the mean and SEM of at least five
mice/group.

mice (404.5 SEM 104.8 versus 45.4 SEM 3.6 pg/ml,
p = 0.009). There was no significant difference be-
tween the levels in the two groups on days 9 and 13
(p = 0.75 and 0.92, respectively).

In contrast to the sudden increase of the IL-10 level on
day 11 in control septic mice, the IL-10 level of the
rIL-12-treated septic mice continued to be low on day
11 and then increased on day 13, as shown in Fig. 5.
The IL-10 level of the two groups was significantly
different on day 11 (86.6 SEM 13.1 versus 4855.8
SEM 1310.6 pg/ml, p = 0.007).
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Fig. 5. Effects of rIL-12 on serum IL-10 in mice with
endogenous sepsis due to P aeruginosa PAO1. Groups of
10 mice each were given 0.01 ug of rIL-12 () or saline
only (control, ). The level of IL-10 was significantly
lower in rIL-12-treated mice than in the untreated mice
on day 11 (*p =0.007). However, on days 9 and 13 no
significant difference was found between the two groups
(p=0.34 and 0.92, respectively). The results are ex-
pressed as the mean and SEM of at least five mice/
group.
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Discussion

In recent studies, pro-inflammatory cytokines such as
TNF-a, IL-1 and IFN-y have been shown to play a
critical role in SIRS and the pathogenesis of tissue
injury evolving from septic shock [6—8]. In animal
models of sepsis, a specific blockade of TNF by the use
of neutralising antibodies or soluble receptors to TNF
reduces the mortality and the severity of the disease
[27,28]. Similar results have been obtained by
blocking IL-1 with soluble IL-1 receptors or IL-1
receptor antagonists [29, 30]. However, in human trials
there was no difference in mortality between patients
with septic shock treated with placebo and TNF-a
monoclonal antibody (MADb) [31]. Moreover, treatment
with rIL-1 receptor antagonists failed to demonstrate a
therapeutic benefit [32]. Thus, it is necessary to
establish new therapies for sepsis.

Recently, anti-inflammatory responses have been re-
cognised as extremely important in sepsis [33, 34]. If
the compensatory anti-inflammatory reactions are
sufficiently severe, they will be manifested clinically
as anergy, or an increased vulnerability to infection, or
both. This is so-called ‘compensatory anti-inflamma-
tory response syndrome’ (CARS) [35]. Therefore, it
may be beneficial to stimulate the immune system
when CARS is ascendent, and this hypothesis can be
used to design treatments for sepsis [36].

In this study, the kinetics of IFN-y and IL-10 were
examined, as were the effects of rIL-12 treatment on
these cytokines, and the survival of mice with
endogenous sepsis caused by P aeruginosa. A time
lag was shown between the elevations of IFN-y and IL-
10 in a fatal mouse model of endogenous sepsis caused
by P aeruginosa. The level of IFN-y significantly
increased at the late stage before the mice began to die,
and IL-10 also significantly increased 1 or 2 days later.
Thus, the IL-10 elevation followed the IFN-y elevation,
and the IL-10 level remained high, similar to the
pattern of sepsis in man. These results suggested that
the lethality induced by sepsis was correlated with the
production of IL-10, which was counter-regulatory to
the pro-inflammatory reaction [13]. The pro-inflamma-
tory cytokines IL-1, IL-6, IL-12 and TNF-a, as well as
the anti-inflammatory cytokines IL-4 and IL-13, have
also been shown to play a role in sepsis in models of
pseudomonas infection [37,38]. In the present study
TNF-a was elevated in the sepsis model; it may
facilitate bacterial translocation and cause deterioration
[39]. van der Poll et al. reported that enhanced IL-13
production was not observed in human sepsis, and IL-
10 remained high only in patients who did not survive,
while it decreased significantly in survivors [13]. It
would seem that IL-10 as well as these cytokines may
potentially affect the pathophysiology of sepsis.

In the present study, to define the optimal dose, mice
were treated with various doses of rIL-12 on days 5, 6

and 7. The survival rates were significantly higher in
septic mice treated with 0.003-0.03 ug of rIL-12 than
in the control septic mice. However, a higher dose of
0.1 ug of rIL-12 did not improve the survival rate of
the mice, and the treatment efficacy for survival was
not dose-dependent within the window of time tested,
indicating that the most effective dose of rIL-12 should
be given then. One possible explanation for the
inefficiency of the treatment with 0.1 ug of rIL-12
may be the cytotoxicity of rIL-12 itself [40]. Although
the serum IFN-y and IL-10 levels with this dose were
not measured it may be speculated that excessive I1L-12
induces IL-10 and leads to deterioration in sepsis [41].

Treatment with 0.01 ug of rIL-12 on days 9, 10 and 11
significantly increased the survival rate, as did treat-
ment on days 5, 6 and 7. It was decided to administer
rIL-12 before the IFN-y elevation was observed;
therefore, 0.01 ug of rIL-12 was given to the mice
on days 5, 6 and 7. On the other hand, treatment with
0.01 ug of rIL-12 on day 5 or on day 7 did not improve
the survival rate. It was considered that one injection of
rIL-12 was insufficient to reduce mortality in this
experiment.

To examine how rIL-12 treatment affected the
inflammatory response in sepsis, serum levels of IFN-
y and IL-10 were measured in septic mice treated with
rIL-12. The level of IFN-y was significantly higher in
the treated septic mice than in untreated septic mice on
day 11. However, no significant difference in IFN-y
levels was found between the two groups on days 9 and
13. On the other hand, the level of IL-10 on day 11 was
significantly lower in septic mice treated with rIL-12
than in untreated septic mice. However, no significant
difference in IL-10 level was found between the two
groups on days 9 and 13. No difference between IFN-y
and IL-10 levels was seen on day 13, possibly due to
the fact the data on day 13 came from mice that
survived.

rIL-12 may reduce the production of IL-10 at the lethal
stage when the mice begin to die. These observations
suggest that rIL-12 enhances the production of IFN-y
and reduces the subsequent production of IL-10 in
septic mice. As an increased level of IFN-y is
associated with increased survival [23], administration
of IL-12 at an earlier stage of infection might have
improved survival even more dramatically via IFN-y
induction. The survival rates with the IL-12 treatment
on days 5, 6 and 7 were compared with those after
treatment on days 9, 10 and 11; no significant
difference was found.

It has been reported that IL-12 is able to protect against
extracellular bacteria, including klebsiella pneumonia
and group A steptococcal skin infection [42,43].
Undoubtedly, IL-12 is beneficial in both intracellular
and extracellular bacterial infection. However, the
mechanism of protective effect in extracellular bacterial
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infection is not clear. Zisman et al. [41] reported the
role of IL-12 in murine models of endotoxaemia and
gram-negative peritoneal sepsis. They found that
passive immunisation with anti-IL-12 serum before
lipopolysaccharide (LPS) resulted in a marked reduc-
tion in plasma levels of TNF and IFN-y, and that
neutralisation of TNF or IFN-y in animals over-
expressing IL-12 resulted in significant reductions in
LPS-induced mortality. In contrast, no benefits as
regards early onset of bacteriaemia or survival were
seen in animals passively immunised with anti-IL-12
serum before the i.p. administration of live Escherichia
coli. Anti-IL-12 therapy results in significant impair-
ment in the host’s ability to clear gram-negative
bacterial infection. The discrepancies in their findings
may be attributed to different experimental models.
Endotoxaemia induced SIRS, whereas septicacmia led
to CARS. Indeed, IFNy and IL-10 are thought to be
related to SIRS and CARS, so that it is reasonable to
suppose that rIL-12 administration might benefit septic
mice with disease conditions equivalent to human
CARS. rIL-12 could stimulate the immune system
when CARS is ascendent, and the design of treatment
regimens to prevent the development of CARS might
be effective in treating sepsis. More evidence should be
collected to establish this theory. Studies with mice
whose specific cytokine gene has been eliminated
would be a useful method. Mice without the gene for
IL-10 would be expected to be less susceptible to
gram-negative infection and neutralising IL-12 MADb
would cause sepsis to worsen.

In conclusion, this septic mouse model of P aerugi-
nosa infection provided evidence of a characteristic
time lag between the elevations of serum levels of IFN-
y and IL-10, and of a high level of IL-10 around the
critical time when mice began to die. rIL-12 admin-
istration in septic mice prolonged their survival,
indicating that rIL-12 administration enhanced protec-
tive immunity by attenuating the sustained high serum
levels of IL-10. These results suggest that rIL-12 exerts
therapeutic activity against endogenous sepsis caused
by P aeruginosa through stimulating pro-inflammatory
responses and attenuating anti-inflammatory responses.
It will be of interest to test other cytokines and
mediators. However, before clinical usage of rlIL-12,
the pathology of sepsis related to ‘cytokine storm’
should be clarified in more detail.

We are grateful to Dr Mariko Mine, Biostatistics Section, Division of
Scientific Data Registry Atomic Bomb Disease Institute, Nagasaki
University School of Medicine, for helpful assistance with statistical
analysis.
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