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Exogenous cytokine modulation or neutralization of interleukin-10 enhance survival in
lipopolysaccharide-hyporesponsive C3H/HeJ mice with Klebsiella infection

M.-J. WANG, K-C. G. JENG & L-I. PING Department of Education and Research, Taichung Veterans General Hospital,
Taichung, Taiwan

SUMMARY

Klebsiella pneumoniae has been isolated from liver abscesses in patients with leukaemia or diabetes.
The resistance of Klebsiella infection in lipopolysaccharide (LPS)-hyporesponsive mice is unclear.
Female C3H/HeJ and C3H/HeN mice, 6–8 weeks old, were intraperitoneally (i.p.) injected with
K. pneumoniae. The results showed that C3H/HeJ mice were 24 times more susceptible [ lethal
dose 50% (LD50) 250 colony-forming units] than C3H/HeN mice to K. pneumoniae infection.
C3H/HeJ mice, uninfected or infected with K. pneumoniae, had higher liver interleukin (IL)-10
levels and IL-10 mRNA levels than C3H/HeN mice. Previously, pretreatment with IL-1b and
tumour necrosis factor-a (TNF-a) protected C3H/HeJ mice from lethal bacterial infection.
Therefore the effects of pretreatment with IL-1b and TNF-a or antimurine IL-10 antibody i.p. 1 hr
before this infection in both strains of C3H mice were examined. Pretreatment with TNF-a or
anti-IL-10 antibody enhanced the survival of both strains of mice. TNF-a, in combination with
IL-1b, enhanced the survival and bacterial clearance better than single pretreatment in
C3H/HeJ mice. Anti-IL-10 antibody increased bacterial clearance and significantly reduced liver
cytokine mRNA levels in C3H/HeJ mice more than it did in the controls during infection. These
results indicate that exogenous cytokine modulation or neutralization of IL-10 enhance the
resistance of LD50 infection in C3H/HeJ mice.

INTRODUCTION C3H/HeN mice would respond differently to a virulent K.
pneumoniae infection, similar to other virulent bacterial

Sepsis increases the length of hospital stays and medical costs,
infections.10and when severe may cause multiple organ failure and death.1,2

Although, the molecular basis of LPS-hyporesponsivenessRecently in Taiwan, sepsis due to pyogenic liver abscess has
of C3H/HeJ mice is not completely understood, several defectsbeen associated with Klebsiella pneumoniae.3,4 However, the
are associated with LPS-mediated macrophage function.13–15virulence of Klebsiella from clinical isolates is unclear.
C3H/HeJ mice produce less cytokines than other mice, andGram-negative peritonitis in mice produces an intense local
are more susceptible to virulent bacterial infections,14,16,17inflammation before becoming a systemic infection.5
pretreatment with tumour necrosis factor-a (TNF-a) alone orLipopolysaccharide (LPS) from the Gram-negative bacteria
in combination with interleukin-1 (IL-1) might protectcauses cytokine release and cytokines play important roles in
C3H/HeJ mice from lethal Klebsiella infection as in Escherichiathe pathogenesis of sepsis.6,7 Cytokines also aid the recruiting
coli 018K+ infection.10 Recently, IL-10 has been shown toand activating of neutrophils and macrophages8,9 that are
down-regulate the expression of TNF-a and chemokines fromcritical to the infected host. For instance, cytokines protect
macrophages.18,19 Pretreatment with IL-10 protects mice,C3H/HeJ mice from lethal Escherichia coli infection.10
whereas neutralization of IL-10 increases lethality from endo-However, excessive cytokine production may harm the
toxaemia.20 However, neutralization of IL-10 enhances TNF-ahost.11,12 Therefore, modulation of the cytokine response is
or nitric oxide production and promotes the clearance ofnecessary for maintaining homeostasis in the host. We hypo-
Mycobacterium avium, Candida albicans and K. pneumoniae inthesized that LPS-resistant C3H/HeJ and LPS-sensitive
other infected mice.21–23 Our preliminary observation found

Received 1 March 1999; accepted 28 March 1999. that uninfected C3H/HeJ mice had a higher IL-10 basal level
in the liver than C3H/HeN mice, thus we hypothesized thatAbbreviations: CFU, colony-forming units; IL-1b, interleukin-1b;
neutralization of IL-10 might protect C3H/HeJ mice fromIL-6, interleukin-6; IL-10, interleukin-10; LPS, lipopolysaccharide;

TNF-a, tumor necrosis factor-a. Klebsiella infection.
In the present study, we pretreated both strains of C3HCorrespondence: Dr K-C.G. Jeng, Department of Education and

mice with IL-1 and TNF-a or antimurine IL-10 antibody, 1 hrResearch, Taichung Veterans General Hospital, Taichung, Taiwan
40705. before intraperitoneal (i.p.) injection of K. pneumoniae. The
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results showed that C3H/HeJ mice were more susceptible Reagents
Murine recombinant TNF-a [1·33×108 U/mg specific activitythan C3H/HeN mice to a virulent K. pneumoniae infection.

Furthermore, exogenous cytokine modulation or neutraliz- (SA)], IL-1b (1·33×108 U/mg SA) and antimurine IL-10
antibody were obtained commercially (R&D, Minneapolis,ation of IL-10 enhanced the survival in infected C3H/HeJ mice.
MN ).

MATERIALS AND METHODS
Treatment and bacterial infection of mice
Klebsiella pneumoniae (TVGH5395) was isolated clinicallyAnimals

Mice of C3H/HeN and C3H/HeJ strains were obtained from at Taichung Veterans General Hospital. K. pneumoniae
(ATCC9997, capsular type 2) was obtained from the Americanthe animal facility of National Cheng Kung University Medical

College. These mice were originally obtained from the Jackson Type Culture Collection (ATCC; Rockville, MD). The K.
pneumoniae isolate reacted with anticapsular type 1 but notLaboratory (Bar Harbor, ME). They were maintained on

standard laboratory chow and water ad libitum. Six- to eight- type 2 serum. The micro-organisms were cultured in tryptic
soy broth (TSB) overnight at 37° with shaking to reach #109week-old females were used in all experiments.
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Figure 1. IL-10 production (a) in serum and liver homogenates from C3H/HeJ and C3H/HeN mice, after i.p. injection with LD50
2·5×102 and 6×103 CFU K. pneumoniae, repectively, at 32 hr postinfection. Each value is the mean±SEM from five animals.
**P<0·01 as compared with uninfected controls. (b) IL-10 (top panel ) and b-actin (middle panel ) mRNA expression in the liver
and spleen of C3H/HeJ and C3H/HeN mice 24 hr after i.p. injection with 3×103 CFU K. pneumoniae. Molecular weight markers
are in the left lane. Each value is the mean±SEM densitometric ratio of IL-10/b-actin from five animals. All mice survived until
time of killing.
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bacteria/ml. Mice were injected i.p. with various doses of K. onto tryptic soy agar (TSA) plates to determine bacterial
colony counts.pneumoniae in 0·2 ml of sterile normal saline. C3H mice were

tested with their lethal dose 50% (LD50) doses. The effect of
cytokine modulation or neutralization of IL-10 was studied in Cytokine assay

Animals were killed at the indicated times postinfection. AboutC3H mice treated with various doses of IL-1b and TNF-a
alone or combined or antimurine IL-10 antibody, i.p. 1 hr 200 mg of the liver of each animal were removed and homogen-

ized separately as previously described.21 Samples were storedbefore the infection.
at −20° until assay. Determination of TNF-a, IL-1b and
IL-10 production in each sample was performed by commercialBacterial counts in serum and liver

Blood samples of mice were obtained by open heart collection enzyme-linked immunosorbent assay (ELISA) kits (R&D,
Minneapolis, MN ). Cytokines in the serum or liver homogen-into tubes. The liver of each animal was removed, weighed

(50 mg) and homogenized in 2 ml heparinized saline using a ates were measured according to the manufacturer’s instruc-
tions. The detection limits of TNF-a, IL-1b and IL-10 wereglass tissue grinder. Serum and liver homogenates were diluted

with normal saline and aliquots of the suspension were plated 50, 15 and 5 pg/ml, respectively.
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Figure 2. Effect of cytokine or anti-IL-10 antibody on survival rates of C3H mice after i.p. injection with each LD50 CFU K.
pneumoniae as in Fig. 1. Mice received 0·2 ml of TNF-a (0·02, 0·1 mg) or IL-1b (250, 500 U ) (a), the two cytokines combined (b),
or anti-IL-10 antibody (5, 10, 20, 40 mg) (c) i.p. 1 hr before challenge with K. pneumoniae. Each group consisted of six animals.
Experiments were repeated twice. The best results of anti-IL-10 antibody pretreatment from both strains of mice are selected to
show in the figures.
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Reverse transcription-polymerase chain reaction (RT-PCR) IL-10 mRNA and protein in infected mice
Total cellular RNA was extracted from livers and spleens

Preliminary experiments were performed to determine whether
(50 mg) using Ultraspec RNA extraction solution (Biotecx

IL-10 levels were different between these two strains of mice
Lab. Inc., Houston, TX ). Equal amounts of total RNA from

under each LD50 CFU of Klebsiella infection. The result
each sample were subjected to first-strand cDNA synthesis

showed that the basal and infected liver IL-10 levels in
using Moloney murine leukaemia virus reverse transcriptase,

C3H/HeJ mice were much higher (P<0·01) than in C3H/HeN
the oligo-dT15 primer (except that the reverse transcription of

mice (Fig. 1a). Serum IL-10 levels (Fig. 1a) increased in both
TNF-a mRNA was performed using a gene-specific primer to

strains of mice at 32 hr postinfection, but were not significantly
replace the oligo-dT15 primer), and dNTP in the presence of

different from each LD50 dose. Therefore, we examined their
RNase inhibitor in a 50-ml reaction at 42° for 60 min. PCR

IL-10 mRNA levels under the same CFU of Klebsiella infec-
was performed with 10% of the product of cDNA synthesis,

tion. IL-10 mRNA levels in liver and spleen homogenates of
Taq polymerase, 0·4 m of each pair of cytokine gene-specific

C3H/HeJ mice were much higher than those in C3H/HeN
primers (CLONTECH, Palo Alto, CA) and 0·2 m dNTP in

mice, with 3×103 CFU of K. pneumoniae 1 day postinfection
a reaction buffer. As a control for the RNA isolation and

(Fig. 1b).
reverse-transcription b-actin gene expression was used. The
cDNA samples were amplified using a three-temperature PCR
system, usually consisting of denaturation at 94° for 45 Effect of cytokine modulation or neutralization of IL-10 on

animal survivalseconds, primer annealing at 60° for 45 seconds, and extension
at 72° for 2 min. Quantification of cytokine mRNA levels was

The effect of cytokine or anti-IL-10 antibody on the survival
performed in the exponential phase of amplification. The

of both infected C3H mouse strains is shown in Fig. 2.
reaction product was visualized by electrophoresis in a 3%

Pretreatment with TNF-a alone (0·1 mg/mouse), or in combi-
agarose gel (consisting of 2% Nusieve GTG agarose and 1%

nation with IL-1b (250 U/mouse), increased the survival of the
agarose), and by staining with 0·5 mg/ml ethidium bromide.

LD50 250 CFU Klebsiella-infected C3H/HeJ mice (Fig. 2a,b).
However, pretreatment with TNF-a alone protected

Statistical methods
C3H/HeJ mice from the infection much less than when com-

The Mann–Whitney rank test was used for the analysis of
bined with IL-1b (33% versus 68% of survival at 10 days

data; P-values less than 0·05 were considered significant. All
postinfection, respectively). Pretreatment with TNF-a alone

anayses were performed with  version 3.0 for
also protected C3H/HeN mice from the LD50 6000 CFU

Macintosh (Abacus Concepts, Inc., Berkeley, CA).
infection. Furthermore, C3H/HeN mice pretreated with IL-1b
(500 U ) had a significantly increased mortality. By contrast,
pretreatment with TNF-a combined with IL-1b did notRESULTS
increase the survival of C3H/HeN mice as compared with that

Mortality from infection
in mice treated with TNF-a alone. On the other hand, an
increase in the concentration of combined cytokines decreasedThe virulence of our K. pneumoniae isolate (TVGH5359)

was similar to that of a virulent strain of K. pneumoniae the survival in both infected mice. Pretreatment of
C3H/HeJ and C3H/HeN mice with 20 mg of anti-IL-10 anti-(ATCC9997). C3H/HeJ females were more susceptible (LD50

2·5×102 CFU ) than C3H/HeN females (LD50 6×103 CFU ) body enhanced their survival from 0% (control serum) to 70%
and 30% (control serum) to 70%, respectively, 10 days postin-to K. pneumoniae i.p. infection at 2 days postinfection (data

not shown). fection (Fig. 2c). The protection of these infected mice by the
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Figure 3. Effect of cytokine or anti-IL-10 antibody on bacterial counts in blood (a) and liver homogenates (b) of C3H mice 32 hr
after i.p. injection with each LD50 CFU K. pneumoniae. Mice received 0·2 ml of saline, goat immunoglobulin G (IgG; 20 mg),
TNF-a (0·1 mg) and IL-1b (250 U ), or anti-IL-10 Ab (20 mg) i.p. 1 hr before challenge with K. pneumoniae. Each value is the
mean±SEM from five animals. *, P<0·05, **, P<0·01 as compared with the infected saline or IgG controls.
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pretreatment with 20 mg of anti-IL-10 antibody was better in the liver of C3H/HeN mice was only reduced twofold and
10-fold, respectively, by pretreatment with anti-IL-10 antibody(70% of survival ) than that of the lower (5–10 mg) or higher

(40 mg) doses of anti-IL-10 antibody (20–30% and 50% of or TNF-a, as compared to the controls. In comparison, anti-
IL-10 antibody reduced bacterial CFU loading in the liver ofsurvival in C3H/HeJ and C3H/HeN mice, respectively).
C3H/HeJ mice about 40-fold, but in C3H/HeN mice the
reduction was only twofold.

Effect of cytokine modulation or neutralization of IL-10 on the
bacterial clearance

Effect of cytokine modulation or neutralization of IL-10 on
Having observed the protective effect of cytokine or anti-IL-10

cytokine mRNA and protein levels
antibody in Klebsiella -infected mice, we then studied their
relationships with bacterial clearance. Pretreatment with anti- Pretreatment with either anti-IL-10 antibody (20 mg) or TNF-a

(0·1 mg) and IL-1b (250 U ) or TNF-a alone (0·1 mg) ofIL-10 antibody (20 mg) or TNF-a (0·1 mg) combined with
IL-1b (250 U ), significantly (P<0·01) reduced bacterial CFU C3H/HeJ and C3H/HeN mice infected with each LD50 of K.

pneumoniae significantly (P<0·01) reduced serum IL-10 levelin blood and liver samples in C3H/HeJ mice with LD50
Klebsiella infection (Fig. 3). In infected C3H/HeN mice, pre- at 32 hr postinfection (from 30 to 50 pg/ml to 0 and

40–55 pg/ml to 4 pg/ml, respectively, for each strain of mouse).treatment with anti-IL-10 antibody or TNF-a alone had the
same efficiency as that in C3H/HeJ mice regarding bacterial Serum TNF-a and IL-1b, were either not detected or were

minimal in all groups of mice with LD50 of Klebsiella infectionclearance in the blood. However, the bacterial CFU loading
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Figure 4. Effect of cytokine or anti-IL-10 antibody on cytokine gene expression in liver and spleen from C3H/HeJ mice 32 hr after
i.p. injection with LD50 CFU K. pneumoniae. Treatment conditions were identical to Fig. 3. The agrose gel bands show the
RT-PCR amplified cytokine (top panel ) and b-actin (middle panel ) mRNA from the liver and spleen. Lane M, molecular marker;
lane 1, uninfected control; lanes 2 and 3, saline and immunoglobulin G (IgG) controls; lane 4, anti-IL-10 (20 mg); lane 5, TNF-a
(0·1 mg) and IL-1 (250 U ). Each value is the mean±SEM densitometric ratio of cytokine/b-actin from five animals. *, P<0·05,
**, P<0·01 as compared with the infected saline or IgG controls.
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at 32 hr postinfection (data not shown). There was no signifi- DISCUSSION
cant difference in liver TNF-a, IL-1b and IL-10 levels between

The virulence of the K. pneumoniae isolate (TVGH5395) in
controls and animals pretreated with either anti-IL-10 antibody C3H/HeJ mice was similar to the virulence of a capsule type
or TNF-a and IL-1b (data not shown); except that liver IL-10 2 strain of K. pneumoniae. However, the K. pneumoniae isolate
levels in C3H/HeJ mice (4·2–7 ng/g) were much higher than was more virulent than other Gram-negative bacterial isolates
in C3H/HeN mice (1·8–2 ng/g) in all treated groups. The (LD50 102, compared to LD50 109 CFU ) in the i.p. challenged
effects of cytokine modulation on cytokine mRNA levels in mice.16 C3H/HeJ mice were 24 times more susceptible to this
liver and spleen were then measured by RT-PCR. Since infection than were C3H/HeN mice. The expression of
IL-10 mRNA levels in liver and spleen homogenates of IL-10 mRNA in C3H/HeJ mice was higher than that in
C3H/HeJ mice were much higher than those in C3H/HeN C3H/HeN mice when both were infected with 3×103 CFU of
mice with infection (Fig. 1b), lower cycles for PCR were used K. pneumoniae (Fig. 1b). We also found that C3H/HeJ mice
to detect the difference of IL-10 mRNA in samples of had a basal liver IL-10 level much higher (P<0·01) than
C3H/HeJ mice. The transcription of TNF-a, IL-6 and IL-10 C3H/HeN mice, and both strains of mice had high serum
genes in the liver of pretreated C3H/HeJ mice was reduced IL-10 levels 32 hr postinfection with each LD50 CFU of K.
significantly from the control levels during the infection pneumoniae (Fig. 1a). Since IL-10 is an important mediator of
(Fig. 4). The cytokine mRNA levels in the spleen were simi- immune responses,24,25 the IL-10-mediated suppression of
larly reduced by the treatments as in the liver of C3H/HeJ mice, cytokine may be detrimental to the host when an active
except for TNF-a and IL-1b. By contrast, in infected immune response is required for effective clearance of microbial
C3H/HeN mice pretreated with TNF-a alone or anti-IL-10 pathogens.23 This suggests that IL-10 might be responsible in
antibody, the reduction of mRNA of IL-6, and IL-10 in the part for the susceptibility of C3H/HeJ mice to a virulent

Klebsiella infection.liver or spleen was minimal (Fig. 5).
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Figure 5. Effect of cytokine or anti-IL-10 antibody on cytokine gene expression in liver and spleen from C3H/HeN mice 32 hr
after i.p. injection with LD50 CFU K. pneumoniae. Treatment conditions were identical to those described in Fig. 4. The description
of lanes is identical to Fig. 4 except lane 5 is TNF-a alone (0·1 mg).
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TNF-a plays a role in host defence against bacterial anti-IL-10 antibody-pretreated mice were much lower than
those of the controls. This may be due to the decrease ofpneumonia in mice,26,27 and the preteatment of neutrophils

with TNF-a enhances their bactericidal activity in the presence bacterial CFU loading in the livers or blood (2–5 log of CFU )
over the controls. Therefore, our results might not be inconsist-of complement.28 IL-1 released by macrophages and mono-

cytes may act on monocytes as an autostimulating factor and ent with these findings. Further study is needed to investigate
the mechanism of anti-IL-10 antibody on the protection ofmay enhance bacterial clearance.10 C3H/HeJ mice have much

lower cytokine production than C3H/HeN mice with an infected C3H/HeJ mice. Taken together, these results suggest
that cytokine modulation in vivo may provide potential thera-infection or LPS administration, therefore when provided with

appropriate concentrations of cytokine, C3H/HeJ mice are peutic benefits in patients with immune deficiencies against
virulent bacterial infections.able to overcome this defect to combat virulent pathogens.10

Accordingly, pretreatment with TNF-a alone resulted in an
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