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Abstract t 

Interleukinn (IL)-12 is a heterodimeric proinflammatory cytokine formed by a p35 and 
aa p40 subunit. To determine the role of IL-12 in abdominal sepsis, p35 gene deficient 
(IL-122 knockout, KO) mice and normal wild type (WT) mice were injected 
intraperitoneallyy with Escherichia coli. Peritonitis was associated with a bacterial dose 
dependentt increase in IL-12p40 and IL-12p75 concentrations in peritoneal fluid and 
plasma.. While at 6 hours postinfection IL-12 KO and WT mice displayed similar 
bacteriall  counts, at 20 hours IL-12 KO mice had significantly more bacteria in liver 
homogenatess and were more susceptible for progressing to systemic infection. In 
addition,, IL-12 KO mice demonstrated higher levels of proinflammatory cytokines in 
peritoneall  fluid and increased lung and liver injury. IL-12 deficiency did not influence 
thee recruitment of cells to the site of the infection. These data suggest that endogenous 
IL-122 is involved in the early antibacterial host response during abdominal sepsis. 

Introduction n 

Severee peritonitis is an important cause of death in adult intensive care units (1). 
Abdominall  sepsis is associated with a mortality rate up to 60%, which is much higher 
thann the 25-30% overall mortality rate of sepsis in general (2). Peritonitis is almost 
invariablyy caused by a perforation in the intestinal tract. As a result, enteric Gram-
negativee bacteria are the most commonly encountered pathogens, among which 
EscherichiaEscherichia coli (E. coli) can be found in up to 60% of cases (2, 3). 

Interleukinn (IL)-12 is a heterodimeric proinflammatory cytokine (IL-12p70), formed 
byy a p35 and p40 subunit, which is mainly produced by antigen-presenting cells (4, 5). 
IL-122 is a potent stimulator of T cell functions, inducing the production of interferon 
(IFN)-yy and facilitating the differentiation of naive CD4+ T cells into T helper 1 cells. 
Amplee evidence exists that IL-12 also plays an important role in the pathogenesis of 
Gram-negativee bacterial infection and the associated inflammatory response. 
Administrationn of live E. coli or purified endotoxin (lipopolysaccharide, LPS), the 
toxicc moiety of the Gram-negative bacterial cell wall, elicits the release of 
biologicallyy active IL-12p70 into the circulation of experimental animals (6-9). 
Neutralizationn of this endogenously produced IL-12 provides a clear survival benefit 
afterr a high dose LPS challenge to mice (7, 9, 10). Taken together with the 
observationn that exogenously administered IL-12 can provoke systemic inflammatory 
responsess (11, 12), these data indicate that IL-12 is involved in the toxic sequelae of 
severee endotoxemia. 

Severall  studies have investigated the role of endogenous IL-12 in host defense against 
peritonitis.. In a model of septic peritonitis induced by cecal ligation and puncture 
(CLP),, treatment with a polyclonal anti-IL-12 antibody was reported to either increase 
(13,, 14) or not to influence (15) mortality. In another peritonitis model, produced by 
intraperitoneall  (i.p.) injection of live E. coli, anti-IL-12 treatment did not influence 
lethalityy (7). Both after CLP and i.p. administration of E. coli, the anti-IL-12 
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antiserumm enhanced the outgrowth of bacteria, suggesting that endogenous IL-12 
contributess to an effective antibacterial defense (7, 13). Of note, all of these studies 
madee use of polyclonal antibodies raised against recombinant IL-12, and in none of 
thesee reports the extent of IL-12 neutralization was established. Moreover, since the 
p400 component of IL-12p70 is also part of IL-23, a heterodimeric cytokine consisting 
off  a p40 and a pi9 subunit, it is possible that these antisera influenced the activity of 
endogenouss IL-23 (5, 16). Therefore, in the present study we sought to determine the 
rolee of endogenous IL-12 in the host response to septic peritonitis by making use of 
p355 gene deficient mice, animals in which IL-12 is the only cytokine that cannot be 
produced. . 

Materiall  and methods 

Animals Animals 
Thee Institutional Animal Care and Use Committee approved all experiments. p35 
genee deficient (IL-12 KO) C57BL/6 mice were obtained from the Jackson Laboratory 
(Barr Harbor, ME). Normal wild type C57BL/6 (WT) mice were obtained from Harlan 
CPBB (Zeist, the Netherlands). Sex- and age-matched (8- to 12-wk old) mice were used 
inn all experiments. 

InductionInduction of peritonitis 
Peritonitiss was induced as described previously (17, 18). In brief, E. coli 018:K1 was 
culturedd in Luria Bertani medium (LB; Difco, Detroit, MI) at 37°C, harvested at mid-
logg phase, and washed twice with sterile saline before injection to clear the bacteria of 
medium.. Mice were injected i.p. with 102 to 104 E. coli 018:K1 colony-forming units 
(CFU)) in 200 ul sterile isotonic saline. The inoculum was plated immediately after 
inoculationn on blood agar plates to determine viable counts. Control mice received 
2000 ul normal saline. 

MonitoringMonitoring of mortality and sample harvesting 
Ourr laboratory previously established that in this model mortality occurs 
predominantlyy between 18h and 24h after E.coli challenge (17, 18); therefore, 
mortalityy was assessed every hour in this time period, and with 6h intervals thereafter. 
Micee surviving more than 3 days appeared to be long-term survivors. At the time of 
sacrifice,, mice were first anesthetized by inhalation of isoflurane (Abbott Laboratories 
Ltd.,, Kent, UK) / O2 (2% / 21). A peritoneal lavage was then performed with 5 ml 
sterilee isotonic saline using an 18-gauge needle, and peritoneal lavage fluid was 
collectedd in sterile tubes (Plastipack; Becton-Dickinson, Mountain View, CA). The 
recoveryy of peritoneal fluid was > 90% in each experiment and did not differ between 
groups.. After collection of peritoneal fluid, deeper anesthesia was induced by i.p. 
injectionn of 0.07 ml/g FFM mixture (Fentanyl (0.315 mg/ml)-Fluanisone (10 mg/ml) 
(Janssen,, Beersen, Belgium), Midazolam (5 mg/ml) (Roche, Mijdrecht, The 
Netherlands).. Next, the abdomen was opened and blood was drawn from the lower 
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cavall  vein into a sterile syringe, transferred to tubes containing heparin and 
immediatelyy placed on ice. Plasma for these determinations was prepared by 
centrifugationn at 1400 x g for 10 min at 4 °C, after which aliquots were stored at -20 
°C. . 

DeterminationDetermination of bacterial outgrowth 

Seriall  10-fold dilutions of blood, homogenized liver and peritoneal lavage fluid were 
madee in sterile saline and 50-ul volumes were plated onto blood agar plates. Plates 
weree incubated at 37°C at 5% CO2, and CFU's were counted after 16h. 

CellCell counts and differentials 
Celll  counts were determined using a hemacytometer (Beekman coulter, Fullerton, 
CA).. Subsequently peritoneal fluid was centrifuged at 1400 x g for 10 min; the 
supernatantt was collected in sterile tubes and stored at -20°C until determination of 
cytokines.. The pellet was diluted with PBS until a final concentration of 105 cells/ml 
andd differential cell counts were done on cytospin preparations stained with a 
modifiedd Giemsa stain (Diff-Quick; Dade Behring AG, Düdingen, Switzerland) 
accordingg to the manufacturer's instructions. 

Assays Assays 

Tumorr necrosis factor (TNF)-a, interleukin (IL)-lp , IL-12p40, IL-12p70, interferon 
(IFN)-y,, macrophage inflammatory protein (MIP)-2 and cytokine-induced neutrophil 
chemoattractantt (KC) were measured by ELISA's according to the instructions of the 
manufacturerr (all R&D Systems, Abingdon, United Kingdom). Aspartate 
aminotranspherasee (ASAT) and alanine aminotranspherase (ALAT) were determined 
withh commercially available kits (Sigma, St. Louis, MO), using a Hitachi analyser 
(Boehringerr Mannheim, Mannheim, Germany) according to the manufacturer's 
instructions. . 

* * 
Histology Histology 
Directlyy after sacrifice, samples from liver and lung were fixed in 10% formaline, and 
embeddedd in paraffin for routine histology. Sections of 4 um thickness were stained 
withh haematoxylin and eosin. All slides were coded and scored by a pathologist 
withoutt knowledge of the type of mice or treatment. 

StatisticalStatistical analysis 
Al ll  data are expressed as mea  SE. Differences between groups were analyzed by 
Mann-Whitneyy U test. Survival was analyzed with Kaplan-Meier. Values of P < 0.05 
weree considered to represent a statistically significant difference. 

22 2 



Results s 

ProductionProduction of IL-12. 
Too determine whether IL-12 is produced during peritonitis, C57BL/6 WT mice 
receivedd an i.p. injection with 200 Ltl NaCl containing 102,103, or 104 E.coli CFU's or 
2000 \i\ NaCl as a control. Peritonitis was associated with elevated IL-12p40 and IL-
12p700 concentrations in both peritoneal fluid and plasma at 6h and 20h after infection 
(Tablee I). IL-12 levels increased with increasing doses of E.coli. After inoculation 
withh 10*  E.coli CFU, IL-12p40 peaked at 6h, while after infection with 104 CFU 
E.coli,E.coli, IL-12p40 and IL-12p70 levels peaked after 20h. Mice i.p. injected with sterile 
salinee did not have detectable IL-12p70 and significantly lower levels of IL-12p40 in 
peritoneall  lavage fluid or in plasma (data not shown). Subsequent experiments were 
donee with 104 CFU E.coli as inoculum. 

Tablee I. 

Per i t one e 
all  f lui d 
( pg /m l ) ) 

I L -1 2 2 
p40 0 

IL -1 2 2 
p70 0 

P lasmm a 
(pg /m l ) ) 

I L -1 2 2 
p40 0 

IL -1 2 2 
p70 0 

102 2 

TT 6h 

3500  23 

566  8 

102 2 

TT 6h 

1299  78 

455  3 

C FU U 

TT 20h 

744  9 

344  9 

C FU U 

TT 20h 

600  35 

211  7 

103 3 

TT 6h 

1011 1
123 3 

1233  34 

103 3 

TT 6h 

3522  123 

533  34 

C F U U 

TT 20h 

12033
178 8 

1899  85 

C FU U 

TT 20b 

15099
354 4 

2122  75 

104 4 

TT 6h 

13122
142 2 

2255  34 

104 4 

TT 6h 

6544  341 

11 13  56 

C FU U 

TT 20b 

21344
254 4 

4599  65 

C FU U 

TT 20h 

25666
321 1 

4755  86 

Normall  wild type mice were injected i.p. with 200 jil containing 102, 103 and 104 CFU E.coli and 
sacrificedd after 6h and 20h. Results are expressed as mean  SEM of 8 mice per group. Mice i.p 
injectedd with sterile saline did not have detectable IL-12p70 and significant lower levels of IL-12p40 
inn peritoneal lavage fluid or in plasma (data not shown). 

EndogenousEndogenous IL-12 limits bacterial outgrowth. 
Too determine the role of endogenously produced IL-12 in early host defense against 
peritonitis,, we first compared the bacterial outgrowth after i.p. inoculation with E. coli 
inn peritoneal lavage fluid (the site of the infection), blood (to evaluate to which extent 
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Figuree 1. 11,-12 KO mice demonstrate an enhanced bacterial outgrowth in blood and liver. 
E.. coli CFU in peritoneal lavage fluid (upper panel), blood (middle panel) and liver (lower panel) in IL-
122 KO and WT mice 6 and 20h after i.p. administration of 104 CFU E.coli. Data represent medians 
withh interquartile ranges of 8-9 mice per strain at each time point. * P < 0.05 for the difference between 
groups. . 

thee infection became systemic), and liver of WT compared to IL-12 KO mice (Figure 
1).. At 6h post-infection, no difference was found among WT mice and IL-12 KO 
mice.. At 20h post-infection, IL-12 KO mice had more bacteria in the blood and liver 
comparedd to WT mice (P < 0.05). Also, the peritoneal lavage fluid of IL-12 KO mice 
containedd more bacteria than WT mice, although the difference between the two 
strainss did not reach statistical significance. 

IL-12IL-12 is not involved in cell recruitment to the peritoneal cavity. 
Sincee leukocytes play an important role in the local host defense against invading 
bacteria,, we next determined leukocyte counts and differentials in peritoneal lavage 
fluidd during peritonitis. Peritonitis was associated with a profound recruitment of cells 
too the peritoneal cavity, which was mainly the result of neutrophil influx (Table II) . 
Noo difference was seen in neutrophils influx in the peritoneal fluid between IL-12 KO 
andd WT mice at either 6 or 20h postinfection. 
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Figuree 2. IL-12 KO mice demonstrate increased liver  and lung injury . 
Representativee view of the histological damage in the lungs (C and D) of WT mice (A and C) and IL-
122 KO mice (B and D) 20h after infection. Liver necrosis was more extended in IL-12 KO mice 
comparedd to WT mice. The lungs of IL-12 KO mice were also more inflamed than those of WT mice. 
Numerouss thrombi were observed (insert). Slides shown are representative of a total of eight mice per 
group,, (haematoxylin and eosin staining, original magnification x20, insert panel D magnification x40). 
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Tablee II 

To ta ll  cel ls ( x l o V m l ) 

NN eu t roph i l s 

MM  a c r o p h a g es 

O t h e r s s 

T T 

WW T 

2.444  0.91 

1.666  0.12 

0.666  0.12 

0.122  0.05 

6h h 

IL-1 22 K O 

2.344  0.94 

11 .70  0.99 

0.50  0.25 

0.144  0.07 

T T 

WW T 

1.477  0.24 

0.999  0.00 

0.366  0.12 

0.077  0.05 

20h h 

IL -1 22 K O 

1.544  0.35 

0.955  0.00 

0.566  0.13 

0.033  0.02 

Dataa are mean  SE (« = 8 mice per group for each time point) 6 and 20h after i.p. 
administrationn of E.coli (104 CFU). WT = wild type mice. IL-12 KO = p35 gene deficient mice. 
Differencess between strains were not significant. 

IL-12IL-12 KO mice show elevated proinflammatory cytokine levels 
Too obtain insight into the role of IL-12 in the local production of cytokines and 
chemokiness during septic peritonitis, the concentrations of IFN-y, TNF-a, IL-ip , 
MIP-22 and KC were measured in peritoneal lavage fluid 20h postinfection (Table III) . 
Mediatorr levels did not differ between IL-12 KO and WT mice, except for the 
proinflammatoryy cytokines TNF-a and IL-ip , which both were significantly higher in 
IL-122 KO mice. 

IL-12IL-12 KO mice demonstrate enhanced lung and liver injury 
Too evaluate the role of endogenous IL-12 in organ injury during abdominal sepsis, we 
performedd histological analysis of liver and lungs 20h after infection. As shown in 
figuree 2, IL-12 KO mice displayed more severe liver and lung damage than WT mice. 

Figuree 3. IL-12 KOmice 
demonstratee enhanced 
hepatoo cellular  injury . 
Plasmaa concentrations of 
ALA TT and ASAT 20h after 
i.p.. injection of E. coli (104 

CFU).. Filled bars represent 
WTT mice; open bars 
indicatee IL-12 KO mice. 
Dataa are mean  SE of 
eightt mice for each mouse 
strain.. Dotted lines 
representt the mean values 
obtainedd from normal 
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Tablee III 

IFTt y y 

TNF-ce e 

i n p p 

MW-2 2 

KC C 

wr r 

87.99 1 

30.11 5 

525.77 8 

16000 3 

689.99 1 

Peritoneall  Fluid 

IU2K O O 

125.11 4 

429.55 * 

1456.11 * 

15400 0 

10855 0 

Micee received an i.p. injection with 
104CFUU E.coli, and peritoneal fluid 
wass harvested after 20h. Data are 
meann  SE in pg/ml (« = 8 mice per 
group).. WT = wild type mice. IL-12 
KOO = p35 gene deficient mice. * P < 
0.055 vs. WT mice 

Althoughh the lungs of both IL-12 KO and WT mice displayed congestion and 
interstitiall  inflammation, these changes were more severe in IL-12 KO mice (figure 
2D),, than in WT mice (figure 2C). Moreover, in IL-12 KO mice, small thrombi were 
seenn (insert figure 2D), as well as foci of pleuritis (data not shown). The livers of IL-
122 KO mice showed numerous thrombi (insert figure 2D) and small areas of necrosis 
(figuree 2D). These pathological changes were more pronounced than in livers of WT 
micee (Figure 2C). The histopathological findings of the liver were confirmed by 
clinicall  chemistry, i.e. IL-12 KO mice had higher plasma concentrations of ALAT and 
ASATT 20h post infection than WT mice (both P < 0.05; Figure 3). 

MortalityMortality is not influenced by IL-12 deficiency 

Too determine the influence of endogenous IL-12 on survival, IL-12 KO and WT mice 
weree infected with 104 E.coli CFU, and followed for 4 days (Figure 4). Survival did 
nott differ between the two mouse strains. 

Figuree 4. IL-1 2 deficiency does not 
influencee survival durin g murine 
peritonitis .. Survival of WT and IL-12 KO 
micee infected i.p. with 104 CFU E.coli (n=16 
perr group). Mice that survived more than 4 
dayss appeared to be long-term survivors. The 
differencee between groups was not 
significant. . 

IOO 20 30 40 50 60 70 

Hour ss afte r E.coli challeng e 
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Discussion n 

Peritonitiss is a serious clinical condition that frequently results in systemic 
disseminationn of bacteria and septic shock. Early production of IL-12 is part of the 
hostt response to severe peritonitis (7, 13), and previous studies found that the 
administrationn of anti-IL-12 antiserum impairs host defense mechanisms in mice with 
Gram-negativee abdominal infection (7, 13). However, these investigations left two 
questionss unanswered, i.e. whether endogenous IL-12 was completely eliminated by 
thee polyclonal antibody and whether the antibody also influenced the activity of IL-
23,, a heterodimeric cytokine that like IL-12 contains a p40 subunit. We here firmly 
establish,, using p35 gene deficient mice, which completely and selectively lack IL-12, 
thatt IL-12 contributes to an effective early antibacterial host response in E. coli 
inducedd peritonitis. Indeed, IL-12 KO mice displayed higher bacterial counts in liver 
andd blood, which was accompanied by an exaggerated inflammatory response as 
reflectedd by higher proinflammatory cytokine levels and increased lung and liver 
injury. . 

Ourr current data are in line with the study by Zisman et al. (7), although considerable 
differencess with the present investigation can be pointed out. These authors induced 
peritonitiss by i.p. injection of another E. coli strain (American Type Tissue Collection 
## 33985) at a dose of 2 x 108 CFU. At 24h postinfection the median bacterial count in 
peritoneall  lavage fluid was slightly above 10 CFU/mL in mice treated with 
preimmunee serum versus 103 CFU/ml in animals treated with anti-IL-12 serum (7). In 
contrast,, we injected 104 E. coli CFU (> 4 logs less) and recovered approximately 109 

CFU/mll  peritoneal lavage fluid at 20h postinfection. Apparently, Zisman et al. used a 
modell  of peritonitis with a less virulent E. coli strain that was cleared by the host over 
timee (7), whereas we used a highly virulent strain that was able to grow in infected 
mice.. Nonetheless, both investigations point to a role for endogenous IL-12 in 
antibacteriall  defense: the data reported by Zisman et al. suggest that anti-IL-12 
treatmentt delays the clearance of E. coli during peritonitis (7), whereas our study 
usingg IL-12 KO mice indicate that the complete lack of endogenous IL-12 facilitates 
thee ongoing outgrowth of bacteria. Mortality was not influenced by inhibition or 
eliminationn of IL-12 in either model. The role of endogenous IL-12 has also been 
examinedd in the model of peritonitis induced by CLP. Like after i.p. injection of live 
E.E. coli, CLP results in a rise in IL-12 concentrations in peritoneal lavage fluid and 
plasmaa (13, 19). Treatment of mice with anti-IL-12 antiserum resulted in a diminished 
survivall  (13, 14), and an increased number of aerobic bacterial CFU in the peritoneal 
lavagee fluid (19). Overall, the results obtained with anti-IL-12 antiserum resemble our 
presentt data obtained with IL-12 KO mice in murine peritonitis. This would argue 
againstt an additional role for IL-23 in the host response to E. coli peritonitis. In 
accordance,, we found that mice deficient for p40 and therefore lacking both IL-12 and 
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IL-23,, demonstrate a similarly enhanced bacterial outgrowth in this model as IL-12 
KOO mice (our own unpublished data). 

IL-122 KO mice did not show an altered influx of hematopoietic cells into the 
peritoneall  cavity, indicating that IL-12 is not involved in this inflammatory response. 
Remarkably,, IFN-y levels were not influenced by IL-12 deficiency, although IL-12 is 
consideredd to be the most potent inducer of IFN-y (4, 5). While we do not have a firm 
explanationn for this finding, it should be noted that IFN-y concentrations were rather 
loww in both mouse strains and that the bacterial load was higher in IL-12 KO mice, 
providingg a more potent proinflammatory stimulus. This may also explain why the 
levelss of TNF-ot and IL-l p were higher in IL-12 KO than in WT mice. In the same 
line,, we consider it likely that the enhanced lung and liver injury in IL-12 KO mice 
wass related to the increased bacterial load in these animals. In this respect, our current 
findingss strongly resemble our earlier observations in IL-18 KO mice in the same 
modell  (18). Indeed, like IL-12 KO mice, IL-18 KO mice also showed unaltered low 
IFN-yy levels (even though IL-18 is the most important cofactor for IL-12 induced 
IFN-yy production (4, 20)) in the presence of higher bacterial loads and increased lung 
andd liver damage. Together these data support the concept that a number of 
proinflammatoryy cytokines act as double-edged swords in the early phase of bacterial 
infection.. Indeed, whereas cytokines like IL-12 and IL-18 play an essential part in the 
systemicc toxicity induced by high dose LPS challenges (7, 9, 10, 21, 22), the local 
productionn of these mediators apparently contributes to an effective antibacterial 
defensee (7,13,18). 

Recently,, mice deficient for Signal transducer and activator of transcription (Stat) 4, 
whichwhich is essential for IL-12 signaling, were reported to demonstrate a reduced 
lethalityy after peritonitis induced by CLP (14, 19), which was associated with an 
unalteredd bacterial outgrowth in one report (19), and reduced bacterial counts in 
anotherr (14). These findings contrast with findings that anti-IL-12 treatment enhanced 
lethalityy after CLP together with increased bacterial loads (13, 14). Moreover, in 
contrastt to IL-12 KO mice in the current study, Stat4 KO mice displayed less organ 
injuryy during CLP induced peritonitis (19). The disparate effects of IL-12 and Stat4 
deficiencyy suggest that IL-12 activates pathways other than Stat4 to initiate the host 
responsee during abdominal sepsis. 

Wee here demonstrate that IL-12 is produced at the site of the infection during 
experimentallyy induced E. coli peritonitis. Endogenous IL-12 contributes to an 
adequatee host response by limiting the bacterial outgrowth and thereby reducing 
secondaryy tissue injury. Hence, IL-12 production is part of a protective early immune 
responsee to abdominal sepsis caused by E. coli. 
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