
Increased inflammation and lethality of Dusp1
)/) mice in

polymicrobial peritonitis models

Introduction

The robust activation of innate immune cells following

microbial challenge during infection requires efficient

negative feedback control mechanisms. The action of

these regulatory host factors is evident in sepsis patients

suffering from a systemic inflammatory response, charac-

terized by the initial production of chemokines, tumour

necrosis factor-a (TNF-a), interleukin-6 (IL-6) and IL-1b,

or a compensatory anti-inflammatory response, that

includes IL-10, transforming growth factor-b and IL-1

receptor a.1 Triggering of innate immune cells’ pattern

recognition receptors, such as the Toll-like receptors

(TLRs), strongly activates the p38, Jun N-terminal kinase

and extracellular signal-regulated kinase 1/2 mitogen-acti-

vated protein kinase (MAPK) signalling module that con-

tributes essentially to inflammatory gene expression

through activation of transcription factors like activating

protein-1 and cAMP response element binding protein.2

Negative feedback control at the level of MAPK signalling

is exerted by the action of MAPK phosphatases of the

dual specificity phosphatase family (Dusp), that bind to

activated MAPK and dephosphorylate them at tyrosine

and threonine residues.3 It is known that Dusp1 (also

known as MKP-1 for MAPK phosphatase-1) is induced in

lipopolysaccharide (LPS) -treated mice and limits p38

Michael Hammer,1 Bernd

Echtenachter,2 Heike Weighardt,3

Katrin Jozefowski,4 Stefan Rose-

John,5 Daniela N. Männel,2

Bernhard Holzmann6 and Roland

Lang1,4

1Institute of Medical Microbiology, Immunol-

ogy and Hygiene, Technical University

Munich, Munich, 2Institute of Immunology,

University Regensburg, Regensburg, 3Molecular

Immunology, Institut für Umweltmedizinische

Forschung GmbH, Heinrich-Heine Universität

Düsseldorf, Düsseldorf, 4Microbiological Insti-

tute – Clinical Microbiology, Immunology and

Hygiene, University Clinics Erlangen, Erlangen,
5Institute of Biochemistry, University Kiel, Kiel,

and 6Department of Surgery, Technical Uni-

versity Munich, Munich, Germany

doi:10.1111/j.1365-2567.2010.03313.x

Received 29 March 2010; revised 28 April

2010; accepted 29 April 2010.

Correspondence: Dr R. Lang, Microbiological

Institute, University Clinics Erlangen,

Wasserturmstrasse 3-5, 91054 Erlangen,

Germany. Email: roland.lang@uk-erlangen.de

Senior author: Dr. Roland Lang

Summary

The mitogen-activated protein kinase phosphatase Dusp1 (also known as

MKP-1) is essential for control of the inflammatory response to systemic

challenge with the lipopolysaccharide of Gram-negative bacteria. Here, we

have investigated the consequences of Dusp1-deficiency in colon ascen-

dens stent peritonitis (CASP) and caecal ligation and puncture (CLP), two

mouse models of septic peritonitis. Following CASP, Dusp1)/) mice had

increased serum levels of CCL4, interleukin-10 (IL-10) and IL-6, with dif-

ferences from wild-type mice being dependent on severity of sepsis. These

cytokines, along with inducible nitric oxide synthase messenger RNA,

were also expressed at higher levels in spleen and liver. Similar over-pro-

duction of these cytokines was detected in the CLP model, with even

larger differences from wild-type mice. Despite the increased inflamma-

tory response, bacterial clearance was impaired in Dusp1)/) mice sub-

jected to CASP and CLP. Dusp1)/) mice suffered increased lethality in

both peritonitis models. Together our data indicate that exaggerated

inflammatory responses to gut bacteria introduced into the peritoneum in

the absence of Dusp1 do not help to control bacterial replication but are

detrimental for the host.
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MAPK activation. Dusp1 is required in vivo to prevent

overwhelming release of a subset of inflammatory cyto-

kines that includes IL-6, TNF-a, CCL3 and CCL4.4–7

Although the immunoregulatory cytokine IL-10 is also

strongly over-produced, Dusp1)/) mice die when given

LPS doses that are sublethal in wild-type (WT) mice.

These data suggested that MAPK phosphatases in general,

and Dusp1 in particular, play a major role in balancing

the immune response to microbial stimulation and during

sepsis.

In contrast to the experimental LPS challenge model,

clinical sepsis is not caused by a bolus injection of a puri-

fied TLR ligand, but develops from acute or persisting

bacterial infection. The limitations of the LPS shock

model for the study of sepsis are well recognized, and

include the immediate induction of a hypodynamic

cardiovascular state after LPS injection; the high levels of

inflammatory mediators observed after LPS, which are

usually not seen in septic patients where cytokine

elevation are much lower but of longer duration. It is

therefore important to extend the investigation of the

regulatory role of Dusp1 on the host response to models

of infection and sepsis. Recently, Liu and colleagues inves-

tigated the phenotype of Dusp1)/) mice in infection with

Staphylococcus aureus8 and Escherichia coli,9 and found a

similarly increased inflammatory response with increased

lethality as seen after LPS challenge.

The gold standard model of sepsis research in rodents

has been caecal ligation and puncture (CLP), which mim-

ics ruptured appendicitis or perforated diverticulitis in

humans.1 Survival in the CLP model requires TNF-depen-

dent abscess formation that walls off and contains infec-

tion in the peritoneum.10–12 The colon ascendens stent

peritonitis (CASP) model has been used increasingly;

insertion of a stent leads to continued release of faecal

content into the peritoneum, creating acute polymicrobial

septic peritonitis.13 In contrast to CLP, the leakage cre-

ated by the stent is not sealed off by formation of an

abscess but creates on ongoing, diffuse polymicrobial

peritonitis.14 Consistent with this difference in the course

and pathology of the disease models, differences in the

major host-protective immunological factors have been

identified. In the CASP model TNF is not protective,

instead a lack of interferon-c (IFN-c) and its inducer

IL-12 are detrimental.13,15,16 On the other hand, the

production of the anti-inflammatory IL-10 early after

sepsis induction is required in both CLP and CASP to

prevent excess death probably as the result of acute

hyper-inflammation.17,18

Here, we have investigated the phenotype of Dusp1)/)

mice in the CLP and CASP models of polymicrobial peri-

tonitis. Similar to the results obtained in LPS shock, we

found strongly increased levels of IL-6, IL-10, CCL3 and

CCL4 in Dusp1)/) mice, which correlated with excess

lethality. Our results therefore strengthen the concept that

regulation of MAPK activity by Dusp1 is an important

control element preventing adverse hyper-inflammation

during systemic infection.

Materials and methods

Mice

Dusp1)/) mice have been described previously.19 Breeding

pairs on a mixed C57/129 background and backcrossed

for seven generations to C3H were kindly provided by

Dr Andrew Cato (FZ Karlsruhe, Germany). For some

experiments mice were used that have been backcrossed

to C57BL/6 for at least six generations (starting from the

mixed C57/129 mice). In experiments employing mice on

the mixed background, WT and heterozygous littermate

controls were used. When Dusp1)/) mice backcrossed

onto C3H or C57BL/6 background were used, the respec-

tive control mice were purchased from a commercial

breeder (Harlan-Winkelmann, Borchen, Germany), as

indicated in the figure legends, and housed in the same

environment as Dusp1)/) mice for at least 1 week before

experimental challenge. Ethical approval for all mouse

experiments was obtained from the appropriate govern-

mental authorities.

CASP prodedure

The CASP procedure used for induction of septic peritoni-

tis was described in detail previously.13 Briefly, the colon

ascendens was exteriorized under complete anaesthesia

and a 7/0 ethilon thread was stitched through the anti-

mesenteric portion of the colon ascendens approximately

10 mm distal of the ileocaecal valve. An 18- or 20-gauge

(G) venous catheter was inserted by puncture anti-mesen-

terically through the colonic wall into the intestinal lumen,

directly proximal of the pre-tied knot, and fixed. To ensure

proper intra-luminal position of the stent, stool was

milked from the caecum into the colon ascendens until a

small drop appeared. Fluid resuscitation of the animals

was performed by flushing 0�5 ml sterile saline into the

peritoneal cavity before closure of the abdominal wall. For

investigation of the inflammatory response, mice were

killed after 12 hr under anaesthesia. Blood was collected

from the retro-orbital plexus, the peritoneal cavity was

lavaged with phosphate-buffered saline (PBS), and separate

samples of spleen and liver were removed for analysis

of bacterial counts and for preparation of tissue RNA.

Control animals were housed under identical conditions

but were not laparotomized.

CLP procedure

The mice were anaesthetized by intraperitoneal injec-

tion of 75 mg/kg Ketanest� (Parke, Davis & Company,
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München, Germany) and 16 mg/kg Rompun� (Bayer AG,

Leverkusen, Germany). The caecum was exteriorized and

the distal end (20–30% of total length) was ligated and

punctured once with a needle (27G, 0�4-mm diameter

opening) to achieve a sublethal CLP as described else-

where.20 For investigation of the inflammatory response,

mice were killed after 12–16 hr. Blood was collected

from the retro-orbital plexus, the peritoneal cavity was

lavaged with thioglycollate, and separate samples of spleen

and liver were removed for analysis of bacterial counts

and for preparation of tissue RNA. Control animals were

housed under identical conditions but were not laparo-

tomized.

To test the role of IL-6 in the regulation of the inflam-

matory response to sepsis, mice were injected intraperito-

neally directly after the CLP surgery with 250 lg anti-IL-6

antibody (clone MP5-20F3) or 250 lg sgp130-Fc (both in

100 ll). Mice treated with CLP and injected with 100 ll

PBS served as controls.

Cytokine enzyme-linked immunosorbent assay
determination

Serum concentrations of IL-6, IL-10, CCL3, CCL4, IL-1b
and TNF-a were investigated in samples from untreated

and CASP- or CLP-treated mice by enzyme-linked immu-

nosorbent assay (ELISA) using antibody pairs (Duoset;

R&D, Wiesbaden, Germany) following the manufacturer’s

instructions.

Quantitative real-time polymerase chain reaction
measurements

Total RNA was prepared from spleen and liver samples

using Trifast (Peqlab, Erlangen, Germany) or Qiagen RNA-

easy columns (Qiagen, Hilden, Germany). After reverse

transcription, the expression of cytokines, chemokines and

inflammatory mediators was determined by quantitative

real-time polymerase chain reaction (qPCR) on an ABI

7900 SDS system using the Roche Universal Probe library.

Sequences for primers and probes are available on request.

Threshold cycle values were normalized to Hprt, and fold

changes were calculated by the DDCT method using

untreated WT or heterozygous control mice as calibrators.

Determination of bacterial loads in the peritoneum and
spleen or liver

Peritoneal lavage fluid was serially diluted and plated on

blood agar plates. Organs were homogenized in 5 ml PBS

(CASP) or thioglycollate (CLP) using an Ultra-Turrax

device, serially diluted and plated on blood agar plates.

Colony-forming units (CFU) were counted after 24 hr of

incubation at 37� and calculated per 1 ml peritoneal

lavage or organ, respectively.

Uptake and killing of E. coli by macrophages in vitro

Bone-marrow-derived macrophages were generated by

differentiation for 7 days in macrophage colony-stimulat-

ing factor containing medium as described previously.21

The capacity of Dusp1)/) bone-marrow-derived macro-

phages to ingest and kill the Gram-negative bacterium

E. coli (strain HB101) was determined essentially as

described by Wiese et al.22 In brief, bacteria were added

to the cell culture plates at the indicated multiplicity of

infection (MOI) and centrifuged for 5 min. After 1 hr of

infection, cells were washed twice and extracellular bacte-

ria were killed by addition of gentamicin (100 lg/ml for

1 hr, followed by 25 lg/ml for the rest of the experi-

ment). Macrophages were lysed with 0�1% Triton X-100

in PBS and serial dilutions were plated on agar plates for

counting of intracellular CFU. Relative survival after

24 hr is given as percentage compared to the bacterial

numbers after 2 hr (the 1-hr infection period plus 1 hr of

high-dose gentamicin).

Statistical analysis

The ELISA and qPCR data were analysed with two-sided,

unpaired Student’s t-test for significant differences

(P < 0�05). Statistical analysis of survival data was done

with the log rank test (http://bioinf.wehi.edu.au/cgi-bin/

russell/logrank/logrank.pl).

Results

Increased expression of cytokines and chemokines in
Dusp1)/) mice after CASP

Dusp1)/) mice respond with over-shooting production of

IL-6 and IL-10 to TLR stimulation in vivo. As the inflam-

matory response in the CASP model of septic peritonitis

depends on TLR signalling through MyD88,23 we asked

whether cytokine production in Dusp1)/) mice is dysreg-

ulated after induction of polymicrobial peritonitis. Sys-

temic levels of cytokines were determined in the serum

12 hr after the CASP procedure, a time when the inflam-

matory response shows a maximum level for most cyto-

kines.13,24 The levels of IL-6 and IL-10 induced by

insertion of an 18G stent were significantly higher in

Dusp1)/) mice (Fig. 1a). Use of the smaller 20G stent for

the CASP procedure led to lower concentrations of IL-6

and IL-10 in WT mice; again, Dusp1)/) mice showed a

significant increase with a larger difference from WT than

in the 18G procedure (Fig. 1b). In addition, serum levels

of CCL4 and TNF-a were also significantly higher in

Dusp1)/) mice (Fig. 1b). Next, we analysed changes in

gene expression in spleen and liver, two anatomical sites

responding to the polymicrobial challenge in CASP with a

differential requirement for MyD88 signalling.25 The
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expression of Dusp1 was increased in spleen and liver

following the CASP procedure (Fig. 1c). Consistent with

the serum cytokine levels, the induced expression of IL-6

and IL-10 was significantly higher in the absence of

Dusp1 in both spleen and liver (Fig. 1d,e). Expression of

IL-1b was induced in the spleens of Dusp1)/) but not

WT mice (Fig. 1d); IL-1b protein was also detectable in

the serum of some Dusp1)/) mice but not in WT mice

following 20G CASP (not shown). The expression of

genes relevant for anti-microbial defence was also investi-

gated in spleen and liver RNA. CASP caused no induction

of IFN-c expression after 12 hr; the expression of the

IFN-c-induced GTPase Lrg47 was weakly induced in the

spleen of WT but not Dusp1)/) mice (Fig. 1d). In con-

trast, expression of Nos2, encoding the NO-producing

enzyme inducible nitric oxide synthase (iNOS), was

up-regulated in the liver with a significantly stronger

expression in Dusp1)/) mice (Fig. 1e). Together, Dusp1)/)

mice responded to the polymicrobial peritonitis induction

by CASP with uncontrolled release of a subset of inflam-

matory mediators, reminiscent of the phenotype observed

previously in the LPS shock model. In addition, we

determined the expression of the neutrophil marker gene

myeloperoxidase after CASP (Fig. 1d,e). While splenic

expression did not change much, in the livers of CASP-

treated WT mice increased myeloperoxidase messenger

RNA (mRNA) levels were found; again, Dusp1)/) mice

responded much more strongly than WT mice, indicating

increased granulocyte infiltration in the liver.

Increased cytokine and chemokine expression of
Dusp1)/) mice in the CLP model

The classical CLP model of septic peritonitis is character-

ized by more transient bacterial dissemination in the peri-

toneum and peripheral organs than is found in the CASP

model, and by the pivotal role that TNF-a plays in host

survival.1,10 We next asked whether Dusp1)/) mice also

over-produce cytokines and chemokines in the CLP

model. Mice were subjected to a mild form of CLP that

induces only up to 20% lethality, followed by analysis of

systemic cytokine and chemokine protein levels as well as

spleen and liver mRNA abundance at the 12-hr time-

point, similar to the experiments in the CASP model.

Consistent with the literature,1 the serum levels of IL-6,

IL-10, CCL3 and CCL4 in WT mice were lower after CLP

than in the CASP model (Fig. 2a, compare with Fig. 1a).

However, comparable to the CASP model, Dusp1)/) mice

responded more vigorously to CLP than their WT or

heterozygous littermate controls. Protein levels of IL-6,

IL-10, CCL3 and CCL4 were significantly higher in

Dusp1)/) serum. In contrast to the CASP model, TNF-a
was not detectable by ELISA in the serum of WT or

Dusp1)/) mice (not shown). Consistent with the local

containment of the polymicrobial infection in the CLP

model, the expression of inflammatory mediators and the

induction of Dusp1 mRNA was less pronounced than

after CASP in the spleen (Fig. 2b,c) and was almost unaf-

fected in the liver (Fig. 2b,d) of WT mice 12 hr after

CLP. CCL4, IL-6 and IL-10 were induced more strongly

in Dusp1)/) spleens and livers, whereas only minor differ-

ences were seen for CCL2, CCL3, Lrg47 and Nos2 at the

level of gene expression (Fig. 2c,d).

Blockade of IL-6 does not reduce dysregulated
cytokine production in Dusp1)/) mice

Interleukin-6 is required for survival in experimental sep-

sis,26,27 but may also contribute to exaggerated inflamma-

tion and pathology.28 We therefore explored the possible

contribution of elevated IL-6 levels to the increase in

inflammatory responses in Dusp1)/) mice in peritonitis. In

addition to direct effects on cells expressing the IL-6Ra

(macrophages, lymphocytes and hepatocytes), IL-6 can also

affect other cell types through so-called trans-signalling

mediated through binding of IL-6/sIL-6Ra complexes to

the ubiquitously expressed gp130 signalling chain. Directly

after CLP surgery, Dusp1)/) mice were injected with a

neutralizing anti-IL-6 antibody28 or with the recombinant

sgp130-Fc fusion protein that abrogates IL-6 trans-signal-

ling.29 Investigation of serum cytokine levels and gene

expression in spleen and liver after 16 hr revealed no signif-

icant effect of blockade of IL-6 by antibodies or sgp130-Fc

on IL-10, CCL3, CCL4 or IL-6 itself (data not shown).

Effects of Dusp1-deficiency on control of bacterial
growth in peritonitis models and in vitro

We next asked whether the unrestrained production of

cytokines and chemokines after CASP or CLP in the

Figure 1. Increased expression of cytokines and chemokines in Dusp1)/) mice after colon ascendens stent peritonitis (CASP). Mice were sub-

jected to the CASP procedure and killed 12 hr later. Serum levels of cytokines were determined by enzyme-linked immunosorbent assay. (a)

Interleukin-6 (IL-6) and IL-10 levels after 18G CASP. Mice were on mixed 129 · C57BL/6 background, heterozygote littermate controls; data are

pooled from two experiments, mean and SEM (n = 10). (b) IL-6 and IL-10 after 20G CASP. Mice backcrossed to C57BL/6, controls were from

Harlan (n = 10) or wild-type (WT) littermates (n = 5). Data are pooled from three experiments. (c) Changes in expression of Dusp1 in spleen

and liver 12 hr after 20G CASP. (d, e) Changes in gene expression in spleen (d) or liver (e) 12 hr after 20G CASP. (c–e) Data are pooled from

two experiments, mean and SEM (n = 10 for each genotype for treated, n = 2 for untreated control mice). Asterisks indicate P < 0.05 in

Student’s t-test.

� 2010 The Authors. Immunology � 2010 Blackwell Publishing Ltd, Immunology, 131, 395–404 399

Dusp1)/) mice in polymicrobial peritonitis models



absence of Dusp1 benefits the host through more

efficient and faster elimination of the polymicrobial infec-

tion. First, the bacterial load was determined in the perito-

neum and liver 12 hr after CASP induction. Although no

significant difference was found following the 18G CASP

procedure (not shown), Dusp1)/) mice had elevated

numbers of bacteria in the peritoneal lavage and in the liver

when the smaller 20G stent was implanted (Fig. 3a). In the

CLP model, the CFU were moderately higher in the perito-

neal lavage fluid of Dusp1)/) mice compared with WT

(Fig. 3b). To determine whether Dusp1)/) macrophages

have a cell-autonomous defect in the control of bacteria,

we performed in vitro infections of macrophages with

E. coli and analysed the killing of this prototypic

Gram-negative enteric bacterium over time. The rate of

uptake and killing of E. coli was similar between Dusp1)/)

and control macrophages (Fig. 3c), indicating that the

higher bacterial load in vivo was not the result of a lack

of the macrophages’ capacity to phagocytose and digest

bacteria.
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Figure 2. Increased expression of cytokines

and chemokines in Dusp1)/) mice after caecal

ligation and puncture (CLP). Mice were killed

12 hr after CLP. (a) Serum levels of interleu-

kin-6 (IL-6), IL-10, CCL3 and CCL4. Mice

were backcrossed to C57BL/6. Mean and SEM

(n = 5) are shown. (b) Dusp1 expression in

spleen and liver after CLP. (c, d) Induction of

inflammatory gene expression 12 hr after CLP

in the spleens (c) and livers (d) of wild-type

(WT) and Dusp1)/) mice (n = 5). Mean and

SEM from one experiment out of two with

similar results are depicted. Asterisks indicate

P < 0.05 in Student’s t-test.
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Impact of Dusp1-deficiency on survival in
polymicrobial peritonitis models

Finally, the outcome of peritonitis in Dusp1)/) mice in

terms of survival was investigated. In the CASP model,

the use of the larger 18G stent caused the death of 80%

of littermate control mice within 3 days, whereas all

Dusp1)/) mice died (Fig. 4a). The use of the smaller 20G

stent for CASP caused a milder polymicrobial peritonitis

that was survived by 60% of Dusp1+/) mice, but only

20% of all Dusp1)/) mice (P = 0�0341) (Fig. 4b). To test

whether Dusp1)/) mice develop a higher lethality also

after CLP, cohorts of Dusp1)/) mice together with hetero-

zygous littermate controls (Fig. 5a) or WT controls from

a commercial breeder (Fig. 5b) were subjected to CLP in

two independent sets of experiments and their survival

was recorded. Control mice showed 0–15% lethality over

a period of 2 weeks under the mild CLP conditions used

here. In contrast, 80–95% of all Dusp1)/) mice died

within 1 week, resulting in a highly significant increase in

the susceptibility of Dusp1)/) mice, independent of the

genetic background of the mice used. Together, the data

from the CASP and the CLP models showed that the

increased inflammatory response in Dusp1)/) mice corre-

lates with strongly increased lethality.

Discussion

This investigation of the phenotype of Dusp1)/) mice in

the CASP and CLP models demonstrates that this MAPK

phosphatase is essential for a balanced inflammatory

response to the massive and acute polymicrobial challenge

in abdominal sepsis. We observed a comparably exagger-

ated production of several cytokines and chemokines in

Dusp1)/) mice after CASP or CLP, which was associated

with a strong increase in lethality. Inflammatory gene
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expression was more pronounced after CASP than after

CLP, which is consistent with the literature;1 however, the

effect of the Dusp1 deficiency was comparable in both

models. This phenotype was not unexpected given the

high susceptibility of Dusp1)/) in the LPS shock model,

where a similar set of dysregulated cytokines and chemo-

kines had been previously observed.5 In addition, while

this manuscript was under preparation, Liu’s group

reported that Dusp1)/) knockout mice are more suscepti-

ble to experimental infection with a high number of E. coli

and over-produce TNF-a, IL-6 and IL-10.9 Hence, Dusp1

is essentially required to prevent over-shooting cytokine

and chemokine production in response to the bolus

release of a large quantity of bacterial pathogen-associated

molecular patterns from the gut in CASP and CLP.

It is interesting to compare the phenotype in Dusp1)/)

mice that fail to down-regulate MAPK activation with

results obtained in polymicrobial peritonitis models using

MyD88-deficient mice that lack a major pathway activated

by bacterial TLR ligands. A mirror phenotype is observed

in MyD88)/) mice after CASP induction; the attenuated

signalling via TLRs causes reduced inflammatory responses

and heightened resistance.23 In contrast, after CLP a

split phenotype is observed in MyD88)/) mice that lack

inflammatory cytokine production but show increased

mortality.30 Therefore, although, depending on the model,

the lack of full activation of innate responses through

MyD88 is beneficial or detrimental, an unchecked MAPK

activation in Dusp1)/) mice is deleterious for the host in

both peritonitis models.

An important question raised by our results is which of

the over-produced inflammatory mediators are responsible

for the higher lethality of Dusp1)/) mice. The increased

expression of chemokines in spleen and liver following

both CASP and CLP, and their high levels in the blood,

probably cause enhanced infiltration by leucocytes and

more severe organ damage than in other mice, similar to

the findings after LPS challenge.7 Indeed, we observed a

strong increase in the levels of hepatic myeloperoxidase

gene expression in Dusp1)/) mice after CASP (Fig. 1e).

In contrast, during systemic infection with E. coli the

degree of neutrophilic infiltration was comparable between

WT and Dusp1)/) mice.9 Another possibility is that the

100

80

60

40

20

0

100

80

60

40

20

0

0 20 40 60 80

0 20 40 60 80

18G CASP

20G CASP

M
ic

e 
al

iv
e 

(%
)

M
ic

e 
al

iv
e 

(%
)

Hours after CASP

Hours after CASP

P = 0·438

P·00341

Dusp1+/–

Dusp1–/–

(a)

(b)

Figure 4. Survival of Dusp1)/) mice after colon ascendens stent peri-

tonitis (CASP). Kaplan–Meier curves of mice after 18G (a) and 20G

(b) CASP. Mice were on a mixed 129 · C57BL/6 background, het-

erozygote littermate controls were used. Data are pooled from two

experiments (n = 10 for each condition). Significance was calculated

using the log rank test.

100

80

60

40

20

0

100

80

60

40

20

0

0 2 4
Days after CLP

M
ic

e 
al

iv
e 

(%
)

M
ic

e 
al

iv
e 

(%
)

Days after CLP

6 8 10 12 14

0 2 4 6 8 10 12

WT

Dusp1–/–

Dusp1–/–

Dusp1+/–

P = 0·000392

P = 0·0000348

(a)

(b)

Figure 5. Increased lethality of Dusp1)/) mice after caecal ligation and

puncture (CLP). Kaplan–Meier survival curves of mice after CLP. (a)

Mixed 129 · C57BL/6 background, heterozygous littermate controls;

data are pooled from two experiments (n = 17 for Dusp1)/), n = 13

for Dusp1)/)). (b) C57BL/6 background, wild-type (WT) controls

from Harlan. Pooled from two experiments (n = 10 for both geno-

types. Statistical testing was done using the log rank test.

402 � 2010 The Authors. Immunology � 2010 Blackwell Publishing Ltd, Immunology, 131, 395–404

M. Hammer et al.



high systemic levels of chemokines may distract immune

cells from the site of infection where they would be

needed for control of bacteria in the peritoneal cavity.

Such a mechanism has been shown elegantly in mice

expressing TLR4 only on endothelial cells.30 In these ani-

mals, neutrophils were not trapped in the lungs, but the

cells were recruited more efficiently to sites of infection

and the animals were protected from an otherwise lethal

infection with E. coli.31

Production of IL-6 is over 20-fold higher in Dusp1)/)

mice with peritonitis than in WT mice. Interleukin-6 has

long been used as a marker of sepsis severity in animal

models32,33 and in human sepsis.34 High levels of IL-6 in

the serum correlate with severity and predict a lethal out-

come in sepsis. However, it is controversial whether IL-6

plays a beneficial or detrimental functional role during

sepsis. Although IL-6 is required for optimal host defence

against infection with Listeria monocytogenes,26 Streptococ-

cus pneumoniae,35 E. coli36 and Klebsiella pneumoniae,37

the antibody-mediated blockade of IL-6 in CLP in mice

improved survival.28 The pleiotropic effects of IL-6 are

generated through signalling by way of the classical IL-6

receptor on leucocytes and hepatocytes; in addition,

so-called IL-6 trans-signalling by binding of IL-6–sIL-6Ra

complexes to ubiquitously expressed gp130 appears to play

an important role in some inflammatory responses.38,39

The lack of an effect of blockade of trans-signalling with

sgp130-Fc or of complete neutralization of IL-6 using a

monoclonal antibody in Dusp1)/) on the elevated cytokine

and chemokine levels after CLP suggests that IL-6 may

also not be causally involved in the higher lethality.

Consistent with our results, in a recent study of haemor-

rhagic shock and sepsis treatment of mice with sgp130-Fc

had no significant effect on survival.40 In addition, early

antibiotic treatment but not neutralization of IL-6 with

antibodies protected mice from death in the CLP model.41

Therefore, despite robust expression of IL-6 in WT mice

and excessive levels in Dusp1)/) mice, this cytokine does

not appear to be the major determinant in the inflamma-

tory response to polymicrobial peritonitis.

Over-production of IL-10 in Dusp1)/) mice was observed

in both peritonitis models, similar to the findings after

LPS challenge, and infection with S. aureus or E. coli.8,9 As

IL-10 is an anti-inflammatory regulatory cytokine, the

correlation of high levels of IL-10 production with

increased lethality in endotoxic shock and septic peritonitis

seems counter-intuitive. However, IL-10 and Dusp1 are

connected through mutual control of expression,5,21 and

IL-10 may not be fully active in the absence of Dusp1.

Interleukin-10 strongly increases the TLR-induced expres-

sion of Dusp1 in macrophages and thereby leads to quicker

down-regulation of p38 MAPK activity, which in turn

contributes to the inhibitory effects of IL-10 on cytokine

expression through effects on transcription as well as

mRNA stability.21,42 However, even if IL-10 has lost some

of its anti-inflammatory potential in Dusp1)/) mice, it is

unlikely that it has pro-inflammatory effects and amplifies

cytokine and chemokine production. Instead, uncontrolled

IL-10 production in the absence of Dusp1 most likely

affects the course of CASP and CLP by effects on bacterial

load, as it impairs the containment of bacteria in mice

infected with E. coli.9

The increased bacterial burden in Dusp1)/) mice

following CLP and the CASP procedure with the smaller

20G stent is unlikely to be caused by a cell-autonomous

defect of Dusp1)/) macrophages in the killing of gut bac-

teria, as suggested by our in vitro experiments using

bone-marrow-derived macrophages. Instead, we consider

it more likely that the high levels of IL-10 produced in

Dusp1)/) mice in vivo during peritonitis impair the killing

of bacteria in a similar way to their effects in E. coli

infection.9 It is also important to note that the increase in

bacterial load in Dusp1)/) mice showed some variability

between experiments and was less pronounced than the

exaggerated inflammatory cytokine and chemokine

responses.

Finally, the deleterious effect of the Dusp1 knockout on

the course of polymicrobial peritonitis in the mouse asks

for a comparison with treatment strategies for human

sepsis that target the MAPK signalling module. Pharma-

cological inhibition of p38 MAPK activity can decrease

inflammatory cytokine and chemokine production43,44 as

well as liver damage,43 in response to LPS or CLP, which

is consistent with the results obtained here in Dusp1)/)

mice. However, in mouse infection models with Mycobac-

terium tuberculosis or Streptococcus pneumoniae p38

MAPK inhibition led to higher levels of TNF-a and

increased bacterial growth in the lungs.45 These differ-

ences demonstrate that the MAPK module and the

DUSPs regulating it play a complex role in orchestrating

the inflammatory and anti-microbial response in vivo.

While in general the DUSPs can be considered attractive

targets for potential pharmacological intervention,46 in

the case of microbial peritonitis the results reported here

suggest that Dusp1 is an essential endogenous attenuator

of the inflammatory response whose absence has detri-

mental consequences for the host.
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