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Matrix metalloproteinase 7 (MMP7) is a member of the MMP family. In the small intestine, MMP7 is responsible for

activating a-defensins, which are broad-spectrum anti-microbial peptides produced by the Paneth cells.We report that

MMP7� /� mice are resistant to LPS-induced lethality and that this resistance is correlated with reduced levels of

systemic cytokines. LPS induced the upregulation and activation of MMP7 in the small intestine, degranulation of the

Paneth cells, and inductionof intestinal permeability inMMP7þ /þ mice. InMMP7� /� mice, both LPS-induced intestinal

permeability and consequent bacterial translocation to the mesenteric lymph nodes were reduced. Based on gene

expression analysis and evaluation of intestinal damage, we attribute the protected state ofMMP7� /� mice to reduced

intestinal inflammation. Interestingly, we found that different a-defensins, namely Crp1 (DEFA1) and Crp4 (DEFA4), can

stimulate IL-6 release in macrophages and ileum explants in a TLR4 independent way. We conclude that absence of

MMP7 protects mice from LPS-induced intestinal permeability and lethality, and suggest that MMP7-activated a-defe-
nsins, in addition to their previously recognized bactericidal and anti-inflammatory roles, may exhibit pro-inflammatory

activities in the intestinebyactivatingmacrophagesandamplifying the local inflammatory response in thegut, leading to

intestinal leakage and subsequent increase in systemic inflammation.

INTRODUCTION

Acute inflammation has an important role in the pathophy-
siology of systemic inflammatory response syndrome (SIRS), a
lethal inflammatory disease caused by, e.g., trauma, burns, and
infection. When infection is suspected, SIRS is called sepsis.
Despite accumulating knowledge about SIRS and sepsis,
current treatment is mainly limited to antibiotic treatment
and support of vital functions. A better understanding of its
pathology is therefore of extreme importance for finding new
therapeutic targets.1

One of the major inflammation-provoking molecules is
lipopolysaccharide (LPS), a component of the cell wall of
Gram-negative bacteria, and, TNF, a major pro-inflammatory
cytokine. These molecules induce considerable biological
changes in many cell types. In recent years, it has become
clear that the intestinal epithelial cells of the gut, which form an
essential barrier between the lumen (which contains bacteria)
and the sterile body, are particularly sensitive to inflammation.2

Intestinal barrier dysfunction might lead to secondary bacterial

translocation and multiple organ failure. This is lethal both in
patients and in mouse models of sepsis and SIRS.3–8

The Paneth cells, present in the crypts of Lieberkühn of the
small intestine, contribute to mucosal immunity by sensing
bacteria and releasing anti-microbial peptides, such as
a-defensins, which are also knownas cryptdins (crypt defensins)
and other proteins such as lysozyme C and phospholipase A2.9

These molecules are active against a broad spectrum of
pathogens, such as bacteria and fungi, and they enable the
Paneth cells to create a microenvironment protected from
infection and overgrowth of luminal bacteria, which assures
continuous stem cell replication tomaintainmucosal integrity.10

Mice express at least six anti-microbial a-defensins and
numerous cryptdin-related peptides11 depending on the
particular mouse strain,12 all of them having anti-microbial
activities. In response to bacteria, Paneth cells release their
secretory granules into the lumen of intestinal crypts.9

Cryptdins are synthesized as procryptdins, which are activated
by proteolytic cleavage. In mouse Paneth cells, the cleaving
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protease is MMP7, also known as Matrilysin. MMP7 is the
smallest member of the family of matrix metalloproteinases
(MMPs), which is composed of 25 zinc-dependent enzymes
having roles in many physiological processes, such as embryo
implantation, bone remodeling and organogenesis, as well as in
many pathological processes.13–15 Previously, we have shown
that broad spectrumMMP inhibition protects mice against the
lethal inflammation induced by injection of LPS.16 The Paneth
cells of MMP7� /� mice cannot release mature cryptdins and
so these mice are hypersensitive to bacterial infections, such as
Salmonella typhimurium17 and Chlamydia trachomatis.18

Intestinal MMP7 appears to be an essential molecule for
mucosal protection but it has also been described as a mediator
of inflammation in a mouse model of lung fibrosis and in DSS-
induced colitis.19,20 Recently, the latter was explained by the

observation that MMP7-activated cryptdins can reduce the
cellular release of IL-1b in DSS-induced colitis.21 Here, we
studied the role of MMP7 in acute, systemic inflammation by
comparing the responses of wild-type and MMP7� /� mice to
LPS-induced lethal inflammation.

RESULTS

MMP7� /� mice resist LPS-induced lethal inflammation

To investigate whetherMMP7 has a role in acute inflammation,
MMP7þ /þ andMMP7� /� mice were injected with LPS. LPS-
induced systemic inflammation or endotoxemia is a well-
accepted and validated model of SIRS characterized by
pathological changes that strongly resemble sepsis.22–24 As
shown in Figure 1a all wild-type mice died but all MMP7� /�

mice survived. This was also reflected in the body temperature

Figure 1 MMP7� /� mice resist LPS-induced lethal inflammation. (a) Survival and (b) body temperature of MMP7þ /þ (black; n¼7) and MMP7� /�

(gray; n¼ 8) mice injected with 350 mg of LPS per 20 g body weight. Systemic cytokine and chemokine levels 4.5 h (c) and 9 h (d) after
injection of LPS that are significantly different in MMP7þ /þ (black) and MMP7� /� (gray) mice (n¼5). Plasma levels of (e) HMGB1, (f) lactate
dehydrogenase (LDH), and (g) hexosaminidase (Hex) in LPS-injected MMP7þ /þ (black) and MMP7� /� (gray) mice 8 h after LPS injection (n¼ 4–10)
(*0.01pPo0.05; **0.001pPo0.01; ***Po0.001).
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of the mice (Figure 1b). At different time points after injection
of LPS (0, 4.5, and 9 h), levels of serum cytokines and
chemokines in wild-type and MMP7-deficient mice were
measured. IL-6 and MCP-1 levels were significantly higher in
MMP7þ /þ than in MMP7� /� serum samples both 4.5 and
9 h after LPS injection (Figure 1c,d). Also, IL-1b, IL-17, and
Rantes were significantly higher but only at the 9 h time point
(Figure 1d). No significant differences were observed for all the
other cytokines (TNF, IL-1a, IL-2, IL-3, IL-4, IL-5, IL-9, IL-10,
IL-12p40, IL-12p70, and IL-13) and chemokines (G-CSF, GM-
CSF, IFNg, KC,MIP1a, MIP1b, and eotaxin) that wemeasured
(data not shown).

These results suggest that the acute inflammation is more
intense in wild-type than in MMP7-deficient mice. In
agreement with this, HMGB1, a relatively late marker of
inflammation,25 was also significantly higher in plasma of LPS-
injected MMP7þ /þ mice (Figure 1e).

Similarly, after injection of LPS, plasma levels of lactate
dehydrogenase and hexosaminidase, which are markers of
general tissue damage26 were higher in MMP7þ /þ mice than
in MMP7� /� mice (Figure 1f,g). Our data provide strong
indications that MMP7 has a detrimental role in acute, LPS-
induced lethal inflammation.

MMP7 is expressed and activated in the Paneth cells of the
ileum during endotoxemia

We analyzed MMP7 expression in different organs before and
after systemic LPS injection by immunofluorescence and
western blot. Lung, liver, kidney, and spleen analysis did
not reveal MMP7 protein expression (Supplementary Figures
1 and 2 online).mRNA expression analysis of the ileum showed
an LPS-induced increase inMmp7 expression (Figure 2a). The
MMP7 protein could be detected in the Paneth cells of the small
intestine, in which MMP7 expression in secretory granules has
been reported.27 Immunofluorescent staining of ileum samples
shows co-localization of MMP7 and lysozyme C, a well-
validated Paneth-cell marker (Figure 2b). LPS challenge
resulted in a decrease in MMP7-positive granules
(Figure 2c,d), which suggests degranulation of the Paneth
cells, which has been described before after stimulation with
LPS and other TLR ligands.28 In agreement with this, LPS
injection resulted in a reduced number of toluidine blue-
positive granules per crypt (Figure 2e–g) and analysis of the
secretome of the ileum explants revealed an LPS-dependent
increase in the Paneth cell-derived defensins (Figure 2h). Next,
wemeasuredMMP7 protein levels in flushed small intestines of
LPS-injected mice by western blot analysis. Like all MMPs,

Figure 2 MMP7expressionandactivation inPaneth cells of the ileumduring endotoxemia. (a)RelativeMMP7mRNAexpression in ileum0, 1, 3, and8 h
after LPS injection (n¼4-5). (b) Representative confocal image of ileum sections showing co-localization of MMP7 (green) and lysozyme C (red) in
Paneth cells. Nuclei are stained with Hoechst (blue). (c,d) Representative confocal images of MMP7 in ileum before (c) and after (d) LPS stimulation.
(e,f) Toluidine blue-stained ileum samples before (e) and after (f) injection of LPS. (g) Quantification of toluidine blue-stained granules per crypt
in MMP7þ /þ mice before and after LPS challenge (n¼ 5). (h) Quantification of DEFA5 levels secreted by in vivo LPS-stimulated ileum explants of
MMP7þ /þ mice (n¼ 4–6). (i,j) Quantification of proMMP7 (i) and mature MMP7 (j) in ileum lysates by western blot analysis 0, 1, 3, and 8 h
after LPS (n¼ 3–4). Normalization was done by comparison with b-actin levels. (k–m) Relative mRNA expression of Defcr1 (k), Defcr3 (l), and RegIIIg
(m) in total ileum lysates before and after LPS injection (n¼ 4–6). Significance levels were calculated for differences from the corresponding
0 h time point and/or between MMP7þ /þ and MMP7� /� mice, as indicated (*0.01rPo0.05).
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MMP7 is first produced as an inactive pro-form, which is
activated by proteolytic cleavage. Wild-type mice were injected
with LPS and pro- and mature MMP7 in ileum lysates were
detected 0, 1, 3, and 8 h after LPS. Although proMMP7
remained constant until 3 h after LPS injection and showed a
nonsignificant increase 8 h after LPS injection (Figure 2i),
activatedMMP7 first increased and then decreased (Figure 2j).
These data illustrate that MMP7 activity is increased after LPS
challenge and that this activated MMP7 is secreted into the
lumen. This is in agreement with the results of in vitro
experiments in which epithelial cells were exposed to bacteria.29

Additionally, it is known that LPS exposure results in rapid and
dose-dependent cryptdin secretion by the Paneth cells. Indeed,
cryptdins Defcr1 (Defa1) and Defcr3 (Defa3), as well as RegIIIg
(Reg3g), were strongly upregulated after LPS injection, which
suggests LPS-induced Paneth cell activation (Figure 2k–m).
These data show that LPS results in increased MMP7 and
cryptdins levels in the lumen after LPS challenge.

MMP7� /� mice are protected against LPS-induced gut
permeability and bacterial invasion of the mesenteric
lymph nodes

AsLPS triggers expression and activation ofMMP7 in the ileum
crypts, and MMP7� /� mice are protected against LPS, we
studied themediator role ofMMP7 in the small intestine during
endotoxemia. We injected MMP7þ /þ and MMP7� /� mice
with LPS and studied gut integrity by measuring the
accumulation of orally administered FITC-dextran in the
blood 0, 8, and 20 h after LPS injection. Gut permeability
increased strongly in the MMP7þ /þ mice but much less so in
MMP7� /� mice (Figure 3a).

To further address the importance of the gut barrier integrity
in the endotoxemia model, we treated mice with epidermal
growth factor (EGF), which has been shown to improve
intestinal barrier function. Systemic administration of EGF
limits intestinal tissue damage, thereby reducing mortality in
different animal models of noninfectious and infectious
inflammation and intestinal injury.30–36 In our study, pretreat-
ment of MMP7þ /þ mice with EGF reduced LPS-induced
mortality (Figure 3b) and LPS-induced intestinal permeability
(Figure 3c). Loss of gut barrier integrity can lead to efflux of
bacterial gut flora or damage-associated molecular patterns,
which can further activate inflammation by stimulation of PRRs
in the submucosa, in the draining lymph nodes, or elsewhere.37

To study this phenomenon in MMP7þ /þ and MMP7� /�

mice, LPS was injected and bacterial translocation to the
draining mesenteric lymph nodes (MLN) was quantified 24 h
later. In agreement with the gut permeability results, we found a
significant increase in bacterial presence in MMP7þ /þ but not
in MMP7� /� MLN lysates after LPS challenge (Figure 3d).

To examine the role of intestinal bacteria in LPS-induced
shock, we treated wild-type mice with antibiotics for 2 weeks
to effectively eliminate bacteria from the gut, and then we
injected sterile and non-sterile wild-type mice with LPS and
monitored mortality. Figure 3e shows that sterile mice were
protected against the lethal effects of LPS. Although germfree

mice were shown to have reduced levels of MMP7,29 we did not
detect differences in Mmp7 expression between the sterile and
the non-sterile mice (Figure 3f), neither before nor after LPS
administration. Moreover, we observed an additive effect of
antibiotics treatment and MMP7 deficiency: intravenous
injection of very high LPS doses (750 mg per 20 g body
weight) resulted in 70% mortality of non-sterile MMP7� /�

mice, whereas all sterile MMP7� /� mice survived (Figure 3g).
Next, we analyzed the effect of antibiotics treatment on
intestinal permeability. Unexpectedly, treatment of wild-type
mice with antibiotics also protected against LPS-induced
intestinal permeability. (Figure 3h). This result shows that
intestinal bacteria have a role in amplification not only of
systemic inflammation after leakage, but also of the local,
intestinal inflammation preceding the leakage. In light of this,
we had a closer look to the observation that a-defensins were
shown to regulate the makeup of the commensal microbiota.38

However, we could not detect any microbiome differences
between MMP7� /� and MMP7þ /þ mice neither in feces nor
in small intestinal content (data not shown). Additionally, the
MMP7� /� mice show the same phenotype in a conventional
facility, which indicates that limited changes in themicrobiome
do not affect the observed protection (data not shown).

Collectively, our data show that intestinal permeability and
the presence of intestinal bacteria have important roles in the
endotoxemia model. Additionally, these results suggest that
MMP7 has a central role in the loss of gut barrier integrity and
in the concomitant invasion of Gram-negative bacteria into the
body. Increased gut permeability has been observed in multi-
organ failure and in gastrointestinal disease39,40 For example, in
Crohn’s disease, inflammation and loss of gut barrier integrity
are associated with TNF as they are dramatically decreased by
anti-TNF treatment.41 As TNF injection has been reported to
lead to loss of gut permeability,42 it is interesting that MMP7� /

� mice were also substantially protected against the TNF-
induced lethal response (Figure 3i).

LPS-induced inflammation in the gut of MMP7� /� mice is
less severe than that in MMP7þ /þ mice

Loss of gut integrity is typically a result of inflammation.40

As MMP7� /� mice are protected against LPS-induced gut
leakage, we studied whether LPS-induced inflammation in the
small intestine is reduced inMMP7� /� mice. MMP7þ /þ and
MMP7� /� mice were injected with LPS, and 0 and 8 h after
challenge, the ileum was isolated and the innermost epithelial
cells were harvested. qPCR analysis revealed an LPS-induced
increase in the local expression of TNF (Figure 4a) and IL-6
(Figure 4b), two well-validated inflammatory molecules. Both
TNF and IL-6 were induced to a significantly lower degree in
the ileum of MMP7� /� mice compared with MMP7þ /þ

mice, which indicates that the LPS-induced local inflammation
in the small intestine is less pronounced in MMP7� /� mice.
Besides TNF and IL-6, also the expression of iNOS (Figure 4c)
was significantly lower inMMP7� /� mice than inMMP7þ /þ

mice upon LPS challenge. In addition, based on previous results
of our group and others, the lower systemic IL-17 levels in
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LPS-challenged MMP7� /� mice compared with MMP7þ /þ

mice (Figure 1d) are also indicative for less intestinal
inflammation.43,44 The observed differences in inflammatory
gene expression was not due to differences in white blood cell
influx, as immunostaining showed equal amounts of CD45-
positive cells in the ileum of LPS-treated MMP7þ /þ

(Figure 4d) and MMP7� /� mice (Figure 4e). However,
the observed reduction in LPS-induced inflammation was
correlated with less intestinal damage (Figure 4f) and more
mucin-containing goblet cells (Figure 4g) in MMP7� /�

compared with MMP7þ /þ mice.

Cryptdins activate inflammation in vitro and in vivo

Although MMP7 has been shown to cleave many substrates
in vitro, the main function of MMP7 in the small intestine

might be the activation of these anti-microbial peptides, at least
in mice. Small intestinal Paneth cells of the MMP7� /� mice
cannot release mature cryptdins, which makes these mice
hypersensitive to bacterial infections, such as Salmonella
typhimurium17 and Chlamydia trachomatis.18 As we observed
that MMP7-deficient mice are resistant to LPS-induced gut
inflammation and to the consequent gut leakage and bacterial
invasion, we hypothesized that MMP7-generated cryptdins
might act as local amplifiers of inflammation. To test this, we
incubated mouse macrophages with recombinant mouse Crp1
(DEFA1), Crp3 (DEFA3), and Crp4 (DEFA4), and measured
IL-6 release in the supernatant. Both mouse Crp1 and Crp4
resulted in dose-dependent IL-6 secretion, showing that
cryptdins have pro-inflammatory effects (Figure 5a). As
none of the three cryptdins activated gene induction in a

Figure 3 MMP7� /� mice are protected against LPS due to reduced LPS-induced gut permeability and bacterial invasion compared with
MMP7þ /þ mice. (a)Relative intestinal permeability ofMMP7þ /þ (black) andMMP7� /� (gray)micebefore (n¼ 3–4) and8 h (n¼ 9–11) and20 h (n¼16)
after LPS injection (n¼ 10–14). (b) Survival of MMP7þ /þ mice treated with PBS (black; n¼ 11) or EGF (gray; n¼ 9) 0, 6, and 9 h after LPS
injection (350 mg per 20 g body weight). (c) Intestinal permeability of MMP7þ /þ mice before (n¼ 3) and 8 h after LPS injection (n¼7–8) treated 0, 3, and
6 h after LPS injection with PBS (black) or EGF (gray). (d) Bacterial load (CFU per ml) in MLN lysates of MMP7þ /þ (black) and MMP7� /�

(gray) mice before and 24 h after LPS challenge. (e) Survival of non-sterile (black) and sterile (gray) MMP7þ /þ mice (n¼5) injected with LPS
(250 mg per 20 g body weight; intravenous(i.v.)). (f) MMP7mRNA expression in sterile and non-sterile mice before (n¼ 3) and after (n¼ 5) LPS injection
(250 mg per 20 g body weight; i.v.). (g) Survival of sterile (dotted gray; n¼ 8) and non-sterile (gray; n¼ 6) MMP7� /� mice injected with high LPS
doses (750 mg per 20 g body weight; i.v.). (h) Relative intestinal permeability of non-sterile (black) and sterile (gray) MMP7þ /þ mice before
(n¼ 3) and 8 h after (n¼ 4–5) LPS injection. (i) Survival of MMP7þ /þ (black; n¼ 8) and MMP7� /� (gray; n¼ 9) mice after TNF injection (30 mg per 20 g
body weight). Significance levels were calculated for differences from the corresponding 0 h time point and/or between MMP7þ /þ and MMP7� /�

mice, as indicated (*,0.01rPo0.05; **,0.001rPo0.01; ***,Po0.001).
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TLR4-dependent HEK-TLR4-Blue cell system (Figure 5b), we
conclude that Crp1 and Crp4 induce inflammation in a TLR4-
independent way and that the Crp preparation was free of LPS,

as confirmed by specific LAL tests (data not shown). In
addition, incubation ofMMP7� /� , but notMMP7þ /þ , ileum
explants with Crp4 resulted in an increase of IL-6 expression

Figure 4 MMP7� /� mice show milder intestinal inflammation and are protected against LPS due to reduced LPS-induced gut permeability
and diminished bacterial invasion compared withMMP7þ /þ mice. (a–c) Relative gene expression of IL-6 (a), TNF (b), and iNOS (c) in IEC-enriched ileum
samples from MMP7þ /þ (black) and MMP7� /� (gray) mice before (n¼ 3) and after LPS injection (n¼4–5). (d,e) Representative images of
CD45-stained ileumsectionsof LPS-treatedMMP7þ /þ (d) andMMP7� /� (e)mice, 8 hafter challenge. (f)Quantificationof intestinal damage inMMP7þ /þ

(black) and MMP7� /� (gray) mice before and 4.5 and 9h after LPS injection, based on the evaluation of ileum sections stained with hematoxylin and
eosin in a blinded setup by three neutral observers (n¼5–6). LPS-induced intestinal damage is characterized by decreased villus height, disappearance of
the mucus layer and goblet cells along the villus, cell death at the villus top, and cell debris in the lumen. (g) Quantification of mucin-containing
Goblet cells in Alcian blue-stained ileum sections from MMP7þ /þ (black) and MMP7� /� (gray) mice (n¼ 5–6), before and 9h after LPS injection.
Significance levels were calculated for differences from the corresponding 0 h time point and/or between MMP7þ /þ and MMP7� /� mice, as
indicated (*0.01rPo0.05; **0.001rPo0.01).

Figure 5 (a) IL-6 levels in the supernatant of thioglycollate-elicited macrophages incubated for 4 h with different increasing concentrations
recombinant Crp1 (light gray), Crp3 (dark gray), and Crp4 (black). (b) OD650 nm values of HEK-TLR4-Blue cells incubated for 24 h
with increasing concentrations of recombinant Crp1, Crp3, and Crp4 (black). LPS (gray) was used as a positive control (n¼ 3). (c,d) Relative
IL-6 expression in ileum of MMP7þ /þ and MMP7� /� ileal explants incubated with and without Crp4 (n¼ 5) (*0.01pPo0.05).
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(Figure 5c,d). These results indicate that cryptdins, next to
having an important role in mucosal protection, also exhibit
pro-inflammatory effects.

CONCLUSION

Intestinal permeability can eventually result in leakage of gut
flora and/or damage-associated molecular patterns into the
peripheral blood and tissues, and it is often believed that this has
a central role in several inflammatory diseases.45–47 In
agreement with this and with previous results from our
group,48,49 we detected LPS-induced intestinal leakage of orally
administered dextran and increased bacterial translocation to
the MLNs. In addition, both EGF injection (which assures an
optimal gut barrier function) and treatment with antibiotics
(which removes all intestinal flora) resulted in protection
against LPS-induced lethality and this was correlated with
reduced intestinal permeability. These results show that loss of
gut barrier integrity is an essential and detrimental process
during LPS-induced systemic inflammation.

We demonstrate that MMP7 is upregulated during LPS-
induced systemic in the Paneth cells and that MMP7-deficient
mice are strongly protected against an otherwise lethal dose of
LPS. Moreover, we show that this protease is essential in the
propagation of gut leakage and consequent bacterial transloca-
tion to the MLNs. We propose that MMP7-activated cryptdins
act as local amplifiers by stimulating the production of
inflammatory mediators by inflammatory cells. Indeed, both
Crp1 and Crp4 were able to induce TLR4-independent IL-6
production by macrophages. This further increases the local,
intestinal inflammatory response, which is linked with
increased inflammatory gene expression, intestinal damage,
and a reduction in amount of mucin-containing goblet cells.
Next, this results in increased gut permeability, bacterial efflux,
subsequentmulti-organ failure, and lethal shock. In contrast, all
these processes were absent inMMP7-deficientmice, which are
unable to produce active cryptdins in the small intestine. It is
important to note that it was recently shown that a-defensins
can be activated in the large bowel lumen, but not in the small
intestine, of MMP7� /� mice by an MMP7-independent
proteolyticmechanism.50However, themain portion ofmature
defensins is produced in the small intestine, so we believe that
this alternative activation of defensins in MMP7� /� mice will
only have a marginal effect and only in the large bowel. This
pro-inflammatory role of the Paneth cells is in agreement with
the results of a recent study by Park et al.43, in which they
showed that the Paneth cells initiate the cascade leading to
multi-organ injury in response to acute kidney ischemia.

In conclusion, we show thatMMP7 has detrimental effects in
acute inflammation by amplifying the local intestinal inflam-
mation. Our data suggest that this is due to the presence of
pro-inflammatory, MMP7-activated cryptdins, but we do not
rule out other MMP7 functions. Eventually, this phenomenon
has an important role in LPS-induced loss of intestinal barrier
integrity, bacterial translocation, multi-organ failure, and
death. Although further research is needed, this pro-inflam-
matory effect of MMP7 may not only have a role in acute

inflammation but also in chronic inflammation such as colitis,
as colitis patients were shown to have increased MMP7
levels.51–53

METHODS

Animals. MMP7-deficient (MMP7� /� ) mice, which show no
developmental abnormalities, were generated by gene target-
ing, as described previously.17 All animals were backcrossed 12
times into a homogeneous C57BL6/J background. The C57BL/
6J MMP7þ /þ and MMP7� /� mice were housed in an SPF
animal facility with ad libitum access to food and water. Both
male and female mice (8–12 weeks old) were used. All
experiments were approved by the ethics committee of the
Faculty of Science of Ghent University.

Injections, monitoring, and sampling of the mice. Mice were
injected intraperitoneally with LPS from Salmonella enterica
serotype abortus equi (Sigma, Diegem, Belgium) at 350 mg per
20 g body weight, the LD100 dose for wild-type C57BL/6 mice.
In all experiments with sterile mice, LPS injections were
performed intravenously to prevent injection into the swollen
cecum. In this case, the LD100 dose for wild-type C57BL/6 mice
is 250 mg per 20 g body weight. Recombinant mouse TNF was
produced in Escherichia coli and purified to homogeneity in our
laboratories with no detectable endotoxin contamination.
Recombinant mouse TNF was diluted in PBS and injected
intraperitoneally. The LD100 dose for wild-type C57BL/6 mice
is 30 mg per 20 g body weight. Control animals received
intraperitoneal or intravenous injections of PBS. EGF
(E-4127; Sigma) was injected 0, 6, and 9 h after induction
of endotoxemia (each time 2 mg permouse). Rectal temperature
was measured at different times after challenge. Blood and
tissue samples were collected at designated times after injection.
Mice were bled by heart puncture, and serum or EDTA plasma
was prepared and stored at � 20 1C until use. For the explant
experiments, mice were injected with an LD100 dose of LPS, the
ileumwas isolated 15min later and incubated ex vivo in serum-
free medium. To analyze DEFA5 levels, the supernatant was
collected 1 h later. To study the effect of Crp4 on inflammatory
gene expression, explants were incubated without and with
Crp4 (10 mgml� 1) and RNA was isolated from the explants
4 h later.

Measurement of cytokines and DEFA5. Quantification of
cytokines and chemokines in serum was performed using
the Bio-Plex cytokine assays (Bio-Rad, Eke, Belgium), accord-
ing to the manufacturer’s instructions. HMGB1 (IBL Inter-
national, Hamburg, Germany) and mouse DEFA5 (Uscn Life
technologies, Huissen, The Netherlands) ELISAs were per-
formed according to the manufacturer’s instructions.

Lactate dehydrogenase and hexosaminidase activity. Lactate
dehydrogenase activity in plasma was measured by the
CytoTox 96 Assay (Promega, Leiden, The Netherlands)
according the manufacturer’s instructions. To determine the
hexosaminidase activity, substrate solution (1 volume 7.5mM

p-nitrophenyl N-acetyl-b-D-glucosaminide (Sigma) in 0.1M
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sodium citrate pH5 and 1 volume 0.5%TritonX100)was added
to the plasma samples before incubation for 5 h at 37 1C. After
adding the stop solution (100 nM glycine and 10mM EDTA pH
10.4) absorbance is measured at 405 nm to determine relative
hexosamidase activity.

Real time qPCR. Organs were stored in RNALater (Ambion,
Ghent, Belgium) and RNA was isolated by using the RNeasy
Mini Kit (Qiagen, Antwerp, Belgium). To enrich for the
intestinal epithelial cell fraction in ileum samples, freshly
isolated ileum samples were opened longitudinally, epithelial
cells were scraped with a square glass coverslip and the
scrapings were snap frozen. cDNA was synthesized by the
iScript cDNA Synthesis Kit (Bio-Rad). Real-time PCR was
performed on the LightCycler 480 system (Roche, Vilvoorde,
Belgium) using the LightCycler 480 SYBR Green I Master
(Roche). Expression levels were normalized to the expression of
the two most stable housekeeping genes, which were deter-
mined for each organ using the geNorm Housekeeping Gene
Selection Software (Biogazelle, Zwijnaarde, Belgium).54 Primer
sequences can be found in Table 1.

Histopathology and immunostaining of ileum sections. Tissues
were fixed with PFA, embedded in paraffin and sectioned at
4 mm. For hematoxylin and eosin staining, sections were
dewaxed and stained with hematoxylin (Fluka, Diegem,
Belgium) and eosin (Merck, Leuven, Belgium). The degree
of damage was evaluated on entire organ sections by three
observers in a blinded manner. Intestinal damage is char-
acterized by decreased villus height, epithelial cell death at the
villus top and loss of mucus layer and goblet cells. Taking into
account all histological features, a damage score ranging from 0
(normal) to 4 (abnormal) was given to each mouse. For alcian
blue staining, sections were dewaxed and stained in alcian blue
solution for 30min, followed by two times 2min washing in
running tap water and distilled water. Sections were counter-
stained with nuclear fast red solution for 5min, dehydrated,
andmounted. For immunostaining, sections were dewaxed and
boiled in 10mM sodium citrate buffer for antigen retrieval,

incubated for 1 h in blocking buffer (10mM Tris-HCl pH 7.4,
0.1M MgCl2, 0.5% Tween-20, 1% BSA, and 5% serum) and
incubated with the antibodies of interest: LysC (1/50; sc-27958;
Santa Cruz, Heidelberg, Germany), MMP7 (1/100; 3801; Cell
Signaling Technology) and CD45 (1:250; 553078; Pharmin-
gen). Fluorescent images and light microscopy images were
taken by a laser scanning confocal microscope (Leica TCS SP5)
and an Olympus light microscope, respectively.

Toluidin blue staining. One percentage gluteraldehyde-fixed
semithin sections were stained with toluidine blue. The amount
of toluidine blue-positive granules per crypt was counted
automatically by using the Volocity software (PerkinElmer,
Zaventem, Belgium).

Western blot analysis. The ileum samples were isolated, flushed
with ice-cold PBS and homogenized in 1% NP40 lysis buffer.
Protein concentration was determined by BCA assay (Pierce,
Erembodegem, Belgium) and samples were analyzed by
western blot. Blots were incubated overnight with anti-actin
(1/10000; 691002, MP Biomedicals, Brussels, Belgium) and
anti-MMP7 (1/200; 3801, Cell Signaling Technology). Immu-
noreactive proteins were visualized and quantified using the
Odyssey Infrared Imaging System and Odyssey software as
described by the manufacturer (Li-Cor).

Gut permeability. FITC-labeled dextran (4 kDa, Sigma) was
administered to mice by gavage at 150mg per kg body weight.
Five hours later, blood was obtained by heart puncture,
collected in EDTA-coated tubes (Sarstedt, Hoogstraten,
Belgium) and plasma was prepared. Leakage of FITC-labeled
dextran into the circulationwas determined bymeasurement of
the plasma fluorescence (lex/lem¼ 488/520 nm). Values were
normalized to the lowest value.

Bacterial counts in MLN. Before and after LPS injection, MLNs
were isolated, homogenized in 200 ml brain heart infusion
medium (Becton Dickinson, Erembodegem, Belgium), plated
onto tryptic soy agar plates, and incubated at 37 1C. The
following day, the number of colony forming units per ml was
determined.

Depletion of commensal intestinal bacteria. To eliminate
commensal bacteria, their drinking water was supplemented
with 200mg l� 1 ciprofloxacin (Sigma-Aldrich, Diegem,
Belgium), 1 g l� 1 ampicillin (Sigma-Aldrich), 1 g l� 1 metro-
nidazole (Sigma-Aldrich), and 500mg l� 1 vancomycin (Lab-
consult). After 2 weeks, the presence of colonic microflora was
determined by culturing fecal samples in brain heart infusion
and in thioglycollate medium (Sigma-Aldrich).

Thioglycollatemacrophages. Mice were injected intrperitoneally
with 2ml 3% thioglycollate and 4 days later thioglycollate-
elicited macrophages were isolated by peritoneal lavage with
ice-cold PBS. Cells were counted and seeded at 2� 106 cells per
six-well plate in LPS-free DMEM supplemented with 10% FCS
and penicillin–streptomycin. Four hours later, the medium
was replaced with fresh medium containing different

Table 1 Overview qPCR primers

Gene
name Forward primer Reversed primer

Mmp7 ACTTCAGACTTACCTCGGATCG TCCCCCAACTAACCCTCTTGA

Defcr1 CAGGCCGTATCTGTCTCCTT ATGACCCTTTCTGCAGGTTC

Defcr3 CCCAGAAGGCTCTTCTCTTC CAGCGACAGCAGAGTGTGTA

RegIIIg TTCCTGTCCTCCATGATCAAAA CATCCACCTCTGTTGGGTTCA

IL-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC

TNF ACCCTGGTATGAGCCCATATAC ACACCCATTCCCTTCACAGAG

iNOS TGGTCCGCAAGAGAGTGCT CCTCATTGGCCAGCTGCTT

Rpl CCTGCTGCTCTCAAGGTT TGGCTGTCACTGCCTGGTACTT

Ubc AGGTCAAACAGGAAGACAGACGTA TCACACCCAAGAACAAGCACA

Gapdh TGAAGCAGGCATCTGAGGG CGAAGGTGGAAGAGTGGGAG

Hprt AGTGTTGGATACAGGCCAGAC CGTGATTCAAATCCCTGAAGT

Hmbs GAAACTCTGCTTCGCTGCATT TGCCCATCTTTCATCGTATG
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concentrations recombinant cryptdins. Crp1, -3, and -4 were a
kind gift from Professor Andre Ouelette (Los Angeles).

HEK-TLR4-blue cells. HEK-TLR4-Blue TLR cells (Invivogen,
Toulouse, France) that stably co-express the TLR4 gene and an
NF-kB-inducible SEAP (secreted embryonic alkaline phos-
phatase) reporter gene were incubated with increasing con-
centrations of Crp1, Crp3, and Crp4. SEAP activity was
monitored with QUANTI-Blue according to manufacturer’s
instructions.

Statistical analysis. Data are presented as means±s.e. of mean.
Data were analyzed with an unpaired Mann–Whitney U-test,
unless mentioned differently. Survival curves were compared
using a log-rank test. Significance levels were calculated for
differences from the corresponding 0 h time point and/or
between MMP7þ /þ and MMP7� /� mice, as indicated
(*0.01rPo0.05; **0.001rPo0.01; ***Po0.001).

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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