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Intestinal damage and severe diarrhea are serious side effects of cancer chemotherapy and constrain the usage ofmost

such therapies. Here we show that interleukin-33 (IL-33) mediates the severe intestinal mucositis in mice treated with

irinotecan (CPT-11), a commonly used cancer chemotherapeutic agent. Systemic CPT-11 administration led to severe

mucosal damage, diarrhea, and bodyweight loss concomitant with the induction of IL-33 in the small intestine (SI). This

mucositiswasmarkedly reduced inmicedeficient in the IL-33R (ST2� /� ).Moreover, recombinant IL-33 exacerbated the

CPT-11-induced mucositis, whereas IL-33 blockade with anti-IL-33 antibody or soluble ST2 markedly attenuated the

disease. CPT-11 treatment increased neutrophil accumulation in the SI and adhesion tomesenteric veins. Supernatants

fromSI explants treatedwithCPT-11enhanced transmigrationof neutrophils in vitro in an IL-33-,CXCL1/2-, andCXCR2-

dependentmanner. Importantly, IL-33 blockade reducedmucositis and enabled prolongedCPT-11 treatment of ectopic

CT26 colon carcinoma, leading to a beneficial outcomeof the chemotherapy. These results suggest that inhibition of the

IL-33/ST2 pathway may represent a novel approach to limit mucositis and thus improve the effectiveness of

chemotherapy.

INTRODUCTION

Mucositis is defined by inflammatory and ulcerative lesions of
the oral and gastrointestinal mucosa commonly associatedwith
cancer chemotherapy.1,2 Combination therapy such as radia-
tion with concurrent chemotherapy may further increase the
severity of mucositis that often leads to dosage reduction or
premature cessation of cancer treatment.3,4 Thus, reagents that
can attenuate chemotherapy-induced mucositis would be
highly beneficial in enabling prolonged therapy and hence
more effective cancer treatment.

Mucositis develops as a consequence of epithelial injury.2

However, its physiopathology is complex and involves multiple
steps1 including the generation of reactive oxygen species
and reactive nitrogen species, together leading to epithelial
damages.5 Chemotherapy directly causesDNAdamage and cell

death6 with activation of nuclear factor-kB and upregulation of
cytokine production.7–10 In the ulcerative phase, epithe-
lial erosion can lead to risk of microbial infiltration and septic
shock.11

CPT-11, a topoisomerase I inhibitor, is an antiproliferative
drug used to treat different types of human malignancies,
such as metastatic colorectal cancer.3,4 CPT-11 is metabolized
in the liver and converted to SN-38, the active metabolite,
by carboxylesterase-mediated hydrolysis.3 The intestinal
microbiota enzymatic system is also involved in the meta-
bolism of CPT-11, and the compound can be metabolized in
different in vitro and ex vivo experimental settings.3,12–14

The clinical pharmacokinetic properties of CPT-11 and its
metabolites appear to be crucial for optimal anticancer
chemotherapy.3
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Interleukin (IL)-33 is a member of the IL-1 cytokine family
that also includes IL-1b and IL-18 ( see ref. 15). IL-33 is crucial
for the induction of type 2 immune responses by promoting the
synthesis of cytokines such as IL-5 and IL-13 by T helper type 2
(Th2) lymphocytes, mast cells, basophils, and eosinophils.
IL-33 is also involved in the induction of non-Th2-type acute
and chronic inflammation as a proinflammatory cytokine.15,16

IL-33 signals via a heteromeric receptor that consists of ST2
and IL-1R accessory protein.17 ST2 (also known as T1), the
transmembrane protein encoded by the ST2 gene, is expressed
especially on immune cells such as mast cells and activated Th2
cells.18,19 The ST2 gene is alternatively spliced to produce
a soluble form (sST2) that acts as an IL-33 decoy receptor.20

IL-33 is produced as a precursor protein (pro-IL-33) that is
proteolytically converted to mature IL-33. Both forms are
released by necrotic cells and have biological activity.19–21 Thus,
IL-33 released by necrotic cells during tissue injury may play a
damage-associated molecular pattern/alarmin–like role in the
induction of inflammation.16

IL-33 is expressed by the gut epithelial cells,15 but current
data on the role of IL-33 in the onset of inflammatory bowel
diseases (IBD) are controversial.22 IL-33 appears to enhance
intestinal inflammation in disease models driven by Th2 and
innate immune responses, such as in senescence-accelerated-
prone mice (SAMP) and experimental acute colitis, and
possibly in ulcerative colitis (UC) patients.23–27 Upregulation
of IL-33 in patients with IBD has been demonstrated by
several reports (reviewed in). However, the participation of
IL-33 in patients undergoing chemotherapy treatment has
so far not been documented. High levels of IL-33 during
acute inflammation are likely to exacerbate tissue damage,
whereas they may enhance tissue repair during recovery.22,26

Thus, the initial features of the specific immune response
and the timing of IL-33 blockade may define the disease
outcome.

Animal models of CPT-11-induced mucositis are used
extensively to identify the key players in disease pathogenesis,
such as cytokines and chemokines.10,12,28–30 However, the
sequence of events following mucosal damage induced by
chemotherapy remains undefined. Here we report a hitherto
unrecognized mechanism by which IL-33 mediates CPT-11-
induced mucositis via the attraction of neutrophils to the site of
inflammation and tissue damage in the small intestine (SI).
Targeting the IL-33/ST2 pathway confers protection and tissue
preservation. In a murine model of CT26 ectopic colon
carcinoma, IL-33 blockade enables prolonged and effective
chemotherapy, resulting in markedly reduced tumor growth.
These results suggest that the IL-33/ST2 pathway might be a
novel therapeutic target for an enhanced beneficial outcome of
cancer chemotherapy.

RESULTS

IL-33 is produced in chemotherapy-induced mucositis in
the SI

Several proinflammatory cytokines have been associated with
the severity of chemotherapy-inducedmucositis, although their

role in disease pathogenesis is not fully understood.1,2,10,31

To investigate the role of IL-33 in the inflammatory response
induced by CPT-11 (irinotecan) chemotherapy, BALB/c mice
were injected intraperitoneally (i.p.) for 4 consecutive days
(0 to 3) with CPT-11 and mucositis was analyzed on day 4.
The production of IL-33 and its soluble receptor sST2
was significantly elevated in the SI as compared with that
of the phosphate-buffered saline (PBS)–treated control mice
(Figure 1a). The production of IL-33 and sST2 appears to be
confined to themucosal compartment as theywere not detected
in the serum (data not shown). We then verified this
observation using SI explant of naive mouse in vitro. CPT-
11 stimulated IL-33 production by the SI explant in a dose-
dependentmanner (Figure 1b). Furthermore, SN-38, the active
metabolite of CPT-11, also induced IL-33 synthesis by the SI
explant in vitro (Figure 1b).

To investigate the cellular source of IL-33, the SI of CPT-11-
treated mice was analyzed by immunohistochemical (IHC)
staining. IL-33þ cells were markedly increased in the epithelial
cells of the villi and the crypts of the CPT-11-treated mice
compared with that of the PBS-treated mice (Figure 1c).
Positive staining for IL-33 was seen in the whole epithelia,
suggesting that both putative stem cells/proliferating progeni-
tor cells (crypts) and differentiated cells (villi, including goblet
cells, enterocytes, and enteroendocrine cells) could release
IL-33. IHC staining using Annexin V, which binds to phos-
phatidylserine to identify apoptotic cells, confirmed that both
differentiated and proliferating epithelial cells were damaged by
CPT-11 and are potential sources of IL-33 (Figure 1c). To
confirm this observation, we then isolated the epithelial cells
(CD45� cytokeratinþ ) from the SI of naive mice and cultured
the cells for 6 h with CPT-11 in vitro and analyzed the
expression of IL-33 by fluorescence-activated cell sorting. CPT-
11-stimulated epithelial cells produce IL-33 in a concentration-
dependent manner (Figure 1d,e).

We then examined the relevance of our observation in
human cells using the epithelial-like human colon carcinoma
Caco-2 cells. Caco-2 cells produced significant amounts of IL-
33 when cultured in vitro with CPT-11 and SN-38 (Figure 1f).
There was also a modest but significant reduction in cell
viability of Caco-2 cells at this time point (10% for CPT-11 and
15% for SN-38 as compared with control group). Together,
these results demonstrate that CPT-11 effectively induces IL-33
production by the epithelial cells of the SI.

IL-33 is associatedwith thepathogenesisof chemotherapy-
induced mucositis

We next investigated the role of the IL-33/ST2 pathway in the
pathogenesis of mucositis. We treated wild-type (WT) BALB/c
mice and ST2� /� mice (BALB/c background) with CPT-11
with or without recombinant murine IL-33. WT mice treated
with CPT-11 showed significant body weight loss (B10%) by
day 3 and diarrhea (clinical score 1–2) on day 4 (Figure 2a,b).
These clinical changes were accompanied by severe systemic
leucopenia, shortened villi, and increased plasma leakage in
the SI (Figure 2c–e). All these parameters were significantly
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exacerbated by the additional daily treatment with exogenous
IL-33 (200 ng per mouse). ST2� /� mice did not respond to
recombinant murine IL-33 treatment in any of the clinical

parameters evaluated (Figure 2a,b). Furthermore, ST2� /�

mice developed significantly attenuated disease with reduced
weight loss, clinical score (clinical score 0–1), leucopenia,

Figure 1 Interleukin-33 (IL-33) is produced in the small intestine (SI) in chemotherapy-induced mucositis. (a) IL-33 and soluble ST2 (sST2)
concentrations in the SI of BALB/c mice after four daily injections of CPT-11 (60mg /kg�1) or phosphate-buffered saline (PBS) were determined by
enzyme-linked immunosorbent assay (ELISA). (b) IL-33 production in vitrobySI explants fromBALB/cmiceafter 24 hof incubationwithCPT-11orSN-38
measured by ELISA. (c) Representative immunohistochemical (IHC) staining for IL-33 and Annexin V in the SI of PBS or CPT-11-treated mice at day 4.
Original magnification � 200. Arrows indicate positive staining for IL-33 and Annexin V in the villi (black) and crypts (red). Inserts: ISO: original
magnification � 200; CPT-11: original magnification �400. (d) The frequency of IL-33þCD45� cytokeratinþ epithelial cells (epTs) from mice treated
withCPT-11 or PBS (vehicle). (e) Representative fluorescence-activated cell sorting (FACS) analysis showing the gating of IL-33þCD45� Cytokeratinþ

epTs isolated fromwild-type (WT)mice treatedwith CPT-11 (50 mM) for 6 h. (f) IL-33 concentration in the supernatant of Caco-2 cells cultured for 48 hwith
CPT-11 or SN-38 determined by ELISA. Results are representative of two independent experiments (n¼3–5mice per group). *Po0.05, **Po0.01, and
***Po0.001.
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plasma leakage, but increased SI villi length, as compared with
the PBS control group (Figure 2a–e). Histopathological
analysis of the SI of WT mice revealed a dramatic remodel-
ing of the small intestinal mucosa, with different degrees of
submucosal edema, submucosal hemorrhage, venous conges-
tion, inflammatory submucosal leukocyte infiltrate, shortening
of villi, and reduction in goblet cell numbers as assessed by
hematoxylin–eosin and periodic acid–Schiff staining
(Figure 2f–i). Mice treated with CPT-11þ IL-33 showed
even more severe outcome in all these parameters and pre-
sented increased signs of hemorrhage, venous congestion, and
villi reduction. A modest but significant deleterious effect of
CPT-11þ IL-33 treatment in the mucosa starts to appear on

day 3 in the WT mice (data not shown). In contrast, ST2� /�

mice presented a preserved intestinal architecture, with subtle
leukocyte infiltrate and discrete villi shortening. Villi atrophy
and crypt destruction are the main causes of diarrhea in
mice.32–34

As mucosal damage due to chemotherapy has been asso-
ciated with increased blood bacteremia,11,32,35 we also
measured the level of bacteremia by quantitative polymerase
chain reaction (qPCR). Mice treated with CPT-11 developed
markedly increased bacteremia that was significantly elevated
by cotreatmentwith IL-33 (clinical score 2–3), whereas ST2� /�

mice treated with CPT-11 (clinical score 0–1) had significantly
less bacteremia compared with that of theWTmice (Figure 2j).

Figure 2 Interleukin-33 (IL-33) is associated with the pathogenesis of chemotherapy-induced mucositis. Wild-type (WT) and ST2� /� mice were
treated with CPT-11 or phosphate-buffered saline (PBS) with or without IL-33. (a) D Body weight loss (%) was measured daily and (b) clinical score
determined on day 4. (c) Whole blood cell (WBC) counts, (d) small intestine (SI) length, and (e) Evans blue leakage were also determined on day 5. (f)
Histopathology score, (g) villus/crypt ratio, and (h) Goblet cell counts in the crypt/villus axis are also shown. (i) Representative histology of SI samples on
day 5. (j) Expression of Eubacteria 16s rDNA in the bloodwas evaluated by quantitative polymerase chain reaction (qPCR) on day 4. Data are pool of two
experiments (n¼ 4–8 mice per group) and are representative of three independent experiments. *Po0.05, **Po0.01, and ***Po0.001.
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Together, these results demonstrate that CPT-11-induced
mucositis is dependent on the IL-33/ST2 pathway.

The role of chemokines in the CPT-11-induced mucositis

The histopathological changes observed above were associated
with a significant increase in the level of expression of the
apoptosis markers Caspase 9, Caspase 3 and poly (ADP-ribose)
polymerase (cleaved forms), and Bax in the SI (Supplementary
Figure S1a–c online). IL-33 further increased the expression of
these apoptotic markers that were significantly reduced in
ST2� /� mice. We also investigated the production of selected
chemokines in the serum (Supplementary Figure S1d–f) and
in the SI (Supplementary Figure S1g–i). The concentrations of
CXCL1/KC, CXCL2/MIP-2, and CCL2/JE in the serum were
all elevated in the CPT-11-treated mice as compared with
untreatedmice. All these chemokines were further increased by
the additional treatment with IL-33. In contrast, the levels of
these chemokines remained at the control (PBS) level in the
ST2� /� mice. Importantly, IL-33 treatment increased the level
of IL-33 in the SI induced by CPT-11. This increase was not
because of the injected recombinant murine IL-33, as the level
of IL-33 in IL-33-treatedWTmice not given CPT-11 remained
low. Moreover, the SI was perfused before cytokine/chemokine
assays (see Methods). ST2� /� mice treated with CPT-11 had
significantly lower concentration of IL-33 in the SI compared
with CPT-11-treated WT mice (Supplementary Figure 1j).
These data suggest that IL-33-mediated chemokine induction
may be an important, though not the only,mechanism involved
in CPT-11-induced mucositis. In addition, IL-33 released by
damaged epithelial cells (i.e., IL-33þ Annexin Vþ cells) could
increase its own synthesis by activating the ST2 receptor in an
autocrine manner.36 It has been shown that the local allergic
inflammatory response is amplified by dendritic cell–pro-
duced IL-33 through potential autocrine regulation.37 In line
with this observation, the ST2 receptor is known to be widely
expressed in intestinal epithelial cells.25

Neutrophils play a key role in CPT-11/IL-33-induced
intestinal mucositis

The marked increase of CXCL1 and CXCL2 during mucositis
induced by the CPT-11/IL-33/ST2 pathway suggests that
neutrophils might play an important role in the downstream
events leading to mucosal damage. Although neutropenia and
neutropenic fever are frequently reported in patients under-
going chemotherapy, the role of neutrophils in the context of
CPT-11/IL-33-induced inflammatory response is unclear.38

Studies in rodents suggested that neutrophils may accu-
mulate in the intestinal mucosa after chemotherapeutic
treatment.9,10,39,40 We therefore examined the potential
involvement of neutrophils in our system. WT and
ST2� /� mice were treated as above and the presence of
neutrophils in the SI was examined bymyeloperoxidase (MPO)
assay and IHC. CPT-11 treatment induced neutrophil accu-
mulation in the SI from day 2 (data not shown) along the villi
and increased progressively to day 5 in the WTmice but not in
the ST2� /� mice (Figure 3a,b). The MPO activity in the SI of
WT mice was further enhanced by the administration of IL-33

(Figure 3b). ST2� /� mice did not respond to IL-33 treatment
in any of the parameters evaluated (data not shown).

We then characterized the neutrophils activated by CPT-11.
Neutrophils (CD11bþLy6Gþ ) from WT mice were highly
activated in the blood 3 days after CPT-11 treatment, a time
point when IL-33 production in the SI was already increased
(600±13 pgml� 1 compared with 42±7 pgml� 1 in PBS
control) and the concentration of CXCL1/KC in the serum
was elevated (150±9 pgml� 1 compared with 6±1.3 in PBS
control). These cells expressed the CXC chemokine receptor
CXCR2 and CD62L (L-selectin) (Figure 3c–e). This time point
preceded the severe neutropenia observed at later stages of the
disease (data not shown). The neutrophils accumulated in the
SI of the WT mice also showed highly activated phenotype
expressing CXCR2 but shedding of CD62L (Figure 3f–h).
Additional IL-33-treatment led to increased percentage and
activation of neutrophils, with expression of CXCR2 and
CD62L in the blood from CPT-11-treated mice (Figure 3e).
CD62L expression was again reduced in the neutrophils from
the SI of mice treated with CPT-11þ IL-33 compared with that
in mice treated with CPT-11 alone (Figure 3h). In contrast,
little or no neutrophil activation was observed in the blood or SI
of ST2� /� mice treated with CPT-11.

To further investigate the role of neutrophils in chemother-
apy-induced intestinal mucositis, we first asked whether
CPT-11 could induce the production of CXC chemokines
in the SI. We cultured the SI explants from WT and ST2� /�

mice with CPT-11, SN-38, or IL-33 and measured the
production of CXCL1 and CXCL2 by enzyme-linked immu-
nosorbent assay (ELISA). CPT-11 and SN-38 induced a
significant amount of CXCL1 and CXCL2 in the SI explants
from WT mice (Figure 3i,j). The levels of chemokines
produced by the SI of ST2� /� mice were significantly
reduced compared with that of the WT mice. IL-33 alone
induced a robust production of CXCL1 and CXCL2 in the SI of
WTmice but not in the SI of ST2� /� mice (Figure 3i,j). These
data suggest that although IL-33 is a potent inducer of CXCL1
andCXCL2 in the SI explants, CPT-11 can also induce amodest
production of these chemokines independently of IL-33.

To determine the relevance of these findings in neutrophil
migration, we assessed neutrophil recruitment in a transwell
chamber in the presence of supernatants from SI explants
treated with CPT-11 or SN-38 for 24 h. Supernatants fromWT
SI explants treated with CPT-11 or SN-38 significantly induced
the recruitment of neutrophils (Figure 3k). Supernatant from
ST2� /� SI explants presented a 50–60% reduction in the
effectiveness to induce neutrophil recruitment. Supernatant
from WT (but not ST2� /� ) SI explants treated with IL-33
alone also induced the recruitment of neutrophils. To confirm
the active role of IL-33 in the SI supernatants, we added sST2 to
the supernatant in the transwell experiment. The IL-33 decoy
receptor, sST2, significantly reduced neutrophil migration
attracted by the supernatants from CPT-11- or SN-38-treated
WT SI (Figure 3l).

Together, these results demonstrate that neutrophils play a
key role in theCPT-11-inducedmucositis, at least partly, via the
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Figure 3 Neutrophils play a key role in CPT-11/interleukin-33 (IL-33)–induced intestinal mucositis.Wild-type (WT) and ST2� /� mice were treated with
CPT-11 with or without IL-33. (a) Representative immunohistochemical (IHC) staining for myeloperoxidase (MPO) in the small intestine (SI) on day 2.
Arrows indicate positive staining forMPOof the villi. (b)MPOactivity in theSIonday4. (c)Gating and representative percentageof bloodCD11bþLy6Gþ

neutrophils on day 2. (d) Representative mean fluorescence intensity (MFI) of CXCR2 on blood CD11bþLy6Gþ neutrophils on day 2. (e) Percentage of
CD62Lþ CD11bþ Ly6Gþ neutrophils in the blood on day 2. (f) Gating and representative percentage of CD11bþLy6Gþ neutrophils in the SI on day 4.
(g) RepresentativeMFI of CXCR2 on CD11bþLy6Gþ neutrophils in the SI on day 4. (h) Percentage of CD62LþCD11bþLy6Gþ cells in the SI on day 4.
SI explants from WT and ST2� /� mice were cultured for 24 h in the presence of CPT-11 (50 mM), SN-38 (2 mM), or IL-33 (10 ngml�1), and the
concentrations of (i) CXCL1/KC and (j) CXCL2/MIP-2 determined by enzyme-linked immunosorbent assay (ELISA). (k, l) SI explants fromWT or ST2� /�

mice were cultured with CPT-11, SN-38, or IL-33. Supernatants were collected after 24 h and placed in the lower chamber of transwell culture plates.
WT LyG6þ neutrophils were placed on the upper chamber. (k) The number of neutrophils in the lower chamber was determined 3 h later. (l) The number
of transmigrating neutrophils in the presence of soluble ST2 (sST2; 10mgml� 1) in the lower chamber is also shown. Results are representative of three
independent experiments (n¼ 5-6 mice per group). *Po0.05, **Po0.01, and ***Po0.001.

ARTICLES

1084 VOLUME 7 NUMBER 5 | SEPTEMBER 2014 |www.nature.com/mi

http://www.nature.com/mi


IL-33/ST2-mediated elevation of the chemokine production
and chemokine receptor expression.

IL-33 blockade ameliorates CPT-11-induced intestinal
mucositis

We next investigated whether the reduced mucositis in the
ST2� /� mice can be reproduced by blocking endogenous
IL-33 using an anti-IL-33 antibody and sST2. WT mice were
treated with CPT-11 for 4 consecutive days with or without
daily injection of anti-IL-33 or sST2. Both anti-IL-33 and sST2
significantly reduced body weight loss and clinical score
compared with PBS-injected control mice (Figure 4a,b). The
disease amelioration was accompanied by a reduction in tissue

injury and signs of hemorrhage and congestion (Figure 4c), with
reduced villi shortening (Figure 4d). Neutrophil accumulation
and the production of CXC and CC chemokines CXCL1,
CXCL2, andCCL2 in the SIwere also significantly reduced in the
anti-IL33- and sST2-treated mice compared with PBS-treated
controlmice (Figure 4e–h). These data therefore confirmed the
in vivo endogenous role of IL-33 in driving disease and tissue
damage in CPT-11-induced intestinal mucositis.

Neutrophil depletion attenuates CPT-11-induced intestinal
mucositis

Wenext investigated the effect of neutrophil depletion onCPT-
11-induced intestinal mucositis. WT mice were treated with

Figure 4 Interleukin-33 (IL-33) blockade ameliorates CPT-11-induced intestinal mucositis. Wild-type (WT)mice were treated with phosphate-buffered
saline (PBS) or CPT-11 for 4 days and received anti-IL-33 (25 mg daily subcutaneously) or soluble ST2 (sST2; 100 mg daily subcutaneously). Data were
analyzed on day 4. (a) D Body weight loss, (b) clinical score, (c) histopathology score, and (d) representative histology (hematoxylin and eosin (H&E)
staining) of small intestine (SI), (e) Myeloperoxidase (MPO) activity of SI. (f) CXCL1/KC, (g) CXCL2/MIP-2, and (h) CCL2/JE production in the SI
determined by enzyme-linked immunosorbent assay (ELISA). Results are representative of two independent experiments (n¼ 5 mice per group).
*Po0.05, **Po0.01, and ***Po0.001.
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CPT-11 and then injected with anti-Ly6G antibody. The
antibody effectively depleted neutrophils (CD11bþ CXCR2þ )
in the SI as analyzed by fluorescence-activated cell sorting (up
to 80%, Supplementary Figure S2a). An intermediary dose of
anti-Ly6G antibody (100 mg, every 2 days) was used so as to
avoid development of early severe neutropenia in the present
experimental setting.38 Neutrophil depletion significantly

prevented the body weight loss and clinical disease in the
CPT-11-treated and CPT-11- plus IL-33-treated WT mice
compared with IgG-treated control mice (Figure 5a,b). The
disease attenuation achieved by anti-Ly6G antibody was acco-
mpanied by a significant reduction of the SI histopathology
in the antibody-treated mice (Figure 5c,d). Furthermore,
neutrophil accumulation (Supplementary Figure S2b) and the

Figure 5 Neutrophil depletion attenuates CPT-11-induced intestinal mucositis. BALB/c mice were treated with CPT-11 with or without interleukin-33
(IL-33). Somemice were injected subcutaneously (s.c.) with anti-Ly6G (100 mg) or control IgG on days 0 and 2. Data were analyzed on day 4. (a)D Body
weight loss, (b) clinical score, (c) histopathology score, and (d) representative histology of small intestine (SI; hematoxylin and eosin (H&E)). Intravital
microscopywas used to assess the rolling (e) and adhesion (f) of leukocytes on themesentericmicrovasculature on day 2 in wild-type (WT) and ST2� /�

mice. Data are pool of two experiments (n¼ 8–10mice per group). (g) Representative pictures of the mesenteric veins. Red dotted lines, blood vessels;
white arrows, leukocytes attached to the vessels. Results are representative of two independent experiments (n¼ 5 mice per group). *Po0.05,
**Po0.01, and ***Po0.001. Also see Supplementary Videos online.
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production of CXCL1, CXCL2, CCL2, and IL-33 were also sig-
nificantly reduced in the anti-Ly6G-treated mice (Supplemen-
tary Figure S2c–f). It may be that the accumulated activated
neutrophils could cause further epithelial damage and facilitate
the release of these chemokines and IL-33.

To visualize neutrophil migration, we performed intravital
microscopy to assess the rolling and adhesion of leukocytes in
the mesenteric microvasculature in WT and ST2� /� mice
treated with CPT-11. No significant difference in the rolling of
the leukocytes was observed between WT and ST2� /� mice
(Figure 5e). In contrast, significantly more firm adhesion of
leukocytes to the mesenteric endothelial veins was found in the
WT mice treated with CPT-11 compared with untreated mice
(Figure 5f). The increased cellular adhesion was not evident in
the microvasculature of the ST2� /� mice (Figure 5f,g and
Supplementary Video S1–S4). The leukocyte adhesion in the
CPT-11-treated WT mice peaked on day 2 of treatment,
coinciding with the onset of clinical signs and leukopenia.

CXCR2 is known to be an important receptor involved in
neutrophil arrest in vivo.8 To further confirm the role of
neutrophil migration in CPT-11-induced mucositis, we
blocked the chemokine receptor CXCR2 in vivo using a
specific antagonist, DF-2156A, that has been used to inhibit
CXCR2 function on neutrophils and the migration of these
cells.41 WTmice were treated with CPT-11 alone or with IL-33
as above. Themice were administered orally with a daily dose of
DF-2156A. DF-2156A significantly reduced intestinal muco-
sitis induced by CPT-11 and CPT-11þ IL-33 (Supplementary
Figure S3a). DF-2156A also effectively blocked neutro-
phil infiltration in the SI (Supplementary Figure S3b).
Furthermore, DF-2156A markedly reduced the production
of CXCL1, CXCL2, and IL-33 by the SI of CPT-11-treated and
CPT-11þ IL-33-treated mice (Supplementary Figure S3c–e).
Significant reduction of the SI histopathologywas also observed
in DF2156A-treated mice compared with PBS-treated control
mice (Supplementary Figure S3f and g). These results further
indicate the critical role of neutrophil migration in the CPT-11-
induced mucositis.

Collectively, these data demonstrate that neutrophils play an
important role in the onset and outcome of intestinal mucositis
induced by CPT-11. Importantly, IL-33 participates in the
cascade of events leading to neutrophil adhesion and accu-
mulation in the SI during chemotherapy-induced mucositis.

IL-33 targeting attenuates intestinal mucositis and extends
effective tumor chemotherapy

The important role of IL-33 in CPT-11-induced mucositis
prompted us to investigate whether IL-33 blockade would
enable a longer period of treatment with this cytotoxic drug
against tumor, using a murine model of ectopic colon carci-
noma induced by CT26 cells. WT and ST2� /� mice were
injected subcutaneously (s.c.) with CT26 cells and CPT-11
treatment began 48 h later when the transplanted tumor was
visible and/or palpable. The schedule of CPT-11 treatment was
set to the minimum dose (45mg kg� 1 for 5 days) that is able to
reduce CT26 tumor growthwithout being lethal toWTmice for

at last 21 days from the start of treatment. The dosewas reduced
by half (22.5mg kg� 1 for 5 days) when theWTmice presented
signs of mucositis; and the dose was reduced to half again
(11.5mg kg� 1) until days 18–21 after CT26 transplant. There
was no significant difference in the rate of tumor growth and
mortality between WT and ST2� /� mice without CPT-11
treatment (Figure 6a and Supplementary Figure S4a). WT
mice treated with CPT-11 showed significant reduction in
tumor size and survival. However, these mice developed severe
intestinal mucositis and the treatment was withdrawn on day 5.
In contrast, ST2� /� showed no obvious sign of mucositis and
continued to receive tapering doses of CPT-11. This prolonged
continuous CPT-11 treatment resulted in further reduction of
tumor size compared with that of CPT-11-treated WT mice.
The beneficial outcome of CPT-11 treatment in the ST2� /�

mice was reflected in the significantly milder clinical score and
reduced weight loss in these mice compared with the WT mice
(Figure 6a and Supplementary Figure S4a).

We next investigated the effect of IL-33 blockade with anti-
IL-33 antibody. BALB/cmice were transplanted with CT26 and
treated with CPT-11 as above. Some mice also received a daily
i.p. injection of anti-IL-33 or IgG isotype control from days 2 to
12. As expected, mice given CPT-11 alone showed significantly
reduced tumor size but severe mucositis. The treatment was
withdrawn on day 6. In contrast, mice administered with anti-
IL-33 developed mild mucositis and the continuous treatment
with CPT-11 resulted in significantly further reduction in
tumor size compared with mice given IgG control (Figure 6b
and Supplementary Figure S4b). The beneficial outcome of
anti-IL-33 injection was also evident in the reduced clinical
score and body weight loss (Figure 6b).

To confirm the beneficial effect of IL-33 blockade, we also
treated mice with sST2.WTmice were injected with CPT-11 as
above and then received a daily i.p. injection of sST2 from days
2 to 12. Mice given sST2 developed little or no mucositis and
were able to receive continuous CPT-11 treatment. This
treatment resulted in significant further reduction of tumor size
compared with the control mice given PBS (Figure 6c and
Supplementary Figure S4c). The relative absence of mucositis
in the sST2-treated mice was also reflected in the reduced
clinical score (reduced diarrhea) and body weight loss
compared with PBS-treated mice (Figure 6c).

Collectively, these data demonstrate that IL-33 blockade
effectively reduces mucositis and enables prolonged CPT-11
treatment, leading to a significant beneficial outcome of
chemotherapy.

DISCUSSION

We demonstrate here that IL-33 mediates CPT-11-induced
mucositis through the local production of CXCL1 and CXCL2
that recruits neutrophils to the site of inflammation causing
tissue damage in the SI (Figure 7). Furthermore, blockade of the
IL-33/ST2 pathway or neutrophil recruitment confers pro-
tection and tissue preservation. Importantly, IL-33 neutraliza-
tion enables extended and effective chemotherapy in CT26
tumor-bearingmice, suggesting that the IL-33/ST2 pathway is a
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novel therapeutic target to alleviate mucosal damage leading to
a beneficial outcome of cancer chemotherapy.

IL-33 is rapidly produced by SI epithelial cells (epTs) in the
villi and crypts following exposure to CPT-11 in vivo and
in vitro. IL-33 functions as a prototypic ‘‘alarmin,’’ released
upon cellular damage, stress, and necrosis, and may serve as a
danger signal to alert the host of a local imbalance, such as
trauma or infection.21,42 It is likely that both inactivation and
release of IL-33 take place linking between apoptosis and cell
damage in many acute and chronic inflammatory diseases in
which IL-33 has been detected. Gut mucosal expression of IL-
33 is primarily localized to nonhematopoietic cells, particularly
intestinal epTs.25,43 In active UC, IL-33 is localized to, and
potently expressed by, epTs.24,43 Moreover, IL-33 has been
shown to impair intestinal barrier function, where enhanced
IL-33 may favor microbial translocation that perpetuates
colonic inflammation in a model of dextran sodium sulfate–
induced colitis in mice.23 We show here that CPT-11-induced

IL-33 led to markedly increased bacteremia in an ST2-
dependent manner. Together with the impaired intestinal
barrier function, diarrhea in CPT-11-treated mice is thought to
be caused by villous atrophy following crypt damage and
apoptosis of absorptive cells in the SI.33,34 As diarrhea is one of
the main drawbacks for cancer patients undergoing che-
motherapy,32 attenuation of IL-33/ST2-dependant mucositis
might also represent a therapeutic approach to diarrhea
associated with CPT-11 treatment.

We have previously shown that IL-33 contributes to the
increased expression of CXCR2 on neutrophils through the
upregulation of GRK2 (G Protein-Coupled Receptor Kinase 2)
following TLR4 activation in a model of polymicrobial sepsis.44

However, we did not observe any alteration in the expression of
GRK2 on neutrophils harvested from the SI or blood following
CPT-11þ IL-33 treatment (data not shown). This is perhaps
not unexpected as, unlike sepsis, CPT-11-treatment induces
neutrophil migration in the absence of massive infection.

Figure 6 Interleukin-33 (IL-33) targeting attenuates intestinal mucositis and prolongs effective chemotherapy against tumor. Wild-type (WT) and
ST2� /� mice were transplanted subcutaneously (s.c.) with CT26 colon carcinoma cells (1� 106 cells). Some mice were treated with CPT-11
at indicated doses. Some WT mice were also injected daily s.c. (day 2–12) with anti-IL-33 (25 mg) or soluble ST2 (sST2; 100 mg). Tumor growth (mean
diameter in cm), clinical score, and body weight loss were recorded daily. (a) WT and ST2� /� mice, (b) WT and anti-IL-33-treatedmice, and (c) WT and
sST2-treatedmice. Results are representative of two independent experiments (n¼ 6mice per group). wMicewere culled because of severity of disease.
*Po0.05, **Po0.01, and ***Po0.001. See Supplementary Figure S4 online for pictures of tumor-bearing mice.
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Bacteremia is related to epithelial damage late in the
chemotherapy.9 The role of neutrophils in chemotherapy-
induced mucosal damage was hitherto unknown.1,2 We
demonstrate here that neutrophil depletion and CXCR2
blockade represent an efficient strategy to reduce the mucosal
injury following epT release of IL-33 and proinflammatory
cytokines.

Local production of IL-33 may induce a rapid release of
proinflammatorymediators such as IL-1b, IL-6, tumor necrosis
factor-a, and chemokines by a variety of innate immune cells
including neutrophils, macrophages, and mast cells.16,22,45

During active UC and SAMP enteritis (using SAMP1/YitFc
mice that develop spontaneous ileitis similar in many features
to human Crohn’s disease), IL-33 is markedly upregulated in
colonic epTs and similar gut mucosal cells also express the
receptor ST2, suggesting that IL-33 may act in an autocrine/
paracrine manner to amplify the inflammatory response in the
context of SI inflammation.25 ST2 is present on the surface of
neutrophils, although IL-33 is not directly involved in their
recruitment.44 However, the robust production of the chemo-
kines CXCL1 and CXCL2 indicates that IL-33 strongly
contributes to the recruitment of neutrophils to the site of
injury. Thus, strategies targeting the IL-33/CXC/neutrophil
axis may help to limit collateral damage during responses to
sterile injury by allowing neutrophils to remain intravascular as
they navigate through healthy tissue to sites of injury.46 Even if
blood neutropenia might compromise the host immune
response at later time points, the early accumulation of

neutrophils in the SI mucosa is a key event in driving tissue
damage and disease during cancer chemotherapy. It should be
noted that treatment with recombinant murine IL-33 alone
without CPT-11 did not lead to significant pathology. It is likely
that epithelial damage induced by the cytotoxic effect of CPT-
11 is necessary for the infiltration of neutrophil migration from
the circulation to the inflammatory site. Alternatively, IL-33
may have to synergize with other mediators released by CPT-
11-activated epTs to cause the damage in the SI. These potential
accessory mediators remain to be defined.

Althoughmany studies have addressed different strategies to
enhance the effectiveness of CPT-11 and other compounds in
reducing tumor growth, little attempt was made to alleviate
mucosal damage and improve the duration and efficiency of the
chemotherapy.3,6,14,33,34,47 Jovanovic et al.48,49 reported a
modest reduction in tumor growth in a model of 4T1
mammary carcinoma in ST2� /� mice as compared with
WT mice, suggesting that IL-33 may contribute to tumor
growth.48 We did not observe a significant difference in tumor
growth between CT26-bearing WT and ST2� /� mice
(Figure 6). This discrepancy could be because of the
different types of tumors used.

The sST2 treatment appeared to be more effective than anti-
IL-33 in reducing mucositis, even though both treatments
conferred significant protective effects in WT mice. However,
this difference could be because of the suboptimal dose of anti-
IL-33 antibody used (25 mg per mouse). The therapeutic basis
and potential for the IL-33/ST2 blockade reside in the fact that

Figure 7 Schematic representation of the mechanism of interleukin-33 (IL-33)-mediated CPT-11-induced intestinal mucositis and potential
therapeutic targets. CPT-11 damages the intestinal mucosa and releases IL-33 that enhances chemokine production from the epithelial cells and
upregulation of CXCR2 on neutrophils, thereby increasing the recruitment of neutrophils to the inflammatory sites, leading to further tissue damage and
bacterial translocation. Blocking of IL-33 by anti-IL-33 antibody or soluble ST2 (sST2) attenuates CXC chemokine production and neutrophil activation/
accumulation. Depletion of neutrophils or blocking CXCR2 would also attenuate tissue damage and disease outcome.
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IL-33 is released by epithelial cells as an ‘‘alarmin’’ in response
to injury, whereas other cells in the epitheliamay produce IL-33
in chronic IBD patients.22,23,25,50 Recent data of adult and
pediatric UC and Crohn’s disease patients demonstrate that
specific IL-33 and ST2 gene polymorphisms confer an
increased risk of developing IBD (both UC and Crohn’s
disease), reinforcing the involvement of the IL-33/ST2 axis in
the onset of intestinal inflammation.51

In summary, we report here a pivotal role of IL-33 in
mediating mucosal damage during cancer chemotherapy
and that IL-33 blockade leads to a beneficial outcome of
chemotherapy in a murine model of carcinoma. Importantly,
IL-33 is found in considerable levels in the mucosa of IBD
patients.24,52 Our results therefore suggest that inhibition of the
IL-33/ST2 pathway may represent a novel approach to limit
inflammatory mucosal damage and thus improve the effec-
tiveness of chemotherapy.

METHODS

Animals. BALB/c mice were purchased from Harlan-Olac,
Bicester, UK. BALB/c St2� /� mice53 were bred andmaintained at the
University of Glasgow (Glasgow, UK). All experiments were per-
formed in accordance with the UK Home Office guidelines. Mice
under procedure were kept in polyethylene boxes with free access to
soft food and water, and subjected to 12 h light–dark cycles.

Reagents and antibodies. Irinotecan hydrochloride (CPT-11,
Camptosar) and SN-38 (7-Ethyl-10-hydroxycamptothecin) were
purchased from Sigma-Aldrich (Poole, UK). Recombinant murine IL-
33 was obtained from Biolegend (Cambridge, UK). Mouse IL-33
monoclonal antibody (mAb; clone 396118) and isotype control were
purchased from R&D Systems (Abingdon, UK). Purified Rat anti-
mouse Ly6G (clone 1A8) and isotype control were purchased from BD
Biosciences (Oxford, UK). Recombinant murine sST2 was generated
and purified from HEK293T cells at VIB Protein Service Facility, VIB
Inflammation Research Center (Ghent, Belgium). DF-2156A was
obtained from Dompé S.p.A. (L’Aquila, Italy).

Cell line. The human enterocyte-like cell line Caco-2 (ATCCHTB-37)
and theCT26 (colon carcinoma fromBALB/c, CT26.WT,ATCCCRL-
2638) were obtained from ATCC (LGC Standards, Middlesex, UK)
and maintained in high-glucose Dulbecco’s modified Eagle’s medium
(Gibco-BRL, Paisley, UK; Life Technologies, Paisley, UK) supple-
mented with 10% fetal calf serum (FCS) (LONZA, Slough, UK), 1%
(vol/vol) HEPES (Gibco-BRL), 1% (vol/vol) penicillin/streptomycin
(Gibco-BRL), and 2mM L-glutamine (Gibco-BRL). All cell cultures
were carried out in 5% CO2 in a humidified atmosphere at 37 1C. Cells
were seeded at high density in T75 tissue culture flasks (Corning,
Surrey, UK) and grown to 90% confluence. Before each experiment,
culture medium and dead cells were aspirated off, and live cells were
washed 3� with FCS-free culture medium. Cells were detached using
0.5% Trypsin-EDTA (Sigma-Aldrich), counted in Trypan blue dye,
and used as indicated. Caco-2 cell monolayers were cultured for 48 h
(100% confluence) and incubated with CPT-11 (Sigma-Aldrich) or
SN-38 (Sigma-Aldrich) dissolved in dimethyl sulfoxide (DMSO;
Sigma-Aldrich) and then in supplemented medium (final DMSO
concentration r0.2%) using 24-well culture plates (Corning) at
1� 106 cells per ml. CT26 cells were washed twice in Hanks’ balanced
salt solution (HBSS, Sigma-Aldrich) to remove FCS contamination
before s.c. injection in mice. Cell viability was verified by the MTT
assay (Sigma-Aldrich). Briefly, cells were incubated with 300 ml MTT-
containing RPMImedium (0.1mgml� 1MTT in serum-freemedium)
for 4 h. Medium was removed, and the formazan crystal formed in
living cells was dissolved in 100ml DMSO per well. The relative

viability (%) was calculated based on absorbance at 550 nm using a
microplate reader. Viability of nontreated control cells was arbitrarily
defined as 100%.

Induction of experimental intestinal mucositis. Experimental
intestinal mucositis inmice was based on amodel previously described
by Ikuno et al.34 and Melo et al.10 with some modifications. Briefly,
vehicle (45mgml� 1 of sorbitol NF powder, 0.9mg of lactic acid, USP,
and Dulbecco’s phosphate-buffered saline (DPBS), pH 3.5–3.8) or
CPT-11 (60mg kg� 1) was administered i.p. for 2 (mildmucositis) or 4
(severemucositis) consecutive days (from day 0 to day 3).54 Somemice
were also treated i.p. with IL-33 (200 ng, 30min before each CPT-11
injection), anti-IL-33 (25 mg, daily, s.c.), anti-Ly6G (100 mg, every 2
days, s.c.), sST2 (100 mg, daily, s.c.), DF-2156A (10mg kg� 1, orally
daily), PBS, or filtered water. On days 2 or 4, mice were culled in a CO2

inhalation chamber. Blood was taken from the cava vein for leukocyte
counts, DNA purification (sterile tubes), or serum preparation in
heparinized tubes. SI was perfused, dissected, washed, measured, and
stored at � 20 1C for cytokine measurement by ELISA or at � 80 1C
for qPCR analysis. In some experiments, SI was used for histo-
pathological analysis or digested for fluorescence-activated cell sorting
analysis.

CT26tumor induction.Mice were injected s.c. in the shaved right flank
with CT26 cells at 1� 106/50 ml. When the tumor had grown to
0.1–0.2 cm (palpable tumors, routinely on day 2), mice were injected
i.p. with 200 ml of CPT-11 (45mg kg� 1 daily). The dose of CPT-11was
reduced to half of the initial dose for mice that had lostB15% of body
weight. The size of tumor was monitored daily with a caliper.
The tumor size was calculated and expressed as the average tumor
diameters in cm±s.e.m.Micewere culledwhen appearedmoribund or
the tumor size reached 1.2 cm diameter.

Clinical score. The severity of diarrhea and body weight loss was
monitored throughout the experimental periods. The severity of the
diarrhea was scored as described byKurita et al.47 as follows: 0, normal,
normal stool or absent; 1, slight, slightly wet and soft stool; 2,moderate,
wet, and unformed stool with perianal staining of the coat; and 3,
severe, watery stool with perianal staining of the coat.

Histopathologicalanalysis. The SI was perfused, dissected, washed in
HBSS, fixed in 4% (v/v) neutral-buffered formalin (Merck, Merck
Biosciences, Nottingham,UK), dehydrated, and embedded in paraffin.
The tissues were cut into 5 mm sections, stained with hematoxylin–
eosin or periodic acid–Schiff, and examined with a Nikon Eclipse
E400 microscope at � 200 or � 400 magnification (Louisville, KY).
The severity of SI inflammation (leukocyte infiltration and tissue
damage in the intestinal parenchyma) was assessed by a semi-
quantitative score (0–4) in a blindedmanner. The severity ofmucositis
was graded using the following criteria as previously descri-
bed:55 grade 0, no lesion; grade 1, o10% crypts contain individual
necrotic cells; grade 2,410% crypts contain necrotic cells but the crypt
architecture is intact; grade 3, 410% crypts contain necrotic cells
showing focal loss of crypt architecture (o20%), villi are shortened,
and variable hypertrophy/hyperbasophilia apparent in the remaining
crypt cells; grade 4, same as grade 3 except that the loss of crypt
architecture and villous shortening aremore extensive. Intestinal villus
and crypt lengths were measured by an optical scale under � 200
magnification, and villus-to-crypt length ratios calculated. Goblet cells
were counted per hemi crypt/villus axis. A total of 25 crypts or hemi
crypt/villus axis was counted in at least five different SI slides per
experimental group.

Immunohistochemistry. The IHC demonstration of IL-33 or MPO
protein in the SI was performed on paraffin sections of formalin-fixed
samples using a mouse anti-IL-33 mAb (clone 396118), rat IgG2A,
anti-Annexin V polyclonal antibody (Abcam, Cambridge, UK,
ab14196), rabbit IgG, and human/mouse MPO Affinity Purified
polyclonal Ab, and goat IgG (all from R&D Systems (Abingdon, UK)
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unless otherwise specified). Deparaffinized sections were incubated
with anti-IL-33, anti-Annexin V, or anti-MPO antibody (diluted
1:600–1:1,000 in 0.2% bovine serum albumin and 1:25 dilution of
mouse serum) for 90min at room temperature. The bound antibody
was visualized by an avidin–biotin–peroxidase method (Vectastain
Elite kit, Vector Laboratories, Burlingame, CA) and developed
with 3,3’-diaminobenzidine (Sigma-Aldrich) in the presence of
H2O2 as the chromogen. SI samples served as negative controls by
omission of the primary antibody during otherwise identical incu-
bations. SI samples from different control groups served as a further
internal control. Staining was assessed by light microscopy (� 200
and � 400).

Vascular permeability and neutrophil accumulation. The SI was
perfused, washed, and removed at the indicated time points. The
extravasation of Evans Blue dye into the SI was used as an index of
increased vascular permeability, as previously described.56 Results are
presented as the amount of Evans Blue in mg per 100mg of tissue in
1ml. The extent of neutrophil accumulation in the SI wasmeasured by
MPO activity as previously described.56 Results are expressed as
relative units (optical density 492 nm) and corrected for the activity of
other peroxidases not inhibited by 3-amino-1,2,4-triazole.

Western blotting analysis. SI samples were homogenized in RIPA
buffer (Thermo Scientific, Cramlington, UK) containing protease
inhibitors (Roche, West Sussex, UK). Supernatants were used as total
lysates. Protein concentrations were estimated by the BCA protein
assay (Thermo Scientific Pierce, Cramlington, UK). Supernatants
were then boiled in reducing sodium dodecyl sulfate sample buffer
and 30 mg of protein lysate per lanewere run throughNuPAGENovex
4–12% Bis-Tris Protein Gels (Life Technologies) and transferred to
Hybond ECL membranes (GE Healthcare, Buckinghamshire, UK).
Membranes were blocked for 1 h in 5% non-fat dried milk in DPBS
and incubated overnight with the appropriate primary antibody at
4 1C. Membranes were then washed in DPBS/Tween-20 and
incubated with the appropriate secondary antibody. Both primary
and secondary antibodies were diluted in 5% non-fat dried milk in
DPBS. Detection was performed by ECLWestern Blotting Detection
Reagents (GE Healthcare). Antibodies against cleaved poly (ADP-
ribose) polymerase (Asp214, mAb), Caspase 9 (mAb), and all
secondary antibodies were obtained from Cell Signaling Technol-
ogies, Hitchin, UK. Caspase-3 (rabbit polyclonal) and Bax (mAb)
antibodies were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA).

ELISA. The concentrations of IL-33, sST2, IL-8, CXCL1, CXCL2, and
CCL2 were analyzed by ELISA (all reagents were from R&D Systems)
on sera, tissue, or cell culture supernatants according to the man-
ufacturer’s instructions. The sensitivity of the assay waso20 pgml� 1.

Intravital microscopy. An intra-vital microscope (ECLIPSE 50i,
Nikon, Louisville, KY) with a � 20 objective lens was used to examine
the mesenteric microcirculation on day 2 after CPT-11 injections
(60mg kg� 1) in selected postcapillary venules within 40–60 mm. A
digital camera (DS-Qi1MC, Nikon) was used to project the images
onto a computer monitor, and the images were recorded for playback
analysis with an Imaging Software (Nikon, Kawasaki). To measure the
leukocyte–endothelial cell interactions, the fluorescent marker
Rhodamine 6G (Sigma-Aldrich) was injected in the caudal vein (in a
single bolus of 0.15mg kg� 1) immediately before measurements. The
flux of rolling cells wasmeasured as the number of cells that passed by a
given point per min. A leukocyte was considered to be adherent if it
remained stationary for at least 30 s. Total leukocyte adhesion was
quantified as the number of adherent cells in the intravascular space
within an area of 100 mm.

Isolation of epTs from the SI. SI from naive BALB/c mice was
harvested, cut in 5 cm-long pieces, and the luminal surface exposed.
Samples were incubated in PBS-EDTA (30mM) for 15min at 37 1C

under mild agitation to remove the epithelial layer. Epithelial cell
preparation was filtered through 70 mM mesh, washed in RPMI-10%
FCS, and filtered again. Epithelial cells were counted and 2� 106 cells
were cultured in RPMI-10% FCS for 6 h with CPT-11 or RPMI with
0.1% DMSO as vehicle control.

Preparation and culture of SI explants. SI was opened longitudinally
and washed thoroughly in sterile DPBS supplemented with 2% FCS
and 1% penicillin/streptomycin. Fat tissue was removed and segments
with peyer patches were excluded. Three to five segments from
terminal duodenum of 1 cm in length per mice were placed in 24-well
culture plates (Corning) containing fresh RPMI 1640 (Life Tech-
nologies) supplemented with 10% FCS and 1% penicillin/strepto-
mycin, and incubated at 37 1C for 24 h. Segments were kept with the
luminal surface exposed to the medium. Reagents of interest were
added to the culture for 24 h.DMSOconcentrationwas used atr0.2%.
Supernatants were then harvested, centrifuged at 13,000� g, and
stored at � 20 1C until used. Some explants were preincubated with
10 mgml� 1 sST2 for 40min at 37 1C.

Neutrophil isolation and chemotaxis assay. Neutrophils were
purified from BALB/c bonemarrow by positive selection using a Ly6G
isolation kit (Miltenyi Biotechnology, Bisley, UK). Ly6Gþ cells were
resuspended in chemotaxis buffer (0.5% bovine serum albumin in
RPMI-1640) and neutrophil migration was assayed in 24-well sterile
polystyrene plates with transwell permeable supports containing 5 mm
pore size polycarbonate membranes (Corning). The mCXCL2
(10 ngml� 1, Peprotech) that was able to induce the recruitment of
1� 105 purified Ly6Gþ neutrophils per ml to the lower chamber after
3 h was used as positive control (data not shown). Freshly collected
supernatants fromSI explantswere added in the lower chamber (600 ml
per well). As negative control, chemotaxis buffer (bovine serum
albuminþRPMI) only was added. Neutrophils (1� 106/100 ml) were
added in the top chamber. The plate was then incubated for 3 h at 37 1C
in 5% CO2. Migrated neutrophils were recovered from the lower
chamber, centrifuged, resuspended, and counted under light
microscopy (� 400) using a Neubauer hemocytometer.

Isolation of SI leukocytes. The SI of mice were perfused, removed,
andwashed inHBSS. Fat tissue and peyer patches were removed; the SI
was opened longitudinally, washed in 2% FCS in HBSS, and cut into
0.5 cm sections. Tissue was then placed in 10ml HBSS/2% FCS and
shaken for 15min at 37 1C, and the supernatant discarded. Freshly
prepared calcium/magnesium-free HBSS (10ml, Life Technologies)
containing 2mMEDTA (Sigma-Aldrich)was then added. The tubewas
placed in a shaking incubator for 15min at 37 1C, and the supernatant
discarded. Calcium/magnesium-free HBSS (10ml) was then added,
the tube was shaken, and the supernatant discarded. This step was
repeated, and the remaining tissue was digested with 1.25mgml� 1

collagenase D (Roche Diagnostic Systems, Mannheim, Germany),
1mgml� 1 Dispase (Life Technologies), and 0.5mgml� 1 DNase
(Sigma-Aldrich) in complete RPMI-1640 for 30–40min in a shaker at
37 1C until complete digestion of the tissue. The final supernatant was
passed twice through 100 mmcell strainers (Falcon, Oxford, UK). Cells
were centrifuged, washed, and counted in Trypan blue.

Flow cytometry. Leukocytes (B1� 106 cells/tube) were stained with
4’,6-diamidino-2-phenylindole (cell viability), anti-CD45-Pacific
Blue, anti-F4/80-FITC, anti-CD11b-PercP Cy5.5, anti-Ly6G-APC,
anti-CXCR2-PE (all from R&D Systems), anti-CD62L-FITC, anti-
GRK2-FITC, anti-Cytokeratin (C-11)-FITC (Abcam), anti-IL-33-PE
(R&D Systems), and isotype controls (BD Biosciences), following the
manufacturer’s protocols. IL-33 production by CD45� Cytokeratinþ

epT cells was determined after stimulation with phorbol 12-myristate
13-acetate (50 ngml� 1) and ionomycin (1 mgml� 1) in the presence of
GolgiStop and permeabilization of the cells (Cytofix/Cytoperm, BD
Biosciences). Cells were acquired using a Beckman Coulter CyAn
ADP (Beckman Coulter, High Wycombe, UK). Gating strategy
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(Supplementary Figure S5) and analysis were performed using the
FlowJo software (TreeStar Software, Ashland, OR).

Real-time PCR. For RNA extraction, SI was isolated and preserved in
RNAlater (Qiagen, Crawley, UK). The tissue was homogenized in
TRIzol reagent (Sigma-Aldrich) and RNA was extracted according to
standard protocol (RNeasy kit, Qiagen). For quantitative real-time
PCR analysis, complementary DNA was amplified using M-MLV
Reverse Transcriptase (Promega, Southampton, UK). Relative
quantities of mRNA was determined using SYBR Green PCR Master
Mix (Applied Biosystems) and by the comparative threshold cycle
method provided by the manufacturer for the ABI Prism 7700/
7900HT Sequence Detection System. Primers were as follows: mouse
bax, Forward 50-TTGCTGATGGCAACTTCAACTGGG-30 and
Reverse 50-TGTCCAGCCCATGATGGTTCTGAT-30. Mouse casp3,
Forward 50-TGGCAACGGAATTCGAGTCCTTCT-30 and Reverse
50-TGAGCATGGACACAATACACGGGA-30. Relative expression
levels were calculated as DCt values by normalizing Ct values of target
genes to Ct values of hypoxanthine phosphoribosyl transferase-1
(hprt1). Data are presented as relative % of expression. For the
detection of Eubacteria, blood samples were collected from mice on
day 4 using sterile material (endotoxin free/pyrogen free, Costar, High
Wycombe, UK) and total DNA extracted using the DNeasy Blood and
Tissue Kit (Qiagen). A standard curve was prepared using purified
DNA from Escherichia coli (concentration range of 1 pg to 1 mgml� 1).
The amount of Eubacteria DNA was determined using SYBR
Green PCRMaster Mix (Applied Biosystems) with the standard curve
as a reference for the quantification of DNA per sample. Primers
were as follows: UniF340, 50-ACTCCTACGGGAGGCAGCAGT-30;
UniR514, 50-ATTACCGCGGCTGCTGGC-30.

Statistical analysis. Results are shown as means±s.e.m. Differences
were compared by using one-way analysis of variance followed by
Student–Newman–Keuls or Bonferroni post hoc analysis using the
Graph Prism Software 4.0 (La Jolla, CA). Tumor size and body weight
were analyzed using two-way analysis of variance. All data are
representative of at least two experiments. Results with a Po0.05 were
considered significant.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper
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