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Intestinal mucositis is a common side-effect of irinotecan-based cancer chemotherapy regimens. This mucositis is associated
with cytokine activation and NO synthesis. Production of IL-18 is up-regulated in patients suffering from inflammatory bowel
disease. Therefore, we have investigated the role of IL-18 in the pathogenesis of irinotecan-induced intestinal mucositis.

EXPERIMENTAL APPROACH

Wild type (WT), IL-18 or caspase-1 knockout mice were treated with either saline or irinotecan (60 mg-kg™' per 4 days, i.p.) or
the IL-18 binding protein (IL-18bp, 10 mg-kg™") before irinotecan. On day 5, diarrhoea was monitored and proximal intestinal
strips were obtained for histopathology, in vitro gut contractility, myeloperoxidase (MPO) and inducible NOS (iNOS) activity,

and detection of IL-18 expression.

KEY RESULTS

Irinotecan induced severe diarrhoea accompanied by intestinal injury (villi shortening and increased crypt depth). Additionally,
irinotecan treatment increased MPO and iNOS activity, INOS immunostaining and IL-18 expression in WT mice compared
with saline treatment. The IL-18 production was associated with macrophages. In vitro, intestinal smooth muscle strips were
hyperresponsive to ACh after irinotecan treatment. Increases in MPO and iNOS activity, intestinal contractility and diarrhoea
were prevented in caspase-1 knockout and IL-18 knockout mice, and in IL-18bp-treated WT mice. Furthermore, the Survival
of irinotecan-treated mice was increased and iINOS immunoexpression and IL-18 production prevented in IL-18 knockout

mice.

CONCLUSIONS AND IMPLICATIONS

Targeting IL-18 function may be a promising therapeutic approach to decreasing the severity of intestinal mucositis during

irinotecan treatment regimens.

Abbreviations

ACh, acetyl-choline; I[FN-y, interferon-gamma; IL-1, interleukin-1; IL-12, interleukin-12; IL-15, interleukin-15; IL-18,
interleukin 18; IL-18bp, interleukin-18 binding protein; iNOS, inducible form of nitric oxide synthase; KC, keratinocyte-
derived chemokine; MPO, myeloperoxidase; NO, nitric oxide; TNF-o, tumour necrosis factor-alpha; WT, wild type
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Introduction

Both oral and intestinal mucositis are major dose-limiting
side effects of cancer chemotherapy and radiotherapy.
Mucositis occurs in approximately 40% of patients on stand-
ard dose chemotherapy, and in almost all patients given
high-dose chemotherapy and stem cell or bone marrow trans-
plantation, thus affecting over two million people worldwide
each year (see Krishna et al., 2011; Gibson et al., 2013). This
toxicity significantly affects the quality of life of cancer
patients, leading to pain, morbidity, increased supportive care
and hospitalization costs, increased frequency of infection,
and delays and reductions in chemotherapy (Rubenstein
et al., 2004).

Irinotecan, a topoisomerase I inhibitor, is mostly used in
the treatment of patients with advanced colorectal cancer,
either in combination with one or more agents, such as
fluorouracil, oxaliplatin, bevacizumab and cetuximab, or as
monotherapy. Irinotecan is usually associated with a high
prevalence of grades 3—4 gastrointestinal toxicities, such as
mucositis and diarrhoea (Keefe et al., 2007; Hind et al., 2008;
Peterson etal., 2011). A number of strategies have been
assessed in the management of chemotherapy-related intesti-
nal mucositis, including treatment with sulfasalazine, amifos-
tine, sucralfate, octreotide, hyperbaric oxygen, misoprostol
and probiotics (Peterson et al., 2011; Gibson etal., 2013).
However, loperamide, an opioid receptor agonist that inhibits
peristalsis, remains the main agent used in clinical practice.
An understanding of the pathophysiology underlying intes-
tinal mucositis may potentially guide the development of
new effective treatment strategies for this inconvenient and
prevalent adverse effect of cancer chemotherapy.

We found that irinotecan-induced intestinal damage may
be negatively modulated by pentoxifylline and thalidomide
administration by inhibiting production of TNF-q, IL-1 and
KC (keratinocyte-derived chemokine, the murine IL-8 homo-
logue) (Melo et al., 2008). More recently, we demonstrated
that irinotecan-mediated intestinal mucositis was decreased
by inhibiting the inducible NOS (iNOS) and could be pre-
vented by the targeted inhibition of cytokines, thus blocking
iNOS activation (Lima-Janior et al., 2012).

IL-18, a member of the IL-1 superfamily, is activated by
the intracellular protease caspase-1, generating a biologically
active protein with diverse functions, including monocyte
and neutrophil chemotaxis, the promotion of T-helper cell
differentiation into either T-helper 1 (Th1) or Th2 cells (see
Volin and Koch, 2011), and TNF-o and IL-1 activation, which
are involved in the pathogenesis of mucositis (Melo et al.,
2008). IL-18 function is regulated by the constitutively
secreted IL-18 binding protein (IL-18bp), which functions as
a natural inhibitor of IL-18 activity and binds to IL-18 with
high affinity (Dinarello, 2001).

Chikano et al. (2000) suggested that systemic injection of
IL-18 in combination with IL-12 induced intestinal mucosal
inflammation. In addition, Leach etal. (2008) found
increased local and systemic IL-18 and IL-18bp production in
patients with inflammatory bowel disease, suggesting that
this cytokine may contribute to local inflammatory changes.
IL-18 production was increased in peripheral blood mononu-
clear cells obtained from colorectal cancer patients who were
treated with irinotecan-based regimens (Xynos et al. 2013).
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However, none of the studies outlined here assessed the con-

tributions of IL-18 to the pathogenesis of intestinal disease.
Here, we have investigated the role of IL-18 in the patho-

genesis of irinotecan-induced intestinal mucositis in mice.

Methods

Animals
All animal care and experimental procedures complied with
the laboratory animal care and use principles outlined by the
National Institutes of Health (NIH publication no. 85-23,
revised 1985) and were approved by the local Ethics Commit-
tee for Animal Experiments (protocol number 02/04). All
studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total of
84 animals were used in the experiments described here.
Caspase-1 knockout mice were generated on a C57BL/6
background from breeding pairs of mice with the targeted
disruption of the caspase-1 gene (Jackson Laboratories; Bar
Harbor, ME, USA) and back-crossed with C57BL/6 for eight
generations. IL-18 knockout mice were similarly generated on
BALB/c background from breeding pairs of mice with the
targeted disruption of the IL-18 gene (Jackson Laboratories).
The genotypes of these mice were confirmed by PCR. The
mice were housed in the animal care facility of the School of
Medicine of Ribeirdo Preto and food and water were available
ad libitum. Mice were taken to the testing room at least 1 h
prior to the experiments. The experiments were performed
using male mice (20-25 g). The caspase WT were C57BL/6
and (BALB)/c mice were used as the IL-18 WT when experi-
ments were conducted in IL-18 knockout mice or during the
pharmacological modulation of IL-18 function using the
IL-18bp.

Induction of experimental intestinal mucositis
Intestinal mucositis in mice was experimentally induced, as
described by Ikuno et al. (1995), modified for our experimen-
tal conditions. Briefly, caspase or IL-18 WT mice were given
either saline (3 mL kg™, i.p.) or irinotecan (60 mg-kg™’, i.p.,
once daily for 4 days). Caspasel knockout and IL-18 knock-
out mice were also injected with saline or irinotecan (accord-
ing to the same protocol). In the additional groups, IL-18 WT
animals were treated daily for 4 days with saline (3.5 mL kg™,
i.p.) or IL-18bp (10 mgkg’, i.p.) 1h before irinotecan
(60 mg-kg', i.p.) treatment. Diarrhoea was assessed during
the treatment period. The animals were killed humanely on
the fifth day after the first dose of irinotecan and samples of
proximal intestine taken for the measurement of myeloper-
oxidase (MPO) or iNOS activity, morphometric analyses and
evaluation of their contractile properties. A separate set of
animals, given the same treatments, were used to follow the
survival of the animals, monitored every 24 h for up to 9 days
after the administration of the first dose of irinotecan.

Diarrhoea assessment

Diarrhoea was measured using the mean scores, and its sever-
ity was quantified according to the procedure described by
Kurita et al. (2000) as follows: O — normal (normal stool or the



absence of stool); 1 - slight (slightly wet and soft stool); 2 —
moderate (wet and unformed stool with moderate perianal
staining of the coat); and 3 - severe (watery stool with severe
perianal staining of the coat).

In vitro contractility of duodenal strips

Immediately after killing the animals, strips of duodenal seg-
ments (0.5cm long) were prepared, as described by
Lima-Junior ef al. (2012). Briefly, the segments were placed in
Petri dishes containing modified Tyrode’s solution (composi-
tion in mM: NaCl = 136.0, KCl1 = 5.0, MgCl,=0.98, CaCl, = 2.0,
NaH,PO, = 0.36, NaHCO; = 11.9 and glucose = 5.5). After
dissection, the luminal content was washed away using a
physiological solution. Each segment was then placed in a
glass organ bath, filled with 5 mL of Tyrode’s solution at 37°C,
pH = 7.4 and continuously bubbled with a carbogen (95%
0,/5% CO,) mixture, and connected to a force transducer
(model MLT0201, AD Instruments, Bella Vista, NSW, Australia)
under a 1 g resting tension. Longitudinal muscle tension was
recorded on a computer-coupled data acquisition system
(Chart Pro, Bella Vista, NSW, Australia). After equilibration for
30 min, spontaneous contractions were observed in all of the
strips, and two standard contractions of similar magnitude,
elicited by 60 mM KCI, were initially recorded as reference
contractions for later data normalization. Afterwards, a
concentration-response curve for ACh (1x 107 to 1 x 10™* M)
was constructed. The data obtained from this curve were
expressed as percentages of the means of the two standard
contractions observed with KCI (60 mM). E.x was considered
to be achieved when an increase in the agonist concentration
did not induce a further increase in the contractile response.

Total leukocyte counts

The animals were lightly anaesthetized on the fifth day with
2.5% tribromoethanol (10 mL kg™, i.p). A blood sample
(20 uL) was collected from the retro-orbital plexus of each
animal and diluted (1:20) in Turk’s solution (380 uL). The
leukocyte count per mm? of blood was then determined using
a Neubauer chamber, as described by Ribeiro et al. (1991).

Morphometric analyses

The duodenal samples were fixed in 10% neutral buffered
formalin, dehydrated and embedded in paraffin. Sections
(5 um thick) were obtained for haematoxylin-eosin staining
(H&E) and for subsequent examinations using light micros-
copy (100x). For the morphometric analyses, the lengths of
the intestinal villi, depths of the Lieberkiihn crypts (Software
ImageJ 1.4, NIH, Bethesda, MD, USA) and villus/crypt ratios
were determined, as previously described by Lima-Janior
et al. (2012). Between 5 and 10 villi and crypts were measured
per slice.

MPO assay

MPO is an enzyme that is found most abundantly in azuro-
phil neutrophil granules. It was measured in the present
study as a neutrophil marker in inflamed tissue by following
a previously described colorimetric method (Bradley et al.,
1982). Briefly, duodenal samples were homogenized in
hexadecyltrimethyl-ammonium bromide buffer (50 mg of
tissue per mL). The homogenates were then centrifuged at
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2000 x g for 15 min at 4°C. MPO activity in the resuspended
pellets was assayed by measuring the change in absorbance at
450 nm using a reading solution (5 mg of o-dianisidine, 15 uL
of 1% H,0,, 3 mL of phosphate buffer and 27 mL of H,0).
The change in absorbance was recorded and plotted on a
standard curve of neutrophil density. The obtained data were
expressed as MPO activity (neutrophils per mg of tissue).

Determination of NOS activity

This method is based on the equimolar production of citrul-
line and NO from arginine, which is mediated by NOS activ-
ity. Intestinal samples were homogenized with 0.2 mL of
20 mM HEPES (pH = 7.4) containing 1.25 mM CaCl,, 1 mM
DTT and 100 mM tetrahydrobiopterin. Then, 1 mM NADPH
and 200 000 cpm of ["“C]-arginine (270 pCi mmol') were
added, and the mixture incubated for 15 min at 37°C and
centrifuged at 10 000x ¢ for 10 min at 4°C. The resulting
supernatants were loaded into 2 mL columns of Dowex AG
WX-8 (Na+ form 200-400 Mesh, Bio-Rad, Richmond, CA,
USA), and were eluted using 3 mL of double-distilled water.
["C]-citrulline levels were then determined using a beta
counter. The results were expressed as citrulline production
per mg of tissue (Bredt and Snyder, 1989).

Immunohistochemical detection of inducible
NOS (iNOS) and nitrotyrosine
Immunohistochemistry for iNOS and nitrotyrosine were
performed using the streptavidin-biotin-peroxidase method
(Hsu and Raine, 1981) in formalin-fixed, paraffin-embedded
tissue sections (5 um thick) mounted on poly-L-lysine-coated
microscope slides. Intestinal cross sections were deparaffi-
nized and rehydrated through xylene and graded alcohols.
After antigen retrieval, endogenous peroxidase was blocked
(15 min) with 3% (v/v) hydrogen peroxide and washed in
PBS. Sections were incubated overnight (4°C) with primary
rabbit anti-iNOS or anti-nitrotyrosine antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) diluted 1:400 in PBS
plus PBS/BSA. The slides were then incubated with bioti-
nylated goat anti-rabbit antibody (sc-2018 kit, Santa Cruz
Biotechnology) diluted 1:400 in PBS/BSA. After washing, the
slides were incubated with avidin-biotin-HRP conjugate (sc-
2017, ABC Staining System Santa Cruz Biotechnology, Santa
Cruz) for 30 min, according to the manufacturer’s protocol.
iNOS or nitrotyrosine were visualized with the chromogen
3,3’-diaminobenzidine (reference K3468, DAKO liquid diami-
nobenzidine + substrate, Chromogen System; DAKO North
America Inc., Carpinteria, CA, USA). Slides were counter-
stained with Harry’s haematoxylin, dehydrated in a graded
alcohol series, cleared in xylene and coverslipped.

Assay of cytokines (IL-18 and IFN-v) by ELIsA

Intestinal samples removed on day 5 from IL-18 knockout and
WT mice were used for analysis of cytokines. The intestines
were stored at —70°C until required for assay. The collected
tissues were homogenized and processed in order to determine
their IL-18 and IFN-y content, by ELisA, as described previously
(Melo et al., 2008). Briefly, microtiter plates were coated over-
night at 4°C with antibody against mouse IL-18 and IFN-y
(2 ug-mL™). After blocking the plates, the samples and stand-
ard at various dilutions were added in duplicate and incubated
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at4°C for 24 h. The plates were washed three times with buffer.
After washing the plates, biotinylated sheep polyclonal anti-
IL-18 or anti-IFN-y (diluted 1:1000 with assay buffer 1% BSA),
was added to the wells. After further incubation at room
temperature for 1h, the plates were washed and 50 uL of
avidin-HRP, diluted 1:5000, were added. The colour reagent
o-phenylenediamine (50 pL) was added 15 min later and the
plates were incubated in the dark at 37°C for 15-20 min. The
enzyme reaction was stopped with H,SO4 and absorbance was
measured at 490 nm. The results are expressed as pg cytokine
per mg protein and reported as mean + SEM.

RNA Isolation and reverse

transcriptase reaction

Intestinal samples removed on day S from IL-18 knockout
and WT mice were used to determine the expression of IL-18
or IFN-y. A vigorous homogenization of the samples
100 mg-mL™" with 300 mg of 0.1 mm glass beads (BioSpec,
Bartlesville, OK, USA) was performed using a MiniBeadBeater
(BioSpec). Total RNA isolation was performed using the
Aurum™ Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad,
Hercules, CA, USA). The yield and quality of total RNA were
determined spectrophotometrically using 260 nm and a 260/
280 nm ratio, respectively. Total RNA (1ng) from the intesti-
nal samples in a final volume of 20 uL were reverse-
transcribed into cDNA in the C1000 Touch™ Termal Cycler
system with the iScript™ cDNA synthesis kit from Bio-Rad.

Real-time PCR

All PCRs were analysed by the CFX96 TouchTM real-time PCR
detection system instrument from Bio-Rad. Bio-Rad iQTM
SYBR® Green Supermix was used in the PCRs for IL-18, IFN-y
and B-actin. Thermal cycling conditions comprised an initial
denaturation step at 95°C for 7 min followed by 45 cycles
[every cycle begins with a denaturing step (20 s at 95°C), an
annealing temperature at 60°C for 20 s and finishes with an
extension of 45 s at 72°C]. To ensure the specificity of the PCR
product, we conducted a melting curve analysis, in which the
reaction temperature was subsequently increased by 0.5°C
every 15s, beginning at 60°C and ending at 95°C and a
cooling step at 4°C. All samples were run in duplicate, and
each well of PCR contained 20 uL as a final volume, including
1 uL of cDNA, 200 nM gene-specific primers and 10 uL iQTM
SYBR Green Supermix. Negative samples were run consisting
of no RNA in the reverse transcriptase reaction and no cDNA
in the PCR. The threshold cycle (Ct) was compared for the
expression of IL-18 and IFN-y in all tested samples. The rela-
tive gene expression was determined using the 2*4“* (Livak
and Schmittgen, 2001) method using B-actin as the house-
keeping gene. Primer pairs for mouse IL-18, [FN-yand B-actin,
were as follows:

Forward ~ 5-CAGGCCTGACATCTTCTGCAA-3’
IL-18 Reverse 5'-TCTGACATGGCAGCCATTGT-3"
Forward  5-TCAAGTGGCATAGATGTGGAAGAA-3’

5-TGGCTCTGCAGGATTTTCATG-3’
5’-AGAGGGAAATCGTGCGTGAC-3’
5’-CAATAGTGATGACCTGGCCGT-3’

IFN-y Reverse
Forward

B-actin  Reverse
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Confocal microscopy

Intestinal samples were obtained and frozen at -70°C in
Tissue-Tek® OCT™ compound (Sakura, Torrance, CA, USA);
5 um sections were cut and blocked with 1% BSA. For three-
colour immunostaining, sections were incubated overnight
at 4°C with monoclonal rat anti-mouse F4/80 (Caltag Lab,
Buckingham, UK) and goat anti-IL18 (Santa Cruz Biotechnol-
ogy) antibodies, followed by two washes with PBS and incu-
bation with donkey anti-rat Alexa Fluor 488 and donkey
anti-goat Texas Red antibodies (Invitrogen, Life Technologies,
Grand Island, NY, USA) for 1 h. Sections were then washed
twice with PBS, incubated for 5 min with Hoechst 33342
trihydrochloride, trihydrate (Invitrogen, Life Technologies),
washed twice with PBS and mounted with antifade mounting
medium (Fluoromount-G, SouthernBiotech, Birmingham,
AL, USA). Images were acquired using UV laser scanning
microscopy confocal microscopy (FLUOVIEW® FV1200,
Olympus, Center Valley, PA, USA).

Data analyses

Data are expressed as means + SEM, with the exception of the
diarrhoea assessments, which were reported as the median
values (non-parametric data). The data were analysed using
either one- or two-way ANovA followed by Bonferroni’s test
(parametric data) or the Kruskal-Wallis test followed by
Dunn’s test (non-parametric data), as appropriate. pD, repre-
sents the negative logarithm to base 10 of the molar concen-
tration of ACh that produces 50% (ECsy) of its maximal
possible effect (En..). Such parameters were reported as the
means + SEM. The individual concentration-response curves
were analysed using a four-parameter logistic equation
{y = min + max — min/[1+ (x/ECso) ™" ¥} for pD,. Statisti-
cal significance was accepted when P < 0.05. All data were
analysed using GraphPad Prism software version 5.0 (Graph-
Pad Software, Inc., La Jolla, CA, USA).

Materials

Irinotecan hydrochloride (irinotecan, Camptosar®, Pharma-
cia and Upjohn, Co., Kalamazoo, MI, USA; 100 mg ampoules)
and the recombinant IL-18bp (Merck-Serono International,
Geneva, Switzerland) were diluted in 0.9% saline.

Results

As shown in Table 1, diarrhoea was significantly higher in the
irinotecan-treated caspase-1 and IL-18 WT animals than in
the saline-treated WT mice (P < 0.05). The IL-18 knockout
mice or IL-18bp-treated WT mice treated with irinotecan
displayed significant reductions in diarrhoea compared with
the irinotecan- treated IL-18 WT group. Despite the mild
diarrhoea observed in irinotecan-injected caspase-1 knockout
mice (a score of 1.5 on a scale ranging from 1 to 3; Table 1),
no significant differences were observed between this
group and the irinotecan- treated caspase-1 WT mice. Table 1
also shows that there was significant leukopaenia in the
irinotecan-treated mice (which includes caspase-1 WT and
knockout mice, IL-18 WT and knockout animals), compared
with their respective control groups that received saline.
Representative photomicrographs of duodenal tissue har-
vested from WT mice and from caspase-1 or IL-18 knockout
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Table 1

Diarrhoea assessments and blood leukocyte counts in irinotecan-treated mice

Diarrhoea assessment Blood leukocyte count

Group Scores Cells per mm?
Caspase-1 WT + saline 0 (0-0) 10 444 + 883
Caspase-1 WT + irinotecan 3 (1-3)* 2900 + 646*
Caspase-1 knockout + saline 0 (0-0) 10 788 + 807
Caspase-1 knockout + irinotecan 1.5 (1-3) 1175+ 408"
IL-18 WT + saline 0 (0-0) 7 125 + 883
IL-18 WT + irinotecan 3 (1-3)" 1717 £291~
IL-18 WT + IL-18bp + irinotecan 1 (0-2)* 1983 + 552~
IL-18 knockout + saline 0 (0-0) 6479 +1 189
IL-18 knockout + irinotecan 0 (0-2)* 3281 +683°

Parametric and non-parametric data were analysed using anova with Bonferroni’s test and Kruskal-Wallis with Dunn’s test respectively. Values

shown are the means + SEM (parametric data) or as the medians (minimum-maximum), for non-parametric data.

*P < 0.05 versus saline-treated caspase-1 WT control group.
P < 0.05 versus saline-treated caspase-1 knockout group.
“P < 0.05 versus saline-treated IL-18 WT control group.

#P < 0.05 versus IL-18 WT + irinotecan group.

$P < 0.05 versus saline-injected 1L-18 knockout group.

mice are shown in Figures 1 and 2. When administered to WT
animals, irinotecan induced prominent reductions in villi
height, vacuolization, cell death in crypt regions that leads to
the loss of crypt architecture, the disarrangement of epithelial
cells (Figures 1B and 2B) and an important neutrophil infil-
tration (Figure 1E), compared with saline-administered WT
mice, which displayed a marked preservation of intestinal
structures with no inflammatory infiltration, necrotic or
apoptotic cells (Figures 1A and 2A). In irinotecan-injected
caspase-1 knockout mice, vacuolated areas in the crypts and
apoptotic cells were observed. In addition, some villi areas
appeared shortened and flattened when compared with other
regions possessing partially preserved villi architecture
(Figure 1D); these features clearly differed from those of
the tissues of saline-injected caspase-1 knockout mice
(Figure 1C). The genetic deletion of IL-18 or pharmacological
inhibition of IL-18 (in WT) with IL-18bp contributed to the
preservation of the intestinal architecture after irinotecan,
exhibiting only a few apoptotic cells and a contiguous epi-
thelial surface (Figure 2D and E, respectively), similar to
the architectures in intestinal samples obtained from the
saline-treated IL-18 WT or II-18 knockout mice (Figure 2A
and C).

Morphometric analyses revealed that irinotecan treat-
ment in caspase-1 or IL-18 WT mice led to reductions in
the villus/crypt ratio compared with the normal WT con-
trol animals (Figure 3A-C). In contrast, neither caspase-1
(Figure 3A) nor IL-18 (Figure 3B) knockout mice displayed
significant changes to the villus/crypt ratio after irinotecan
treatment when compared with saline-injected caspase-1 or
IL-18 knockout animals. In addition, tissues from IL-18 WT
mice treated with IL-18bp (Figure 3C) showed reduced villus/
crypt ratios, in irinotecan-treated samples. However, it is
worth noting that the detrimental effects caused by irinote-
can were significantly decreased by IL-18bp treatment.

The treatment of caspase-1 or IL-18 WT mice with irinote-
can increased MPO (Figure 4, panels A, C and E) and iNOS
(Figure 4, panels B, D and F) activity, compared with the
control WT animals receiving saline (P < 0.05). Such increases
in the enzymic activity of MPO and iNOS were not observed
in caspase-1 (Figure 4, panels A and B) or IL-18 (Figure 4,
panels C and D) knockout mice, compared with their respec-
tive control saline-treated knockout animals. In addition,
IL-18bp treatment in WT mice (Figure 4, panels E and F)
significantly reduced the irinotecan-mediated stimulation of
MPO and iNOS activity. Notably, the values for both MPO
and iNOS activity, which did not reach statistical difference,
were very similar in saline- and irinotecan-treated knockout
mice (Figure 4A-D). As shown in panel G, survival was also
improved in irinotecan-treated IL-18 knockout mice com-
pared with irinotecan-treated WT mice. Survival was only
marginally improved in WT animals treated with IL-18bp
(P = 0.08 compared with irinotecan-treated WT mice).

Immuno-histological examination of the intestinal
samples showed that treatment with irinotecan markedly
increased the intensity of iNOS immunostained cells in the
lamina propria and in the intestinal epithelial surface of IL-18
WT mice (Figure SC), compared with saline-injected IL-18
WT animals (Figure 5A). However, immunolabelling for iNOS
in the intestinal slices of irinotecan-treated IL-18 knockout
mice was attenuated (Figure 5G) when compared with WT
animals that received irinotecan (Figure 5C). In addition,
the saline-injected IL-18 WT (Figure SA) and knockout
(Figure SE) mice presented a quite similar, very low intensity
of iNOS immunostained cells. It is worth noting that the
levels of immunoreactive nitrotyrosine were not affected by
irinotecan treatment. Thus the staining was the same in
saline-treated IL-18 WT (Figure 5B) or knockout (Figure SF)
mice, and irinotecan-injected IL-18 WT (Figure 5D) or knock-
out animals (Figure SH). When the iNOS or nitrotyrosine
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Figure 1

Photomicrographs of duodenal samples taken from WT or caspase-1 knockout (caspase-17-) mice. Intact intestinal slices from normal WT and
caspase-1 knockout mice (A and C, respectively) are presented. Caspase-1 WT animals with irinotecan-induced intestinal mucositis displayed
shortened villi (vertical arrows) and the loss of crypt architecture with large vacuolated areas (horizontal arrows) (B). Caspase-1 knockout mice with
irinotecan-induced intestinal mucositis displayed partial villi and epithelial cell surface preservation, as well as large vacuolated areas in the crypts
(D). Panel E also shows in detail (yellow arrows) the neutrophil infiltrate in irinotecan-treated WT mice. H&E staining (A-D, 100x magnification;
E, 1000x magnification). The black and the yellow scale bars represent 200 and 20 um respectively.

antibodies were replaced by 5% PBS/BSA, no immunostaining
was detected (Figure SI).

Figure 6 shows the expression of IL-18 mRNA (panel A)
and IFN-y (panel B), detected by real-time PCR, and tissue
levels of IL-18 (panel C) or IFN-y (panel D), detected by ELisa,
in intestinal samples. Analysis of intestinal tissue from
irinotecan- treated IL-18 WT mice showed significantly
increased IL-18 mRNA and IL-18 (Figure 6A C, respectively),
compared with the WT control group that was given saline.
In addition, as expected, neither the saline- nor the
irinotecan-injected IL-18 knockout mice expressed IL-18
mRNA or the cytokine protein (Figure 6, panels A and C,
respectively). However, IFN-y expression remained at baseline
levels, after irinotecan treatment in the IL-18 WT and in
IL-18 knockout mice, compared with saline-treated animals
(Figure 6B and D).
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Confocal microscopy was performed in order to investi-
gate the involvement of macrophages in the local production
of IL-18 during irinotecan-induced mucositis. As shown in
Figure 7, the number of macrophages (F4/80 labelled, green
cells) was markedly increased in the irinotecan-treated IL-18
WT mice, compared with the saline-injected group. This
Figure also shows that IL-18 (red staining) was produced by
F4/80* cells (cytoplasmic location) in intestinal slices of the
irinotecan-treated animals, but no production of IL-18 was
seen in samples from the saline-injected mice (Figure 7).

To assess the contractility of the duodenal samples,
concentration-response curves were constructed by adding
increasing concentrations of ACh (107'° to 10 M) to tissues
isolated from caspase-1 or IL-18 WT mice and from caspase-1
or IL-18 knockout animals, which had received saline or
irinotecan treatment (Figure 8 and Table 2). The data (Figure 8
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Photomicrographs of duodenal samples collected from WT or IL-18 knockout (IL-187") mice and from WT IL-18 mice treated with IL-18bp. Intact
intestinal slices from normal IL-18 WT and knockout mice (A and C, respectively) are presented. IL-18 WT animals with irinotecan-induced
intestinal mucositis displayed shortened villi (vertical arrows) and the loss of crypt architecture with apoptotic cells (diagonal arrows) (B). IL-187-
(D) and IL-18bp-treated IL-18 WT (E) mice with irinotecan-induced intestinal mucositis displayed preservation of the crypts, villi and epithelial cell
surface. H&E staining (100x magnification). The scale bar represents 200 um.

and Table 2) showed that intestinal strips from caspase-1
(Figure 8A) or IL-18 (Figure 8B and C) WT mice increased their
contractile response to ACh (P < 0.001), because these strips
achieved higher values for the ACh-induced maximum con-
tractile effect (En.) than tissues obtained from saline-treated
WT animals (Figure 8 and Table 2). Such augmented respon-
siveness to ACh because of irinotecan treatment was absent in
both caspase-1 knockout (Figure 8A) and IL-18 knockout
(Figure 8B) animals, and in the tissues from IL-18bp-treated
WT animals (Figure 8C). The contractile parameters obtained
from irinotecan-treated knockout animals were not signifi-
cantly different from their respective saline controls. It is
worth noting that, despite the detected differences in the
magnitude of En,y, the values for pD, remained very close to
one another, with no significant differences between them,
even in those groups that received irinotecan.

Discussion and conclusions

In the present study, we have demonstrated the involvement
of the caspase-1/IL-18 pathway in the predominant
irinotecan-induced injury to the gastrointestinal tract — intes-
tinal mucositis. IL-18 was locally produced by macrophages
during the intestinal mucositis. In addition, the progression
of irinotecan-related intestinal mucositis was prevented by
inhibiting caspase-1/IL-18 function, as indicated by improve-
ments in survival, reductions in tissue damage and inflam-
matory reactions (reduced neutrophil infiltration and
inducible NOS immunoexpression), and the amelioration
of parameters related to intestinal dysfunction, such as
irinotecan-elicited diarrhoea. The caspase-1/IL-18 pathway
also appeared to be involved in the increased contractility to
ACh exhibited by isolated duodenal strips, obtained from
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irinotecan-treated mice. The results of the present study also
indicated that, when administered at a dose previously
used by Wyburn et al. (2013) just before the first irinotecan
injection, IL-18bp protected against all of the intestinal
injury-related parameters examined, resulting in significant
reductions in inflammatory reactions. It is also important to
emphasize that we did not find any strain-related differences
in susceptibility to the development of intestinal mucositis
between C57BL/6 and BALB/c mice, for any of the parameters
studied.
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Figure 3

Irinotecan-induced duodenal morphometric alterations are pre-
vented in caspase-1 knockout (caspase-17), IL-18 knockout (IL-187)
and IL-18bp-treated mice. The mice received either saline
(3 mL-kg™) or irinotecan (60 mg-kg™, i.p) for 4 days and were killed
on the fifth day after the first dose. Duodenal segments were taken
and processed for histological studies. Morphometric analyses
revealed that the treatment of WT mice with irinotecan led to reduc-
tions in the villus/crypt ratio compared with normal control animals
(panels A-C). In caspase-1 (panel A) or IL-18 (panel B) knockout
mice, the villus/crypt ratios were significantly lower than in WT
animals, but morphometric alterations were not observed more fre-
quently, even after irinotecan treatment, as revealed by the compari-
son of these animals with their respective knockout animals that were
treated with saline. The treatment of WT mice with IL-18bp signifi-
cantly blunted the irinotecan-induced reductions in the villus/crypt
ratio (C). Data shown are means = SEM. *P < 0.05 versus the WT
group that was injected with saline, and *P < 0.05 versus the
irinotecan-treated WT group.

<
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Irinotecan-induced intestinal damage is a well-described
phenomenon (Ikuno efal., 1995; Gibson and Keefe, 2006;
Melo et al., 2008; Lima-Junior et al., 2012). A study by Nakao
et al. (2012) suggested that irinotecan may be attack tight
junction proteins, including claudin-1 and occludin, and
thus disrupt the intestinal epithelial barrier, an event that can
potentially induce bacterial translocation and diarrhoea.
Under inflammatory conditions, the presence of apoptotic
foci and altered tight junction structures is believed to con-
tribute to the development of diarrhoea by favouring the
leakage of absorbed fluids across the tight junctions into the
lumen, creating a condition that appears to be worsened by
augmented intestinal contractility (see Wenzl, 2012). As
described in our study, irinotecan induced marked intestinal
damage that was accompanied by the loss of normal archi-
tecture and an increased number of apoptotic cells in the
crypt, together with increased IL-18 mRNA expression and
IL-18 production. This damage was significantly decreased in
IL-18 knockout and IL-18bp-treated mice, as demonstrated by
the villus/crypt ratio and also the expression of IL-18 was, as
expected, abolished in IL-18 knockout mice. However, the
knockout of caspase-1 did not prevent irinotecan-associated
intestinal damage, and these animals displayed large vacu-
olated areas and significant diarrhoeal events.

The activation of caspase-1 in the inflammasome is
responsible for the proteolytic processing of the immature
forms of IL-1B and IL-18, two very powerful proinflammatory
cytokines with pleiotropic activities (see Sahoo et al., 2011).
One likely explanation for the lessened protective effect pro-
vided by the genetic deletion of caspase-1 against intestinal
damage is that caspase-1 only partly controls IL-18 activation.
There are known to be other, inflammasome-independent,
mechanisms for the processing and activation of cytokines
(van de Veerdonk et al., 2011), which may account for the less
effective protection against mucositis in caspase-1 knockout
mice for some of the parameters studied (such as diarrhoea
and intestinal architecture). However, much greater protec-
tion against the inflammatory and functional aspects of
mucositis was observed in each of the modulating mecha-
nisms investigated, including MPO and iNOS activity,
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Figure 4

Inflammatory reactions are prevented in caspase-1 knockout (caspase-17), IL-18 knockout (IL-187) and IL-18bp-treated IL-18 WT mice. The mice
were injected with either saline (3 mL kg™) or irinotecan (60 mg-kg™, i.p) for 4 days and were killed on the fifth day after the first dose. Samples
of duodenum was collected and processed for use in MPO and NOS assays. Irinotecan treatment in WT mice increased MPO (panels A, C and
E) and iNOS (panels B, D and F) activity compared with normal control animals. Caspase-1 (panels A and B) and IL-18 (panels C and D) knockout
or pharmacological modulation with IL-18bp (panels E and F) significantly prevented these responses compared with irinotecan-injected WT
animals. Survival was also improved in irinotecan-injected IL-18 knockout mice (panel G) compared with irinotecan-injected IL-18 WT animals. The
values are expressed as the means + SEM. *P < 0.05 versus the WT group that was injected with saline, and #P < 0.05 versus the irinotecan-treated
WT group.
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Figure 5

iNOS immunoexpression is prevented in IL-18 knockout (IL-187)
mice. The mice were injected with either saline (3 mL-kg™") or iri-
notecan (60 mg-kg™, i.p) for 4 days and were euthanized on the fifth
day after the first dose was administered. A portion of the intestine
was collected and processed for immunohistochemistry to iNOS and
nitrotyrosine. Irinotecan injection in WT mice showed intense immu-
noexpression for iNOS (panel C) versus saline-injected WT mice
(panel A). However, IL-18 knockout mice that received irinotecan
markedly presented a reduced the number of iNOS labelled cells
(panel G), similar to saline-injected IL-18 knockout animals (panel E),
when compared with irinotecan-injected IL-18 WT mice (panel C).
Nitrotyrosine immunoexpression did not vary in spite of the injection
of irinotecan (panels B and D represent saline and irinotecan-injected
WT mice; panels F and H represent saline and irinotecan-injected
knockout mice). Negative control represents a sample of the intes-
tine where the iNOS or nitrotyrosine antibodies were replaced by 5%
PBS/BSA and no immunostaining was detected (panel I). Representa-
tive photomicrographs are shown: 400 x magnification.
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diarrhoea and intestinal hyperresponsiveness to ACh, in both
IL-18 knockout and WT mice treated with IL-18bp.

In a previous paper, we demonstrated that cytokines were
required for iNOS activation and NO synthesis (Lima-Janior
etal., 2012) and NO has been associated with the gastroin-
testinal toxicity of several anticancer chemotherapy agents
(Leitao et al., 2007; 2011; Lima-Janior et al., 2012). In the
current study, IL-18 signalling was critically involved in the
increased iNOS activity, as iNOS immunoexpression was
markedly increased in WT mice and, additionally, reduced in
IL-18 knockout mice. Taken together, these findings confirm
IL-18 as an important regulator of NO activation.

Once formed, NO can rapidly react with superoxide radi-
cals to form peroxynitrite, a powerful oxidizing agent that
contributes to the nitration of tyrosine residues in proteins,
which partly explains the tissue toxicity following excessive
NO formation (Alvarez and Radi, 2003). Nitrotyrosine is rec-
ognized as a marker of the contribution of NO to oxidative
damage to proteins (Alvarez and Radi, 2003) but in our study,
we did not observe any increase in nitrotyrosine formation,
associated with irinotecan treatment. However, as peroxyni-
trite also reacts with acidic amino acids, including cysteine
and methionine, and with prosthetic groups, particularly
transition metal centres (see Alvarez and Radi, 2003), we
cannot totally exclude a role for this free radical in the intes-
tinal damage induced by irinotecan.

Several studies have contributed to the current state of
knowledge regarding the role of IL-18 in tissue injury (Verri
et al., 2007; Matsunaga etal., 2011; Wyburn etal., 2013).
Wyburn etal. (2013) recently demonstrated that doxoru-
bicin, an anticancer agent that inhibits topoisomerase II,
induced nephrotoxicity in an IL-18-dependent manner.
These authors also showed that IL-18 neutralization with
IL-18bp was protective, by reducing the mRNA levels of pro-
inflammatory cytokines, chemokines and iNOS, suggesting
that IL-18 may coordinate local effector mechanisms of renal
injury through a range of macrophage-mediated and Thl-
and Th17-type responses (Wyburn et al.,, 2013). Moreover,
Matsunaga et al. (2011) also found that IL-18 was involved in
the pathophysiology of the proinflammatory response in
colonic inflammation under psychologically stressful condi-
tions, using IL-18 knockout mice and an anti-IL-18 antibody.
Furthermore, Verri ef al. (2007) proposed that IL-18 activation
signalled through CXCL2, CCL3, TNF-o. and LTB, to recruit
neutrophils to inflammatory foci during inflammatory auto-
immune diseases. We believe that, in our study, IL-18 is likely
to have orchestrated similar chemokine cascades and that its
inhibition consequently prevented the activation of other
proinflammatory mediators and the intestinal damage.

Additionally, together with IL-12, IL-18 participates in the
Th1 paradigm, mainly because of its ability to induce IFN-y,
either with IL-12 or IL-15. Without IL-12 or IL-15, IL-18 does
not induce IFN-y, playing a role in Th2 responses (Dinarello
etal.,, 2013). Interestingly, in our study, IFN-y was not
expressed, which might be a clear indication that Th2
responses were elicited in our model. Another likely sugges-
tion for the low level of IFN-y production in our animal
model is that the time, the fifth day, chosen for the collection
of the intestinal samples was too early for the tissue expres-
sion of that cytokine. As IFN-y is a key regulator of the adap-
tive Th1 immune response, it is possible that the onset of the
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Irinotecan induces IL-18 expression. The mice were injected with either saline (3 mL-kg™) or irinotecan (60 mg-kg™, i.p) for 4 days and were killed
on the fifth day after the first dose was administered. Samples of duodenum were collected and processed for quantitative PCR (panels A and B)
and tusa (panels C and D). IL-18 mRNA was highly expressed (panel A) and IL-18 production levels were increased (panel C) in the
irinotecan-injected IL-18 WT mice (P < 0.001) when compared with WT animals which received saline (panels A and C). In contrast, saline- or
irinotecan-treated IL-18 knockout (IL-187") mice showed no IL-18 expression (P > 0.05, panels A and C). IFN-y mRNA and the IFN-y production
levels were not altered during irinotecan administration and no statistical difference was found between groups (P > 0.05, panels B and D).

intestinal injury, i.e. the early phases of the mucositis, would
be partly driven by the innate immune response. Therefore,
tissue collection on day five of the experimental model of
mucositis may represent a transition between the innate and
the adaptive immune responses. However, the role of the
adaptive immune response in the pathogenesis of intestinal
mucositis should be investigated.

A relevant question is whether IL-18 could be locally
produced and which cells would be involved. Although our
confocal microscopy studies identified macrophages in the
lamina propria as a source of IL-18, this does not exclude the
participation of other cells in the production of IL-18, includ-
ing endothelial cells, keratinocytes and intestinal epithelial
cells throughout the gastrointestinal tract (see Dinarello et al.,
2013).

Inflammation is characterized by early neutrophil influx
to the site of inflammation, and the ensuing chronicity of
inflammation is sustained by Thl-like immune responses
(Verri etal., 2007). Several studies have indicated that
cytokine modulation contributed to reduced neutrophil
accumulation (as detected by reductions in MPO activity) in
the gut during mucositis, thereby reducing tissue damage
(Kurita et al., 2000; Melo et al., 2008; Lima-Janior et al., 2012;
Soares et al., 2013). Here, we found that IL-18 or caspase-1
knockout mice or IL-18bp treatment clearly decreased neu-
trophil influx in the intestine, but the role of neutrophils in
the pathogenesis of intestinal mucositis merits further study.

The inflammatory reaction during mucositis was previ-
ously described to partially modify the contractile behaviour
of isolated intestinal strips in response to cholinergic agonists
(Lima-Janior et al., 2012), which may be correlated with the
visceral cramps that are experienced clinically by patients.
The results of the present study also show that the genetic
deletion of caspase-1 or IL-18, or the pharmacological inhi-
bition of IL-18 prevented intestinal hyperresponsiveness to
ACh in vitro, shown by the lowering of the maximum effect
response (Em.x) of isolated intestinal strips to ACh, towards
the levels observed in control tissues. However, the pharma-
cological potency of ACh was not affected because the pD,
values were not significantly different in tissues obtained
from animals after irinotecan treatment. These findings
strongly support the idea that the population of muscarinic
cholinergic receptors is maintained during the establishment
of intestinal mucositis, while the ability of ACh to induce
contraction via these receptors appears to be augmented.

A ‘cholinergic syndrome’, associated with high-dose iri-
notecan administration, has been observed 1 h after dosing
and consists of lacrimation, miosis, increased salivation, dia-
phoresis, flushing, rhinitis and intestinal hyperperistalsis,
which usually leads to early onset diarrhoea (see Hyatt et al.,
2005). In clinical practice, this cholinergic syndrome is
usually prevented by atropine, a muscarinic receptor anta-
gonist. Hyatt et al. (2005) hypothesized that atropine may
interact with, and inhibit, AChE as irinotecan and its
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Figure 7

Macrophages are an important source of IL-18 during irinotecan-induced intestinal mucositis. The IL-18 WT mice were injected with either saline
(3 mL-kg™) oririnotecan (60 mg-kg™', i.p) for 4 days and were killed on the fifth day after the first dose was administered. Duodenal samples were
collected and processed for confocal microscopy. Irinotecan injection increased the number of F4/80 labelled cells (macrophages, green cells)
when compared with saline-treated mice. In addition, it also shown that the IL-18 (red staining) is produced by F4/80" cells (green cells) in
irinotecan group (cytoplasmic location), but no IL-18 fluorescence was observed in intestinal slices of the saline group. Representative photomi-
crographs are shown. Double-positive cells are indicated by yellow arrowheads (500 x magnification).
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B), and IL-18bp-treated animals (panel C). Data shown are means + SEM. *P < 0.05 versus the WT group that was injected with saline, and *P <

0.05 versus the irinotecan-treated WT group.

4-piperidinopiperidine portion can inhibit AChE activity in
vitro. Expanding on these results, we demonstrated increased
contractile responses of intestinal strips to ACh in the
irinotecan-treated group. However, the mechanisms involved
in late-onset diarrhoea remain poorly understood and are not
controlled by anti-cholinergic agents. The results obtained in
this study, together with the results of earlier studies
(Lima-Janior et al., 2012), clearly suggest that the inflamma-
tory reaction plays a role in intestinal hyper-contractility
after systemic irinotecan administration. Nevertheless, the
mechanism by which the inhibition of proinflammatory
mediators blocks this phenomenon is still a matter of debate.

Some experimental studies have indicated that the acti-
vation of nicotinic receptors in inflammatory cells, such
as macrophages, inhibits proinflammatory cytokine pro-
duction and reduces morbidity during experimental sepsis
(Borovikova et al., 2000; Pavlov et al., 2007). The excessive
activation of such receptors by increased concentrations of
ACh in the intestinal synapses during irinotecan-related
intestinal mucositis may account for cholinergic receptor
desensitization in inflammatory cell membranes and the

increased release of inflammatory mediators. This phenom-
enon would lead to tissue damage, hyperresponsiveness of
the gut muscle layers and the development of diarrhoea.
However, this mechanism still needs to be investigated.

Severe mucositis appears to be associated with marked
increases in mortality (Sonis et al., 2001). Sonis et al. (2001)
reported that oral mucositis is associated with significantly
worse clinical and economic outcomes in blood and mar-
row transplantation, because of high-dose, myelo-ablative
chemotherapy that is used for conditioning. In the Sonis
study, the authors reported a 3.9-fold increase in the 100 day
mortality risk in the population investigated (Sonis et al.,
2001). In our study in mice, a high mortality rate was asso-
ciated with the irinotecan treatment. One remarkable finding
from our research was the observation that both IL-18 gene
deletion and IL-18bp injection markedly improved survival.
In our opinion, these approaches provided optimal control of
inflammatory and functional parameters, leading to higher
survival rates.

It is important to mention that the inhibition of IL-18
function did not appear to interfere with irinotecan-induced
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Table 2

Potency (pD.) and maximum contractile effect (Emax) for the concentration—effect curves of ACh-induced mouse duodenal strip contractions

Caspase-1 WT + saline

Caspase-1 WT + irinotecan (60 mg-kg™)
Caspase-1 knockout + saline

Caspase-1 knockout + irinotecan (60 mg-kg™)
IL-18 WT + saline

IL-18 WT + irinotecan (60 mg-kg™)

IL-18 knockout + saline

IL-18 knockout + irinotecan (60 mg-kg™)
IL-18 WT + saline

IL-18 WT + irinotecan (60 mg-kg™)

IL-18 WT + IL-18bp + irinotecan (60 mg-kg™)

5.83+0.17 86 +5.5
5.75+0,10 161 £ 6.6*
5.90+0.22 97 £8.0
5,76 £0.12 122 +6.2*
5.79 £0.20 119+8.8
5.79+0.24 232+ 217
6.17 £0.15 126 £ 6.6
5.89 £0.31 123+14.6
6.40+£0.716 111 £6.0
6.00+0.10 181 £ 7.41
5.94+0.10 132+£5.3%

pD2 represents the negative logarithm to base 10 of the molar concentration of ACh that produces 50% (ECso) of its maximal possible effect
(Emax). Such parameters were reported as the means + SEM. Enax values for ACh-induced contractions are expressed as the % contraction
compared with the standard 60 mM KCl-induced contraction followed by the SEM.

*P < 0.001 versus the Caspase-1 WT + saline.
#P < 0.01 versus the irinotecan-treated caspase-1 WT group.
P < 0.001 versus the IL-18 WT + saline group.

$P < 0.07 versus the irinotecan-treated IL-18 WT group as assessed using Bonferroni’s test.

cytotoxic effects. Neither IL-18bp treatment nor the genetic
ablation of IL-18 or of caspase-1 prevented irinotecan-
induced leukopaenia (Lima-Janior et al., 2012).

The main limitation of our study is the absence of a
tumour site in this animal model. It is well recognized that
the highly immunogenic cancer cells may evade immune
destruction by disabling components of the immune system
aimed at eliminating them (see Hanahan and Weinberg,
2011). One mechanism involved in this disabling action is
the increased secretion of immunosuppressive factors and
through the recruitment of inflammatory cells that are
actively immunosuppressive, including regulatory T-cells
(Tregs) (see Hanahan and Weinberg, 2011). Therefore, such
immunoregulatory interference by could change the profile
of pro-inflammatory mediators involved in the pathogenesis
of cancer chemotherapy-related mucositis. We do not know
whether the presence of tumour cells during the develop-
ment of the experimental mucositis would change the course
of this toxicity, and those aspects are still to be investigated.

In conclusion, the targeted inhibition of IL-18 attenuated
irinotecan-induced intestinal mucositis in mice. As the activ-
ity of IL-18 is balanced by the presence of a high affinity,
naturally occurring IL-18bp, the supplementation of endog-
enous IL-18bp, with exogenous IL-18bp,in order to selectively
inhibit the function of IL-18 may be a promising therapeutic
approach for intestinal mucositis.
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