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TNF receptor family-related
protein (GITR) is critical to
the development of acute
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M Galuppo'*, G Nocentini**, E Mazzon?, S Ronchetti?, E Esposito'?,
L Riccardi', P Sportoletti*, R Di Paola?, S Bruscoli?, C Riccardi* and
S Cuzzocrea'?

'Department of Clinical and Experimental Medicine and Pharmacology, School of Medicine,
University of Messina, Messina, Italy, *Department of Clinical and Experimental Medicine,
Section of Pharmacology, Toxicology and Chemotherapy, University of Perugia, Perugia, Italy,
3Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS) Centro Neurolesi ‘Bonino-Pulejo’,

Messina, Italy, and *Department of Clinical and Experimental Medicine, Section of Hematology,

University of Perugia, Perugia, Italy

BACKGROUND AND PURPOSE

DOI:10.1111/j.1476-5381.2010.01123.x
www.brjpharmacol.org

Correspondence

Salvatore Cuzzocrea, Department
of Clinical and Experimental
Medicine and Pharmacology,
School of Medicine, University
of Messina, Torre Biologica,
Policlinico Universitario Via C.
Valeria, Gazzi, 98100 Messina,
Italy. E-mail: salvator@unime.it

*These authors contributed
equally to this work.

Keywords

TNF receptor superfamily; fusion
protein; pancreatitis;
immunomodulation;
anti-inflammatory treatment;
costimulation; cytokines;
endothelial function; GITR

Received

18 June 2010
Revised

28 September 2010
Accepted

25 October 2010

Pancreatitis represents a life-threatening inflammatory condition where leucocytes, cytokines and vascular endothelium
contribute to the development of the inflammatory disease. The glucocorticoid-induced tumour necrosis factor (TNF) receptor
family-related protein (GITR) is a costimulatory molecule for T lymphocytes, modulates innate and adaptive immune system
and has been found to participate in a variety of immune responses and inflammatory processes. Our purpose was to verify
whether inhibition of GITR triggering results in a better outcome in experimental pancreatitis.

EXPERIMENTAL APPROACH

In male GITR knock-out (GITR7") and GITR** mice on Sv129 background, acute pancreatitis was induced after i.p.
administration of cerulein. Other experimental groups of GITR** mice were also treated with different doses of Fc-GITR fusion
protein (up to 6.25 ug-mouse™), given by implanted mini-osmotic pump. Clinical score and pro-inflammatory parameters

were evaluated.

KEY RESULTS

A less acute pancreatitis was found in GITR”~ mice than in GITR** mice, with marked differences in oedema, neutrophil
infiltration, pancreatic dysfunction and injury. Co-treatment of GITR"* mice with cerulein and Fc-GITR fusion protein

(6.25 pg-mouse™) decreased the inflammatory response and tissue injury, compared with treatment with cerulein alone.
Inhibition of GITR triggering was found to modulate activation of nuclear factor kB as well as the production of TNF-o,
interleukin-1f, inducible nitric oxide synthase, nitrotyrosine, poly-ADP-ribose, intercellular adhesion molecule-1 and P-selectin.

CONCLUSIONS AND IMPLICATIONS

The GITR-GITR ligand system is crucial to the development of acute pancreatitis in mice. Our results also suggest that the

Fc-GITR fusion protein could be useful in the treatment of acute pancreatitis.

Abbreviations

GITR /- mice, mice with a targeted disruption of the GITR; GITRL, GITR ligand; ICAM-1, intercellular adhesion molecule
1; IL, interleukin; iNOS, inducible nitric oxide synthase; NF-xB, nuclear factor kB; PAR, poly ADP-ribose; PARP, poly

ADP-ribose polymerase; TNF-o, tumour necrosis factor-o; Treg cells, regulatory T cells
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Introduction

Acute pancreatitis is an inflammatory condition of the pan-
creas characterized by intra-acinar enzyme activation, leading
to elevated levels of pancreatic enzymes in the blood, mul-
tiple organ dysfunction, activation of immune responses and
inflammation (Malleo et al., 2008; Tamizhselvi et al., 2009).
Interactions between leucocytes, soluble mediators (such as
cytokines) and vascular endothelium contribute to the sys-
temic progression of the inflammatory response, which deter-
mines disease severity and outcome. Notably, cytokines act as
pro-inflammatory mediators in the pancreas, increasing vas-
cular permeability and inducing thrombosis and haemor-
rhage, ultimately leading to tissue necrosis (Bhatia, 2002).
Moreover, their increase correlates with life-threatening sys-
temic manifestations which account for the majority of
pancreatitis-associated mortality (Malleo et al., 2008).

An exaggerated systemic inflammatory response is a hall-
mark of severe acute pancreatitis with elevated circulating
levels of tumour necrosis factor-alpha (TNF-o) and interleu-
kin (IL)-1B (Dinarello, 1996). The primary role of TNF-a,
produced by macrophages/monocytes, is to promote the
inflammatory response and induce apoptotic cell death by
binding to the TNF receptors, TNFR-1 and TNFR-2 (So et al.,
2006). Both these receptors belong to the so-called TNF recep-
tor superfamily (TNFRSF), which include other receptors such
as Fas, CD40, CD27, and RANK and regulate diverse biologi-
cal functions, including cell proliferation, differentiation and
survival (Watts, 2005; So et al., 2006; Elgueta et al., 2009;
Nolte et al., 2009; Strasser et al., 2009).

Classified as the 18th member of TNFRSE the
glucocorticoid-induced TNF receptor-related protein was
cloned in a T-cell line treated with dexamethasone (Nocentini
etal., 1997). The cytoplasm tail of this trans-membrane
protein has similarities with that of other TNFRSF members,
such as 4-1BB, 0X40, CD27 and CD40 (Spinicelli et al., 2002).
These molecules lack the death domain, which is required for
the induction of apoptosis, and they mediate intracellular
signalling by recruiting TNF receptor-associated factors
(Watts, 2005).

Accumulating evidence suggests that T cell-mediated
control of response against self contributes to the mainte-
nance of natural immunological self-tolerance. Indeed,
CD4'CD25" regulatory T (Treg) cells are able to negatively
modulate immune response. For instance, the depletion of
CD4'CD25" T cells leads to the spontaneous development of
various autoimmune diseases in genetically susceptible
animals. Glucocorticoid-induced TNF receptor family-related
protein (GITR) is expressed in normal T lymphocytes, is
up-regulated following T-cell activation and is constitutively
expressed at high levels in CD4'CD25" Treg cells (Nocentini
etal, 1997; McHugh etal.,, 2002; Shimizu etal.,, 2002;
Ronchetti et al., 2004; Gerli etal., 2009). GITR acts as a
costimulatory molecule, contributing to activation of effector
T lymphocytes and negatively controlling Treg cell regulatory
activity (McHugh et al., 2002; Shimizu et al., 2002; Tone et al.,
2003; Ronchetti et al., 2004; Nocentini et al., 2007) and is
activated by its ligand (GITRL), which is expressed in antigen
presenting cells, including macrophages and in endothelial
cells (Kim et al., 2003; Yu et al., 2003; Krausz et al., 2007).
Following GITR-GITRL interaction, GITRL also delivers
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signals to antigen-presenting cells (Lee et al., 2003; Agostini
et al., 2005; Shin et al., 2005). In vivo studies suggest that GITR
triggering exacerbates acute and chronic inflammatory
responses not only due to T-cell control but also due to
modulation of extravasation and innate immunity (Nocen-
tini etal., 1997; 2007; Cuzzocrea et al., 2005; Suvas et al.,
2005; Tamizhselvi et al., 2009). Moreover, recent evidence has
shown that the treatment of wild type (GITR*) animals with
Fc-GITR fusion protein ameliorates inflammation (Cuzzocrea
et al., 2006; 2007).

In the present study, we demonstrated that the genetic
and pharmacological inhibition of GITR modified the deve-
lopment of acute pancreatitis.

Methods
Mice

Animal care was in compliance with regulations in Italy
(D.M. 116192), Europe (O.J. of E.C. L 358/1 12/18/1986) and
USA (Animal Welfare Assurance No A5594-01, Department of
Health and Human Services, USA). The study was approved
by the University of Messina Review Board for the care of
animals. The animals were housed in a controlled environ-
ment and provided with standard rodent chow and water ad
libitum. Male mice (4-5 weeks old, 20-22 g) with a targeted
disruption of the glucocorticoid-induced TNFR-related gene
(GITR /") and corresponding wild-type mice (GITR'/*) were
obtained as previously described (Ronchetti et al., 2002).

Mini-osmotic pumps and implantation

Alzet pumps were used to deliver the fusion proteins at a
constant rate. We used Alzet Model 2004 miniosmotic pumps
(Charles River, Milan, Italy) implanted subcutaneously
through a small incision in the skin between the scapulae, 3 h
after the administration of cerulein. Using a hemostat, a
small pocket was formed by spreading the subcutaneous con-
nective tissues apart. The pump was inserted into the pocket
with the flow moderator pointing away from the incision.
The skin incision was closed with sutures. The pumping rate
was 1 uL-h™' (+£0.15 ul-h™") and the reservoir volume was
200 pL.

Induction of pancreatitis
Mice were randomly allocated into the following groups:

e GITR"* + cerulein group. Mice were treated hourly (x5) with
cerulein (50 pg-kg™, saline solution, i.p.) (n = 10).

e GITR™" + cerulein group. Mice were treated hourly (x5) with
cerulein (50 ug-kg™, suspended in saline solution, i.p.)
(n =10).

e GITR"* + saline group. Sham-treated group in which iden-
tical treatments to the cerulein group were performed,
except that the saline was administered instead of cerulein
(n =10).

e GITR”" + saline group. Identical to GITR"* + saline group,
except for the use of mice with a targeted disruption of the
GITR (GITR”- mice) (n = 10).

e GITR"* Cerulein + Fc-GITR protein group. Identical to the
GITR"* cerulein group except for the administration of
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Fc-GITR protein (6.25, 3 or 1.5pg-mouse”) by mini-
osmotic pump. Fc-GITR was purchased from Alexis (1 = 10).
e GITR”* Sham + Fc-GITR protein. Identical to GITR”* +
saline group except for the administration of Fc-GITR
protein (6.25 pg-mouse™') by mini-osmotic pump (n = 10).

Mice were killed by exsanguinations 24 h after the induc-
tion of pancreatitis. Blood samples were obtained by direct
intracardiac puncture. The pancreas was removed immedi-
ately, frozen in liquid nitrogen and stored at —-80°C until
assayed. Portions of this organ were also fixed in formaldehyde
for histological and immunohistochemical examination.

Morphological examination

Samples of pancreatic tissue were fixed for 24 h in 10% (w-v")
phosphate-buffered saline (PBS)-buffered formaldehyde solu-
tion at room temperature, dehydrated using grade ethanol
and embedded in Paraplast (Sherwood Medical, Mahwah, NJ,
USA). The tissues were then embedded in paraffin and sec-
tioned at 5 pm. Sections were then deparaffinized with xylene
and stained with haematoxylin/eosin and silver impregna-
tion for reticulum studies. The sections were then examined
by an experienced histopathologist (without knowledge of
the treatments) using light microscopy. Acinar-cell and pan-
creatic tissue injury/necrosis was quantified by morphometry
as previously described (Dembinski ef al., 2008). Ten ran-
domly selected microscopic fields (x125) were chosen for
each tissue sample and the extent of acinar cell injury/
necrosis was expressed as the per cent of the total acinar
tissue. The criteria for injury/necrosis were the following: (i)
the presence of acinar cell ghosts or (ii) vacuolization and
swelling of acinar cells and the destruction of the histoarchi-
tecture of whole or parts of the acini, both of which had to be
associated with an inflammatory reaction.

Determination of pancreatic oedema

The extent of pancreatic oedema was assayed by measuring
tissue water content. For these latter measurements, a freshly
obtained sample of pancreas was blotted dry, weighed and
dried for 12 h at 95°C, and then weighed again. The differ-
ence between wet and dry tissue weight was calculated and
expressed as a per cent of tissue wet weight.

Localization of nitro-tyrosine, poly
ADP-ribose (PAR), P-selectin, intercellular
adhesion molecule 1 (ICAM-1), inducible
nitric oxide synthase (iNOS), Bax, Bcl-2,

by immunohistochemistry

Pancreas tissues were fixed in 10% (w-v~') PBS-buffered form-
aldehyde and 8 um sections were prepared from paraffin-
embedded tissues. After deparaffinization, endogenous
peroxidase was quenched with 0.3% (v-v') hydrogen peroxide
in 60% (v-v'') methanol for 30 min. The sections were perme-
abilized with 0.1% (w-v!) Triton X-100 in PBS for 20 min.
Non-specific adsorption was minimized by incubating the
section in 2% (v-v') normal goat serum in PBS for 20 min.
Endogenous biotin- and avidin-binding sites were blocked by
sequential incubation for 15 min with avidin and biotin
respectively (DBA, Milan, Italy). Sections were incubated over-
night with anti-GITR antibody (R&D Systems, Minneapolis,
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MN, USA; 1:100 in PBS, v-v'), anti-nitrotyrosine antibody
(Upstate Biotech, Saranac Lake, NY, USA) (1:500 in PBS, v-v'"),
anti-PAR polyclonal antibody (1:500 in PBS, v-v') anti-P-
selectin antibody (1:500 in PBS, v-v''), mouse anti-rat [CAM-1
(CD54) antibody (1:500 in PBS, v-v'') (DBA, Milan, Italy),
anti-iNOS polyclonal antibody (1:500 in PBS, v-v'), anti-Bax
antibody (1:500 in PBS, v-v'), anti-Bcl-2 antibody (1:500 in
PBS, v-v'). Specific labelling was detected with a biotin-
conjugated goat anti-rabbit or goat anti-mouse IgG and
avidin-biotin peroxidase complex (DBA, Milan, Italy). To con-
firm the binding specificity for nitrotyrosine, PAR, P-selectin,
ICAM-1, iNOS, Bax and Bcl-2, some sections were also incu-
bated with the only primary antibody or with the only sec-
ondary antibody. The counter stain was developed with
diamino-benzidine (DAB; brown/black colour) and nuclear
fast red (red background). A positive staining (brown/ black
colour) was found in the sections, indicating that the immu-
noreactions were positive. To verify the binding specificity for
PAR, P-selectin, ICAM-1, iNOS, Bax and Bcl-2, some sections
were also incubated with primary antibody only (no second-
ary antibody) or with secondary antibody only (no primary
antibody). In these situations, no positive staining was found
in the sections indicating that the immunoreactions were
positive in all the experiments carried out. To confirm the
specificity of immunoreactions for nitrotyrosine, some sec-
tions were also incubated with the primary antibody (anti-
nitrotyrosine) in the presence of excess nitrotyrosine (10 mM).
Immunohistochemistry photographs (n = 5) were assessed by
densitometry, using Optilab Graftek software (Milan, Italy).

Evaluation of GITR expression by

real time PCR

To extract mRNA from pancreatic tissue, the pancreas was
immediately placed in 200 pL of trizol LS reagent (Invitrogen
Life Technologies, Carlsbad, CA, USA) in 1.5 mL microfuge
tube and homogenized using a Xenox Homogenizer
(Karlsruhe, Germany). Then, 800 uL of trizol were added and
total RNA was isolated according to the manufacturer’s
instructions. Conversion of total RNA (1 ug) to cDNA was
performed with QuantiTect Reverse Transcription protocol
(Qiagen, Valencia, CA, USA).

Real time PCR was performed with a Chromo 4 (M]
Research Bio-Rad, Milan, Italy) real time cycler using the
specific FAM/MGB dye-labelled TagMan probe GITR (Mm
00437136_m1). Gene expression was quantitated relative to
the expression of endogenous control mouse GAPD (GAPDH)
VIC/MGB probe amplified in the same tube of investigated
genes. All probes were purchased from Applied Biosystem. All
experiments were carried out in triplicate and the AA“ method
was used to determine expression of the genes of interest, as
previously described (Livak and Schmittgen, 2001).

Subcellular fractionation, nuclear protein
extraction and Western blot analysis for
IxB-a, nuclear factor kB (NF-xB) p6S5,

Bax and Bcl-2

Tissues were homogenized in cold lysis buffer A (HEPES
10 mM pH = 7.9, KCl 10 mM, EDTA 0.1 mM, EGTA 0.1 mM,
dithiothreitol 1 mM, phenylmethyl suphonyl fluoride
(PMSF) 0.5 mM, trypsin inhibitor 15 ug-mL™, pepstatinA



3 ug-mL™, leupeptin 2 pg-mL™, benzamidine 40 uM). Homo-
genates were centrifuged at 13x ¢ and the supernatant
(cytosol + membrane extract) was collected to evaluate con-
tents of IkB-a, Bax, Bcl-2 and B-actin. Buffer C (HEPES 20 mM,
MgCl, 1.5 mM, NaCl 0.4 mM, EDTA 1 mM, EGTA 1 mM,
dithiothreitol 1 mM, PMSF 0.5 pg-mL™, leupeptin 2 ug-mL™",
benzamidine 40 uM, Nonidet P40 1%, glycerol 20%) was
added to the cells; cells were then centrifuged at 16x g and the
supernatant (nuclear extract) was collected to evaluate the
content of NF-kB p65 and laminin B1 (Gharagozloo et al.,
2010). Protein concentration in homogenate was determined
by Bio-Rad Protein Assay (Bio-Rad, Richmond, CA, USA) and
50 ug of cytosol and nuclear extract from each sample
were analysed. Proteins were separated by a 12% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis and
transferred on PVDF membrane (Hybond-P Nitrocellulose,
Amsherman Biosciences, UK). The membrane was blocked
with 0.1% TBS-Tween containing 5% non-fat milk at room
temperature for 1 h. Membranes were then incubated with
the relative primary antibody overnight at 4°C: anti-IxB-o
diluted 1:1000, anti-Bax diluted 1:500, anti-Bcl2 diluted
1:1000, anti-NF-xB p65 diluted 1:250, anti-B-actin 1:5000
(Santa Cruz Biotechnology, CA) and anti-Laminin B1. After
the incubation, membranes were incubated for 1h with
peroxidase-conjugated anti-mouse or anti-rabbit secondary
antibodies (Jackson ImmunoResearch Laboratories, West
Grove, PA, USA) diluted 1:2000, and protein bands were
detected with SuperSignal West Pico Chemioluminescent
(PIERCE, Milan, Italy). Densitometric analysis was performed
with a quantitative imaging system (ImageJ, Wayne Rasband.,
National Institute of Mental Health, USA).

Measurement of cytokines

Tumour necrosis factor-o. and IL-1p levels were evaluated in
plasma samples and samples of pancreas collected 24 h after
cerulein injection. The tissues were homogenized in PBS con-
taining 2 mmol-L' of PMSF (Sigma Chemical Co., Milan,
Italy). The assay was carried out by using a commercial
colorimetric kit (Diaclone Research Cell Science, Cedex,
France), according to the manufacturer’s instructions. All
TNF-o and IL-1f8 determinations were performed in duplicate
serial dilutions.

Biochemical assays

Serum amylase and lipase levels were measured 24 h after
cerulein injection by a clinical laboratory. Results are
expressed in international units per liter.

Myeloperoxidase activity

Myeloperoxidase activity, was determined as previously
described (Genovese et al., 2006). Briefly, pancreas tissues were
homogenized in a solution containing 0.5% hexa-decyl-
trimethyl-ammonium bromide dissolved in 10 mM potassium
phosphate buffer (pH 7) and centrifuged. An aliquot of the
supernatant was then allowed to react with a solution of
tetra-methyl-benzidine (1.6 mM) and 0.1 mM H,O,. The rate
of change in absorbance was measured by a spectrophotom-
eter at 650 nm. Myeloperoxidase activity was defined as the
quantity of enzyme degrading 1 umol of peroxide min™ at
37°C and was expressed in units per gram weight of wet tissue.

Treatment of acute pancreatitis with Fc-GITR

Terminal deoxynucleotidyltransferase-
mediated UTP nick-end labelling
(TUNEL) assay

Terminal deoxynucleotidyltransferase-mediated UTP nick-
end labelling assay was conducted by using a TUNEL detec-
tion kit according to the manufacturer’s instructions
(ApopTag, HRP kit DBA, Milan, Italy) as previously described
(De Palma et al., 2009). Briefly, sections were incubated with
15 ug-mL™" proteinase K for 15 min at room temperature and
then washed with PBS. After endogenous peroxidase inacti-
vation, sections were immersed in terminal deoxynucleoti-
dyltransferase buffer containing deoxynucleotidyl transferase
and biotinylated dUTP in terminal deoxynucleotidyltrans-
ferase buffer, incubated in a humid atmosphere at 37°C for
90 min, and then washed with PBS. After an incubation for
30 min with anti-horseradish peroxidase-conjugated anti-
body, signals were visualized with diaminobenzidine.

Data analysis

All the results were analysed by one-way ANOVA followed by a
Bonferroni post hoc test for multiple comparisons. A P-value
of less than 0.05 was considered significant.

Materials

Unless otherwise stated, all compounds were obtained from
Sigma-Aldrich Company (Milan, Italy). Primary monoclonal
ICAM-1 antibodies (CD54) for immunohistochemistry were
purchased by Pharmingen. Reagents and secondary and non-
specific IgG antibody for immunohistochemical analysis were
from Vector Laboratories Inc. (Milan, Italy). All other chemi-
cals were of the highest commercial grade available. All stock
solutions were prepared in non-pyrogenic saline (0.9% NacCl;
Baxter Healthcare Ltd, Thetford, Norfolk, UK). The molecular
target nomenclature conforms to Alexander et al. (2008).

Results

Reduced degree of acute pancreatitis in
Fc-GITR-treated mice

Following intraperitoneal injection of the secretagogue cer-
ulein in GITR"* mice, GITR staining was observed in pancre-
atic tissue sections, associated with infiltrating inflammatory
cells (Figure 1), mostly neutrophils (Figure 1C2). In pancre-
atic sections from untreated GITR** mice, GITR was not
detectable by immunostaining (Figure 1A) and expressed at
low levels, by real-time PCR (14.3 + 3.8-fold less than acti-
vated T lymphocytes, used as positive control). Therefore, we
determined if the inhibition of GITR triggering could
decrease pancreatic inflammation.

In GITR"* mice, cerulein-induced pancreatitis was associ-
ated with a significant rise in serum levels of amylase
(Figure 2A) and lipase (Figure 2B). These increases in amylase
and lipase were markedly reduced in cerulein-treated GITR"-
mice.

Considering that the Fc-GITR. fusion protein ameliorates
inflammation (Cuzzocrea etal., 2006; 2007) by binding
GITRL and inhibiting GITR activation (Tone etal., 2003;
Ronchetti etal., 2007; O’Keeffe etal., 2008), we tested
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Figure 1

Expression of glucocorticoid-induced tumour necrosis factor receptor family-related protein (GITR) in the pancreas following cerulein treatment.
Histological staining for GITR was absent in pancreatic sections from saline-treated (sham) GITR** (A) and GITR”~ (B) or cerulein-treated GITR"~
mice (D). Only the sections from cerulein-treated GITR** pancreas were positively stained for GITR (C, C1 and C2, at higher magnifications).
Histological results shown are representative of two experiments performed in different experimental days.

whether it would be useful also in controlling pancreatitis. To
this aim, we administered a continuous infusion of Fc-GITR
at 6.25 mg-mouse ', as in previous studies (Cuzzocrea et al.,
2006; 2007; Nocentini etal.,, 2008). In Fc-GITR/cerulein
co-treated mice, the serum levels of amylase (Figure 2A) and
lipase (Figure 2B) were similar to those observed in cerulein-
treated GITR”~ mice. When lower doses of Fc-GITR were used,
amylase (Figure 2A) and lipase (Figure 2B) were higher than
those observed with the dose of 6.25 ug-mouse™. The latter
dose was used in the subsequent experiments. No elevation in
the serum levels of amylase and lipase (Figure 2A and B,
respectively) were observed in GITRY* or GITR’" mice
treated with vehicle (sham) and co-treated with Fc-GITR
(6.25 pg-mouse™).

Histological examination of pancreatic sections revealed
tissue damage characterized by inflammatory cell infiltrates
and acinar cell necrosis (Figure 3C) associated with reduction
of collagen (Figure 3G). The extent and severity of the histo-
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logical signs of pancreas injury were markedly reduced in
cerulein-treated GITR”~ mice (Figure 3D and H) and in
cerulein-/Fc-GITR-treated GITR* mice (Figure 2E). No histo-
logical alterations (Figure 3A, B and F) were observed in
GITR** or GITR™ mice treated with vehicle (sham). Histologi-
cal scoring of acute pancreatitis (Table 1) and oedema
(Figure 3I), further confirmed the role of GITR and the effect
of Fc-GITR in the modulation of pancreatitis.

Absence of GITR reduces IkB-o. degradation,
NF-kB p65 activation and levels of TNF-o
and IL-1p

To investigate the mechanisms by which the absence of GITR
or its inactivation attenuated the development of cerulein-
induced injury, we evaluated IxB-o. degradation and nuclear
NEF-xB p65 translocation by Western blot analysis. A basal
level of IxB-o was detected in the pancreatic tissues of
sham-treated animals, whereas, in cerulein-treated GITR**
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Figure 2

Effect of glucocorticoid-induced tumour necrosis factor receptor
family-related protein (GITR) inhibition on cerulein-induced enzymic
activity. Twenty-four hours after cerulein injection, GITR”~ mice and
GITR** mice, treated with Fc-GITR (at the different specified doses, by
mini-osmotic pump), show lower levels of serum amylase (A) and
lipase (B) in comparison with cerulein-treated GITR”* mice. Data from
saline-treated (sham) mice are also reported. One representative
experiment is shown. Data, are the mean = SE of 10 mice each group.
*P <0.01 versus sham; #P < 0.01 versus cerulein-treated GITR** mice.

mice, IkB-o levels were substantially reduced (Figure 4A). This
decrease in IxB-o levels induced by cerulein was prevented in
cerulein-treated GITR” mice, with IxB-o. levels similar to
those of the sham group (Figure 4A). In addition, in the
pancreatic tissues of cerulein-treated GITR"* mice, a signifi-
cant increase of NF-xB p65 levels in the nuclear fraction was
observed compared with the sham-treated mice (Figure 4B).
Conversely, in GITR”~ mice, the level of nuclear NF-kB p65
was not increased following cerulein treatment (Figure 4B).
To test whether GITR-GITRL interactions modulated the
inflammatory process through the regulation of the secretion
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Table 1

Histological scoring of acute pancreatitis lesion

Oedema Inflammation Necrosis
GITR** + cerulein 2.9 = 0.1 3.4 = 0.1 2.5+ 0.1
GITR ™~ + cerulein 1.1 = 0.1* 1.0 = 0.1* 0.9 + 0.1*
GITR** + cerulein + 1.2 = 0.1* 1.1 £ 0.2* 1.0 £ 0.1*

Fc-GITR

Data are means = SE of 10 mice each group.

*P < 0.01 versus cerulein-treated GITR** mice.

GITR, glucocorticoid-induced tumour necrosis factor receptor
family-related protein.

of cytokines, we analysed the plasma and pancreatic levels of
the pro-inflammatory cytokines TNF-o and IL-1f after cer-
ulein administration. In plasma and pancreatic samples
collected from cerulein-treated GITR”* mice, both TNF-o
(Figure SA and B, respectively) and IL-1B formation
(Figure 5C and D, respectively) were substantially increased,
compared with sham-operated mice. Interestingly, in
cerulein-treated GITR™™ mice as well as in cerulein/Fc-GITR
co-treated GITR"* mice, levels of TNF-o. (Figure 5A and B,
respectively) and IL-1B (Figure S5C and D, respectively) were
not significantly different from those of sham-treated mice.

Reduced adhesion molecule expression and
neutrophil infiltration in GITR”~ mice

A hallmark of acute pancreatitis is the accumulation of neu-
trophils in the pancreas, which augments tissue damage
(Cuzzocrea et al., 2004). Therefore, we evaluated the expres-
sion of the adhesion molecules P-selectin and ICAM-1, which
play a pivotal role in rolling and firm attachment of neutro-
phils to the endothelium. Assessment of neutrophil infiltra-
tion into the pancreas was also performed by measuring the
activity of myeloperoxidase, an enzyme that is contained in
(and specific for) neutrophil lysosomes.

Immunostaining for ICAM-1 (Figure 6A-D), P-selectin
(Figure 6E-H) or myeloperoxidase activity (Figure 6I) were
significantly enhanced in the pancreas samples collected
from GITR** mice and markedly reduced in pancreas from
cerulein-treated GITR”~ mice after cerulein administration
(Figure 6C, G and I respectively). Similarly, ICAM-1 and
P-selectin staining as well as myeloperoxidase activity were
significantly reduced in pancreatic tissues from cerulein-/Fc-
GITR-treated GITR"* mice (Figure 6D, H and I respectively).

In samples of pancreas obtained from sham-treated
GITR”* and GITR” mice, no myeloperoxidase activity
(Figure 6I) and no positive staining for either P-selectin or
ICAM-1 were observed (Figure 6A and E respectively).

Pancreatic tissue of GITR”~ mice shows a
reduced iNOS expression, nitrosative stress
and poly ADP-ribose polymerase (PARP)
activation, measured by
immunohistochemical methods

Inducible NOS expression was evaluated in sections of pan-
creas by immunohistochemical analysis. The samples
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Figure 3

Effect of glucocorticoid-induced tumour necrosis factor receptor family-related protein (GITR) inhibition on cerulein-induced injury of the
pancreas. Haemotoxylin and eosin stain (A-E panels): sections of pancreas from saline-treated (sham) GITR** mice (A and B) show the normal
architecture of the pancreas. On the contrary, sections of pancreas from GITR** mice, show that 24 h after cerulein injection, marked inflammatory
changes are present (C). Sections of pancreas from cerulein-treated GITR”- and GITR"”* mice co-treated with cerulein and Fc-GITR
(6.25 pug-mouse™, by mini-osmotic pump) show less pathological changes in the tissues (D and E respectively). Silver impregnation (F-H panels):
in sham-treated mice (F) there was a normal presence of reticular and nervous fibres as well as connective tissues, while a significant alteration
of the same tissues associated with a collagen reduction was observed in the pancreatic tissues of GITR** mice (G). In the sections of pancreas
from cerulein-injected GITR™~ mice, a significantly reduced alteration of reticular and nervous fibres as well as connective tissues was observed (H).
Oedema following cerulein treatment is shown in panel I. Figure is representative of one out of three independent experiments.
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Figure 4

Effect of glucocorticoid-induced tumour necrosis factor receptor
family-related protein (GITR) inhibition on cerulein-induced nuclear
factor kB (NF-xB) activation in pancreas. Panels A: basal levels of
inhibitor of kappa B-o (IxB-o) were detected by Western blot analysis
in the homogenates of pancreatic tissues from saline-treated (sham)
animals. IxB-o. expression is low 24 h after cerulein administration,
while it was not reduced in GITR”~ mice. B-actin was used as internal
control. Panels B: levels of NF-kB p-65 subunit protein in the nuclear
fractions of the pancreatic tissues were significantly increased by
cerulein-administration compared to those in the sham-treated mice.
The levels of NF-xB p-65 protein in the nuclear fractions of pancreatic
tissues from GITR”~ mice were similar to that observed in sham-
treated animals. Laminin B1 was used as internal control. Results
shown in the lower half of panels A and B are expressed as mean =
SEM of the normalized densitometric analysis of five independent
experiments. *P < 0.01 versus sham, #P < 0.01 versus cerulein-treated
GITR** mice.ND, not detectable.
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Figure 5

Effect of glucocorticoid-induced tumour necrosis factor (TNF) recep-
tor family-related protein (GITR) inhibition on plasma and pancreatic
tumour necrosis factor-o. (TNF-a) and interleukin (IL)-1B levels.
Twenty-four hours after cerulein injection an increase of plasma and
pancreatic TNF-o. (A and B, respectively) and IL-1B (C and D, respec-
tively) levels was found in GITR** mice when compared with GITR”
and GITR** mice that had been co-treated with Fc-GITR (6.25 pg/
mouse of Fc-GITR, by mini-osmotic pump). No cytokine production
was found in sham-operated mice. One representative experiment
out of three is shown. Data are expressed as mean = SE of 10 mice
each group. *P < 0.01 versus sham; #P < 0.01 versus cerulein-treated
GITR** mice.

obtained from sham-treated mice did not stain for iNOS
(Figure 7A), whereas pancreatic tissue sections obtained from
cerulein-treated GITR”* mice exhibited positive staining
for iNOS (Figure 7B). Conversely, samples from GITR”"
(Figure 7C) and cerulein-/Fc-GITR-treated GITR”* mice
(Figure 7D) showed a lower degree of iNOS staining.

To evaluate the amount of peroxynitrite formation and
other nitrogen derivatives produced during cerulein-induced
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Figure 6

Effect of glucocorticoid-induced tumour necrosis factor receptor family-related protein (GITR) inhibition on expression of the adhesion molecules
intercellular adhesion molecule 1 (ICAM-1) and P-selectin. Twenty-four hours after cerulein injection, immunohistochemical localization of ICAM-1
and P-selectin in pancreas of GITR** mice showed a positive staining for both ICAM-1 (B) and P-selectin (F), when compared with sham-operated
mice (A and E respectively). There was no detectable immunostaining for ICAM-1 and P-selectin in pancreas of cerulein-treated GITR™~ mice (C
and G, respectively) and cerulein/Fc-GITR (6.25 pug/mouse of Fc-GITR, by mini-osmotic pump) co-treated GITR** mice (D and H respectively).
Photographs are representative of one out of three independent experiments (including five mice in each group). Panel I: myeloperoxidase activity
in pancreatic samples of cerulein-treated GITR** mice was significantly increased compared to sham-treated mice. Cerulein-treated GITR”~ mice
and cerulein/Fc-GITR (6.25 ug-mouse™ of Fc-GITR, by mini-osmotic pump) co-treated GITR** mice showed a significantly decrease of MPO
activity in pancreas (C). One representative experiment out of three is shown. Data are expressed as mean =+ SE of 10 mice each group. *P < 0.01
versus sham; #P < 0.01 versus cerulein-treated GITR** mice.
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Figure 7

Effect of glucocorticoid-induced tumour necrosis factor receptor
family-related protein (GITR) inhibition on inducible nitric oxide syn-
thase (iNOS) expression, nitrosative stress and poly ADP-ribose poly-
merase activation. Twenty-four hours after cerulein injection,
immunohistochemical localization of iINOS (A-D) nitrotyrosine (E-H)
and poly ADP-ribose (PAR) (I-N) in the pancreatic tissue of GITR**
mice showed a positive iNOS (B) nitrotyrosine (F) and PAR (L) stain-
ing, when compared with sham operated mice (A, E and | respec-
tively). After cerulein administration, in the pancreatic tissue of
GITR”~ mice and Fc-GITR co-treated (6.25 pg-mouse™, by mini-
osmotic pump) GITR** mice, there was no detectable immunostain-
ing for iINOS (C and D, respectively), nitrotyrosine (G and H,
respectively) and PAR (M and N respectively). One representative
experiment out of three is shown.

Pl
<«

acute pancreatitis, nitrotyrosine, a specific marker of nitrosa-
tive stress, was measured by immunohistochemical analysis
in sections of pancreas tissues, using a specific anti-
nitrotyrosine antibody. The samples obtained from sham-
treated mice showed no positive staining for nitrotyrosine
(Figure 7E), while sections from cerulein-induced GITR"*
mice exhibited positive staining for nitrotyrosine in pancreas
(Figure 7F). Much less nitrotyrosine staining was found in the
pancreas both of cerulein-treated GITR”- mice (Figure 7G)
and cerulein-/Fc-GITR-treated GITR”* mice (Figure 7H).

Sections of pancreas were also taken after cerulein admin-
istration to determine the activation of the nuclear enzyme
PARP which has been implicated in the pathogenesis of acute
pancreatitis. PARP activation was evaluated by assessing the
presence of PAR, using an immunohistochemical approach. A
positive staining for PAR was localized in sections of pancreas
obtained from cerulein-treated GITR"* mice (Figure 7L). The
samples from GITR”" mice (Figure 7M) and cerulein-/Fc-
GITR-treated GITR** (Figure 7N) showed a reduction of the
degree of positive staining for PAR in pancreas. No positive
staining for PAR was found in tissues from sham-treated mice
(Figure 7I).

Reduced ap Iptosz's and modulation of
apoptosis-related genes in pancreatic

tzssue of GITR”~ mice

The presence of apoptotic cells in pancreatic tissue is a
measure of damage consequent to the inflammatory process
(Gukovskaya and Pandol, 2004). TUNEL assay showed the
presence of apoptotic cells in pancreatic sections obtained
from cerulein-treated GITR** mice (Figure 8A and E). By con-
trast, no positive TUNEL staining was found in tissue sections
of cerulein-treated GITR”~ mice (Figure 8C and E) as well as in
cerulein-/Fc-GITR-treated GITR** (Figure 8D and E). As
expected, no positive TUNEL staining was observed in pan-
creatic tissues of GITR”" and GITR”* sham-treated mice
(Figure 8A and E).

To confirm the apoptosis levels in our samples, we used
immunohistochemical staining for S-100 protein, another
marker of the apoptotic process, and revealed an increased
level in cerulein-treated GITR"* mice (Figure 8G) as compared
with cerulein-treated GITR”- mice (Figure 8H) or cerulein-/Fc-
GITR-treated GITR** mice (Figure 8I). Sham-operated mice
showed no staining for S-100 protein (Figure 8F).
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Figure 8

Effect of glucocorticoid-induced tumour necrosis factor receptor family-related protein (GITR) inhibition on apoptosis and S100 protein expression
in pancreatic tissue. Twenty-four hours after cerulein administration, Terminal deoxynucleotidyltransferase-mediated UTP nick-end labelling
(TUNEL) staining (A-E) showed a marked appearance of dark brown apoptotic cells and intercellular apoptotic fragments in pancreatic tissue of
GITR** mice (B, see cell count E), when compared with sham animals (A, see cell count E). In the pancreatic tissue of GITR”~ mice (C, see cell count
E) and Fc-GITR co-treated (6.25 pug-mouse™, by mini-osmotic pump) GITR** mice (D, see cell count E), the number of dark brown cells was
significantly reduced. One representative experiment out of three is shown. Data are expressed as number of cells per field (n = 10) and as mean
+ SE. *P < 0.01 versus Sham; #P < 0.01 versus cerulein-group. ND, not detectable. Immunohistochemical localization of S100 protein (F-I) in the
pancreatic tissue of GITR** mice 24 h after cerulein injection showed a positive staining (G), when compared with sham operated mice (F). No
detectable immunostaining in the pancreatic tissue of GITR”~ mice (H) and Fc-GITR-treated (6.25 pg-mouse™, by mini-osmotic pump) GITR**
mice (I) was found. One representative experiment out of three is shown.
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We also investigated the expression of the pro-apoptotic
molecule Bax and of the anti-apoptotic molecule Bcl-2, by
Western blot of the pancreatic homogenates. The levels of
Bax detected in pancreatic tissues from cerulein-treated
GITR** mice were much higher when compared with that
detected GITR”- mice (Figure 9A). Moreover, Bcl-2 was almost
absent in samples from cerulein-treated GITR”* mice and
present in GITR™~ mice (Figure 9F). Differences in Bax and
Bcl-2 were also confirmed by immunohistochemical staining.
Tissues from sham-treated mice did not stain for Bax
(Figure 9B), whereas pancreatic sections obtained from
cerulein-treated mice exhibited positive staining for Bax
(Figure 9C). Deletion of GITR (Figure 9D) and treatment of
GITR”* animals with Fc-GITR (Figure 9E) reduced the degree
of positive staining for Bax in the pancreas of mice subjected
to cerulein-induced pancreatitis. Moreover, pancreatic sec-
tions from sham-treated mice showed positive staining for
Bcl-2 (Figure 9G), whereas in cerulein-treated mice Bcl-2
staining was significantly reduced (Figure 8H). GITR”-
(Figure 91) and cerulein/Fc-GITR co-treated GITR”* mice
(Figure 9L) showed a less pronounced loss of positive staining
for Bcl-2 following cerulein-induced pancreatitis.

Discussion

We and others have previously shown, in a number of
experimental models of disease, that GITR plays an impor-
tant role in regulating immune/inflammatory response
(Ronchetti et al., 2004; Suvas et al., 2005; Cuzzocrea et al.,
2006; 2007; Nocentini and Riccardi, 2009). We here show
that the GITRL/GITR system modulates cerulein-induced
acute pancreatitis.

Pancreatitis is a severe disease that rapidly leads to the
activation of inflammatory processes, which entail the pro-
duction of mediators and activation of mechanisms that
cause an exacerbation of the inflammatory response and
serious complications. The consequence of the acinar cell
damage is the local activation of the immune/inflammatory
components including dendritic cells, macrophages, fibro-
blasts and T cells as well as fibroblast and endothelial cells
(Granger and Remick, 2005). To determine whether Fc-GITR
could be useful to improve pancreatitis outcome, we treated
mice with cerulein-induced acute pancreatitis with Fc-GITR.
Moreover, to confirm the role of GITRL/GITR system and
study the mechanism of action of Fc-GITR, we compared the
clinical and histological outcome of pancreatitis in GITR™"
mice and control mice. Our results confirmed that Fc-GITR
was useful in treating acute pancreatitis of the mice, at a dose
of 6.25 ug-mouse™.

To establish the main mechanism of action by which
Fc-GITR exerts its activity, we should take into account that
when the fusion protein Fc-GITR binds GITRL, it can induce
at least two effects: inhibition of GITR triggering by its natu-
rally expressed ligand and activation of GITRL. Inhibition of
GITR triggering has critical effects to several cells of the
immune system. In fact, GITR stimulates activation of CD4*
and CD8" T lymphocytes and inhibits T regulatory suppressor
activity (Tone et al., 2003; Ronchetti et al., 2004; 2007; Cho
et al., 2009). Moreover, GITR modulates dendritic cell activity
(Ronchetti et al., 2010) and the function of other cells of the
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innate immune system (Kim et al., 2006; Nocentini and Ric-
cardi, 2009). The inhibition of each of these mechanisms may
contribute to protection derived from Fc-GITR treatment, but
CD4* T-cell stimulation may be crucial in this case, as CD4" T
cells play a pivotal role in acute pancreatitis (Demols et al.,
2000). The same mechanisms are operative in the protection
of GITR™" mice from cerulein-induced pancreatitis. Immuno-
histochemistry demonstrated that GITR was not expressed in
the pancreatic tissue, while real time PCR showed that it was
expressed at very low level. This discrepancy may be due to
the lower sensitivity of the immunohistochemistry than real
time PCR and also to the blood perfusing pancreas and
including GITR positive cells. If GITR is expressed in the
parenchyma, another mechanism of action of Fc-GITR might
be the modulation of the response to inflammation by pan-
creatic cells.

GITRL triggering has been demonstrated to have tolero-
genic effects in some models of inflammation through an
action on dendritic cells (Cuzzocrea et al., 2005; 2006). There-
fore, the effect of Fc-GITR treatment might be attributed, at
least in part, to this mechanism. However, two findings argue
against this additional mechanism of action. Firstly, in
GITR™ mice, which are protected by cerulein-induced pan-
creatitis, GITRL triggering is not effective. Secondly, the
development of pancreatitis is quite rapid and the involve-
ment of dendritic cells may be marginal in the first hours.
Furthermore, in macrophages, GITRL activation leads to the
production of pro-inflammatory mediators such as IL-1a,
IL-8, TNF-0, monocyte chemotactic protein 1, CCL2, iNOS
and matrix metalloproteinase-9 (Shin et al., 2002; Bae et al.,
2008). However, none of these effects was seen in Fc-GITR-
treated mice. Therefore, it is reasonable that in this as well as
other inflammatory models (Agostini et al., 2005), the pro-
inflammatory effects of GITR triggering overcome the effects
deriving from GITRL triggering (tolerogenic and/or pro-
inflammatory). As a consequence, it seems that the protective
effects of Fc-GITR fusion protein in cerulein-treated GITR"*
mice are due to inhibition of GITR triggering more than to
GITRL triggering. This Fc-GITR mechanism of action has been
recently put forward by two other studies (Nocentini et al.,
2008; Kim et al., 2010). Alternatively, it may be hypothesized
that the Fc-GITR we have used inhibits GITR triggering but
does not activate GITRL.

The transcription factor NF-«B, a key regulator of cytokine
induction (Kim et al., 2000), plays a critical role in the patho-
genesis of cerulein-induced acute pancreatitis by regulating
the expression of many pro-inflammatory genes (Rakonczay
et al., 2003). We have found here that after cerulein admin-
istration, inhibition of GITR activation reduced the levels of
IxB-o. degradation and NF-«xB translocation. As NF-xB stimu-
lates the release of proinflammatory mediators, we evaluated
plasma and tissue levels of the production of such cytokines.
The presence of IL-1f and TNF-o is characteristic of an
ongoing inflammatory process and their serum and in situ
levels correlate with the degree of inflammation. Our results
revealed that mice with genetic and pharmacological inhibi-
tion of GITR triggering show a decreased production of pro-
inflammatory mediators.

In agreement with the increased cytokine production
during cerulein-induced pancreatitis, we also found, by
immunohistochemistry, a greater expression of P-selectin and
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Figure 9

Effect of glucocorticoid-induced tumour necrosis factor receptor family-related protein (GITR) inhibition on pancreatic expression of Bcl-2 family
members. Bax and Bcl-2 expression levels were detected in pancreatic samples 24 h after cerulein injection by Western blot. A significant increase
of Bax expression was detected in GITR** pancreatic tissue, whereas Bax levels were substantially reduced in GITR”~ mice (A). Bcl-2 expression was
not observed in pancreas of GITR* mice, while was more evident in the pancreatic tissue from cerulein-treated GITR”~ mice (F). Results shown
in the lower half of panels A and F are expressed as mean = SEM of the normalized densitometric analysis of five independent experiments.
*P < 0.01 versus cerulein-treated GITR”* mice. Bax and Bcl-2 expression in pancreas was also evaluated by immunohistochemical analysis.
Twenty-four hours after cerulein injection, positive Bax staining was found in pancreas of GITR”* mice (C). No positive staining for Bax was
detected in pancreas of sham-treated GITR** mice (B) cerulein-treated GITR”~ mice (D) and cerulein/Fc-GITR co-treated (6.25 ug-mouse™ of
Fc-GITR, by mini-osmotic pump) GITR** mice (E). No positive staining for Bcl-2 was observed in pancreas of cerulein-treated GITR** mice (G). A
positive staining for Bcl-2 was observed in pancreas from sham-treated GITR** mice (F), cerulein-treated GITR”~ mice (H) and cerulein/Fc-GITR
(6.25 ug-mouse™ of Fc-GITR, by mini-osmotic pump) co-treated GITR** mice (I). One representative experiment out of three is shown.
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ICAM-1, endothelial adhesion molecules, that play a pivotal
role in the rolling and firm attachment of neutrophils to
endothelium. By contrast, we demonstrated significant
reduction in the expression of P-selectin and ICAM-1 in
cerulein-treated GITR”" mice and cerulein/Fc-GITR co-treated
GITR"* mice compared with cerulein-treated GITR"* mice. In
the same samples, the consequently reduced neutrophilic
infiltration was confirmed by lower levels of myeloperoxidase
enzyme. Ongoing studies are further analysing the role of
GITRL/GITR system on extravasation during the inflamma-
tory response.

Peroxynitrite causes single-strand breaks of DNA (Inoue
and Kawanishi, 1995) thus activating the nuclear enzyme
poly(ADP-ribose) synthetase, the depletion of intracellular
NAD and ATP pools and ultimately cell death (Zingarelli
et al., 1996). Moreover, there is evidence that the activation of
PARP may also play an important role in inflammation (Szabo
and Dawson, 1998). Therefore, we analysed PAR expression,
demonstrating that its presence was also reduced under
genetic or pharmacological inhibition of GITR triggering,
consistent with a lower degree of nuclear injury and cell
death, suggesting that GITR-related modulation of the
inflammatory process is due, at least in part, to inhibition of
PARP activation. Notably, our results provide the first evi-
dence that GITR regulates oxidative stress and the poly(ADP-
ribose) synthetase pathway, which are activated during
experimental pancreatitis.

Finally, acute pancreatitis causes the appearance of the
macroscopic signs of injury, showing large areas of necrotic
tissue, as a consequence of the activation of apoptotic path-
ways, activated by different receptors including TNEFRSF
members (Wallach et al., 1998). In particular, it has been
demonstrated that GITR and CD27 bind and activate Siva
(Spinicelli et al., 2002; Krausz et al., 2007), a proapoptotic
protein that contains a death domain and interacts with
TNF receptor-associated factor 2 and the anti-apoptotic
protein Bcl-xL, leading to cell death (Xue etal., 2002;
Barkinge et al., 2009; Gudi et al., 2009). We analysed the
relation between GITR and apoptosis in this model by
TUNEL assay and by evaluating the expression of S100
protein, Bax and Bcl-2. Results demonstrated that GITR acti-
vation was involved in modulation of apoptosis, possibly
through Siva activation.

Blocking CD40-CD40 ligand or B7-CD28 costimulatory
pathways has no effect on the severity of pancreatitis (Demols
et al., 2000) and this is in contrast with the results here shown
concerning the GITRL-GITR costimulatory pathway. These
differing effects may have a variety of causes, including the
fact that GITR triggering is more crucial for CD8" T-cell acti-
vation than CD28 (Ronchetti et al., 2007), and the GITRL-
GITR system is not only involved in T-cell costimulation, but
also in the stimulation of other cells of the immune system
(including macrophages and neutrophils) and extravasation
(Krausz et al., 2007).

Our study indicates that GITR plays a pivotal role in the
cellular mechanisms underlying experimental pancreatitis
and resulting in severe inflammatory response, because
deletion of GITR or its pharmacological inhibition by
Fc-GITR ameliorates or even prevents the inflammatory
process. For the first time, we show that the regulation of
GITR-GITRL system might be a therapeutic target to reduce

Treatment of acute pancreatitis with Fc-GITR

inflammatory defense mechanisms and the injury conse-
quent to pancreatitis.
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