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bowel diseases.
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(Bacl(ground: AS101, a novel small tellurium compound, is a potent anti-inflammatory/anti-apoptotic immunomodulator.
Results: AS101 prevents leukocyte migration and protects the mucosal barrier in murine colitis.
Conclusion: AS101 exerts multifunctional anti-inflammatory/anti-apoptotic activity in experimental inflammatory bowel

Significance: This is the first report showing significant effect of tellurium-based compound for the treatment of inflammatory
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Inflammatory bowel diseases (IBDs) are a group of idiopathic,
chronic immune-mediated diseases characterized by an aber-
rant immune response, including imbalances of inflammatory
cytokine production and activated innate and adaptive immu-
nity. Selective blockade of leukocyte migration into the gut is a
promising strategy for the treatment of IBD. This study
explored the effect of the immunomodulating tellurium com-
pound ammonium trichloro (dioxoethylene-o0,0’) tellurate
(AS101) on dextran sodium sulfate (DSS)-induced murine coli-
tis. Both oral and intraperitoneal administration of AS101 sig-
nificantly reduced clinical manifestations of IBD. Colonic
inflammatory cytokine levels (IL-17 and IL-1f) were signifi-
cantly down-regulated by AS101 treatment, whereas IFN-y was
not affected. Neutrophil and @437+ macrophage migration into
the tissue was inhibited by AS101 treatment. Adhesion of mes-
enteric lymph node cells to mucosal addressin cell adhesion
molecule (MAdCAM-1), the ligand for 47 integrin, was
blocked by AS101 treatment both in vitro and in vive. DSS-in-
duced destruction of colonic epithelial barrier/integrity was
prevented by AS101, via up-regulation of colonic glial-derived
neurotrophic factor, which was found previously to regulate
the intestinal epithelial barrier through activation of the PI3K/
AKT pathway. Indeed, the up-regulation of glial-derived neu-
rotrophic factor by AS101 was associated with increased levels
of colonic pAKT and BCL-2 and decreased levels of BAX. Fur-
thermore, AS101 treatment reduced colonic permeability to
Evans blue and decreased colonic TUNEL* cells. Our data
revealed multifunctional activities of AS101 in the DSS-induced
colitis model via anti-inflammatory and anti-apoptotic proper-

ties. We suggest that treatment with the small, nontoxic mole-
cule AS101 may be an effective early therapeutic approach for
controlling human IBD.

Crohn disease and ulcerative colitis are the two major forms
of chronic inflammatory bowel disease (IBD).”> Studies in
humans and in experimental models of IBD have revealed
impaired mucosal barrier function, activated innate immunity,
altered production of Thl and Th2 cytokines, and the activa-
tion of CD4™" T cells in the pathogenesis of IBD (1-3). T regu-
latory cells play an essential role in the maintenance of intesti-
nal immune homeostasis and were also shown to be capable of
preventing and reversing established colitis (4). The etiologies
of these diseases remain unclear. The most widely held hypoth-
esis regarding the pathogenesis of IBD is that aberrant activa-
tion or defective down-regulation of innate immunity and
overly aggressive acquired (T cell) immune responses to a sub-
set of commensal enteric bacteria develop in genetically sus-
ceptible hosts, and environmental factors precipitate the onset
or reactivation of disease (1, 2, 5).

Cytokines provide key signals in the intestinal immune
system and were shown to have a central role in the patho-
physiology of IBD (6). It is evident now that both innate cell
populations (e.g. y6 T cells, LTi-like cells, and monocytes/
macrophages) and adaptive T cells (Th17 cells) can produce
IL-17, which has a crucial role in inflammatory and autoim-
mune diseases (7—10). IL-17 was found to be elevated in periph-
eral blood and intestinal tissue of IBD patients (11, 12). In addi-
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2 The abbreviations used are: IBD, inflammatory bowel diseases; DSS, dextran
sodium sulfate; MPO, myeloperoxidase; TUNEL, terminal deoxynucleoti-
dyltransferase-mediated dUTP nick end labeling; MAdCAM, mucosal
addressin cell adhesion molecule; GDNF, glial-derived neurotrophic factor;
iNOS, inducible nitric-oxide synthase; MLN, mesenteric lymph node;
ANOVA, analysis of variance.
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tion to IL-17, IL-1 is important in the pathogenesis of IBD
because of its pro-inflammatory activities. Peripheral blood
mononuclear cells obtained from patients with Crohn disease
were shown to produce high levels of IL-1 in vitro compared
with normal control cells (13), and enhanced secretion of IL-13
was shown in colonic biopsies from patients with inflammatory
bowel disease (12, 14). Based on these findings, several cyto-
kine-based therapies have been developed and tested for the
treatment of IBD patients (6, 15).

Macrophages have been implicated in the pathogenesis of a
variety of chronic and autoimmune diseases including IBD. The
classically activated macrophages are key producers of many
cytokines (e.g. IL-1, IL-6, and TNFa) and reactive metabolites of
oxygen and nitrogen (e.g. nitric oxide) that have been impli-
cated in the development of IBD (16, 17).

Feeding mice with polymeric dextran sodium sulfate (DSS)
in their drinking water induces acute or chronic colitis charac-
terized by bloody diarrhea, ulceration, loss of body weight, and
infiltration with granulocytes or mononuclear cells, reflecting
IBD symptoms (18). This widely used murine colitis model is
helpful for studying the effect of novel therapeutic agents for
the management of IBD (19).

Integrins are transmembrane cell adhesion receptors com-
posed of noncovalently associated a and 3 subunits that bind to
cell surface ligands, soluble ligands, and extracellular matrix
proteins (20). These adhesive interactions are essential for leu-
kocyte recirculation, migration into inflammatory sites, recog-
nition of foreign antigens, and survival and proliferation (21—
23). Circulating T cells that bear 47 integrins bind to
mucosal addressin cell adhesion molecule (MAdCAM), which
is constitutively expressed on high endothelial venules of
Peyer’s patches and mesenteric lymph nodes (MLNs), as well
as on postcapillary venules of gut lamina propia (LP) (2, 24).
MAdCAM-1 expression is up-regulated on inflamed venules in
chronic inflammatory diseases such as in IBD, diabetes, chronic
relapsing experimental autoimmune encephalomyelitis, etc. Of
note, o437 integrin is also expressed on stimulated monocytes
and macrophages (25). Monoclonal antibody to integrin-o4
(natalizumab), which binds both integrin-a487 (the MAdCAM-
1 ligand) and integrin-a4B1 (the vascular cell adhesion mole-
cule-1 ligand), is effective in treating Crohn disease (26),
whereas a humanized anti-integrin-a47 antibody has been
used to treat active ulcerative colitis (27).

The neurotrophin glial-derived neurotrophic factor (GDNF)
has a strong effect on neurite outgrowth and differentiation and
is able to protect neurons from apoptosis under various condi-
tions. Interestingly, it has been shown that ablation of enteric
glia leads to a fulminant hemorrhagic jejunoileitis in mice (28),
suggesting a central role of the enteric glia in the maintenance
of gut mucosal integrity. GDNF is up-regulated in IBD and has
strong anti-apoptotic properties in colonic epithelial cells via
activation of MAPK and PI3K/AKT pathways (29).

AS101 is a small nontoxic tellurium IV compound (Fig. 1)
currently being evaluated in phase II clinical trials in psoriasis
patients (unpublished data) and in prevention of bone marrow
toxicity induced by chemotherapy in cancer patients (30). This
compound is a potent immunomodulator (in vitro and in vivo)
with a variety of potential therapeutic applications (31-33).
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FIGURE 1. The chemical structure of AS101.

Accumulated evidence suggests that much of the biological
activity of tellurium compounds is directly related to their spe-
cific chemical interactions with endogenous thiols. If the react-
ing thiol is a cysteine residue, the reaction product may alter the
biological activity of the target protein (34). The Te(IV)-thiol
chemical bond may lead to conformational change or disulfide
bond formation, possibly resulting in a loss of biological activ-
ity, if the thiol residue is essential for a particular function.
Indeed, we demonstrated that AS101 specifically inactivates
cysteine proteases while exhibiting no effect on the other fam-
ilies of serine-, aspartic-, and metallo-proteases, in good agree-
ment with the predictions of its unique Te (IV)-thiol chemistry.
Furthermore, the proteolytic activity of the inactivated cysteine
proteases could be recovered by reducing agents such as
NaBH4, further supporting the suggestion that the inactivation
process involves oxidation of the catalytic thiol to a disulfide
(34). In light of its chemical activities, AS101 has been shown to
exert anti-inflammatory and anti-apoptotic effects in different
in vivo models (35—38), through inhibition of caspase 1, 3, and 8
activities and by its ability to induce GDNF production (38, 39).

In the present study, we tested the effect of AS101 on a DSS-
induced murine colitis model. Our findings revealed anti-in-
flammatory and anti-apoptotic properties of AS101 through
the down-regulation of colonic inflammatory cytokine levels,
prevention of inflammatory cell migration into the tissue, and
inhibition of colonic apoptotic processes.

EXPERIMENTAL PROCEDURES

Mice—Male C57BL/6 mice, 8 —12 weeks old, were purchased
from Harlan Laboratories (Jerusalem, Israel). The mice were
kept in a specific pathogen-free environment and fed standard
pellet diet and tap water. The mice were allowed to acclimate
for 7 days before the experiments. Animal experiments were
performed in accordance with institutional protocols, and
experiments were approved by the institutional animal care and
use committee.

Induction of DSS Colitis—The mice were divided into groups
with identical average body weight. DSS (molecular weight,
36,000-50,000; MP Biomedicals, Eschwege, Germany) was
added to tap water at a concentration of 3.5% (w/v). The mice
were given DSS solution for 7 days, followed by 5 days of regular
water. Fresh DSS solution was prepared every other day.

AS101—AS101 was supplied in a solution of PBS (pH 7.4) and
maintained at 4 °C. Before use, AS101 was diluted in PBS, and
the indicated doses were used.

AS101 Treatment—AS101 was administrated either by intra-
peritoneal injection or by oral administration. In the injection
treatment, mice were given DSS and injected daily intraperito-
neally with PBS (DSS+PBS) or with AS101 (10 wg/mouse per
injection) either concomitantly with the initiation of DSS sup-
plementation (DSS+AS(d0)) or 2 days later (DSS+AS(d2)).
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The control mice received regular tap water only and were
injected daily with intraperitoneal injections of PBS (PBS).
For the oral treatment, the mice were given DSS and were
treated by oral administration of PBS (DSS+PBS) or AS101
(100 wg/mouse) given concomitantly with DSS (DSS+ AS(d0))
by 18 gauge feeding needle. Control mice received oral admin-
istration of PBS alone (PBS).

Assessment of DSS Colitis Severity—The mice were moni-
tored for body weight, stool consistency, rectal bleeding, and
fecal occult blood. Fecal occult blood was examined by Hemoc-
cult test (Beckman Coulter Inc, Fullerton CA). Bleeding score
included the fecal occult blood test, and visible blood from the
rectum and was graded as 0 = negative, 2 = positive by Hemoc-
cult, and 3 = visible blood. Fecal pellets were given a stool
consistency score of 0 = normal fecal pellet, 1 = slightly loose
stool, 2 = loose stool, and 3 = diarrhea. At necropsy, the colons
were cut out and measured to determine colon length. 1 cm of
the distal colon was taken for histology or immunohistochem-
ical staining. Another 1-2 cm of the distal colon was used for
protein analysis.

Histology— Tissue sections from the distal colon were fixed in
4% buffered formaldehyde. Paraffin-embedded sections were
stained with hematoxylin and eosin. Histopathology scoring
was performed by a pathologist in a blinded fashion and graded
according to the following parameters: severity of inflamma-
tion (0—3; none, slight, moderate, and severe), depth of injury
(0-3; none, mucosal, mucosal and submucosal, and transmu-
ral), and crypt damage (0—4; none, basal damage, severe basal
damage, only surface epithelium intact, and loss of entire crypt
and epithelium). The score of all the parameters was summed
to a maximum score of 10 per mouse and calculated as an aver-
age histopathology score per group. Histopathology scoring
was performed on sections prepared from the experiment test-
ing AS101 treatment by intraperitoneal injection.

Immunohistochemistry—Immunohistochemical detection
of IL-17 and CD4 was performed on paraffin-embedded slides
of distal colon sections. Deparaffinized sections were incubated
overnight (4 °C) with rabbit polyclonal antibody against human
IL-17 (Santa Cruz) or mouse monoclonal antibody against
mouse CD4 (Abcam, Cambridge, MA). Subsequently, incuba-
tion with secondary antibodies and substrate addition was per-
formed using a commercial staining kit (Vectastain ABC kit)
following the manufacturer’s instructions. Sections were coun-
terstained with hematoxylin. For in situ detection of apoptosis,
the terminal deoxynucleotidyltransferase mediated dUTP nick
end-labeling (TUNEL) method (Apoptag kit; Millipore) was
used.

Immunofluorescence—Paraffin tissue sections were deparaf-
finized and rehydrated followed by heat-induced antigen
retrieval using boiling 0.01 ™ citrate buffer (pH 6.0) for 10 min
in a microwave. The sections were then blocked for 30 min
using a blocking buffer (1% BSA and 0.5% Triton in PBS). Dou-
ble staining was performed at 4 °C overnight using a mixture of
mouse anti-CD68 (Abcam) and rabbit anti-ITGB7 (Protein-
tech) primary antibodies. Secondary antibodies were a mixture
of Alexa 594 (anti-mouse) and Alexa 488 (anti-rabbit) conju-
gates (Molecular Probes). Nuclei were counterstained using
Hoechst.
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Tissue Myeloperoxidase (MPO) Activity—MPO was mea-
sured in tissue from distal colon. Samples were rinsed with cold
PBS, blotted dry, and immediately frozen in liquid nitrogen.
Samples were stored at —80 °C until assayed for MPO activity
using the o-dianisidine method (40). Tissue samples were
thawed and weighed. The samples were then suspended (5%
w/v) in 50 mMm potassium buffer phosphate (pH 6) containing
0.5% hexadecyltrimethylammonium bromide (0.1 g/20 ml of
potassium phosphate) and homogenized. Samples were soni-
cated for 30 s (15 watts) and then centrifuged at 13,000 rpm for
25 min at 4 °C. The reaction was initiated by incubating the
supernatant (20 ul) at 20 °C for 20 min with 50 mm potassium
phosphate buffer (180 wl) containing 1 mm o-dianisidine dihy-
drochloride and 5 X 10~*% H,O,. The change in the absorb-
ance was read every 30 s by a microplate reader (Bio-Rad). MPO
activity was expressed as the amount of enzyme necessary to
produce a 1 unit change in the absorbance per min per g of
tissue.

Quantification of Cytokine and GDNF Levels—An IL-17/
IL-1B ELISA kit (R&D Systems) and IFN-y ELISA kit (Dia-
clone) were used for quantitative cytokine measurements in
mouse colonic lysates. GDNF concentrations in colonic lysates
were measured by a commercial GDNF ELISA kit according to
the manufacturer’s instructions (GDNF Emax ImmunoAssay
system kit; Promega).

Protein Isolation and Western Blotting—Colon tissues were
suspended in ice-cold lysis buffer containing 50 mm Tris (pH
7.5), 150 mm NaCl, 10% glycerol, 1% Triton X-100, 1 mm EDTA,
1 mM PMSF, 1 mM sodium vanadate, 0.1% protease inhibitor
mixture (Calbiochem) for 30 min on ice and centrifuged at
13,000 rpm for 20 min. Tissue lysates were boiled for 5 min and
electrophoresed on SDS-PAGE, and membranes were incu-
bated with anti-Bax, anti-BCL2 (Santa-Cruz Biotechnology),
anti-pAKT (Cell Signaling), anti-iNOS (Santa-Cruz Biotech-
nology), and anti-Actin (Sigma). Blots were developed using
horseradish peroxidase-conjugated secondary antibodies and
the ECL detection system (Pierce).

Adhesion Assay of MLN Cells to MAACAM-1—A 96-well
plate was coated with 80 ul/well of 5ug/ml recombinant mouse
MAdCAM-1 Fc chimera (R&D Systems). For the in vitro assay,
control wells were coated with 2.5% BSA (Sigma). The plate was
incubated overnight at 4 °C. Then the wells were washed two
times with 150-200 ul of PBS and blocked with 80 ul of 2.5%
BSA for 1 h in the incubator at 37 °C. The wells were washed
again two times with 150 -200 ul of PBS. Next, 0.5 X 10° MLN
cells/100 ul from five DSS-treated mice were seeded onto each
well, and 0.1, 0.5, or 1 pug/ml AS101 was added into MAdCAM-
1-coated wells. For the in vivo experiment, 0.5 X 10° MLN
cells/100 ul from each group (n = 5) were seeded on the
MAdCAM-1-coated wells. After 2 h, the wells were washed
twice with 150200 wul of PBS to remove the unbound cells.
Then each well was loaded with 100 ul of RPMI + 50 ul of
tetrazolium salt, XTT solution (Biological Industries), and the
plate was incubated overnight in the incubator at 37 °C. Then
the plate was read in a microplate reader (Bio-Rad) at a wave-
length of 450 nm.

Measurement of Colonic Mucosal Permeability—Colonic
mucosal permeability was assayed using a modification of the
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method described by Kitajima et al. (41). The mice were sacri-
ficed, and the colon of each mouse was removed. The dissected
colon was opened longitudinally and stained with 0.1 ml of
0.02% (w/v) Evans blue (Sigma) in PBS. After 120 min of expo-
sure to Evans blue, the colon was rinsed three times in 6 mm
acetylcysteine to remove any unabsorbed dye. The colon was
then dried, weighed, and incubated with 1 ml of formamide for
12 h to elute the Evans blue. Colorimetric measurements of the
solvent were performed in a microplate reader (Bio-Rad) at a
wavelength of 655 nm, and permeability was calculated as ug of
Evans blue/mg of colonic tissue based on the standard curve of
Evans blue in formamide.

Isolation of Lamina Propia Mononuclear Cells from the
Colon—The cells from intestinal LP were isolated as described
previously (42) with some modifications. Briefly, the colons
were flushed with PBS/BSA buffer, cut into small pieces, and
incubated twice in PBS/FCS buffer containing 5 mm EDTA at
37 °C for 15 min in a shaking incubator. Then the LP cells were
isolated by digesting intestinal tissue with collagenase type IV
(Sigma-Aldrich) in RPMI/FCS/15 mm Hepes buffer for 1 h at
37 °C in a shaking incubator. After 1 h, the released LP cells
were passed through a cell strainer (100 wm) and kept in PBS/
BSA/EDTA buffer at 4 °C. Then the cells were further purified
using Percoll (GE Healthcare Life Sciences), counted, and
stained with relevant antibodies for subsequent flow cytometry
analysis.

Flow Cytometry Analysis—Tregs LP lymphocytes were de-
tected using the following antibodies: anti-mouse CD3-Pacific
Blue, anti-mouse CD4-FITC, anti-mouse CD25-PE, and anti-
mouse/rat Foxp3-APC (eBioscience). Briefly, LP cells were pre-
blocked with anti-mouse CD16/CD32 FC blocker for 20 min at
4.°C, washed with FACS buffer, and stained with anti-mouse
indicated antibodies for 30 min at 4 °C. The cells were washed
again and incubated overnight with fixation/permeabilization
reagent (eBioscience). Then cells were washed with permeabi-
lization buffer and stained with anti-mouse/rat Foxp3 antibody
for 30 min at 4 °C. The cells were analyzed using flow cytometry
(FACSCanto II; Becton Dickinson). Data sets were analyzed
using FlowJo software (Tree Star, Inc.). Tregs were designed as
CD3" CD4" CD25™ Foxp3™ cells.

Statistical Analysis—The results are expressed as means *=
S.E. p < 0.05 was considered statistically significant. Differ-
ences in clinical symptoms between groups were analyzed
using ANOVA repeated measures. Differences between groups
in colon length, cytokine levels, histopathology score, adhesion
of MLN, and colonic permeability to Evans blue were analyzed
using one-way ANOVA test. Differences between groups in
IL-1B levels, MPO activity, and GDNF levels were analyzed
using Student’s ¢ test.

RESULTS

AS101 Reduces Clinical Symptoms of DSS-induced Murine
Colitis—Initially, we tested the effect of AS101 on clinical
symptoms of diseased mice, reflecting manifestations of human
IBD. Because the severity of clinical symptoms in our protocol
(e.g intestinal bleeding) started to increase 2 days after DSS
administration, together with the fact that the onset of the
inflammatory and apoptotic process in the colon of DSS-

17218 JOURNAL OF BIOLOGICAL CHEMISTRY

treated mice starts 24 h after DSS administration (43, 44), we
decided to check the effect of AS101 compound given 2 days
after DSS administration.

During the first 5 days of DSS administration, there were no
differences in the total average body weight between the
groups. Then the average body weight of the DSS+PBS group
started to decline significantly from day 6 until the end of the
experiment (p < 0.01). AS101, given concomitantly with DSS
or starting 2 days later, significantly restored the decreased
body weight seen in DSS+PBS-treated mice (Fig. 24). Further-
more, both AS101-treated groups revealed a significantly
reduced bleeding score (Fig. 2B) and stool consistency score
(Fig. 2C) versus the DSS+PBS group over the course of the
experiment. Colon length, which was greatly reduced in dis-
eased mice, was significantly normalized in DSS+AS101-
treated groups (Fig. 2, D and E). Importantly, in the oral treat-
ment experiment, we found the similar efficacy in reducing
clinical symptoms (Fig. 3). AS101, given concomitantly with
DSS, significantly normalized the decreased body weight seen
in DSS+PBS-treated mice (Fig. 34) and reduced bleeding score
versus the DSS+PBS group (Fig. 3B). Colonic shortening
induced by DSS was also significantly restored by AS101 treat-
ment (Fig. 3, C and D). These results demonstrate that AS101
reduces disease manifestations of DSS-induced murine colitis.

The Anti-inflammatory Role of ASI01 on DSS-induced
Murine Colitis—We next examined the immunomodulatory
effect of AS101 on this model. The pro-inflammatory cytokines
IL-17, IFN-v, and IL-1, which have a central role in the patho-
physiology of IBD (6, 11-14, 45—49), were measured in the
colon. The DSS+PBS group exhibited elevated levels of IL-17
as compared with control mice. Treatment with AS101, either
at or after disease onset, significantly reduced colon IL-17 levels
(Fig. 4A). To validate IL-17 inhibition upon AS101 treatment,
we performed immunohistochemical analysis on paraffin-em-
bedded tissue sections. As shown in Fig. 4B, IL-17 was signifi-
cantly up-regulated in DSS+PBS-treated mice as compared
with control mice. The colons of DSS+AS101-treated mice
exhibited normal levels of IL-17, similar to those in control
mice. Additionally, colonic IL-18 was significantly reduced by
oral treatment of AS101 as compared with diseased mice (Fig.
4C). IFN-v was up-regulated in the DSS+PBS group as com-
pared with the control mice, although AS101 treatment, either
at or after disease onset, did not significantly affect its level (data
not shown).

Histopathological examination of the distal colon, at day 12,
revealed granulated tissue exhibiting destruction of the crypt
structure in DSS+PBS-treated mice. Furthermore, massive
mononuclear cell (lymphocytes and macrophages) infiltration
into the mucosa and submucosa was found. In comparison, the
colons of DSS+ AS101-treated mice (either by injection or oral
treatment) exhibited normal appearance as in control mice
(Fig. 5, A and B). Histopathology score, which includes severity
of inflammation and tissue damage examination, was found to
be significantly higher in DSS+PBS group versus the control
mice. In comparison, the average histopathology score of
DSS+AS101-treated mice was significantly reduced and simi-
lar to that of control animals (Fig. 5C).
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FIGURE 2. AS101 injection reduces clinical symptoms of DSS-induced murine colitis. Colitis was induced by addition of 3.5% DSS to the drinking water of
C57BI/6 mice. AS101 (10 ng/mouse) was injected daily intraperitoneally from day 0 (DSS+AS(d0)) or from 2 days after DSS administration (DSS+AS(d2)). A,
AS101 restores decreased body weight induced by colitis. Total average body weight of each group was monitored. *, p < 0.01 decrease versus other groups
(analyzed on days 6-11 by ANOVA repeated measures). B, AS101 reduces intestinal bleeding induced by colitis. Intestinal bleeding was scored by
Hemoccult test for the presence of occult blood and by visual observation of rectal bleeding. *, p < 0.001 increase versus other groups (analyzed by
ANOVA repeated measures). C, AS101 reverses colitis-induced elevation of stool morphology score. *, p < 0.001 increase versus other groups (analyzed
by ANOVA repeated measures). D and E, AS101 restores colon length shortened by colitis. Colons were removed and measured at necropsy (day 12). *,
p < 0.001 increase versus DSS+PBS group (analyzed by one-way ANOVA test). The results shown are means = S.E. (n = 4 for PBS; n = 8 for DSS+PBS; n =
6 for DSS+AS(d0); n = 10 for DSS+AS(d2)). For colon length, n = 7 for PBS; n = 18 for DSS+PBS; n = 17 for DSS+AS(d0); n = 10 for DSS+AS(d2).
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FIGURE 3. Oral administration of AS101 reduces clinical symptoms of DSS-induced murine colitis. Colitis was induced by addition of 3.5% DSS to the
drinking water of C57BI/6 mice. The mice were treated orally with daily administration of AS101 (100 wg/mouse), starting at day 0 (DSS+AS(d0)). The results
shown are means = S.E. of 10 mice per group. A, AS101 restores decreased body weight induced by colitis. Total body weight average of each group was
monitored.*,p < 0.01 decrease versus other groups (analyzed by ANOVA repeated measures). B, AS101 reduces intestinal bleeding induced by colitis. Intestinal
bleeding was scored by Hemoccult test for the presence of occult blood and by visual observation of rectal bleeding. *, p < 0.05 increase versus other groups
(analyzed by ANOVA repeated measures). C and D, AS101 normalizes colon length shortened by colitis. Colons were removed and measured at necropsy (day
12). %, p < 0.001 increase versus DSS+PBS group (analyzed by one-way ANOVA test).
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FIGURE 4. Treatment with AS101 reduces colonic levels of inflammatory cytokines. Colitis was induced by addition of 3.5% DSS to the drinking water of
C57BI/6 mice. AS101 (10 wg/mouse per injection) was injected daily intraperitoneally from day 0 (DSS+AS(d0)) or from 2 days after DSS administration
(DSS+AS(d2)). At necropsy (day 12), 1-2 cm of the distal colon was removed and homogenized. Cytokine levels were measured by ELISA. The results shown are
means *+ S.E. A, treatment with AS101 either at or after disease onset significantly reduced colon IL-17 levels. *, p < 0.01 decrease versus DSS+PBS group
(analyzed by one-way ANOVA test) (n = 7 for PBS; n = 12 for DSS+PBS or DSS+AS(d0); n = 10 for DSS+AS(d2)). B, immunohistochemical detection of IL-17
levels in distal colon. At necropsy (day 7), 1-2 cm of the distal colon was removed and fixed in 4% buffered formaldehyde. Immunohistochemical analysis was
performed in paraffin-embedded slides. The pictures shown are representative of three mice per group. Scale bars indicate 80 um. C, colonic IL-1 is signifi-
cantly reduced by oral administration of AS101. ¥, p < 0.02 decrease versus DSS+PBS group (analyzed by Student's t test). The results shown are means =+ S.E.

of four mice per group.

Histological features after 7 days of DSS administration
showed destruction of the crypt structure and massive neutro-
phil infiltration into the mucosa and submucosa of DSS+PBS-
treated mice. In comparison, the colons of DSS+AS101-treated
mice exhibited a normal appearance (Fig. 6A4). To confirm neu-
trophil infiltration into the colon, we examined colonic MPO
activity, which directly reflects the level of neutrophil infiltra-
tion in tissues (40). High levels of MPO activity were measured
in DSS+PBS-treated mice. MPO activity in AS101-treated
mice was significantly reduced to normal levels, similar to those
observed in control mice (Fig. 6B).

Recently, we found in our lab that AS101 inhibits the activity
of VLA-4 (o431 integrin) by redox modulation based on its
Te-thiol interaction. Considering the clinical importance of
blockade of the gut homing receptor a4B7 in human IBD
patients (27), we wished to examine whether AS101 may pre-
vent the migration of a4B7" innate cells into the tissue of
DSS-treated mice. Immunofluorescence double staining using
anti-CD68 and anti-«437 antibodies indicated increased colo-
calization of a4B7" and CD68™ cells in the colons of DSS-
treated mice in comparison to control mice. However, AS101
treatment inhibited the infiltration of 487" CD68™ cells into
the colon of DSS-treated mice (Fig. 7A).

Expression of MAACAM-1 (the ligand for o437 integrin) is
restricted to gut-associated lymphoid tissues, and its expres-
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sion dramatically increases in IBD (24, 50). To determine the
effect of AS101 on the functional activity of @437 integrin or its
ligand, MAdCAM-1, we isolated MLN cells from DSS-treated
mice and incubated them on MAdCAM-coated plates. As
shown in Fig. 84, MLN cells from DSS-treated mice revealed
significantly increased adhesion to MAdCAM-1 versus BSA.
In comparison, the addition of 0.5 or 1 ug/ml of AS101 in
vitro significantly reduced the adhesion of MLN cells to
MAdCAM-1. To verify this property of AS101 in vivo, we iso-
lated MLN cells from all groups at the end of the experiment
(day 10) and found that MLN cells from DSS-treated group
revealed increased adhesion to MAdCAM-1 versus the control
mice. In comparison, MLN cells from the AS101-treated group
revealed the same adhesion to MAdACAM-1 as the control (Fig.
8B). These results demonstrated the ability of AS101 to inter-
rupt the interaction between a437 and MAdCAM-1 and there-
fore to block diapedesis of innate inflammatory effectors cells
from gut-associated lymphoid tissue or the blood into the tissue
itself.

Several reports implicated reactive oxygen and nitrogen
metabolites in the initiation and/or progression of IBD. Macro-
phages, together with neutrophils, may contribute to intestinal
damage by releasing reactive metabolites of oxygen and nitro-
gen (51). As shown in Fig. 7B, high levels of iNOS were detected
in the colon of DSS-treated mice as compared with the control.
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FIGURE 5. Histopathological examination of the distal colon. Colitis was
induced by addition of 3.5% DSS to the drinking water of C57BI/6 mice. At
necropsy (day 12), 1-2 cm of the distal colon was removed and fixed in 4%
buffered formaldehyde. Paraffin-embedded sections were stained with
hematoxylin and eosin. A, histopathological examination of colons from
AS101 injection treatment. AS101 (10 png/mouse per injection) was injected
intraperitoneally daily from day 0 or starting 2 days after DSS administration.
The pictures shown are representative of three mice per group. Scale bars
indicate 80 um. B, histopathological examination of colons following oral
AS101 treatment. The mice were treated orally with daily administration of
AS101 (100 pwg/mouse) starting at day 0. The pictures shown are representa-
tive of three mice per group. Scale bars indicate 160 um. C, AS101 treatment
(injection) significantly reduces histopathology score. Histopathology score
was determined as described under “Experimental Procedures.” *, p < 0.01
decrease versus DSS+PBS group. The results shown are means = S.E. (n = 2
for PBS or DSS+AS(d2), n = 7 for DSS+PBS, n = 8 for DSS+AS(d0)).

In comparison, the iNOS level of AS101-treated mice was
reduced to normal, as in the control mice.

Interestingly, we found increased infiltration of CD4 positive
cells into the mucosa of DSS-treated mice 7 days after DSS
administration, which represents the acute phase of colitis. In
comparison, the DSS+AS101-treated groups contained basal
levels of CD4 positive cells that were similar to those of the
control group (Fig. 94). To find the effect of AS101 on colonic T
regulatory cells, we isolated colonic lamina propia lymphocyte
(LPL) and found that AS101 treatment increases the percentage
of CD4*CD25%Foxp3™ T regulatory population versus the
DSS+PBS-treated group (Fig. 9B). Collectively, these results
indicate anti-inflammatory activity of AS101 in this model, as
manifested by the down-regulation of colonic inflammatory
cytokine levels and prevention of inflammatory cell migration
into the tissue.

Colonic Epithelial Barrier Function Is Preserved by AS101
Treatment—The neurotrophin, GDNF, was shown to have a
central role in protecting mucosal barrier function in experi-
mental IBD and in IBD patients via up-regulation of PI3K/AKT
pathway (29, 52). Previously, we showed that AS101 induces
GDNF production both in vitro and in vivo (38, 39). Here, we
show that the DSS-treated group revealed significant down-
regulation of colonic GDNF relative to the PBS group. In com-
parison, AS101 treatment, starting 2 days after initiation of dis-
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FIGURE 6. AS101 prevents neutrophil migration into the colon. Colitis was
induced by addition of 3.5% DSS to the drinking water of C57BI/6 mice. AS101
(10 pwg/mouse per injection) was injected from day 0 or starting 2 days after
DSS administration. At necropsy (day 7), 2 cm of the distal colon was removed
and cut longitudinally. One section was fixed in 4% buffered formaldehyde
and stained with hematoxylin and eosin. The other section was kept at
—80 °C until assay for MPO activity, as described under “Experimental Proce-
dures.” A, histopathological examination of the distal colon. The pictures
shown are representative of three mice per group. Scale bars indicate 160 um.
B, MPO activity in the distal colon. *, p < 0.05 decrease versus DSS+PBS group
(analyzed by Students t test). The results shown are means = S.E. (n = 8 for
PBS; n = 7 for DSS+PBS; n = 8 for DSS+AS(d0); n = 9 for DSS+AS(d2)).
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ease, significantly increased colonic GDNF levels versus the
DSS+PBS group (Fig. 10A4). This result was correlated with
up-regulation of colonic pAKT and BCL-2 and down-regula-
tion of BAX following AS101 treatment versus the DSS+PBS
group (Fig. 10B).

To validate the anti-apoptotic effect of AS101, we performed
a TUNEL assay and found increased apoptotic cells in the sur-
face epithelium of DSS-treated mice. In comparison, AS101-
treated groups revealed almost no staining, similar to the con-
trol group (Fig. 10C). To verify AS101-mediated protection of
mucosal integrity, we used the colonic Evans blue staining assay
and found significantly increased colonic permeability to Evans
blue in the DSS-treated group relative to the control group.
However, intraperitoneal administration of AS101 significantly
normalized the increased colonic permeability seen in DSS-
treated mice (Fig. 10D). These results demonstrate the contri-
bution of AS101 to reducing apoptosis in the colon and in main-
taining epithelial barrier/integrity.

DISCUSSION

The gut specific homing receptor, 47 integrin, and its
ligand, MAdCAM-1, have emerged as anti-adhesion therapeu-
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FIGURE 7. AS101 prevents the migration of 437 macrophages into the colon. A, colitis was induced by addition of 3.5% DSS to the drinking water of
C57BI/6 mice.AS101 (10 wg/mouse per injection) was injected daily starting from day 0. At necropsy (day 12), 1-2 cm of the distal colon was removed and fixed
in 4% buffered formaldehyde. Paraffin tissue sections were prepared, and slides were stained with anti-CD68 (red), anti-a4 87 (green), and Hoechst (blue). White
circles indicate cells of ~20-um diameter (estimated diameter of macrophages) which were double-stained for CD68 and «437 (yellow). Representative
pictures are shown (magnification, X40). Scale bars indicate 40 um. B, down-regulation of colonic iNOS levels by AS101 treatment. Proteins in colonic tissue
homogenates were separated by SDS-PAGE and subjected to immunoblotting with antibodies to iNOS and actin-HRP as a control (n = 5 for PBS; n = 8 for
DSS+PBS or DSS+AS(d0) groups).
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FIGURE 8. AS101 prevents the adhesion of MLN cells to MAdACAM-1 both in vitro and in vivo. Colitis was induced by addition of 2% DSS to the drinking
water of C57BI/6 mice. A, MLN cells from DSS+PBS group (n = 5) were seeded for 2 h on MAACAM-1 or 2.5% BSA-coated wells. 0.1-1 ug/ml AS101 was added
into MAdCAM-1-coated wells. After 2 h, the wells were washed, and XTT assays were performed to evaluate the bound cells. #, p < 0.01 increase versus BSA
group; *, p < 0.05 decrease versus MAdCAM group analyzed by one way ANOVA test. The results shown are means = S.E. B, AS101 (10 wg/mouse) was injected
daily from day 0. Atday 10, MLN cells were isolated from all groups (n = 5) and seeded for 2 h on MAdCAM-1-coated plate. After 2 h, the wells were washed, and
XTT assay was performed to quantitate the bound cells. #, p < 0.01 increase versus PBS group; *, p < 0.01 decrease versus DSS+PBS group analyzed by one way
ANOVA test. The results shown are means = S.E.
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FIGURE 9.AS101 prevents the migration of CD4™ cells into the colon and increases colonic CD4*"CD25*Foxp3™ T regulatory cells. A, colitis was induced
by addition of 3.5% DSS to the drinking water of C57BI/6 mice. AS101 (10 pg/mouse per injection) was injected daily intraperitoneally from day 0 (DSS+AS(d0))
or from 2 days after DSS administration (DSS+AS(d2)). At necropsy (day 7), 1-2 cm of the distal colon was removed and fixed in 4% buffered formaldehyde.
Immunohistochemical analysis was performed in paraffin-embedded slides. The pictures shown are representative of three mice per group. Scale bars indicate
160 wm. B, lamina propia lymphocytes cells were isolated from the colons of treated groups and stained for CD4"CD25 *Foxp3™ T regulatory cells as described
under “Experimental Procedures.” Dot plots of each group showing CD25*FOXP3™ LPL cells. (Plots are gated on CD3*CD4 ™" LPL cells.) Each plot is represent-

ative of three experiments.

tic targets in IBD because of their central role in leukocyte traf-
ficking from blood to the intestinal tissue (15, 24, 27). In rodents
and humans, MAdCAM-1 is constitutively expressed by muco-
sal endothelial cells of PPs, MLNs, and LP of the small and large
intestine (50). Its expression is up-regulated on inflamed
venules in chronic inflammatory diseases such as in IBD, dia-
betes, chronic relapsing experimental autoimmune encephalo-
myelitis, and other pathologies. Monoclonal antibody to integ-
rin-a4 (natalizumab), which binds both integrin-a4B7 (the
MAdCAM1 ligand) and integrin-o4 31 (the vascular cell adhe-
sion molecule-1 ligand), is effective in treating Crohn disease
(26), whereas a humanized anti-integrin-a47 antibody has
been used to treat active ulcerative colitis (27). Therefore, inter-
rupting the a487-MAdCAM-1 interaction in the MLN upon
AS101 treatment (both in vitro and in vivo) and the ability of
AS101 to block the migration of @487 ™" inflammatory cells into
the colon further demonstrates the clinical importance of this
interaction.

Accumulating data have suggested the role of IL-17/Th17 in
inflammatory and autoimmune diseases in general, and in IBD
in particular (10, 47, 48, 53). IL-17 and Th17 cells were both
found to be elevated in peripheral blood and intestinal tissue of
IBD patients (11, 12). The activation of the IL-23/IL-17 axis was
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found to play a fundamental role in the pathogenesis of IBD
(47). Experimental IBD revealed that during innate immune-
mediated intestinal inflammation, increased IL-17 expression
is observed in neutrophils and monocytic cells isolated from the
intestinal lamina propia (54). Of note, in human IBD patients,
the increased expression of IL-17 in the inflamed mucosa was
attributed to both CD68+ monocytes/macrophages and T cells
(11). We assume that the reduction of colonic IL-17 by AS101
treatment may be a consequence of the inhibition of the migra-
tion of CD68™" or CD4 ™" (like Th17) cells into the colon of DSS-
treated mice by AS101.

The DSS colitis model is particularly useful to study the con-
tribution of innate immune mechanism of colitis. Interestingly,
we found enhanced CD4™" cells in the lamina propia of the
diseased mice, 7 days after DSS administration, which repre-
sents the acute colitis phase. Our results correlate with recent
studies indicating that CD4"* T cells become activated in the
periphery in the DSS-induced colitis model and home to the
colon during the first 3—7 days of DSS administration (55, 56).
Furthermore, Hall et al. (43) showed that adaptive immune
populations such as CD3™ and B cells are also activated in the
late acute phase of DSS-induced colitis. We show that AS101
treatment, starting either at or after disease onset, prevents the
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FIGURE 10. AS101 treatment restores DSS-induced destruction of colonic epithelial barrier integrity. Colitis was induced by addition of 3.5% DSS to the
drinking water of C57BI/6 mice. At necropsy (day 12), 1-2 cm of the distal colon was removed and homogenized. A, AS101 treatment increases GDNF levels.
GDNF was measured in colonic lysates. #, p < 0.05 increases versus DSS+PBS group; *, p < 0.02 increase versus DSS+PBS group (analyzed by Student’s t test).
The results shown are means = S.E. (n = 3 for PBS; n = 6 for DSS+PBS; and n = 9 for DSS+AS(d2)). B, up-regulation of pAKT and BCL-2 and down-regulation
of Bax upon AS101 treatment. Proteins in tissue homogenates were separated by SDS-PAGE and subjected to immunoblotting with antibodies to BCL2, pAKT,
Bax, and actin-HRP as a control (n = 4 in each group). C, AS101 decreases colonic TUNEL positive cells. At necropsy (day 7), 1-2 cm of the distal colon was
removed and fixed in 4% buffered formaldehyde. The pictures shown are representative of three mice per group. Scale bars indicate 80 um. D, AS101
normalizes the DSS-induced permeability of colonic epithelial cells. Colonic permeability to Evans blue was performed as described under “Experimental
Procedures.” #, p < 0.01 increase versus PBS group; *, p < 0.01 decrease versus DSS+PBS group analyzed by one way ANOVA. The results shown are means =+
S.E.(n = 5 for PBS; n = 7 for DSS+PBS; and n = 8 for DSS+AS(d0)).
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infiltration of CD4™ cells into the colon (Fig. 9). This inhibition  induction of innate IL-17-producing cells (7, 58) and in the
of CD4™ T cell migration into the colon by AS101 treatment induction of IL-17-producing antigen-specific T cells in exper-
probably prevents the aggravation of the disease by the adaptive ~ imental autoimmune encephalomyelitis (59). It should be
immunity system as seen in AS101-treated groups, 12 days after  noted that IL-17 can promote IL-18 production in autoimmu-
DSS administration, which represents the progression to nity or synergize with IL-18 to promote production of other
chronic inflammation phase. Because T- and B-cell deficient cytokines and chemokines (60, 61). Therefore, our findings
C.B-17scid or Ragl /"~ mice also develop severe colitis (57), the ~demonstrate the clinical importance of inhibition of these two
adaptive immune system does not play a major part, at least in  deleterious cytokines (IL-18 and IL-17) by AS101 treatment. Of
the acute phase in this model, and appears to be a secondary note, inflammatory cytokines such as IL-18 and TNF-« can
response, enhancing the inflammatory process. Therefore, we induce expression of MAdACAM both in vitro and in vivo and
assume that the main activity of AS101 in our model is medi- thereby enhance the inflammatory cycle in the gut (62, 63).
ated through the blocking of innate cell (macrophages and neu-  Thus, the anti-inflammatory activity of AS101 in our model
trophils) migration into the colon and the consequent preven- through the down-regulation of colonic cytokines such as IL-13
tion of the initiation/development of the inflammatory process. may negatively regulate the function of MAdCAM in recruit-
IL-1B is produced predominantly by stimulated macro- ment ofleukocytesinto the intestine. Recently it was found that
phages and monocytes, and its enhanced production has been  IL-1f attenuates CD4*CD25%FoxP3™ regulatory T cell func-
detected both in experimental IBD and in IBD patients (12—14, tion (64). In light of this, the down-regulation of IL-1f by oral
45). Our data show that colonic IL-1f is significantly down- AS101 administration may increase the frequency of colonic
regulated by oral AS101 treatment (Fig. 4C). We previously CD4"CD25"FoxP3" regulatory T cells in AS101-treated
showed that AS101 is a novel inhibitor of caspase-1 and thatit group as shown in Fig. 9B.
reduces IL-1 levels both in vitro and in vivo (35, 36). Of note, We also showed reduced MPO levels in the colon in response
Siegmund et al. (49) found that caspase-1 KO mice exhibit a to AS101. These results suggest that AS101 reduces the degree
reduction in clinical manifestations, histology score, and of neutrophil infiltration in the tissue. IL-17 has been shown to
colonic cytokine production in acute or chronic DSS-induced induce chemokines (CXCL-8 and CXCL-1) and growth factors
colitis. Recently, IL-1 was shown to be a critical factor for the (G-CSF and GM-CSF) leading to augmented neutrophil accu-
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mulation as well as granulopoiesis (53). Thus, IL-17 inhibition
(Fig. 4, A and B) by AS101 may explain the blockade of neutro-
phil accumulation in the colon. Collectively, it appears that
AS101 mediates its anti-inflammatory activity by attenuating
innate immune function by preventing of colonic diapedesis of
innate cells (neutrophils and macrophages) and by down-regu-
lating inflammatory cytokines (IL-18 and IL-17).

It is now becoming evident that aberrant epithelial barrier
function plays a central role in the pathophysiology of IBD (2,
5). With increasing evidence of the involvement of the innate
immune system and the intestinal epithelium in IBD, the ther-
apeutic paradigm is also shifting from mere immunosuppres-
sion to the reinforcement of the intestinal barrier (65). In light
of this, the findings that ablation of enteric glia leads to a fulmi-
nant hemorrhagic jejunoileitis (28) and that enterocolitis is also
inducible by autoimmune targeting of glial cells (66) led to the
understanding of the complex network of neurotrophins and
neurofactors such as GDNF as an important players in the
maintenance of mucosal integrity. GDNF was found to be up-
regulated both in experimental IBD and in IBD patients. GDNF
has strong anti-apoptotic activities in colonic epithelial cells,
which depends on activation of MAPK and PI3K/AKT path-
ways (29, 52). One form of epithelial cell injury in inflamed
colonic mucosa in ulcerative colitis is reported to involve apo-
ptosis of these cells (67). DSS-induced colitis as a widely used
model of ulcerative colitis has been shown to cause marked
apoptosis of colonic epithelial cells and up-regulation of pro-
apoptotic proteins like Fas/FasL and Bax (68). Our results show
that the diseased mice revealed reduced levels of colonic GDNF
versus control animals. We assume that this reduction is prob-
ably due to the strong DSS-induced destruction of the colonic
tissue as seen in the histological staining of DSS+PBS group
(Fig. 5, A and B). Importantly, AS101, which has been previ-
ously shown by us to induce GDNF production both in vitro
and in vivo (38, 39), significantly increased colonic GDNF levels
as compared with the diseased mice. This increase in GDNF
levels was accompanied by up-regulation of colonic pAKT and
BCL-2 and down-regulation of BAX, indicating the anti-apo-
ptotic properties of GDNF. Furthermore, TUNEL staining
revealed almost no staining in the AS101-treated groups as
compared with the DSS+PBS group (Fig. 10C). Together with
the finding that AS101 normalized the increased colonic per-
meability seen in DSS-treated mice, these results demonstrate
the contribution of AS101 to reducing the apoptosis process in
the colon and in protection of mucosal barrier integrity as seen
in histological sections of DSS+AS101-treated groups, com-
pared with DSS+PBS mice (Figs. 5, A and B, and 64).

Most of the current medical treatments for IBD rely on non-
specific, anti-inflammatory, and immunosuppressive drugs.
These treatments can cause severe side effects, including cyto-
toxicity and increased susceptibility to opportunistic infections
(15, 69). Acute, subchronic and chronic toxicity studies of
AS101 were conducted in rats and dogs and demonstrated that
AS101 has a wide safety margin with severe toxicity observed
only at doses 60—120 times higher than the equivalent doses
proposed for clinical studies (70). At present, no severe adverse
toxicological effects have been seen in the course of clinical
trials (70, 71).
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Our results reveal multifunctional effects of the nontoxic,
tellurium compound AS101 in the DSS-induced colitis model
via anti-inflammatory and anti-apoptotic activities, through
the down-regulation of colonic cytokine levels (IL-17 and
IL-1B) and by the blockade of leukocyte (neutrophils and
macrophages) migration into the colon. AS101 mediates these
activities at least in part by blocking the a47-MAdCAM-1
interaction. Furthermore, AS101 treatment protects epithelial
barrier function by induction of the anti-apoptotic pathway,
GDNEF/AKT.

Several trials have shown that early treatment of Crohn dis-
ease with immunomodulators and anti-TNF« agents leads to a
superior clinical outcome, including healing of the mucosa,
compared with standard therapy alone (72, 73). Therefore, we
suggest that the nontoxic, tellurium compound AS101, may be
an effective early treatment for the management of IBD
patients.
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