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Abstract

Increased small intestinal permeability has been proposed to be an integral element, along with
genetic makeup and environmental triggers, in the pathogenies of chronic inflammatory diseases
(CIDs). We identified zonulin as a master regular of intercellular tight junctions linked to the
development of several CIDs. We aim to study the role of zonulin-mediated intestinal permeability
in the pathogenesis of CIDs. Zonulin transgenic Hp2 mice (Ztm) were subjected to dextran sodium
sulfate (DSS) treatment for 7 days, followed by 4-7 days recovery and compared to C57BI/6
(wild-type) mice. Intestinal permeability was measured /7 vivo and ex vivo, and weight, histology,
and survival were monitored. To mechanistically link zonulin-dependent impairment of small
intestinal barrier function with clinical outcome, Ztm were treated with the zonulin inhibitor
AT1001 added to drinking water in addition to DSS. We observed increased morbidity (more
pronounced weight loss and colitis) and mortality (40-70% compared with 0% in wild type) at 11
days post-DSS treatment in Ztm compared with wild-type mice. Both /in vivo and ex vivo
measurements showed an increased intestinal permeability at baseline in Ztm compared to wild-
type mice, which was exacerbated by DSS treatment and was associated with upregulation of
zonulin gene expression (fourfold in the duodenum, sixfold in the jejunum). Treatment with
AT1001 prevented the DSS-induced increased intestinal permeability both /n vivoand ex vivo
without changing zonulin gene expression and completely reverted morbidity and mortality in
Ztm. Our data show that zonulin-dependent small intestinal barrier impairment is an early step
leading to the break of tolerance with subsequent development of CIDs.
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Introduction

The incidence of chronic inflammatory diseases (CIDs) in Western countries has steadily
increased since the mid-20th century.! This phenomenon has led to the formulation of the
hygiene hypothesis,: 2 which has recently been challenged by evidence that increased
hygiene in developing countries did not lead to similar CID epidemics. It has been
hypothesized that the development of CIDs is the result of the exposure to environmental
triggers in genetically susceptible individuals, but recent epidemiological evidence suggests
that, while both genetic predisposition and antigenic triggers are necessary, they are not
sufficient to develop C1Ds.3 Additional factors instrumental in causing CIDs include an
inappropriate immune response, particularly related to the coordination between the innate
and adaptive immune responses,* changes in gut microbiome composition (dysbiosis),® and
impaired mucosal barrier function.®

We identified zonulin as a human protein master regulator of paracellular permeability by
reversibly modulating intercellular tight junctions (TJs).”2 Zonulin release is triggered by
specific microbiotal or exposure to gliadin,1! and it is augmented in CIDs associated with
TJs dysfunction.8:12.13 Gliadin causes zonulin release from enterocytes and monocytes
through binding to the CXCR3 receptor in a MyD88-dependent manner.11 Zonulin causes
TJ disassembly through proteinase-activating receptor 2 (PAR2) transactivation of the
epidermal growth factor receptor (EGFR).1415 It is hypothesized that zonulin causes actin
cytoskeleton rearrangement in a protein kinase C (PKC)—dependent mechanism, similar to
its prokaryotic analog, zonula occludins toxin (Zot).18 The cytoskeleton rearrangement and
subsequent TJ disassembly is caused by displacement of ZO-1 and occludin from the cell
junction, secondary to PKCa.-dependent phosphorylation of ZO-1 and myosin 1C.17

Zonulin is overexpressed in the intestinal mucosa of celiac disease (CD) patients,4 and
serum zonulin levels correlate with increased intestinal permeability (1P).8:91218 Serym
zonulin levels have been associated with many CIDs, which affect almost every major
system in the body.13 Many of the CIDs associated with elevated serum zonulin levels have
unknown etiologies, and the early events leading to disease development are unknown. A
zonulin-dependent loss of intestinal barrier function leading to uncontrolled influx of
environmental antigens may be an early event in many CIDs.

We have identified zonulin as the precursor of haptoglobin-2 (pre-Hp2).14 Haptoglobin (Hp)
is an acute-phase protein that binds hemoglobin (Hb) to prevent oxidative stress caused by
free Hb. Human haptoglobin (HP) exists as two common alleles, #P1 and HPZ, giving rise
to three possible genotypes: HP1-1, HP2-1, and HP2-2. The HPI allele shares homology
with Hpfound in animals from early reptiles to other mammals. The HpZallele is only
found in humans and arose from an uneven crossover event resulting in the duplication of
exons 3 and 4 of Hp1. Hp is translated as a pro-protein before enzymatic cleavage into its a
and B chains and subsequent mature Hp. Uncleaved, the pro-protein of Hp2 (pre-Hp2) is
active as zonulin. Therefore, only patients who have an Hp2 gene can produce zonulin.

The presence of the zonulin (HP2) gene is more frequently encountered in CIDs, including
CD,19 inflammatory bowel disease (IBD),20-2! and schizophrenia,?2 and homozygous
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expression of the zonulin gene (HP2-2) correlates with more severe clinical
manifestations.19:20 Wild-type (WT) C57BI/6 mice express only the HP1 allele (> 90%
homology with human HPZ allele) and, therefore, are used as a surrogate for the human
HP1-1 genotype. To work on a murine model overexpressing zonulin (pre-HP2), we
acquired a mouse model in which the native mouse HpI allele was substituted with a murine
Hp2 allele via targeted insertion to generate mice with the Hp2-2genotype.23 We have used
this zonulin transgenic Hp2mouse (Ztm) model to establish the role of zonulin-dependent
small intestinal barrier dysfunction as an early step in breaching mucosal tolerance with
subsequent onset of inflammation in the mouse model of DSS colitis.

In this study, we show that the presence of the zonulin gene under baseline conditions causes
increased small intestinal permeability not associated with any pathological phenotype. The
addition of DSS as a trigger of inflammation causes increased morbidity and mortality in
Ztm secondary to a zonulin-dependent increase in small intestinal permeability. Blocking the
zonulin pathway with the zonulin antagonist AT1001 ameliorates the colitis, similar to what
was previously reported in the IL-10 knockout model of colitis?4 and prevented Ztm
mortality.

The animal studies in this paper were approved by the Institutional Animal Care and Use
Committee at Massachusetts General Hospital (MGH) (2013N000013). C57BI/6 (WT) mice
were obtained from the Jackson Laboratory (Bar Harbor, ME), and a colony was maintained
in our facility at Massachusetts General Hospital. Ztm were created as previously
described,23 and breeding pairs were generously provided by Andrew Levy. A colony of
Ztm were maintained at MGH. WT mice and Ztm were housed in separate cages within the
same facility for the duration of the study.

Mice (8-12 weeks) were given 3% (w/v) DSS (molecular weight 36,000-50,000, MP
Biomedicals) in their drinking water ad /ibitum for 7 days, followed by up to 7 days of
normal drinking water for recovery. Mice were euthanized on either day 7 following DSS
treatment or day 14 following recovery. Body weight and water intake were measured daily.
After euthanasia, the intestine was removed en bloc, and colon weight and length were
measured. To quantify the extent of mucosal damage, a 0.5-cm segment from the distal
colon was fixed in 4% paraformaldehyde, paraffin embedded, sectioned (5 um), and stained
with hematoxylin and eosin (H&E). Assessment of microscopic inflammation was
performed in a blinded fashion using the following scores. Epithelium: 0, no pathological
change; 1, loss of basal 1/3 of crypts; 2, loss of basal 2/3 of crypts; 3, entire crypt loss; and 4
— erosion of epithelium. Inflammatory cell infiltration: 0, rare inflammatory cells in the
lamina propria; 1, increased number of inflammatory cells in the lamina propria; 2,
confluence of inflammatory cells extending into the submucosa; and 3, transmural extension
of the inflammatory infiltrate. Submucosal edema: 0, no pathological change; 1, mild
edema; 2, moderate edema; and 3, profound edema. The score for each category was then
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multiplied by 1 for focal, 2 for patchy, and 3 for diffuse changes. The combined score for
each tissue is the sum of the above and ranges from 0-30 units with the following grades of
total inflammation: 0, no inflammation; 1-7, minimal inflammation; 8-14, slight
inflammation; 15-21, moderate inflammation; and 21-30, severe inflammation.

Intestinal permeability to FITC-dextran

On day 11 following DSS treatment, mice were deprived of food for 2 h and orally gavaged
with 0.6 mg/g body weight 4-kDa fluoresceinyl (FITC)-dextran at a concentration of 80
mg/mL 1 h before euthanasia. Blood was collected by retro-orbital eye bleed and centrifuged
to collect serum. The fluorescence in the serum was measured by a fluorescent
spectrophotometer with 485 nm excitation and 535 nm emission. A standard curve was
created diluting FITC-dextran in PBS. The concentration of FITC-dextran in the serum was
calculated using the standard curve.

Cascade blue flux

Sections of duodenum, jejunum, and colon were stripped of smooth muscle, mounted in
microsnapwell chambers as previous described,1? and incubated in the dark. After a 30-min
equilibration period, 200 pg/mL of cascade blue—labeled dextran (10K for small intestine
and 3K for colon) was added to the apical chamber. After 3 hours postmounting, supernatant
was collected from both apical and basal lateral compartments. Cascade blue translocation
was measure with a fluorescent spectrophotometer with 355 nm excitation and 425 nm
emission. A standard curve was created diluting cascade blue dextran in PBS. The
concentration of cascade blue translocation in the basal lateral compartment was calculated
using the standard curve.

Zonulin gene expression

Total RNA was extracted from tissue with TRIzol reagent using the Direct-zol RNA Kits
from Zymo Research per the manufacturers’ instructions. RNA samples were reverse
transcribed to cDNA using the Maxima H Minus First Strand cDNA synthesis kit (Thermo
Scientific). Zonulin quantitative polymerase chain reaction (QPCR) was performed with
SYBR green in an iCycler96X (Bio-Rad, Hercules, CA) using primers designed over the
unique sequence in HP2 caused by the duplication of part of the a chain of HPZ. The
primers used were: F — GAATGTGAGGCAGATGACAG, R -
GTGTTCACCCATTGCTTCTC.

AT1001 treatment

Mice (8-12 weeks) were given 3% DSS plus 1.0 mg/mL AT1001 (Biopolymer Laboratories,
University of Maryland, Baltimore, MD) dissolved in their drinking water as we have
recently described?® for 7 days, followed by 4 or 7 days of recovery. The drinking water was
prepared daily. Body weight and water consumption were measured daily. Mice were
euthanized and processed as described above.
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Statistical analysis

Data are expressed as means with error bars representing the standard deviation. Statistics
were performed as #test or analysis of variance (ANOVA) using Graph Pad Prism 7.

Results

Phenotypic characterization of the zonulin transgenic Hp2 mice

Male and female Ztm were compared to WT mice to look for possible phenotypic
differences. While, at 8 weeks, the mean weight of the female mice was not different
between the two groups, the mean weight of the male Ztm was less than the WT mice (Fig
S1A). No difference was observed between Ztm and WT mice for either males or females in
intestinal histology (Fig 1A), colon length (Fig S1B), or colon weight (Fig. S1C). Although
Ztm developed normally and did not show any overt disease, they did show increased /n vivo
transepithelial permeability to antigen flux, measured by FITC-dextran passage, in the small
intestine of both male and female mice (Fig 1B).

DSS-induced colitis is more severe in zonulin transgenic Hp2 mice

WT mice and Ztm were given 3.0% DSS in their drinking water ad /ibitum for 7 days,
followed by normal drinking water for an additional 7 days, and weighed daily. Both male
and female Ztm showed an increased rate of mortality after DSS treatment, with the rate
higher in males (~70%) than females (~40%), compared to WT mice (0%) (Fig. 2A and 2B).
Since male Ztm had the most severe phenotype following DSS treatment, we continued our
experiments exclusively in males.

Owing to the rate of mortality after day 11 in the male Ztm, we shortened the recovery to 4
days and euthanized animals on day 11 after DSS treatment. Ztm treated with DSS showed
significant weight loss compared with untreated mice on day 5 (P< 0.01) and WT mice on
day 6 (P<0.01) (Fig. 2C). DSS-treated Ztm lost significantly more weight compared with
WT DSS-treated mice on day 7 (P< 0.001) (Fig 2C). Overall, DSS-treated Ztm showed a
more significant weight loss compared with WT DSS-treated mice (Fig 2C). WT DSS-
treated mice started to recover their lost weight on day 9 or 10, while Ztm did not show any
recovery (Fig. 2C). Most Ztm exhibited bloody stools after 5 days of DSS treatment that did
not resolve over time, while less than 10% of WT mice had bloody stools that subsided
following DSS withdrawal.

Macroscopic and microscopic damage

Colon length and weight of the Ztm treated with DSS were significantly decreased
compared with WT animals treated with DSS (Fig 3A and 3B). The duodenum, jejunum,
distal ileum, and distal colon of mice were scored for microscopic damage. We saw no
histological damage in either the Ztm or the WT animals following DSS treatment in any
portion of the small intestine (Fig. 3C). There was significant damage in the colon of both
WT and DSS-treated Ztm in the colon (Fig. 3D). The average colonic inflammatory score
was more severe in DSS-treated Ztm than in WT mice, but this difference did not reach
statistical significance because of the uneven distribution of the score in WT mice. Indeed,
only a subgroup of WT mice showed complete histological recovery (Fig. 3D, bottom
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panel), while others showed persistence of colitis (Fig. 3D, middle panel); all Ztm showed
severe colitis with mucosal erosion and absence of crypts (Fig. 3D). Due to the dichotomous
results in the WT mice (Fig. 3E), we also analyzed the histological data on a categorical
basis, as described in the methods. This analysis revealed that 93% of Ztm showed some
degree of inflammation (scores of 8 and above), compared with 45% of WT mice (P<
0.001).

DSS colitis increases small intestinal permeability and zonulin expression in Hp2 mice

Changes in small intestinal permeability were measured both /n vivoand ex vivoby FITC-
dextran and cascade blue—dextran passage, respectively. /nn vivo small intestinal permeability
test showed that, at baseline, Ztm had significantly higher permeability compared with WT
mice (Fig. 4A). Following DSS treatment, small intestinal permeability significantly
increased in Ztm but not in WT mice (Fig. 4A). The in vivo permeability changes were
confirmed in ex vivo experiments. Ztm at baseline has a trending increased permeability in
the duodenum (P = 0.08) (Fig. 4B) but no difference in the jejunum (Fig. 4C) compared with
WT. Following DSS treatment, both WT mice and Ztm had increased duodenal permeability
compared with untreated mice (Fig. 4B), but the increase was much more pronounced in
Ztm than in WT mice. Only the Ztm treated with DSS showed increased permeability in the
jejunum compared with untreated animals (Fig. 4C). The increased permeability
corresponded with an increase in zonulin gene expression in both the duodenum and
jejunum of Ztm (Fig. 4D and 4E). Not surprisingly, on the basis of the histological damage,
there was no significant difference in colonic permeability between WT mice and DSS-
treated Ztm, but both were significantly increased over untreated mice (Fig. S2). Zonulin
MRNA expression was not measured in the colon, as the zonulin receptor is not present in
the colon and the zonulin pathway is not active.26 The histological damage in the colon in
both WT mice and Ztm following DSS treatment could explain the increased permeability
due to a structural damage of the mucosal barrier rather than its functional modulation.

Zonulin inhibitor AT1001 ameliorates increased intestinal permeability and colitis

Ztm were treated with AT1001 (a zonulin synthetic peptide antagonist) in addition to DSS to
confirm that the increase in small intestinal permeability was zonulin dependent and that
increased antigen trafficking in the small intestine is instrumental to the pathogenesis of
colitis. The AT1001 treatment completely rescued the DSS-treated Ztm from over 70%
mortality to 0% (Fig. 5A). In addition, loss of body weight seen during DSS treatment was
recovered in mice treated with DDS + AT1001 (Fig. 5B). These AT1001-dependent clinical
rescues paralleled the amelioration of histological damage in the colon induced by AT1001
treatment in Ztm (Fig. 6A and 6B). AT1001 also prevented the decrease in colon weight and
length observed after DSS treatment (Fig. 6C and 6D). The abnormal intestinal permeability
seen in DSS-treated Ztm was decreased by AT1001 treatment to baseline levels in the small
intestine, as established by both /n vivo (Fig. 7A) and ex vivo measurements (Fig. 7B and
7C) as well as in the colon (Fig. S3). Even though the small intestinal permeability defect
was corrected, the expression of zonulin was still increased in both the duodenum and
jejunum (Fig. 7D and 7E), confirming that the rescue effect of AT1001 was related to its
antagonistic effect on zonulin, mediating permeating action, rather than on its expression.
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Discussion

Improved hygiene leading to a reduced exposure to microorganisms has been implicated as
one possible cause for the epidemic of CIDs, particularly autoimmune diseases, in
industrialized countries during the last 3-4 decades.2 Collectively, autoimmune diseases are
highly prevalent in the United States, affecting between 14.7 and 23.5 million people—up to
8% of the population.28 The social and financial burdens imposed by these chronic,
debilitating diseases include poor quality of life, high healthcare costs, and substantial loss
of productivity. For example, in 2002, the average annual medical costs for treating type 1
diabetes (T1D) in the United States were estimated at $6.7 billion.2? In less than a decade,
these costs jumped to $14.4 billion.30 Besides genetic makeup and exposure to
environmental triggers, a third key element, increased intestinal permeability, which may be
influenced by a series of environmental factors, including the composition of the gut
microbiota, has been proposed in the pathogenesis of these diseases.31-34 Intestinal
permeability, together with luminal antigen sampling by enterocytes and dendritic cells,
regulates molecular trafficking between the intestinal lumen and the submucosa, leading to
either tolerance or immunity to non-self antigens.3>-38 Intercellular TJs tightly regulate
paracellular antigen trafficking. TJs are extremely dynamic structures that operate in several
key functions of the intestinal epithelium under both physiological and pathological
circumstances.®:32 However, despite major progress in our knowledge on the composition
and function of the intercellular TJ, the mechanism(s) by which they are regulated is still
incompletely understood.

Many in vivoand in vitro models have been used to study the role of TJ components in the
development of CIDs. However, current data cannot mechanistically link TJ modulation to
onset of CIDs, and the possibility remains that impaired gut barrier function could be the
consequence or an epiphenomenon of the inflammatory process rather that its cause.

Using a zonulin transgenic animal model, we have for the first time been able to
mechanistically link zonulin-dependent modulation of gut permeability and subsequent
enhanced antigen trafficking to the pathogenesis of inflammatory disease. Research in
humans has shown that, while the mere presence of two copies of the zonulin gene is not
sufficient to develop CIDs, it will increase morbidity and mortality,14:21.22.39-43 The key role
of Hp is to be a scavenger for free Hb, preventing tissue oxidative stress secondary to
intravascular hemolysis.?* The increased morbidity and mortality associated with the Hp2
genotype has been typically explained by its less efficient Hb scavenging activity compared
with Hpl. While this may be true for some disease states, we believe that a more reasonable
hypothesis is that zonulin, as the precursor of Hp2, may affect small intestinal antigen
trafficking that, associated with a specific genetic background and additional environmental
triggering factors, may lead to the onset of CIDs. The data presented here are in line with
our hypothesis, suggesting that the presence of the zonulin gene is not sufficient to cause
disease (as suggested by normal phenotype of the Ztm under basal conditions) but, together
with proinflammatory stimuli, it increases morbidity and mortality through loss of intestinal
barrier function and increased antigen trafficking. The experiments using the zonulin
inhibitor AT1001 have indeed confirmed that small intestinal antigen trafficking rather than
less efficient Hb scavenging activity is responsible for the increased morbidity and mortality
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in this Ztm model. AT1001, now named larazotide acetate, is currently entering phase 11
clinical trial as a treatment integrative to the gluten-free diet in CD.45-%0 Early phase Ib trials
performed in an inpatient setting showed that larazotide acetate was able to decrease
intestinal permeability assessed by the lactulose/mannitol double-sugar test and attenuated
gastrointestinal and extraintestinal symptoms in CD patients undergoing exposure to
gluten.59 However, subsequent phase 11 gluten-challenge trials performed in outpatient
settings failed to confirm larazotide acetate’s antipermeating effect on the gut barrier, despite
it still ameliorating symptoms and preventing the increase in tTG antibodies,*>48 casting
doubts on its mechanism of action. With this study, in which variables that can affect gut
barrier function assessment were tightly controlled, we have confirmed that larazotide
acetate functions as a zonulin antagonist capable of correcting the impaired barrier function
caused by zonulin upregulation.

That a loss of barrier function is involved in inflammatory bowel diseases (IBDs) has been
hypothesized for a long time on the basis of a series of circumstantial evidence but never
undisputedly proved. Indeed, the observations that increased gut permeability may precede a
flare up of IBD by several months®! and that a subgroup of first-degree relatives of IBD
patients showed increased small intestinal permeability without developing overt IBD52-54
and a case report of a healthy first-degree relative of a Crohn’s disease patient who displayed
signs of increased intestinal permeability 8 years before her own development of the
disesase®® all point to the fact increased small intestinal antigen trafficking is a necessary but
not sufficient pathogenic element for the development of IBD. Furthermore, it has been
recently reported that in IBD patients there is an overrepresentation of Hp2 compared with
controls?0 and that zonulin can be mechanistically linked with the onset of IBD (reviewed in
Ref. 56). The Ztm model for the first time allowed us to mechanistically prove that the
zonulin pathway can indeed be involved in CID pathogenesis, provided that additional
factors (e.g., DSS exposure) further jeopardize the small intestinal antigen trafficking by
increasing zonulin expression and, therefore, gut permeability.

Since we have shown that both gliadin, the environmental trigger of CD,57:58 and an
unbalanced microbiotal® are strong environmental stimuli causing zonulin release, it is
possible to hypothesize that zonulin-dependent loss of gut barrier function is involved in
several conditions in which dysbiosis and gluten exposure have been identified or suspected
as triggers of CIDs. Indeed, several studies have involved zonulin-dependent small intestinal
barrier dysfunction in the development of systemic CIDs affecting other organs/districts.242
BB diabetic-prone rats have a zonulin-dependent defective small intestine barrier function,
which precedes loss of glucose tolerance.2> Administration of AT1001 corrects the small
intestinal barrier function and subsequent loss of glucose tolerance. In a murine acute lung
injury model, AT1001 or administration of zonulin-neutralizing antibodies was able to
reduce the severity of injury.5® AT1001 is also able to increase survival to influenza
challenge.t% These animal studies are in line with data generated in humans showing
zonulin-dependent increased permeability in several CIDs, including autoimmune diseases,
metabolic disorders, and cancer!® and a correlation between intestinal permeability and
serum zonulin levels,12:55
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In conclusion, the key roadblock to studying the role of gut permeability in the pathogenesis
of CIDs has been the lack of a good animal model. The results presented in this manuscript
provide evidence that the Ztm model offers a unique opportunity to study early pathogenic
events mechanistically linking zonulin-dependent small intestinal permeability regulation
and antigen trafficking to the onset of CIDs. This model also offers a unique opportunity to
test the efficacy of therapeutic interventions (as we have already demonstrated for AT1001)
in ameliorating inflammatory processes secondary to the upregulation of the zonulin
pathway and the identification and validation of potential biomarkers for patient-targeted
intervention (precision medicine) and disease interception (primary prevention) in
genetically predisposed individuals.
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Figure 1.
Changes in intestinal histology and barrier function seen in Ztm compared with WT mice.

(A) Representative histology pictures of small intestine and colon of male and female Ztm
and WT mice. (B) /n vivo FITC-dextran passage in small intestine of untreated WT mice
and Ztm (4-6 mice per group). *, £<0.05; **, P< 0.01.
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Figure2.

Effects of DSS treatment on survival and body weight. (A & B) Kaplan-Meier survival
analysis of untreated and DSS-treated Ztm and WT (A) male (P< 0.001) and (B) female (P
< 0.01) mice. (C) Mean body weight of untreated and DSS-treated Ztm and WT mice (Ztm
versus WT DSS-treated < 0.001) (4-14 mice per group).
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Figure 3.
Effect of DSS treatment on the intestine of both Ztm and WT male mice on colon weight,

length, and histology. (A) Colon length and (B) colon weight after 11 days of DSS treatment.
(C) Representative histology of small intestine in both untreated and DSS-treated Ztm and
WT mice. (D) Representative histology of colon of either untreated or DSS-treated Ztm and
WT mice. In WT mice, we observed two distinct groups of animals, with one group showing
persistent colitis with occasional mucosal erosion and crypt distortion associated with
increased inflammatory infiltrate in the lamina propria (middle panel), while in the other
group a complete recovery of the inflammatory process was detected (bottom panel).
Conversely, in DSS-treated Ztm, there was a homogeneous and more severe inflammatory
process characterized by severe mucosal erosion, severe inflammatory infiltrate in the
lamina propria, and loss of the regenerative crypt compartment. (E) Histology scores show
dichotomous results in DSS-treated WT mice, while DSS-treated Ztm show more
homogeneous severe inflammation (8—-12 mice per group). *, £< 0.05; **** < 0.0001.
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Figure 4.

In vivo/ex vivo small intestinal permeability in Ztm and WT mice. (A) /n vivosmall
intestinal permeability was increased in untreated Ztm compared with WT mice. DSS
treatment caused further increased permeability in Ztm. Ex vivo measurement of duodenal
(B) and jejunal (C) permeability. At baseline, there was a trend of increased duodenal
permeability in Ztm (B), while no differences were detected in the jejunum (C). In DSS-
treated animals, increased duodenal permeability was detected in both animals, with Ztm
showing a more significant increase (C). No changes in jejunal permeability were detected
in DSS-treated WT mice, while Ztm showed a significant increase (C). Duodenal and jejunal
permeability was significantly higher in DSS-treated Ztm (B & C). (D & E) Relative zonulin
MRNA expression in the duodenum (D) and jejunum (E) showed zonulin expression under
baseline condition and increased by 4 and 6 fold, respectively, in DSS-treated Ztm (4-6 mice
per group). *, £<0.05; **, P<0.01; ***, < 0.001.
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Page 17

—a—  Untreated
= DSS
DSS + AT1001

Effects of AT1001 on survival and body weight of DSS-treated Ztm. (A) Kaplan-Meier
survival analysis of untreated, DSS-treated, and DSS + AT1001-treated Ztm. DSS-treated
animals showed ~70 mortality rate that was completely rescued by AT1001 treatment (P <
0.01). (B) Mean body weight of untreated, DSS-treated, and DSS + AT1001-treated Ztm.
DSS + AT1001-treated animals were able to recover the loss of body weight starting at day
11, while DSS-treated animals were not able to recover weight (DSS- versus AT1001-
treated < 0.0001) (4-14 mice per group).
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Effects of AT1001 on colon weight, length, and histology in DSS-treated Ztm mice. (A)
Histology scores showed a significant decrease in inflammatory score, with DSS + AT1001-
treated mice showing scores similar to untreated mice. (B) Representative histology of colon
of either DSS-treated or DSS + AT1001-treated Ztm showing complete rescue of the colitis
secondary to AT1001 treatment. AT1001 also prevented the decrease in colon length (C) and

weight (D) (4-14 mice per group). **, £< 0.01; ***, P< 0.001.
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Figure 7.
Effect of AT1001 on /n vivoand ex vivo small intestinal permeability in DSS-treated Ztm.

(A) /n vivo measurement of small intestinal permeability by FITC-dextran passage showed
that AT1001 completely prevented the increased permeability induced by DSS treatment. (B
& C) Ex vivo measurement of small intestinal permeability by cascade blue dextran flux in
DSS-treated or DSS + AT1001-treated duodenum (B) and jejunum (C) mounted in the
polarized microsnapwell system. AT1001 rescued the increased duodenal and jejunal
permeability caused by DSS treatment, paralleling the /n vivofindings. (D & E) Relative
zonulin mMRNA expression in DSS-treated or DSS+AT1001-treated duodenum (D) and
jejunum (E). No differences in zonulin gene expression were observed between the two
treatment groups, suggesting that the correction of the small intestinal barrier defect by
AT1001 is not secondary to changes in zonulin gene expression, but rather to downstream
signaling events (4-5 mice per group). *, £< 0.05; **, < 0.01.
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