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Abstract

Background: Chronic-intestinal-pseudo-obstruction (CIPO) is a rare condition due to severe
impairment of gut motility responsible for recurrent sub-occlusive episodes. Although neuro-
muscular-glial-ICC abnormalities represent the main pathogenetic mechanism, the
pathophysiology of CIPO remains poorly understood. Intestinal epithelial and vascular-endothelial
barrier (IEVB) abnormalities can contribute to neuro-epithelial changes by allowing passage of
harmful substances.

Methods: To test retrospectively whether IEVB defects occur in patients with CIPO we measured
the jejunal protein expression of the major tight junction (TJ) components. CIPO patients were
subdivided according to gut neuromuscular histopathology: apparently normal (AN); with
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inflammation (INF); or with degenerative alterations (DEG). The presence of occludin/claudin
oligomers (index of TJ assembly), the amount of occludin, claudin-4 and zonula occludens-1
(Z20-1), as well as the expression of vasoactive intestinal polypeptide (VIP) and glial fibrillary
acidic protein (GFAP) immunoreactivities were evaluated on jejunal full thickness biopsies using
Western Blot.

Key Results: Oligomers were absent in the 73% of CIPO. Total occludin decreased in CIPO
with AN and INF changes. Claudin-4 was upregulated in CIPO with INF and DEG features. ZO-1
and VIP expression decreased selectively in DEG group. GFAP increased in CIPO regardless the
histopathological phenotype.

Conclusions & Inferences: The absence of oligomers demonstrated in our study suggests that
IEBV is altered in CIPO. The mechanism leading to oligomerization is occludin-dependent in AN
and INF, whereas is ZO-1-dependent in DEG. Our study provides support to IEVB abnormalities
contributing to CIPO clinical and histopathological features.

Summary

The study aim to test retrospectively whether the intestinal epitelial and vascular barriers (IEVB)
defects may occur in patients with chronic-intestinal-pseudo-obstruction (CIPO), thus playng a
role in CIPO phisiophatology.

We dempnstrated abnormalities to protein expression and aggregation of major tight junction (TJ)
components in the jejunum of CIPO patients suggesting that IEVB integrity is compromised in
this condition.

We propose that IEVB changes may contribute to neuro-1CC-muscular abnormalities in
symptoms / manifestations detectable in CIPO patients. The identified molecular targets may be
exploitable to design treatment options for patients with severe gut dysmotility

Keywords

Chronic intestinal pseudo obstruction; intestinal epithelial barrier; intestinal vascular barrier;
severe dysmotility; tight junction

1. INTRODUCTION

Chronic-intestinal-pseudo-obstruction (CIPO) is a rare gastrointestinal (GI) motility disorder
mimicking a mechanical obstruction.1=3 CIPO is responsible for significant morbidity, poor
quality of life and even mortality,% ° thus representing the “tip of the iceberg” of severe gut

dysmotility® Histopathological analysis of gut specimens usually show neuro-interstitial

cells of Cajal (ICC)-muscular abnormalities, with or without an inflammatory infiltrate.# /-9

Even if these alterations represent the primary pathophysiologic mechanisms underlying

CIPO* 79, we hypothesized that molecular abnormalities to tight junctions (TJ) expressed
throughout the intestinal epithelial or vascular-endothelial lining might also play a role in the
pathogenesis of this condition. TJ integrity is crucial to prevent a ‘leaky gut’, which would

allow injurious molecules to permeate the intestinal epithelium and/or the vascular
endothelium. Alterations occurring independently to one of the two barriers are known to
contribute to a variety of pathological conditions, such as inflammatory and functional
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bowel disorders, although their role in CIPO pathophysiology and clinical manifestations
remain to be elucidated. Recent evidence demonstrates that when one of the two barriers is
altered the permeability is also increased.19 For this reason, we will consider the two barriers
like a sort of single, TJ integrity-related unit referred to as intestinal epithelial and vascular
barrier (IEVB).

Tight junctions (TJs) represent the first key structure of IEVB and are composed of a group
of intramembranous multiprotein complexes holding together adjacent enterocytes or
contiguous vascular endothelial cells.10 This system generates a selective physical barrier to
paracellular diffusion. TJs are composed of transmembrane proteins, i.e. occludin (OCLN)
and claudins (CLDNSs) that interact with cytoplasmic accessory, signaling, and regulatory
proteins to form a barrier capable of rapid assembly and disassembly in response to stimuli;
and cytoplasmic adaptor proteins, i.e. zonula occludens-1 (Z0O-1), that mediate the
connection between the transmembrane complex and the cytoskeleton.11-18 Various
mechanisms regulate TJ function and growing knowledge indicates that a defective
paracellular sealing/transport via IEVB may play a role in a wide array of inherited and
acquired human diseases.1®

OCLN-CLDNSs oligomerization forms the TJ selective pore which directly determine the
paracellular permeability.1112. 13, 20, 21 The CLLDN family encompasses 24 isoforms that are
expressed in a tissue-specific manner.14 Each CLDN have its own intrinsic paracellular
selectivity, thus the overall TJ selectivity depends on the combination of the cell background
and the expressed CLDNs.1> Among the large CLDN family, CLDNA4 is highly expressed
along the Gl tract from the duodenum to the colon and is altered in several Gl diseases such
as, ulcerative colitis, irritable bowel syndrome and microscopic colitis.16 Finally, ZO-1 is a
cytoplasmic protein that stabilizes the IEVB by linking OCLN/CLDNSs pore to actin-myosin
cytoskeleton.1” ZO-1 also controls the spatial distribution of CLDNs.18

The enteric nervous system exerts a crucial role in tuning TJ assembly/disassembly in
normal condition. 228 In particular, IEVB homeostasis has been shown to be regulated by
submucosal neurons containing vasoactive intestinal polypeptide (VIP)® 22. 23 a5 well as
enteric glia.24 In order to gain insight into the role of IEVB /TJ abnormalities in CIPO, we
designed the present retrospective study to test whether there are 1) IEVB /TJ abnormalities
in CIPO by analyzing OCLN/CLDNs oligomeric assembly (as markers of IEVB integrity)
and the expression of major TJs components, i.e. OCLN, CLDN4, ZO-1; and 2) changes in
the expression of VIP, and glial cell activation by measuring intermediate filament glial
fibrillary acidic protein (GFAP).25

2. Materials and Methods

2.1 Patients and sampling

Full-thickness jejunal samples were collected from n=22 well characterized CIPO patients
(12 females; age range: 16—77 years) at the Vall d’Hebron Hospital (Barcelona, Spain)
during a six year period (from 2010 to 2016). Comparable jejunal samples used as control
tissues were obtained from n=7 (3 females; age-range: 48—73 years) patients undergoing
resection due to non-complicated GI tumors. Patients with motility disorders secondary to
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infectious, neurological, metabolic, systemic-autoimmune, and paraneoplastic conditions
were excluded. Thus, all CIPO included in this study were idiopathic in origin; patients with
CIPO secondary to known genetic abnormalities were excluded. Anorexia nervosa was
specifically excluded in all patients with malnutrition by a psychiatric examination. The
clinical diagnosis of idiopathic CIPO was established on the basis of a chronic (>3 months),
severe symptom complex mimicking mechanical small bowel obstruction, and (at least on
one occasion) radiological evidence of air-fluid levels or dilated small bowel loops. All the
experimental procedures were approved by the Ethics Committees of the Vall d’Hebron
Hospital and St. Orsola-Malpighi Hospital for handling and analysis of tissue samples from
patients with severe gut dysmotility (EM/146/2014/0). Tissue specimens from each patient
were divided in 2 portions: one was immediately fixed in cold neutral 4% formaldehyde, and
the other snap frozen in liquid nitrogen and stored —80°C.

2.2 Clinical features of patients with CIPO

Prior to laparoscopic surgery for tissue collection, patients completed a clinical
questionnaire reporting the following data, symptoms and signs: age, sex, BMI, symptoms
onset, number of sub-occlusive episodes that occurred prior to the surgery, abdominal
distension, abdominal pain, nausea, vomiting, fullness, early satiety, constipation, diarrhea,
esophageal involvement (i.e. motor abnormalities assessed by standard esophageal
manometry), gastroparesis (established by scintigraphic gastric emptying), small intestine
bacterial overgrowth (SIBO) (determined by glucose/lactulose breath test), urinary
symptoms and small bowel dilation (detectable at abdominal CT-scan or MRI). Medications
used by each subject were recorded.

2.3 Samples preparation and immunohistochemistry (IHC)

Specimens were fixed in 4% paraformaldehyde (Merck KGaA, Darmstadt, Germany),
paraffin-embedded, cut into 5-um-thick sections and mounted serially on poly-L-lysine-
coated slides (Thermo Fisher Scientific, Rockford, USA). Before use, slides were
deparaffinized in xylene, dehydrated through graded ethanol (both from Merck KGaA,
Darmstadt, Germany), and washed thoroughly in phosphate buffer saline (137mM NaCl,
0.27 x 1073 % 2mM KH,PO,; 10mM NayHPOy; pH 7.4, all salts purchased from Merck
KGaA, Darmstadt, Germany). To provide an adequate assessment of the neuromuscular
component, sections were processed for histochemical and immunohistochemical analysis as
established by guidelines from an International working team? 26 and applied in a recently
published paper?’. Antisera were used to identify different components of the gut tissue with
HRP/DAB standard method using the immunoperoxidase secondary detection system IHC
Select HRP/DAB (Merck KGaA, Darmstadt, Germany). Antibodies were diluted as follow:
rabbit polyclonal anti-neuron-specific enolase (NSE; PA5-12374 Thermo Fisher Scientific,
Rockford, USA) 1:1 and rabbit polyclonal anti-synaptophysin (A0010)* 1:100, both
paneuronal markers; rabbit polyclonal anti-S1003 ( Z0311)* 1:400, to detect glial cells. C-
Kit rabbit polyclonal C-Kit / CD117 (A4502)* 1:400 for ICC immunolabeling. Mouse
polyclonal antibodies to a-smooth muscle actin (a.-SMA; M0851)*; 1:400, and mouse anti-
BCL-2 oncoprotein clone 124 (BCL-2; M0887)* 1:100 were used for smooth muscle cell
immunostaining and as a marker of neuronal survival, respectively. Mouse anti- CD45R0
clone OPD4 (M0834)* 1:50, and mouse anti-CD8 clone C8/144B (M 7103)* 1:25 were used
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to identify leukocytes, T-helper and -suppressor lymphocytes, respectively. Finally, a mouse
anti-mast cell tryptase clone AA1 (M7052)* 1:800 was used to detect mast cells. Each
antibody specificity was proved by secondary antibody omission and immunoblocking
experiments. *These antibodies were purchased from Dako, Glostrup, Denmark.

2.4 Mast cell count

Two sections for each patient were stained using mast cells tryptase antibody (1:800).
Random fields (n= 8 each) for mucosa, sub-mucosa, and neuromuscular layer have been
captured with a Nikon Dxm 1200 camera connected to an Olympus AX 70 microscope,
400X final magnification. (Olympus, Melville, NY, USA). The specific area of tissue has
been calculated using imageJ 1.48v free software that is an open source program from the
National Institute of Health, Bethesda, MD, USA., discarding empty spaces. Mast cells were
expressed as total number / mm? of each layer.

2.5 Patient sub-group classification

Within the n= 22 enrolled CIPO patients we recognized three histopathological patterns
according to the London classification® and already described by our group;2” briefly:

1. Apparently normal (AN) (n=5; age range: 29-61; 3 females), i.e. patients with
no detectable changes of cellular components or inflammation in the
neuromuscular layer. The other 17 patients showed ganglionic and/or muscular
abnormalities with or without an inflammatory infiltrate (mainly mast cells)
throughout the neuromuscular layer. Specifically:

1. Inflammatory neuro-myopathy (INF) (n=8; age range: 16-77; 5 females)
characterized by an inflammatory infiltrate in the neuromuscular layer
(lymphocytes, eosinophils and mast cells in 2 male patients and a predominant
mast cell infiltrate in the remaining 6 patients). Specifically, mast cell
count/mm? of INF was 117.3+90.8, whereas it was undetectable in controls and
the other two subsets (S1 Fig 1.).

I11.  Degenerative neuro-myopathy (DEG) (n=9; age range: 32—-75; 4 females)
showed major neuronal and/or muscular structural/molecular changes
identifiable at or routine histopathology or immunohistochemistry.

2.6 Protein expression

Total proteins were extracted from 0.5 g of each jejunal sample using TPER tissue protein
extraction reagent in the presence of protease inhibitor cocktail (Thermo Fisher Scientific,
Rockford, USA). Total protein fractions were quantified using a NanoDrop 2000

spectrophotometer (Thermo Fisher Scientific, Rockford, USA) and were stored at —80°C.

All proteins investigated in this study were separated using SDS-PAGE technique under
reducing condition. Total protein content and the concentration of acrylamide used for each
investigated protein are indicated in Table 1 Samples were diluted (v/v) in home-made
Laemmli sample buffer pH 6.8 (4% SDS; 20% Glycerol; 120 mM Tris-Cl; bromophenol
blue 0.02% all purchased from Merck KGaA, Darmstadt, Germany) and boiled 10 min
before loading onto gel. To detect OCLN/CLDNs oligomeric assembly, total protein extract
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of each sample was separated also under non-reducing conditions as previously described.1?
Proteins were separated in a precast gel 4-20%. This technique allows the identification of
oligomeric OCLN/CLDNs complex (>150 KDa), and dimeric (OCLNp ~110-120 KDa), or
monomeric (OCLNy, 53-65 KDa) or low molecular weight (OCLN_pw 37-25 KDa)
OCLN forms. Proteins were transferred onto nitrocellulose membrane (Thermo Fisher
Scientific, Rockford, USA) overnight at 12 mV. Membranes were blocked with a buffer
containing 5% fat-free milk (Merck KGaA, Darmstadt, Germany) and then incubated
overnight at 4 °C respectively with the specific antibody. Membranes were washed three
times in phosphate Tris buffer saline (100mM Tris HCI, 1.5M NacCl, 0.5% Tween-20, pH 8.3
all purchased from Merck KGaA, Darmstadt, Germany) and incubated with the specific
HRP-conjugated secondary antibody (HRP conjugated secondary antibody: anti-mouse and
anti-rabbit were from Sigma, Darmstadt, Germany, anti-goat was from Bethyl Laboratories,
Montgomery, TX, USA) 2 hours at room temperature. Immunoreactive bands were
visualized by ECL Western Blotting Substrate (Thermo Fisher Scientific, Rockford, USA)
on a C-DiGit Blot Scanner system and quantified by the dedicated software Image Studio
Software version 3.1.4 (LI-COR, Bad Homburg, Germany). Band intensities were expressed
relative to the intensity of reference protein (GAPDH or Vinculin) detected on the same
membrane following stripping with Restore Plus Western Blot Stripping Buffer (Thermo
Fisher Scientific, Rockford, USA). OCLN/CLDNs complexes were only qualitatively
considered (i.e., as “absent’ or “present’) and not quantified because of the low signal
associated to OCLN/CLDNs complexes (bands >150 KDa) and the inter-patient variability
of the specific band pattern. Each sample was run in duplicate in the same membrane and
each assay was conducted in duplicate on separate membranes.

Rabbit polyclonal anti occludin (711500) and mouse monoclonal anti-claudin-4 (329400)
were purchased from Thermo Fisher Scientific, Rockford, USA. Rabbit polyclonal anti-
Z0-1 antibody (GTX108613) and rabbit polyclonal anti-vinculin antibody (GTX113294)
were purchased from GeneTex, Inc. San Antonio, Texas, USA. Rabbit polyclonal anti-VIP
(H-95) (sc-20727) was obtained from La Santa Cruz Biotechnology, Inc. Heidelberg
Germany. Rabbit polyclonal anti-GFAP (Z0334) were obtained from Dako, Glostrup,
Denmark Mouse anti-GAPDH clone 6C5 (ab8245) was purchased from Abcam, Cambridge,
UK.

2.7 Statistical analysis

Differences in protein expression and mast cell abundance among groups were evaluated
using Student’s t test. The presence/absence of OCLN/CLDNSs oligomers have been tested
using Fisher test. The Spearman correlation test has been used to assess the possible
correlation between biochemical parameters or with patients’ symptoms and signs.

3. RESULTS

3.1 Evaluation of symptoms and signs

Symptoms, signs as well as main presenting clinical findings of CIPO patients are reported
in Table 2 The three patient subsets, i.e. those with AN, INF and DEG histopathological
patterns did not show significant differences in terms of clinical features.
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3.2 OCLN expression and assembly with CLDNs

OCLNTqoT expression changes are reported in Fig 1A-C. A significant decrease (about 37%)
of OCLNTgT was detected in CIPO compared to controls (98.8+£39.2 vs. 159.6+£56.7 A.U.
+SD; P=0.0035) (Fig 1A). Specifically, compared to controls OCLNtoT decrease was
identified in AN (80.1+£35.6 vs. 159.6+56.7 A.U.+SD; P=0.0349) and INF (85.2+42.5 vs.
159.6+56.7 A.U.+SD; P=0.0124), but not in DEG (116.3+35.3 vs. 159.6+56.7 A.U.+SD;
P=ns) (Fig 1B, C).

OCLN/CLDN oligomerization, characterized by the evidence of high molecular weight
bands (>150 KDa), was detected in all controls, whereas it was undetectable in 73% of
CIPO (P=0.0005) (Fig 1D, E). Compared to controls, the loss of the oligomeric assembly
was equally reduced in the AN, INF, and DEG subgroups (P=0.0008; P=0.0256 and
P=0.009, respectively). Since not directly related to TJ pore structure, the data about the
other forms of occludin detectable in non-reducing conditions (e.g., OCLNp, OCLNyp, and
OCLN mw) were not further detailed in this study. However, OCLNp and OCLN py did
not change in CIPO and histopathologically related subgroups vs. controls, whereas OCLN
decreased only in AN (P=0.0105) and INF (P= 0.0184) vs. controls (data not shown),
reflecting OCLNtoT expression in these two subsets.

3.3 CLN4 expression

CLN4 protein expression (Fig 2A-C) showed a 2-fold increase in CIPO compared to
controls (51.74£31.6 vs. 24.2+9.1 A.U£SD; P=0.0480). Compared to controls, CLN4
expression increased 2.2 and 2.5 folds in INF (53.0£26.2 vs. 24.2+9.1 A.U+SD; P=0.0250)
and DEG (60.9+40.4 vs. 24.249.1 A.U£SD; P=0.0500), respectively, whereas did not differ
significantly in AN despite an increasing trend (32.9+12.4 vs. 24.2+9.1 A.U£SD; P=ns).

3.4 ZO-1 expression

Z0-1 protein expression (Fig 3A-C) was not altered in CIPO overall (21.4+21.0 vs.
23.4+14.2 A.U.£SD; P=ns) either in the AN (43.9+24.3 vs. 23.4+14.2 A.U.£SD; P=ns) or
INF (22.8+14.4 vs. 23.4+£14.2 A.U.£SD; P=ns) subgroups compared to controls. However,
there was a 2.8-fold decrease of ZO-1 protein content in DEG vs. controls (7.7+£11.0 vs.
23.4+14.2 A.U.£SD; P=0.0260).

3.5 VIP expression
Similarly to ZO-1 results, VIP content (Fig 3D-F) did not change in CIPO overall
(18.9£12.9 vs. 26.8+10.1 A.U£SD; P=ns) as well as in AN (16.5+£17.1 vs. 26.8+10.1 A.U.
+SD; P=ns) and INF (23.4£13.5 vs. 26.8+10.1 A.U£SD; P=ns) subgroups compared to
controls. By contrast, a 1.7-fold decrease of VIP protein content was detected in DEG vs.
controls (15.849.8 vs. 26.8+10.1 A.U.+SD; P=0.0458).

3.6 GFAP expression

A 31-fold increase of GFAP expression (Fig 4A-C) was observed in CIPO vs. controls
(547.5+674.4 vs17.6+24.1A.U.£SD; P =0.0499). All subgroups exhibited a very strong glial
activation resulting in an increased GFAP expression. Compared to controls, GFAP is
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overexpressed 19, 15 and 52 folds in AN (344.2+318.1 vs. 17.6+24.1A.U.2SD; P=0.0201),
INF (263.9+211.9 vs. 17.6+24.1A.U.£SD; P=0.0094) and DEG (912.6+920.9 vs.
17.6+24.1A.U.£SD; P=0.0231), respectively.

3.7 Mast cell count

The numbers of mast cells infiltrating the mucosa (Fig 5A-C) remained unaltered in CIPO
(190.1+164.8) and in each subgroups (AN 79.8+59.7; INF 283.8+227.3; DEG 159.6+64.0)
vscontrols (99.31£64.5). Mast cells infiltrating the submucosa (Fig 5D-F) in CIPO displayed
a 1.8-fold increase (91.2+57.6) vs. controls (49.6+37.2), although this change was not
statistically significant. In the subgroup analysis, mast cells showed 2.7-fold increase in INF
patients (134.7+50.9) vs. controls (P=0.0039). AN (30.1+36.2) and DEG (82.6+36.7)
subgroups showed mast cell counts similar to controls.

3.8 Correlations

OCLNTqoT expression positively correlated with OCLN/CLDN oligomeric assembly
(R=0.50, P=0.0040). Tissue specimens displaying a higher content of tissue OCLNToT had a
lower CLDN4 expression (R=—0.4379, P=0.0198). There was a positive correlation between
CLDN4 expression and GFAP expression (R=0.4109, P=0.0333). The increased expression
of both CLDN4 and GFAP and the absence of oligomers correlated with an increased
number of sub-occlusive episodes (R=0.4373, P=0.0255; R=0.7877, P>0.0001 and R=
-0.4303, P=0.0223 respectively) and with abdominal distension (R=0.5029, P=0.0088;
R=0.7394, P>0.0001 and R=-0.5353, P=0.0033). Abdominal pain was associated with the
loss of oligomeric assembly and with GFAP overexpression (R=-0.5119, P=0.0054 and
R=0.6302; P=0.0004). The CIPO duration was associated to the loss of oligomeric assembly
along with VVIP downregulation and with GFAP overexpression (R=-0.4873, £=0.0099; R=
-0.4354; P=0.0262; and R=0.6887; P=0.0001, respectively).

CVC infection occurrence correlated with the loss of oligomeric assembly and with VIP
down regulation (R=-0.5667, P=0.0435 and R=-0.6411; P=0.0247). SIBO correlated with
Z0-1 down regulation and with CLDN4 overexpression (R=—0.4261; P=0.0238 and 0.4689;
P=0.0157).

In INF subgroup, the increased number of mast cell infiltrating the submucosa correlated
with oligomer loss (R=-0.7452, P=0.0022). Furthermore, mast cell density in the submucosa
and in the neuromuscular layer correlated with an increased expression of GFAP (R=0.7802,
P=0.0353 and R=0.7800, P=0.0017), an increased number of sub-occlusive episodes
(R=0.8021, P=0.0006 and R=0.8717, P<0.0001), increased abdominal distension (R=0.7619,
P=0.0015 and R=0.8880, P<0.0001), abdominal pain (R=0.6841, P=0.0070 and R=0.8510,
P=0.0001), as well as with the duration of CIPO (R=0.6391, P=0.0187 and R=0.7680,
P=0.0022). In DEG, Z0O-1 downregulation correlated with GFAP upregulation (R=-0.5460,
P=0.0287).

4. DISCUSSION

Changes in IEVB structure have been documented in a variety of conditions ranging from
inflammatory diseases, such as inflammatory bowel disease, celiac disease and enteric
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infection, to functional bowel disorders, e.g. irritable bowel syndrome. Even extra-Gl
disorders, such as diabetes mellitus and autoimmune disorders, may also show abnormalities
to IEVB structure and function.24 Although neuro-ICC-muscular abnormalities represent a
major factor in the pathogenesis of gut dysfunction and symptom generation in CIPO,* 79
the role of enteric luminal mechanisms, and in particular of IEVB, has never been explored
in such patients. In this study we addressed whether changes of TJ components occur in
CIPO, and the possible correlations of identified IEVB -related molecular changes to main
clinical features and investigated the possible implication of mast cell infiltration, glial
activation, VIP expression in IEVB integrity.

Using non-reducing conditions, which allow for the separation and maintenance of
multimeric structure of proteins, and a gradient gel, we were able to detect the different
OCLN/OCLN and OCLN/CLDNs assembly. With this method, we discovered that
oligomers, a key feature of TJ assembly and IEVB integrity, are not detectable in 73% of
CIPO patients, regardless of their histopathological phenotypes. OCLN assembles into
homao- or hetero-dimers or higher order oligomers with CLDNs to form the selective TJ pore
located in the apical side of enterocytes3 or in the endothelium of blood vessels.?8 Thus,
our data indicate that the first gates of paracellular permeability are altered in most CIPO
patients, thereby allowing endoluminal noxae come across and interact with various cellular
components, e.g. immunocytes, of deeper Gl layers. A significant decrease in OCLNtoT
content was observed in AN and INF CIPO subsets. In patients with DEG alterations, we
observed a specific reduction of ZO-1 protein, which, conversely, remains unchanged in the
other two subgroups. Since the pore stability is essential for TJ function and is influenced by
all the intra- or extra-cellular components that form the TJ,12: 29. 30 our data suggest that
oligomers assembly was altered in most CIPO although arising from different pathways, i.e.
OCLN or ZO-1 downregulation, depending on the histopathological features. Some
differences did not reach statistical significance because of the small size of the different
subgroups investigated in this study, which dealt with a very rare condition such as CIPO.

There is association between CIPO patients with INF feature and OCLNtqoT loss, without
alteration in ZO-1expression. This pattern is in line with previously published observations
on a wide array of Gl and extra-GI inflammatory conditions.31-35 McDermott et al.
demonstrated that the nematode 7. spiralis infection in the mouse model increased jejunal
paracellular permeability and decreased OCLN expression in TJs. Furthermore, they
demonstrated that c-kit-positive mast cells in IL-9 transgenic mice were directly responsible
for the increase in epithelial paracellular permeability, whereas mast cell-specific protease
deficient mice failed to show an increased intestinal permeability.33 These experimental data
are in line with our findings in the subset of patients with INF features, showing the
correlation between decreased OCLNtgT expression and increased submucosal mast cell
number. Furthermore, when mast cells infiltrate the submucosa and neuromuscular layer in
this subgroup, GFAP expression increased, which reflects glial cell activation. In another
study, Kucharzik et al. performed an immunofluorescence analysis revealing an overall
downregulation of OCLN (but not ZO-1, CLDN1 or cell adhesion proteins) in the mucosa of
patients with ulcerative colitis, a finding detectable in areas with active inflammation as well
as in the mucosa uninvolved by the inflammatory insult.34 This latter feature is reminiscent
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of our data showing OCLNtoT downregulation in the sub-group with AN features, which
exhibits no alterations in the neuro-muscular layer integrity.

We observed a selective reduction of ZO-1 expression in patients with DEG alterations,
without changes in OCLN protein expression, but involving VIP, a well-known
neuromodulator / neurotransmitter in the ENS. A prior study by Neunlist et al. had shown in
a human HT29-C1.16E and Caco-2 co-culture model that VIP released by submucosal
neurons restored IEVB functional integrity by increasing ZO-1 mRNA expression and
protein content.8 In line with these data, we specifically observed in the DEG subgroup
concomitant downregulation in ZO-1 and VIP suggesting that neuronal mechanisms may
contribute to TJ assembly via regulation of ZO-1 expression. In parallel, these data may help
to understand the significance of ZO-1 changes in pathological conditions, such as blood-
brain-barrier dysfunction as observed in patients with neurological disorders including
multiple sclerosis and Alzheimer’s disease.36

All CIPO subgroups had in common a prominent increase of GFAP expression that was even
more pronounced in the DEG subset, supporting the occurrence of marked glial cell
activation. It has been demonstrated that GFAP-mediated glial hyper activation is associated
with cytoskeletal disorganization,3’ and that this pathological mechanism occurs in
degenerative diseases, i.e. Alzheimer’s and frontotemporal dementia.38 GFAP induced
rearrangements/disintegration of the cytoskeleton, evoked astrocyte cell death and, as a
result, a decreased blood-brain barrier function.3® Savidge et al. demonstrated that glial cells
can influence peri-junctional F-actin and its association with ZO-1, both mechanisms
exerting a role in the maintenance of the enterocyte cytoskeleton and therefore IEVB
stability.3? Thus, an increased GFAP expression and the concomitant ZO-1 downregulation
suggest the occurrence of a cytoskeletal disorganization, which contributes to IEVB
abnormalities in patients with DEG changes. Furthermore, in subgroups with INF and DEG
alterations, the GFAP increased expression is accompanied by CLDN4 upregulation. This
finding is in line with previous observations by Horng et al. who showed that experimental
glial cell activation (i.e., astrogliosis) is accompanied by upregulation of CLDN4 protein.
These authors hypothesized that this effect could be a “protective mechanism” to seal cells
in the absence of a physiological barrier.4? Since the tissue specific composition of jejunal
CLDNs in TJs is still unknown, whether CLDN4 overexpression can determine a
modification on CLDNs stoichiometry at the TJ pore in CIPO patients remains to be proved.
Our data indicated that a possible glial activation, as inferable by GFAP upregulation, along
with CLDN4 overexpression and the loss of oligomers suggest more severe CIPO forms
characterized by recurrent intestinal sub-occlusive episodes and marked abdominal
distension. Further study will be needed to establish whether these protein expression
abnormalities uncovered by our study are clinically relevant, for instance in predicting the
severity of CIPO patients and their long term progression Another potentially important
yield of the present study is the putative relationship between clinical manifestations
(symptoms / signs) in patients with CIPO and the expression of proteins that regulate
paracellular permeability.

The relevance of our study is underscored by the novel description of IEVB abnormalities in
CIPO and represents the first step to clarify the biochemical mechanisms of a leaky gut in a
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severe form of gut dysmotility such as CIPO. Considered in their entirety, our results point
towards two different pathogenetic mechanisms that may alter the IEVB structure in CIPO.
Some elements such as GFAP related glial cell activation, CLDN4 upregulation, and loss of
oligomeric assembly, appear to be common to each of the investigated CIPO patient
subgroups regardless of the underlying neuro-muscular abnormalities. Other mechanisms
such as mast cells infiltrate, particularly throughout the submucosa, and the associated
reduced OCLN expression may operate in the INF subgroup leading to TJ-related IEVB
abnormalities. In the DEG subgroup VIP downregulation may primarily affect ZO-1
expression, thereby enterocyte cytoskeleton, which is a crucial factor for TJ core stability
and IEVB integrity.4 In the AN subgroup, OCLN decrease may occur as a primary step
rather than as a consequence of inflammatory activity (mast cells) or other insults which
have been identified to occur in IEVB changes detected in the other two subsets of CIPO
patients. In conclusion this study demonstrated that the IEVB is impaired in idiopathic CIPO
of either inflammatory or degenerative origin. The common feature is that TJ proteins lose
their ability to form oligomers. However, the mechanisms by which oligomerization is
impaired seem to be different among the various CIPO subgroups. Whereas in INF CIPO,
mast cells and OCLN content appear to be key players in barrier structural alterations, in
DEG forms the effects are due to cytoskeleton changes induced by GFAP overexpression
and the simultaneous VIP-associated ZO-1 downregulation. The relative contribution of the
several molecular and cellular factors identified in this study on CIPO patients and related
subsets remains to be established. Further studies will be necessary to clarify the
pathogenetic role of IEVB alterations in the development of various intestinal dysfunctions
associated with CIPO. Nonetheless, this study provides a framework for a better
pathophysiological understanding of severe changes in digestive motility and may contribute
to the development of new therapies targeting changes of IEVB.
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Refer to Web version on PubMed Central for supplementary material.
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KEY POINTS

Chronic intestinal pseudo-obstruction (CIPO) is a rare form of severe
impairment of gut motility mainly due to neuro-interstitial cells of Cajal
(ICC)-muscular abnormalities. Intestinal epithelial and vascular barrier
(IEVB) changes, leading to a ‘leaky gut’, are known to contribute to a variety
of pathological conditions, such as inflammatory and functional bowel
disorders. However, whether IEVB changes occur in CIPO, thereby
contributing to pathophysiology and clinical features, remain unclear.

The abnormalities to protein expression and aggregation of major tight
junction (TJ) components in the jejunum of CIPO patients suggest that IEVB
integrity is compromised in CIPO.

We propose that IEVB changes may contribute to neuro-1CC-muscular
abnormalities in symptoms / manifestations detectable in CIPO patients. The
identified molecular targets can be possibly exploitable to design treatment
options for patients with severe gut dysmotility.
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Fig 1. OCLN expression and OCLN/CLDN oligomeric assembly. OCLNToT expression
A) in CIPO *P=0.0035; and B) in immunohistochemically defined subgroups *P=0.0349;

#P=0.0124. The same symbol superscript in the column indicates the pair with a statistically
significant difference. C) Example of WB separation and detection of OCLNToT
densitometry and reference protein GAPDH. D). Representation of the percentage of
patients with oligomeric assembly detectable using WB (densitometric bands > 220 KDa)
*P=0.0005. E) Example of WB separation under non-reducing condition using a
polyacrylamide gradient gel 4-20% and reference protein GAPDH.
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Fig 2. CLDN4 expression.
CLDN4 expression: A) in CIPO *P=0.0480; and B) in IHC subgroups *P=0.0250;

#P=0.0500. The same symbol superscript in the column indicates the pair with a statistically
significant difference. C) Example of WB separation and detection of CLDN4 densitometry
and reference protein GAPDH.
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Z0-1 protein expression A) in CIPO; and B) in immunohistochemically defined subgroups
*P=0.0260; *P=0.0022 *P=0.0324; the same symbol superscript in the column indicates the
pair with a statistically significant difference. C) Example of WB separation and detection of
Z0-1 densitometry vs. vinculin reference protein signal. VVIP protein expression D) in CIPO;
and E) in immunohistochemically defined subgroups *P=0.0305; the same symbol
superscript in the column indicates the pair with a statistically significant difference. E)
Example of WB separation and detection of VIP densitometry vs. GAPDH reference protein

signal.
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Fig 4. GFAP protein expression.
GFAP expression A) in CIPO *P=0.0499; and B) in immunohistochemically defined

subgroups *P=0.0201; ¥P=0.0094; *P=0.0231; the same symbol superscript in the column
indicates the pair with a statistically significant difference. C) Example of WB separation
and detection of GFAP densitometry vs. the specific reference protein GAPDH.
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Fig 5. Mast cells quantitative analysis.
Mast cells counted per mm? of mucosa have been quantified A) in CIPO; and B) in IHC

subgroups; C) Example of tryptase positive cells infiltrating the mucosa. Mast cells counts
are expressed per mm? of sub-mucosa D) in CIPO; and E) in IHC subgroups *P=0.0039; the
same symbol superscript in the column indicates the pair with a statistically significant
difference. F) Example of tryptase positive cells infiltrating the sub-mucosa.
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Table 1.

Tecnical information regarding the specific protein detection via WB tecnique.

Page 20

Total
Protein MW (KDa) 5;10;513 Acrylamide concentration | Antibody concentration | Reference protein
(H9)
OCLN 60 20 12%
Oligomers >150
Dimers 110-120 2 pg/ml GAPDH
OCLN assembly 40 4-20%
Monomers 53-65
LMW 37-35
CLDN4 22 100 15% 2 pg/ml GAPDH
Z0-1 195 20 5% 1:500 Vinculin
VIP 19 100 15% 1:200 GAPDH
GFAP 50 100 15% 1:3000 GAPDH
GAPDH 36 20; 40; 100 12; 15; 4-20% 1:1000 -
Vinculin 129 20 5% 1:1000 -
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Clinical manifestations of CIPO patients.

Symptoms and signs

Affected patients (%0)

Abdominal distension 95 %
Abdominal pain 85 %
Constipation 60 %
Fullness 42%

Early satiety 55 %

SIBO 45 %

Nausea 35%

Delayed gastric emptying 35%
\Vomiting 25%
Diarrhea 35%

CVC infections 14 %
Small bowel dilatation 26 %
Esophageal involvement 20 %
Urinary symptoms 10 %

=2 sub-occlusive episodes 80 %
Single sub-occlusive episode 20 %
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