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Summary of the whole project

Inflammatory bowel diseases (IBDs), resulting from
the interaction between genetic and environmental factors
which influence the immune responses, are mainly divided
into ulcerative colitis (UC) and Crohn’s disease (CD). New
studies have shown that IBD is the most common chronic
inflammatory disease worldwide, affecting millions of people
mainly in industrialized countries.

The number of people with IBD is increasing rapidly, thus,
researchers are trying to identify new mechanisms underlying
its pathogenesis and find out new treatments to cure the
disease as well as to improve the general health and the quality
of life of patients.

High-mobility group box 1 (HMGBI) protein, a nuclear non-
histone DNA-binding protein, is released into the extracellular
milieu and mediates inflammatory responses contributing to
the pathogenesis of IBD.

Treatments based on antagonists specifically targeting
extracellular HMGBI1 have generated encouraging results in a
wide number of experimental models of infectious and sterile
inflammation. Interestingly, since the current therapeutic
approaches for the management of IBD include drugs
(immunosuppressors, steroids) and biological treatments that
are often associated with adverse health consequences, the use

of natural products is gaining worldwide attention.



Accordingly, the whole purpose of this study is to explore
novel strategies for limiting the inflammatory potential of
HMGBI1. More specifically, we aimed at:

1) to assess the ability of the dipotassium glycyrrhizate (DPG),
a salt of the glycoconjugated triterpene glycyrrhizin, that has
been shown to inhibit the extracellular HMGBI1, to reduce
intestinal inflammation and improves the mucosal healing;

2) to investigate the interaction between HMGBI1 and Poly
(ADP-ribose) polymerase 1 (PARP1), a protein recently
involved in the regulation of HMGBI release, and explore the
role of PARP1 as a novel molecular target to control gut
inflammation.

The results and conclusion of the first point will be presented
attaching the published original paper to the thesis (Stronati L,
Palone F, Negroni A, Colantoni E, Mancuso AB, Cucchiara S,
Cesi V, Isoldi S, Vitali R. Dipotassium Glycyrrhizate
Improves Intestinal Mucosal Healing by Modulating
Extracellular Matrix Remodeling Genes and Restoring
Epithelial Barrier Functions. Front Immunol. 2019 Apr
26;10:939).

The results of the second point will be presented and discussed
in this thesis.

Briefly, to induce a severe colitis, dextran sodium sulphate
(DSS) was used in C57BL/6 WT or PARP1™ mice.

Undifferentiated and differentiated colonoid cultures of
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https://www.ncbi.nlm.nih.gov/pubmed/31105713
https://www.ncbi.nlm.nih.gov/pubmed/31105713
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intestinal stem cells harvested from biopsies of UC patients
were treated with cytomix (TNFo + IFNy) to induce
inflammation.

Results show that PARP1™" mice exhibit a less severe colitis
compared to WT mice, as evidenced by the reduction of
HMGBI in the serum and stool samples. 3D colonoid cultures
exposed to cytomix show increased levels of IL-1f3, IL-8,
TNFo and DUOXA2 as well as extracellular HMGBI.
Interestingly, PARP1 specific inhibitor, PJ34, decreases the
release of HMGBI in undifferentiated as well as differentiated
colonoids.

In conclusion these data demonstrate that: 1) PARP1 and
HMGBI are closely related; 2) PARP1 contributes to improve
inflammation by promoting the release of extracellular
HMGBI; 3) inhibition of PARP1 could represent a promising

therapeutic approach to control gut inflammation.
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Gut mucosal healing (MH) is considered a key therapeutic target and prognostic
parameter in the management of inflammatory bowel disease (IBD). The dipotassium
glycyrrhizate (DPG), a salt of the glycoconjugated triterpene glycyrrhizin, has been shown
to inhibit the High Mobility Group Box 1 (HMGB1) protein, an allarmin strongly implicated
in the pathogenesis of most inflammatory and auto-immune disorders. Here we discuss
new insights on how DPG acts on MH comparing the acute phase and the recovery
phase from experimental colitis in mice. We found that DPG strongly accelerates MH
by differently regulating pro-inflammatory (CXCL1, CXCL3, CXCL5, PTGS2, IL-18, IL-6,
CCL12, CCL7) and wound healing (COL3A1, MMP9, VTN, PLAUR, SERPINE, CSF3,
FGF2, FGF7, PLAT, TIMP1) genes as observed only during the recovery phase of colitis.
Relevant issue is the identification of extracellular matrix (ECM) remodeling genes, VTN,
and PLAUR, as crucial genes to achieve MH during DPG treatment. Furthermore, a
noticeable recovery of intestinal epithelial barrier structural organization, wound repair
ability, and functionality is observed in two human colorectal adenocarcinoma cell lines
exposed to DPG during inflammation. Thus, our study identifies DPG as a potent tool for
controlling intestinal inflammation and improving MH.

Key : di i glycyrrhizate, healing, DSS-il colitis, plaur, VTN

INTRODUCTION

Inflammatory bowel diseases (IBD), are complex disorders of the gastrointestinal (GI) tract whose
major phenotypes are Crohn’s disease (CD), and ulcerative colitis (UC). IBD are featured by
chronic inflammation which may result in irreversible mucosal damage, disability, and heightened
incidence of colitis-associated neoplasias (1, 2).
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Recent studies have identified gut mucosal healing (MH)
as key therapeutic target and prognostic parameter in the
management of IBD. Indeed, current and novel treatment
options are considered and selected by their efficacy in inducing
MH (3-5). The structural basis of MH is the restitution of gut
epithelium that prevents translocation of commensal bacteria
into the mucosa and subsequent immune-stimulation (6, 7).
Achieving MH also prompts better long-term results, such as less
hospitalization and surgery as well as better quality of life, with a
critical impact on the natural history of the disease (8).

Intestinal cells undergoing severe inflammation release
cytokines and other factors, including damage-associated
molecular pattern molecules (DAMPs), that, in turn, activate
inflammatory signaling pathways such as NF-kB. High Mobility
Group Box-1 (HMGBI) is a DAMP prototype that normally
resides in the nucleus, where it functions as a structural co-factor
critical for proper transcriptional regulation in somatic cells.
However, under appropriate signal stimulation, HMGBI is
released into the extracellular milieu and activates the immune
system promoting inflammation (9, 10). Indeed, HMGBI has
been implicated in several inflammatory and auto-immune
disorders, such as sepsis syndromes, rheumatoid arthritis,
systemic lupus erythematosus and ankylosing spondylitis (11).
Thus, inhibition of HMGB1 might represent a promising clinical
approach for treating tissue inflammation (12, 13).

Recently, our group showed that HMGBI is highly expressed
in the inflamed intestinal tissues of CD and UC patients (14—
16). Moreover, we showed that the dipotassium glycyrrhizate
(DPG), a salt of the glycoconjugated triterpene glycyrrhizin
(GL), a major active constituent of Glycyrrhiza glabra root,
significantly improves the experimental colitis in mice by
inhibiting HMGBI1 (17).

The aims of the present study were: (1) to identify genes
involved in MH pathways modulated by DPG in mice with DSS-
induced acute colitis; (2) to investigate in vitro the outcome
of DPG on MH by analyzing the impairment of epithelial cell
migration, morphology, and functionality during inflammation;
(3) to determine potential different effects of DPG on MH genes
during a recovery phase following the DSS-induced colitis in
mice; (4) to identify in vitro the DPG-affected genes that are
crucial for efficient MH.

MATERIALS AND METHODS

Animals

C57BL/6 female mice (8-9 weeks of age; Harlan Laboratories,
Udine, Italy) were housed in collective cages at 22/21°C under
a 12-h light/dark cycle and with food and water provided
ad libitum.

Induction of Acute Colitis

Mice were given 3% dextran sodium sulfate (DSS, molecular
mass, 36,000-50,000 Da, MP Biomedicals, Santa Ana, CA),
dissolved in autoclaved drinking water, for 7 days and then
sacrificed. Mice, 8 for group, were randomly divided into three
groups: (1) control group received regular drinking water; (2)
mice treated with 3% (w/v) DSS; (3) mice treated with 3% DSS

and 8 mg/kg/day DPG (DMG Italia Srl, Pomezia, italy), diluted
in Phosphate Buffered Saline (PBS), administered by oral gavage.

Recovery After DSS-Induced Colitis

Mice, were given 3% DSS in drinking water for 5 days followed
by 9 days of regular water or 8 mg/kg/day DPG, administered
by oral gavage; mice were divided into the following groups (5
animals per group): (1) mice treated with DSS for 5 days and
then sacrificed; (2) mice treated with DSS for 5 days, then DSS
was removed and animals were treated with a vehicle (PBS) at
6, 24 (day 6), 72 (day 8), 144 (day 11), 216 (day 14) hours and
then sacrificed; (3) mice treated with DSS for 5 days, then DSS
was removed and animals were treated with 8 mg/kg/day DPG
at 6, 24 (day 6), 72 (day 8), 144 (day 11), 216 (day 14) hours and
then sacrificed.

Assessment of DSS-Induced Colitis and

Histological Score

Animals were daily examined and the clinical score (CS) was
assessed by evaluating stool consistency (0 for normal stool, 1
for moist/sticky stool, 2 for soft stool, 3 for diarrhea), presence
of blood in stools (0 for no blood, 1 for evidence of blood
in stools or around anus, and 2 for severe bleeding) and
general appearance of the animal (0 was assigned if normal,
1 for ruffled fur or altered gait, 2 for lethargic or moribund),
according to Maxwell et al. (18). Mice were daily weighed, and
the percentage of weight loss was calculated in relation to the
starting weight. The 7th day, animals were euthanized, colon
removed and examined for weight and length. Distal colonic
specimens were frozen in liquid nitrogen and stored at —80°C
for further analyses. For histological analysis, samples were fixed
immediately in a 10% (w/v) formalin solution and embedded
in paraffin, sectioned (4 jum thickness), mounted on glass slides.
Slices were stained using standard hematoxylin and eosin (H&E)
techniques. Samples were analyzed by light microscopy and
scored according to Maxwell et al. (18).

Ethic Statement

Experimental procedures were previously approved by the
Ministry of Health and the study was carried out in accordance
with the Italian regulations on animal welfare. The protocol
was approved by the Committee on the Ethics of Animal
Experiments of the Italian National Agency for New Technology,
Energy and Sustainable Economic Development (ENEA-Permit
Number: 1175/2016-PR).

RT2 Profiler PCR Array on Genes of Wound
Healing Pathway

Total RNA was isolated from mouse colonic tissues using
the RNeasy Microarray tissue kit (Qiagen), and 1 pg of
total RNA was reverse transcribed by the RT2 First Strand
Kit (Qiagen). Samples were analyzed by a RT2 Profiler PCR
array (Qiagen) to evaluate the expression levels of a panel
of 84 genes central to MH response. Gene list: Extracellular
Matrix (ECM) and Cell Adhesion Molecules: ECM Structural
Constituents: COL14A1, COL1A1, COL1A2, COL3A1, COL4Al,
COL4A3, COL5A2, VTN; ECM Remodeling Enzymes: Cathepsin
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G, Cathepsin K, Cathepsin V, F3 Coagulation Factor III, F13A1,
FGA, MMP1, MMP2, MMP7, MMP9, PLAT, PLAU, PLAUR,
PLG, PAI-1 (SERPINE), TIMPI1; Cell Adhesion Molecules:
CDHLI, ITGA1, ITGA2, ITGA3, ITGA4, ITGAS5, ITGA6, ITGAYV,
ITGBI, ITGB3, ITGB5, ITGB6; Cytoskeleton Regulators: RACI,
ACTA2 (a-SMA), ACTC1, TAGLN; Inflammatory Cytokines and
Chemokines: C-C motif chemokine 7, CCL12 (MCP-1), CD40LG
(TNFSF5), CXCL1, CXCL11, CXCL2, IFNG, IL-10, IL-1B, IL-
2, IL-4, IL-6, MIP-2BETA (CXCL3); Growth Factors: CTGE
ANGPT1, GM-CSF (CSF2), CSF3 (GCSF), FGF2, FGF7, FGF10,
HGE, IGF1, MIE, TGFA, TGFBI1, TNFE, PDGFA, VEGFA; Signal
Transduction: TGFp Signaling: TGFB1, STAT3; WNT Signaling:
CTNNBI1, WISP1; Kinases: ERK2, MAPK3, PTEN; Cell Surface
Receptors: EGFR, IL6ST (GP130); Other Signal Transduction
Genes: PTGS2 (COX2); A threshold of 3.5 times was chosen.
The normalization and all the data analysis were performed
according to the manufacturer’s instructions using their web-
based software package: https://dataanalysis.qiagen.com/pcr/
arrayanalysis. For the normalization it uses the average of
five housekeeping genes: Actb, B2m, Gapdh, Gusb, Hsp90abl.
In order to identify false positives a statistical assessment
of the False Discovery Rate were carried out by Benjamini-
Hochberg procedure with critical value of 0.05 (http://www.
biostathandbook.com/multiplecomparisons.html).

Cell Lines

Caco2 and HT29 (HTB38, CL.19A) (human colorectal
adenocarcinoma cell lines) were purchased from American
Type Culture Collection (ATCC, Rockville, MA, USA). Caco2
and HT29 were maintained at 37°C, 5% CO,, in Dulbecco’s
minimum essential medium (DMEM, Gibco, Life Technologies,
Carlsbad, CA, USA) and McCOY’s 5A medium (Gibco),
respectively, supplemented with 10% inactivated fetal bovine
serum (FBS Eu Approved, Euroclone, Milan, Italy), 2mM
L-Glutamine, 100 U/ml penicillin and 100 jLg/ml streptomycin
(Euroclone). Caco2 were differentiated in culture medium for
16 days.

Real Time-PCR
Total RNA was isolated from mouse colonic tissues using
the mini RNeasy kit (Qiagen), and 1 pg of total RNA was
reverse transcribed by IScriptTM cDNA Synthesis Kit (BioRad,
Hercules). The RT-PCR amplifications were obtained by a
BioRad CFX96 TouchTM Real-Time PCR Detection System
using SsoAdvanced Universal SYBR Green super Mix (BioRad).
The primers used were summarize in Table 1. The expression
level of each mRNA was assessed using the standard curve
method and GADPH was used for normalization.

Immunoblot Analysis

Mouse colonic tissues were suspended in ice-cold lysis buffer
(50 mM Tris (pH 7.4), 5mM EDTA, 250 mM NaCl, 0.1% Triton
X-100, 1 mM phenylmethylsulfonyl fluoride, 5 mg/ml aprotinin,
5 mg/ml leupeptin, and 1 mM sodium orthovanadate (Sigma),
homogenized and incubated in ice for 30 min. Samples were
centrifuged at 14,000 r.p.m. for 10 min., supernatants collected
and analyzed by western blot.

Ten microgram of total proteins, were fractionated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis to
detect selected MH proteins. Proteins were transferred in
polyvinylidene fluoride membrane (Bio-Rad) and blocked with
TBS-T (Tris-buffered saline with Tween-20) containing 5%
non-fat dry milk. Anti-MMP9 (1:1,000; NovusBio), anti-VTN
(1:1,000; NovusBio), anti-COL3A1 (1:1,000; ThermoScientific),
anti-TIMP1 (1:1,000; Bioss), anti-PLAUR (1:1,000; Origene), and
anti-B-actin (1:5,000; Sigma) antibodies were diluted in TBS-
T containing 3% non-fat dry milk and incubated overnight at
4°C. Membranes were washed in TBS-T, incubated for 1 h with
horseradish peroxidase-conjugated secondary antibody (Santa
Cruz Biotechnology Inc.,), washed in TBS-T, and developed
with ECL-Plus (GE Healthcare, Life Science). Densitometrical
analyses of the blots were performed using the Software
ImageQuant (GE Healthcare, Life Science).

Wound Healing Assay

Wound Healing Assay was assessed by scratch test as previously
described (19). HT29 cells were cultured in 6-well plated at a
density of 2 x 10° cells/ml until confluence reached 90%. A
straight-line wound was made using a 10-ul pipette tip. Cell
debris and smoothed the edge of the straight-line wound were
removed by a wash with PBS and cells were then maintained
in a medium with a reduced percentage of FBS (1%). Then
cells were exposed to cytomix [TNFa (100 ng/ml) and INFy
(250 ng/ml), Peprotech, Rocky Hill, USA] or to B-box (10 pug/ml)
(HMGBiotech, Milan, Italy) in presence or absence of DPG
(300 wM) or anti-HMGBI1 antibody (Sigma) for 48 h. In a second
set of experiments, cells were treated with cytomix for 24 h and
then were exposed to DPG (300 LM, Sigma), anti-VTN (1:1,000)
and anti-PLAUR (1:1,000), alone or in combination, for 24 h. In
both case, cells migrated into the wounded area were visualized
at 0, 6, 24, and 48 h by Hematoxylin and Eosin staining. Images of
each condition were acquired at a magnification of 10X. Cellular
density related to a fixed wounded area (1 mm?) was measured
after 48 h using Image] software (available in the public domain
at www.nih.gov; National Institutes of Health [NIH], Bethesda,
MD, USA) (10 acquisition for each experimental point). The
experiment was replicated three times.

Immunofluorescence

Cells exposed to cytomix or co-exposed to cytomix and DPG
(300 uM) were grown at confluence on a microscope glass slide
for 24 h. Then, cells were fixed in formalin 4% in PBS for 10 min.
Cells were washed in PBS, permeabilized by incubation in PBS
0.1% Triton X-100 (Sigma) for 10 min and then blocked in PBS
1% BSA for 30 min. For ZO-1 (Tight junction protein-1) staining
samples were incubated with anti-ZO-1 (1:100, BD Trasduction
Laboratories) for 1h and then with the secondary anti-mouse
antibody AlexaFluor 488 (Molecular Probes, Eugene, OR, USA)
for 30 min. F-actin was stained with Alexa Fluor 488-conjugated
Phalloidin (1:50, Molecular Probes) according to manufacturer’s
instructions. 4',6-diamidino-2-phenylindole (DAPI) was added
for nuclei counterstaining. Quantification of ZO-1 and F-actin
fluorescent signal relative to DAPI was performed using Image
] software.
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TABLE 1 | List of murine primers used in RealTime PCR.

Gene Forward primer sequence 5’ — 3’ Reverse primer sequence 5’ — 3’
IL-1p GAGGCAGTATCACTCAATG CGTTGCTTGGTTCTCCTTGT

-6 CAAGTCGGAGGCTTAATTACACATG AGAAAAGAGTTGTGCAATGGCA
CCL12 GTTGGCTCAGCCAGATGAA AGGCTACTCATTGGGATCATCTTG
CXCL3 GAAGATTACTGAAGAGCGGCAAGTC AATGCAGGTCCTTCATCATGGT
CXCL5 CGTAACTCCAAAAATTAATCCCAAA CGAGTGCATTCCGCTTAGCT
ccL7 CCTGGGAAGCTGTTATCTTCAA AGGCTTTGGAGTTGGGGTTT
CXCL1 ACCGAAGTCATACCCACACTC CTCCGTTACTGGGGGACACC
COL3A1 GCCCACAGCCTTCTACAC CCAGGGTCACCATTTCTC

VTN CCCCTGAGGCCCTTTTTCATA CAAAGCTCGGTCACACTGACA
CSF3 GTATAAAGGCCCCCTGGAGCTG TGCAGGGCCATTAGCTTCAT3
FGF2 GGAGGGCTGCTGGCTTCTAA CCAGTTCGTTTCAGTGCCACATAC
FGF7 GAACAAAAGTCAAGGAGCAACC GTCATGGGCCTCCTCCTATT
MMP9 TGTCTGGAGATTCGACTTGAAGTC TGAGTTCCAGGGCACACCA
TIMP1 CTGGCATCTGGCATCCTCTT TAGCCCTTATGACCAGGTCCG
PLAT AGATGAGCCAACGCAGACAA GTTGGTTGGCTGCAACTTGC
PLAUR GTGGCCCAGTTCTGGATCTT GATGAGAGACGCCTCTTCGG
SERPINE1 ACTGCAAAAGGTCAGGATCG ACAAAGGCTGTGGAGGAAGA
PTGS2 AAGTGCGATTGTACCCGGAC GTGCACTGTGTTTGGAGTGG
TNF CAGACCCTCACACTCAGATCATCTT TCGTAGCAAACCACCAAGTGG
IL-10 AACAAAGGACCAGCTGGACAAC GGCAACCCAAGTAACCCTTAAA
GAPDH AACTTTGGCATTGTGGAAGG CACATTGGGGGTAGGAACAC

Trans-epithelial Electrical Resistance
(TEER) Measurements

Caco2 cells were seeded at a density of 1.0 x 10° cells/well
on ThinCertTM Cell Culture Inserts (24 well, 0.4 um pore size,
Greiner) and were differentiated for 16 days. Cellular TEERs
were measured with an electrical resistance system, EVOM2,
Epithelial Volt/Ohm Meter for TEER (EVOM2-TEER, WPI).
When the cells reached a stable TEER readings >2,000 ocm?,
cytomix or co-treatment with cytomix and DPG (300 uM)
were supplied to apical and basal compartments of transwell
chambers for 96h. In a second set of experiments, cells were
treated with cytomix for 24h and TEER value was measured
(t0); Cells were then exposed to DPG 300puM (SIGMA),
anti-VTN (1:1,000) and anti-PLAUR (1:1,000), alone or in
combination for 48 h. In both case, TEER measurements were
daily acquired. Results were expressed as percentage relative
to the ratio between initial and TEER value at different
time points.

Statistics
All statistical analyses were performed with GraphPad InStat
software (GraphPad Software, San Diego, CA, USA). The
Kolmogorov-Smirnov test was used to assess whether data were
sampled from populations following the gaussian distribution.
Comparison among groups was performed using the Kruskal-
Wallis Test with Dunn’s Multiple Comparisons post-test.

For in vitro studies, all experiments were repeated three
times and data were given as mean = standard deviation (SD).
Comparisons among groups was performed by Mann-Whitney

test. Differences were noted as significant * p < 0.05, ™ p < 0.01,
% p < 0,001,

RESULTS

DPG Down-Regulates the Expression
Levels of MH Genes Altered by
Inflammation in Mice With Experimental

Acute Colitis

We used an array of 84 genes of wound healing pathway to
identify those more influenced by DPG in the colonic tissue of
mice with acute colitis. C57BL/6 mice were randomly divided
into three groups: control group received regular drinking water,
mice treated with 3% DSS to induce colitis and mice treated with
3% DSS and 8 mg/kg/day DPG, daily administered by oral gavage.
After 7 days, mice were sacrificed and the colon removed. RNA
obtained from colon tissue of controls, DSS-induced colitis and
mice co-treated with DSS and DPG, were analyzed by a PCR
array. Results showed that inflammation induced by DSS caused
a strong up-regulation of 24 out of 84 genes (p < 0.05), of which,
20 were significantly down-regulated by DPG administration
(Figure 1A). Statistical assessment of the False Discovery Rate
demonstrated that all identified modulation was significant
(Supplementary Material 1). The 20 genes, down-regulated by
DPG, were classified into the following functional groups: (1)
cytokines (IL-10, IL-1p, IL-6, TNF); (2) chemokines (CCLI12,
CCL7, CXCL1, CXCL3, CXCL5); (3) extracellular matrix
components (COL3A1, VIN); (4) growth factors (CSF3, FGF2,
FGF7); (5) extracellular matrix remodeling enzymes (MMP9,

Frontiers in Immunology | www.frontiersin.org 4

April 2019 | Volume 10 | Article 939



Stronati et al

DPG Modulates MH-Related Genes

=
A Y B b UNT DSS  DSS+DPG
N E
528899 MMPS‘ .m_-—-‘
550000
Plat VNl
Cxcl1
Minpd Cytokines COL3A1| - — - |
P‘gi e 1L40, IL-1beta, IL-6
Remodelling enz. JINE Chemokines | ———— - ,_‘
Cel? MMPS9, TIMP-1, PLAT CCL12, CCL7, CXCL1, TIMP-1
C"ﬂg PLAUR, SERPINE1 CXCL3, CXCLS
cl
Cxcl5 MH genes PLAUR | -— - ]
csf3 9 ;
iLs B-ACT [ \
Serpine1 Oxidative stress ECM components
Cxcl3 PTGS2 coL3A1, VIN
IL1b Growth factor , Mmp9 W vin . Cotdat
Plaur CSF3, FGF2, FGF7 oF = = st
Timp1 § . - £~
Col3A1 £t £w
Faf7 2, 3 3w
Fgf2 . - g
Vtn T s osmees " w o ossoe | oS osse0eG.
Magnitude of gene expression » Timp - Plaur
Min Avg Max § - e
£ 18
3ol g 3
c mpo Vin Colsat Timp Plaur
0 = 0 - 8 = £ = » =
82 g° ' g ® e
B H H = .
i i N 3o 3
2 £, gz il 2,
’ o 0SS DSS+DPG. ° w 0SS DSS+DPG. ° w 0SS DSS+0PG. ’ w 0SS DSS+DPG. ° w 0SS DSS+DPG.
Piat Servinet 10 = e
. i . " - . & o
H H g H go
£ - H g H
. 22 % g i
! o 0SS DSS+DPG. ¢ [T 0SS DSS+DPG. 8 uN DSS  DSS+DPG. Y N 0SS DSS+DPG. 4 uN 0SS DSS+0PG.
Tt cor Cxet cxets cxels
) - - . - -
. 0 8 20 o
H 3 s s g
] S0 R sm S
£ [ 22 2w 2o
0 4 ° %
N bss Dsseorc N 0SS DSS+DPG e o 0SS DSS+DPG N DSS  DSS+DPG o u 0SS DSS+DPG.
cenz csts Foi2 For? Pigs2
10 = s = L - e
E i i i
e iz £w 5. Bx
30 H I EN 3w
S 2. . L R
o
W oss osseoe ' oss sse0@ O v oss bweeoe O oss omeos | w  oss bwseo
FIGURE 1 | Identification and validation of genes, involved in MH pathways, modulated by DPG in inflamed tissues of mice with experimental acute colitis. (A) Genes
activated by DSS and inactivated by DPG treatment in vivo, identified by PCR-Array, and (B) their classification in functional groups. (C) mRNA expression of all
identified genes, modulated by DPG in mice with DSS acute colitis, were validate by quantitative real-time PCR. Statistical analysis: Kruskal-Wallis Test with Dunn’s
Multiple Comparisons post-Test. (D) Protein expression of some identified genes was confirmed by western blot, using 8 animals per group. Statistical analysis:
Kruskal-Wallis Test with Dunn’s Multiple Comparisons post-Test. "o < 0.05, *p < 0.01, **p <0.001. PCR-Array was repeated in triplicate using a pool of RNA
obtained from 5 animals per group. Real-time PCR values are mean =+ St. dev. of 8 animals per experimental group and data represent the target gene expression
normalized to the reference gene. UN, untreated animals; DSS, dextran sulfate sodium; DPG, dipotassium glycyrrhizate.

TIMP1, PLAT, PLAUR, SERPINE1); (6) oxidative stress (PTGS2)
(Figure 1B). The effect of DPG on mRNA expression of this gene
set was then confirmed by RealTime-PCR (p < 0.001: IL-1beta,

IL-6, PLAT; p < 0.01: IL-10,
CCL7, COL3Al, VTN, FGF7,
p < 0.05: CXCL1, MMP9, SERPINEI1, CSF3) (Figure 1C).

TNEF, CXCL3, CXCL5, CCL12,
FGF2, TIMP1, PLAUR, PTGS2;
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TABLE 2 | List of the mucosal healing pathway genes analyzed.

TABLE 2 | Continued

Gene Fold regulation Fold regulation Gene Fold i Fold
comparing DSS vs. comparing comparing DSS vs. comparing
UN DSS+DPG vs. DSS UN DSS+DPG vs. DSS
Cxcl3 1083.85 —165.97 Itgb6 1.81 —-3.41
116 425.18 —102.17 Stat3 1.79 —2.59
Csf3 335.14 —55.9 Egfr 1.78 —4.44
I 204.88 —37.48 Itgb1 1.57 —4.24
110 60.91 —9.35 Col5a2 1.52 —9.03
lfng 49.13 —2.87 *Excluded DSS+DPG ltgas 1.52 -4.78
vs. DSS < 3.5 folds Colta2 1.44 6.2
Cxcls 44.38 —21.33 Col5a3 1.39 —6.06
Cxclt 28.68 —37.57 ltga3 1.34 —1.48
Timp1 26.09 -85 Itgb3 1.34 -3.19
Cel? 25.61 -7.15 tga2 117 189
[Tnf 17.09 =543 Ctsl 1.16 ~5.69
Plaur 14.61 —8.78 F3 113 _3.34
Ptgs2 13.04 —30.87 Itgh5 113 _225
Serpinet 10.55 -9.77 Hbegf 112 —6.42
Vin 8.43 —40.55 Mif 1.07 1.42
Cal12 7.88 ~10.94 Mmpia 101 _383
Plat 7.65 —24.16 Itgai —1.04 _0.04
Mmp9 7.37 —15.05 Vegfa —1.14 ~1.39
Hof 714 —3.42 * Ctanb1 -1.22 ~1.76
Fgf2 5.32 —27.25 Tagn —1.23 -3.85
Fof7 5.02 —28.67 ltga6 —1.25 —1.67
Fga 4.98 —246 * Ctgf —1.28 —11.147
Mmp7 4.87 —1.11 * Rhoa ~1.29 -1.79
Colgat 3.69 —20.75 Pdgfa 135 075
Tgfor3 3.29 —8.56 From here excluded Col14al —1.38 19
becaus:zsf;;:. UN<" pren —14 —3.28
Cd4olg 3.28 1.65 Mapk3 —laa ~106
Mmp2 344 555 Mapk1 —1.44 —1.51
Tofb1 212 29 Tgfa ~1.46 —1.52
Wisp1 31 763 Cdh1 —1.56 —1.45
gt 205 633 Ract -1.66 -3.12
2 00 412 Egf —2.02 —2.22
CoMat 287 —97 Os2 —208 157
Fgf10 087 _16.81 Acta2 -2.13 —2.35
Cxalt 284 ~13.16 Coldas 458 182
" 277 _7 Actct —6.72 1.21
F13al 2.75 —6.89 Inclusion criteria for the genes were the following: fold-regulation comparing DSS vs.
ltgad 255 —4.43 UN = 3.5 folds; furthermore for those included fold-regulation comparing DSS+DPG vs.
lIBst 2.44 —4.13 05 > 35 ) ) )
The genes were shown in order of decreasing up-regulation comparing DSS vs. UN.
Itgav 2.43 -5.09 The genes positive for the inclusion criteria were highlighted in gray.
Ctsk 233 —4.62 *Genes excluded because DSS+DPG vs. DSS < 3.5 folds.
Ctsg 2.21 —1.09
Whnt5a 2.2 —6.11
Plau 213 oy Moreover, a subset of genes (MMP9, VTN, COL3A1, TIMP1, and
Angpt! 188 [y PLAUR), chosen among those more directly involved in the tissue
Colsa 188 681 remodeling process, were also analyzed by western blot. Results
Py . e again showed that the expression levels of all genes previously
Cotat 186 o altered by the DSS treatment was reduced by DPG (MMP9: p <
0.01; VTN, COL3A1, TIMP-1, PLAUR: p < 0.001) (Figure 1D).
(Continueq) ~ Complete list of 84 mucosal healing pathway genes analyzed
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was reported in Table 2. Moreover, data set of the microarray
carried out are available on Gene Expression Omnibus platform
(GEO) with accession number GSE127953 and provided as
Supplementary Material 1.

This result was also confirmed in vitro by exposing Caco2
and HT-29 cells to pro-inflammatory cytokines (cytomix: TNF-
o and IFN-y) or co-exposing to cytomix + DPG and analyzing
the protein expression of MMP9, VTN, COL3A1, TIMP1, and
PLAUR by western blot. Results revealed a significant increase
only of VTN, TIMP1 and PLAUR expression from 6 up to 24 and
48h (p < 0.001) after cytomix exposure, however, co-exposure to
DPG completely reverted to normal values (VTN and TIMP-1:
p < 0.001; PLAUR: 6h p < 0.001,24-48 h p < 0.01) (Figure 2).

Exposure to DPG Restores the Proper
Structural Organization, Wound Repair
Ability, and Functionality of Intestinal
Epithelial Barrier Altered During

Inflammation

To evaluate the effect of DPG on epithelial barrier morphology,
differentiated Caco2 and HT29 cells were exposed to cytomix
or co-exposed to cytomix and DPG for 24 h. Cell-cell adhesion
and intestinal epithelium organization were assessed by analyzing
the expression levels of zonulin-1 and the formation of stress
fibers (SFs), through immunofluorescence. All cells exposed to
cytomix showed a strong reduction of zonulin-1 expression, with
consequent loss of tight junction (T]) adhesion, and an evident
increase of SFs leading to a loss of proper tissue architecture.
However, the exposure to DPG restored the original setting (ZO-
1/DAPI fluorescence: UN: 0.55 £ 0.03; cytomix: 0.27 % 0.13;
cytomix + DPG: 0.65 % 0.05); (F-actin/DAPI fluorescence: UN:
0.31 & 0.05; cytomix: 1.30 = 0.14; cytomix + DPG: 0.25 % 0.05)
(Figures 3A,B and Supplementary Figures 1A,B).

Furthermore, to assess whether DPG influences intestinal
cell migration, a scratch test was performed. Since DPG is an
inhibitor of HMGBI1 we include a treatment with HMGB1 B
box (B-box), which is the recombinant truncated form of the
protein consisting of the pro-inflammatory component as well
a treatment with anti-HMGBI antibody, used to block HMGBI1.
Hence, confluent HT29 and Caco2, exposed to cytomix or to B-
box in presence or absence of DPG or anti-HMGBI1 antibody,
were scratched with a 10 I micropipette tip and the gap widths
(Imm at day 0) were measured after 24 and 48h. Wound
healing was estimated after 48 h as cellular density related to a
fixed wounded area (1 mm?). Results showed that the cytomix
exposure caused a delay in healing as compared to untreated
cells (cellular density: cytomix 16.63 £ 0.95; UN 187.84 =+ 8.25),
however, co-treatment with DPG or with anti-HMGB1 antibody
strongly reduced the delay, showing a complete repair after
48h (cellular density: cytomix + DPG 171.15 £ 9.30; cytomix
+ anti-HMGBI antibody 167.72 £ 17.78). Besides also B-box
exposure caused a delay in healing strongly reduced by DPG
(cellular density: B-box 26.39 + 7.22; B-box + DPG 131.89
=+ 11.53) (Figure 3C and Supplementary Figure 1C). Finally,
the functionality of intestinal epithelial barrier was analyzed
through the trans epithelial electrical resistance (TEER), a widely
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FIGURE 2 | DPG reduced in vitro the expression of wound healing genes:
VTN, TIMP-1, and PLAUR altered by inflammatory stimulus. HT-29 cells were
exposed to cytomix or co-exposing to cytomix + DPG and protein expression
of VTN, TIMP1, and PLAUR were analyzed by western blot. Bar chart
represented fold increase (Densitometric Unit) vs. UN. The experiment was
performed in triplicate and repeated 3 times. Statistical analysis: Mann-Whitney
test, the comparison between Cytomix vs. Cytomix 4+ DPG was reported.

**p < 0.01, **p < 0.001. UN, untreated cells; DPG, dipotassium glycyrrhizate.
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FIGURE 3 | DPG improves in vitro epithelial barrier functions and morphology. Zonulin-1 and F-actin expression and localization were determined by

immunofluorescence in Caco? treated with Cytomix, DPG and Cytomix + DPG Results are presented as Mean intensity of ZO-1 and F-actin fluorescence, relative to
DAPI + S.D, respectively. Magnification 20X (A,B) Scratch test and bar chart of cellular density of wounded area in HT29 (C) and TEER values (D) indicated wound
healing in Caco?2 cells treated with Cytomix, DPG, and Cytomix + DPG. The experiment was performed in triplicate and repeated 3 times. Statistical analysis: Mann-
Whitney test.**p < 0.01, *** p <0.001. UN, untreated cells; DPG, dipotassium glycyrrhizate.

accepted quantitative technique to measure the integrity of
tight junction (TJ) dynamics. TEER was applied to Caco2 cells
that, when cultured until confluence, become a monolayer and
differentiate spontaneously to enterocytes developing TJ on the
apical side and getting excellent barrier functions (2 weeks
culturing). After differentiation, cytomix or DPG-cytomix
were given to the apical side of Caco2. Results showed that

TEER values were significantly decreased in cells exposed to
cytomix compared to physiological condition, indicating a loss
of barrier functions (TEER value: 40% vs., untreated cells
(TEER value: 100%) after 96 h of culture), while, DPG addition
caused a sharp increase of TEER values, indicating a reliable
recovery of barrier functions (TEER value: 70% after 96h of
culture) (Figure 3D).
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FIGURE 4 | DPG accelerates mucosal healing during recovery phase of DSS-induced acute colitis. C57BL/6 mice were treated with 3% DSS for 5 days and then
were untreated or treated with DPG (8 mg/kg) for successive 9 days. Following parameters were analyzed: (A) weight loss; (B) colon length; (C) clinical score (stool
consistency, presence of blood in stool and general appearance); (D) histological score; (E) morphology of the colon evaluated through histological analysis (40x
magnification in the image). Five animals per experimental group were used. Statistical analysis: Kruskal-Wallis Test with Dunn’s Multiple Comparisons post-Test.

*p < 0.05, *p < 0.01. UN, untreated animals; DSS, dextran sulfate sodium; DPG, dipotassium glycyrrhizate.

DPG Accelerates MH During the Recovery
Phase Following the DSS-Induced Colitis
in Mice by Differently Regulating
Pro-inflammatory and Wound

Healing Genes

To investigate the effects of DPG on MH during the recovery
phase following the induction of acute colitis, a time-course
experiment was set up: mice were treated with DSS for 5 days
and then with DPG (or a vehicle as placebo) for following 6-
24-72-144-216h (recovery time). Firstly, weight, colon length,
clinical score and histological score were assessed. Results
showed that mice treated with DPG had a faster recovery
already visible at 24h (day 6). Full recovery was obtained at
72h (day 8) in DPG-treated mice and at 144h (day 11) in
vehicle-treated mice. In particular, at 24h, DPG-treated mice
recovered weight: 95 & 2 vs. 87 £ 1.1% of vehicle-treated
mice (p < 0.01) (Figure 4A); colon length: 7.5 £ 0.43cm vs.
5.7 £ 0.33 cm of vehicle (p < 0.01) (Figure 4B); clinical score:
2.0 £+ 0.2 vs. 1.4 £ 0.25 of vehicle (p < 0.05) (Figure 4C);
histological score: 0.9 & 0.2 vs. 1.9 & 0.3 of vehicle (p < 0.01)
(Figures 4D,E).

Furthermore, since results above show that the highest
recovery rate occurred in the time window between 6 and
72h (following the interruption of DSS), the mRNA levels
of previously identified 19 genes were also analyzed in this

time lapse. Results showed, post-DSS treatment, an increase of
inflammatory molecules CXCL1, CXCL3, CXCL5, PTGS2, IL-
1B, IL-6, CCL12, and CCL?7 that were significantly reduced (24
h: p < 0.001: CXCL1, CXCL3; p < 0.01: PTGS2, IL-1B, IL-6;
p < 0.05: CXCL5, CCL7, CCL12, IL-10) within the 72h (back
to control values) by DPG treatment (Figure 5A). Interestingly,
DPG induced a significant increase (24 h: p < 0.001: MMP9,
PLAUR, FGF2; p < 0.01: COL3A1, VTN, SERPINE, CSF3, FGF7;
p < 0.05: TIMP1) of genes more directly involved in the wound
healing, such as COL3A1, MMP9, VTN, PLAUR, SERPINE,
CSF3, FGF2, FGF7, PLAT, and TIMP]I, at earlier time (between
6 and 24 h) (Figure 5B). Noticeably, this result is not observed
in untreated mice. Among all, the two most up-regulated genes
by DPG, VTN and PLAUR, were also analyzed by western blot.
Results confirmed that protein expression of both genes was
significantly increased by DPG (VTIN: 24-72h p < 0.01; PLAUR:
6-24h p < 0.01,72h p < 0.01) between 6 and 72 h comparing to
untreated mice, but expression came back to control values at the
end of treatment (day 14) (Figure 5C).

The ECM Remodeling Proteins PLAUR and
VTN Are Crucial to Achieve MH During

DPG Treatment
To investigate in vitro the role in MH of PLAUR, the most DPG-
activated gene during the recovery phase from colitis at 6h, as
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FIGURE 5 | DPG improves mucosal healing in vivo by reducing pro-inflammatory genes and increasing wound healing genes. C57BL/6 mice were treated with DSS
for 5 days and then were untreated or treated with DPG (8 mg/kg) for successive 9 days. During remission phase, gene expression of all (A) pro-inflammatory and
(B) wound healing genes, previously identified, was analyzed by real-time PCR at the following time point: 5th day+6h, 6th day, and 8th day. Real-time PCR values are
mean +/- St. dev. of 5 animals per experimental group and data represent the target gene expression normalized to the reference gene. The expression level after 5
days of DSS treatment was taken as 1 for each gene. (C) VTN and PLAUR were also analyzed by western blot. Upper panel: western blot; bottom panel: fold increase
vs. day 5th calculated using optical densitometry. Five animals per experimental group were used. Statistical analysis: Kruskal-Wallis Test with Dunn’s Multiple
Comparisons post-Test.*p < 0.05, **p < 0.01, **p < 0.001. UN, untreated animals; DSS, dextran sulfate sodium; DPG, dipotassium glycyrrhizate.

well as its ligand VTN, we observed the ability to repair and
barrier function recovery of intestinal epithelial cells, exposed
in time order to cytomix and DPG, in which VIN and PLAUR
were alternately inhibited by specific antibody. Hence, Caco2 and
HT29 cells were exposed to the cytomix for 24 h and then exposed
to DPG for the following 6, 24, and 48 h. Firstly, results revealed
that PLAUR and VTN expression significantly increased (p <
0.001) at 6h following DPG and came back to normal values
from 24 to 48 h (Figure 6A). Since this effect could indicate that
these genes were required for an efficient MH, we carried out

a scratch test and a TEER assay in inflamed epithelial cells in
which VTN or PLAUR were inhibited by specific antibody. Thus,
Caco2, and HT29 cells were treated with cytomix for 24 h, then
cytomix was removed and DPG or DPG+antibody anti-VTN or
DPG-antibody anti- PLAUR were added for the following 48 h
for scratch test and up to 72 h for TEER assay. Results showed that
the increase of TEER and wound closure rates induced by DPG
was reverted by inhibition of VTN or PLAUR, suggesting that
both genes are crucial in achieving MH during DPG treatment
(Figures 6B,C).
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DISCUSSION

Gut MH is a complex and dynamic process of replacing
devitalized and missing cellular structures and tissue layers
involving the coordinated activity of intestinal epithelial cells
(20, 21). The ability of factors in modulating MH proteins and
enhance intestinal repair mechanisms may form the basis of
future approaches for treating diseases characterized by epithelial
surface damage (22), since MH is emerging as a critical endpoint
in clinical trials and practice (4). Indeed, it was shown that IBD
patients who achieve and maintain MH have more favorable
long-term outcomes compared to patients who do not get it
(5). In the past two decades, anti-TNFa therapy was found
to induce endoscopic remission and sustained mucosal healing

(23), however, many patients (~40%) do not respond, lose
their response during treatment, or develop complications due
to side effects (24, 25). Recently, additional therapies were
aimed to improve MH, such as vedolizumab (integrin blocker)
and ustekinumab (anti-p40 subunit of IL-12/IL-23), mainly in
patients unresponsive to anti-TNFa, but beneficial results are still
variable and side effects persist (19, 26, 27).

In a previous study, the DPG was shown to importantly reduce
the DSS-induced colitis in mice without collateral effects (17). In
the present study, we firstly aimed to assess in vivo the ability
of DPG to modulate a panel of MH genes. Accordingly, we
induced the experimental acute colitis in mice and observed that
DPG strongly down-regulated to control values 20 genes involved
in different MH pathways (mainly represented by cytokine,
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chemokine and ECM genes), altered by inflammation. To deeply
explore in vitro the effects of DPG on the gut barrier during the
acute phase of inflammation, intestinal epithelial cells were co-
exposed to inflammatory agents and DPG. Structural integrity
of the intestinal epithelium was investigated by analyzing the
modulated expression of the adhesion molecule, zonulin-1, and
the dynamic alteration in actin fiber development. We found
that DPG noticeably improved the expression levels of zonulin-1,
strongly decreased by inflammation, and reduced the number of
F-actin stress fibers resulting in response to inflammatory stimuli,
altering the cell cytoskeleton organization. Moreover, since
epithelial cell migration during healing represents an important
mechanism to rescue the tissue integrity, we also looked at wound
closure ability of intestinal cells and found that DPG significantly
accelerated the healing rate during inflammation, improving
epithelial barrier integrity but also its proper functioning, as
seen by TEER assay. Of interest, rescue in tissue integrity due
to DPG was observed when inflammation was trigger both by
cytomix or B-box, suggesting that this effect is mediated by
HMGBI inhibition.

All these findings highlight the efficacy of DPG on
improving wound healing during acute inflammation and,
consequently, promoting the mucosal integrity, that is essential
to preserve the epithelial functions. Indeed, patients with
different gastrointestinal disorders, such as IBD, acute gastritis
or pancreatitis, and celiac disease, are all phenotypically
characterized by severely compromised epithelial barriers (22,
28) and re-establishment of barrier integrity is often associated
with clinical remission and improved outcome (29).

In our study we found that the, DPG, an HMGBI inhibitor,
promote healing. Recently Tirone et al. (30), showed that
HMGBI1 promotes healing. Although these studies seem to
disagree each other, the differences could be explained by the
HMGBI redox state. Indeed literature data reported that fully
reduced HMGBI1 (fr-HMGBI) acts as a chemo attractant for cells
(31), whereas HMGBI containing a disulfide bond (ds-HMGB1)
is a pro-inflammatory molecule (32); further cysteine oxidation
to sulfonates by reactive oxygen species abrogates both activities
(33). To dissect the various activities of HMGBI, Tirone et al.
created a mutant (3S) in which the cysteines are replaced with
serines, which are resistant to sequential oxidation. Collectively,
their results revealed that, after acute injury, muscle and liver
regeneration were specifically promote by fr-HMGBI1 and 3S.
Furthermore, HMGBI activities was analyzed during sterile
injury. In our study we tested the effect of DPG, an HMGB1
inhibitor, on healing promotion in an inflammatory context.
Probably, in our condition the prevalent form of HMGB1 should
be the ds-HMGBI, with cytokine-inducing activity, and the DPG
inhibiting it promotes healing.

Besides, we were interested to assess the effects of DPG during
the recovery phase from colitis, as well. Thus, in a second
set of experiments, mice were exposed to DSS and then let
untreated (controls) or were treated with DPG for following 6,
24, 72, 144, or 216h (recovery time). Intriguingly, we found
that DPG-treated mice showed an evident improvement of
body weight, colon length, clinical, and histological score as
compared to controls. More interestingly, we observed since

the earliest time (6h) an opposite effect of DPG on MH
gene expression: a significantly decrease of inflammatory genes
(CXCL1, CXCL3, CXCL5, PTGS2, IL-1B, IL-6, CCL12, CCL7)
and a simultaneous increase of ECM components/remodeling
enzymes (COL3A1, MMP9, VTN, PLAUR, SERPINE, CSF3,
FGF2, FGF7, PLAT, and TIMP1). These results clearly suggest
that, within a narrow time window (between 6 and 24h from
the ending of DSS and the beginning of DPG treatment), while
DPG is reducing inflammation, concurrently, is prompting the
tissue rescue by implementing ECM remodeling genes. When
inflammation is dampened (72h following DPG treatment),
ECM remodeling genes as well as inflammatory genes were
wholly down-regulated. It is worth noting that it was possible to
highlight the dual achievement of DPG only setting up a recovery
phase experiment, indeed, we did not have this evidence in mice
with the acute colitis.

These data drawn our attention on the role of ECM in
MH. ECM is a highly dynamic structure present in all tissues
continuously undergoing controlled remodeling that is critical
for regulating the morphogenesis of different organs, including
the intestine. Interestingly, ECM is established to be integral to
wound healing, with a close relationship occurring between ECM
deregulation and altered healing. In order to understand whether
the ECM remodeling enzyme PLAUR, the most activated gene by
DPG during the earlier recovery phase from colitis, as well as its
ligand VTN, were critical for DPG-induced MH, we exposed to
cytomix followed by DPG the intestinal cells, in which the two
genes were alternately inhibited by specific antibodies. PLAUR,
also known as urokinase-type plasminogen activator receptor
(uPAR) is a part of the plasminogen activation system and is
activated by several ligands as Serine protease urokinase-type
plasminogen activator (uPA), VITRONECTIN (34) and inhibited
by SERPINEI (35).

Results showed that wound healing ability as well as epithelial
barrier functions were importantly impaired by inhibition of
both genes in inflamed cells then exposed to DPG. This
evidence strongly suggests that VIN and PLAUR expression
is mandatory to promote tissue repair even in cells in which
MH is improved by DPG treatment. It is worth noting that
under physiological conditions, PLAUR is thought to have
fairly limited tissue expression. This receptor is expressed
during ECM remodeling, for example in gestational tissues
during embryo implantation and placental development (36)
and in keratinocytes during epidermal wound healing (37).
Stress, injury and inflammation also induce PLAUR expression.
PLAUR-deficient mice exhibit pathological abnormalities related
to PLAUR proteolytic function, including dermal fibrosis (38)
and exacerbation of experimentally induced kidney fibrosis and
nephropathy (39).

In conclusion, this study shows for the first time that:
(1) DPG is able to modulate in vivo MH genes and restore
in vitro the proper structural organization, wound repair
ability and functionality of intestinal epithelial barrier during
acute inflammation; (2) DPG increases ECM remodeling gene
expression during the earlier recovery phase following the
induction of colitis in mice; (3) the ECM genes, PLAUR and
VTN, are pivotal to get MH in cells treated with DPG.
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We are suggesting that the use of DPG would represent
in the future an innovative and powerful tool for the

treatment of human inflammatory complex disorders,
including IBD.
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2. INTRODUCTION

2.1  Inflammatory bowel disease

It is widely acknowledged that IBD is an extremely
complicated disease with an unclear pathogenesis. Crohn’s
disease (CD) and ulcerative colitis (UC) are the most common
subtypes of IBD. It predominantly affects the gastrointestinal
tract (GI), and results in repeated abdominal pain, diarrhea,
bloody purulent stool, and weight loss, which substantially
reduces the quality of life and increases the economic burden
of IBD patients'.

Characterized by chronic inflammation and
inappropriate immune responses, IBD may develop into
stricturing disease, penetrating disease or even colorectal
cancer (CRC), posing a serious management challenge.
Despite many years of research, the exact pathogenesis has not
been completely elucidated. Current data indicate that IBD
could be accounted as the result of the complex interplay
between genetic predispositions, environmental factors,
microbiota and aberrant immune responses’.

Although recent technological advances have
enormously facilitated the genetic research in IBD, the
identified genetic factors can only explain a small proportion

of overall disease variance’.
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Moreover, the great differences in disease
manifestations between young and older patients cannot be
explained merely by different genotypes; environmental
factors should also be given importance due to the finding that
environmental changes could shape pathological gene
expression through epigenetic mechanisms"*.

Besides, the rapidly growing incidence and steadily
increasing prevalence of IBD (Figure 1) further impelled us to
uncover the role of the genome-environment interaction in the

occurrence and development of IBD”.

1st case of UC 1st case of UC
reported by reported in China

Sir Walter Wilks
Newly
Western Industrialized
World I I I | Countries I I

1859 1956
Industrial Great Acceleration Globalization
Revolution- of Populations- -21th Century

1800s 1950s

Figure 1. Increasing trend of IBD in industrialized countries since the 19th century
and in industrializing countries since the 20th century. From: Keplan GG & Ng SC,
Understanding and Preventing the Global Increase of Inflammatory Bowel Disease.

Gastroenterology. (2017)°.
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Epigenetic mechanisms such as DNA methylation,
non-coding RNAs, histone modification, and the positioning
of nucleosomes significantly contribute to the interplay

. 6
between genome and environment’.

2.1.1 Clinical manifestation, diagnosis and therapy

Clinical manifestation for both CD and UC can be
highly variable with enormous diversity in disease phenotypes.
However, CD is characterized by transmural inflammation that
can involve any part of the gastrointestinal tract, while UC
typically involves superficial inflammation of the colon and
rectum with extension into adjacent mucosa. CD and UC
commonly present with abdominal pain, diarrhea, anaemia and
weight loss. Rectal bleeding occurs more frequently in UC
(83-95%) compared to CD (40%)’.

The diagnosis of IBD requires a combination of clinical
features, biomarkers, radiology, endoscopy and histopathology
investigation®.

Currently, there is no known cure for these disorders, that are
therapeutically approached by four major classes of drugs:
aminosalicylates, anti-inflammatory steroids,
immunomodulators or biological drugs’. Symptoms can also
be managed through diet'’. Surgery is still required in all those

cases that fail to respond to medical treatments or develop
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severe complications. Currently the achieving of complete
endoscopic remission, defined by the complete endoscopic
healing of inflammatory lesions, is considered the goal

standard in IBD treatments'".

2.1.2 Pathogenesis

The pathogenesis of IBD is intricate and has yet to be
fully understood. A complex interaction between genetic,
immunological, microbial and environmental factors may
explain the increasing incidence of IBD around the world
(Figure 2).

Following the introduction of genome-wide
association studies, the number of significant genetic risk loci
in IBD has expanded progressively and novel therapeutic
targets have been discovered through functional mapping of
candidate gene regions. However, these risk alleles explain
less than 30% of the susceptibility to disease development,
suggesting that environmental factors, including the gut
luminal environment, contribute considerably. The increasing
occurrence of IBD in Eastern countries following their
‘westernization’, as well as the increased risk of disease
among those who migrate to high-incidence regions, also
suggest that the environment is key in the pathogenesis of

IBD'2,
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Figure 2. Risk factors, leading of development of IBD. From: Ananthakrishnan, A. N.
Epidemiology and risk factors for IBD. Nat. Rev. Gastroenterol. Hepatol (2015)"

2.1.3 Genetics

Early family and twin studies have demonstrated that
genetic factors play a fundamental role in disease
susceptibility of IBD".

Genome-wide association study (GWAS), whole
exome sequencing (WES), and fine-mapping have
dramatically facilitated genetic research in IBD, identifying
more than 240 susceptibility loci of IBD, including tumor
necrosis factor (TNF) superfamily member 15 (TNFSF15),
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interleukin 23 receptor (IL23R), autophagy related 16 like 1
(ATGI6LI), immunity related GTPase M (IRGM), PR/SET
domain 1 (PRDM1), and nuclear dot protein 52 kDa (NDP52,
also known as CALCOCO02)'* ™ '®. Among these risk loci,
some are shared by both CD and UC, while others are specific
to one subtype (CD or UC). These data indicate that genetics
plays a role in the pathogenesis of both CD and UC. However,
it was quite disappointing to discover that the heritability
conferred by genetic predisposition is smaller than expected
(also known as missing heritability). Available data indicate
that the portion of heritability explained by genetic variants
was only 13.1% in CD, and 8.2% in UC".

Epigenetic modifications are defined as changes to
gene structure and heritable phenotype that cannot be
explained by altered DNA sequences. The classic epigenetic
mechanisms include DNA methylation, histone modification,
non-coding RNAs, and nucleosome positioning. In contrast,
some new modifications such as RNA methylation are on the
horizon™ 7. Among these modifications, DNA methylation
and non-coding RNAs are most extensively studied in IBD

1
research .
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2.1.4 Gut microbiota

The human gut microbiota (GM) forms a complex
community (bacteria, virus and fungi) that can influences the
normal physiology and the susceptibility to disease'®. Among
them, bacteria, of which there are over 1000 different species,
constitute the major part'’,

With the develop of next generation sequencing tools,
the field of microbiota research took a leap forward.
Population-scale studies have aided in understanding the
functional consequences of microbiota remarkable inter-
individual diversity, the earliest of which include MetaHIT
(Metagenomics of the Human Intestinal Tract) and the Human
Microbiome Project ' *. More than 90% of healthy human
gut bacterial species belong to four major phyla:
Bacteroidetes, Firmicutes, Actinobacteria and Proteobacteria®'.
Microbial density increases distally, from the less favorable
environment of the stomach, to the colon %.

The human intestinal microbiota coevolves with its host
through a symbiotic relationship and exerts great influence on
substantial functions including aspects of physiology,
metabolism, nutrition and regulation of immune responses
leading to physiological homeostasis. Over the last years,
several studies have been conducted toward the assessment of
the host-gut microbiota interaction, aiming to elucidate the

mechanisms underlying the pathogenesis of several diseases.
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A defect on the microbiota-host crosstalk has been implicated
in the pathogenesis of IBD. However, it is still controversial
whether a specific individual bacterial species/strain or a
group of certain bacterial species/strains might be causative of
IBD or only contribute in exacerbation of IBD pathogenesis.

Several studies have demonstrated the high prevalence
of specific bacterial pathogenic or commensal species/strains
in IBD patients, but so far none of these species/strains could
be convincingly shown to cause IBD>. This question has also
been addressed in mouse models infected with enteric
pathogens to evaluate the colitogenic potential of an individual
specific bacterial species to cause chronic inflammation®*.

Under normal physiological conditions, GM acts as a
homeostatic organ involved in the fermentation of complex
undigested polysaccharide polymers, production of short-chain
fatty acids (SCFAs), synthesis of certain vitamins, energy
production, intestinal mucosa integrity, and preclusion of
pathogenic microbes® ***’. In addition, certain symbiotic gut
microbiota members have been reported to have distinct and
specific effects on the host immune system, and are considered
key to immune homeostasis® **.

The balance of Thl7 and Treg cells, which are
characterized by pro-inflammatory and anti-inflammatory
cytokines, is critical for the host’s intestinal homeostasis and is

directly affected by the normal GM content. Evidence from
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segmented filamentous bacteria (SFB) in mice has shown a
high level of accumulation of pro-inflammatory cytokines of T
helper 1 (Thl) and T helper 17 (Th17)***'". Bacterial species
from the Clostridia and Bacteroides genera induce anti-
inflammatory and T-reg cell responses®> **. Some other studies
have reported that certain bacterial antigenic signals, such as
the retinoic acid of Clostridium cluster IV and XIVa*,
polysaccharide =~ A of  Bacteroides  fragilis®  and
Faecalibacterium prausnitzii’® are involved in triggering an
immune response and the accumulation of T-reg cells. The
given mouse model studies suggest that gut microbiota play a
role in mucosal immune homeostasis and inflammation,
particularly in the Th17/T-reg balance, which is considered a
dominant factor in induction and inhibition of colonic
inflammation”’.

GM restoration is associated with an improved healthy
status. The therapeutic supplementation of probiotics,
prebiotics, and synbiotics, and fecal microbiota transplantation
(FMT), all seek to alter the gut microbial community and
restore a healthy composition in order to alleviate the

pathophysiology associated with IBD™.
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2.1.5 Innate and adaptive immune system

The mucosal immune system, as a physical barrier,
prevents pathogenic microorganisms and immunogenic
components from traversing from the mucosae into the
internal environment of the host. At the same time, this tightly
regulated system has the important task of inducing tolerance
to antigens”".

Mucosal barrier function is regulated by various
signals from gut microbiota and host immune cells.

Several types of innate immune cells have been shown
to contribute to IBD pathogenesis (Figure 3). Innate lymphoid
cells (ILC) are responsible for gastrointestinal mucosal
homeostasis through moderate generation of I1L-22, IL-17.
Neutrophils perpetuate intestinal inflammation through
impairment of the epithelial barrier function and release of
multiple inflammatory mediators®. Dendritic cells (DCs)
control crosstalk between the innate and the adaptive
immunity to maintain homeostasis*'.

Particularly relevant are the intestinal epithelial cells
(IECs) that include enterocytes, goblet cells, enteroendocrine
cells, Paneth cells, M cells, cup cells, and Tuft cells, all of
which differentiate from common epithelial stem cells*.

Gut immune homeostasis is maintained by continuous
sensing of microbial antigens by macrophages and DCs, but

also epithelial cells and myofibroblasts. Sensing is mediated

24



by pattern-recognition receptors (PRRs), including toll-like
receptors (TLRs) and NOD-like receptors (NLRs) that
recognize pathogen-associated molecular patterns (PAMPs).
PRR sensing and expression is highly regulated in order to
maintain tolerance to commensal bacteria and prevent

. U 4344
inappropriate immune responses

. Thus, it is not surprising
that mutations in genes encoding TLRs and NLRs have been
associated with IBD, such as NOD2 polymorphisms
conferring risk for CD*> *>#"

In IBD patients, mucosal DCs and macrophages show
an increased expression of TLR2, TLR4, CD40, and
chemokine receptor CCR7 all of which contribute to and
promote inflammation by inducing production of pro-
inflammatory cytokines, such as TNF, interleukin (IL)-1p,
(IL)-6, and (IL)-18**.

Among the pro-inflammatory cytokines, TNF,
secreted by various immune and stromal cell populations, has
been the star focus. This cytokine is considered to be
responsible for amplifying and maintaining the chronic
inflammation in IBD by promoting transcription of other pro-
inflammatory cytokines, up-regulating adhesion molecules in
the endothelium and activating phagocytic activity of
macrophages”’.

Monoclonal antibodies (mAbs), such as infliximab

(IFX), adalimumab (ADA), certulizumab pegol and
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golimumab, all targeting TNF, have been successful at
inducing clinical remission and effective for the treatment of
active IBD lesions’'.

Other key cytokines of the innate immune system such
as IL-6, reported to participate in sustaining T-cell survival
signals, and IL-1f, involved in granulocyte recruitment and
boosting of Thl7 activity, could be potential therapeutic
targets for IBD treatment’”.

While the innate immune system induces
inflammatory responses, the adaptive immune system plays a
central role in the progression of the chronic inflammatory
events seen in IBD”. Naive CD4" T-cells activated by
antigen-specific signals from APCs, influenced by the
cytokine milieu, differentiate into effector T-helper cells; T-
helper 1 (Thl), T-helper 2 (Th2), T-helper 17 (Th17) cells, T-
helper 9 (Th9), or regulatory T-cells (Tregs)™*. The
differentiation of naive CD4" T-cells into effector T-cell
lineages has in the past been considered to be an irreversible
event; however, certain cytokine conditions and stimuli may
lead to plasticity between T-cell subsets™.

The immune imbalance of Thl and Th2 subsets has
been shown to play an important role in IBD development. A
Thl dominated immune response, with high amounts of IL-2
and IFN-y, has been seen to be more pronounced in CD

patients as compared with UC patients’®. The increased
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mucosal level of the pro-inflammatory cytokine IFN-y
sequentially affects other immune cells such as intestinal
macrophages to induce TNF production and in turn plays a
crucial role in the amplification of disease chronicity in IBD™.
In contrast, it has been shown that mucosal T-cells of UC
patients release higher amounts of IL-5 and IL-13 than CD

patients and controls " >®.
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Figure 3. Immune cell subsets and cytokines in IBD. From: Neurath MF. Targeting
immune cell circuits and trafficking in inflammatory bowel disease. Nat

Immunol. (2019)%.

2.1.6 Environmental factors

Despite the aforementioned advances, only about 25%

of IBD heritability has been explained by genetic studies®.

27


https://www.ncbi.nlm.nih.gov/pubmed/31235952
https://www.ncbi.nlm.nih.gov/pubmed/31235952

Furthermore, new epidemiological trends of IBD in
developing countries following industrialization suggest that
environmental factors may play an important role in
promoting intestinal inflammation in genetically susceptible
individuals®'.

Smoking has been one of the most studied factors in
the setting of IBD. Clinically, cigarette smoking has been
found to be harmful in patients with CD but protective to those
with UC®. Different pathways have been hypothesized to
explain these findings, including impairments of autophagy,
direct toxicity to immune- and mucus-producing cells, and
inducing changes in the microbiome®.

Moreover, exposure to diets rich in saturated fatty
acids and processed meats has been reported to increase the
risk of IBD** ®°. Conversely, a high-fiber diet has been found
to reduce the risk of CD by 40%.

The use of medications, most notably antibiotics,
mainly during childhood, has also been associated with
increased risk of IBD®" . This association usually results
from changes in the intestinal microbiome after use of
antibiotics during early stages of life, when the microbiota
plays a critical role in shaping immune cell development®,

Non steroidal anti-inflammatory  drugs, anti-

contraceptives, and statins are other examples of medications
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that have been associated with up to 2-fold-increased risk for
CD and UC*™.

Early life events such as mode of delivery, breast-
feeding, exposure to pets, and infections (“hygiene
hypothesis™) are also factors associated with considerable risk
for development of IBD, mostly given influences in the

.. . . . . 1,72
composition of the intestinal microbiota 7> 7.

2.2 The intestinal epithelial barrier

Epithelial barriers have to constantly cope with both
harmless and harmful stimuli. The epithelial barrier therefore
serves as a dynamic and not static wall to safeguard its proper
physiological function while ensuring protection. This is
achieved through multiple defence mechanisms involving
various cell types - epithelial and non-epithelial - that work in
an integrated manner to build protective barriers at mucosal
sites.

The epithelial barrier consists of multiple layers of
defence, which function both simultaneously and subsequently
with each other. Geographically, from the outside (lumen)
towards the inside (lamina propria): (1) the outer most layer
consists of mucus which acts as a physical barrier (2) that is
further reinforced biochemically with antimicrobial peptides
and immunoglobulin A. (3) Intestinal epithelial cells (IECs)

form a single-cell layer of protection which is interspersed
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with intraepithelial lymphocytes. (4) Within intestinal crypts
are intestinal epithelial stem cells, which are key in
replenishing the epithelial surface. (5) Beyond the epithelial
layer is the lamina propria, which is densely populated with
leukocytes that serve to back up the innate immune defences
and provide immunological memory against future repeated

insults”* (Figure 4).

Outside-in geographical ( Key \
layers of defence: == Commensals
(1) Mucus Antimicrobial
peptides
(2) Biochemical > IgA
2 Tcell
(3) Cellular g Goblet cell
IESC
L IEC
® IgA*Becell
° Innate
(4) IESC lymphoid cell
‘g, Macrophage
(5) Lamina propria leukocytes ‘_ 4 Dendritic cell

Figure 4. Geographical layers of intestinal (colon) defence mechanism. From: Thoo

L. et al. Keep calm: the intestinal barrier at the interface of peace and war. (2019)™.

Since intestinal barrier integrity is critically dependent on
IECs fitness, mechanisms affecting IECs function are
important parameters that regulate the epithelial barrier.

IECs and innate immune cells (such as tissue-resident

macrophages and dendritic cells) sense microbial signals both
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directly from the microbes and factors released by infected
cells (pathogen-associated molecular patterns; PAMPs) via
evolutionarily conserved PRRs, thereby initiating an
inflammatory cascade inducing the secretion of cytokines and
chemokines for the recruitment of myeloid immune cells”.

IECs are among the first responders to microbes and
express a wide range of PRRs ranging from extracellular and
endosomal membrane-bound TLRs to cytoplasmic RIG-I-like
receptors (RLRs) and NLRs, which enable the detection of
microbial molecules®.

Inflammation can also be induced by non-microbial
stimuli, such as sterile cellular damage. Damage-associated
molecular patterns (DAMPs), similarly to PAMPs, possess
conserved molecular patterns recognised by PRRs expressed
by IECs and several other cell types at mucosal sites. DAMPs
are often intracellular components (e.g. nucleic acids, ATP)
which are released by damaged or necrotic cells’.

Once the epithelial barrier has been breached by
pathogens or by physical or chemical insult, PAMPs/DAMPs
activate IECs to secrete cytokines and chemokines, and tissue-
resident myeloid cells to secrete lipid-derived mediators (e.g.
prostaglandins and leukotrienes).

Inflammatory cytokines such as TNF and IFNy can
disrupt the epithelial barrier by downregulating tight junctions

(claudin-1, occludin, zonula occludens protein-1)"", and
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adherens junctions (E-cadherin) in IECs™ thereby
compromising the physical barrier, one of the key “layers of
defence” .

Despite its multifactorial aetiology, a characteristic of
IBD is the disruption of the epithelial barrier, which allows
unrestricted interaction of the commensal microbes with the
IECs and the immune cells and therefore contributes to the
sustained mucosal inflammation”. Repairing the barrier in
IBD is therefore important to prevent damage from spreading

faster than repair can occur.

2.3 HMGB Family

The HMG superfamily is divided into three families
based on their DNA binding domains: the AT hook domain
containing HMGA; the HMG box containing HMGB; and the
nucleosomal binding domain containing HMGN proteins® ®'.

The DNA structure-dependent interactions of these
proteins are highly dynamic and affect both DNA and
chromatin structures, thereby impacting processes such as
DNA replication, transcription, and DNA repair®>*’.

The HMGB proteins are highly abundant. These
proteins bind the minor groove of DNA and have a
characteristic domain structure consisting of a Box A N-

terminal domain, a Box B central domain, and an acidic C-
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terminal domain (Figure 5). It has been shown that the Box A
domain binds DNA84, the Box B domain binds and facilitates
bending of DNA®, and the C-terminal tail plays a regulatory
role in the DNA binding and bending properties of the HMGB

proteins®.

2.3.1 DAMPs and HMUGBI

The “Danger Theory” describes that our body has
developed mechanisms to detect pathogens via recognition of
molecules such as DAMPs triggering the immune system
against various stimuli during physiological or pathological
conditions. The ‘danger model’ refers to an immunity model
which primarily aims at molecules causing damage rather than
those that are foreign®’.

DAMPs are essential for tissue repair and play a
crucial role in inflammatory and autoimmune conditions
mainly through TLR activation®™.

The high mobility group box 1 (HMGB1) (Figure 5)
protein is the only prototypical DAMP which functions as a
typical alarmin and stimulates an innate immune mechanism
either by itself or through interaction with cytokines and other
exogenous or endogenous molecules®” *.

HMGBI1 is a DNA binding protein recognized as a

pro-inflammatory mediator in infection or sterile tissue injury,
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with vital role in the orchestration of innate immune
responses’ .

It is found in all mammalian tissues and is highly
conserved between different species with 99% sequence
homology among rodents and humans’*.

HMGBI exists in 3 isoforms (fully reduced HMGBI,
sulfonyl HMGBI1 and disulfidle HMGB1). However, disulfide
HMGBI1 is the only one exhibiting pro-inflammatory
cytokine-like activity”.

The biological activity of HMGB1 depends on its
cellular location, context and post-translational modifications.
The post-translational modifications of HMGBI1 include
primarily acetylation, phosphorylation, methylation, ADP
ribosylation (PARylation, PARP1 mediated), and redox
modification. Such modifications may alter the conformation
of HMGBI, resulting in different biochemical properties™.

Intracellularly, HMGBI regulates the autophagic flux
whereas in the nucleus, it contributes to an array of DNA-
based events (repair, transcriptional regulation as well as
genomic stability)®.

In the extracellular milieu, it participates in a plethora
of cellular activities depending on the oxidative status, such as
inflammation, migration, invasion, proliferation,
differentiation and tissue regeneration. Cytokine-like effects of

extracellular HMGBI1 have been widely recognized and
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appreciated in recent years making it an attractive target
against several HMGB1-mediated pathologies®.

Furthermore, HMGBI is actively secreted by various
immune cells, especially monocytes and neutrophils in
response to stimulation by endotoxin lipopolysaccharide
(LPS), CpG DNA, TNF-a, and IL-177,

Nucleus-to-cytoplasmic translocation of HMGB1 and
subsequent release into the extracellular space are crucial
events for HMGB1-mediated inflammatory responses.
Extracellular HMGBI1 displays its cytokine activities mainly
via its interaction with several surface molecules, including
RAGE, TLR2 and TLR4, thrombomodulin and syndecango.

In addition, it acts synergistically with a number of
factors or pro-inflammatory molecules, such as single-stranded
DNA, LPS, IL-1p and even nucleosomes from apoptotic cells,
forming highly inflammatory complexes that are capable of
binding to the above receptors, enhancing the activity of

HMGB1%,
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Figure 5. HMGBI structure. HMGBI is a 25 kDa nuclear protein of 215 amino acids.
It comprises two DNA-binding domains, boxes A and B, and a negatively charged C-
terminal tail (Acidic tail). The regions required for the activation of TLR and RAGE
are respectively located between residues 90-105 and 150-183. (NLS, nuclear
localization sites). From: Xu, T., et al. The progression of hmgb1l-induced autophagy

in cancer biology. Onco. Targets. Ther. (2019)*

2.3.2 HMGBI and IBD

The role of HMGBI in IBD pathogenesis has been further
explored by analyzing HMGBI1 expression in the colonic
mucosa. In a mouse model of UC prepared with DSS, colonic
expression of HMGBI1 and its receptor, RAGE, were
significantly higher than in control mice'®.

Application of anti-HMGBI1 antibody prevented weight loss in
DSS-treated mice, decreased inflammation, and limited
permeability of colon'”".

In IL-107" mice, fecal HMGBI1 levels were markedly
elevated, but decreased after systemic ethyl pyruvate (EP)
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treatment, whereas in TNBS intra-rectal treated mice, local
delivery of EP also ameliorated colitis and reduced TNF
production'”.

HMGB1 was found to promote inflammatory cytokines
secretion by acting on TLR2/4 resulting in tissue damage'®.

In another study, the dipotassium glycyrrhizate (DPG), a salt
of the glycoconjugated triterpene glycyrrhizin that has been
shown to inhibit HMGBI, not only reduced fecal HMGBI in
DSS-treated mice and ameliorated colitis, but effectively
downregulated RAGE and TLR4 mRNA, and downstream
inflammatory cytokines TNFo , IL-1p , and IL-6'". More
recently, DPG, by inhibiting HMGBI1, was found to strongly
accelerate mucosal healing by differently regulating pro-
inflammatory and wound healing genes'®.

As shown above, fecal HMGBI1 levels were elevated in
models of both acute (like DSS and TNBS treatment) and
chronic [IL-10"" mice] colitis, and administration of HMGBI
antagonists, both systemically and locally, seem to ameliorate
colitis, raising the prospect of a potential clinical treatment for
IBD.

Finally, fecal HMGBI1 has been suggested to be a novel
noninvasive biomarker of gut inflammation, able to identify
histologic inflammation in subjects with IBD in clinical and

endoscopic remission'®.
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2.4  PARP Superfamily

Poly(ADP-ribose) polymerases (PARPs), also known
as ADP-ribosyltransferases (ARTs), are a family of proteins
that play key roles in various biological processes'*” '*.

The PARP superfamily catalyzes either mono-ADP-
ribose (MAR) or poly ADP-ribose (PAR) to target proteins
using nicotinamide adenine dinucleotide (NAD") as a donor;
this process is also termed MARylation or PARylation,
respectively'”.

PARylation is a reversible process in which covalently
linked PAR can be hydrolyzed to free PAR by PAR
glycohydrolase (PARG) or PAR hydrolase (ARH3)'"".

Humans express at least 17 PARP enzymes that play
important roles in regulating fundamental physiological
processes in cells. Except for a splice variant of PARP13,
PARP13.2, all other PARP members contain a classical PARP

domain, which catalyzes ADP-ribosylation of target

proteins''".

2.4.1 PARPI: structure and function

PARPI is the prototypical and founding member of
the PARP family, which can be divided into three functional
domains: (1) the amino-terminal DNA-binding domain I

(DBD) contains three zinc-fingers, a nuclear localization
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signal (NLS), and a caspase-3 cleavage site; (2) the central
auto-modificationdomain (AMD) contains numerous glutamic
acid and aspartic acid residues, which is consistent with the
fact that it is the main site of PARP1 auto-modification. This
domain also contains a breast cancer-susceptibility genel C-
terminus (BRCT) motif, a protein-protein interaction motif,
which is commonly found in proteins involved in DNA repair

and control of the cell cycle''? (Figure 6).
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Figure 6. The domain organization of PARPs. The PARP domain is the catalytic
domain and is required for NAD+ binding and PAR synthesis. The zinc finger domain
is a DNA-binding domain. The BRCAI1 C terminus (BRCT), ankyrin repeat (ANK)
and sterile a-motif (SAM) domains are protein-protein interaction domains. The
CCCH domain is a Cys-Cys- Cys-His zinc finger domain. The WGR is a functionally
unknown domain. Macro and WWE are PAR-binding domains. From: Li, N., et al.
ADP-Ribosylation: Activation, Recognition, and Removal. Mol. Cells. (2014)'"®
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PARP1 is usually activated by DNA damage, and the
modified target is primarily PARP1 itself, which is called
PARP1 auto-modification. Furthermore, binding to non-
damaged DNA structures is considered to be a wvalid
determinant of PARP1 activation in the absence of abundant
DNA fragmentation' ",

Actually, a large body of data has now shown that
PARP1 functions as a cellular rheostat, promoting different
cellular response upon a wide range of type, duration, and

strength of stress signals''’.

2.4.2 PARPI and inflammation

Given its role in cell death, PARP1 is thought to play
a critical role in the inflammatory response in vivo. Necrotic
cells can release a number of mediators that can induce the
recruitment and activation of inflammatory cells such as
neutrophils and monocytes. Mediators released by dying cells
are referred to as DAMPs, a set of intracellular molecules with
a well-defined physiological function, such as DNA, ATP,
NAD+ or proteins like HMGBI1, that act as inducers or
amplifiers of an inflammatory reaction when released in the

extracellular milieu'".

Although a direct and conclusive
demonstration for a role of DAMPs in mediating PARPI-

induced inflammation is still lacking, several studies support
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this contention. PARP1”™ mice or mice treated with
nicotinamide can be protected from type 1 diabetes due to
increased survival of B-cells and reduced inflammation' .

A large array of data using PARP inhibitors also
support a causal link between reduced PARP1 activity,
increased cell survival and the resolution of inflammatory
reactions'"”.

Initial studies using knockout mice models showed
that PARP1 is crucial for the expression of several pro-
inflammatory cytokines after stimulation with microbial
products such as LPS, and that PARP1”" mice were protected
from LPS-induced septic shock due to a defect in NF«kB
activation''® '"”.

The canonical NF«B transcription factor, a dimer of
the p50 and p65 (RelA) subunits, is sequestered in the
cytoplasm by inhibitory proteins of the IkB family. The
phosphorylation of IkBa by the IkB kinase (IKK) complex
leads to its degradation by the ubiquitin-proteasome system
and to the release of the p50/p65 dimer which can be
translocated into the nucleus and activate transcription'*’.

The translocation of the NF«xB p50/p65 dimer into the nucleus
occurs normally in PARP1” mice, but its binding to DNA is
greatly reduced, resulting in defective TNFa production and

inducible Nitric Oxide Synthase (iNOS) expression in

macrophages''®.
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PARP1 also has a positive effect on other important
immune-related transcription factors. PARP1 has indeed been
shown to positively regulate among others the activator
protein-1 (AP-1) in fibroblasts and Nuclear Factor of activated
T-cells (NFATc1 and NFATc2) transcriptional regulators'?'.

More recently, different studies have shown that the
activation of PARP1 regulates the translocation of HMGBI1
from the nucleus to the cytosol'””. PARP1 mediates HMGBI
release through its PARylation. PARylated HMGBI is mainly
secreted by cells stimulated through TLR4 engagement'®.
During LPS-induced inflammation, PARylation of HMGBI is
necessary but not sufficient to nucleus-cytoplasm
translocation, indeed, the PARylation of HMGBI1 promotes
the acetylation of HMGBI and then its release from the
nucleus'”. A recent study highlights that the functional
inhibition between PARP1 and the deacetylase Sirtuinl (Sirtl)
leads to HMGBI1 hyperacetylation, which leads to its
translocation from the nucleus to the cytoplasm and finally
outside the cell'**.

PARPI1 inhibition mitigates morbidity and mortality in
multiple inflammatory, immune mediated and autoimmune
diseases such as diabetes mellitus, rheumatoid arthritis, septic
shock, ischemic stroke, acute pancreatitis, asthma, and

inflammatory bowel disease-like colitis'*’.
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Genetic ablation or pharmacological inhibition of
PARP1 reduces the biological and physical manifestations of
experimental colitis'**'*’; IL-10"" mice treated with a PARP1
inhibitor (3-aminobenzamide) show a significant reduction in
proinflammatory cytokine production associated with reduced
intestinal permeability'®.
Other PARPI1 inhibitors have also been used

129,130

successfully to prevent hapten-induced colitis in rats and

in mice"" "%,

The efficacy of PJ34, a novel, potent phenanthridinone
derivative PARP inhibitor, in rodent models of diabetic
vascular dysfunction and stroke and in local inflammation
model has been demonstrated?’. Furthermore, PJ-34 was
suggested to exert its protective effect on intestinal epithelial
cells against invasive Salmonella infection by up-regulating

IL-6 production through ERK and NF-kB but not P38 MAPK,
JNK or PI3K/Akt signal pathways'>.

2.5 3D cultures as an_innovative method to study the

physiopathology of the gut

Recently, remarkable progress has been made in long-
term primary IEC cultures called human intestinal enteroids
(small intestine) and colonoids (colon)/colonoids which

develop from human adult intestinal stem cells (ISCs)"** '**.
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Ex vivo human enteroid/colonoid cultures have
diverse advantages over traditional animal models and cell
lines in context of recapitulating human in vivo physiology,
even after many generations, apparently with limited genetic
or physiologic alterations'.

In contrast to cancer cell lines which are genetically
transformed and thus represent altered genotypes and
phenotypes significantly different from those of primary

1
cells'’

, the intestinal enteroid/colonoid culture is a primary
culture system which maintains in vivo characteristics of
human intestinal epithelium even after many passages "**.
Furthermore, the current human cancer derived
intestinal epithelial cell lines, as normally grown, consist of a

138, 139
7 and thus

single cell type (e.g., Caco-2, HT29: enterocyte)
fail to recapitulate the diversity of cell types in the normal
intestinal epithelium. Differently, intestinal
enteroids/colonoids can give rise to all types of epithelial cells
in crypt or villus structure (ISCs, Paneth cells, transit
amplifying cells, enteroendocrine cells, goblet cells,
enterocytes, tuft cells, and microfold cells)"*” "', Thus,
intestinal enteroids/colonoids can more closely reflect normal
physiology or disease pathogenesis of intestinal epithelium

where each single type of IECs interact with other types of

IECs by paracrine and autocrine mechanisms'*.
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Additionally, intestinal enteroids/colonoids can be
easily established from endoscopic biopsies in IBD patients
and maintain the location or some disease specific

14144~ Colonoid development was allowed by the

features
discovery of the Leucine Rich Repeat Containing G Protein-
Coupled Receptor 5 (LGRS), a marker of ISCs (Figure 7).
Therefore, despite some limitations (e.g. a lack of
mesenchymal tissue, immune and neural cells and presence
only of a specific epithelial niche of self-renewal intestinal
stem cells), the intestinal enteroid/colonoid culture system

represents a promising tool for IBD modeling and drug

development focusing on IEC dysfunction.

Intestnal stem cols are

ennched as organcds /,»

Figure 7. Intestinal colonoid cultures. From: Holmberg et al. Culturing human
intestinal stem cells for regenerative applications in the treatment of inflammatory

bowel disease. EMBO Mol. Med. (2017)'*
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3. AIMS OF THE STUDY

HMGBI1 exhibits various functions according to its subcellular
location, which is finely conditioned by diverse post-
translational modifications.

Recent evidences suggest that PARP1 induce the poly-ADP-
ribosylation (PARylation) of HMGBI and regulates its
translocation to the cytoplasm in some human cells.

The aim of this study was to investigate in vivo the
relationship between PARP1 and HMGBI1 in controlling
intestinal inflammation by using PARP1 ~'~ mice.
Furthermore, cultures of intestinal colonoids from uninflamed
colonic tissues of patients with UC were set up to deeply
investigate the role of PARPI and HMGBI in gut
inflammation.

Finally, the strategy to use a PARP1 inhibitor to limit the
release of the pro-inflammatory extracellular HMGB1 was

explored.

47



48



4. MATERIAL AND METHODS

4.1  Animals

C57BL6/J WT and PARP1 7 female mice (8-9 wk of
age) have been provided by Italian National Agency for New
Technology, Energy and Sustainable Economic Development
(ENEA). Mice were housed in collective cages at 22° + 1° C
under a 12-hour light/dark cycle and with food and water
provided ad libitum. The experimental procedures were
previously approved by the Ministry of Health for the
protection of animals used for experimental purposes, and the
study was conducted in accordance with Italian regulations on
animal welfare. The protocol was approved by the Committee

on the Ethics of Animal Experiments of ENEA.

4.2  Animal treatment

To induce colitis WT and PARP1 ™~ mice (5 animals
per group) were treated with 3% of dextran sodium sulphate
(DSS; molecular mass, 36,000-50,000 Da, MP Biomedicals,
Santa Ana, California) dissolved in drinking water ad libitum
for 7 days. Mice were daily checked for the clinical score by
assessing the following parameters: behavior, body weight,
stool consistency (0 for normal stool, 1 for moist/sticky stool,

2 for soft stool, and 3 for diarrhea), presence of blood in stools
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(0 for no blood, 1 for evidence of blood in stools or around
anus, and 2 for severe bleeding), and general appearance of the
animal (0 was assigned if normal, 1 for ruffled fur or altered
gait, and 2 for lethargic or moribund), according to Maxwell et
al. "*®. The percentage of weight loss was calculated in relation
to the starting weight using the formula:

([Weight on day X - Initial weight]/Initial weight) X 100.
Stool specimens were collected everyday and frozen at -80°C
before analysis. Mice were euthanized on the seventh day,
colons were weighed, and lengths were measured (from the
anus to the top of the cecum). Distal colon was cut
longitudinally and a small piece was frozen in liquid nitrogen
for Western Blot analysis and RNA extraction and an other
piece fixed for histology examination. Blood samples from
submandibular vein were collected from each animal and

stored at -80°C.

4.3  _Histology

Distal colon samples were fixed in 10% formalin and
embedded in paraffin for routine histology. To produce the
histological score, fixed colon tissues were transversally
sectioned (4um thickness), mounted on glass slides,
deparaffinized, and stained using standard Hematoxylin and

Eosin techniques. Sections were analyzed by light microscopy
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and scored according to the criteria of Maxwell er al.'*

Experiments were carried out in blind.

4.4  Human biopsy collection and ethical statement

Mucosal biopsies from macroscopically non-inflamed
colon were obtained during routine endoscopy from UC
patients at the University Hospitals Leuven (Table 1). The
biopsies were collected in ice-cold basal medium (DMEM:F12
1:1 (Lonza, Basel, Switzerland) supplemented with 1X
GlutaMAX (Gibco, ThermoFisher Scientific, Waltham,
Massachusetts, USA) 10mM HEPES (Gibco) and
100U/ml+100pg/ml  penicillin/streptomycin ~ (Gibco), and
processed within two hours for crypt isolation. All patients
gave written informed consent before sample collection
(approved by the Ethics Committee of the University Hospital
Leuven — study number S53684).
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Gender Male Female Female Male Male Male

Disease uc uc uc uc uc uc

Date of Diagnosis 15/07/2001 15/07/1989 05/07/2011 22/01/1996 15/03/2005 15/07/1989

Date endoscopy 06/11/2018 29/01/2019 05/02/2019 05/02/2019 26/02/2019 26/02/2019

Age at endoscopy 36,17 51,33 58,5 54,83 65,34 61,31
Disease duration 17,31 29,54 7,59 23,04 13,95 29,62

Location of disease

E3 E3 E2 E3 E3 E2
(at diagnosis)

Location of disease fullycured  fully cured  fullycured  fully cured  fullycured  fully cured
(current) colon colon colon colon colon colon

Endoscopic disease
activity

0 0 0 0 0 0

Table 1. Endoscopic disease activity assessment: UC = Mayo score

4.5  Intestinal crypt isolation and colonoid culture

Intestinal crypts were isolated from 4-6 colon biopsies
per individual. In short, biopsies were washed in chelating
solution (CS), which consists of distilled water with 5.6
mmol/L Na2HPO4, 8.0 mmol/L KH2PO4, 96.2 mmol/L NaCl,
1.6 mmol/L KCI, 43.4 mmol/L sucrose, 54.9 mmol/L D-
sorbitol, 0.5 mmol/L. DL-dithiothreitol. Biopsies were washed
by 10x rigorously pipetting, changing CS 5-10x until the
supernatant was clear (pipettes were pre-wet with foetal
bovine serum (FBS) to prevent adhesion of biopsies to pipet).
After, biopsies were incubated in CS containing 2 mmol/L
EDTA for 45 minutes on a rocking platform at 4°C. EDTA
containing CS was then removed and fresh CS was added.
Biopsies were then subjected to rigorous pipetting to create

four crypt-containing fractions of 10 ml each, which were
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pooled after evaluation under a microscope. 10 ml FBS was
added and crypts were spun down at 1200 RPM (150-200 g).
Supernatant was removed and crypt were resuspended in
Matrigel (Growth Factor Reduced, phenol-red-free, Corning
NY, USA) diluted with basal medium (50/50%). To allow the
formation of 3D colonoid structures, four droplets (10ul/drop)
of each cell suspension were plated in every well of a 24 tissue
culture plate. After polymerization, 500ul human expansion
medium (HM) (WNT3A 50% v/v (in house, cell line), R-
spondin-1 20% v/v (in house, cell line), Noggin 10% v/v (in
house, cell line), EGF 50ng/ml (Life Tecnologies, Carlsbad,
CA, USA), A83-01 500nM (Tocris Bioscience, Bristol, UK),
SB202190 10uM (Sigma-Aldrich, Saint Louis, USA),
Nicotinamide 10mM (Sigma), n-Acetylcysteine 1.25 mM
(Sigma), B27 1X (Life Technologies) was added to the wells.
Colonoid was refreshed every 2-3 days, and the colonoids

were split after 7-10 days.

4.6  Colonoid treatments

Colonoids were seeded in 4 drops, 10ul each, in 24
multiwell plates. Induction of inflammation were performed
by adding to 500ul HM medium TNFa and
INFy (Invitrogen) (Cytomix) at different concentration,

250ng, 150ng and 50ng (1:1) to evaluate the inflammatory

53



state and optimal working concentration, for 24 hrs. In a
second set of experiment colonoids were co-treated with
Cytomix 150ng and the PARPI1 inhibitor, PJ34 at the
following concentrations 200uM, 100uM and 50uM dissolved
in DMSO, for 24 hrs.

4.7  Real-time Polymerase Chain Reaction

Total RNA was extracted from mouse colonic tissues
and collected colonoids with the RNeasy kit (QiaGen GmbH,
Hilden, Germany), and lug of total RNA was reverse
transcribed by a High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA) for colonic tissue
and SuperScript™ III First-Strand Synthesis SuperMix
(Invitrogen) for colonoids.

Real-time polymerase chain reaction was carried out with an
ABI PRISM 7300 Sequence Detection System using the
SYBR Green kit (Applied Biosystems). The primers were
identified using the Primer Express v.3.0 (Applied
Biosystems) provided with the ABI Prism 7300 sequence
detector. Primers are enlisted in Table 2.

Messenger RNA (mRNA) levels were normalized to those of
GAPDH for mice samples and to those of RPS14, HPRTI, and
B2M for colonoids by the 2-AACT method. The expression
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level of each mRNA was reported as folds of induction as

respect to controls. In vitro experiments were repeated 3 times.
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4.8  Preparation of protein extract and lumen content of

colonoids

Colonoids were collected in ice-cold basal medium,
after mechanically disaggregation were centrifuged at 800rpm
for 10 min, the supernatant, containing the lumen content was
collected for western blot. Colonoid pellets were suspended in
ice-cold lysis buffer (S0mM Tris (pH 7.4), SmM EDTA,
250mM NaCl, 0.1% Triton X-100, ImM
phenylmethylsulfonyl fluoride, 5 mg/ml aprotinin, 5 mg/ml
leupeptin, and 1mM sodium orthovanadate (Sigma), and
incubated in ice for 30min. Samples were centrifuged at
14,000 r.p.m. for 10min., supernatants collected and analyzed
by western blot. Total protein concentration was determined

by the Bradford assay (Bio-Rad Laboratories, Hercules, CA).

4.9  Immunoblot Analysis

Fecal extract, protein extract of colonoids (10ug for
HMGBI, and 30pg for PARP1), colonoid culture medium
(25pl) and lumen content (25ul) were fractionated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis to detect
selected proteins. Proteins were transferred in polyvinylidene
fluoride membrane (Bio-Rad) and blocked with TBS-T (Tris-

buffered saline with Tween-20) containing 5% non-fat dry
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milk. Anti-HMGB1 (1:1000; R&D system; Sigma), anti-
PARP1 (1:1000; Cell Signaling), anti-b-actin (1:5000; Sigma)
antibodies were diluted in TBS-T containing 3% non-fat dry
milk and incubated overnight at 4 - C. Membranes were
washed in TBS-T, incubated for 1 h with horseradish
peroxidase-conjugated secondary antibody (Santa Cruz
Biotechnology Inc.,), washed in TBS-T, and developed with
ECL-Plus (GE Healthcare, Life Science). Densitometrical
analyses of the blots were performed using the Software

ImageQuant (GE Healthcare, Life Science).

4.10 Quantification of Serum HMGBI1 by Enzyme-linked

Immunosorbent Assay

Murine serum HMGBI levels were analyzed using the
HMGBI1 enzyme-linked immunosorbent assay (ELISA) kit
(MyBioSource and EMELCA Bioscience, Breda, the
Netherlands); samples were diluted (1: 200), in the kit

recommended diluent buffer.

4.11 Fecal Extraction

Murine stool specimens, stored at -80°C, were
resuspended in extraction buffer (ScheBo Biotech AG,

Giessen, Germany) to a final concentration of 500 mg/mL.
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Samples were vortexed for 1 minute at room temperature and
placed in orbital shaking for 1 hour at room temperature. After
being centrifuged twice for 5 minutes at 10,000 rpm at 4°C,
clear supernatants were collected and stored at -80°C. Total
protein concentration was determined by the Bradford assay

(Bio-Rad Laboratories, Hercules, CA).

4.12 Statistics

All statistical analyses were performed with GraphPad
InStat software (GraphPad Software, San Diego, CA, USA).
The Kolmogorov—Smirnov test was used to assess whether
data were sampled from populations following the gaussian
distribution. Comparison among groups was performed using
the Kruskal-Wallis Test with Dunn’s Multiple Comparisons
post-test.
For in vitro studies, all experiments were repeated three times
and data were given as mean * standard deviation (SD).
Comparisons among groups were performed by Mann—

Whitney test. Differences were noted as significant * P < (.05,

% P <0.01, *+x P <0.001.
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S RESULTS

5.1  PARPI” mice treated with 3% DSS developed a less

severe colitis as compared to WT mice

PARP1™" and WT mice (5 animals per group) were
treated with DSS 3% for 7 days, to induce a severe colitis. The
onset of colitis was confirmed by macroscopic (animal weight,
colon length, clinical score) and microscopic (histology)
endpoints. Results showed that PARP1™~ mice exhibited a less
severe colitis compared to WT mice, as evidenced by less
weight loss (¥*P < 0.05), higher clinical score value (*P < 0.05)
and colon length (**P <0.01), (Figure 1A, B, C). Accordingly,
histology showed an improved morphology of the intestinal
mucosa and a significant reduction of the histological score
(**P < 0.01) in PARP1”" compared to WT mice (Figure 1 D,
E).

Overall, our data highlights that the absence of PARP1

is protective against the onset of colitis induced by DSS 3%.
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5.2  Extracellular HMGBI is significantly reduced in the

stools and serum of PARPI” as compared to WT mice,

during colitis.

The mRNA expression of HMGB1 was analyzed after
7 days of treatment with DSS 3% by Real Time-PCR. As
expected, HMGB1 mRNA expression does not vary between
inflamed colonic tissues of PARP1” and WT mice (Figure 2
A).

Differently, the extracellular release of HMGB1 was analysed
in both serum and stool samples of PARP1”~ and WT mice by
ELISA and immunoblotting, respectively.

Results showed that HMGBI1 levels were significantly
decreased in the serum and stool samples of PARP1” as
compared to WT mice (Figure 2 B, C).

These data suggest a relationship between PARP1 and
HMGBI.
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Figure 2. Analysis of HMGBI1 after DSS treatment A) HMGB1 mRNA levels in
colon tissue, B) Serum HMGBI, C) Fecal HMGBI1. ***P < 0.001

5.3 Set up of human intestinal colonoids and analysis of

active  PARP1 and  secreted HMGBI  during
inflammation

We set up 3D cultures of intestinal colonocytes taken
from the uninflamed areas of patients with UC, as an
innovative method to study the pathogenesis of human gut
inflammation.

Colonoids were treated with different doses of a mix
of proinflammatory cytokines (cytomix: INFy+TNFa) for 24
hours. Results showed that the highest dose (250 ng/ml; 1:1)

of cytomix caused a dramatic decrease of cell viability, while
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the lower doses (150 and 50 ng/ml, 1:1), produced viable
colonoids (Figure 3 A). After 24 hours, the activation of
PARPI1 and the protein expression of HMGB1 were evaluated.
Results showed that the treatment with cytomix
promoted the cleavage, thus the activation, of PARPI, as
confirmed by the increase of the two PARP1 cleaved isoforms
(89 and 55 kDa) in the protein extracts of colonoids. Indeed, as
expected, HMGB1 protein expression did not vary nor
intracellular nor released in the culture medium (Figure 3 B).
The colonoid structure is characterized by an internal
lumen (Figure 3 C top), where the secretion of HMGBI likely
occurs. To analyze the secretion of HMGBI, colture medium
was removed, colonoids were collected in basal medium and
vigorously pipetting to induce lumen content release. Then
samples were centrifuge and the supernatant (lumen content)
was analyzed by immunoblotting. Results showed that
HMGBI is increased in the lumen, after the exposure of
colonoids to the two higher cytomix concentrations (Figure 3

C bottom).
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Figure 3. Set up of intestinal colonoids and treatment with cytomix. A) Viability and
morphology (scale bar = 200um); B) Western-blot analysis; C) Representative image
of human intestinal colonoid and western-blot analysis of HMGBI released in the
colonoid lumen. (Modified by Lukova & Roeselers, Chap 22 in The Impact of Food
Bioactives on Health. Springer Intl Publishing, 2015)"*
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5.4  PARPI-inhibitor, PJ34, reduces the release of HUGBI1

PJ34 is a specific inhibitor of PARP1. We treated
colonoids with the cytomix (150 ng/ml) alone or with the
cytomix plus two different doses (100 or 200 uM) of PJ34.
Again, colonoids were collected, vigorously pipetting and the
lumen content was recovered for the analysis of the secreted
HMGBI. Results showed that the lower dose of PJ34 inhibited
the release of HMGBI1 (Figure 4 A, B). Differently, the higher
dose of PJ34 caused cytotoxicity and cell death of colonoids,

as observed at the microscope (data not shown).
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5.5 Analysis _of _inflammatory _and _oxidative _stress

mediators in colonoids

Colonoids were exposed to the cytomix (150 ng/ml)
alone or co-exposed to cytomix and PJ34 (100 uM). Then, the
analysis of the expression of pro-inflammatory cytokines, IL-
1B, IL-8, and TNFa as well as that of the stress oxidative
enzyme dual oxidase maturation factor 2 (DUOXA2) was

performed through Real Time-PCR. Results showed that
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cytomix up-regulated the mRNA expression of all molecules
analyzed, however, PJ34 significantly reduced only TNFa and
DUOXA2? levels (Figure 5). This data suggest a preferential

way of PJ34 to repress inflammation.
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Figure 5. Gene expression of pro-inflammatory cytokines and DUOXA?2 (oxidative
stress) in colonoids *P < 0.05; **P < 0.01; ***P < 0.001

5.6  Induction of inflammation in differentiated colonoids

We have used the protocol to induce differentiation in
colonoids and verify if differentiated colonoids respond to the
inflammatory stimulus such as those not differentiated. Thus,
in order to start the differentiation process, WNT3A,
nicotinamide and p38-inhibitor were removed from the culture

medium. Differentiated colonoids were morphologically
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distinguishable from those not differentiated already from the
second day; differentiation was completed at the fourth day
(Figure 6 A).

Differentiated colonoids (day 4) were exposed for 24 hours to
two different doses of cytomix (150 and 50 ng/ml) to induce
inflammation. Results showed that mRNA expression of pro-
inflammatory cytokines IL-1f3, IL-8, TNFa and the oxidative
stress gene DUOXA2 were significantly increased after
cytomix exposure, this effect is not in dose dependent manner

(Figure 6 B).
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Figure 6. Induction of inflammation in differentiated colonoids. A) Morphology
(scale bar = 200um); B) mRNA expression of cytokines and DUOXA2. *P < 0.05;
P < 0.01; ***P <0.001

5.7 PJ34 reduces the release of HMGBI from

differentiated colonoids

Differentiated colonoids (4 day) were exposed for 24
hours to two different doses of cytomix (150 and 50 ng/ml)
and PARP1 cleavage (in colonoids) and extracellular HMGB1
secretion (in the lumen content) were analysed. Results

showed that PARP1 was cleaved after both doses of cytomix.
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Moreover, the higher dose of cytomix caused a significant
release of HMGBI1 (Figure 7 A). Then, we co-exposed
differentiated colonoids to the higher dose of cytomix and
three different doses of PJ34 (200-100-50 uM). Results
showed that the lowest dose of PJ34 significantly decreased
the release of HMGBI1 (Figure 7 B). The release of HMGB1
observed at the highest dose of PJ34 is probably due to its

cytotoxic effect.
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6 DISCUSSION

IBDs are associated with multiple pathogenic factors
including environmental changes, an array of susceptibility
gene variants, a qualitatively and quantitatively abnormal gut
microbiota and a broadly dysregulated immune response. In
spite of this realization, a full understanding of IBD
pathogenesis is still out of reach and, consequently, treatment
is far from optimal. An important reason for this unsatisfactory
situation is the currently limited comprehension of what are
the truly relevant components of IBD immunopathogenesis.

However, substantial progress has been made in the
understanding of IBD immunopathogenesis during the past
few decades. In particular, HMGBI1, a nuclear non-histone
DNA-binding protein, has been proven to be released into the
extracellular milieu and mediates inflammatory responses,
strongly contributing to the pathogenesis of numerous
inflammatory diseases, including IBD. More recently, the
relationship between PARPI activity and inflammation has
been widely investigated. The link with inflammation was
firmly established by the pharmacological inhibition of
PARPI1 activity, which allowed the attenuation of the
inflammation response. The mechanisms underlying this effect
imply also a role of PARPI in regulating inflammatory

factors.
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Novel evidence showed a possible interaction between
HMGBI1 and PARPI, for example, suggesting that PARP1
may combine with HMGBI, accelerating its translocation
from nucleus to cytoplasm. However, these studies were
focused in other districts than the gastrointestinal one, where
indeed the role of HMGBI1 has been much investigated in the
last years.

In this frame, this study aimed at exploring a possible
relationship between HMGB1 and PARPI1 in regulating
intestinal inflammation. For this purpose, we first used mice
knock out for PARP1, which were treated with the DSS to
induce severe colitis and showed that they developed a less
severe colitis than WT mice, as evidenced by macroscopic as
well as histologic end-points. More interestingly, PARP1™~
mice exhibited a significant reduction in serum and stools
levels of HMGBI, typically secreted by cells during the
inflammatory processes. Remarkably, the presence of HMGBI1
in the fecal stream has been previously correlated with the
occurrence and the severity of gut inflammation'®.

These data clearly indicate that the ablation of PARP1 is
linked to the release of HMGBI.

To deeply investigate this point, we set up 3D cultures of
intestinal colonoids, which are a very useful model, as
compared to established cell lines or primary 2D models, to

study physiopathologic mechanisms of disease, although,
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since they are composed of epithelial cells only, do not
represent the complexity of pluricellular organisms.

In our experiments, colonoids were produced by using stem
cells from the uninflamed colonic tissues of patients with UC.
Undifferentiated colonoids were exposed to a mix of pro-
inflammatory cytokines (TNFa and INFy, denominated
cytomix) to verify if they were able to respond to
inflammatory agents. We found that colonoids were prone to
develop inflammation by using a dose of cytomix not
exceeding 150 ng/ml in order to avoid cytotoxicity. Colonoids,
following the induction of inflammation, were also able to
activate PARP1, as evidenced by the presence of the two
cleaved forms of the protein (89 and 55 kDa). To analyze the
release of HMGBI, colonoids were appropriately treated so as
to recover the lumen content. The western blot analysis
showed that secreted HMGB1 was significantly higher in the
lumen of colonoids exposed to the cytomix. These results
confirmed that gut colonoids derived from UC patients
represent a suitable tool to investigate gut inflammation.

To assess the role of PARPI in mediating the HMGBI1
release, we treated colonoids with a PARP1-specific inhibitor,
the PJ34, in addition to the cytomix. Thus, after selecting the
right dose of PJ34 to be administered without incurring in
cytotoxic effect, we co-exposed colonoids to cytomix and

PJ34 or to cytomix alone and showed that the presence of PJ34
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significantly inhibited the release of HMGBI in the lumen.
This finding confirms a strict relationship between PARP1 and
HMGBI during inflammation.

Furthermore, to stress the ability of PJ34 to alleviate
inflammation, we also analysed the presence of other
inflammatory markers, such as IL-1f3, IL-8, and TNFa as well
as that of the stress oxidative enzyme dual oxidase maturation
factor 2 (DUOXAZ2). While the role of these cytokines in
inflammation is well known, instead the role of DUOXA?2 is
less recognized. What is well known is that dual oxidases
(DUOX) are conserved reduced nicotinamide adenine
dinucleotide phosphate oxidases that produce H202 at the
epithelial cell surface. The DUOX enzyme comprises the
DUOX and DUOX maturation factor (DUOXA) subunits.
Mammalian genomes encode 2 DUOX isoenzymes
(DUOX1/DUOXA1 and DUOX2/DUOXA2). Recent data
report that the expression of these genes is up-regulated during
bacterial infections and chronic inflammatory diseases of the
luminal gastrointestinal tract'*.

Moreover, it has been reported that both DUOX2 and
DUOXA2 expression are involved specifically in
inflammation and are regulated on a crypt-by-crypt basis in

. .. . 14
ulcerative colitis tissues'®’.
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We showed that PJ34 significantly reduced the mRNA
expression of TNFa and DUOXA?2 in colonoids exposed to
cytomix.

All these results highlight the role of PARP1 inhibitor to
improve gut inflammation.

Since the gut is mainly composed of differentiated cells,
we induced the differentiation in colonoids taken from the
stem cells of UC patients in order to better mimic the
physiological condition. Once obtained, we exposed
differentiated colonoids to different doses of cytomix to select
the one less toxic but capable of inducing inflammation. We
observed that both doses were able to induce inflammation
without reducing cell viability, but only the higher dose of
cytomix was able to induce a significant release of HMGBI.
Thus, we choose this dose (150 ng/ml) in combination with
three different doses of the PARP1 inhibitor PJ34 to verify its
potential to decrease the inflammation also in differentiated
colonoids. We observed that the two highest doses of PJ34
were toxic to colonoids, but the lower dose had no side effects
and was able to significantly reduce the HMGBI release in the
lumen.

In conclusion, this research offers a novel evidence that
PARP1 interacts with HMGBI1 in controlling gut

inflammation. Indeed, our results clearly show the link
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between the two proteins to synergize and induce
inflammatory processes.

Although PARP1 has been recognized as an important
regulator of stress, inflammatory and numerous other cellular
responses, its manipulation has only recently been identified as
a strategy to control gut inflammation. By using animal
models as well gut colonoid cultures, we undoubtly
demonstrate that the strategy to impair PARP1 activity is a
novel approach to manage gut inflammation decreasing the
levels of inflammatory molecules and, after all, the release of
the extracellular HMGBI that is currently well accepted as a
most potent inflammatory mediator.

Results obtained in this study open new perspectives on the
relationship between PARP1 and the potent mediator
HMGBI, focusing on the potential use of PARP1 inhibitors to
manage IBD patients, after all those that do not respond to the

tradional treatments.
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