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HDAC inhibitors promote intestinal epithelial regeneration
via autocrine TGFf1 signalling in inflammation

Marie Friedrich'?, Lorenz Gerbeth'?, Marco Gerling®, Rita Rosenthal’, Katja Steiger®, Carl Weidinger'®, Jacqueline Keye'?, Hao Wu'?,
Franziska Schmidt'?, Wilko Weichert’, Britta Siegmund' and Rainer Glauben'

Intact epithelial barrier function is pivotal for maintaining intestinal homeostasis. Current therapeutic developments aim at
restoring the epithelial barrier in inflammatory bowel disease. Histone deacetylase (HDAC) inhibitors are known to modulate
immune responses and to ameliorate experimental colitis. However, their direct impact on epithelial barrier function and intestinal
wound healing is unknown. In human and murine colonic epithelial cell lines, the presence of the HDAC inhibitors Givinostat and
Vorinostat not only improved transepithelial electrical resistance under inflammatory conditions but also attenuated the passage of
macromolecules across the epithelial monolayer. Givinostat treatment mediated an accelerated wound closure in scratch assays. In
vivo, Givinostat treatment resulted in improved barrier recovery and epithelial wound healing in dextran sodium sulphate-stressed
mice. Mechanistically, these regenerative effects could be linked to an increased secretion of transforming growth factor betal and
interleukin 8, paralleled by differential expression of the tight junction proteins claudin-1, claudin-2 and occludin. Our data reveal a
novel tissue regenerative property of the pan-HDAC inhibitors Givinostat and Vorinostat in intestinal inflammation, which may have
beneficial implications by repurposing HDAC inhibitors for therapeutic strategies for inflalmmatory bowel disease.
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INTRODUCTION

Inflammatory bowel diseases (IBDs) are chronic relapsing condi-
tions of the gastrointestinal tract. Recent work has highlighted the
importance of the intestinal barrier in maintaining the home-
ostasis between immune cells, epithelial cells and the micro-
biome." The majority of inflammatory bowel diseases can be
classified as either Crohn'’s disease (CD) or ulcerative colitis (UC).
CD is characterised as a transmural inflammation with the
potential to affect any part of the gastrointestinal tract, whereas
UC only involves the mucosa and is limited to the large intestine.?
Intestinal epithelial cells (IECs) form the main physical barrier,
which prevents excessive contact of luminal antigens with
intestinal immune cells and thereby protects from unwanted
immune reactions. The regulation of intestinal permeability by this
functional layer represents a sophisticated balance that is
primarily adjusted by the cell-cell connecting tight junction (TJ)
proteins as well as by continuous cell renewing.>* In addition, IECs
contribute to intestinal homeostasis by secreting immunoregula-
tory and regenerative cytokines including transforming growth
factor beta (TGFp), interleukin-8 (IL-8) and monocyte chemo-
attractant protein-1.>"" Genetic and functional studies indicate
that disruption of the epithelial barrier and subsequent bacterial
translocation represent the initial step of intestinal inflammation.®
Furthermore, IECs are not able to form a functional epithelial
monolayer in a chronically inflammatory milieu, since epithelial

apoptosis is enhanced and barrier-forming TJ proteins are
downregulated, underlining barrier formation and regeneration
as critical processes in IBD pathogenesis.’

As mucosal healing such as epithelial protection and restoration
of the impaired intestinal barrier has emerged as a key goal for IBD
therapy, a combined anti-inflammatory and tissue-regenerating
drug therapy is desirable.'® Recently, the interest in butyrate, a
short-chain fatty acid and histone deacetylase (HDAC) inhibitor
produced by intestinal microbiota, was renewed and its impor-
tance of the intestinal homestasis demonstrated.'’

Suberoylanilide hydroxamic acid (SAHA) and ITF2357, labelled
as Vorinostat and Givinostat, are both hydroxamic acids and pan-
HDAC inhibitors.'? While Vorinostat is approved for the treatment
of cutaneous T-cell lymphoma,'® Givinostat is currently under-
going clinical trials both in oncology as well as in chronic
inflammation (NCT00792467; NCT01761968) and has been
granted orphan drug designation in the European Union. Both
HDAC inhibitors suppress cancer cell proliferation in vitro'* and
reduce experimental tumour growth in vivo.'> Our previous work
indicates an anti-inflammatory effect of HDAC inhibition in models
of experimental colitis.">™'” Furthermore, specific effects on T cells
and macrophages have been demonstrated.'”'®

HDAC inhibition has been shown to attenuate fibrosis in various
models."*~2! The effects of HDAC inhibitors on epithelial cells have
been discussed controversially and there are limited data on the
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effects of HDAC inhibitors on intestinal barrier function and
regeneration. Ohno et al. described the induction of the
regenerative cytokine macrophage inflammatory protein-2 (MIP-
2) in IEC under inflammatory conditions in the presence of the
HDAC inhibitors sodium (Na)-butyrate or trichostatin A.?*> Bordin
et al. demonstrated later that Vorinostat and Na-butyrate
upregulate TJ protein expression in Rat-1 fibroblasts and Hela
cells,”® which was transferred to IEC by Wang et al.>* Thus, there
are data to indicate that HDAC inhibition supports intestinal
epithelial barrier restitution. However, the mechanisms and its
functional impact have not yet been defined.

Here we analysed effects of HDAC inhibition on the intestinal
epithelial barrier under inflammatory conditions. Using in vitro
model systems with human and murine epithelial cell lines as well
as in vivo dextran sulphate sodium (DSS)-induced colitis as barrier
disruption model in mice, a barrier-protective and regenerative
effect of HDAC inhibitors mediated by a direct effect on the
epithelial cells was identified. Functionally, we revealed an effect
of HDAC inhibition on epithelial autocrine transforming growth
factor betal (TGFP1) secretion with upstream effects on TJ and IL-
8 expression.

METHODS

Reagents

Hank’s balanced salt solution (HBSS), phosphate-buffered saline
(PBS), Dulbecco’s modified Eagle’s medium (DMEM), DMEM/F12,
advanced DMEM/F12 and RPMI were obtained from Thermo
Scientific (Schwerte, Germany). Medium was supplemented with
10% foetal calf serum, 50U/ml penicillin (Biochrom, Berlin,
Germany) and 50 pg/ml streptomycin (Biochrom). Cytokines and
recombinant proteins were from Peprotech (New Jersey, NJ, USA).
Fluorescein isothiocyanate-labelled dextran 4 kDa (FITC-dextran)
was obtained from TdB Consultancy (Uppsala, Sweden). All other
chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA)
unless indicated otherwise.

HDAC inhibitors

Givinostat (ITF2357) was synthesised by the Chemical Department
of Italfarmaco (Cinisello Balsamo, Italy) and processed as described
previously.'® Vorinostat (SAHA) was provided by MSD (Haar,
Germany). HDAC inhibitors were diluted in sterile distilled water
and heated to 95 °C for complete dissolution and stored at —80 °C
or kept at room temperature for immediate use in animal models.

Human samples and isolation of IECs

Biopsy specimens were obtained from colonic mucosa at routine
colonoscopy in patients with active disease (CD and UC) or disease
in remission (CD rem and UC rem) undergoing a diagnostic
examination and in healthy controls included in a polyp
surveillance programme. In each patient four to six biopsy
specimens were taken from the sigmoid colon, using standard
biopsy forceps (Olympus, Japan). Patients gave their informed
consent prior to surgery. The study was approved by the local
ethics commission of the Charité - Universitatsmedizin Berlin
(Approval number: EA4/049/15).

The biopsy specimens were immediately transferred into ice-
cold 0.9% NacCl solution and washed three times in HBSS. The
mucosa was digested for 10-15min at 37°C in 15ml HBSS
containing 2 mM EDTA/1 mM EGTA shaking at 200 rpm. Then
colonic crypts were mechanically separated from tissue speci-
mens by repeated pipetting through a steel needle followed by
filtration through a 70 uM cellstrainer (Falcon, Becton Dickinson,
San Jose, USA). Isolated IECs were washed with RPMI medium
and centrifuged twice (400 x g for 10 min). Viability and purity of
epithelial cells was confirmed by flow cytometric analysis (FACS
Canto Il; Becton Dickinson) staining with propidium iodide
(Roth, Karlsruhe, Germany) and allophycocyanin-conjugated
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anti-epithelial cell adhesion molecule (EpCAM, CD326)-specific
antibody (9C4; Biolegend, San Diego, USA), respectively, with
>95% cells being epithelial cell-specific antigen-positive.?>2°
IECs were collected by centrifugation and cell pellet was snap-
frozen in liquid nitrogen for later RNA analysis.

Epithelial cell culture, organoid culture and in vitro treatment
The human colorectal cell line T84 (American Type Culture (ATCC)
CCL-248) and the murine rectal cell line CMT93 (ATCC CCL-223)
were cultured according to the provider’s instructions. Both are
epithelial cell lines, which have been widely used for studying
intestinal barrier and integrity.?”*® For primary organoid culture,
crypts from the small intestine and the colon were isolated from
10- to 15-week-old C57BL/6J mice using 2 mM EDTA/PBS isolation
buffer or 2 mM EDTA/chelation buffer (PBS supplemented with
549 mM p-sorbitol and 43.4mM sucrose), respectively, as pre-
viously described.?*3° Crypts were transferred into matrigel (BD
Biosciences) in 48-well plates and were cultured for a minimum of
6 days to allow formation of established organoids. Crypt culture
medium (Advanced DMEM/F12) containing 2mM L-glutamin
(Biochrom), 50 U/ml penicillin (Biochrom), 50 ug/ml streptomycin
(Biochrom), 10 mM HEPES (Sigma-Aldrich), 1x N-2 supplement
(Thermo Scientific), 1x B-27 supplement (Thermo Scientific), 50
ng/ml recombinant murine epidermal growth factor, 100 ng/ml
recombinant murine Noggin, 500 ng/ml recombinant human R-
Spondin-1 and 500 mM N-acetyl-L-cystein, was replaced every day.
For colon organoid culture, crypt culture medium was additionally
supplemented 1:2 with Wnt-3A-conditioned medium obtained
from the L Wnt-3A cell line (ATCC® CRL-2647) according to the
manufacturer’s instructions. Before experiments, colonic orga-
noids were cultured in Wnt-3A-free crypt culture medium for
4 days to allow differentiation.>® Cells and organoids were pre-
treated for 16 h with HDAC inhibitors in various concentrations as
indicated. If applicable, tumour necrosis factor alpha (TNFa) and
interferon gamma (IFNy) in indicated concentrations, 2 ng/mL
recombinant human TGFf1, 10 ug/ml monoclonal anti-human
TGFB1 (1D11.16.8 GeneTex, CA, USA) or 1 uM TGFBR1 receptor
antagonist SB431542 (Selleckchem, Houston, TX, USA) were added
to the cell culture.

Measurement of transepithelial resistance

T84 and CMT93 cells in standard culture medium were plated on
permeable transwell polycarbonate filter supports (0.4 um; 0.6
cm?, Merck Millipore, Billerica, MA) in a 12-well plate grown as
monolayers until confluence as previously described.?® On day
10-14 after plating, filters were used for treatment with indicated
conditions and the transepithelial electrical resistance (TER) as a
marker of ion permeability of epithelial monolayers was measured
with a Millicell-ERS voltohmmeter (Merck Millipore) as previously
described.?*

In vitro permeability assay

Passage of 4kDa FITC-dextran across the epithelial layer was
measured as described previously.?' Cells were grown on perme-
able supports for 10-14 days in standard medium without phenol
red. A unit of 200 uM of dialysed FITC-dextran was added to the
apical side. Fluxes were calculated from the amount of FITC-
dextran in the basolateral compartment that was measured at 520
nm (Tecan Infinite M200, Tecan, Switzerland). Fluorescence signals
were calibrated using defined dilutions in medium. Flux was
calculated as the increase in tracer quantity (corrected for dilution)
per time unit and filter area.

DSS-induced colitis model

Acute colitis was induced by feeding mice ad libitum with 2.5%
DSS, 36,000-50,000 Da, (MP Biomedicals, Santa Ana, USA)
dissolved in drinking water from day 1 to 6, followed by 7 days
of regular drinking water. Givinostat treatment (5 mg/kg body
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weight) was initiated simultaneously at the start of water phase
via oral gavage in 200 pl PBS twice daily. Clinical colitis parameters
were assessed daily and disease score was evaluated as described
previously.'® Colon length was measured post mortem. For in vivo
wounding experiments, mice were treated as above, but at day 7
lower colonoscopy was performed as described before to obtain
biopsies of approximately 800 um in diameter with biopsy forceps
inserted through the endoscope’s working channel (Karl Storz
GmbH, Tuttlingen, Germany), thereby inducing a defined mucosal
wound."® Mice underwent additional colonoscopy 2 days later to
assess macroscopic wound healing of the biopsy area. Endoscopic
procedures surveyed on a colour monitor were recorded digitally
(DSR- 20MD; Sony, Cologne, Germany). Mice were sacrificed
on day 9.

In vivo permeability assay

On day 6 and 9 of experimental colitis the intestinal permeability
to 4kDa FITC-dextran was assessed as described previously.>
Briefly, 4 h-fasted mice were orally gavaged with dialysed FITC-
dextran (250 mg/kg body weight). After 5h, 200 pl cheek blood
was collected into serum tubes (Greiner Bio-one, Frickenhausen,
Germany) and serum was separated following the manufacturer’s
instruction. Serum was diluted in an equal volume of PBS (pH 7.4)
and analysed for FITC-dextran concentration at 520 nm (Tecan
Infinite M200). Standard curves obtained from diluted FITC-
dextran in non-treated serum/PBS served for calculating the
FITC-dextran concentration in the samples.

Apoptosis assay

Cells were grown on filter supports, supernatants were removed
and unattached dead cells were collected via centrifugation. Cell
extracts were prepared by harvesting cells from the filter in 300 pl
of lysis buffer containing 0.2% Triton X-100 followed by 30 min
shaking at 4 °C followed by centrifugation (2.500 x g, 10 min, 4 °C).
Caspase-3/7 activity in cell extracts was measured using the
Sensolyte” Homogeneous AFC Caspase-3/7 assay kit (AnaSpec,
Fremont, CA) according to the manufacturer's protocol. For
positive control cells were treated with 100 nM staurosporine
overnight. Relative caspase activity was calculated from fluores-
cence intensity (Tecan Infinite M200).

Statistical analysis

Data are expressed as mean = SEM. Statistical significance was

determined by the indicated test using GraphPad PRISM software,

version 6.0 (San Diego, CA, USA). p<0.05 was considered

significant
Additional

materials.

Methods are described in the supplemental

RESULTS

Human colonic epithelial cells in IBD patients downregulate the
expression of HDAC expression in a global manner

Epithelial cells from colonic biopsies from IBD patients and healthy
controls were isolated (>98% purity, Suppl. Fig 1A) and mRNA
expression for HDAC1-11 was analysed. As demonstrated in
Fig. 1a, eight out of eleven HDAC (HDAC2, 3,4, 5, 6, 8, 10, 11) were
downregulated in the epithelial cells due to ongoing inflammation
in these tissues, although overall histone 3 acetylation was not
affected (Suppl. Figure 1B). The HDAC expression changes could
be confirmed (Fig. 1b), when the patients were divided in UC and
CD. Although not statistically significant for all HDAC, due to low
sample numbers, this inflammation induced downregulation of
most HDAC is also evident when active IBD patients were
compared to UC and CD patients in remission, suggesting a
counter mechanism to local epithelial tissue damages. Differential
expression of Hdac1-11 could be confirmed in vitro in murine
small intestine organoid cultures under inflammatory conditions
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(Suppl. Figure 1C). Even a confluent cell layer of the murine IEC
line CMT93 showed similar expression changes of various Hdac
under inflammatory conditions on mRNA level, which were
confirmed on protein level by western blot comparing cytoplas-
mic, nuclear as well as membrane fractions (Suppl. Figure 1D/E).

HDAC inhibition protects epithelial barrier function under
inflammatory conditions in vitro

To discover, if the demonstrated downregulation of HDAC
supports barrier integrity and regeneration, an in vitro model
system based on changes in the TER of polarised epithelial cell
monolayers was applied. Pan-HDAC inhibition was induced by
treatment with two hydroxamic acids, already approved by the
Food and Drug Administration (Vorinostat) and/or proven their
safety in several clinical studies (Givinostat). Two IEC lines of
human (T84) and murine (CMT93) origin were used, both of which
developed a specific TER after 10-14 days of cultivation on
permeable supports (T84: 3000 + 500 Q) cm? CMT93: 400 + 50 Q
cm?).”? Incubation with increasing concentrations of the pan-
HDAC inhibitor Givinostat led to an additional increase of TER in
T84 and CMT93 cells up to 130 and 250%, respectively (Fig. 2a).

As reported previously,* the TER decreases under inflammatory
conditions, here mimicked by the addition of TNFa and IFNy
(Fig. 2b). Based on the dose-dependent levels of barrier
impairment, reflected by TER decrease, medium TNFa and IFNy
concentrations of 2 and 5ng/ml each were chosen for T84 and
CMT93 cells, respectively, for all subsequent experiments. To
evaluate the effect of HDAC inhibition in this epithelial barrier
model, cells were pre-incubated for 16 h with the pan-HDAC
inhibitors Givinostat or Vorinostat followed by the addition of
TNFa and IFNy. During the time course of the experiment, changes
in the TER were monitored daily. The TER of controls was stable
throughout the experiment (to: 2952 + 291 Q cm? and t,: 2854 +
352 Q cm? for T84; ty: 457 +£93 Q cm? and tyyp: 428 +42 Q cm? for
CMT93). HDAC inhibition with either Givinostat or Vorinostat
maintained the TER under pro-inflammatory conditions in both
cell lines suggesting a protective mechanism on the epithelial
barrier function (Fig. 2c).

We next aimed to identify whether the maintenance of the
epithelial barrier function by HDAC inhibition was associated with
a reduced passage of macromolecules across the epithelial layer.
To this end, we performed a unidirectional marker flux experiment
by adding 0.2 mM of 4 kDa FITC-dextran to the apical site of the
monolayer. FITC-dextran could pass the monolayer only in the
presence of TNFa and IFNy but not under physiological conditions
(Fig. 3a, b). In concordance with the TER data above, pre-
incubation with either HDAC inhibitor resulted in a reduced flux of
FITC-dextran compared to non-treated cells under inflammatory
conditions. This was indicated by a lowered concentration of FITC-
dextran in the basolateral compartment throughout the time
course of the experiment (Fig. 3a) and by a significantly reduced
absolute flux of FITC-dextran (Fig. 3b). This effect was paralleled by
decreased induction of apoptosis in the HDAC inhibitor treated
groups under inflammatory conditions (Fig. 3c).

Thus, HDAC inhibition ameliorates epithelial damage, thereby
protecting barrier function under inflammatory conditions.

HDAC inhibition controls the regulation of TJ proteins under
inflammatory conditions

Since barrier function and TER in particular highly depend on TJ
and TJ-related proteins,>’?® the expression level of selected TJ
proteins were analysed in total cell lysates in our experimental
barrier model. This analysis revealed increased expression of the
TJ proteins occludin and claudin-1 in the presence of HDAC
inhibitors under inflammatory conditions. In parallel, a significant
downregulation of the paracellular channel-forming claudin-2
protein was demonstrated. Expression levels of claudin-3 and
claudin-5 were not affected by HDAC inhibition at all. In
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Fig. 1

Global downregulation of histone deacetylase (HDAC) mRNA expression in human colonic epithelial cells derived from inflammation.

Primary intestinal epithelial cells (IECs) were isolated from mucosal biopsy specimens and mRNA levels of HDAC1-11 were determined by
quantitative PCR relative to the healthy controls. a Shown are relative expression levels of HDACT-11 mRNA in IBD patients with active disease

state. Mean values and min to max whiskers of n =7 (control) and n=

9 (IBD); Mann-Whitney U-test **p < 0.01, ***p < 0.001 versus healthy

control. b Shown are relative expression levels of HDAC1-117 mRNA in patients with active disease state (CD and UC) and with disease in
remission (CD rem and UC rem). Mean values and ranges of n =7 (control), n=4 (CD), n=7 (CD rem), n=5 (UC) and n =2 (UC rem). Mann-
Whitney U-test *p < 0.05, **p <0.01 versus healthy control or versus remission control. CD Crohn’s disease, Ctrl control, IBD inflammatory

bowel disease, rem disease in remission, UC ulcerative colitis

accordance with the expression of the marker proteins E-cadherin,
MMP9 and vimentin, epithelial-mesenchymal transition (EMT)
does not play a role in this setting (Fig. 4, Suppl. Figure 2).

These findings further support the concept that HDAC
inhibition stabilises barrier function by shifting expression levels
of TJ proteins.

Mucosal Immunology (2019) 12:656 — 667

HDAC inhibition enhances epithelial wound healing

Since the integrity of the intestinal epithelial barrier under
inflammatory conditions is shaped by maintenance but also
barrier regeneration, we investigated the impact of HDAC
inhibition on the migratory capacity of IEC. Here, a classical
scratch assay served as an in vitro wound healing model in the
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presence or absence of Givinostat. For the human epithelial cell
line T84, a highly significant increase in wound closure was
observed in the presence of Givinostat after short (2 days)- and
long-time cultivation periods (6 days) (Fig. 5). The CMT93
cells turned out to be unsuitable for this assay due to their
high proliferation rate (data not shown). In contrast to the
IEC, fibroblasts, here represented by the human fibroblast cell
line NIH/3T3, showed reduced migration upon Givinostat
treatment (Suppl. Figure 3). These data indicate that HDAC
inhibition acts directly on epithelial cells to promote epithelial
regeneration.

TGFf1 is a key modulator of epithelial regeneration

TGF was previously described to mediate epithelial regeneration
and thus enhances barrier function* while secreted by the
epithelial cells themselves. Exposure of I|EC to the pro-
inflammatory milieu in the described in vitro barrier model
resulted in a substantial increase of TGFB1 mRNA expression,
followed by a profound dose-dependent increase in the presence
of Givinostat in both cell lines, hence suggesting a possible mode
of action for an improved epithelial regeneration (Fig. 6a, b). This
was confirmed, by a dose-dependent increase in secreted TGFf1
in both cell lines, when treated with Givinostat under inflamma-
tory conditions (Fig. 6¢c). The dose-dependent increase in protein
expression upon Givinostat treatment could similarly be shown for
the TGFB-dependent regenerative cytokine IL-8 and the murine
analogue MIP-2, respectively (Suppl. Figure 4A/B). Other inflam-
matory cytokines could not be detected or remained stable as, for
example, IL-6. (Suppl. Figure 4C).

To further validate the impact of TGFB1 on barrier protection
and regeneration, we either blocked the main TGF31 receptor
(TGFB1R) via the chemical inhibitor SB43154 or added recombi-
nant TGFB1 as a regenerative agent. As indicated, inhibition of
TGFB1R completely abolished the otherwise prominent effect of
Givinostat on the TER, while TGFB1 alone, when added instead of
the HDAC inhibitor, closely mimicked the effect of Givinostat
(Fig. 6d). The same held true for the scratch assay as an in vitro
wound healing experiment. Here the blocking of TGFB1R inhibited
Givinostat-triggered wound healing, whereas the addition of
TGFpB1 led to accelerated wound healing comparable to Givinostat
treatment (Fig. 6e).

This increased TGFB1 expression could be confirmed in primary
cells by Givinostat and Vorinostat treatment of intestinal epithelial
organoids in an inflammatory milieu. Tgfb7 mRNA expression was
increased up to threefold in small intestine organoids, while there
were no morphological differences between treatment groups
and viability was not affected after HDAC inhibitor treatment
(Fig. 7a, b). Also in colon organoids, Givinostat led to an increase in
Tgfb1 transcription (Fig. 7c). The same holds true for the Mip-2
expression in small intestinal as well as colon organoids (Suppl.
Figure 4D).

Taken together, these experiments reveal a critical role for the
induction of TGFB1 by Givinostat as a major mechanism to exert
the demonstrated regenerative effects.

HDAC inhibition promotes recovery via epithelial regeneration in
experimental colitis

Having shown that HDAC inhibition maintains the intestinal
epithelial barrier function in IEC and enhances epithelial
regeneration, we aimed to explore whether these in vitro findings
equally apply in vivo. As model system, the recovery phase of DSS-
induced colitis was chosen. For this, colitis was induced by
administration of 2.5% DSS for 6 days followed by initiation of
drinking water and Givinostat (10 mg/kg body weight/day)
treatment via oral gavage. In order to evaluate barrier leakage
and barrier restitution, day 6 as the peak of barrier disruption and
day 9 as time point of recovery were chosen for comparison
(Fig. 8a). In a second setting, mucosal wounds were induced
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locally in the colon of mice and wound healing was monitored by
lower endoscopy (Fig. 8b).

Givinostat treatment significantly reduced the recovery time as
indicated by a faster and earlier increase in body weight. This was
equally reflected by amelioration of the clinical colitis score
suggesting accelerated healing from the DSS-induced barrier
disruption (Fig. 8¢, d). In line, colon shortening, a surrogate marker
for the degree of disease severity, was significantly ameliorated in
the Givinostat-treated group (Fig. 8e). To analyse the barrier
integrity specifically, mice were gavaged with 4 kDa FITC-dextran
and the fluorescence intensity in the serum was measured. After
6 days of DSS exposure, an expected increase in intestinal
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Fig. 2 Stabilisation of epithelial barrier function under physiological
and inflammatory conditions by histone deacetylase (HDAC)
inhibition. Shown are data from confluent T84 and CMT93
monolayer on permeable transwell supports. a Cells were incubated
in the presence of Givinostat in increasing concentrations for 48 h
and transepithelial electrical resistance (TER) was measured. Mean
values + SEM of n = 6-10/condition from three independent experi-
ments; Kruskal-Wallis test with Dunnett’s test **p < 0.01, ***p < 0.001
versus the vehicle control. b Cells were incubated in the presence of
tumour necrosis factor alpha (TNFa) and interferon gamma (IFNy) as
indicated and TER was determined after 24 and 48 h. ¢ Cells were
pre-incubated for 16 h with either Givinostat (T84: 1 uM; CMT93: 0.6
MM) or Vorinostat (4 uM) followed by addition of TNFa and IFNy (2
ng/ml each for T84; 5ng/ml each for CMT93) indicated by the
vertical dotted line. The TER was measured after 24 and 48 h and is
shown relative to the TER of vehicle control. Mean values + SEM of
n = 4-18/condition from three independent experiments; one-way
analysis of variance with Dunnett's test **p <0.01, ***p<0.001
_versus TNFa/IFNy-treated vehicle control

permeability for FITC-dextran was observed. Remarkably, at day 9
Givinostat treatment resulted in an almost complete recovery,
comparable to non-DSS-treated control mice, while DSS-exposed
vehicle-treated mice did not reveal any signs of recovery
regarding the integrity of the intestinal barrier (Fig. 8f, Suppl.
Figure 5). Moreover, significantly accelerated healing of local
wounding sites, inflicted by endoscopic clamps, was observed in
DSS-treated mice after 3 days of Givinostat treatment. Wounds of
Givinostat-treated mice were in later wound healing stages as
DSS-treated vehicle control as indicated by less visible blood, less
fibrin accumulation, reduced hypervascularisation and reduced
overall wound size (Fig. 8g).

These in vivo findings demonstrate that HDAC inhibitor
treatment accelerates intestinal epithelial recovery after both,
DSS-induced barrier disruption and mechanical wounding, and
hence are in line with our in vitro data.

DISCUSSION

In the present study, we described a novel, direct effect of the
HDAC inhibitors Givinostat and Vorinostat on epithelial barrier
function and regeneration in intestinal inflammation. With our
in vitro systems, we demonstrated for the first time a stabilisation
of barrier formation and epithelial integrity mediated by HDAC
inhibitors, which resulted in a protection against barrier disruption
and transepithelial leakage under inflammatory conditions. Here
HDAC inhibition acted directly on the IEC and promoted tissue
repair via epithelial cell restitution and accelerated migration. In
vivo, Givinostat treatment increased mucosal healing and
intestinal regeneration after DSS-induced barrier disruption and
mechanical wounding. Mechanistically, this effect was linked to a
dose-dependent increase in the expression of the regenerative
cytokines TGFB1 and IL-8 and subsequently to reduced apoptosis
and a differential expression of the TJ proteins claudin-1 and
claudin-2 as well as occludin.

The intestinal permeability is a delicate balance, tightly
regulated by epithelial regeneration and the expression of
junctional proteins on IEC. Pro-inflammatory cytokines that are
induced in IBD (e.g. TNFa and IFNy) induce epithelial cell apoptosis
and affect the expression of epithelial TJ proteins in IEC, resulting
in the disruption of intestinal epithelial barrier function.®>**
Simultaneously, a downregulation of most (eight out of eleven)
HDAC could be demonstrated in epithelial cells isolated from UC
and CD patients when compared to healthy controls. As this could
be confirmed even in patients in remission compared to active
IBD, this broad downregulation of HDAC might indicate a counter
mechanism to the inflammation-induced tissue destruction and
barrier disruption.
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Fig. 3 Histone deacetylase (HDAC) inhibition induces a reduction of
macromolecular flux in colonic epithelial cell lines. T84 and CMT93
monolayers were grown to confluence on permeable transwell
supports. Cells were pre-incubated for 16 h with Givinostat (T84: 1

uM; CMT93: 0.6 uM) or with Vorinostat (4 uM) followed by addition of
tumour necrosis factor alpha (TNFa) and interferon gamma (IFNy; 2
ng/ml each for T84; 5ng/ml each for CMT93) for 24h. a
Transepithelial flux assay was conducted with 200 uM of fluorescein
isothiocyanate (FITC)-dextran, added to the apical side of the
monolayer. Basolateral FITC-dextran concentrations for all sequential
time points were calculated from FITC fluorescence values and were
baseline corrected for untreated controls. Mean values + SEM of n =

4/condition of one experiment; Mann-Whitney U-test *p < 0.05 versus
TNFo/IFNy-treated vehicle control. b Shown are values of the total
FITC-dextran flux over time, calculated from single concentration
values as described in the Methods section. Mean values + SEM of n

= 4/condition; Mann-Whitney U-test *p <0.05 versus TNFo/IFNy-
treated vehicle control. ¢ The caspase-3/7 activity is shown relative
to vehicle control. Mean values + SEM of n = 6/condition from three
independent experiments (T84) or n = 2/condition (CMT93); two-way
analysis of variance with Tukey’s test **p <0.01, ***p < 0.001 versus
vehicle control or versus TNFo/IFNy-treated vehicle control

In our in vitro studies on polarised epithelial cells grown on
transwell filters, the presence of HDAC inhibitors induced an
increase in TER, thus a reduction of ion permeability, without an
effect on junction proteins (data not shown). Interestingly, under
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Fig. 4 Effect of histone deacetylase (HDAC) inhibition on tight junction expression. Confluent T84 monolayer on permeable transwell
supports were pre-incubated for 16 h with Givinostat (1 uM) followed by addition of tumour necrosis factor alpha (TNFa) and interferon
gamma (IFNy; 2 ng/ml each) for 48 h. Total cell lysates were used for the detection of claudin-1, -2, -3, -5, occludin, E-cadherin, MMP9, vimentin
and acetylated histone 3 (acetylH3) by western blot analysis, p-actin served as loading control. Left panels show representative blots; right
panels indicate the corresponding ratios of band intensities in arbitrary units (AU) relative to p-actin. Mean values + SEM of n = 4-10/condition
from three independent experiments; one-way analysis of variance with Dunnett’s test *p < 0.05 versus TNFa/IFNy-treated vehicle control
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Fig.5 Givinostat-induced acceleration of wound closure and cell migration in colonic epithelial cells. Confluent T84 monolayers were cultured
in serum-deprived medium and were wounded using a pipette tip. In vitro scratch closure was monitored over a 6 days culture period in the
presence or absence of Givinostat. Left panels show representative pictures of the scratch assay at the indicated time points (x100
magnification). Right panels show the corresponding data in per cent of wound closure calculated by the open area at indicated time points
relative to day 0. Mean values + SEM of n = 23-33/condition from three independent experiments; unpaired t-test ***p < 0.001 versus vehicle-
treated control

inflammatory conditions, the positive effect on the TER was even reduced ion permeability, reflected by the TER under inflamma-
more pronounced and the transepithelial flux of the 4kDa tory conditions, to a shift in TJ expression towards barrier-
macromolecule FITC-dextran was reduced. Here HDAC inhibition protective TJ proteins after HDAC inhibitor treatment.

resulted in reduced apoptosis paralleled by higher expression of Regarding effects of other HDAC inhibitors, Na-butyrate has
the barrier-forming protein claudin-1 and of occludin and down- been described to decrease FITC-dextran flux and increase TER via
regulation of channel-forming claudin-2. While inflammatory enhanced claudin-1 transcription in an IEC-6-derived cell line or by
cytokines that are upregulated in human IBD induce a loss of repressing claudin-2 expression in T84 cells under normal
barrier-protective junctional proteins (e.g. E-cadherin, claudin-1 conditions.>**® Both findings are in line with our results regarding
and occludin),’ the expression and junctional localisation of Givinostat or Vorinostat on T84 cells under inflammatory
channel-forming TJ proteins such as claudin-2, is elevated in both conditions. Moreover, we could identify significantly upregulated
UC and CD.%* Since claudin-2, also described as the “leaky gut occludin as an additional potential mediator of barrier stabilisation
claudin”, forms a paracellular channel for ions, our data link the among other prominent TJ proteins (claudin-3 and claudin-5),
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which are not affected. Occludin expression is reported to be
reduced in patient samples in which claudin-2 levels are elevated,
suggesting both as IBD-associated structural alterations of the
epithelial barrier.>®
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Fig. 6 Histone deacetylase (HDAC) inhibition causes enhanced
transforming growth factor betal (TGFB1) expression in colonic
epithelial cell lines under inflammatory conditions. a Confluent T84
(left panel) and CMT93 (right panel) monolayer were pre-incubated
for 16 h with either Givinostat (T84: 1 uM; CMT93: 0.6 uM) or with
Vorinostat (4 uM) followed by the addition of tumour necrosis factor
alpha (TNFa) and interferon gamma (IFNy; T84: 2ng/ml each;
CMT93: 5 ng/ml each) for 24 h. Cells were lysed and mRNA levels of
TGFBI1/Tgfb1 were determined by quantitative PCR relative to the
vehicle control. Mean + SEM of n = 4-6/condition from two inde-
pendent experiments; two-way analysis of variance (ANOVA) with
Holm-Sidak’s test *p < 0.05, **p < 0.01, ***p < 0.001 versus the vehicle
control or TNFa/IFNy-treated vehicle control. b As in a but
monolayer were pre-incubated with increasing concentrations of
Givinostat as indicated. Mean value + SEM of n = 3-4/condition. ¢ As
in a but monolayer were pre-incubated with Givinostat as indicated
for 24h and secreted TGFp1 levels were determined in the
supernatant using the reporter cell line MFB-F11 with subsequent
measurement of alkaline phosphatase (SEAP) activity as described in
the Methods section. Mean value = SEM of n = 3/condition; one-way
ANOVA with Dunnett’s test *p < 0.05 versus the TNFa/IFNy-treated
vehicle control. d T84 monolayer were treated as indicated in a but
for analysis of TGFB1 effects, cells were either pre-incubated for 16 h
with the TGFPR1 inhibitor SB431542 (1 uM) or with recombinant
TGFB1 (2 ng/ml). The transepithelial electrical resistance (TER) was
measured after 24 and 48 h and is expressed relative to the TER of
vehicle control. Mean values+ SEM of n=4/condition from two
independent experiments. Mann-Whitney U-test at t =24 h and t=
48 h *p <0.05 versus TNFa/IFNy 4 Givinostat-treated cells or versus
TNFo/IFNy-treated vehicle control, respectively. e Confluent T84
monolayers were cultured in serum-deprived medium and were
wounded using a pipette tip. In vitro scratch closure was monitored
during culturing for 6 days in the presence or absence of Givinostat.
For analysis of TGFp1 effects, cells were additionally treated with
anti-TGFB1 antibody (aTGFB1) (10 pg/ml), with the TGFPR1 inhibitor
SB431542 (1 uM) or with recombinant TGFf1 (2 ng/ml) as indicated.
Bars show the corresponding data in per cent of wound closure
calculated by the open area at indicated time points relative to day
0. Mean values + SEM of n = 6-26/condition from two independent
experiments; two-way ANOVA with Holm-Sidak’s test ***p < 0.001
_Vversus vehicle control

Notably, we could not observe a regulation of TJ expression in
untreated cells under inflammatory conditions but an induction of
apoptosis, which also enables FITC-dextran to pass the barrier.
Here, treatment with a HDAC inhibitor reduced cell apoptosis in
IEC within the epithelial layer on the filter membrane. Moreover,
occludin seems to be involved in barrier regulation for macro-
molecules in intestinal cell lines, since its knockdown results in
increased permeability.>® Hence, TJ modulation by claudin-1,
claudin-2 and occludin expression along with protection from
apoptosis contribute to the observed attenuation of FITC-dextran
flux under inflammatory conditions in our model.

Altogether, these data support the hypothesis that HDAC
inhibition mediates a structural rearrangement of the epithelial
barrier leading to protection against inflammation-related tissue
damage.

Further on, we provide evidence for accelerated cell migration
of epithelial cell lines in vitro in addition to the barrier protecting-
effect. In the performed wound healing assay the IEC, as the single
cell component, can only be influenced in an autocrine manner
and not by surrounding immune cells. This underlines the direct
effect of the HDAC inhibitors on IEC to promote wound repair via
epithelial cell restitution and migration, independent from the
known anti-inflammatory effect on lamina propria cells in vivo.

EMT, as an initial part of the wound healing process,***' has
also been shown to be regulated by HDAC inhibitors: Na-butyrate
and valproic acid induced EMT in colon carcinoma cell lines,
including enhanced migration. Remarkably, these effects were
augmented in the presence of TGFB1.2' TGFB1 has equally been
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Fig. 7 Histone deacetylase (HDAC) inhibition causes enhanced transforming growth factor g1 (TGFp1) expression in primary murine intestinal
organoids under inflammatory conditions. a Murine small intestine organoids and ¢ colon organoids on day 6 were pre-incubated for 16 h
with either 4 uM Givinostat or Vorinostat followed by the addition of 10 ng/ml tumour necrosis factor alpha (TNFa) and interferon gamma
(IFNy) each for 6 h. Organoids were lysed and mRNA levels of Tgfb1 were determined by quantitative PCR relative to the TNFa/IFNy-treated
vehicle control (left panel). Mean values £ SEM, n = 2-3/condition with three independent experiments, two-way analysis of variance with
Holm-Sidak’s test *p < 0.05, ***p < 0.001 versus vehicle control. b Viability assay for three-dimensional organoids was performed in the
presence of 4 yM Givinostat or Vorinostat for 2 days with or without treatment with 10 ng/ml TNFa and IFNy for 6 or 30 h. Mean values + SEM,
n = 3/condition. Lower panels show representative pictures of untreated and Givinostat-treated organoids (x100 magnification, scale bar

50 pm)

described to induce EMT in a lung epithelial cell line paralleled by
an upregulation of claudin-1 and vimentin and a downregulation
of E-cadherin.*? In our in vitro model we could observe no
regulation of E-cadherin, vimentin or MMP9, implicating that EMT
likely plays a negligible role for the regenerative effects of HDAC
inhibition.

Acute DSS-induced colitis model served as model for regenera-
tion after barrier disruption in order to translate our in vitro
findings to an in vivo system.”* DSS treatment leads to the
destruction of the epithelial monolayer, introducing a barrier
disruption and a subsequent inflammation in the colon, making
this model ideal to confirm our in vitro data of epithelial barrier
regeneration under inflammatory conditions. Earlier studies from
our group highlighted the anti-inflammatory potency of HDAC
inhibitor treatment during experimental colitis resulting in a
reduced disease severity as well as suppression of pro-
inflammatory cytokine secretion.'> Here we observed that
Givinostat therapy during the re-epithelialisation phase promoted
regeneration and colonic healing, resulting in an improved clinical
score, clearly reduced macromolecular leakage and visible

SPRINGER NATURE o SOCIETY FOR MUCOSAL IMMUNOLOGY

mucosal healing of wounded sites. While it is impossible to
exclude effects of HDAC inhibition on other cells involved, we here
provide evidence for the accelerated regeneration process, in
particular for the reconstituted intestinal epithelial barrier. At least,
an additional direct effect of HDAC inhibition regarding cell
migration and wound healing on fibroblasts, as critical part of the
stroma, could be excluded in vitro, which is in line with previous
studies.'®** Last, to prove the mode of action in primary epithelial
cells, we treated murine epithelial organoids with Givinostat and
Vorinostat under inflammatory conditions and could confirm the
primary effect of the induction of TGF31 expression.

Epithelial healing emerges as a finely tuned process. Here, IECs
receive various signals from the microenvironment, such as TGFf3
or IL-8, which are both significantly upregulated in our in vitro
system and activate master transcription factors, such as nuclear
factor-kappaB and STAT3 leading to survival and proliferation.*>¢
TGFp is a well-described regenerative factor and mandatory for
the regulation of mucosal healing.*’ In CMT93 cells TGFB was
shown to attenuate the damage of epithelial monolayer and
changes in TER caused by TNFa and IFNy. Notably, claudin-1, but
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Fig. 8 Givinostat treatment promotes intestinal regeneration in vivo. Mice were exposed to 2.5% dextran sulphate sodium (DSS) in the
drinking water for 6 consecutive days followed by 7 days of regular drinking water. Mice were weight matched and Givinostat treatment (10
mg/kg body weight) was initiated at the end of day 6 and continued until the end of experiment. a, b The experimental setup of DSS-induced
colitis and subsequent recovery is illustrated. ¢ Stool consistency, bleeding and weight loss were scored separately and were summarised as
clinical score as described in the Methods section. d Weight was determined daily and expressed as percentage of initial body weight at day 6.
e At the end of experiment, colon length was measured. c-e Mean values+SEM of n=2 (vehicle) n=8 (DSS + vehicle) and
n=9 (DSS + Givinostat). Mann-Whitney U-test *p < 0.05, **p < 0.01 versus DSS-treated vehicle control. f To assess intestinal permeability, 4
kDa fluorescein fluorescein isothiocyanate (FITC)-dextran (250 mg/kg body weight) was administered orally (day 6 and day 9) and serum
concentrations were determined 5 h later. Mean values + SEM of n =2 (d6 vehicle), n =2 (d6 Givinostat), n =8 (d6 DSS + vehicle), n=9 (d6
DSS + Givinostat), n =6 (d9 vehicle), n =6 (d9 Givinostat), n = 19 (d9 DSS + vehicle) and n =23 (d9 DSS + Givinostat); Kruskal-Wallis test with
Dunnett’s test **p < 0.01. The experiment was repeated three times. g To assess wound healing in vivo, colonic mucosa was locally wounded
during endoscopy in a DSS-induced colitis model as indicated in b and mucosal healing of wounded sites was reported after 3 days of
Givinostat treatment via lower endoscopy. Shown are 8 representative pictures out of 40 (2 wounds per mouse with n = 5/group)
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lllustration of the proposed mechanism. Histone deacetylase (HDAC) inhibitor treatment (left side) compared to normal condition (right

side) supports epithelial barrier restitution and regeneration by induction of transforming growth factor betal (TGFp1) production in
intestinal epithelial cells, leading to accelerated migration, reduced apoptosis and epithelial tight junction modulation

not occludin or claudin-2, has been described to be regulated by
TGF signalling in T84 cells, independent from proliferation.>* In
addition, our data indicate that TGFB1 production is not only
upregulated under pro-inflammatory conditions, but demonstrate
a striking dose-dependent increase of TGFB1 for both cell lines in
the presence of HDAC inhibitors. Accordingly, addition of the
TGFBR1 antagonist SB431542 reversed the effects of Givinostat,
whereas treatment with TGFf1 impressively reproduced these
effects, revealing TGFP1 as key mediator of enhanced epithelial
regeneration induced by Givinostat or Vorinostat. Consistently,
TGF( has been tightly connected to barrier integrity, and has
previously been identified as a central regulator of epithelial
restitution in IBD,***® mediating mucosal healing in vitro and
in vivo.*” Additionally, TGFB1 regulates the expression of adhesion
molecules, such as E-cadherin or Notch ligands in lymphocytes,
which are also therapeutic targets for IBD*® and support barrier
formation in T84 cells via activation of ERK/MAPK/SMAD signalling.
This includes an upregulation of claudin-1 and an increase in
TER3* In DSS-induced colitis, it has been shown that TGFp
prevents IEC from apoptosis,”° an effect we could also show in the
presence of a HDAC inhibitor in our model under pro-
inflammatory conditions. In addition, accumulation of extracellular
matrix proteins in intestinal strictures, as seen in chronic
inflammation and fibrosis, were associated with increased TGFf
level.>" With TGF as a critical factor in IBD and a prerequisite for
mucosal wound healing, we propose the increased TGF(1
expression in our model system as the main mode of action for
the demonstrated regenerative capacity of Givinostat and
Vorinostat. Enhanced TGFf signalling is paralleled by reduced
apoptosis, reassembling of TJ protein expression towards promo-
tion of tight cell-cell connections, enhanced migration and even
increased IL-8 expression of epithelial cells, all effects directly
correlated to barrier integrity and regeneration as summarised in
Fig. 9

As IECs form the structural basis for an intact mucosal barrier
and repeated intestinal epithelial damage with disruption of the
intestinal barrier function is considered as a central disease
inducing and maintaining mechanism in IBD, mucosal healing is
the current aim of treatment in clinical practice. Our results
identified the HDAC inhibitors Givinostat and Vorinostat,
which are already part of numerous clinical trials or are approved
drugs, respectively,'®> are not merely inhibitors of basic cell
functions like proliferation or cytokine production,®® but rather act
as inducers of beneficial processes such as tissue regeneration and
barrier protection. Together with their confirmed anti-
inflammatory capacity, HDAC inhibitors offer an attractive mode

SPRINGER NATURE o SOCIETY FOR MUCOSAL IMMUNOLOGY

of action and hence represent promising candidates for the
treatment of IBD.
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