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ABSTRACT

Inflammatory bowel diseases (IBD), including Crohn’s disease and ulcerative colitis, are chronic disorders
characterized by dysregulated immune response and persistent inflammation. Recent studies suggest that bile
acid receptors, particularly GPBAR1, and the transcription factor RORyt play critical roles in modulating in-
testinal inflammation. This study evaluates the therapeutic potential of PBT002, a dual GPBAR1 agonist and
RORyt inverse agonist, in IBD models. The effects of PBT002 were assessed through in vitro and in vivo experi-
ments. Macrophages and T lymphocytes obtained from the buffy coat were exposed to PBT002 to evaluate its
immunomodulatory activity. The beneficial effects in vivo were evaluated in mouse models of colitis induced by
TNBS, DSS or DSS + IL-23 using also a Gpbarl knock-out male mice. PBT002 exhibited an EC50 of 1.2 uM for
GPBAR1 and an IC50 of 2.8 uM for RORyt. In in vitro, PBT002 modulated macrophage polarization towards an
anti-inflammatory M2 phenotype and reduced Th17 cell markers while increasing Treg markers. In the TNBS-
induced colitis model, PBT002 reduced weight loss, CDAI and colon damage, while it modulated cytokine
gene expression towards an anti-inflammatory profile. In GPBAR1”", the anti-inflammatory effects of PBT002
were attenuated, indicating partial GPBAR1 dependence. RNA sequencing revealed significant modulation of
inflammatory pathways by PBT002. In DSS+IL-23 induced colitis, PBT002 mitigated disease exacerbation,
reducing pro-inflammatory cytokine levels and immune cell infiltration. In conclusion, PBT002, a GPBAR1
agonist and RORyt inverse agonist, modulates both the innate and adaptive immune responses to reduce
inflammation and disease severity in models of IBD.

1. Introduction

TGR5) [10]. GPBAR1 is a membrane-bound receptor highly expressed in
the intestine, liver and cells of innate immunity [11]. Similar to

Inflammatory bowel diseases (IBD), encompassing Crohn’s disease
and ulcerative colitis, are chronic relapsing disorders of the gastroin-
testinal tract characterized by dysregulated immune response and
persistent inflammation [1]. The etiology of IBD involves genetic,
environmental, and microbial factors leading to an aberrant immune
response to intestinal microbes [2-6]. Recent advances have highlighted
the pivotal role of bile acids and their receptors in IBD development [7,
8]. Various bile acid-regulated receptors [9] are modulated by the
interplay of intestinal microbiota with host immune system, including
the G-protein-coupled bile acid receptor 1 (GPBAR1, also known as

farnesoid-x-receptor (FXR) [12], activation of GPBAR1 by secondary
bile acids promotes anti-inflammatory effects by modulating macro-
phage polarization towards an anti-inflammatory M2 phenotype and by
suppressing pro-inflammatory cytokine production, thus maintaining
intestinal homeostasis [13,14]. GPBARI1 activation enhances the intes-
tinal barrier function and promotes the secretion of glucagon-like pep-
tide-1 (GLP-1), which are beneficial for gut integrity and metabolic
health [15]. Consistent with this view, Gpbarl”” mice spontaneously
develop intestinal inflammation with age and exhibit increased sus-
ceptibility to inflammation in models of colitis [14]. GPBARI1 agonists
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have shown promises in preclinical studies by reducing colitis severity
and enhancing gut barrier function in rodent model of colitis [11,14].

The RAR-related orphan receptor gamma (RORy) is a transcription
factor encoded by the RORC (RAR-related orphan receptor C) gene [16].
The two main products of RORC gene are RORy (also referred to as
RORy1) and RORyt (also known as RORy2) whose expression is
restricted to T helper 17 (Th17) cells, regulatory T cells (Treg) and in
type 3 innate lymphoid cells (ILC3s). Mice deficient for RORyt lack
lymph nodes and Peyer’s patches [17] demonstrating the essential role
of this receptor for lymphoid organogenesis [18]. In Th17 cells, RORyt
regulates IL17 transcription differentiation [19-21]. In general, since
RORyt appears to promote Th17 differentiation and IL-10 production by
Treg, the receptor is essential to maintain intestinal homeostasis by
balancing the Th17 and Treg cells ratio to cope with the antigen loads
from the intestinal microbiota [22,23]. Adding to the complexity of
these interactions, various microbial metabolites, including secondary
bile acids, such as lithocholic acid and deoxycholic acid (LCA and DCA)
and their bacterial metabolites such as iso-, 3-oxo-LCA/DCA, allo-,
3-oxo-allo-, and iso-allo-LCA act as inverse agonists (i.e. inhibitors) [22,
24,25]. These bacterial steroids prevent the differentiation of Th17 cells
or enhance the differentiation toward Treg cells through the production
of mitochondrial reactive oxygen species that increase FOXP3 expres-
sion [1,7,24,26-31].

Th17 cells produce a range of pro-inflammatory cytokines, most
notably IL-17, which contribute to the inflammatory milieu character-
istic of IBD [28,32]. Inhibition of RORyt activity can significantly reduce
Th17 cell differentiation and IL-17 production, thereby ameliorating
intestinal inflammation and disease severity in animal models of colitis
[33,34]. In contrast, transient inhibition of RORyt does not affect the
protective activity of ILC3s, which promote epithelial tissue repair,
maintain mucosal barrier integrity and regulate intestinal immunity
[16]. These findings align with the observation that Th17 lymphocytes
play a role in the development of IBD and that increased IL-17 expres-
sion in the mucosa and serum levels of this cytokine in IBD patients
correlates with expression of RORyt and number of Th17 cells in the
inflamed mucosa.

Because simultaneous regulation of GPBAR1 and RORyt might result
in additive pharmacological effect in IBD, we have developed a dual
GPBARI agonist and RORyt inverse agonist hybrid molecule and tested
its effects in a mouse models of IBD. The results demonstrate that the
novel agent downregulates pro-inflammatory M1 and Th17 responses
while promotes anti-inflammatory pathways, offering a comprehensive
strategy for IBD treatment.

2. Materials and methods
2.1. Human data

The transcriptomic data of patients derived from samples of healthy
donors (HS, n = 26), UC patients (UC, n = 30), and Crohn’s disease
patients (CD, n = 50), were retrieved from the Inflammatory Bowel
Disease Multi’omics Database (IBDMDB) [35].

2.2. PBT002

The 24-(3-(hydroxymethyl)phenoxy)-5-cholen-3p-ol (Precision Bio-
Therapeutics SrL, Italy) previously indicated as compound 7 [36], and
now christened PBT002 is a hybrid molecule acting as a GPBAR1 agonist
and as RORyt inverse agonist [37].

2.3. Luciferase reporter gene assay

To investigate the agonistic activity on GPBAR1 and inverse
agonistic activity on RORyt, Hek293T cells were transfected with 200 ng
of the reporter vector pG29-CRE-LUC, 150 ng of pcmvsport-hTGR5 and
150 of pGL4.70 or with 200 ng of the reporter vector pGL4.35, 150 ng of
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PFA-cmv-hRORC and 150ng of pGL4.70 respectively. At 24h post
transfection, cells transfected with GPBAR1 were stimulated with spe-
cific agonists, TLCA (10 uM) or PBT002 at dose in a range of 0,1-50 uM.
None agonist was necessary to promote RORyt activity, as it was
considered to be constitutively expressed in naive cells. At 18 h post
stimulations, cellular lysate was assayed for luciferase and Renilla ac-
tivities using the Firefly&Renilla Luciferase assay kit (cat. 30081-2,
Aurogene). Luminescence was measured using Glomax 20/20 lumin-
ometer (Promega, Madison WI). Luciferase activities were normalized
with Renilla activities.

2.4. Purification of PBMCs from Buffy coat

Human peripheral blood mononuclear cells (PBMCs) were obtained
from heparinized blood of voluntary healthy donors by density-gradient
centrifugation using Ficoll-Hypaque (cat. F5415, Sigma-Aldrich) and
were cultured in RPMI-1640 medium containing 10 % FBS for 6 hours.

2.5. Human T lymphocytes and macrophages in vitro polarization

After separation, 1 x 10° of suspended lymphocytes were seeded into
each well of 24-well treated by 200 pl PBS including 2 pg/ml anti-CD3
(cat. 317302, BioLegend) and were incubated with 5 pg/ml anti-CD28
antibodies (cat. 302902, BioLegend) and Thl7-inducing cytokines
(TGFp (cat. 11343160, ImmunoTools); IL-6 (cat. 11340064, Immuno-
Tools); IL1-p (cat. 11349013, ImmunoTools); IL-23 (cat. 11340233,
ImmunoTools); a-INFy (cat. 507502, BioLegend); a-IL4 (cat. 500802,
BioLegend) or Treg-inducing cytokines (TGFf, IL2 (cat. 11340023,
ImmunoTools), and PBT002 at dose in a range of 0.1-10 uM for 72 h.
Adherent monocytes were pre-differentiated into macrophages by cul-
ture for 6 days in RPMI/10 % FCS supplemented with 50 ng/ml of either
M-CSF 8cat. 11792-HNAH-100, Prodotti Gianni) or GM-CSF (cat. 10015-
HNAH-100, Prodotti Gianni). Macrophages were polarized in to M1
macrophages by exposure to LPS (50 ng/ml) and IFNy (20 ng/ml) and in
to M2 macrophages using IL-4 (cat. 11340043, ImmunoTools); IL-10
(cat. 11340103, Immuno Tools) and TGFf (20 ng/ml) and treated with
0.1-10 uM PBTO002.

2.6. IBD mouse models

C57BL/6J wild-type mice were purchased from Envigo. GPBAR1
null mice (Gpbar1”") on C57BL/6 background were originally donated
by Dr. Galya Vassileva (Schering-Plough Research Institute, Kenil-
worth). The colonies were maintained in the animal facility of the
University of Perugia under controlled temperature (22 °C) and photo-
periods (12:12-hour light/dark cycle), allowing unrestricted access to
standard mouse chow and tap water. We have used three mouse models
of colitis:

— The trinitrobenzenesulfonic acid (TNBS) (cat. 92822-5 ML, Sigma-
Aldrich) colitis in C57BL/6 wild-type mice. Briefly, mice were fas-
ted for 1day (day —1). On the following day (day 0), mice were
anesthetized, and a 3.5F catheter inserted into the colon such that
the tip was 4 cm proximal to the anus. To induce colitis, 1 mg of
TNBS (Sigma Chemical Co, St Louis, MO) in 50% ethanol was
administered via catheter into the intestinal lumen using a 1 ml sy-
ringe (injection volume of 100 pl); control mice received 50 %
ethanol alone. When prompted by the experimental design, PBT002
(30 mg/Kg/daily) resuspended in a 1 % methylcellulose solution was
administered by gavage (o.s.) from day O to the end of the experi-
ments. The control animals received daily oral gavage with the
vehicle alone (1 % methylcellulose solution).

— The dextran sulfate sodium salt (DSS) (Mw ~40000, cat. 01288,
CHEM-IMPEX INT’L INC.) in Gpbarl™* and Gpbarl~" mice. Colitis
was induced by administering 2% DSS (DSS: Dextran Sulfate, So-
dium Salt of Affymetrix USA, molecular mass 40-50 kDa) in drinking
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Fig. 1. Immunomodulatory effects of PBT002 on macrophage and T lymphocyte polarization. (A) The analysis of an Inflammatory Bowel Disease (IBD) cohort from
the Human Microbiome Project (HMP2). Data shown are cytokines and chemokines expression in the rectum of healthy individuals, patients with ulcerative colitis
(UQ), and patients with Crohn’s disease (CD). The panel below shows the fold change in cytokine and chemokine expression between UC and HS (top row) and CD
versus HS (bottom row). The human data show results obtained from 26 healthy subjects (HS), 30 patients with ulcerative colitis (UC), and 50 patients with Crohn’s
disease (CD). (B) Chemical structure of new compound PBT002. (C, D) Transactivation assays of PBT002 on (C) GPBAR1 and (D) RORyt. (E-H) Evaluation of the
activity of PBT002 at the concentration of 0.1, 1, 5 and 10 uM on the macrophages and T cells polarization obtained from the buffy coat of healthy donors: relative
mRNA expression of (E) CD38 and TNFa in pro-inflammatory M1 macrophages, and (F) CD206 and IL-10 in anti-inflammatory M2 macrophages; (G) relative mRNA
expression of RORC, IL-17 f and IL-22 in Th17 cells, and (H) FOXP3 and IL-10 in Treg cells (#p<0.05 Vs NT; *p<0.05 Vs M1 or M2, Th17 or Treg). qPCR data are
normalized to GAPDH mRNA. Results are the mean + SEM of 5 samples per group. For the statistical analysis of all results, we first performed the Kolmogorov-
Smirnov test for normal distribution than the one-way ANOVA (*p <0.05). Abbreviations: HS, healthy samples; UC, ulcerative colitis; CD, Crohn’s disease; TNFa,
tumor necrosis factor-alpha; IFNy, Interferon gamma; IL-6, interleukin-6; IL-17a, interleukin-17a; IL-17 f, interleukin-17 f; IL-22, interleukin-22; CCL2, CC Motif
Chemokine Ligand 2; CCL3, CC Motif Chemokine Ligand 3; CXCL2, CXC Motif Chemokine Ligand 2; CXCL4, CXC Motif Chemokine Ligand 4; CXCL7, CXC Motif
Chemokine Ligand 7; CCR1, CC Motif Chemokine Receptor 1; CCR2, CC Motif Chemokine Receptor 2; CXCR3, CXC Motif Chemokine Receptor 3; CD38, cluster of

differentiation 38; CD206, cluster of differentiation 206; IL-10, interleukin-10; FOXP3, Forkhead Box P3.

water for 9 consecutive days. When prompted by the experimental
design, PBT002 (30 mg/Kg/daily) resuspended in a 1 % methylcel-
lulose solution was administered by gavage (o.s.) from day 1 to the
end of the experiments. The control animals received daily oral
gavage with the vehicle alone (1 % methylcellulose solution).

— In another murine experimental model, colitis was induced by
simultaneous administration of DSS in combination with IL-23 in
C57BL/6 wild-type mice. 2% DSS was administered in drinking
water for 6 consecutive days. IL-23 was administered at a dose of
500 ng/mouse via i.p. injection daily. When prompted by the
experimental design, PBT002 (30 mg/Kg/daily) resuspended in a
1 % methylcellulose solution was administered by gavage (o.s.) from
day 1 to the end of the experiments. The control animals received
daily oral gavage with the vehicle alone (1% methylcellulose
solution).

The experimental protocols were approved by the Animal Care and
Use Committee of the University of Perugia and by the Italian Minister of
Health and Istituto Superiore di Sanita (Italy) and agreed with the Eu-
ropean guidelines (Directive 2010/63/EU) for use of experimental ani-
mals (permission n. 309-2022-PR). The general health of the animals
was monitored daily by the Veterinarian in the animal facility. On the
day of sacrifice, mice were deeply anesthetized with sodium thiopental,
200 mg/kg b.w., and sacrificed before 12 P.M.

The severity of colitis was measured each day for each mouse by
analyzing the body weight lost, the occult blood and stool consistency.
Each parameter was scored from 0 to 4 and the sum represents the Co-
litis Disease Activity Index (CDAI). The scoring system had already been
described in a previous work [38].

PBTO002 was used at a dose of 30 mg/kg per day since this dose was
found to be the most effective in previous dose-response studies [36].

2.7. Histopathology

Colon samples (2-3 cm up anus) were first fixed in 10 % Formalin,
embedded in Paraffin, cut into 5-pm-thick sections and then stained with
Hematoxylin/Eosin (H&E) for histopathological analysis.

2.8. Isolation of intestinal lamina propria cells

At the end of the experiments, the colons of mice were collected and
cleaned of fecal contents. The cells were isolated from the colon lamina
propria using the “Lamina Propria Dissociation Kit” from Miltenyi Biotec
according to the manufacturer’s instructions.

2.9. Flow-cytometry

Flow cytometry analyses were carried out using a 3-laser standard
configuration ATTUNE NxT (Life Technologies). Data was analyzed
using FlowJo software (TreeStar) and the gates set using a Fluorescence
Minus One (FMO) control strategy. FMO controls are samples that

include all conjugated Abs present in the test samples except one. The
channel in which the conjugated Ab is missing is the one for which the
FMO provides a gating control [39]. The following monoclonal anti-
bodies (mAbs) were used: CD4 Super Bright 436 (GK1.5, eBioscience);
CD8 Super Bright 702 (53-6.7, Invitrogen); CD11b APC-eFluor 780
(M1/70, Invitrogen); CD11c Alexa Fluor 700 (N418, eBioscience);
CD206 APC (MR6F3, Invitrogen); IL-10 FITC (JES5-16E3, eBioscience);
FoxP3 PerCP-eFluor 710 (FIK-165s, Invitrogen); RORyt PE-Cyanine7
(B20, Invitrogen); IL-17 f PE (eBio18F10, Invitrogen).

2.10. RNA isolation and qPCR

Total mRNA extraction from colon and spleen samples and from T-
cells and macrophages was performed using Tri-Reagent (Zymo
Research) and Direct-zol™ RNA MiniPrep or MicroPrep w/ Zymo-
Spin™ IIC Columns (cat. R2063 Zymo Research, Irvine, CA) respec-
tively. 1 ug of RNA from each sample was reverse transcribed using Kit
FastGene Scriptase Basic (cat. NGE-LS62, Nippon Genetics,
MariaweilerstraBe, Diiren, Germaniain) in 20-pl of reaction volume;
50 ng of cDNA was amplified in a 20-pl solution containing 200 nM each
primer and 10 pl of PowerUp™ SYBR™ Green Master Mix (cat. A25742,
Thermo Fisher Scientific, Waltham, MA). All reactions were performed
in triplicate using the following thermal cycling conditions: 2 min at 95
°C, followed by 40 cycles of 95 °C for 3s, 60 °C for 30s, using a
QuantStudio 3 system (Applied Biosystems, Foster City, CA). The rela-
tive mRNA expression was calculated accordingly to the ACt method.
The primer used were as following (forward and reverse): mGapdh:
CTGAGTATGTCGTGGAGTCTAC and GTTGGTGGTGCAGGATGCATTG;
mil-1: GCTGAAAGCTCTCCACCTCA and AGGCCACAGGTATTTTGTCG;
mTnfa: GCCTCTTCTCATTCCTGCTT and GAGGCCATTTGGGAACTTCT;
mCd38:  CTGGGCTACATTGCTGATGA and GGGTTGTTGGGA-
CAGTTTTC; mCd206: ACGAGCAGGTGCAGTTTACA and AACATCCCA-
TAAGCCACCTG; mlil-6: CTTCACAAGTCGGAGGCTTA and
TTCTGCAAGTGCATCATCGT; mRorc: CAGCCAGCAGTGTAATGTGG and
AACTTGACAGCATCTCGGGA; hGAPDH: CAGCCTCAAGATCATCAGCA
and GGTCATGAGTCCTTCCACGA; hCD38: CCTGGCTGAAGTGACGT-
TATC and  ACCTCCAGAGGTTGAGCAAA; hCD206: GAG-
GAAAAGCTGCCAACAAC and CCAATCCAGAGTCCTGAGGT; hIL-10
TGCCTTCAGCAGAGTGAAGA and CTCAGACAAGGCTTGGCAAC.

2.11. Bile acids assay

The concentration of thirty-two conjugated and un-conjugated bile
acids of colon feces in mice experimental colitis models was measured
by liquid chromatography-mass spectrometry (UHPLC-MRM-MS), as
reported in Biagioli et al.[40]. Among these 32 compounds, 11 BA de-
rivatives were synthesized as previously reported [41].
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Fig. 2. Therapeutic effects of PBT002 in a TNBS-induced murine model of colitis. C57BL/6 male mice were treated with TNBS and PBT002 (30 mg/Kg/daily). Data
shown are: (A) changes in body weight with (B) area under the curve (AUC), (C) Colitis Disease Activity Index (CDAI) with (D) AUC, (E) photo of the entire colon on a
special grid with 1 cm squares and hematoxylin and eosin (H&E) staining of colon (magnification 10x), (F) colon length, (G) ratio between colon weight and colon
length, and (H) percent of survival of mice. (I-N) Relative mRNA expression of (I) Cd38, (J) Cd206, (K) Tnfa, (L) II-14, (M) Rorc and (N) II-17 f measured in the colon.
Data are normalized to Gapdh mRNA. Each dot represents a sample. Histograms represent the mean + SEM. For the statistical analysis of all results, we first per-
formed the Kolmogorov-Smirnov test for normal distribution than the one-way ANOVA (*p <0.05). Only for the graphs in panels A and C, statistical significance is
indicated as follows: *p<0.05 vs. NT group and #p<0.05 vs. TNBS group. For the calculation of statistics on survival percentage values, the chi-square test was
employed (*p <0.05). Abbreviations: NT, not treated; TNBS, 2,4,6-trinitrobenzenesulfonic acid; AUC, area under the curve; CDAI, colitis disease activity index; Cd38,
cluster of differentiation 38; Cd206, cluster of differentiation 206; Tnfa, tumor necrosis factor-alpha; IL-18, interleukin-1f; Rorc, RAR Related Orphan Receptor C; IL-

17 f, interleukin-17 f.

2.12. Gut microbiota analysis

2.12.1. DNA extraction

The microbial DNA was purified from colon fecal samples of mice
using the PureLink Microbiome DNA Purification Kit (cat. 12183018 A
Thermo Fisher Scientific, Waltham, MA), according to the manufac-
turer’s instructions. The isolated DNA was quantified with a Qubit
dsDNA HS Assay Kit on Qubit 3.0 Fluorometer (cat. Q32851, Thermo
Fisher Scientific, Waltham, MA) according to the manufacturer’s in-
structions and then stored at —20 °C.

2.12.2. 16S rDNA sequencing

Library and template preparation of the barcoded libraries was
performed using Ion AmpliSeq™ Microbiome Health Research Kit (cat.
A46495, Thermo Fisher Scientific, Waltham, MA) and Ion 510 & Ion 520
& Ion 530 Kit - Chef on the Ion Chef platform (cat. A34019, Thermo
Fisher Scientific, Waltham, MA) according to the manufacturer’s in-
structions. Sequencing was performed on the Ion S5 platform and
automated analysis, annotation, and taxonomical assignment were
generated using Ion Reporter Software - AmpliSeq Microbiome Health
Workflow (Ion Reporter 5.18.4.0). The Ion Reporter Software enables
the rapid identification (at family, genus or species level) of microbes
present in each sample, using Curated Greengenes v13.5 reference
databases.

2.13. AmpliSeq transcriptome

High-quality RNA was extracted from colon samples using Tri-
Reagent (Zymo Research) and Direct-zol™ RNA MiniPrep w/ Zymo-
Spin™ IIC Columns (Zymo Research, Irvine, CA) according to the
manufacturer’s instructions. RNA quality and quantity were assessed
with the Qubit® RNA HS Assay Kit (cat. Q32852, Thermo Fisher Sci-
entific) and a Qubit 3.0 fluorometer followed by agarose gel electro-
phoresis. Libraries were generated using the Ion AmpliSeq™
Transcriptome Mouse Gene Expression Core Panel and Chef-Ready Kit
(cat. A31446, Thermo Fisher Scientific), according to the manufac-
turer’s instructions. Barcoded libraries were combined to a final con-
centration of 100 pM and used to prepare Template-Positive Ion
Sphere™ particles to load on Ion 540™ Chips, using the Ion 540™ Kit-
Chef (cat. A30011, Thermo Fisher Scientific, Waltham, MA). Sequencing
was performed on an Ion S5™ Sequencer with Torrent Suite™ Software
v5.18 (Thermo Fisher Scientific). The analyses were performed with a
range of fold <—1.5 and >+1.5 and a p value < 0.05, using Tran-
scriptome Analysis Console Software (version 4.0.2), certified for
AmpliSeq analysis (Thermo-Fisher).

2.14. Multiplex Assay-Inflammatory Molecules

A multiplex biometric ELISA-based immunoassay was used accord-
ing to the manufacturer’s instructions (MERCK cat. n. MTH17MAG-
47 K-05) using the Bio-Plex 200 instrument (Bio-Rad Laboratories). The
following molecules were measured on mouse serum: IL-1p, TNFa«, IL-
23, IL-17a and IL-22. Measurements were performed in duplicate. The
analytes concentration was calculated using a standard curve, with
software provided by the manufacturer (Bio-Plex Manager Software).

2.15. Data Availability Statement

The complete RNA-seq data of mouse colon and the analysis of
mouse intestinal microbiota are openly available in Mendeley data re-
pository DOI: 10.17632/xrnhhs5373.1

2.16. Statistical analysis

We first performed the Kolmogorov-Smirnov test for normal distri-
bution. The one-way ANOVA or unpaired Student t test were used for
statistical comparisons (*p <0.05). The correlation analysis was per-
formed using Pearson r in the case of a normal distribution of data, or
Spearman r in the case of a non-normal distribution. For the calculation
of statistics on survival percentage values, the chi-square test was
employed. This method was chosen to assess the significance of differ-
ences observed between the experimental groups. p-value of <0.05 was
considered indicative of statistical significance. All analyses were per-
formed using the Prism 8.0 software (GraphPad).

3. Results

3.1. Dual compound PBT002 modulates immune responses in
macrophages and T lymphocytes

The analysis of gene expression in the rectum of patients with
Crohn’s Disease (CD) and Ulcerative Colitis (UC) from the Human
Microbiome Project (HMP2) cohort revealed an upregulation of
numerous cytokines and chemokines, confirming the presence of a sig-
nificant inflammatory state (Fig. 1A). The data highlighted that among
the cytokines, IL-6, IL-17, and IL-22 exhibited the highest fold induction
in disease compared to the levels measured in healthy donors, under-
scoring the involvement of macrophages, the main source of IL-6, and T
lymphocytes, which produce IL-17 and IL-22, in both CD and UC
(Fig. 1A). These findings emphasize the involvement of both the innate
and adaptive immune systems in the pathogenesis of IBD, where Th17
lymphocytes represent an interesting target in both CD and UC [42,43].
Based on this evidence, we developed a compound targeting both
macrophages and Th17 lymphocytes, providing significant immuno-
modulatory activity through dual mechanism: agonism on the GPBAR1
receptor expressed on macrophages and inverse agonism on the RORyt
receptor expressed on Th17 lymphocytes, which regulates their matu-
ration. The best compound of a previously published small family was
24-(3-(hydroxymethyl)phenoxy)-5-cholen-3f-o0l, a synthetic derivative
of bile acids, previously named compound 7 [36], now christened
PBTO002 (Fig. 1B). PBT002 exhibited an EC50 of 1.2 uM for GPBAR1 and
an IC50 of 2.8 uM for RORyt (Fig. 1D) in transactivation assays. To
investigate the immunomodulatory activity of PBT002, we purified
macrophages and T lymphocytes from the buffy coat of healthy donors.
The cells were polarized towards M1 and M2 phenotypes for macro-
phages, and Th17 or Treg phenotypes for T lymphocytes, and they were
exposed to various concentrations of PBT002 (Fig. 1E-H). In macro-
phages, we measured the expression of CD38 and TNFa in the M1 sub-
type, and CD206 and IL-10 in the M2 subtype (Fig. 1E, F). The data
showed that PBT002 exerted a concentration-dependent immunomod-
ulatory activity, reducing polarization towards the pro-inflammatory
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Fig. 3. The role of GPBAR1 in mediating the therapeutic effects of PBT002 in a DSS-induced colitis model. Gpbar1”~ C57BL/6 male mice and their wild types
littermates were treated with DSS from day 1 to day 9. From day 1 to day 9, PBT002 was administered via oral gavage at a dosage of 30 mg/kg/day. The severity of
the disease was assessed by: (A) percentage of body weight change and area under the curve (AUC) of body weight trends, (B) Colitis Disease Activity Index (CDAI)
and AUC of CDAI, (C) measurement of ratio between colon weight and length, (D) ratio between lamina propria cells and colon weight (mg), and (E) microscopic
analysis of the colon using hematoxylin and eosin staining (magnification 10x). (F-J) Colon samples were used to perform a detailed characterization of cells
composition of colonic lamina propria by IC-FACS analysis. Data shown are: (F) numbers of total macrophages (CD4 CD8 CD11b") for mg of colon tissue, (G) fre-
quency of M1 pro- inflammatory macrophages (CD4 CD8'CD11b*CD11¢"CD206) and (H) M2 anti-inflammatory macrophages (CD4 CD8'CD11b"CD11c'CD206™)
and (I, J) macrophages that produce IL-10 (CD4 CD8 CD11b'1L-10") on total macrophages cells (CD4CD8CD11b"). Each dot represents a sample. Histograms
represent the mean + SEM. For the statistical analysis of all results, we first performed the Kolmogorov-Smirnov test for normal distribution than the one-way
éNOVA (*p <0.05). Abbreviations: NT, not treated; DSS, Dextran sulfate sodium; AUC, area under the curve; CDAI, colitis disease activity index; LP, lamina propria.

M1 phenotype while enhancing polarization towards the
anti-inflammatory M2 phenotype (Fig. 1E, F). T lymphocyte polariza-
tion was assessed by measuring the gene expression of RORC, IL-17 F and
IL-22 for Th17, FoxP3, and IL-10 for Treg cells (Fig. 1G, H). PBT002 also
exhibited significant modulatory effects on T lymphocytes, reducing the
expression of Th17 markers while inducing the expression of Treg
markers. These data confirmed the dual action of our compound, which,
through the binding to GPBAR1, expressed on macrophages, and RORyt,
expressed on T lymphocytes, was able to modulate the immune response
of both innate and adaptive immune cells.

3.2. PBT002 treatment mitigates colitis symptoms and modulates immune
cell polarization in TNBS-induced murine model

Given that macrophages and Th17 lymphocytes are heavily involved
in the pathogenesis of both Crohn’s disease and ulcerative colitis, we
tested the effect of PBT002 treatment in a TNBS-induced murine model
of colitis (Figs. 2 and 3). We used PBT002 at a dose of 30 mg/kg per day
since this dose was found to be the most effective in previous dose-
response studies [36]. Disease induction resulted in a weight loss of
approximately 20 %, a CDAI of around 6, significant macroscopic and
microscopic alterations in the colon, and a mortality rate exceeding
60 % (Fig. 2A-H). Administration of PBT002 at a dose of 30 mg/kg
reversed the signs and symptoms of the disease. The data showed that
mice treated with the compound had a weight loss of about 10 %, a CDAIL
below 4, a mortality rate of approximately 40 %, and reduced macro-
scopic and microscopic damage to the colon (Fig. 2A-H). The patho-
logical findings were confirmed by the analysis of the intestinal
expression of e-cadherin, a marker of mucosal integrity [44]. Expression
of e-cadherin, assessed by immunohistochemistry, demonstrated that
while development of TNBS colitis was associated with a reduction of
e-cadherin protein expression, this negative regulation was reversed by
treating mice with PBT002 (Figure S1).

Gene expression analysis of cytokines and markers of macrophages
and T cells in the colon demonstrated that, consistent with in vitro
findings, in vivo treatment with PBT002 modulated the polarization of
immune cells in the colon (Fig. 2I-N). The expression of genes for pro-
inflammatory macrophage cytokines and Cd38, a marker of the M1
phenotype, were reduced by PBT002 treatment, while the expression of
CD206, a marker for anti-inflammatory M2 macrophages, was upregu-
lated (Fig. 2I-L). PBT002 also inhibited Th17 lymphocyte polarization,
as evidenced by the downregulation of Rorc and Il-17 f expression
(Fig. 2M, N).

Subsequently, we also analyzed the peripheral inflammatory state by
examining gene expression in the spleen (Figure S2). The data confirmed
that at the peripheral level, the induction of colitis resulted in an
increased expression of pro-inflammatory markers populations M1 and
Th17, with an upregulation of pro-inflammatory cytokines (Figure S2).
Treatment with PBT002 reversed this inflammatory pattern, confirming
its ability to inhibit the polarization of macrophages towards the M1
phenotype and T lymphocytes towards the Th17 subpopulation.

3.3. Anti-inflammatory effects of PBT002 are partially GPBAR1-
dependent

Since the data shown in Fig. 1 and in the previous manuscript
demonstrated that PBT002 is an agonist of GPBAR1, we investigated the
role of this receptor and the mechanism of action of the compound using
Gpbarl knock-out mice (Figs. 3-6). The disease was induced by the
administration of DSS, which prompts a condition more similar to
human ulcerative colitis. Clinical data and macroscopic and microscopic
analysis of the colon showed that the deletion of Gpbarl aggravated the
disease induced by DSS administration compared to that developed in
wild-type mice (Fig. 3A-E). The administration of PBT002 reduced
weight loss, the CDAI, and colon damage, demonstrating its effective-
ness in alleviating the disease in this second model of colitis (Fig. 3A-E).
In Gpbarl” mice, the beneficial effect of PBT002 was only partially
attenuated. Flow cytometric characterization of immune cells in the
colonic lamina propria showed that PBT002 administration reduced the
percentage of M1 macrophages and increased M2 macrophages, with an
increase in the percentage of macrophages producing IL-10 (Fig. 3F-J).
On T lymphocytes, PBT002 exhibited significant immunomodulatory
activity, reducing the frequency of Th17 lymphocytes and increasing
Tregs, thereby enhancing IL-10 production with anti-inflammatory ef-
fects (Fig. 4). The immunomodulatory effects were attenuated in
Gpbar1l™" mice, particularly the effects on macrophages, where the
beneficial action of PBT002 was mediated by the GPBAR1 (Fig. 3F-J).
However, the effects on T lymphocytes were maintained due to inverse
agonism on RORyt (Fig. 4).

Since both GPBAR1 and RORyt bind bile acids, and it is known that
the bile acid-pool is altered under intestinal inflammation conditions
[45], we have then characterized the fecal bile acid content in
Gpbar1*/* and Gpbar1”" mice across various experimental groups
(Fig. 5A-E). The data showed that naive knock-out mice had a much
higher total fecal bile acid concentration compared to wild-type mice.
On the other hand, disease induction led to a significant reduction in
fecal bile acid concentration, greater than that measured in Gpbarl*/*
mice (Fig. 5B). Additionally, the data indicated that in both genotypes,
DSS administration induced an increase in the ratio of primary and
secondary bile acids (Fig. 5E). This alteration in the fecal bile acid profile
was partially reversed by treatment with PBT002, which induced
normalization of the ratio between primary and secondary bile acids
(Fig. 5E). The alterations in the fecal bile acid pool, due to the induction
of intestinal inflammation, were accompanied by the development of
severe intestinal dysbiosis, characterized by an increase in Proteobac-
teria and a decrease in Firmicutes, Bacteroidetes and Actinobacteria in
both Gpbar1*/* and Gpbar1™” mice (Fig. 5F-H). This finding was further
confirmed by the reduction in Shannon and Simpson indices (Fig. 5I).
Furthermore, the PCA diagram illustrate a robust separation of gut
microbiota composition between the control and DSS-treated groups
(Fig. 5F, G). Treatment with PBT002 restored normal eubiosis and
retained most of its beneficial effects even in the absence of the Gpbarl
gene. At the species level, the compound modulated the frequency of all
identified species in the opposite direction compared to DSS (Fig. 5J).
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Fig. 4. Immunomodulatory effects of PBT002 on Th17 and Treg lymphocytes in wild-type and Gpbarl knock-out mice. Gpbar1”~ C57BL/6 male mice and their wild
types littermates were treated with DSS from day 1 to day 9. From day 1 to day 9, PBT002 was administered via oral gavage at a dosage of 30 mg/kg/day. Colon
samples were used to perform a detailed characterization of cells composition of colonic lamina propria by IC-FACS analysis. Data shown are: numbers of total (A)
cytotoxic T lymphocytes (CD4CD8") and (B) helper T lymphocytes (CD4"CD8") for mg of colon tissue, (C, D) frequency of Treg cells (CD4'CD8'FOXP3"), (E)
frequency of IL-10+ T helper cells (CD4"CDSIL-10"), (F, G) frequency of Th17 cells (CD4 'CD8 RORy "), and (H) frequency of IL-10+ T helper cells (CD4 'CD8'IL-
17 £*) on total T helper cells (CD4*CD8"). Each dot represents a sample. Histograms represent the mean + SEM. For the statistical analysis of all results, we first
performed the Kolmogorov-Smirnov test for normal distribution than the one-way ANOVA (*p <0.05). Abbreviations: NT, not treated; DSS, Dextran sulfate sodium.
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Fig. 5. Reversal of fecal bile acids metabolome alteration and dysbiosis by PBT002 in the mouse model of DSS-induced colitis. Gpbar1”~ C57BL/6 male mice and their
wild types littermates were treated with DSS from day 1 to day 9. From day 1 to day 9, PBT002 was administered via oral gavage at a dosage of 30 mg/kg/day. (A-E)
Analysis of bile acids in feces: (A) individual concentrations of bile acids and their derivates (pg/ug), (B) total bile acids pool in the feces (pg/pg), (C) primary bile
acids (pg/pg), (D) secondary bile acids (pg/pg) and (E) ratio between primary and secondary bile acids. (F, G) Analysis of the microbiota taxonomic using the
principal component analysis (PCoA) plot of f diversity showing the distribution of different samples of (F) Gpbarl +/* mice and (G) Gpbarl ~ mice. (H) Relative
abundance of phyla evaluated in fecal samples. (I) Shannon and Simpson index at family taxonomic level. (J) Relative abundance of all species identified above 1 %
in experimental samples. Each dot represents a sample. Histograms represent the mean + SEM. For the statistical analysis of all results, we first performed the
Kolmogorov-Smirnov test for normal distribution than the one-way ANOVA (*p <0.05). Abbreviations: NT, not treated; DSS, Dextran sulfate sodium; BAs, bile acids;
T, tauro; LCA, lithocholic acid; DCA, deoxycholic acid; CDCA, chenodeoxycholic acid; HDCA, hyodeoxycholic acid; UDCA, ursodeoxycholic acid; HCA, hyocholic
a‘cid; oMu, alpha-muricholic acid; fMu, beta-muricholic acid; 7k, 7keto; CA, cholic acid.

To further investigate the mechanisms of the disease and the bene-
ficial effects exerted by PBT002, we carried out RNA sequencing of the
colon samples (Fig. 6). The PCA plot showed a clear separation between
naive mice and those treated with DSS, with modulation in wild-type
mice of 3435 genes, of which 2585 transcripts (75 %) were up-
regulated (Fig. 6A-C). In Gpbarl”” mice, disease induction modulated
only 1860 genes, of which 1164 were up-regulated (63 %) (Fig. 6D-F).
The reduced effect of disease induction observed in knock-out mice may
be attributed to these mice already having a hyperactive immune system
under basal conditions, leading to a state of subclinical inflammation in
the colon. In Gpbar1*/* mice, treatment with PBT002 modulated the
expression of 1086 genes compared to mice treated with DSS alone, with
831 (76 %) of these genes being down-regulated (Fig. 6B, C). The effect
of PBT002 administration was significantly attenuated in Gpbarl””
mice, where treatment modulated the expression of only 173 genes
(Fig. 6E, F). Pathway analysis revealed that the most modulated
pathway by colitis induction was the chemokines pathway, with 59
genes upregulated compared to naive mice. This pathway also showed
the highest number of genes downregulated by PBT002 treatment
(Fig. 6G, H and Figure S3, S4). Ccl2 was the most upregulated gene by
DSS administration, with a fold change of 41.45 and PBT002 reversed
the expression of this gene (Fig. 6H and Table 1).

The significance of the chemokine signaling pathway in the patho-
genesis of the disease was highlighted by the direct correlation shown in
Fig. 61 between the expression of numerous genes in this pathway and
the disease severity in wild-type mice treated with DSS. Specifically, the
expression levels of Ccll1, Ccl12, Ccl17, Ccl2, Ccl3, Ccl4, Ccl6, Ccl7,
Ccl8, Ccl9, Ccrl, Cer2, and Cer5 displayed a strong inverse correlation
with the percentage of body weight and a direct correlation with the
CDAL

3.4. IL-23 administration exacerbates colitis in mice, but this effect is
mitigated by PBT002

IL-23 is a pro-inflammatory cytokine that promotes the differentia-
tion of T cells into the Th17 phenotype. The IL-23/IL-23R pathway is
pivotal in regulating the expression of RORyt in T cells and is signifi-
cantly involved in the progression of chronic inflammatory diseases,
such as IBD. This pathway is a validated target for evaluating the impact
of RORyt on the protective effects of PBT002. Thus, our study explored
whether PBT002 could alleviate colitis induced by DSS and IL-23. In this
experimental setup, mice were administered DSS for 6 days, while IL-23
was given daily via intraperitoneal injection (i.p.) (Fig. 7). The mice
were sacrificed on day 6 because a longer duration led to extremely high
mortality (data not shown). The data showed that IL-23 administration
exacerbated disease signs and symptoms, with a weight loss of approx-
imately 10 % and a CDAI of 8 on day 6 (Fig. 7A, B). Moreover, macro-
scopic and microscopic analysis of the colon revealed massive
inflammation with a high number of immune cells infiltrating the
colonic lamina propria (Fig. 7C-E). The administration of PBT002 alle-
viated the disease and maintained its protective effect even in mice

11

treated with the combination of DSS and IL-23. Additionally, data on the
blood concentration of pro-inflammatory cytokines produced by mac-
rophages (IL-1p, IL-6, TNFa and IL-23) and Th17 cells (IL-22 and IL-
17a), demonstrated that IL-23 increased the inflammatory state
induced by DSS, while PBT002 down-regulated the expression of all
measured cytokines, counteracting the effect of DSS + IL-23 (Fig. 7F-K).

4. Discussion

Crohn’s disease and ulcerative colitis, the two main clinical forms of
IBD, are two chronic relapsing disorders characterized by chronic diar-
rhea, recurrent abdominal pain, rectal bleeding and extra-intestinal
manifestations, whose prevalence is increasing worldwide [46].
Despite the therapeutic landscape of IBD has changed considerably in
the last two decades, treating IBD remains challenging with most pa-
tients unable to achieve durable disease remission. Typically, patients
require long-term steroid-sparing agents directed towards the immu-
nological imbalance of the intestinal mucosa but remission rates of pa-
tients with ulcerative colitis given new therapeutic agents in induction
trials remain at a modest 20-30 % [47]. Development of novel thera-
peutic strategies is also challenging due to unclear translational rele-
vance of immunological mechanisms, costs, competition for patients
recruitment in clinical trials and high rates of failure of phase 3 trials
[48]. Furthermore, several promising therapies are in advanced stages of
development, there are various limitations associated with each drug
class, including the risk of immunogenicity, infection, increased risk of
cardiovascular events and cancer with Janus kinase (JAK) inhibitors and
sphingosine 1-phosphate receptor (S2PR) modulators [48]. Further-
more, with few exceptions, all biologic therapies, specifically the
anti-cytokines agents, are designed to target specific molecular mecha-
nisms, while genome-wide association studies have identified more than
250 IBD risk loci and IBD is driven by multiple dysregulated cellular
pathways with a complexity that remains far from deciphered [49].

Building on this increased complexity, in the present study we
describe PBT002, the first in class of non-steroidal orally active small
molecules functioning as dual GPBAR1 agonist and RORyt inverse
agonist [36]. PBT002 was designed to target multiple immunological
pathways mechanistically involved in IBD development and our in vivo
and in vitro results demonstrated that this agent effectively reverses
macrophages polarization and Thl7 differentiation in two rodent
models of intestinal inflammation establishing a role for hybrid GPBAR1
agonist/ RORyt inverse agonists as potential treatment for IBD.

PBTO002 was designed to target both innate and adaptive immunity in
a broad manner since GPBAR1 is widely expressed in intestinal epithe-
lial cells, myeloid cells and NKT cells [14,50] while RORyt expression is
restricted to specific T cells subsets, Th17 cells and ILC3 [51]. While
myeloid- and Th17-based mechanisms are involved in IBD develop-
ment, the relative contribution of these pathways to disease develop-
ment varies drastically in IBD patients and animal models [52,53]. Th17
cells are characterized by the production of IL-17A, IL-17 F, and other
proinflammatory cytokines, which contribute to the chronic
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Fig. 6. Gene expression change in colonic tissue following disease induction and PBT002 treatment in Gpbarl /" and Gpbar1™~ mice. Gpbar1”~ C57BL/6 male mice
and their wild types littermates were treated with DSS from day 1 to day 9. From day 1 to day 9, PBT002 was administered via oral gavage at a dosage of 30 mg/kg/
day. RNAseq analysis was carried out in colon samples from each experimental group using: (A, D) the Principal Component Analysis (PCoA) plot of p diversity
showing the distribution of different samples; (B, E) number of genes modulated by DSS versus NT mice and gene modulated by DSS + PBT002 versus DSS (in gray
the total number of genes, in red the up-regulated genes and in green the down-regulated genes); (C, F) venn diagram of differentially expressed genes showing the
overlapping region (identified as AB set) between the experimental groups of mice (fold change <—2 or >2, *p value <0.05) in (A-C) prarl” T mice and (D-F)
Gpbarl”” mice ‘G) Analysis of the pathway more modulated by the induction of colitis involved in inflammation in Gpbarl™™" mice and (H) value of relative
expression of all genes present in the chemokine pathway. (I) Correlation matrix between the expression of genes of the chemokine pathway and disease severity
assessed by percentage of body weight and CDAI at day 9. Each dot represents a sample. Histograms represent the mean + SEM. For the statistical analysis of all
results, we first performed the Kolmogorov-Smirnov test for normal distribution than the one-way ANOVA (*p <0.05). The correlation analysis was performed using
Pearson r in the case of a normal distribution of data, or Spearman r in the case of a non-normal distribution. Abbreviations: NT, not treated; DSS, Dextran sul-

fate sodium.

inflammation in IBD patients. Animal studies have shown that blocking
IL17 results in disease reversion, grounding the further development of
IL-17 based therapies [54]. Human mechanistic studies have confirmed
the potential role for this pathway since IL-17 mRNA levels are elevated
in the intestinal mucosa of both CD and UC patients and expression
levels of IL17 mRNA correlate with disease severity and activity [55], as
also confirmed by data shown in Fig. 1. Despite these findings, however,
clinical trials using anti-IL17 approaches have shown limited efficacy in
treating IBD with no more than 20-30 % of patients achieving remission
in response to treatment with anti-IL17 antibodies [56]. Secukinumab,
ixekizumab and brodalumab are monoclonal antibodies that target
IL-17. Although these antibodies have shown efficacy in managing
psoriasis, psoriatic arthritis and ankylosing spondylitis [57,58], they
have shown limited or no efficacy in IBD patients [57].

Several potential reasons have been proposed for the limited success
of IL-17-targeted therapies in IBD. Thus, while Th17 cells that produce
IFN-y, contributing to intestinal inflammation [59], Th17 cells subjected
to anti-inflammatory stimuli can also convert into Treg cells, important
for the counter-modulation of inflammation [60]. While Th17 cells and
IL-17 are pivotal in the pathogenesis of IBD, targeting the IL-17 axis
alone has proven challenging.

These studies highlight the need to modulate not only the final
effector mechanism, a mainstay in the current anti-cytokine pipeline,
but also to redirect the mechanisms that promote Th17 differentiation.
These include the targeting of upstream factors such as IL-23 produced
by macrophages, and that is the driving factor for Th17 cell polarization
and maintenance [61]. Since IL-23 is generated upon macrophage
activation it is likely that repressing macrophage-derived cytokines like
IL-23 will contribute to the regulation of Th17 cells [19,36,37,62].
Consistent with this hypothesis Th17 polarization was significantly
inhibited by PBT002 in vitro and in vivo, as demonstrated by the down-
regulation of Rorc and Il-17 expression, two biomarkers for Th17 po-
larization [5,51,63]. Additionally, PBT002 effectively reversed Th17
polarization induced in vivo by IL-23 (Fig. 7). The data presented in this
study demonstrated that while IL-23 administration exacerbated the
weight loss and the disease activity index, PBT002 counteracted these
clinical effects and inflammation as measured by assessing the systemic
levels of pro-inflammatory cytokines such as IL-1f, IL-6, TNFa, IL-22,
and IL-17a, which are deemed essential in the pathogenesis of IBD
[43,64].

GPBARI activation is associated with anti-inflammatory effects, as
seen in the upregulation of CD206, a marker for anti-inflammatory M2
macrophages. This dual mechanism not only inhibits pro-inflammatory
pathways but also promotes anti-inflammatory pathways, offering a
comprehensive approach to managing IBD [1,5]. The use of Gpbarl
knock-out mice provided insights into the partial dependency of
PBT002’s effects on GPBAR1. While a significant portion of PBT002’s
anti-inflammatory action was dependent on GPBARI, its ability to
modulate inflammation in GPBAR1-deficient models suggests additional
mechanisms at play. This redundancy could be beneficial in therapeutic
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contexts where GPBAR1 pathways are compromised or downregulated
[5,7]. Among the effects of PBT002 that appear to be related to the
action of GPBAR1, there is the downregulation of chemokine expression.
In fact, the chemokines pathway emerged as a major target, with a
significant down-regulation of pro-inflammatory genes upon PBT002
treatment, especially notable in the Ccl2 gene, which saw a fold change
reversal of —6.98 (Table 1) under disease conditions. This suggests a
potent anti-inflammatory effect facilitated through the modulation of
specific chemokines involved in immune cell recruitment and activation
[65].

One mechanism that might support the beneficial effects exerted by
PBT002 in these models of colitis, is also related to impact of this agents
on the intestinal microbiota. As mentioned, mice develop a severe dys-
biosis when administered DSS and these changes were partially reversed
by PBT002. The relative abundance of Clostridium spp was statistically
reduced by colitis and reversed by treating mice with PBT002. Since
Clostridium spp is known for being a BSH expressing bacterium [22],
these changes might impact on the amount of secondary bile acids that
were retrieved in the feces, and might contribute to the pharmacological
effect of PBT002[66].

This study presents several limitations. Despite we have used three
validated models of colitis, the translational relevance of present results
needs to confirmed in clinical trials. Additionally, it should be consid-
ered that RORyt is expressed by innate lymphoid cells (ILC)3, a subset of
innate lymphocytes predominantly found in the intestinal mucosa. ILC3
are capable of secreting various cytokines which play pivotal roles in the
elimination of luminal antigens, the promotion of epithelial tissue repair
and the maintenance of mucosal barrier integrity [67]. While prolonged
inhibition of RORyt prevent ILC3 maturation, its pulsed inhibition
selectively affects Th17 cells without compromising the protective role
of ILC3s, making necessary to further establish in human settings the
effective role of RORyt inhibition as in the treatment of IBD [16]. The
same limitation might apply to GPBARI, since the receptor is not
restricted to macrophages and is also detected on epithelial cells and
intestinal L cells[68]. Targeting GLP1, however, might be beneficial in
IBD, since the GLP1 receptor functions as a negative costimulatory
molecule on T cells[69]. Additionally, in the present study we have
shown that while Gpbarl gene ablation worsens the disease severity in
DSS treated mice, as shown by higher body weight loss and CDAI and
number of leukocytes in the lamina propria (Figs. 3 and 4D), along other
biomarkers, these changes were slightly less severe than what previously
reported by us [11,14] and others [70] in the DSS and TNBS model, but
fully consistent with the view that GPBAR1 contribute to maintenance of
intestinal homeostasis.

In summary, PBT002 emerges as a promising therapeutic candidate
for IBD, with its dual action on GPBAR1 and RORyt providing a multi-
target approach to modulating immune response. Its ability to down-
regulate pro-inflammatory cytokines, to inhibit Th17 differentiation,
and to promote anti-inflammatory macrophage polarization represents a
comprehensive strategy for addressing the complex immunopathology
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Table 1
Chemokine signaling pathway DSS Vs NT and DSS + PBT002 Vs DSS in wild-type mice.

ID PSS vsNT ID | DSS + PBToo2 Avg (log2) | DSS Avg (log2) DSS + PBTooz2vs DSS
Fold Change P-val Fold Change

Ccl2 6.87 0.00001 Ppbp 2.84 R 0.01880
Ppbp 5.95 0.00220 Cxcla 3.03, . 0.01870
Cxcl1 5.91 0.00070 Ccl2 4.07 X 0.00260]
Cxcls 6.74 0.00040| Cxcl2 2.13) . 0.01600
Ccl8 7-33 0.00000 Cclg 5.4 R 0.00003
Cxcl2 4.5 0.00050] Cclz 3.19 . 0.00470
Ccly 5.21 0.00001 Pfy £4.02]

Cxcli3 6.98 0.00004] Cxcls 4.83

Cclg 7.69 0.00000 Ccra 3.79

Adcyy 4.96 0.00001 Cxcr2 0.5

Cery 5.62 0.00003 Ccl8 5.65

Ccl3 2.97 0.00006| Ccl3 1.31 . 0.00100
Hck 4.99 0.00002 Ccli2 2.45 3 0.00010
Ccry /A 0.02400] Cclé 8.55 . 0.00020
Ccli2 3.93 0.00000 Gng8 1.65

Cxcl12 7.17 0.00001 Cxcli2 5.89 E 0.00080|
Prkcb 6.04 0.00340 Adcyy 3.74 . 0.01810
Cxcrg 6.39 0.00050 Plcbs 5.87 . 0.00020]
Arrb2 £4.64 0.00010 Ccl24 1.03,

Pik3rs 4 0.00020| Cclaa 2.3

Ncf1 5.55 0.00008| Gngi1 4.75

Gng2 6.17 0.00000] Prkcb £4.94)

Pfy 5.99 0.01090 Cclay 1.34,

Cxclg 3.32 0.01370 Fgr 2.86 . 0.00600
Akt3 5.77 0.00006 Shcz 1.54

Ccrg 2.72 0.00003 Prkcz 3.44 . 0.00620]
Vav2 4.31 0.00450) Grké 7.23

Gnbg 4.53 0.00150 Ccré 4.36

Gng8 2.98 0.00040,

Fgr 3.89 0.00100

Gng3 3.95 0.00020)

Cxcli6 6.62 0.00008]

Cxcr2 2.2 0.00040

Adcys 6.73 0.00050]

Prexi 2.49 0.00110

Dock2 2.87 0.03500

Ccr2 4.94 0.00140

Cxclio 2.61 0.00520]

Adcy3 3.92 0.00280

Rac2 3.34 0.01860

Vav3 5.21 0.00550

Grksg 5.86 0.00630

Shcs 2.19 0.00210

Plcba 5.27 0.00020

Cclaa 3.43 0.00940

Was 3.84 0.00950

Jak3 4.55 0.01060

Stat3 9.17 0.00000

Plcbg 7.06 0.00130

Cclg 1.46 0.00390

Nfkbia 8.3 0.00050]

Gngt2 6.49 0.00580|

Shc2 2.55 0.00009

Adcyy 4.61 0.00410

Vavi 4.38 0.02050)

Elmox £4.65 0.00030

Stat2 5.46 0.00550

Gnaix 6.02 0.00310

Mapzka 6.84 0.00040

Ccl28 6.44 0.03530

Prkcz 2.44 0.00008
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Fig. 7. Impact of PBT002 on IL-23-exacerbated DSS mouse model of colitis. Colitis was induced by simultaneous administration of DSS + IL-23 in C57BL/6 wild-type
mice. 2 % DSS was administered in drinking water for 6 consecutive days. IL-23 was administered at a dose of 500 ng/mouse via i.p. injection daily. PBT002 (30 mg/
Kg/daily) was administered by o.s. from day 1 to the end of the experiments. The mice were sacrificed at day 6. Disease severity was scored by the following
evaluations: (A) changes in body weight, (B) Colitis Disease Activity Index (CDAI), (C) hematoxylin and eosin staining of colon (magnification 10x), (D) colon length
and (E) ratio between lamina propria cells and colon weight (mg). (F-K) Concentration of (F) IL-1f, (G) IL-6, (H) TNFa, (I) IL-23, (J) IL-22 and (K) IL-17a and in the
serum of mice (pg/ml) evaluated by ELISA test at day 6. Each dot represents a sample. Histograms represent the mean + SEM. For the statistical analysis of all results,
we first performed the Kolmogorov-Smirnov test for normal distribution than the one-way ANOVA (*p <0.05). Abbreviations: NT, not treated; DSS, Dextran sulfate
sodium; DCA, deoxycholic acid; IL-23, interleukin-23; CDAI, colitis disease activity index; LP, lamina propria; IL-1p, interleukin-1f; TNFa, tumor necrosis factor-

alpha; IL-17a, interleukin-17a; IL-22, interleukin-22; IL-6, interleukin-6.

of IBD. Future studies should explore the long-term efficacy and safety of
PBT002 in clinical settings, as well as its potential interactions with
existing IBD therapies.
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