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ABSTRACT: Retinoic acid receptor-related orphan receptor y-t (RORyt) and GPBARI, a transmembrane G-protein-coupled
receptor for bile acids, are attractive drug targets to develop clinically relevant small modulators as potent therapeutics for
autoimmune diseases. Herein, we designed, synthesized, and evaluated several new bile acid-derived ligands with potent dual activity.
Furthermore, we performed molecular docking and MD calculations of the best dual modulators in the two targets to identify the
binding modes as well as to better understand the molecular basis of the inverse agonism of RORyt by bile acid derivatives. Among
these compounds, 7 was identified as a GPBAR1 agonist (ECs 5.9 uM) and RORyt inverse agonist (ICs, 0.107 #M), with excellent
pharmacokinetic properties. Finally, the most promising ligand displayed robust anti-inflammatory activity in vitro and in vivo in a
mouse model of 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis.

Bl INTRODUCTION However, the lack of expression on cells of adaptive immunity
limits the development of FXR and GPBARI agonists for
therapeutic purposes in those settings where T cells play a
mechanistic role.’ The retinoic acid receptor-related orphan
receptors (RORs) represent key regulators of many physio-
logical and pathological processes. Among ROR isoforms,
RORYy is highly expressed in lymphoid organs, skeletal muscles,
adipose tissues, kidneys, and liver, and RORyt plays a role in
regulating Ty17 cells, a subset of T helper lymphocytes whose
activation drives intestinal inflammation in IBD patients.””*
Additionally, the overexpression of RORyt in naive CD4" T cells

Immune cells in the gastrointestinal tract and liver are
continuously exposed to microbial antigens generated by the
intestinal microbiota. However, because the maintenance of
immune homeostasis in enterohepatic tissues is essential to
prevent the onset of inflammation, mechanisms that regulate the
development of a tolerogenic phenotype by immune cells in the
gastrointestinal tract and liver are only partially known.

Bile acids (BAs)" are steroidal molecules that represent the
end product of cholesterol metabolism, exerting their regulatory
function by activating a family of receptors known as the bile

acid-activated receptors (BARs). Among these, the farnesoid X leads to the induction and development of Ty17 cells, whereas
receptor (FXR) and the G-protein-coupled bile acid receptor

(GPBARI, also commonly named M-BAR or Takeda G- Received: December 12, 2022

protein-coupled receptor S, TGRS) have proven to be Accepted:  January 12, 2023

druggable, and several selective or dual ligands have been Published: January 31, 2023

developed.” ™ Both FXR and GPBARI are expressed by cells of
innate immunity, and their activation reverses intestinal and
systemic inflammation in a variety of preclinical models.
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Figure 1. Chemical structure of 1-21.
Scheme 1. Synthesis of Analogues 1-21
R,
N Sy
O- J\ J/\
OH
(f) NaOH, MeOH:H,0 | Rz = COOCHy (€) LiBH,, MeOH dry,
1:1 viv, reflux, 1h Ry =CH,0H in THF dry, 0°C, 2h
R, = COOH 13
(c) PPhy, DIAD in THF dry, 0°C, 12h /o
(d) TBAF 1M, in THF dry, 24h
A HO’ COOCH;
COOH COOCH; .
\/\0
‘ﬂ (s) TBSOTY, 26.tuticine (c) PPhy, DIAD in THF dry, 0°C, 12h
“ ref 26 _ inDCMdry,3h (d) TBAF 1M, in THF dry, 24h
Ho™ E HO 1b) LiBH,, MeOH dry,
H o in THF dry, 0°C, 2h TBSO '“ HO
24
Hyodeoxycholic acid Ry=COOCH; R,=H 1 :‘ (e) LiBHy, MeOH
(f) NaOH, MeOH:H,0 | R,=CH,0H R,=H dry, in THF dry,
1:1 viv, reflux, 1h Ry =COOH Ry=H 3 0°C, 2h
Ry =CF; Ry=H 4
R;=CN Ry=H 5
(7 NaOH, MeOH:H0 | = H R, = COOCH; 5 (e) LiBH,, MeOH
121 viv, refiux, 1h Ry=H R = CH,0H dry, in THF dry,
o ) Ri=H R, = COOH 8 0°C, 2h
Ry=H R, =CF; 9
R;=H R,=CN 10
B
- R,
COOH COOCH; CH,0H ? /@/R
1
! o
-TSOH :
(gM)e%H oy, '1“2h (6) LiBH,, MeOH dry, (c) PPhg, DIAD in THF dry, 0°C, 12h
— s in THF dry, 0°C, 2h (d) TBAF 1M, in THF dry, 24h
HO™ (a) TBSOTY, 2,6-lutidine 1o o TBSO" E——
H in DCM dry, 3h H H R HO™
Lithocholic acid 25 26 @ .
Ho R;=COOCH; R,=H 14 (e) LIBH,, MeOH dry,
(f) NaOH, MeOH:H,0 Ry=CH,0H R,=H 15 in THF dry, 0°C, 2h
1:1 viv, reflux, 1h R; = COOH R,=H 16
R;=CN Ry=H 17
Ry=H R, =COOCH; 18 (&) LiBH,, MeOH dry,
(f) NaOH, MeOH:H,0 Ry = Rz = CH,0H 19 in THF dry, 0°C, 2h
1:1 viv, reflux, 1h Ri=H R, = COOH 20
Ry=H R,=CN 21
5984

https://doi.org/10.1021/acsomega.2c07907
ACS Omega 2023, 8, 5983—-5994


https://pubs.acs.org/doi/10.1021/acsomega.2c07907?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07907?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07907?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07907?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07907?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07907?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07907?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Efficacy on GPBARI and RORyt*"*

First subset

o-R
HO
Compd R GPBARI1? RORyt®
7
+ C
2 \©\<;H20H 13.4+103 nt
E
3 T, 443405 95.6+ 1.8
/
4 21846 e
4
5 A11£12 725429
\©\CN
7 /\@ e 128.6 + 14.4 97.2+3.6
8 ’*@/ o 168+83 nte
9 : O 17.9+0.2 nte
10 o 20343 nte
&£ CH,OH
12 @ 327459 nte
OH
&£ COOH
13 7@ 263+1.1 nte
OH
Second subset
o-R
HOY ™1
Compd R GPBARI® RORyt"
7
+ +
15 QCHZOH 114.1 +0.04 526492
K
16 42.6+05 102467
;©\COOH
17 5711 701435
e
19 ”\@r ereer 96.2+5.9 48.0+102
20 &©/ oo 452+78 54977
21 5\©CN 86.1+ 1.8 543+7.2

“Eff. (%) is the maximum efficacy of the compound (10 uM) relative to TLCA (10 yM) as 100 in transactivation of a cAMP-responsive element
(CRE) on HEK-293T cells; results are the mean of two experiments + SD. YEff. is the efficacy of the compound (10 uM) as % of inhibition
calculated from the residual activity of RORyt, defining the wells containing only vehicle (DMSO) as 100% control and the wells without the

protein as 0% control. “nt means not tested.

its inhibition reduces the autoimmune response4’9 and holds
promise in the treatment of colitis, autoimmune diseases, and
metabolic disorders.”'’ Several cholesterol intermediates and
metabolites exhibit high affinity toward RORyt and act as
agonists or inverse agonists.'”'> The mechanism of action of
RORyt agonists is explained through the stabilization of the H-
bond between His479 and Tyr502 on Helix 11 (H11) and Helix
12 (H12), respectively, allowing the recruitment of transcrip-
tional coactivators on target genes. On the other hand, inverse
agonists of RORyt disrupt the H-bond between H11 and HI2
through a mechanism of interaction that includes Leu324,

5985

Trp317, His479, and Tyr502, preventing the recruitment of
transcriptional coactivators and inhibiting Ty17 cell differ-
entiation both in vitro and in vivo." ~"*

The specific structural motifs of RORyt inverse agonists rely
on the presence of a hydrogen bond acceptor at one end of the
molecule and a lipophilic and rigid motif on the other side,
appropriately spaced.'”'” RORyt cocrystallized structures
demonstrated that the AF-2 domain at the C-terminus of the
receptor, together with helices H3, H4, and HS, forms a charge
clamp pocket that facilitates the binding of coactivators.
Mutagenesis studies of this region confirmed that such a

https://doi.org/10.1021/acsomega.2c07907
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Figure 2. In vitro assays. An overview of the efficacy, potency, and preliminary PK parameters of compounds 3 and 7.

charged clamp pocket is required for hydroxycholesterols to
affect RORyt activity."*

While RORyt expression is limited to Ty;17 cells and innate
lymphoid 3 cells (ILC3s), GPBARI is expressed by the cells of
innate immunity, therefore developing dual RORyt antagonists/
GPBARI1 agonists might provide a unique opportunity to
simultaneously target the innate immunity along with effector
mechanisms in the Ty17 pathway, tightening the spectrum of
activity and limiting the potential side effects linked to the
nonselective inhibition of the whole immune system.””~*

Building on this background,23 we have designed a new series
of bile acid-derived ligands with potential multitarget activity
(compounds 1-21, Figure 1). Synthesis, pharmacological
profiling, and computational studies resulted in the discovery
of 3 and 7 as GPBARI agonists and RORyt inverse agonists.
Further, the excellent pharmacokinetic profile of 7 placed this
novel hybrid ligand in a privileged position for preclinical
studies, and deep in vivo pharmacological evaluation demon-
strated its therapeutical potential in the treatment of colitis.
Therefore, here, we present, in a proof-of-concept study, the first
evidence that dual modulation of RORyt/GPBARI represents a
new armamentarium in IBD pharmacological treatment.

B RESULTS AND DISCUSSION

Starting from hyodeoxycholic acid and lithocholic acid, two
different subsets of compounds, focusing on the ring A and B
junction and modifying the side chain in length and in the nature
of the end-group, have been prepared (Figure 1).

The preparation of subset 1 (compounds 1—13, Scheme 1)
was obtained from compound 23°° by alcohol protection at C3
and reduction at the side-chain methyl ester to give 24, which
was used in multiple Mitsunobu reactions with various phenols
(Scheme 1) to produce, after deprotection at C3, derivatives 4,
5,9, and 10 and the expected methyl esters (1, 6, and 11).%
Finally, LiBH, reduction and basic hydrolysis afforded the
corresponding alcohols (compounds 2, 7, and 12) and
carboxylic acids (compounds 3, 8, and 13), respectively.

For the synthesis of the second subset of compounds (14—
21), lithocholic acid was used as a starting material. To enhance
the selectivity of the Mitsunobu coupling at C24,”* we protected
the C3 alcoholic function before LiBH, reduction of ester in the
side chain. Intermediate 26 was coupled with four different
phenols to produce 14, 17, 18, and 21. LiBH, reduction and
basic hydrolysis on methyl esters 14 and 18 furnished the
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alcohols 15 and 19 and the carboxylic acids 16 and 20,
respectively.

A selection of new derivatives (compounds 2—S5, 7—10, 12,
13,15—17,and 19—21) was first tested in the luciferase reporter
assay on HEK-293T cells transfected with GPBARI. Partic-
ularly, we decided to exclude from our assays the ester
derivatives (compounds 1, 6, 11, 14, and 18) because of their
tendency to be hydrolyzed in vivo. Results of these assays,
reported in Table 1, revealed that several compounds exhibited
good efficacy as GPBARI agonists and, notably, 7, 15, and 19
showed similar activity to taurolithocholic acid (TLCA), the
most potent endogenous GPBAR1 agonist.

All of the compounds showing an efficacy greater than 40%
were further analyzed on RORyt to identify new tools for the
treatment of IBD.

To evaluate inverse-agonist activities against human RORyt of
the selected compounds, the human RORy reporter assay
system was used. Moreover, the ability of these compounds to
interfere with the RORyt-SRC-1 interaction was also evaluated
in a cell-free a-screen assay. The efficacies of all tested
compounds (3, 5, 7, 15—17, and 19-21) are reported in
Table 1. Notably, apart from 17, all compounds of the second
subset, endowed with the bile acid shape (cis A/B ring junction),
showed lower efficacy against RORyt than the corresponding
derivatives belonging to the first subset, with 3, 5, and 7 showing
the best efficacy on RORyt. Compounds $ and 17 resulted in
being less soluble in aqueous buffers (10 and 15 uM,
respectively), thus hampering further pharmacological evalua-
tions and prompting us to investigate the most promising
compounds, 3 and 7.

Asreported in Figure 2, 3 and 7 exhibited good activity against
both receptors, representing the best match in terms of efficacy
and potency. These compounds exerted a concentration-
dependent effect on the activation of CREB in HEK-293T
cells transfected with GPBAR1 with an EC; 0f 0.22 and 5.9 uM,
respectively. Despite the low value of ECy, for 3, it should be
considered that the above potency is related to an efficacy of
about 44% when compared to TLCA (Table 1), whereas the
efficacy of 7 was about 129%. Moreover, 3 and 7 inhibited the
binding of RORyt-LBD to coactivator peptide SRC-1 with an
IC; of 1.19 and 0.107 uM, respectively. The potency of 7 was
also confirmed in the human RORyt reporter assay, revealing an
ICsy of 0.193 uM. Ursolic acid and digoxin were used as the
assay control (ICs, values of 0.116 and 0.237 uM, respectively).
Moreover, both compounds exhibited excellent selectivity with
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Figure 3. Representation of the MD binding mode of (A) 3 and (B) 7 in RORy and (E) 3 and (F) 7 in the GPBAR1 homology model. The ligands are
represented as pink and gold sticks, respectively, and the interacting residues of the receptor are shown in gray and labeled, with oxygen atoms in red and
nitrogens in blue. The receptor is represented as ribbons with its helix labeled. Hydrogens are omitted for the sake of clarity and H-bonds are displayed
as dashed lines. Plots of average RMSD calculated on the heavy atoms of the steroidal scaffold of (C) and (G) 3 and (D) and (H) 7.

no off-target activity toward metabolic nuclear receptors, such as Compounds 3 and 7 were further investigated to assess their
FXR, LXRq, and LXR f (Table S1 in the SI). aqueous solubility, LogD, and the liability to hepatic
5987 https://doi.org/10.1021/acsomega.2c07907
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Figure 4. Electrostatic potential map calculated on GPBARI. The
surface is colored according to the electrostatic potential, where the red
color (negative potential) indicates an excess of negative charges and
the blue color (positive potential) is an excess of positive charges. The
white regions correspond to fairly neutral potentials. The values are
expressed in atomic units (a.u).

metabolizing enzymes (Figure 2). Both the liver microsomal
fraction and S9 fraction were employed. The compounds
resulted in being sufficiently soluble in an aqueous buffer at pH
7.4 and were endowed with proper LogD values. Moreover, in
vitro treatment with human liver microsomes and human liver
S9 fractions demonstrated a very promising ¢, /, value of 330 min
(CLiy = 7 uL/min/mg protein) for compound 7. All of these
data highlight the pharmacological potential of 7 in associating
potency and efficacy in the dual modulation of RORyt and
GPBARI with excellent metabolic stability.

Computational Studies. To elucidate the binding mode of
the most promising dual-activity derivatives, 3 and 7, toward
RORyt and GPBARI, molecular modeling studies based on
docking and MD calculations, which are widely employed
techniques to study ligand/protein binding interactions,™ '
have been carried out. First, we performed molecular docking
calculations using the Glide software package (S1).>* As the
starting structure, the human crystallographic structure of the
active conformation of the RORyt-LBD domain with PDB ID
310j°° was employed. For the GPBARI receptor, we used the 3D
model developed in 2014.>* The docking calculations identified
binding modes of 3 and 7 to RORyt and GPBARI (SI Figures S1

and S3) in agreement with those previously reported for
structurally similar ligands.*® To assess the docking results in a
more realistic condition, where protein flexibility and the water
effect are taken into account, the best docking pose for both 3
and 7 underwent a 1 s MD simulation in RORyt in an explicit
solvent. The results showed that, after a few ns of simulation, 3
underwent a conformational rearrangement with respect to the
initial docking pose (Figure 3, panels A and C), leading to an
extended conformation of the flexible chain at C-17, while the
hydroxyl group at C-3 kept a stable H-bond with the GIn286 side
chain on H2 as found by docking. The steroidal scaffold was
placed in the amphipathic pocket between H4 and HS, where it
was further stabilized by a set of hydrophobic interactions
established with the side chains of Leu324, Val361, Val376, and
Phe378. The aromatic ring was located between H4 and H11,
where it took part in aromatic interactions with Trp317 and
His479. The carboxyl group on the ligand side chain moved
during the MD simulation to form an H-bond with Arg482
located on HI11 (Figure 3, panel A). Finally, the above
conformational change and the stacking interaction between
the aromatic ring in the ligand’s side chain and the side chain of
His479 caused the destruction of the H-bond between His479
and Tyr502 and a slight shift of H12, altering the binding site of
the coactivator (SI Figure S4).

At the end of the production run of 7, the ligand’s binding
mode was stabilized by different interactions (Figure 3, panels B
and D). The hydroxyl group at C-3 H-bonded Arg264, whereas
the steroidal scaffold was stabilized by hydrophobic interactions
with Leu324, Val361, Val376, and Phe388. The methylene
linker on the side chain at C-17 interacted with Leu391, I1e397,
and Ile400, whereas the ethereal oxygen H-bonded Cys393.
Finally, the aromatic ring was stabilized between H7 and H11 by
aromatic interactions with Trp317, His479, and Phe486. A
direct interaction of the 7 side chain with Tyr502 caused a more
marked weakening of the H-bond network between His479 and
Tyr502 (SI Figure S4), stabilizing the open form of H12, which
hampered the recruitment of the coactivator. Our results agree
with the available literature data,'* showing that the mechanism
of the action of inverse agonists relies on the disruption of the H-
bond between His479 and Tyr502. This event destabilizes the
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active form of the receptor and hampers the recruitment of the
transcriptional coactivator SRC.

During the MD simulations, both the ligands showed the so-
called “push—pull” mechanism of action, i.e.,, pushing Trp317
and pulling H479 or Y502, already proposed for other inverse
agonists.'”'® In more detail, the ligands induced a flip of W317
into a position that did not allow the H-bond interaction
between His479 and Thr502, while interacting with one of such
residues. As the final effect, the tertiary structure of H11—-12 is
perturbed, thus affecting the recruitment of the coactivator and
target gene expression (SI Figure S4). Overall, our MD
simulations indicated that 3 and 7 work as RORyt inverse
agonists.

To further evaluate the capability of 3 and 7 to act as inverse
agonists, we also performed 500 ns of MD simulations of the
cocrystallized agonist ligand, 22R-hydroxycholesterol, in the
active form of RORyt (PDB ID 310j).>> At variance with
compounds 3 and 7, the agonist stabilizes the active
conformation of RORyt (see Figures S4 and S5 and the
Supporting Information for details).

In addition, 1 us MD calculations were performed on the
docking binding modes of 3 and 7 to GPBARI. After 150 ns, 3
underwent a change in its binding mode, which was then
maintained until the end of the simulation (Figure 3, panel G).
The hydroxyl group at C-3 was still forming an H-bond with the
Glul69 backbone, and the steroidal scaffold was located
between transmembrane helices (TM) 3 and S, formed by
Tyr89, Asn93, Phe96, Leu97, Leul74, Leu263, Leu266, and
Trp267 and stabilized by hydrophobic interactions. The
aromatic ring on the side chain was also involved in hydrophobic
interactions with Leul8, Leu68, and Leu71 and in a t-shaped 7-
stacking with Trp63 (Figure 3, panel E).

Compound 7 binding mode changed after 100 ns of MD
(Figure 3, panel H) to achieve a more stable conformation, like
the one described for 3. The steroidal scaffold was in the same
pocket of 3, and it established hydrophobic interactions with the
side chain of several residues, such as Leul4, Trp63, Leu68,
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Leu71, Leu97, Leul74, Leu263, Leu266, and Trp267, and H-
bonds between the meta-CH,OH group and Ser267 (Figure 3,
panel F), the hydroxyl group at C-3 and the backbone of Glu169,
and the ethereal oxygen and the side chain of Ser21 that further
contributed to stabilize compound 3 in the binding pocket.

The higher affinity of 3 than 7 (Figure 2) can be explained
through the electrostatic potential surface calculated on
GPBARI (Figure 4), where the charge distributions of the
binding pocket showed the preference to accommodate 3, which
is negatively charged.

In Vitro Pharmacological Evaluation. We have first
investigated whether 3 and 7 modulate the inflammatory
response of U937 cells, a human monocytic cell, to lip-
opolysaccharide (LPS) and TNFa. Cells were coincubated with
or without compounds at 0.1, 1, 10, 100, and 1000 nM and
dexamethasone (Dex) at S M was used as a control (Figure 5).

Exposure of U937 to LPS plus TNFa induced an increase in
the production of proinflammatory cytokines IL-14, TNFa, and
IL-6, also increasing the expression of CD11c, a specific marker
of the proinflammatory M1 subtype of macrophages (Figure S).
Compound 3 reduced the expression of proinflammatory
cytokines and CD11c. At the highest concentration of 1 uM, a
reduction in the expression of all measured genes was observed
by 30—50% compared to cells exposed only to LPS plus TNFa
(Figure S). Also, 7 (Figure S) reverted the inflammatory state
induced in U937 cells by LPS plus TNFa by reducing the
expression of all proinflammatory markers measured with a
concentration-dependent effect (Figure S).

Therefore, 3 and 7 showed comparable immunomodulatory
activity in vitro, but the data shown in Figure 2 indicated a much
higher metabolic stability for 7 compared to 3 with a very high
t,/, value. For these reasons, we focused our attention on 7 in the
subsequent study in vivo.

The effect exerted by 7 was tested in a mouse model of TNBS-
induced colitis. The severity of colitis was relieved by 7 in a dose-
dependent manner, as demonstrated by the trend in the
percentage of body weight and the colitis disease activity index
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(CDAI) (Figure 6, panels A, B). All three doses of 7 decreased
the damage to the colon as demonstrated by both the
macroscopic analysis (Figure 6, panels C, D) and the histological
analysis using H&E staining (Figure 6, panel E).

To gain deeper insight into the immunomodulatory effect
exerted by 7, we have investigated the expression of various
cytokines and immune cell markers in the colon of mice
rendered colitic by TNBS administration (Figure 7). The
development of colon inflammation in this model is associated
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with a robust induction in the expression of the proinflammatory
cytokines, IL-15, IL-6, and TNFa (Figure 7, panel A), along
with a downregulation of the anti-inflammatory cytokines IL-10
and TGFp (Figure 7, panel B). Furthermore, TNBS colitis
results in robust recruitment in the colon lamina propria of
various leukocyte subsets including macrophages and Tyl7
lymphocytes.

Treating mice with TNBS induced a strong increase in the
colonic expression of CD11b, a macrophage marker (Figure 7,
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panel C), suggesting an influx of monocytes into the inflamed
tissue. These cells showed a proinflammatory signature, an M1
phenotype, as evidenced by the upregulation of the CD38 gene
(Figure 7, panel C). The analysis of the expression of Rorc, the
gene encoding RORyt, and of IL-17A and F demonstrated a
robust inflow of Ty17 RORyt" cells in the lamina propria of
colitis mice (Figure 7, panel D). Compound 7 reverted this
inflammatory pattern in a dose-dependent manner and also
promoted a strong increase in the expression of IL-10, a potent
anti-inflammatory mediator, which represents one of the
mechanisms underlying the anti-inflammatory effect of
GPBARI activation (Figure 7, panels A, B).35 The admin-
istration of 7 blunted the inflow of macrophages into the lamina
propria of the colon, as demonstrated by the downregulation of
CD11b, and reversed the polarization toward the proinflamma-
tory M1 phenotype, as assessed by the decreased expression of
CD38 (Figure 7, panel C). On adaptive immunity, the
administration of 7 decreased the expression of Rorc, IL-17A,
and F, negatively modulating the immune response of Ty17
lymphocytes (Figure 7, panel D).

Together, these data support the notion that 7 might
represent a promising candidate for the drug therapy of IBD
thanks to its ability to modulate both the innate immune
response by acting on macrophages and adaptive immunity by
inhibiting the polarization/activation of Ty;17 lymphocytes.™

To further investigate the role of simultaneous modulation of
RORyt and GPBARI in protecting against the development of
colitis, TNBS-treated mice were force-fed with 7, BARS01, a
selective GPBAR1 agonist,"’6 or ML209, a RORyt inverse agonist
(Figure 8).>” All three compounds attenuated the development
of colitis, highlighting the role of both receptors in the model.
Accordingly, compound 7 exerted a greater protective effect
than the two selective agents, as demonstrated by the
attenuation of the CDAI score, measurement of colon length,
and histological damage (Figure 8, panels A—D).

B CONCLUSIONS

The present study reports the discovery of a family of new
steroidal derivatives acting as GPBAR1 agonists and RORyt
inverse agonists that might be suitable for the treatment of
autoimmune disorders. Our results highlighted a different
profile activity of the two series described in the study, driven by
the shape of the steroidal scaffold. The cholesterol derivatives
(first subset) resulted in being more prone to bind RORyt, while
on the contrary, the steroidal scaffold of the second subset (bent
shape-BAs-like) exhibited better activity toward GPBARI.
Docking studies suggested that the nonplanar structure of the
steroidal scaffold of compounds belonging to the second subset
could bind the RORyt binding pocket after a rotation of the
steroidal core, determining the weakening of the network of
hydrophobic interactions, the loss of the H-bond of the 3-
hydroxyl group to GIn286, and forcing the side chain in a more
hindered and apolar region. As regards the second subset, it
should be noted that all compounds belong to the LCA scaffold
with modification in the carboxylic acid on the side chain, and
the results on compound 17, discarded for its low solubility, are
consistent with the inhibition of RORyt transcriptional activity
previously reported for gut microbiota-LCA metabolites
(mainly 3-oxo-LCA),***” suggesting that it is also possible to
exploit the bile acid scaffold to design dual GPBARI agonists
and RORyt inverse agonists. Moreover, molecular dynamics
simulations showed that the flexibility of the side chain at C17
played a key role in assuming the right conformation to bind
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both GPBARI and RORyt binding pockets, allowing the
interaction of the aromatic ring of compounds 3 and 7 to the
key residues involved in the receptor activation, Glul69 and
Ser20 in GPBARI, or deactivation, Trp379, His479 and Tyr502
in RORyt.

Results from pharmacokinetics analysis revealed that 7 was
endowed with excellent metabolic stability, thus deploying the
newly hybrid ligand designed for simultaneous modulation of
GPBARI and RORyt in a privileged position to enter preclinical
studies.

Data on in vitro experiments showed that the activation of
GPBARI by 7 modulates the polarization of monocytes by
blocking the differentiation toward the proinflammatory M1
phenotype and the production of proinflammatory cytokines,
counteracting the proinflammatory eftect exerted by LPS plus
TNFa.

Of interest is the effect of 7 in a mouse model of colitis
induced by TNBS, showing that 7 relieved signs and symptoms
of colitis in a dose-dependent manner, protecting, at 30 mg/kg
dose, from weight loss and reduced colon inflammation. Further
analysis of colonic cytokines and immune cell markers showed
that the beneficial effect of 7 was due to a profound modulation
of both innate and adaptive immune responses. In fact, treating
mice with 7 reduced the expression of CD38, a specific marker
for M1 macrophages, a proinflammatory subset of intestinal
macrophages, along with Rorc, a marker for Tyl7 lineage,
indicating a reduction of these two cell populations in the
colon’s lamina propria. The beneficial effect exerted on
macrophages and Ty17 cells led to a consequent reduction in
the expression of the proinflammatory cytokines produced by
these cells resulting in reduced inflammation in the colon.

In summary, in the present study, we describe the synthesis,
the in vitro and in vivo pharmacological characterization, and the
structural requisites of the ligand—receptor interaction of a novel
family of cholesterol derivatives including potent dual
modulators of RORyt/GPBARI. This study resulted in the
identification of compound 7, the first example of a potent
GPBARI agonist and RORyt inverse agonist, that effectively
reverts colitis in a validated mouse model of IBD.
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