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Abstract

Immunotherapy has emerged as a game-changing approach for cancer treatment.
Although monoclonal antibodies (mAbs) targeting the programmed cell death protein
1/programmed cell death protein 1 ligand 1 (PD-1/PD-L1) axis have entered the
market revolutionizing the treatment landscape of many cancer types, small
molecules, although presenting several advantages including the possibility of oral
administration and/or reduced costs, struggled to enter in clinical trials, suffering of
water insolubility and/or inadequate potency compared with mAbs. Thus, the search
for novel scaffolds for both the design of effective small molecules and possible
synergistic strategies is an ongoing field of interest. In an attempt to find novel
chemotypes, a virtual screening approach was employed, resulting in the identification
of new chemical entities with a certain binding capability, the most versatile of which

was the benzimidazole-containing compound 10. Through rational design, a small
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1 | INTRODUCTION

Cancer-targeted therapy is booming, and novel drugs are constantly
emerging. Among the most interesting anticancer approachese-
merged so far is immunotherapy. It started with ipilimumab, an
anti-CTLA-4 (cytotoxic T-lymphocyte protein 4) monoclonal antibody
(mAb), approved in 2011 for the treatment of melanoma, and able to
reactivate the immune system against cancer cells.! CTLA-4
together with programmed cell death protein 1/programmed cell
death protein 1 ligand 1 (PD-1/PD-L1), indoleamine 2,3-dioxygenase
(IDO), T-cell immunoglobulin and mucin domain-containing protein 3
(TIM-3), and lymphocyte-activation gene 3 (LAG-3) are the immune
checkpoints receptor that have garnered the most attention so far.
Specifically, PD-1 binds two natural ligands: PD-L1 and PD-L2 which
are both transmembrane proteins belonging to the immunoglobulin
superfamily. In cancer cells, overexpression of PD-L1 leads to the
progression of T cells into an exhausted state and decreased tumor
cell apoptosis. Consequently, blocking PD-1/PD-L1 interaction can
restore the function of the immune system in a number of cancer
types such as melanoma, breast, pancreatic, renal, and non-small-cell
lung (NSCLC) carcinomas, similar to CTLA-4 blockade.?~¢! Currently,
all clinically approved anti-PD-1/PD-L1 therapeutics are highly
selective mAbs, such as nivolumab, pembrolizumab, cemiplimab,
and dostarlimab targeting PD-1, or atezolizumab, avelumab, and
durvalumab against PD-L1.77"®! Once they entered the market, those
mAbs have revolutionized the treatment landscape of many cancer
types, especially in the metastatic setting. To date, more than 1000
clinical trials have evaluated the antitumor property of anti-PD-1/
anti-PD-L1 antibodies, and the list of approvals is constantly
expanding toward more and more cancer types. However, to reduce
the costs and the side effects of mAbs, while improving the patient's
compliance (e.g., oral administration), the finding and developing of
small molecules as PD-1/PD-L1 inhibitors has started. In fact, low-
molecular-weight ligands are less expensive and have even the
advantages of higher tissue permeability, and more controllable
pharmacokinetics, providing, at least in principle, a promising
alternative strategy to mAbs. In recent years, an extensive work on
biphenyl-containing molecules -like the compound Bristol Myers
Squibb (BMS)-202 (1) Pl has firstly resulted in an impressive number
of patents and later in publications and led to important advances in

library of its derivatives was synthesized and evaluated. The homogeneous time-
resolved fluorescence (HTRF) assay revealed that compound 17 shows the most
potent inhibitory activity (ICso) in the submicromolar range and notably, differently
from the major part of PD-L1 inhibitors, exhibits satisfactory water solubility
properties. These findings highlight the potential of benzimidazole-based compounds

as novel promising candidates for PD-L1 inhibition.

benzimidazole, immunotherapy, NMR, PD-L1 inhibitors, virtual screening

the field of PD-1/PD-L1 small molecule inhibitors (see Figure 1)10-141
Among all, the most promising results have been shown in 2021 for
ARB-272572,1*5 3 C2-symmetrical structure with significative activity
on mice and with evixapodiin,'**) MAX-101811*"! and INCB086550,1*#!
being the most advanced one (clinical phase II).

Nonetheless, they still lack the level of in vivo activity displayed by
mAbs and most of them suffer from insolubility problems and/or
toxicological issues, so the research of more soluble small molecules
and possible synergistic strategies must go on. Interestingly, a new
wave of anti-PD-L1-based therapies encompasses a combination of
mAbs and anti-PD-L1 small molecules.*”! Herein, in the attempt to
find novel chemotypes, with potentially improved water solubility (a
known limit of most PD-L1 inhibitors), a virtual screening (VS) of the
ZINC12 database (DB) and of an in-house DB has been performed
and the most promising virtually-identified hits (11 compounds) were
screened by performing one-dimensional (1D) nucleic magnetic
resonance (NMR) experiments with PD-L1 protein. As a result, five
molecules displayed a certain binding capability to PD-L1. Among
these, we selectively focused on EML258 (10), due to our knowledge

in benzimidazole medicinal chemistry?1-2%

and to its property as a
privileged scaffold. In fact, this hetero-aromatic bicyclic ring is
metabolically stable, synthetically accessible, and offers a high degree
of structural diversity. Several literature reports indicate that diversely
substituted benzimidazoles feature distinct pharmacological activity
and have found applications in diverse therapeutic areas, such as
cancer, inflammatory disorders, viral, bacterial, and parasitic infec-
tions.2428! Thus, starting from 10 we synthesized a small library of
derivatives. Among the novel compounds, the homogeneous time-
resolved fluorescence (HTRF) binding assay revealed that compound
17 is the most potent one in interrupting the PD-1/PD-L1 complex
(ICs0 in the submicromolar range). Notably, differently from the major
part of PD-L1 inhibitors, it exhibits unexpected satisfactory solubility
properties. Through two-dimensional (2D) NMR, we unambiguously
identified the binding site where 17 is hosted, which turned out to be
almost superimposable to that of 1. A combined approach of NMR and
molecular docking calculations revealed the interaction mode within
PD-L1 paving the way for further optimization in binding affinities.
Altogether, these findings highlight the potential of our new
benzimidazole-based compounds as novel, promising candidates for
effective PD-L1 inhibition.
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FIGURE 1 Chemical structures of the most representative programmed cell death protein 1 ligand 1 (PD-L1) inhibitors along with their ICsq

values.

2 | RESULTS AND DISCUSSION
2.1 | Virtual screening

The analysis of anti-PD-L1 biphenyl-containing ligands has inspired
the development of several pharmacophore models.['227-32] Despite
small differences in accessory points, all models present a central
aromatic scaffold, a biphenyl moiety, and a basic amine group (see
Supporting Information S1: Figure S1). The relative distances
between the aromatic moieties, in the known ligands, can be slightly
different. Generally, most of the active compounds known so far
possess a two-atoms linker between the biphenyl and the central

scaffold (as in compounds 1, 2, 4),[9'10'12’14]

which can be even part of
a cycle (see compound 3 in Figure 1), Jess frequently, a bit longer
linker is present (see compound 5 in Figure 1).*3 Lately, we
published a five-points pharmacophore model for extended/symmet-
rical biphenyl ligands.?”! As the aim of the present study was to find
novel small PD-L1 binders, we used a simplified version of our model,
containing three aromatic points (one for the central scaffold and two
for the biphenyl moiety) and a positively charged point to mimic the

basic amine function (Supporting Information S1: Figure S1). The

subset “Leads Now” of the ZINC12 DB (about 2 million compounds)

together with an in-house library of ~4000 small molecules??

was
screened with the aid of such a pharmacophoric model. Only those
structures matching all the four points were retained for subsequent
docking-based VS. Thus, almost 900 hits were docked into the
dimeric structure of PD-L1 (PDB code: 5J89)B% by means of
Glide.®® The receptor-based screening returned ~180 hits that were
all visually inspected. The final choice was made based on the
superposition with 1, on their chemical heterogeneity, and on the
synthetic feasibility. Thus, 11 hits (6-16), seven from our in-house
DB (LOR1, 11752305, CDM-55, EML432, EML258, EML746,
1332287), and four from the ZINC DB (Z1686815855,
7295636908, 27109836016, Z110038292; name or ZINC codes and
chemical structure visible in Table 1) were selected for NMR 1D

screening.

2.2 | NMR binding assay

The binding capabilities of the selected compounds (11) were
evaluated by *H NMR spectroscopy. Small molecule inhibitors were
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TABLE 1 Names or ZINC codes and chemical structures of the 11 compounds selected for NMR evaluation.

Code/name

LOR1 (6)

11752305 (7)

CDM-55 (8)

EML432 (9)

EML258 (10)

EML746 (11)

71686815855 (12)

7295636908 (13)

7109836016 (14)
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TABLE 1 (Continued)

Code/name Chemical structure Glide score
7110038292 (15) N -4.455
/ ol
N
HN
5}”\3
1332287 (16) 9 Z N -7.033

FIGURE 2 Aliphatic part of *H NMR
spectra for the titration of hPD-L1 with 10.
Blue: the reference programmed cell death
protein 1 ligand 1 (PD-L1); red: PD-L1/10 in
the molar ratio 1:1, green: 1:5, purple: 1:10,
and orange: only with DMSO, respectively.

0.6 0.4

tested against PD-1 binding single domain of PD-L1 (amino acids
18-134). We showed that only five of the compounds (7, 9, 10, 13,
and 14) bind to PD-L1 at the elevated concentration (molar ratio
above 1:5 protein:inhibitor), as the NMR signals splitting were
observed (Figure 2; Supporting Information S1: Figure S2). To be
sure that in the NMR spectra weak interactions of the inhibitor with
the PD-L1 protein were observed, a blank test was also performed
using only dimethylsulfoxide (DMSO, in the equivalent volume as the
sample used for NMR titration). The results clearly confirmed that the
observed changes were due to interactions between the chemical
probe and the protein. As the concentration of inhibitor in the sample
increases, signals splitting are observed at -0.05 and -0.35 ppm,
indicating protein-inhibitor interactions. Despite the aromatic groups
in the compound, no broadening of the NMR signals is observed in
the spectra as in the case of BMS-like compounds.[*# This indicates
that the protein does not undergo oligomerization under the
influence of the tested compounds. The behavior of these inhibitors
was similar to compound STD4, a weak binder that did not induce

oligomerization of PD-L1.5%

02 0.0 -02  -04 'Hppm]

2.3 | Hit optimization

In NMR studies, 5 out of 11 hits were demonstrated to weakly
bind PD-L1. Among them, we decided to focus on the benzimidazole-
containing compound 10. In fact, we envisaged that the
benzimidazole, a privileged chemotype in medicinal chemistry,
metabolically stable and synthetically easily accessible, on which we
have synthetic expertise,?>?%! could work as the central aromatic
scaffold. Thus, the binding mode of 10 and its superimposition with
the crystallographic structure of 1 complexed with dimeric PD-L1,
guided hit optimization (Figure 3).

As shown in Figure 3, 10 adapts itself at the hydrophobic surface
with the benzene ring of the benzimidazole moiety well super-
imposed with the central pyridine ring of 1. Notably, the carboxyl
moiety of 10 overlaps with the terminal phenyl ring of 1, thus residing
in the hydrophobic region formed by sMet115, AAlal121, gAlal21,
and gTyr123, and undoubtfully represents the first point of
modification in the process of hit optimization. On the other side
of the molecule, the basic pyridine ring is too far away to form a
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FIGURE 3 The putative binding mode of 10 (golden sticks) into
the programmed cell death protein 1 ligand 1 (PD-L1) structure
overlapped with the crystal structure of 1 (magenta sticks, PDB Code:
5J89). The protein is shown as a light green (Chain A) and light blue
(Chain B) cartoon with interacting residues as sticks. Polar hydrogens
only are shown for clarity purposes.

proper ionic interaction with the AAsp122 and thus may represent
another point of modification. Herein, according to these observa-
tions, a small series of analogs of 10 have been synthesized (17-21,
Table 2). In the novel derivatives, the 2-methylbiphenyl moiety, an
essential fragment for interaction with PD-L1, was introduced at
position 2 of the benzimidazole central core while the pyridine-
sulfonamide group was replaced with a small range of diverse polar
side chains, linear or within a cycle, that were demonstrated to
increase the potency of 1.”) As a negative control, compound 22,
featuring a 1,1'-biphenyl-4-yl substituent in place of the pivotal
twisted biphenyl moiety, was prepared.

Compound 10 was prepared as depicted in Scheme 1, according to
our previously reported procedures.?* Briefly, 4-amino-3-nitrobenzene-

sulfonyl chloride 2372

was reacted with 2-aminopyridine, using pyridine
as a solvent at 0°C, to give the corresponding benzenesulfonamide 24.
Subsequent palladium-catalyzed hydrogenation furnished the 34-
diaminobenzenesulfonamide 25. Condensation with aldehyde 26, in dry
dimethylformamide (DMF) at 100°C, furnished the benzimidazole
compound 27 which, after hydrolysis with lithium hydroxide, yielded
target compound 10.

The synthetic route for the preparation of compounds 17-22 is
depicted in Scheme 2. Reduction of 3,4-dinitrobenzoic acid 28 into
the corresponding alcohol 29, in the presence of AICl; and NaBH, in
dry tetrahydrofuran (THF) and subsequent palladium-catalyzed
hydrogenation furnished (3,4-diaminophenyl)methanol 30. The
cyclocondensation reaction in dry DMF at 100°C of 30 with (1,1-
biphenyl)-4-carboxaldehyde or with 2-methyl-(1,1'-biphenyl)-3-
carboxaldehyde furnished the 6-hydroxymethyl benzimidazole
derivatives 31 and 32, respectively, which were converted into the
corresponding aldehydes 33 and 34 by Dess Martin periodinane

oxidation. Finally, reductive alkylation with the appropriate amines
yielded the target compounds. For derivatives 17, 18, 22, and 35,
NaBH,4 was used as a reducing agent. On the other hand, for amino
acid derivatives 20 and 21, reductive alkylation required NaBH3;CN
and a catalytic amount of acetic acid (AcOH) in dry DMF. Hydrolysis
of the methyl ester 35 gave the carboxylic acid derivative 19.

2.4 | |In vitro anti-PD-1/PD-L1 activity

The newly synthesized compounds were tested for their ability to inhibit
PD-1/PD-L1 interaction using the well-established HTRF assay.l*4343637]
Data presented in Table 2 (Supporting Information S1: Figure S3)
supported our design strategy. Indeed, the novel derivatives 17-21,
exhibited low micromolar 1Csg. Compound 17, featuring an ammino
ethanolic chain, turned out to be the best-performing compound of the
series having an ICso submicromolar. As expected, 22, is completely
inactive and was indeed synthetized as a negative control. These results
indicate that benzimidazole-based compounds could be recognized as
valuable novel hits for PD-1/PD-L1 inhibition.

2.5 | NMR and computational studies of the 17/
PD-L1 complex

2D !H-1>N HSQC NMR experiments were performed to obtain
information about the binding region of the complex PD-L1/17. To this
aim, the variation in signal intensity for the protein (PD-L1, amino acids
18-134) in 2D *H-'>N HSQC spectra was monitored in the presence
of 50 uM of 17 (protein:ligand ratio equal to 1:2 considering PD-L1 as
dimer). A decrease in signal intensities of the protein is diagnostic of a
ligand-induced perturbation. The residues exhibiting the largest
intensity changes are highlighted in blue (Figure 4). In particular, upon
the addition of the ligand, the cross-peaks of the free protein in the 2D
1H-15N HSQC spectrum decrease in the 55-59 and 118-124 amino
acid ranges. These regions include both residues known to directly
interact with small molecule inhibitors (such as Tyr56), and part of the
hydrophobic residues typically involved in a cage surrounding them
(lless, Serq17). Interestingly, amino acids are not likely to interact with
the ligand but are known to stabilize the PD-L1 homodimer by
establishing interchain contacts (Aspss, Argiqs) at the interface,?”!
showing reduced intensity. These NMR results suggest that 17 has a
binding surface of PD-L1 almost overlapping with that of 1.1:42%]
With the aim to rationalize the newly provided structure-activity
relationships data (Table 2), molecular docking simulations of 17 with
PD-L1 were carried out (Figure 5, left panel) and a comparison with 1
was provided (Figure 5, right panel). The protein structure cocrys-
tallized with 1 (PDB Code: 5J89)°% was employed for our
simulations. A substantial pose convergence was predicted from
our calculations, enforcing the reliability of the design strategy. In
particular, 17 makes a T-shape m-mt stacking interaction with ATyr56
(biphenyl moiety) and a m-m stacking interaction with gTyrsg
(benzimidazole ring). The critical role of Tyr56 due to its involvement
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TABLE 2 Chemical structure of compounds 17-22 and inhibitory activity against PD-1/PD-L1 interaction.

Compd. No. Structure 1C50 (LM)
17 O 0.79 (0.30)
20N
S0
N
” \/\OH
18 3.16 (£0.07)
N
O
$ H
Ik
H H
19 O N.D?
N 0
() PP
N OH
20 O 2.48 (0.34)
20N
(O~
N N
H
COOH
21 O 6.95 (+0.95)
OH
(O~
m N
COOH
/ H
N
N " 0oH

Abbreviations: N.A., not available; N.D., not determined; PD-1/PD-L1, programmed cell death protein 1/programmed cell death protein 1 ligand 1.

2Not determined because of artifacts related to solubility issues.
PNot available, ICsq is outside the range of doses.

in specific interactions with 17 through both chains and enlightened
by our docking simulations, is in excellent agreement with NMR
results showing that its 2D *H-'°N HSQC intensity is importantly
reduced. Moreover, our computational study unveils that 17 is
surrounded by the hydrophobic residues aglle54, AgMet115,
apAlal21 and by pgSerll7 belonging to one of the two mostly
perturbed regions found in the NMR experiment. Regarding the polar
side chain, it is differently oriented with respect to that of 1 being
involved in interactions with AAsp122 (even supported by our NMR
data) through the amine group, and with ALys124 through the
hydroxyl group.

Our new combined NMR and computational results suggest that
other chemical modifications to the polar side chain of 17 are needed
to enforce the interactions with the PD-L1 binding surface.

Together, these data suggest the promising role of benzimidazole
in the development of PD-L1 ligands. Indeed, we have shown that
this aromatic system can properly orient the interacting side chains
while forming itself important contacts with target proteins. As
confirmed by systematic reports on the pharmacological profile of
benzimidazole, fine-tuning the substituents on this scaffold can lead
to a large effect on potency, activity, and selectivity. Thus 17 has the
chance to be further improved in its ICsq.
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SCHEME 1 Synthesis of compound 10. Reagents and conditions: (a) pyridine, 0°C to r. t., 2 h (40%); (b) H,, Pd/C, EtOH, r. t., 12 h (97%); (c)
Na,S,0s5, dry DMF, 100°C, 12 h (80%); (d) LiOH, tetrahydrofuran (THF)/H,0 4:1, r. t., 12 h (97%).

2.6 | Solubility assay and in silico ADME prediction

Solubility has a crucial role not only in the late phase of drug
development but also in the hit identification stage.*® Insoluble
compounds are likely to give assay artifacts and solubility issues
could be related to false positive or false negative results. For this
reason, before testing the new derivatives, we determined the
solubility profile of the compounds in aqueous solutions with 0.2%
DMSO by performing nephelometric measurements. We tested three
concentrations (10, 50, and 100 uM) within a time frame (0, 24, and
48 h) to properly plan also the scheduled experiments in a cellular
contest.

As shown in Figure 6, all compounds displayed good solubility at
all the concentrations tested, with the only exception of compound
19 which is not soluble at 100 uM.

Also, the physicochemical characteristics of a drug molecule are
pivotal factors that significantly impact its pharmacokinetic profile.
To check the drug-likeliness properties of our best compound 17, the
in-silico absorption, distribution, metabolism, excretion (ADME) cal-
culation was done using Qikprop utility (QikProp, Schrédinger, LLC,
2023). The pharmacokinetic profile was checked and the druggability
of the molecule was assessed together with that of the reference
compound 1.

The results obtained are shown in Table 3. Various parameters
were taken into account such as molecular weight (MW), Lipinsky's
rule of 5, rule of 3, partition coefficient, metabolism, H-bond (HB)
donor, HB acceptor. The obtained values indicated that 17, as well as
1, display good ADME properties orally with a good tolerance rate for
oral absorption. The molecules were not violating the Lipinsky's rule
of 5 and rule of 3 indicating the druggable properties of the

molecules.

3 | CONCLUSIONS

In conclusion, this study showcases a comprehensive approach
combining ligand-based and receptor-based VS with NMR spec-
troscopy for the discovery of small molecules targeting the PD-1/
PD-L1 pathway. By employing this strategy, the benzimidazole hit
10 was identified as a promising candidate, possessing a privileged
scaffold, and exhibiting a certain (low) binding affinity to PD-L1.
Subsequently, a rational lead optimization approach was under-
taken, leading to the synthesis of analog 17. This derivative
demonstrated enhanced potency and solubility compared to its
precursor. The successful first round of optimization about
benzimidazole-based small molecules represents a significant step
forward in the development of novel, soluble PD-L1 inhibitors.
Based on our NMR-based binding mode of 17, a second round of
synthesis may be envisaged to increase the potency of our
derivatives which would allow a full exploration of in-cell efficacy
and potential synergistic strategies with monoclonal antibodies, or
other drugs might be investigated. Ultimately, the double VS
coupled with NMR furnish, besides 10, novel scaffolds, available

to the scientific community, on which to work.

4 | EXPERIMENTAL
41 | Virtual screening
41.1 | DB preparation

The commercial chemical DB ZINC12 “Leads Now,” containing about
2 million compounds, was processed through redundancy checking
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SCHEME 2 Synthesis of compound 17-22. Reagents and conditions: (a) AlCl3, NaBHg4, dry THF, r. t., 1 h—reflux, 2 h (57%); (b) H,, Pd/C 10%,
MeOH, r. t., 3h (99%); (c) (1,1'-biphenyl)-4-carboxaldehyde or 2-methyl-(1,1'-biphenyl)-3-carboxaldehyde, Na,S,0s, dry DMF, 100°C, 12 h
(60%-72%); (d) Dess-Martin periodinane, dry DCM, r. t., 2h (50%-75%); (e) (for compounds 17, 18, 22, and 35) proper amine, NaBH,, dry
MeOH, r. t., 2.5h (70%-82%); (f) (for compounds 20 and 21) piperidine-2-carboxylic acid or (25,4R)-4-hydroxypyrrolidine-2-carboxylic acid,
AcOH (cat.), NaBH3CN, dry DMF, 80°C, 3 h (35%-36%); (g) LiOH, THF/H,0 4:1, r. t., 12 h (97%).
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FIGURE 4 Graphical representation of the per-residue intensity changes for programmed cell death protein 1 ligand 1 (PD-L1) in the
presence of 17 (50 uM). The residues exhibiting the highest decreases in signal intensities have been colored in blue.
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FIGURE 5 Schematic representation of the lowest energy pose of the 17/programmed cell death protein 1 ligand 1 (PD-L1) complex from
molecular docking simulations alone (left panel) and overlapped with the crystal structure of 1/hPDL1 (right panel, PDB Code: 5J89). 17 and 1
are represented as orange and magenta sticks, respectively. Residues included in the binding site are highlighted in green (Chain A) and azure
(Chain B) sticks, residues whose two-dimensional (2D) *H-1°N HSQC signal is reduced in intensity and belonging to the binding site are

highlighted in blue sticks, while the rest of the protein is shown as light green (Chain A) and light blue (Chain B) cartoon. Polar hydrogens only are

shown for clarity purposes.

and Lipinski filters to select compounds provided with better druglike
properties. The obtained ZINC molecules together with those coming

(201 \vere prepared

from our in-house DB (other 4000 molecules),
using LigPrep®” with Epik.*®) Conformational sampling was per-
formed on all DB molecules using the ConfGen search algorithm.[4!!
Using Phase,[*? the DB was indexed with the automatic creation of
pharmacophoric sites for each conformer to allow rapid DB alignment

and screening.

4.1.2 | Pharmacophore-based VS

[43,44]

Based on our expertise in pharmacophore building, a simplified

(2] was obtained

version of our docking-based pharmacophore model
with Phase (see Supporting Information S1: Figure S1). The distance
matching tolerance was set to 2.0 A as a balance between stringent and
loose-fitting matching alignment. Screening molecules were required to

match four out of four sites. Only those compounds possessing all four
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FIGURE 6 Solubility determination (nephelometry). The solubility of the compounds was determined using the instrument Nepheloskan
Ascent® (Labsystems). The experiments were conducted at room temperature in a 96-well plate with a final volume of 300 pL. Each compound
was tested in triplicate at the concentrations of 10, 50, and 100 uM in phosphate-buffered saline (PBS) with 0.2% DMSO. The measurements
were performed at three different times (0, 24, 48 h) from the preparation of the samples. Data obtained were compared with control (PBS with
0.2% DMSO) and the ratio sample/control was determined for each compound. The compounds are considered soluble if the ratio is <3.

TABLE 3 Calculated pharmacokinetic properties of compound 17 and the reference compound 1.
Lipinski's rule Jorgensen rule

Comp 1 Comp 17 of 3 ranges of 3 ranges Qikprop ideal ranges
MW 419.522 357.454 <500 130<x<725
HBD 2 S O0<x<5 O0<x<6
HBA 5 4.7 0<x<10 2<x<20
10gPo/w 4.544 3.895 <5 -2<x<6.5
logs -4.354 -4.868 x>-5.7 -6.5<x<0.5
Caco permeability 168.840 314.762 x>22 <25 poor; >500 great
#metab 6 4 <7 1<x<8
PSA 74.233 61.591 7-200
% Human oral absorption 93.420 94.458

Abbreviations: HBA, H-bond acceptor; HBD, H-bond donor; MW, molecular weight; PSA, polar surface area.

pharmacophoric sites were considered for subsequent
based VS.

receptor-

413 | Receptor-based VS

As for the protein, among the human PD-L1 X-ray structures
available at the time of the experiments, we chose the PD-L1 dimer
structure in complex with the molecule BMS-202, with the PDB
code 5J89.%% The PDB structure was prepared by employing the
modeling

graphical interface of the Schrdédinger's molecular

platform, Maestro*®! v. 12.7.156. In particular, the protein was

d [46,47]

prepared with the Protein Preparation Wizar included in

Maestro. Hydrogen atoms were added and missing side chains were

filled in by using the Primel*®!

module, while crystallographic water
molecules were deleted. The N-terminal and C-terminal residues
were capped with the acetyl (ACE) and N-methyl amide (NME)
groups, respectively. To properly describe the protonation state of
the protein residues and to also describe the hydrogen bonding
networks correctly at neutral pH, the protonation states were

[491

assigned evaluating their pK, with the Propka program included

in Maestro. An inspection of the histidines microenvironment was
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performed, given the labile equilibrium at neutral pH of this residue,
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and none of it was considered to be protonated. Finally, a relaxation
procedure was performed by running a restrained minimization
only on the initially added hydrogen atoms according to the
OPLS2005? force field. A receptor grid of 30Ax30Ax30A
was computed for the PD-L1 structure around the centroids of the
cocrystallized ligand BMS-202. During the grid calculation, the
cocrystallized ligand BMS-202 was deleted from the three-
dimensional (3D) structure. Docking simulations were performed
using the Glide SP%5% software included in Maestro using default
parameters. Sampling of nitrogen atom inversions (when not
belonging to cycles) and of different ring conformations were
allowed, while nonplanar amide conformations were penalized. In
the simulations, the receptor was kept fixed, while the ligand is
treated as flexible. Docking converged to a well-defined binding
mode; indeed, an almost complete overlap of the ligand was

possible for the best 20 predicted poses.

41.4 | Docking calculations

As for compound 17: the molecule was built and prepared through

the LigPrep[39]

module of Maestro, employing the OPLS2005 force
field. Epik!“®>4 was used to evaluate the ligands’ pKa at neutral pH
and so to properly describe its protonation state. Then, the
obtained ligand was optimized at the molecular mechanics level
through the MacroModel>?! program included in the Schrodinger
suite of programs. For the docking procedure, the grid described
above was employed and the simulations performed with Glide
SP49-511 a5 well. All the presented figures were obtained using
ChimeraX®®® and assembled by the means of Gimp (2.10.22

revision 3).

4.2 | NMR experiments
421 | Protein expression and purification

The proteins were expressed and purified as described previously

by ust?”!

using the drop-wise dilution method of refolding. Briefly,
protein was expressed in Escherichia coli BL21 (DE3) strain as
inclusion bodies which were collected by centrifugation, washed,
and dissolved using the 6 M guanidine hydrochloride buffer. The
solubilized inclusion bodies being added in four portions to the
refolding buffer: 0.1 M Tris pH 8.0, 1 M L-Arg hydrochloride, 2 mM
ethylenediaminetetraacetic acid (EDTA, 0.25 mM oxidized glutathi-
one, and 0.25mM reduced glutathione. Refolded PD-L1 was
dialyzed three times over 48-72 h against buffer containing
10mM Tris pH 8.0 and 20mM NaCl. Finally, the protein was
concentrated and loaded to a size exclusion chromatography
column HilLoad 26/600 Superdex 75 (GE Healthcare) preequili-
brated with PBS pH 7.4 buffer and concentrated to obtain samples
for NMR measurements.

422 | NMR Spectroscopy

For NMR measurements, the buffer was exchanged by gel filtration
to PBS pH 7.4 (PD-L1). Samples of 0.23 mM concentration of PD-L1
were measured in 3mm NMR tubes and 10% (v/v) of D20 were
added to the samples to provide the lock signal. NMR experiments
were performed at 300K on a Bruker 600 MHz Avance Il
spectrometer equipped with a cryogenically cooled proton-
optimized TCI probe. The interaction of the compounds with PD-L1
was evaluated by monitoring the perturbations in chemical shifts of
NMR resonances in the *H-1°N 2D SOFAST HMQCP”! upon titration
with the compound. NMR spectra were processed with Topspin 3.2

(Bruker) (see the Supporting Information for the resulting spectra).

4.3 | Chemistry
43.1 | General directions

All chemicals, purchased from Merck KGaA and Fluorochem Ltd.,
were of the highest purity. All solvents were reagent grade and, when
necessary, were purified and dried by standard methods. All reactions
requiring anhydrous conditions were conducted under a positive
atmosphere of nitrogen in oven-dried glassware. Standard syringe
techniques were used for the anhydrous addition of liquids.
Reactions were routinely monitored by thin-layer chromatography
(TLC) performed on aluminum-backed silica gel plates (Merck KGaA,
Alufolien Kieselgel 60 F254) with spots visualized by UV light
(A =254, 365 nm) or using a KMnQy, alkaline solution. Solvents were
removed using a rotary evaporator operating at a reduced pressure of
~10 Torr. Organic solutions dried over anhydrous Na,SO,4. Chro-
matographic purification was done on an automated flash-
chromatography system (Isolera™ Dalton 2000, Biotage) using
cartridges packed with KP-SIL, 60A (40-63um particle size).
Analytical high-performance liquid chromatography (HPLC) was
performed on a Shimadzu SPD 20 A UV/VIS detector (A =220 and
254nm) using C-18 column C18 Phenomenex LunaPolar 100 A
(100 x 4.60 mm; 5um) at 25°C using a mobile phase A (water +
0.05% trifluoracetic acid [TFA]) and B (ACN + 0.03% TFA) at a flow
rate of 1.25mL/min. Preparative HPLC was performed using an
Shimadzu Prominence LC-20AP with the UV detector set to 220 and
254nm. Samples were injected onto a Phenomenex Synergi
Fusion-RP 80 A (150 x 21 mm; 4 um) C18 column at room tempera-
ture. Mobile phases of A (water + 0.05% TFA) and B (ACN + 0.03%
TFA) were used with a flow rate of 20 mL/min. A general gradient of
0-3min at 5% B, 3-14 min increasing from 5% to 35% B, and
14-18 min increasing from 35% to 90% B was used, followed by a
90% B flush for another 2 min. Small variations in this purification
method were made as needed to achieve ideal separation for each
compound. 'H spectra were recorded at 400 MHz on a Bruker
Ascend 400 spectrometer while 3C NMR spectra were obtained by
distortionless enhancement by polarization transfer quarternary

(DEPTQ) spectroscopy on the same spectrometer. Chemical shifts
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are reported in & (ppm) relative to the internal reference tetra-
methylsilane (TMS). Due to the existence of tautomers, some H and
13C NMR signals could not be detected for some of the prepared
benzimidazoles so only the distinct signals were reported. Low-
resolution mass spectra were recorded on a Finnigan LCQ DECA
TermoQuest mass spectrometer in electrospray positive and negative
ionization modes (ESI-MS). High-resolution mass spectra were
recorded on a ThermoFisher Scientific Orbitrap XL mass spectrome-
ter in electrospray positive ionization modes (ESI-MS). All tested
compounds possessed a purity of at least 95% established by HPLC
unless otherwise noted.

The InChl codes of the investigated compounds, together with

some biological activity data, are provided as Supporting Information.

4.3.2 | Compound synthesis and characterization

2-Hydroxy-5-{6-[N-(pyridin-2-yl)sulfamoyl]-1H-benzo[d]imidazol-2-
yl}benzoic acid (10): To a solution of 27 (195 mg, 0.46 mmol) in a
mixture of THF/H,O (4:1) (8 mL) was added LIOH (44.0 mg,
1.80 mmol). The mixture was stirred at room temperature for 12 h
and then treated with HCI (1 N) to pH 3. The solution was extracted
with EtOAc (3x30mL), and the combined organic phases were
washed with brine (10 mL), dried (Na,SO.), filtered, and concentrated
in vacuo. Purification by column chromatography on silica gel
(dichloromethane [DCM]-EtOAc) provided the title compound
(183 mg, 97%) as a white solid. 'H NMR (400 MHz, DMSO-dy): &
8.72 (d, J=2.3Hz, 1H), 8.38 (dd, J=8.8, 2.3Hz, 1H), 8.15 (d,
J=1.6Hz, 1H), 8.05-8.00 (m, 1H), 7.89-7.83 (m, 1H), 7.83-7.78 (m,
1H), 7.78-7.66 (m, 1H), 7.30-7.16 (m, 2H), 6.92-6.78 (m, 1H). °C
NMR (101 MHz, DMSO-d,) 6 170.84, 163.91, 153.21, 151.81,
140.73, 134.27, 130.44, 122.42, 118.55, 114.50, 114.40, 113.90,
113.33. HRMS (ESI): m/z [M+H]" calcd. for Cy9H14N4O5S+H™:
411.0758. Found: 411.0756.
2-({[2-(2-Methyl-[1,1’-biphenyl]-3-yl)-1H-benzo[d]imidazol-6-

yllmethyl}amino)ethan-1-ol (17): To a solution of compound 34
(50mg, 0.16mmol) in dry MeOH (3.0mL) was added 2-
aminoethanol (10 puL, 0.16 mmol) under a nitrogen atmosphere.
The solution was stirred at room temperature for 2.5h. After
cooling at 0°C, NaBH,4 was added portion-wise until disappearance
of the intermediate imine (TLC analysis). The reaction mixture, after
the addition of water (20 mL), was concentrated in vacuo and
extracted with EtOAc (3 x40 mL). The combined organic phases
were washed with a saturated solution of NaHCO3 (3 x 20 mL) and
brine (10 mL), dried, filtered, and concentrated in vacuo to yield the
title compound (42 mg, 73%) as a white solid. *H NMR (400 MHz,
Methanol-dg) 6 7.63 (s, 1H), 7.61-7.56 (m, 2H), 7.48-7.42 (m, 2H),
7.41-7.34 (m, 5H), 7.31 (dd, J = 8.3, 1.6 Hz, 1H), 3.97 (s, 2H), 3.70 (t,
J=5.6Hz, 2H), 2.80 (t, J=5.6Hz, 2H), 2.29 (s, 3H). *C NMR
(101 MHz, Methanol-dg) 6 154.81, 145.03, 143.02, 135.94, 132.69,
132.50, 130.26, 129.35, 128.29, 126.85, 124.77, 61.25, 54.50,
51.44, 18.66. HRMS (ESI): m/z [M+H]" calcd. for CpzH3NzO+H™
358.1914. Found: 358.1909.
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N-[2-({[2-(2-Methyl-[1,1’-biphenyl]-3-yl)-1H-benzo[d]imidazol-6
yllmethyl}amino)ethyl]acetamide (18): Compound 18 (52 mg, 75%)
was obtained as a white solid from derivative 34 (54 mg, 0.17 mmol)
and N-(2 aminoethyl)acetamide (16 mL, 0.17 mmol) according to the
procedure described for 17. *H NMR (400 MHz, Methanol-dg) § 7.62
(s, 1H), 7.58 (dd, J = 7.3, 1.9 Hz, 1H), 7.49-7.41 (m, 3H), 7.42-7.33 (m,
5H), 7.31 (dd, J = 8.2, 1.6 Hz, 1H), 3.96 (s, 2H), 3.36 (t, J = 6.4 Hz, 2H),
2.79 (t, J = 6.4 Hz, 2H), 2.29 (s, 3H), 1.94 (s, 3H). 3C NMR (101 MHz,
Methanol-ds) 6 173.72, 154.84, 145.03, 143.00, 135.93, 132.67,
132.50, 130.29, 129.35, 128.29, 126.85, 124.78, 54.27, 48.85,
39.62, 22.58, 18.66. HRMS (ESI): m/z [M+H]" calcd. for Co5H,6N4O
+H": 399.2179. Found: 399.2178.

4-({[2-(2-Methyl-[1,1’-biphenyl]-3-yl)-1H-benzo[d]imidazol-6-yl]
methyl}amino)butanoic acid (19): Compound 19 (45 mg, 97%) was
obtained as a white solid from derivative 35 (50 mg, 0.12 mmol)
according to the hydrolysis procedure described for 10. *H NMR
(400 MHz, Methanol-ds) 6 7.67-7.54 (m, 3H), 7.49-7.43 (m, 2H),
7.42-7.34 (m, 5H), 7.27-7.19 (m, 1H), 4.61 (s, 2H), 3.39 (t, J = 8.1 Hz,
2H), 2.47 (t, J = 8.1 Hz, 2H), 2.30 (s, 3H), 2.11-1.98 (m, 2H). 13C NMR
(101 MHz, Methanol-dg) 6 175.96, 153.93, 145.72, 142.06, 136.47,
130.72, 130.23, 129.57, 128.75, 128.32, 127.65, 126.78, 117.57,
116.01, 114.88, 112.62, 64.54, 52.21, 31.58, 22.45, 18.49. HRMS
(ESI):: m/z [M+H]" calcd. for CysHa5N30,+H™: 400.2020. Found:
400.2019.

1-{[2-(2-Methyl-[1,1'-biphenyl]-3-yl)-1H-benzo[d]imidazol-6-yl]
methyl}piperidine-2-carboxylic acid (20): To a solution of compound
34 (53 mg, 0.17 mmol) in dry DMF (2.0 mL), piperidine-2-carboxylic
acid (66 mg, 0.51 mmol), NaBH5;CN (32 mg, 0.51 mmol) and a drop of
AcOH were added under a nitrogen atmosphere. Purification by
reverse phase high-performance liquid chromatography (RP-HPLC)
provided the title compound (25 mg, 35%) as a white solid. *H NMR
(400 MHz, Methanol-dg) 6 8.02-7.99 (m, 1H), 7.89 (d, J = 8.4 Hz, 1H),
7.73-7.66 (m, 2H), 7.58-7.53 (m, 2H), 7.52-7.47 (m, 2H), 7.46-7.34
(m, 3H), 4.85-4.81 (m, 2H), 4.46-4.31 (m, 1H), 4.11-3.99 (m, 1H),
3.64-3.49 (m, 1H), 3.20-3.07 (m, 1H), 2.32 (s, 3H), 2.00-1.83 (m,
3H), 1.79-1.61 (m, 2H). *3C NMR (101 MHz, Methanol-d) § 171.77,
154.48, 145.67, 142.15, 136.40, 136.26, 134.57, 130.64, 130.24,
129.55, 129.22, 128.71, 128.03, 127.57, 127.24, 119.25, 115.99,
60.69, 52.46, 28.97, 23.29, 22.30, 18.51. HRMS (ESI): m/z [M+H]*
caled. for Co7H27N30,+HY: 426.2176. Found: 426.2173.

(25,4R)-4-Hydroxy-1-{[2-(2-methyl-[1,1'-biphenyl]-3-yl)-1H-
benzo[d]imidazol-6-yllmethyl}pyrrolidine-2-carboxylic  acid  (21):
Compound 21 (29 mg, 36%) was obtained as a white solid from
derivative 34 (59 mg, 0.19 mmol) and (25,4R)-4-hydroxypyrrolidine-
2-carboxylic acid (139 mg, 0.57 mmol) according to the procedure
described for 20. *H NMR (400 MHz, Methanol-ds) & 8.05-8.01 (m,
1H), 7.87 (dd, J=8.3, 1.6 Hz, 1H), 7.73-7.67 (m, 2H), 7.59-7.47 (m,
4H), 7.45-7.34 (m, 3H), 4.80 (d, J = 12.9 Hz, 1H), 4.67 (d, J = 12.9 Hz,
1H), 4.60-4.55 (m, 2H), 3.74 (dd, J = 12.5, 4.4 Hz, 1H), 3.46-3.37 (m,
1H), 2.58-2.49 (m, 1H), 2.34 (s, 3H), 2.30-2.20 (m, 1H). ¥3C NMR
(101 MHz, Methanol-dg) 6 171.43, 154.47, 145.67, 142.17, 136.40,
136.30, 134.54, 130.64, 130.23, 129.55, 128.71, 128.61, 128.55,
127.56, 118.54, 116.12, 70.33, 67.88, 62.80, 62.21, 39.69, 18.50.
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HRMS (ESI): m/z [M+H]" calcd. for CogHasN3Oz+H*: 428.1969.

Found: 428.1968.
2-({[2-([1,1'-Biphenyl]-4-yl)-1H-benzo[d]imidazol-6-yllmethyl}

amino)ethan-1-ol (22): Compound 22 (47 mg, 82%) was obtained as a

Archiv der Pharmazie

white solid from derivative 33 (50mg, 0.16 mmol) and 2-
aminoethanol (10mL, 0.16 mmol) according to the procedure
described for 17. *H NMR (400 MHz, Methanol-ds) & 8.18 (d,
J=8.4Hz, 2H), 7.82 (d, J = 8.4 Hz, 2H), 7.74-7.69 (m, 2H), 7.64-7.59
(m, 2H), 7.51-7.45 (m, 2H), 7.42-7.35 (m, 1H), 7.30 (dd, J=8.3,
1.6 Hz, 1H), 3.95 (s, 2H), 3.71 (t, J=5.6 Hz, 2H), 2.79 (t, J=5.6 Hz,
2H). 3C NMR (101 MHz, Methanol-d) § 153.60, 144.37, 141.33,
130.04, 129.80, 128.99, 128.62, 128.29, 128.00, 124.96, 61.27,
54.52, 51.51. HRMS (ESI): m/z [M+H]" calcd. for CpoHpiN3O+H™
344.1757. Found: 344.1750.

4-Amino-3-nitro-N-(pyridin-2-yl)benzenesulfonamide (24): To a
cooled (0°C) stirred solution of 23 (1.41 g, 5.98 mmol) in dry pyridine
(6 mL), 2-aminopyridine (506 mg, 5.38 mmol) was added portion wise,
under N, atmosphere. The reaction was kept at room temperature
until the disappearance of the starting material (monitored by TLC).
Then, water (10 mL) was added: the resulting solid was filtered and
washed with water to afford the title compound (700 mg, 40%) as an
orange solid. *H NMR (400 MHz, DMSO-d,) & 8.49-8.39 (m, 1H),
8.09-8.00 (m, 1H), 7.94 (s, 2H, exchangeable with D,0), 7.78-7.69
(m, 2H), 7.13-7.09 (m, 2H), 6.91-6.83 (m, 1H). MS (ESI) m/z: 295
(M+H)".

3,4-Diamino-N-(pyridin-2-yl)benzenesulfonamide  (25): Pd/C
(10 wt% on activated carbon, 0.1 equiv) was added to a solution of
24 (440 mg, 1.50 mmol) in EtOAc (15 mL) and the reaction was stirred
under H, (1 atm, balloon) for 12 h. The reaction mixture was filtered
and concentrated to give the title compound (385 mg, 97%) as light-
brown solid. 'H NMR (400 MHz, DMSO-d,) & 10.86 (s, 1H,
exchangeable with D,0), 8.13-8.04 (m, 1H), 7.68-7.58 (m, 1H),
7.07 (d, J=8.5Hz, 1H), 7.02-6.97 (m, 1H), 6.96-6.85 (m, 2H), 6.48 (d,
J=8.2Hz, 1H), 5.23 (brs, 2H, exchangeable with D,0), 4.82 (brs, 2H,
exchangeable with D,O). MS (ESI) m/z: 265 (M+H)*.

Methyl 2-hydroxy-5-{6-[N-(pyridin-2-yl)sulfamoyl]-1H-benzol[d]
imidazol-2-yl}benzoate (27): To a solution of 3,4-diamino-N-(pyridin-
2-yl)benzenesulfonamide 25 (200mg, 0.75mmol) in dry DMF
(6.0mL), methyl 5-formyl-2-hydroxybenzoate 26 (135 mg,
0.75 mmol) and Na,S,0s5 (187 mg, 0.98 mmol) were added and the
resulting mixture was heated at 100°C for 12 h. After cooling at room
temperature, water was added. The brown precipitate formed was
filtered and washed with water. Compound 27 (255 mg, 80%) was
obtained as a light-yellow solid after recrystallization from EtOH. *H
NMR (400 MHz, DMSO-dg) 6 10.86 (brs, 1H, exchangeable with
D,0), 8.63 (d, J=2.3Hz, 1H), 8.29 (dd, J=8.8, 2.3 Hz, 1H), 8.09 (d,
J=1.6Hz, 1H), 8.05-7.99 (m, 1H), 7.76-7.61 (m, 3H), 7.19 (dd,
J=8.8,4.1Hz, 2H), 6.91-6.82 (m, 1H), 3.96 (s, 3H). MS (ESI) m/z: 425
(M+H)".

(3,4-Dinitrophenyl)methanol (29): A solution of AICl; (1.66g,
12.45 mmol) in dry THF (20 mL) was added drop-wise to a stirred
suspension of 3,4-dinitrobenzoic acid 28 (2.20g, 10.37 mmol) and
NaBH4 (1.41g, 37.34 mmol) in dry THF (20 mL) over a period of

20 min. The reaction mixture was stirred for 1 h at room temperature
then an additional 2 h at reflux. Upon cooling, the reaction was placed
on ice, quenched with 50 mL of HCI (1 N) and extracted with Et,O
(3x30mL). The combined organic phases were washed with brine
(50mL), dried (Na,SO,), filtered, and concentrated in vacuo.
Purification by column chromatography on silica gel (DCM-MeOH)
provided the title compound (1.17 g, 57%) as a yellow solid. *H NMR
(400 MHz, DMSO-dy): 6 8.21 (d, J=8.3Hz, 1H), 8.09 (d, J=1.7 Hz,
1H), 7.87 (dd, J=8.3, 1.7 Hz, 1H), 5.75 (t, J= 5.7 Hz, 1H, exchange-
able with D,0), 4.69 (d, J=5.7 Hz, 2H). MS (ESI) m/z: 199 (M+H)".
(3,4-Diaminophenyl)methanol (30): Compound 30 (172 mg, 99%)
was obtained as a yellow oil from derivative 29 (250 mg, 1.26 mmol)
in MeOH (120 mL) according to the procedure described for 25. H
NMR (400 MHz, DMSO-dy) 6§ 6.49 (d, J=1.9Hz, 1H), 6.44 (d,
J=7.7Hz, 1H), 6.33 (dd, J=7.7, 1.9 Hz, 1H), 4.68 (t, J=5.6 Hz, 1H,
exchangeable with D,0), 4.43-4.33 (brs, 4H, exchangeable with
D,0), 4.23 (d, J = 5.6 Hz, 2H). MS (ESI) m/z: 139 (M+H)".
[2-([1,1’-Biphenyl]-4-yl)-1H-benzol[d]imidazol-6-yllmethanol
(31): Compound 31 (194 g, 60%) was obtained as a yellow solid
from derivative 30 (150mg, 1.08 mmol) and [1,1-biphenyl]-4-
carbaldehyde (197 mg, 1.08 mmol) according to the procedure
described for 27. *H NMR (400 MHz, DMSO-dg) & 12.67 (s, 1H,
exchangeable with D,0), 8.34-8.30 (m, 1H), 8.26 (d, J = 8.2 Hz, 2H),
7.87 (d, J=8.2Hz, 2H), 7.83-7.75 (m, 2H), 7.57-7.50 (m, 3H),
7.46-7.40 (m, 2H), 5.12 (t, J= 5.8 Hz, 1H, exchangeable with D,0),
4.58 (d, J=5.8 Hz, 2H). MS (ESI) m/z: 301 (M+H)".
[2-(2-Methyl-[1,1’-biphenyl]-3-yl)-1H-benzo[d]imidazol-6-yl]
methanol (32): Compound 32 (253 mg, 72%) was obtained as a light-
yellow solid from derivative 30 (220 mg, 1.12 mmol) and 2-methyl-
[1,1’-biphenyl]-3-carbaldehyde (220 mg, 1.12 mmol) according to the
procedure described for 27. *H NMR (400 MHz, DMSO-dy) 6 12.57
(s, 1H, exchangeable with D,0), 7.67 (d, J=7.6 Hz, 1H), 7.64-7.57
(m, 1H), 7.53-7.42 (m, 3H), 7.45-7.30 (m, 5H), 7.21-7.13 (m, 1H),
5.11 (t, J = 5.8 Hz, 1H, exchangeable with D,0), 4.59 (d, J=5.8 Hz,
2H), 2.37 (s, 3H). MS (ESI) m/z: 315 (M+H)".
2-([1,1’-Biphenyl]-4-yl)-1H-benzo[d]imidazole-6-carbaldehyde
(33): To a suspension of Dess Martin periodinane (148 mg,
0.35 mmol) in dry DCM (3.3 mL), compound 31 was added and the
resulting mixture was stirred at room temperature for 2h, then
filtered and washed with DCM (30 mL). The organic phase was
washed with H,O (3x10mlL), dried, filtered, and concentrated in
vacuo. Purification by column chromatography on silica gel (DCM
-MeOH) provided the title compound (50 mg, 50%) as a white solid.
1H NMR (400 MHz, Methanol-dy) § 10.08 (s, 1H), 8.27-8.21 (m, 3H),
7.94-7.85 (m, 3H), 7.79 (d, J=8.4Hz, 1H), 7.77-7.71 (m, 2H),
7.55-7.48 (m, 2H), 7.48-7.37 (m, 1H). MS (ESI) m/z: 299 (M+H)*.
2-(2-Methyl-[1,1’-biphenyl]-3-yl)-1H-benzo[d]imidazole-6-
carbaldehyde (34): Compound 34 (112 mg, 75%) was obtained as a
white solid from derivative 32 (150 mg, 0.48 mmol) according to the
procedure described for 33. *H NMR (400 MHz, Methanol-ds) &
10.09 (s, 1H), 8.32-8.16 (m, 1H), 7.97-7.90 (m, 1H), 7.86-7.73 (m,
1H), 7.76 (dd, J=7.1, 2.0 Hz, 1H), 7.51-7.46 (m, 3H), 7.46-7.35 (m,
4H), 2.35 (s, 3H). MS (ESI) m/z: 313 (M+H)".
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Ethyl 4-({[2-(2-methyl-[1,1"-biphenyl]-3-yl)-1H-benzo[d]imid
azol-6-yllmethyl}amino)butanoate (35): Compound 35 (56 mg, 74%)
was obtained as a light-yellow solid from derivative 34 (55 mg,
0.18 mmol) and ethyl 4-aminobutyrate (24 mg, 0.18 mmol) according
to the procedure described for 17. *H NMR (400 MHz, Methanol-dy)
6 7.74-7.67 (m 1H), 7.61 (dd, J = 7.3, 1.9 Hz, 1H), 7.52-7.42 (m, 3H),
7.45-7.34 (m, 5H), 7.32 (dd, J=8.3, 1.6 Hz, 1H), 4.12 (q, J=7.1 Hz,
2H), 3.94 (s, 2H), 2.71-2.66 (m, 2H), 2.40 (t, J = 7.3 Hz, 2H), 2.32 (s,
3H), 1.95-1.78 (m, 2H), 1.23 (t, J=7.1Hz, 3H). MS (ESI) m/z: 428
(M+H)".

4.4 | Solubility determination

Solubility of the compounds was determined using Nepheloskan
Ascent® (Labsystems). The experiments were performed at room
temperature in 96-well plates in a final volume of 300 uL. Each
compound was tested in triplicate at the concentrations of 10, 50,
and 100 uM in PBS1X with 0.2% DMSO. The measurements were
performed at three different times (0, 24, 48 h) from the preparation
of the samples. Data obtained were compared to control (PBS with
0.2% DMSO) and the ratio sample/control was determined for each
compound. The compounds are considered soluble if the ratio is < 3.

4.5 | HTRF assay

The abilities of compounds 17-22 to inhibit PD-1/PD-L1 interaction
were determined using the PD-1/PD-L1 HTRF binding assay kit from
Cisbio. The experiments were performed according to the manufac-
turer's  guidelines  (https://www.cisbio.com/usa/drug-discovery/
human-pd1pd-I1-biochemical-interaction-assay). The ICso values for
PD-1/PD-L1 inhibition were determined by analyzing the log of the
concentration versus response curves using the Origin Software

version 7.0.14

4.6 | In silico ADME calculations

In the present study molecules 17 and 1 have been processed by
QikProp 2.3,1581 which computed 36 properties for each compound.
Herein, the physicochemical properties considered are: MW, logP,
logS, H bond donor and acceptor, polar surface area, human oral
absorption, and Caco-2 cell permeability. These parameters are
generally considered in the Rule of 5 anche the Rule of 3. No

violations are reported for both compounds.
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