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Abstract

Introduction: The quest for small molecule inhibitors of the
PD-1/PD-L1 checkpoint continuesin parallel to the extensive
development of monoclonal antibodies directed against
this immune checkpoint. Drug screening strategies are be-
ing set up to identify novel PD-L1 inhibitors. Methods: A vir-
tual screening based on molecular docking with the PD-L1
protein dimer has been performed to identify a new binder.
Binding of the identified ligand to PD-L1 has been validated
experimentally using a microscale thermophoresis (MST) as-
say. The cellular effect of the compound was evidenced us-
ing a fluorescence resonance energy transfer (FRET) assay
based on activation of tyrosine phosphatase SHP-2. Results:
We have identified the potent Wnt/B-catenin inhibitor
KYA1797K as a weak PD-L1 binder. Molecular docking sug-
gested that the compound can bind to the interface of a PD-
L1 dimer, with a geometry superimposable to that of the ref-
erence PD-L1 inhibitor BMS-202. The atypical 2-thioxo-4-thi-
azolidinone motif of KYA1797K, derived from the natural

product rhodanine, plays a major role in the interaction with
PD-L1.Binding of KYA1797K to recombinant hPD-L1 was val-
idated experimentally, using MST. The drug was found to
bind modestly but effectively to hPD-L1. The FRET assay con-
firmed the weak capacity of KYA1797K to interfere with the
activation of SHP-2 upon its interaction with human PD-1.
Discussion: Collectively, the data show that KYA1797K could
function as a weak modulator of the PD-1/PD-L1 checkpoint.
This effect may contribute, at least partially, to the reported
capacity of the 3-catenin inhibitor to downregulate PD-L1 in
cancer cells. The work also underlines the interest to further
consider the rhodanine moiety as a chemical motif for the

design of new PD-L1 binders. © 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

Small molecule inhibitors of the PD-1/PD-L1 immune
checkpointare actively searched. Such compounds would
complement the armamentarium against cancer, provid-
ing orally active immune regulators to treat advanced
cancers [1]. At present, the therapeutic arsenal is made
exclusively of monoclonal antibodies (mAbs) targeting
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PD-1 or PD-L1 [2]. Thirteen mAbs have been registered
thus far, targeting PD-1 (ten) or PD-L1 (three), but there
is no approved small molecule capable of blocking the
checkpoint. Numerous compounds have been identified,
principally directed against PD-L1I, but none has demon-
strated a marked anticancer action in humans. Only a
very few PD-1 or PD-L1 small molecule binders have
been advanced to clinical trials, such as compounds CA-
170 (but it is a dual antagonist of PD-L1 and VISTA) [3,
4] and MAX-10181 (from Maxinovel Pty., Ltd., China)
which is a PD-L1 binder currently undergoing phase 1
clinical trial in patients with advanced solid tumor
(NCT0412233) [5]. New small molecules targeting PD-
L1 are regularly discovered, such as our pyrazolone-type
PyrDLones [6] and the pro-drug YPD-30 which was
shown recently to bind to PD-L1 and to exhibit signifi-
cant antitumor activity in vivo [7]. Many other com-
pounds could be cited, all in early preclinical develop-
ment [8, 9]. These newer molecules remain far from clin-
ical trials at present. Efforts must continue to implement
new compounds. Oral medication targeting PD-L1 could
be extremely useful to reach tumors not easily accessible
to mAbs, such as brain tumors, and to reduce costs of
treatment.

Various approaches have been proposed to screen for
PD-L1 inhibitors, using experimental and/or computa-
tional methods [10]. The knowledge of the tridimension-
al structure of PD-L1 has greatly helped the identification
of compounds capable of binding to the interface of two
head-to-head PD-L1 monomers [11-13]. The structural
information has been largely exploited to identify new
binders, based on biophysical and computational ap-
proaches [14, 15], and for the design of PD-L1 binders
containing a biphenyl core, such as the compounds ini-
tially discovered by Bristol-Myers Squibb like BMS-202
and analogs [16]. There are now different classes of PD-
L1 inhibitors, with varied structures and mechanisms of
action [17]. For our part, we have exploited two comple-
mentary approaches. On the one hand, we set up a bio-
physical method based on microscale thermophoresis
(MST) to characterize drug-PD-L1 interaction and to
guide the design of new binders [6, 18, 19]. On the other
hand, we set up a molecular docking approach, based on
a deconvolution of the biphenyl scaffold originally pro-
posed by BMS, to identify new potential PD-L1 binders
[20-22]. The two approaches contributed to the identifi-
cation of novel PD-L1-binding agents. In the frame of our
drug screening effort, we have now identified the com-
pound KYA1797K as a weak PD-L1 binder. This synthet-
ic compound, with an atypical 2-thioxo-4-thiazolidinone
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Fig. 1. Structure KYA1797K (C;7H;;KN,0O4S,, compound identity
number [CID]: 119057297), which derives from the natural prod-
uct rhodanine, also shown. KYA1797K is a synthetic product, with
the following molecular characteristics: Mw = 404.4 Da; total sol-
vent accessible surface area (SASA) = 649.6 A2 (hydrophobic SASA
= 69.9 A? and hydrophilic SASA = 252.6 A?); molecular volume
1,134.7 A% log p (octanol/water) = 3.3 and log S (aqueous solubil-
ity) = —5.2. SASAs were calculated with a probe of 1.4 A radius.
Drug properties were calculated with the BOSS 4.9 software.

motif derived from the natural product rhodanine (Fig. 1),
is known as a potent and selective Wnt/p-catenin inhibi-
tor (IC5o=0.75 uM) [23, 24]. We discovered that the com-
pound can also bind to PD-L1, although with a relatively
low but non-negligible affinity. The PD-L1-binding char-
acteristics of the compound are reported here and dis-
cussed in light of the biological properties of the com-
pound.

Materials and Methods

In silico Molecular Docking Procedure

The procedure used to identify PD-L1-binding small molecules
has been reported previously [20, 21]. In brief, the 3D structure of
PD-L1 (PDB code 5]89 [25]) was used in docking experiments per-
formed with the GOLD software (Cambridge Crystallographic
Data Centre, Cambridge, UK). The structures of the various li-
gands have been optimized using a classical Monte Carlo confor-
mational searching procedure as described in the BOSS software
[26]. The side chain flexibility of amino acids within the hydropho-
bic pocket (Y56, Y123, M115, D122 for both chains) is taken into
account while computing the free energy of hydration (Monte
Carlo search) and the empirical potential energy of interaction
with the SPASIBA force field. Ligands are defined as flexible dur-
ing the docking procedure. For each ligand, up to 30 poses that are
energetically reasonable were kept while searching for the correct
binding mode of the ligand. The decision to keep a trial pose is
based on ranked poses, using the PLP fitness scoring function
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a KYA1797K- PD-L1

Fig. 2. Molecular model of KYA1797K bound to the PD-L1 dimer. View (a) shows the drug located at the inter-
face of the protein dimer. The two protein units (in cyan) sandwiches the drug ligand. The closer view (b) shows
the compound in the binding pocket, closed by four tyrosine residues (two Y56 and Y123 on each side of the
cavity). View (c) shows the KYA1797K molecule sandwiched by the two PD-L1 monomers, using a ribbon mod-
el with the a-helices (red) and p-sheets (cyan).

(which is the default in GOLD version 5.3 used here). In addition,
an empirical potential energy of interaction AE for the ranked
complexes is evaluated using the simple expression AE (interac-
tion) = E (complex) — (E [protein] + E [ligand]). The spectroscop-
ic empirical potential energy function SPASIBA and the corre-
sponding parameters were used [27, 28]. Molecular graphics and
analysis were performed using the Discovery Studio 2020 Client
software, Dassault Systemes Biovia Corp.

Microscale Thermophoresis

The MST procedure used to quantify inhibition of PD-L1 bind-
ing to PD-1 has been described previously [18]. Briefly, MST was
conducted using an NT.115 Pico MST instrument (Nano Temper
Technologies GmbH) equipped with red and blue filter sets. Re-
combinant Human PD-L1 His-tag protein (R&D Systems, refer-
ence #9049-B7-100), diluted to 200 nM in PBS-T buffer (supplied
by the vendor), was labeled with Monolith His-Tag Labeling Kit
RED-tris-NTA (Nano Temper). The RED-tris-NTA dye was di-
luted in PBS-T to 100 nM. The mix was incubated at room tem-
perature in the dark for 30 min. Ligands were diluted with a serial
1:1 ratio of 16 gradients. Then the labeled protein and ligands were
mixed with 1:1 ratio and incubated at room temperature in the
dark for 15 min. Capillaries are then filled individually and loaded
into instrument. Data were acquired using high MST power and
100% LED. Data were analyzed using MO Control Software (Nano
Temper). For binding affinity analysis, ligand-dependent changes
in MST are plotted as Fnorm values versus ligand concentration in
a dose-response curve. Fnorm values are plotted as parts per thou-
sand (%o).

Binding of KYA1797K to PD-L1

Fluorescence Resonance Energy Transfer

A cellular model was developed using CHO-KI1 cells overex-
pressing the protein of interest, PD-1. The model involves the cel-
lular expression of a PD-1-YFP fluorescent protein (fluorescent
emission of acceptor yellow fluorescent protein; Ag, = 514 nm Agy,
= 527 nm) and a second fluorescent protein SHP-2 tagged with
CFP (donor cyan fluorescent protein, Ag, = 433 nm, A, =475 nm).
CFP and YFP are variants of the green fluorescent protein (GFP)
from Aequorea victoria [29]. Src homology 2 (SHP-2) is a tyrosine
phosphatase selectively recruited by PD-1 to initiate T cell inacti-
vation [30]. To measure the fluorescence resonance energy trans-
fer (FRET) signal, 10,000 cells co-transfected with the PD-1-SHP-2
vector were used. A Spectramax i3 (Molecular Devices®) was used
for the FRET measurements, configured according to the selected
fluorochromes with their excitation and emission spectra. End-
point reading was performed at the center of the well. The reading
time is 2 min for a 96-well plate. The drug was tested at various
concentrations (typically from 0.5 to 400 um), and ICsq values were
calculated by curve fitting using the GraphPad Prism v8 software.

Results

Molecular Modeling of PD-L1/KYA1797K Binding

Two years ago, we initiated in silico analyses of drug-
PD-L1 binding with a series of molecules containing a
biphenyl unit, as found in the reference products BMS-
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Fig. 3. Detailed views of KYA1797K bound to PD-L1 dimer. The compound inserted into the binding site with
(a) the hydrogen bond donor (pink) and acceptor (green) sites, and (b) the solvent accessible surface (SAS, color
code indicated). ¢ Binding map contacts for KYA1797K bound to PD-L1 (color code indicated). The calculated
potential energy of interaction (AE) and free energy of hydration (AG) of the KYA1797K/PD-L1 A complex are
—91.96 kcal/mol and —29.740 kcal/mol, respectively.

202 and BMS-1166 previously characterized as potent
PD-L1 binders [14]. The biphenyl core is an essential ele-
ment for the binding of the molecules at the interface of
the PD-L1 dimeric structure [31]. Different biphenyl-
containing molecules binding to PD-L1 were identified,
such as the anti-inflammatory drugs flurbiprofen, for ex-
ample [21]. The unfused bicycle can be extended, without
losing affinity for PD-L1. The drug-binding pocket can
accommodate longer molecules such as extended p-ter-
phenyl compounds [32] and molecules containing pyri-
dine or imidazopyridine rings, for example [33, 34].
These considerations prompted us to investigate a variety

4 Biomed Hub 2023;8:1-9
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of linear poly-heterocyclic molecules as potential PD-L1
binders.

A molecular docking analysis was performed starting
from the crystal structure of PD-L1 bound with the bi-
phenyl molecule BMS-202 which is known to fit well into
the binding pocket formed by two adjacent PD-L1 mono-
mers [25]. The PD-L1/BMS-202 complex provides a con-
venient structural model to look for other potential PD-
L1 binders. We selected compounds presenting two es-
sential characteristics: (i) an extended heterocyclic
scaffold with at least two or three conjugated aromatics
and (ii) a known activity to modulate the PD-1/PD-L1
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Fig. 4. A superimposed model of KYA1797K and BMS-202 bound to PD-L1 dimer. The rhodanine moiety of
KYA1797K occupies exactly the position of the pyridine ring of BMS-202, positioning the phenyl-furan unit in
the pocket occupied by the biphenyl moiety of BMS-202. The propionic acid side chain of KYA1797K mimics

the terminal acetamido chain of BMS-202.

checkpoint. The capacity of the compounds to bind to
PD-L1 was analyzed by molecular docking, using the
PDB structure 5J89 as a template [25]. The docking anal-
ysis led to the identification of the small molecule
KYA1797K as a potential PD-L1 binder. A model of
KYA1797K bound to the PD-L1 dimer is presented in
Figure 2. The compound fits into the cavity formed by the
two juxtaposed PD-L1 monomers, closed on one side by
the two tyrosine residues Y123 and Y56. These two resi-
dues on each monomer delimitate a pocket in which the
phenyl-furan moiety of KYA1797K resides, projecting
the thiazolidinone ring toward the surface of the binding
pocket, in a zone more accessible to the solvent (Fig. 3).
The phenyl-furan moiety of the drug occupies exactly the
position of the biphenyl core of BMS-202. The 2-thioxo-
4-thiazolidinone motif emerges at the entry of the cavity,
positioning the propionate chain toward the external ex-
tremity of the binding pocket in an area rich in H-bond
donor and acceptor groups (Fig. 4).

The complex between PD-L1 and KYA1797K is stabi-
lized by a panel of molecular contacts, including H-bonds,
van der Waals, and m-alkyl interactions (Fig. 3). In par-
ticular, the acid moiety and the 2-thioxo group are impli-
cated in H-bonds with the amino acid triad Ala18-Phel9-
Thr20. An empirical potential energy of interaction AE of
—91.96 kcal/mol was calculated for KYA1797K binding to
the PD-L1 site, comparable to the energies calculated
with BMS compounds (-73.39, —94.80, and —91.31 kcal/
mol with BMS-202, BMS-1001, and BMS-1166, respec-

Binding of KYA1797K to PD-L1

tively). Here the empirical potential energy function re-
flects the contributions brought by the interaction of at-
oms which are not covalently bonded, from van der Waals
interactions, electrostatic interactions, and hydrogen
bonds. The interaction of the 2-thioxo group with Alal8
is important to underline because this residue is known
to be essential for the interaction between hPD-L1 and
peptides. An A18G mutation was shown to abolish bind-
ing of a peptide to PD-L1 [35]. This A18 residue seems to
alsobeamajorcontributortotheinteractionof KYA1797K
with PD-L1.

KYA1797K Binding to Recombinant Human PD-L1

The ability of KYA1797K to interact with the PD-L1
protein was evaluated via a specific MST assay using a re-
combinant human PD-L1 protein commercially avail-
able. The results are presented in Figure 5. KYA1797K
showed a dose-dependent binding to PD-L1 in solution.
A standard monophasic binding curve was observed dur-
ing the thermophoresis experiments, and a dissociation
constant (Kp) of 59 + 8 uM was calculated. The value is
modest compared to that measured with a human anti-
PD-L1 antibody (atezolizumab [Tecentriq®], Kp=92+
11 nM) but highly reproducible and significant for such a
small molecule. For comparison under strictly identical
conditions, the anti-inflammatory compounds nitroflur-
biprofen and lonazolac gave Kp values of 114 + 29 uMm and
24.3 + 2.7 pM, respectively, whereas Kp values in the
nanomolar range have been measured with specifically
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phosphatase SHP-2 upon its interaction with PD-1. We
100+ conducted a FRET assay using a pair of fluorescent fusion
— proteins, SHP-2-CFP and PD-1-YFP (expressed in CHO-
X 80+ K1 cell), for which the emission spectrum of CFP signifi-
5 cantly overlaps the excitation spectrum of YFP. During the
% 60+ CFP-to-YFP FRET, there is a quenching of the emission of
E the donor CFP protein that is directly related to the effi-
£ 404 ciency of energy transfer and inversely proportional to the
o sixth power of the distance between the donor and acceptor
E 20 proteins. It is a powerful method for elucidating protein
interactions in many cellular processes and their drug reg-
0 o é :1_ é é 1‘ 0 ulation. We used this approach to determine the effect of
KYA1797K on PD-1 signaling. The addition of recombi-
log[drug(nM)] nant exogen PD-L1, which binds to cell surface PD-1, trig-
gers a signal (fluorescence transfer) via interaction of PD-1

Fig. 6. Dose response of LNZ on FRET signal. The curve shows the
effect of increasing LNZ concentrations on PD-1/SHP-2 interac-
tion measured by the FRET assay, from three independent experi-
ments.

designed pyrazole derivatives using the same experimen-
tal procedure [6]. This in vitro assay with purified recom-
binant hPD-L1 confirms that KYA1797K can bind to PD-
L1 but with a modest affinity. Next, we investigated the
cellular consequence of the interaction.

Inhibition of PD-1 Signaling in Cells by KYA1797K
Binding of PD-L1 to PD-1 triggers a downstream sig-
naling cascade, initiated by the activation of the tyrosine

6 Biomed Hub 2023;8:1-9
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with SHP-2. The addition of an interaction inhibitor - in
our case, a PD-L1 binder — deactivates the signal. A similar
method has been developed for high-throughput screening
of PD-1/PD-L1 checkpoint inhibitors [36]. As shown in
Figure 6, KYA1797K induces a dose-dependent inhibition
of the FRET signal. The fitting of the dose-response curve
has yielded an ICs of 94 + 4.2 pM. For comparison, ICs
values of 243 puM and 43 + 4.6 uM were calculated with ni-
troflurbiprofen and lonazolac, under identical conditions.
Here again, this is weak compared to the effects measured
with mAbs, such asahuman anti-PD-1 antibody (nivolum-
ab, ICsy = 14 + 4 nM) and a human anti-PD-L1 antibody
(atezolizumab, IC5, = 47 + 11 nM). However, the effect ob-
served with KYA1797K is highly reproducible, novel, and
important to consider.
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Discussion

KYA1797K is a synthetic molecule obtained from the
Knoevenagel condensation of a functionalized rhodanine
derivative with nitrophenyl-furfural [37]. The compound
is a ligand of the regulator of G-protein signaling domain
of the axin protein which is essential to control the Wnt/
B-catenin signaling pathway. The targeting of the axin-
regulator of G-protein signaling domain with KYA1797K
leads to a destabilization and degradation of -catenin
and Ras proteins, via activation of protein kinase via
GSK3p. As a consequence of this drug-induced degrada-
tion process, the compound exerts major anticancer ef-
fects against colorectal cancers harboring KRAS muta-
tions [24, 38]. This mechanism is useful to reduce or to
avoid drug resistance (notably resistance to anti-EGFR
therapeutics like cetuximab and gefitinib) in KRAS-mu-
tated colorectal cancer and in non-small cell lung cancer
[39, 40]. The process has been evidenced in leukemia also
[41, 42], and the same mechanism can operate in gastric
cancer, triple-negative breast cancer, and pancreatic can-
cer, reducing resistance to standard chemotherapy
(FOLFOX, gemcitabine) [43-45]. The compound has
been used as a pharmacological tool to block the Wnt/(3-
catenin pathway in different studies [46-49]. KYA1797K
represents a prototypic inhibitor used to modulate the
Wnt/f-catenin signaling pathway in various cancer mod-
els [50, 51].

In these different pharmacological studies, the com-
pound is classically used in the 5-50 uM range for in vitro
studies. It is qualified as a potent and selective Wnt/f3-
catenin inhibitor (ICs = 0.75 uM), but the maximal effects
are usually reported using the compound at 25 pM in
many cases [23, 52]. For in vivo studies with xenograft
cancer models, KYA1797K was injected intraperitoneally
at a dose of 25 mg/mL/day daily [43], but the pharmaco-
kinetic properties of the compound have not been report-
ed. Apparently, the drug is safe and no off-target effect
has been reported. It is considered a highly selective Ras
destabilizer. A possible contribution of PD-L1 binding to
the mechanism of action of KYA1797K is not known at
present. However, it is remarkable to note that KYA1797K
has recently been shown to downregulate PD-L1 in colon
cancer stem cells. The compound was found to inhibit
glycosylation and stability of PD-L1, via inactivation of
the p-catenin/STT3 signaling pathway [52]. STT3 is the
subunit of oligosaccharyl transferase (OST) which har-
bors the catalytic center of the enzyme. The authors dem-
onstrated thatinhibition of p-catenin/STT3byKYA1797K
reduced the stability of PD-L1, thereby inhibiting im-

Binding of KYA1797K to PD-L1

mune evasion and inducing apoptosis of colon cancer
stem cells [52]. No direct PD-L1 effect was mentioned,
but we can now postulate that there may be a combina-
tion of indirect (axin mediated) and direct (PD-L1 depen-
dent) effects, at least in the in vivo experiments when the
drug was injected ip at a high daily dose for an extended
period (KYA1797K was given at 15 pug/mouse, 6 days/
week for 7 weeks). It will be interesting to investigate this
option.

The approach deployed here to discover a novel PD-L1
binder can be underlined. On the one hand, the combina-
tion of a docking analysis followed with an experimental
validation has proved useful to identify KYA1797K as a
new PD-L1 binder. This approach can thus be recom-
mended. On the other hand, we must admit that the
docking study has largely overestimated the binding PD-
L1 capacity of KYA1797K. The calculated empirical po-
tential energy of interaction appeared unreliable, with a
AE value largely overestimated compared to the affinity
measured experimentally. The docking process helped
identify the binding site, but it provided only an approx-
imation of the free energy of binding. This is not entirely
surprising as conventional structure-based molecular
docking methods largely depend on the accuracy of scor-
ing or energy functions for each pose of the protein-li-
gand docking complex. Other methods and models can
be used to improve accuracy of the docking, such as con-
volutional neural network-based model, for example
[53].

Beyond the compound KYA1797K itself, the study
also raises novel ideas for the design of PD-L1 inhibitors.
The atypical 2-thioxo-4-thiazolidinone motif of
KYA1797K is not frequently used in drug design strate-
gies and rarely found in commercially available drugs.
This motif certainly warrants further investigation and
could represent a novel starting point to build immune
suppressors targeted against PD-L1. Recently, antiviral
compounds with a similar furanyl-methylidene-rhoda-
nine core have been described [54]. It would be interest-
ing to investigate their capacity to bind to PD-L1 and to
modulate the activity of the PD-1/PD-L1 checkpoint.

In conclusion, we have identified the B-catenin inhib-
itor KYA1797K as a weak PD-L1 binder capable of mod-
ulating the functioning of the PD-1/PD-L1 checkpoint.
The potency of the compound is modest, but the effect is
noticeable and should be kept in mind when using the
compound in biological systems. The study also points to
the interest of the rhodanine motif as a building element
for drug design.
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