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Abstract: Objectives: Immunotherapeutic interventions in cancer have been considerably successful and widely
accepted for cancer treatment, but are costly and cannot be afforded by all patients. Because of the high cost, the
pharmaceutical research groups across the world are sufficiently motivated to discover or design small molecule
inhibitors to treat cancer through inhibition of the immune checkpoint proteins previously targeted with monoclonal
antibodies. The presented study was designed with an aim to establish raloxifene, a selective estrogen receptor
modulator (SERM) as a potential ligand of the immune checkpoint protein Programmed death ligand-1 (PD-L1).
Methods: In the presented study, the in-silico approach was used for identifying a lead molecule against PD-L1. The
hits were screened using the similarity-search method, and drug-likeliness analysis, and the leads were identified
through ligand-docking using Autodock. In-vitro cytotoxicity analysis was carried out using the standard sulphorho-
damine B (SRB) assay and the wound healing analysis to show the inhibition of cellular migration was performed
using the standard scratch assay. Results: The in-silico study revealed that raloxifene showed a high drug likelihood
and higher binding affinity with PD-L1 as compared to the positive control (BMS-1166; BMS is Bristol Myers Squibb).
The binding of raloxifene was shown to occur in the same region as the FDA-approved monoclonal antibodies at-
ezolizumab and durvalumab, indicating the potential of raloxifene for PD1/PD-L1 blockade. In the in-vitro studies,
raloxifene showed a time-dependent reduction in IC, values for the cell line HCT116 (colon cancer). The scratch as-
say also revealed that raloxifene significantly reduced the migratory potential of HCT-116 cells in-vitro. Conclusions:
PD-L1 is a potential target of the SERM raloxifene in-silico. Overall, this study is one step further towards immune
checkpoint blockade using small-molecule inhibitors.
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Introduction

The research on immune checkpoint proteins
has opened new horizons for the development
of cancer immunotherapeutics. The immune
checkpoint proteins and their regulation by
costimulatory proteins and inhibitory ligands
provide the mechanisms to cancer cells for
immune-evasion. The role of these proteins in
promoting cancer spread has provided a strong
rationale for targeting them for tumor regres-
sion [1-3]. Ipilimumab, a human monoclonal
antibody, was specifically developed to target
cytotoxic T-lymphocyte antigen 4 (CTLA-4) and
received approval from the US Food and Drug
Administration (USFDA) in 2011 for the treat-
ment of metastatic melanoma [4]. Building on
the success of ipilimumab, researchers ex-
plored other immune checkpoints as potential

targets for inhibition. One such target of inter-
est is the complex of programmed cell death-1
(PD-1) receptor on T-cells and its ligand, PD-L1,
which is overexpressed on numerous cancer
cells [5, 6]. Regrettably, the side effects of
inhibiting the natural inhibitory mechanisms of
the immune system have been observed clini-
cally, resulting in adverse events such as diar-
rhea, rash, and hepatitis [7]. Nevertheless, the
exciting field of immune checkpoint inhibitors
presents a promising therapeutic option for
numerous cancer patients, offering the poten-
tial for curative outcomes, particularly for those
with previously poor prognoses. The binding
between PD-1 and PD-L1 has an immunosup-
pressive effect, which cancer cells exploit to
evade recognition and elimination by tumor-
specific T cells targeting neo-antigens on their
surface [8]. PD-L1 serves as a competitive
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inhibitor of T-cell co-stimulation, functioning as
a negative regulator. Prolonged exposure to
PD-L1 causes T-cell exhaustion, characterized
by persistent impaired effector protein function
[9]. Consequently, immune cells infiltrate the
tumor tissue, recognize the presence of tu-
mors but fail to eradicate the cancer cells.
Reversing the exhausted phenotype of T cells
by antagonizing the interaction between PD-1
and PD-L1 allows for efficient killing of cancer
cells. Antibodies that target the PD-1/PD-L1
immune checkpoint have considerably been
proven to be clinically effective. However, there
are concerns besides the adverse reactions.
The cost of immunotherapy is high in terms of
the drug cost, and hospitalization costs. The
development of small-molecular weight inhibi-
tors is expected to bring several advantages in
the field of PD-1/PD-L1 immune checkpoint
blockade (ICB). These advantages include
lower production costs, improved stability,
enhanced tumor penetration, suitability for oral
administration, and elimination of concerns
related to immunogenicity. However, a signifi-
cant challenge lies in targeting the flat and
highly hydrophobic interaction surface of PD-
1/PD-L1. Overcoming this challenge is crucial
for the successful development of small-mole-
cule inhibitors in the context of PD-1/PD-L1
immune checkpoint modulation [10]. There are
existing reports of small molecule inhibitors of
PD-L1 such as, CA-170 [11], BMS-143, BMS-
202, Aurigene-1 [12], ZE-132 [13], 17 [14],
INCB086550 [15], and curcumin among others
[16].

Methods

In-silico validation

Retrieval and preparation of protein for dock-
ing

The three dimensional (3D) structure of the
PD-L1 bound to a small inhibitor was retrieved
from the Protein Data Bank (PDB) using the
specific PDB ID 6R3K. To prepare the protein
structure for docking with the ligand, certain
steps were undertaken. These included elimi-
nating water molecules, incorporating hydro-
gen atoms to ensure proper ionization and tau-
tomeric states, and eliminating the ligand along
with its heteroatoms.
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Preparation of ligand for docking

The ligand molecules were retrieved using
ChemMine software’s Pubchem similarity
search feature. ‘SMILES’ (Simplified Molecular
Input Line Entry System) format of the input,
canonical for PubChem ID: 118434635 (BMS-
1166) was given. The chosen algorithm was
the ‘fingerprint algorithm’ at a cut-off of 0.5.
Similar hits were generated by ChemMine in
the structured data file (SDF) format. The input
SMILES format of known PD-1/PD-L1 interac-
tion inhibitor BMS-1166 was as follows.

CC1=C(C=CC=C1C0C2=C(C=C(C(=C2)0C-
C3=CC=CC(=C3)C#N)CN4CC(CCAC(=0)0)0)Cl)
C5=CC6=C(C=C5)0CCO8.

BMS-1166 and those structurally similar to
BMS-1166 were prepared for docking using the
standard Autodock tools.

ADME analysis

Analysis of absorption, distribution, metabo-
lism, and excretion (ADME) is a vital component
of any drug design study. ADME analysis was
performed using SwissADME server (http://
www.swissadme.ch/). The ADME data were
analyzed for drug likeliness (of Lipinski’s rule of
5 and bioavailability score), pharmacokinetic
parameters (Gl absorption, blood-brain barrier
permeability, CYP inhibition, and PGP activity),
and water solubility {Log S (ESOL)}.

Protein-ligand docking

The PD-L1 structure was docked with the
ligands using the Autodock Vina software, with
an exhaustiveness value of 8.0.

Docking analysis

Protein-ligand docking was analyzed using the
parameter of binding energies of the com-
pound in comparison with the well-established
control, BMS-1166. Also, mapping of the pre-
cise residues involved in the interaction of
the inhibitor with PD-L1 was performed using
the PLIP (Protein-Ligand Interaction Profil-
er; https://plip-tool.biotec.tu-dresden.de/plip-
web/plip/index) server. The images showing
the binding between raloxifene and PD-L1 were
generated using the Discovery Studio® [17].
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Table 1. Showing ADME analysis of Raloxi-
fene

Molecule Raloxifene
MW 473.58
#H-bond acceptors 5
#H-bond donors 2
ESOL Log S -6.61
ESOL Class Poorly soluble
Gl absorption High
BBB permeant No
Pgp substrate Yes
CYP1A2 inhibitor No
CYP2C19 inhibitor Yes
CYP2C9 inhibitor No
CYP2D6 inhibitor Yes
CYP3A4 inhibitor No
Lipinski #violations 0
Bioavailability Score 0.55

ADME: absorption, distribution, metabolism, and excre-
tion.

In-vitro validation

Cell culture and media: HCT116 (human colon
carcinoma) cells were used in the study for
evaluating the growth inhibitory potential of ral-
oxifene. The cells were cultured in RPMI-1640
supplemented with 10% (v/v) fetal bovine
serum (South American) and Penicillin/strepto-
mycin/amphotericin B.

Cytotoxicity analysis: Raloxifene was evaluated
for their cytotoxic potential using the SRB as-
say as described previously [18]. HCT116 cells
were seeded at a density of 7500 cells per well.
The cells were then treated or untreated with
varying concentrations of the drug (ranging
from 0.5 uM to 50 pM), for 24 hours, 48 hours,
and 72 hours.

Wound-healing assay: The wound healing as-
say is one of the standard assays for inves-
tigating the cell migration [19]. HCT-116 cells
were seeded in 12-well plates at a density of
0.25 million cells per well and cultured till
>80% confluence. The scratch was made using
a p200 pipette tip at t=0 hour and the cells
were washed with PBS. The cells were then
treated or untreated with varying concentra-
tions of Raloxifene (5 uM, 10 uM, 20 uM, 30
UM, and 50 pM). The positive control used in
the experiment was 10 uM 5-fluorouracil. The
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cells were incubated for 48 hours and the
plates were photographed at t=0 hour, 24
hours, and 48 hours. The efficacy of raloxifene
was expressed in terms of mean percentage
wound healed as compared to the untreated
control.

Results and Discussion

The search for small molecule inhibitors has
eluded cancer researchers since the applica-
tion of immunotherapy in cancers. The BMS
class of compounds has been proven to strong-
ly bind to the key immune checkpoint protein
PD-L1. However, the use of these compounds
in therapy is limited due to high molecular
weight and poor-to-moderate solubility. Pre-
vious research shows that other molecules
have been used for targeting the PD-L1 protein
for degradation, altered expression, and in-
hibition of PD-1/PD-L1 interaction. Work of Lim
SO et al. showed that curcumin inhibited the
stability of PD-L1 through inhibition of Con-
stitutive Photomorphogenesis 9 (COP9) sig-
nalosome 5 (CSN5). CSN5 is a known inhibitor
of PD-L1 degradation by ubiquitination [16].
Small molecule inhibitors such as BMS-202,
and CA-170 are also reported to inhibit PD-1/
PD-L1 interaction [11, 20]. AUPM-170 is also
reported as a dual antagonist of PD-L1 and
VISTA (V-domain immunoglobulin suppressor
of T cell activation) signaling [21]. Besides
inhibiting PD-1/PD-L1 interaction, some inhibi-
tors are also known to alter the expression of
PD-L1. One such compound Platycodin D
induces the release of PD-L1 into the extracel-
lular medium in-vitro. This is one potential
mechanism of action of the immunomodulatory
small molecules against PD-L1 as the release
of PD-L1 could lead to reduced PD-1/PD-L1 sig-
naling [22].

ADME analysis

Absorption, distribution, metabolism, and ex-
cretion are analyzed using the Swiss-ADME
webserver. Using this server, the drug-likeliness
(Lipinski's rule of 5 and bioavailability score),
pharmacokinetic parameters (Gl absorption,
blood-brain barrier permeability, CYP inhibi-
tion, and PGP activity), and water solubility {Log
S (ESOL)} were estimated. The results have
been summarized in Table 1.
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Table 2. 3D structure of ligands used for protein docking analysis

S. No. Name of the Ligand Pubchem ID Ligand Structure
1 BMS-1166 118434635 \
2 Raloxifene 5035

Table 3. Show the binding affinities of BMS-
1166 and Raloxifene with PD-L1

Affinity (kcal/mol)  Affinity (kcal/mol)

Mode

BMS-1166 Raloxifene
1 6.1 -1.5
2 -5.6 -7.3
3 5.2 -7.0
4 -4.8 -6.9
5 4.7 -6.8
6 4.7 -6.7
7 -3.9 -6.6

PD-L1: Programmed death ligand-1.

Docking analysis

In the present study, raloxifene and BMS-1166
(positive control) were docked with the 3D
structure of PD-L1 (PDB ID 6R3K) using
Autodock Vina. The 3D structure of the ligand
used for docking are shown in Table 2.

The binding affinities of PD-L1 with BMS-1166
and raloxifene were compared using the dock-
ing score, which is estimated in kcal/mol. In
this analysis, the seven best docking modes
were chosen for comparison. The comparative
analysis is summarized in Table 3.
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The docking score revealed that raloxifene
showed better affinity (more negative docking
score) towards PD-L1 as compared to the
known ligand BMS-1166. The best docking
pose (PDB format) was analyzed using the PLIP
server and the results obtained for BMS116
and raloxifene have been tabulated in Table 4.

The docked 3D structure of BMS-1166 and
raloxifene with PD-L1 are shown in Figures 1
and 2 respectively. The BMS-1166 formed
two hydrogen bonds with PD-L1 amino acids
Glu31l (bond length 2.3A) and Thr37 (bond
length 3.1A). On the other hand, raloxifene
formed four H-bonds with PD-L1 amino acids
Alal121 (bond length 3.2,&), Asp122 (bond
length 3.79A), and Arg125 (bond lengths 3.2A
and 3.3A).

Analysis of interaction between ligands and
PD-L1

PD-L1 is the ligand for the programmed death
receptor 1 (PD-1). BMS-1166 is a known ligand
of PD-L1 which blocks PD-L1 function through
interference with the export of PD-L1 from the
endoplasmic reticulum [23]. The structural fea-
tures of PD-L1 include different domains the
most notable of which is the Ig-like domain,
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Table 4. Show the interaction data between PD-L1 and Raloxifene, and PD-L1 and BMS-1166 (PLIP Output). All distances are shown in Ang-
stroms

Raloxifene
Hydrophobic Interactions Hydrogen Bonds
Index Chain Residue Amino Acid Distance Ligand Atom Protein Atom Index Chain Residue Amino Acid % Donor Atom Acceptor Atom
1 B 54 lle 3.95 3887 1244 1 A 121 Ala 2.25 3.20 3884 [N3] 794 [02]
2 B 56* Tyr 3.48 3888 1259 2 A 122 Asp 3.44 3.79 802[03] 3884 [N3]
3 B 63 Asn 3.68 3892 1323 3 A 125* Arg 251 3.31 825[Nam] 3898 [03]
4 B 66 GIn 3.78 3887 1348 4 A 125* Arg 3.16 3.65 835([Ngt] 3898 [03]
6 A 124# Lys 3.65 3871 822
7 A 125* Arg 3.81 3871 830
BMS-1166
Hydrophobic Interactions Hydrogen Bonds
Index Chain Residue Amino Acid Distance Ligand Atom Protein Atom Index Chain Residue Amino Acid % Donor Atom  Acceptor Atom
1 B 24 Pro 3.72 3907 1019 1 B 31 Glu 2.30 3.22 3891[03] 1080 [0.C02]
2 B 30 Val 3.67 3869 1070 2 B 37 Thr 2.25 3.11 1119 [NAM] 3864 [N3]
4 B 36 Met 3.95 3870 1115
5 C 134 Tyr 3.71 3901 2823
6 C 134 Tyr 3.99 3880 2819
7 C 134 Tyr 3.42 3876 2818

#Interacting residues with raloxifene that match the interacting residues with atezolizumab and durvalumab. “H-A = Distance between Hydrogen and Acceptor Atom. **D-A = Distance
between Donor and Acceptor Atom. PD-L1: Programmed death ligand-1.
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besides the transmembrane domain (Tm) and
the RNApol-like domain. PD-L1 has a typical
structure belonging to the immunoglobulin (Ig)
superfamily of proteins [24]. Several pro-inflam-
matory signals are known to activate PD-L1
expression, however, PD-L1 is constitutively
expressed in macrophages, dendritic cells, and
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Figure 1. The image shows the interacting amino acids of PD-L1 with BMS-
1166. All bond distances are shown in Angstroms. PD-L1: Programmed
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Figure 2. The image shows the interacting amino acids of PD-L1 with Ral-
oxifene. All bond distances are shown in Angstroms. PD-L1: Programmed

myeloid-derived  suppressor
cells [25]. Raloxifene is a
SERM prescribed as a medi-
cation to treat osteoporosis in
postmenopausal women [26].
It is a non-steroidal drug that
is known to increase bone
mineral density. Raloxifene is
also an anti-cancer drug,
especially used for breast
cancer as an estradiol an-
tagonist that competes for
binding with estrogen recep-
tors. Protein-ligand docking
showed the binding of raloxi-
fene with PD-L1 (6R3K) at
some important amino acid
residues. Raloxifene formed
hydrophobic interactions with
the amino acids 154, Y56,
N63, Q66, V68 (all on chain-
B), and K124 (on chain-A).
Raloxifene also showed H-
bonding with A121, D122,
and R125. Interestingly, Lee
et al. showed that the resi-
dues Y56, N63, Q66, and V68
are also the contact amino
acids for binding of FDA-
approved Atezolizumab with
PD-L1. Also, A121 and R125
are known as contact resi-
dues between atezolizumab
and PD-L1. Atezolizumab is
a known monoclonal anti-
body for PD-1/PD-L1 block-
ade. Additionally, Y56, A121,
K124, and R125 are con-
tact residues between PD-L1
and FDA-approved durvalum-
ab, which is again a known
PD1/PD-L1 blockade agent
[27]. This overlap is a positive
indication that raloxifene may
potentially inhibit PD1/PD-L1
signaling.

In-vitro cytotoxicity analysis

The in-vitro cytotoxicity analysis was carried out
on human cancer cell line (human colon can-
cer). Previous reports have shown that the cell
lines HCT116 and colon cancer stem cells
express PD-L1 [28, 29]. The cytotoxicity analy-
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Table 5. Show the percentage growth inhibition and MCF-7 and HCT116 cells and IC, values in re-
sponse to varying dosages of Raloxifene for different time points

Dru Cell Concentration Percentage Growth Inhibition IC,,

& Line (UM) 24 hours 48 hours 72 hours 24 hours 48 hours 72 hours
Raloxifene HCT116 Untreated 0.00 0.00 0.00 29.54 uM 19.56 uM  12.39 uM

0.5 3.44+1.36 5.48+2.32 14.42+5.53

1 4.03+3.15 7.97+3.79 23.92+3.82

5.84+0.68 15.34+£3.74 26.22+11.32

10 9.15+4.58 26.67+3.46" 44.04+3.15"

20 29.16+4.13"" 65.84+1.28™ 91.01+0.67""

30 56.76+1.21" 91.41+0.09™ 91.55+0.51

50 85.04+£3.37" 95.53+0.19 92.47+0.39

“p-value <0.05; ““p-value <0.01 (paired t-test was performed for studying the effect of dose on the percentage growth inhibition).

HCT116_Raloxifene_Dose_Time

0 iii iii iii iII I|| ‘|| |||
I O

= —
Ee [=2] oo 8 ]
o o o o

% Growth Inhibition

N
o

\?’b »
Raloxifene Concentration (uM)

Figure 3. The image graphically represents the percentage inhibition of
HCT116 and MCF-7 in response to varying dosage of Raloxifene for 24

hours, 48 hours, and 72 hours.

sis was done through a dose-dependent and
time-dependent study. The cells were cultured
in T-75 flasks, trypsinized, and seeded in flat-
bottom 96-well cell culture plates. Treatment
was given at varying doses for 24 hours, 48
hours, and 72 hours.

It was seen that raloxifene significantly inhibit-
ed the growth of HCT116 cells in-vitro. The IC
values and the percentage growth inhibition
are summarized in Table 5 and represented
graphically in Figure 3.

The study revealed that 24-hour treatment with
raloxifene showed an IC_ value of 29.54 micro-
molar for HCT116. The IC,, of raloxifene was
reduced in a time-dependent manner and
72-hour treatment showed the highest growth
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inhibition. This result corrobo-
rates with the available re-
search data. For HCT116,
the observed IC,  value of
29.54 micromolar corrobo-
rates with the available re-
search reports. Abd-Rabou et

u 24 hour .

al. reported that raloxifene
W48 Hour killed HCT116 cells in-vitro
® 72 Hour with an |C50 value of 28.7

micromolar [30]. At 48 hours,
our study reported a raloxi-
fene IC, of 19.56 micromolar.
Tu et al. reported nearly 50
percent inhibition of HCT116
cell growth after 48 hours at
raloxifene dose of 20 micro-
molar (data extracted from
graph) [31].

Wound-healing assay

The effect of raloxifene on HCT116 cell migra-
tion was studied using the standard scratch
assay. The cells were treated or untreated with
varying concentrations of raloxifene along with
ten micromolar 5-fluorouracil as a positive con-
trol. The images were taken at t=0 hour, 24
hours and 48 hours and the results are shown
in Figure 4 and tabulated in Table 6. It was
seen that raloxifene showed time and dose-
dependent reduction of wound healing as
measured through the mean area of the open
wound. The results showed that the 99.45% of
the wound of the untreated cells healed at 48
hours, whereas, treatment with 5 uM, 10 uM,
20 uM, 30 uM and 50 uM raloxifene showed a
mean percentage wound healing of 31.2%,
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Raloxifene

Untreated 5-FU (10uM) 5uM 10uM 20uM 30uM 50uM

T AL

0 Hour

Figure 4. The image shows the representative images of the wound healing assay on HCT116 cells with or without
treatment with raloxifene and 5-fluorouracil (10 micromolar).

Table 6. Show the percentage wound healing in HCT-116 cells in response to varying concentrations
of raloxifene, untreated control and 5-fluorouracil (10 uM)

Percentage Wound Healed

Incubation

- 5-FU Raloxifene Raloxifene Raloxifene Raloxifene  Raloxifene
Time Untreated
(10 uMm) (5 pM) (10 pm) (20 p™m) (30 pMm) (50 p™)
0 hour 0 0 0 0 0 0 0
24 hour 36.03+1.09" 0.88+1.57 33.84+6.54° 12.93+1.40" 10.10+1.98 2.55+5.45 2.30+3.87
48 hour 99.45+1.98" 4.41+2.42 31.20+1.96 25.21+0.79" 19.27+0.83" 12.03+3.64 0

“p-value <0.05; ““p-value <0.01 (paired t-test was performed for studying the effect of dose on the percentage wound healing).

25.2%, 19.27%, 12.03% and 0% respectively
at 48 hours. This confirms the inhibitory poten-
tial of raloxifene against cancer cell migration.

Conclusion

The in-silico findings of this study show that ral-
oxifene is a potent inhibitor for PD-L1 and can
potentially target the PD1/PD-L1 signaling
pathway by inhibiting their interaction. Raloxi-
fene is an already reported SERM and is appli-
cable to cancer research. However, this is the
first report of the efficacy of raloxifene in PD1/
PD-L1 blockade. The amino acids of PD-L1 that
are targeted by raloxifene overlap those that
are targeted by atezolizumab and durvalumab,
which implies that a low-cost inhibitor like ral-
oxifene can benefit the patients who cannot
afford the expensive immunotherapy. The
quest for small-molecule inhibitors for immune
checkpoint blockade has been going on for
some time now and with further structural biol-
ogy experimentation, the efficacy of binding of
such inhibitors to high-value therapeutic tar-
gets can be proven. More research is required
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to get more insights into the mechanism of
cell death by raloxifene through targeting of
PD-L1. Much remains to be determined as to
whether raloxifene inhibits PD-1/PD-L1 interac-
tion, alters PD-L1 expression, or its stability.
This paper provides the necessary impetus to
pursue the interaction between raloxifene and
PD-L1 further and explore the possibilities of
development of effective drug combinations.
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