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Abstract. Immunotherapy has become a cornerstone in
cancer treatment, with anti-PD-L1 antibodies effectively
used across various cancers. Although these therapies
have shown success, antibodies face limitations in
bioavailability compared to low molecular mass
compounds. An alternative strategy is to stabilize PD-L1
homodimers to prevent their immunosuppressive activity.
The homodimer interface forms a tunnel-like cavity that
can accommodate small molecules. However, no small
drugs targeting PD-L1 homodimers have been approved
for cancer treatment. Drug repurposing offers a promising
approach to bridge this gap. In this study, we sought to
identify potential PD-L1 inhibitors among FDA-approved
drugs using virtual screening, followed by molecular
docking, molecular dynamics simulations, and
MM/PBSA binding energy calculations. Our results
indicate that daclatasvir, an FDA-approved antiviral for
hepatitis C, forms a stable and energetically favorable
complex with the PD-L1 homodimer, suggesting it as a
promising candidate for further investigation in cancer
immunotherapy. Due to its symmetry, daclatasvir
simultaneously interacts with both PD-L1 monomers in
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an equivalent manner, bridging the dimer interface. Its biphenyl core anchors at the center of the tunnel, the
imidazole rings position at the entrances, and the pyrrolidine rings remain exposed to the solvent. Our in-
depth characterization of the binding mode of daclatasvir clarifies its binding mechanism, and recent
experimental findings have also indicated that daclatasvir binds to PD-L1, supporting its potential in this
new context.

Resumen. La inmunoterapia se ha convertido en una piedra angular en el tratamiento del cancer, y los
anticuerpos anti-PD-L1 se utilizan eficazmente en varios tipos de cancer. Aunque estas terapias han
demostrado ser exitosas, los anticuerpos enfrentan limitaciones de biodisponibilidad en comparacion con los
compuestos de baja masa molecular. Una alternativa al uso de anticuerpos consiste en estabilizar
homodimeros de PD-L1 para impedir su funcién inmunosupresora. La interfase de los homodimeros de PD-
L1 constituye un tinel que puede alojar moléculas de baja masa molecular. Sin embargo, no existen
moléculas pequeias dirigidas al homodimero de PD-L1 con aprobacion regulatoria para el tratamiento del
cancer. El reposicionamiento de farmacos ofrece un enfoque prometedor para cerrar esta brecha. En este
estudio, buscamos identificar potenciales inhibidores de PD-L1 entre los farmacos aprobados por la FDA
mediante cribado virtual, acoplamientos moleculares, simulaciones de dinamica molecular y calculos de
energia de union MM/PBSA. Nuestros resultados indican que daclatasvir, un antiviral aprobado por la FDA
para la hepatitis C, forma un complejo estable y energéticamente favorable con el homodimero PD-L1, lo
que sugiere que es un candidato prometedor en la inmunoterapia contra el cancer. Debido a su simetria,
daclatasvir puede interactuar simultaneamente y de la misma manera con ambos monomeros de PD-L1,
estabilizando la union. El ntcleo bifenilo de daclatasvir se aloja en el centro del tinel del homodimero, los
anillos de imidazol se colocan en las entradas, y los anillos de pirrolidina permanecen expuestos al solvente.
Nuestra caracterizacion detallada del modo de unioén de daclatasvir aclara su mecanismo de interaccion.
Ademas, hallazgos experimentales recientes indican que daclatasvir se une a PD-L1, lo que respalda su
potencial en este nuevo contexto.

Introduction

Immune checkpoints are negative regulators of the immune system that maintain self-tolerance and
control the intensity of immune responses [1]. The binding of Programmed Death-Ligand 1 (PD-L1) to
Programmed Cell Death Protein 1 (PD-1) controls an immune checkpoint with key relevance in cancer [2].
PD-1 is expressed on T cells, whereas PD-L1 is present on both healthy and cancer cells. Under normal
physiological conditions, PD-1 binds to PD-L1 triggers downstream signaling that attenuates T cell receptor
and CD28 pathways, ultimately reducing T cell activation, proliferation, and cytokine production [3]. This
deactivation is crucial to prevent excessive immune responses, thereby protecting tissues from autoimmune
damage and maintaining immune tolerance. In the tumor microenvironment, cancer cells exploit this
interaction to evade the immune response, allowing them to escape immune surveillance [4,5]. PD-L1 has
been reported as overexpressed in melanoma, thymoma, lung cancer, gastric cancer, hepatocellular
carcinoma, renal cell carcinoma, esophageal cancer, pancreatic cancer, ovarian cancer, and bladder cancer
[6-8]. Thus, PD-L1 has become an important clinically validated target in cancer therapy. Since 2016, three
anti-PD-L1 antibodies have been approved for the treatment of various cancers [9]. Today, immunotherapy
targeting PD-1/PD-L1 axis immune checkpoint is considered a successful approach in cancer care [10,11].

Despite the success of anti-PD-L1 therapy, antibodies, as biotechnological drugs, are not exempt
from adverse events and inherent toxicity [12]. Furthermore, they face challenges related to long half-life,
immunogenicity, and limited permeability in tumor tissues [13]. Additionally, high costs limit the overall
cost-effectiveness of these therapies in cancer treatment [14,15]. Conversely, low molecular mass
compounds offer notable advantages over monoclonal antibodies in addressing these issues. In recent years,
various research groups have focused on developing small-molecule compounds with novel mechanisms that
prevent PD-L1 from binding to its receptor by inducing PD-L1 homodimerization [16-18].
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As a monomer, PD-L1 lacks a pocket to accommodate small compounds and is considered an
undruggable target [19,20]. However, when PD-L1 forms a homodimer, a hydrophobic pocket resembling a
tunnel is created at the interface of the monomers. Further, crystallographic data deposited in the Protein
Data Bank (PDB) [21] revealed a common biphenyl moiety from ligands inside this pocket, with polar
substituents oriented toward the tunnel entrances and extending outward. Additionally, the PD-L1
homodimer exhibits an anti-symmetric arrangement with identical moieties on both sides of the tunnel.
Because the PD-L1 homodimer is an anti-symmetric target, symmetry considerations are crucial in
developing PD-L1 homodimer stabilizers [22]. On the other hand, C2 symmetry describes molecules with
two-fold rotational symmetry, appearing identical after a 180° rotation around an axis. This structural insight
has led to the development of several C2 symmetric biphenyl-based compounds [23]. For example, Basu et
al., reported the design and evaluation of a symmetric ligand (Fig. 1, ligand A) with PubChem CID:
138753643, which exhibited nanomolar activity in homogeneous time resolved fluorescence (HTRF) assays
[24]. Another notable case is the ligand synthesized by Kawashita et al. (Fig. 1, ligand B) with PubChem
CID: 155536299, with micromolar activity in surface plasmon resonance (SPR) assay against PD-L1 [25].
Interestingly, both compounds are C2-symmetric stabilizers of PD-L1 homodimers. However, neither of
these compounds has been approved as an antineoplastic drug, highlighting the need for additional
compounds with similar activity.

Drug repurposing has become a successful strategy for identifying new therapeutic uses for existing
drugs beyond their original medical indications [26]. Historically, drug repurposing was largely a matter of
serendipity [27]. However, it now involves systematic and rational approaches [28]. In particular,
computational methods play a critical role in identifying potential candidates for repurposing [29-31]. For
instance, in silico high-throughput molecular docking and molecular dynamics (MD) simulations are
computational techniques that provide valuable information to guide experimental studies in drug
repurposing campaigns [32,33].

Daclatasvir (Fig. 1) is an antiviral drug used to treat hepatitis C virus infections and has been
approved by the Food and Drug Administration (FDA) of the United States since 2015 [34]. From a structural
perspective, daclatasvir is a C2-symmetrical compound with a biphenyl core and polar substituents on both
sides. Summarizing, all three chemical structures —those of the two selected PD-L1 homodimer stabilizers
and daclatasvir— exhibit C2-symmetry, featuring a central biphenyl moiety with polar substituents at both
ends.

2oR8 G

e oo Mf

Daclatasvir

Fig. 1. Chemical structures of the reference compounds and daclatasvir, with the C2 axis of symmetry
indicated by a dotted line.

In this study, we performed high-throughput molecular docking of the DrugBank database into the
PD-L1 homodimer, aiming to identify potential stabilizers. We hypothesized that FDA-approved drugs with
C2 symmetry and a hydrophobic central core could act as PD-L1 stabilizers. Daclatasvir achieved a top-20
docking score (Table S1) and was the only compound in this group with C2 symmetry. Daclatasvir has the
structural features for forming stacking interactions with PD-L1 tyrosine residues and substituents with
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multiple hydrogen bond acceptors and donors, creating a central hydrophobic core flanked by polar regions
that complement the features of the PD-L1 tunnel. Then, we characterized the complexes of the PD-LI
homodimer with daclatasvir, or each of two reference compounds [24,25] through molecular dynamics (MD)
simulations. Binding energies for all three compounds were calculated using the molecular mechanics
Poisson—Boltzmann surface area (MM-PBSA) approach [35]. Our findings show that daclatasvir forms a
stable and energetically favorable complex with the PD-L1 homodimer, suggesting it is a promising
candidate for repurposing as a PD-L1 homodimer stabilizer. Notably, during the course of this investigation,
it was published that daclatasvir indeed is able to bind human PD-L1 [36].

Methodology

Molecular docking

High-throughput molecular docking was conducted using Molecular Operating Environment (MOE)
software v2023.10. The receptor structure, co-crystallized with ligand A, was obtained from the PDB with
ID 6RPG [24]. One monomer was tagged as PD-L1A and the other one as PD-L1B. Ligand B was obtained
from the PubChem database [37]. Compounds from the DrugBank database [38], along with reference
ligands A and B, were imported into MOE. All ligands were protonated at pH 6.7 to simulate the extratumoral
environment [39] and optimized using the MMFF94x force field. All water molecules were removed. Initial
ligand poses were generated using the Proxy Triangle placement method and evaluated with the London dG
scoring function. Docking accuracy was validated by redocking the co-crystallized ligand A in the structure,
following the protocol described above.

Molecular dynamics simulation

Structures of the complexes were obtained through molecular docking as described above. The
systems were prepared using CHARMM-GUI [40], where the protein was processed for MD simulation.
Preparation steps included the addition of missing hydrogen atoms, assignment of protonation states at pH
6.4-7.1, and parameterization using the CHARMM?36m force field [41]. Both nitrogen atoms of the imidazole
side chain in all histidine residues were protonated. The protein was solvated in a cubic box of 85 A by side
with TIP3P water molecules, with counterions added to neutralize the system and achieve a physiological
ionic strength of 0.15 M. The prepared system was imported into GROMACS v2021.6 [42] and subjected to
energy minimization using the steepest descent algorithm. The system then underwent equilibration in two
phases: first, in the NVT ensemble, maintaining the temperature at 310.15 K using the modified Berendsen
thermostat; and second, in the NPT ensemble, with the pressure maintained at 1 atm using the Parrinello-
Rahman barostat. Finally, a production MD simulation was performed for 200 ns with a time step of 2 fs.
Periodic boundary conditions were applied, and the LINCS algorithm was used to constrain bond lengths
involving hydrogen atoms. Coordinates were saved every 10 ps for subsequent analysis.

Binding affinity

The binding affinity of the reference and daclatasvir complexes was assessed using MM/PBSA
approach, based on 30 energetically accessible conformations extracted from the last 30 ns of MD trajectories
[43].

Results

Building on recent findings that daclatasvir, a C2-symmetric molecule with a biphenyl core, binds
to the PD-L1 homodimer, this study seeks to shed light on its detailed binding interactions and mechanisms
of stabilization.

http://dx.doi.org/10.29356/jmcs.v70i11.2393
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Daclatasvir is predicted to bind the PD-L1 homodimer

First, we redocked the co-crystallized ligand A into the PD-L1 homodimer structure. The calculated
pose was compared with the crystallographic conformation, yielding a root mean square deviation (RMSD)
of 1.90 A (Fig. S1). Second, the binding modes of the symmetric ligand B reported by Kawashita et al. and
daclatasvir were identified using the validated docking protocol focusing on the top-ranked scored poses.

Both ligands A, and B belong to the class of biphenyl-based compounds, although they contain a
more complex tetraphenyl core. Ligand A has two identical substituents on each side of the tetraphenyl core.
These are a cyanopyridine and a charged polar chain. An analysis of the PD-L1 homodimer/ligand A complex
showed that these substituents interacted with both PD-L1 monomers. The cyanopyridine and positively
charged polar chain on one side bind to the PD-L1A monomer, while the other set interacted with the PD-
L1B monomer (Fig. 2(a)).

As expected, ligand B binding to the PD-L1 homodimer was mediated by its biphenyl core
interacting with the center of the tunnel formed at the interface of the PD-L1 monomers. The two substituents
on each side of the tetraphenyl core of ligand B are a cyanopyridine and a double-charged polar chain. The
cyanopyridine in ligand B exhibited no intermolecular interactions with either monomer. However, one of
the two double-charged chains was oriented toward the PD-L1B monomer while the other interacts with both
monomers Fig. 2 (a)).

As was hypothesized, daclatasvir was bound to the PD-L1 homodimer with the biphenyl core
positioned in the center of the tunnel. In addition, daclatasvir has two aromatic rings as substituents on each
side of the biphenyl core. These aromatic rings were located at the entrances of the tunnel. Moreover, the
polar moieties attached to the extra rings extend outside the tunnel and remain away from the core (Fig. 2(a)).

a) Ligand A Ligand B Daclatasvir
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Fig. 2. Binding modes for reference ligands plus daclatasvir. (a) 3D structure of the complexes, showing two
PD-L1 monomers, in surface representation, and the ligands in licorice. The insets highlight the biphenyl
core and the orientations of the polar chains for each ligand. (b) Intermolecular interactions for each ligand.
Residues involved in hydrophobic interactions are shown in green. Stacking interactions, salt bridges, and
hydrogen bonds are represented by dotted lines in yellow, red, and blue, respectively.
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An in-depth analysis of intermolecular interactions was performed to identify key residues involved
in ligand binding. For all three ligands, the binding mode was primarily driven by hydrophobic interactions
with residues located in the center of the tunnel, such as Ile54, Tyr56, Metl15, Alal21, and Tyr123 from
both monomers. Additionally, stacking interactions with Tyr 56 were observed at the tunnel entrance. For
ligand A, stacking occurred with both monomers, while for ligand B and daclatasvir, it appeared only with
one monomer. Ligand A also formed extra stacking interactions with Tyr123 from both monomers.
Furthermore, salt bridges were formed between the positively charged moieties of ligand A and ligand B and
negatively charged residues Asp122 (both monomers) and Asp75B, respectively. For ligand B, salt bridges
were observed between its negatively charged moiety and the positively charged residues Lys124 from both
monomers, while daclatasvir formed hydrogen bonds with these residues. Additionally, daclatasvir
established additional hydrogen bonds with Thr20B and Gln66 from both monomers. Ligand A formed
hydrogen bonds with the main chain of Arg 125 from both monomers, while ligand B interacted with the
side chains of GIn66A and Lys124B (Fig. 2(b)). These findings indicate a common binding pattern among
ligand A, ligand B, and daclatasvir.

Daclatasvir forms a stable complex with the PD-L1 homodimer

Molecular dynamics (MD) studies were performed to evaluate the stability of the daclatasvir/PD-L1
complexes. Complexes with ligands A, and B were used as positive controls. As expected, the PD-LI
homodimer/ligand A complex showed high stability, with an RMSD of 2.31 £ 0.26 A for the ligand and 1.84
+0.20 A for the protein backbone (Fig. 3(a)). Non-relevant conformational changes from the pose obtained
previously by crystallography were observed for the Ligand A (Fig. 3(d)). On the other hand, the RMSD for
ligand B (5.86 £ 0.59 A) indicated this ligand adopted a new conformation (Fig. 3(b)). The shift was primarily
caused by the reorientation of the biphenyl core substituents into a position opposite to that predicted by
molecular docking (Fig. 3(e)).

For the PD-L1 homodimer/Daclatasvir complex, an RMSD of 4.50 + 0.33 A was observed for the
ligand, indicating that daclatasvir also adopts a new conformation (Fig. 3(c)). In contrast to ligands A, and
B, the biphenyl core of daclatasvir shifted into a significantly different position (Fig. 3(f)). However, this
new conformation remained stable. The RMSD values for the PD-L1 homodimer in complexes with ligand
B or daclatasvir were 5.06 + 0.45 A, and 5.75 + 0.54 A, respectively indicating no significant conformational
changes in the protein (Fig. 3(b), 3(c)).

To assess the effect of the ligands on PD-L1 homodimer, root mean square fluctuation (RMSF)
values were calculated for the three complexes described above. The presence of the ligands reduced residue
fluctuation compared to the apo PD-L1 homodimer. The complex with ligand A exhibited the lowest overall
fluctuation. In particular, the C and C' beta sheets showed minimal movement, though the interconnection
loop between them remained flexible. A similar trend was observed for the terminal region of the F beta
sheet and the beginning of the G beta sheet. As expected for ligand B and hypothesized for daclatasvir, these
systems showed a similar pattern of reduced fluctuation compared to the apo homodimer. Notably, the
interconnection loop of the C and C' beta sheets in the daclatasvir complex exhibited less fluctuation
compared to ligand B (Fig. 3(g)). These findings indicate that ligand A, ligand B, and daclatasvir stabilize
the PD-L1 homodimer in a similar way.

http://dx.doi.org/10.29356/jmcs.v70i11.2393
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Fig. 3. Dynamic behavior of reference ligands and daclatasvir, demonstrating their stabilizing effects on the
PD-L1 homodimer. (a-¢) RMSD plots of the PD-L1 homodimer bound to (a) ligand A, (b) ligand B, or (¢)
daclatasvir. (d-f) Representative bioactive conformations obtained from MD simulations for (d) ligand A
(green), (e) ligand B (red), and (f) daclatasvir (blue). The initial conformation of ligands is shown in white-
colored licorice model. Only the structure of the PD-L1g monomer, represented in a cartoon model, is shown
for clarity. Relevant beta sheets are labeled. (g) RMSF of the apo PD-L1 homodimer (dashed line) compared
to the complexes with ligand A, ligand B, and daclatasvir (colored in green, red, and blue, respectively). Beta
sheets are shown in gray and labeled accordingly.

Daclatasvir shows comparable binding affinity to reported PD-L1 inhibitors

To evaluate the affinity to PD-L1 homodimer, the binding energies of ligands A, B, and daclatasvir
were calculated from three replicates each, using the MM/PBSA approach (Table S2, Fig. 4(a)). As expected
for ligands A and B and hypothesized for daclatasvir, the binding energy was favorable. We found no
statistically significant differences between ligands in the calculated AGs. However, AH was significantly
more favorable for ligands A and B than for daclatasvir, with ligand A having almost double the AH of
daclatasvir. Despite this, the AS contribution was better for daclatasvir binding. The entropy change for
ligands A and B was three times higher than for daclatasvir, likely due to the greater number of accessible
bioactive conformations. Ligands A and B each have 23 rotatable bonds, while daclatasvir has only 13,
limiting its conformational flexibility.

To explore in detail the binding modes of ligands A, B, and daclatasvir, we performed a residue-wise
binding energy analysis (Fig. 4(b)). The tunnel residues, Tyr56 at the entrance and exit, and Met115 in the
middle, were key contributors for all ligands. Additionally, Ile54, Val55, Gly120, and Alal21 at the extremes
of the tunnel contributed favorably in a similar manner for all three ligands. Tyr123 from both monomers also
played a central role in binding for all three ligands. On the other hand, residues outside of the targeted tunnel

http://dx.doi.org/10.29356/jmcs.v70i11.2393
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showed minimal contributions for all ligands. For example, Alal8 from both monomers contributed
unfavorably to ligand A and B binding. However, for daclatasvir, Alal8 from monomer A contributed
favorably, while Ala 18 from monomer B had an unfavorable impact. Phel9 from each monomer contributed
differently in ligands A and daclatasvir, but contributed favorably in ligand B. Other residues in the N-terminal
loop, such as Thr20, Val21, and Thr22, had small yet favorable and symmetric contributions for all ligands.

We also identified other residues that mediate ligand- or monomer-specific interactions. Asp122 had
a mixed role; for ligands A and B it contributed favorably from one monomer and unfavorably from the other.
On the other hand, it showed unfavorable energy for both monomers in the case of daclatasvir. Gln66
contributed unfavorably for ligand A and favorably for daclatasvir, while for ligand B, it had opposite roles
depending on the monomer analyzed. All results were consistent through three replicates. This exhaustive
characterization of the binding modes of reference ligands A, and B shows a highly symmetrical contribution
of binding energy from each PD-L1 monomer. Finally, and most importantly, our findings show that daclatasvir
emulates the binding mode of reported inhibitors with comparable affinity, primarily due to reduced entropic
effects.
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Fig. 4. Total binding energy, and contribution by residue. (a) Change in Gibbs free energy (AG) with enthalpy
(AH) and entropy (AS) changes contributions, and (b) Per-residue contribution to binding energy for
complexes PD-L1 homodimer-ligand A, -B, and -daclatasvir. T means temperature.
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Discussion

Daclatasvir, an antiviral drug approved for HCV, acts by inhibiting RNA replication and virion
assembly through binding to NS5A, a nonstructural HCV phosphoprotein. Since the crystal structure of
NSS5A remains unresolved, consensus on the exact binding site for daclatasvir is lacking. However, an NS5A
homology model was developed, followed by molecular docking and MD studies to elucidate the daclatasvir
binding mode. This model suggests that daclatasvir binds symmetrically to the NS5A homodimer, which
constitutes the biological unit [44]. These findings suggest the potential of daclatasvir to bind to anti-
symmetrical homodimers and highlights the importance of the symmetry on its structure.

Herein, we have provided a solid basis by computational modeling that daclatasvir has the potential
to bind to the PD-L1 homodimer. The MD simulations and binding energy calculations suggest that
daclatasvir forms a stable complex with the PD-L1 homodimer. We hypothesize that other symmetric
molecules, including symmetric stereoisomers and meso forms, can target both the PD-L1 and NS5A
homodimers. Increasing the rigidity of molecules by reducing the rotatable bonds may improve the entropic
contribution. Recent studies by Sun et al. have reported the experimental binding of daclatasvir to human
PD-L1 in HepG?2 and Jurkat cells [36]. Additionally, daclatasvir has been shown to increase T-cell levels in
patients undergoing antiviral treatment for chronic hepatitis C [45]. It has been reported that PD-LI
homodimerization promotes its internalization and degradation [46,47]. Furthermore, direct-acting antiviral
treatments, including daclatasvir, have been reported to downregulate immune checkpoint expression [48].

Taken together, these findings suggest that daclatasvir holds potential as a candidate for immune
checkpoint inhibition. Stabilizing PD-L1 homodimers could prevent cancer cells from evading immune
surveillance, which is particularly relevant given the increasing interest in small-molecule alternatives to
monoclonal antibodies for targeting immune checkpoints. For example, BMS-103 and BMS-142 bind
strongly to the PD-L1 homodimer, preventing the formation of the PD-1/PD-L1 axis and promoting T cell
function. However, their immunological efficacy is compromised due to their acute cytotoxicity [49].
Another notable example is the compound Incyte-011, which binds to the PD-L1 homodimer and increases
IFN-y production. However, it also exhibits high cytotoxicity [50]. In contrast, as an approved drug,
daclatasvir offers significant advantages in terms of clinical development and safety profiling.

Our MM/PBSA computations indicate the following affinity ranking: ligand A> ligand B>
daclatasvir. These results cannot be directly compared with the available experimental data, since the assays
for evaluation of ligand binding were different. Ligand A showed an ICso of 3.0 nM in an HTRF assay, while
ligand B and daclatasvir exhibited KD values of 0.019 nM and 11.4 uM, respectively, in SPR assays
[24,25,36]. These methodological differences and reported parameters highlight the challenge of directly
correlating their affinities. Additionally, it is known that the predictions made based on computational
analysis require further experimental validation [51-53]. Thus, it is necessary to assess daclatasvir’s efficacy
and specificity in relevant models of disease including animal models. Such experimental evaluations could
confirm the activity of daclatasvir as a PD-L1 homodimer stabilizer and would support its repurposing as an
antineoplastic agent.

Conclusions

Overall, our study provides a compelling case for the potential of daclatasvir as a PD-L1 homodimer
stabilizer. High-throughput molecular docking identified daclatasvir, a C2-symmetric compound with a
biphenyl core, as a top-ranking candidate. Furthermore, Sun et al. reported that daclatasvir binds to PD-L1,
and our molecular dynamics simulations and binding energy calculations offered deeper insights into this
interaction. Interestingly, MM/PBSA analysis revealed that daclatasvir demonstrated a minimal, unfavorable
AS contribution compared to reference ligands, highlighting the key role of entropy in binding affinity. These
findings underscore the need for further exploration of the mechanism by which daclatasvir acts and its
potential therapeutic applications in cancer immunotherapy.
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