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ABSTRACT: Although heavily studied, the subject of anti-PD-L1 small-molecule
inhibitors is still elusive. Here we present a systematic overview of the principles behind
successful anti-PD-L1 small-molecule inhibitor design on the example of the m-
terphenyl scaffold, with a particular focus on the neglected influence of the solubilizer tag
on the overall affinity toward PD-L1. The inhibitor developed according to the proposed
guidelines was characterized through its potency in blocking PD-1/PD-L1 complex
formation in homogeneous time-resolved fluorescence and cell-based assays. The affinity
is also explained based on the crystal structure of the inhibitor itself and its costructure
with PD-L1 as well as a molecular modeling study. Our results structuralize the
knowledge related to the strong pharmacophore feature of the m-terphenyl scaffold
preferential geometry and the more complex role of the solubilizer tag in PD-L1
homodimer stabilization.
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Programmed cell death protein 1 (PD-1) is a 55 kDa
transmembrane protein constituted of an IgV-like N-

terminal extracellular domain, a transmembrane domain, and a
cytoplasmic domain. PD-1 is mostly expressed on the surfaces
of T cells, natural killer cells, and B cells. PD-1 binds to two
natural ligands, PD-L1 and PD-L2, both of which are
transmembrane proteins belonging to the immunoglobulin
superfamily. In a healthy system, PD-1 engagement by its
natural ligands inhibits a T-cell response, resulting in reduced
effector functions, leading to cancer cell protection but also
chronic infections and decreased autoimmunity.1,2

Dysfunctions of the regulatory effect of the PD-1/PD-L1
checkpoint toward the immune system can lead to several
diseases related to autoimmunity, infections, and cancer.3,4 In
cancer cells, overexpression of PD-L1 leads to the progression
of T cells into an exhausted state and decreased tumor cell
apoptosis. Disruption of the PD-1/PD-L1 interaction leads to
the reactivation of T cells, laying the foundations for cancer
treatments coined.5−9 Since its discovery, the PD-1/PD-L1
blockade has proven to be an efficient treatment of several
cancer types, such as nonsmall cell lung cancer, Hodgkin
lymphoma, breast cancer, etc.10,11 Currently, all clinically
approved anti-PD-1/PD-L1 therapeutics rely on highly
selective monoclonal antibodies (mAbs), such as nivolumab
against PD-1 and durvalumab against PD-L1.6,12 Despite their
superb efficacy, there is a constant urge to develop alternative
therapeutic classes, overcoming the limitations of mAbs related

to their poor pharmacokinetic profile, high manufacturing
costs, oral unavailability, and observed adverse effects.13,14

Those additional classes comprise mainly small-molecule
inhibitors (SMIs) and macrocyclic peptides.15−20 Moreover,
several studies have shown that synergistic effects were
observed in therapies combining SMIs and mAbs, leading to
a new wave of anti-PD-L1-oriented therapies.21

Although several postulated and promising SMIs have been
designed and tested, only a few reached the clinical trials stage,
while to date none have been approved for cancer treatment.
Among all the discovered putative small-molecule drugs, the
most promising results have been shown for PD-L1 binding
inhibitors belonging to macrocyclic peptides and peptidomi-
metics.22−24 Among the small-molecule inhibitors, the first
class and the most significant breakthrough were compounds
based on a biphenyl core, disclosed by Bristol Myers Squibb in
2015.25,26 Since then, the biphenyl-core structures have been
highly developed, with the PD-1/PD-L1 complex inhibition
results reaching up to the nanomolar scale.22,23,27 However,
except for the C2-symmetric structures, such as the most
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prominent compound A presented by Park et al. in 2021,28

this class of compounds still lacks the level of activity displayed
by mAbs in the in vitro assays.29

Despite the biphenyl core being a well-established and
crucial pharmacophore fragment of anti-PD-L1-active SMI
agents, its solubility remains a challenge. Thus, several
solubilizing tags were tested to modulate the designed
molecule’s physicochemical properties.16,18 Nevertheless, the
function of these molecular fragments (apart from increasing
the compound solubility) in ligand−protein complex stabiliza-

tion is poorly understood. The question arises whether it is
possible to rationally design the solubilizer tag to increase the
ligand’s affinity and anti-PD-L1 activity by allowing additional
protein−ligand interaction formation. Herein we present a
systematic structure−activity study for newly synthesized and
biologically tested compounds based on the recently
discovered m-terphenyl core decorated with cyclic amino
acid derivatives as one of the most reported solubilizer tags in
anti-PD-L1 SMIs. Compounds were initially tested for their
potency in disrupting the PD-1/PD-L1 complex using a

Scheme 1. Overview of the Compound Synthesis

Table 1. Potencies of Tested Compounds in Disrupting the PD-1/PD-L1 Complex Using HTRF (n = 2)
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standardized homogeneous time-resolved fluorescence
(HTRF) assay followed by the cell-based immune checkpoint
blockade (ICB) assay. The understanding of the protein−
ligand interactions, including the role of the solubilizer tag, was
assessed via computational methods and crystal structure
analyses.
We started by developing further the scaffold described in

ref 18 to investigate whether its biological properties can be
improved by solubilizer tag modifications and how it influences
their activity in cells. The synthesis of the m-terphenyl-based
parent inhibitors presented herein is shown in Scheme 1. The
initial m-terphenyl core was synthesized using Suzuki−Miyaura
coupling reactions as described previously.18 An m-terphenyl
precursor was then reacted with thionyl chloride, leading to a
reactive benzyl chloride which is suitable for the subsequent
nucleophilic substitution with one of the ester-protected cyclic
amino acids: proline (1), β-proline (2), pipecolinic acid (3),
nipecotic acid (4), and isonipecotic acid (5). The obtained
esters were then directly transformed into final compounds
using an aminolysis reaction or were hydrolyzed and coupled
with different amines. All of the final structures are reported in
Table S1 in the SMILES format.
The synthesized compounds were tested for their potency in

disrupting the PD-1/PD-L1 complex by using the HTRF assay
(Table 1). The IC50 of reference compound BMS-1166 in the
HTRF assay, with a value of 3.89 ± 0.19 nM, was reported in
our previous paper.18 The vast majority of the tested
compounds effectively disrupted the PD-1/PD-L1 complex
in the subnanomolar range, similar to one of the most
prominent small-molecule inhibitors of PD-L1, compound
A.28 In our research, we tested the impact of the ring size,
solubilizer tag position, and type on the inhibitory activity.
Furthermore, we conducted a comparative analysis of the
activity exhibited by the tested compounds considering both
their calculated and experimentally determined solubilities
(Figure 1). The most prominent solubilizing tags among all the
tested amino acid fragments are proline (1a−1h), β-proline
(2a−2h), and isonipecotic acid (5a−5h), while pipecolinic
acid (3a−3h) and nipecotic acid (4a−4h) derivatives, which
are often used as PD-L1 SMI solubilizers, were generally the
worst-performing. This effect correlates with the solubilities of
the compounds, with the β-proline series demonstrating
optimal activity and solubility. As expected, the acidic forms
(series “a”) of the evaluated inhibitors were characterized with
enhanced solubility and activity compared to their less acidic
counterparts, namely, hydroxamic acids (series “b”), hydra-
zides (series “c”), and N,N-dimethylhydrazides (series “d”).
Additionally, the introduction of amides as solubilizing tags
maintained excellent activity for the tested derivatives, both in
ethylenediamine (series “e”) and ethanolamine (series “f”)
derivatives. However, an increase in the molecular size of the
solubilizer, achieved by incorporating serinol (series “g”) and
TRIS (series “h”), resulted in a slight weakening of compound
activity. Nevertheless, the comparison of activity among the
mentioned amides remains uncertain due to the detection limit
of the HTRF method. It is noteworthy, though, that the
solubilities of amides are not as favorable as those of their
smaller counterparts. In general, the activity of the tested
compounds seems to be correlated with the solubility rather
than the type and size of the solubilizing tag. Interestingly,
some compounds present a strong correlation between
experimental and calculated solubilities (the same color of
triangles within a square in Figure 1), showing the progress in

the solubility determination algorithms for small molecules and
therefore justifying their application.
Following the HTRF analysis, the activities of the selected

molecules were verified in the well-exploited cell-based PD-1/
PD-L1 ICB assay.16−18,30 For the analysis, compounds 2a−2h
were chosen as a group displaying the most striking activity in
the HTRF analysis and favorable solubility profile. All the
analyzed compounds increased the activation of effector Jurkat
T cells (Jurkat-ECs) in the assay, where the activation thereof
is blocked by the PD-1/PD-L1 immune checkpoint (Figure
2A). This bioactivity was observed at a concentration of 1 μM
for the β-proline derivatives 2b, 2e, 2g, and 2h (Figure 2B).
For compounds 2d and 2g, this activity was retained at the
concentration of 6.4 μM, while for compounds 2e and 2h the
T cell activation dropped down, most probably due to toxic
effects on the cells used in the assay. A more detailed view into
the activation of Jurkat-ECs revealed the highest dose-
dependent activity and lowest toxicity of the compounds 2d,
2f, and 2g, which make these molecules the best candidates for
further optimization (Figure S1). The observation proves the
PD-L1-blocking activity of the compounds in the cellular
context, although it has to be acknowledged that the observed
effect is considerably lower than that observed for the control
anti-PD-L1 antibody durvalumab (Figure 2B).
Diffraction-quality crystals of the PD-L1/2f complex were

obtained by using a sitting-drop setup. The final resolution of
the obtained cocrystal structure was 2.1 Å (crystallographic
parameters are shown in Table S2). The asymmetric unit
contains one molecule of inhibitor 2f and two molecules of

Figure 1. Comparison of the experimental and calculated solubilities
of the tested compounds. Solubility levels are visually represented on
a color scale, ranging from optimal (green) to weak (yellow)
solubility. Each square on the display corresponds to a specific
compound, with its position indicated by a combination of a number
(column) and a letter (row) in alignment with Table 1. The upper
triangle of each square displays the experimental solubility, while the
lower part reflects the calculated value. Gray coloring represents
unavailable data.

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Letter

https://doi.org/10.1021/acsmedchemlett.3c00306
ACS Med. Chem. Lett. 2024, 15, 36−44

38

https://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.3c00306/suppl_file/ml3c00306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.3c00306/suppl_file/ml3c00306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.3c00306/suppl_file/ml3c00306_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00306?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00306?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00306?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00306?fig=fig1&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://doi.org/10.1021/acsmedchemlett.3c00306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


PD-L1, which form a homodimer (Figure 3A). This type of
dimerization upon the interaction with the inhibitor has been

previously observed for biphenyl-based scaffold inhibitors of
PD-L1.31 The terphenyl moiety of 2f provides a strong
stabilizing π interaction with ATyr56 as well as numerous
hydrophobic interactions with, both PD-L1 subunits’ amino
acids, including ATyr56, AMet115, BMet115, AAla121, BAla121,
and BTyr123 (Figure 3B). A strong salt bridge between the
BAsp122 carboxylic group and the protonated amine of the 2f
molecule is also observed. Additionally, a hydrogen bond
between BArg125 and the terminal hydroxyl group of 2f is
observed. However, it should be noted that the electron

density of this terminal part of the inhibitor is poor, suggesting
a high flexibility of the 2f solubilizer tag (Figure 3B).
Therefore, the presented spatial orientation of the solubilizer
tag was based on possible protein−ligand interactions.
Compound 2a crystallizes in the centrosymmetric space

group I2/a (Table S3). The asymmetric unit consists of one
molecule in the zwitterionic form (Figures 4A and S2−S4).
Additionally, there are four water molecules, from which two
(namely, O3W and O4W) are located at a special position and
represent two alternative molecules’ locations. Water molecule
O2W is disordered and refined in two positions with site
occupancies of 55% and 45%. All water molecules form a
network of hydrogen bonds propagating in a channel along
[100]. The presence of the water channels in the proximity of
the solubilizing tag confirms the hydrophilic properties of this
molecular fragment. The fluctuating water molecules’ positions
lead to disorder within the solubilizing tag (β-proline and its
carboxylic substituent), with refined site occupancies of 54%
and 46%. The two alternative positions are shown in Figure 4B
(the less abundant conformation is shown in green).
Apart from hydrogen bonds involving water molecules, the

strongest observed intermolecular interaction is a charge-
assisted hydrogen bond (salt bridge) formed between the
protonated amine of the β-proline and the carboxylate anion of
the neighboring molecule. This interaction propagates parallel
to the water channels. The corresponding salt-bridge
interaction is also observed in the protein−ligand crystal
structure presented here, where the protonated amine of 2f can
interact with the anionic form of BAsp122. In the crystal of 2a,
several C−H···O interactions are observed (Table S4), which
additionally stabilize the crystal structure.
The molecular conformation of the main aromatic m-

terphenyl core is well conserved for the small-molecule and
protein−ligand crystal structures. The superposition of the m-
terphenyl fragment for compound 2a in its crystal form (Figure
4C, the molecule with carbon atoms in gray) on the one
observed for compound 2f in the binding cavity of the PD-L1
dimer (Figure 4C, the molecule with cyan carbon atoms)
shows that these fragments are almost identical, with a root-
mean-square deviation (RMSD) for aromatic ring carbon
atoms of ∼0.11 Å. For structure 2a, the torsion angles C1−
C2−C7−C16 (TOR1) and C1−C6−C17−C22 (TOR2) are
56.25° and 46,64°, respectively. The mutual aromatic frag-
ments’ orientation may be defined also by angles between
planes of phenyl rings 1−3 (marked with blue numbers in
Figure 4A) with angles 1/2 (ANG1), 1/3 (ANG2), and 2/3
(ANG3) being 53.85°, 46.06°, and 87.44°, respectively. Such a
spatial orientation of π-electron-rich fragments may be the
main characteristic responsible for binding to the PD-L1
dimer, as it matches the corresponding m-terphenyl angles in
the cocrystal structure. Therefore, we postulate that a correct
preorientation of the core m-terphenyl scaffold in our
inhibitors is primarily responsible for its strength in
dissociating the PD-1/PD-L1 complex, as it avoids a
thermodynamic penalty because no “torsion adjustments” are
required for the inhibitor. Interestingly, such mutual aromatic
rings’ arrangement is not very strictly defined and conserved
for different m-terphenyl-containing structures and strongly
depends on substituents. The Cambridge Structural Database
(CSD) (ver. 5.43, November 2021)32 search revealed a wide
range of values for all the analyzed geometrical parameters (the
histograms showing the statistical distribution of TOR1−2 and
ANG1−3 are presented in Figures S5−S9), with maximum

Figure 2. Bioactivities of the molecules in the in vitro PD-1/PD-L1
immune checkpoint blockade (ICB) assay. (A) Schematic represen-
tation of the assay, in which the effector Jurkat T cells (Jurkat-ECs)
were incubated with the stimulator CHO/TCRAct/PD-L1 cells in the
presence of the tested molecules. (B) Fold induction of the activation
of Jurkat-ECs in the presence of either the indicated compounds (1
μM or 6.4 μM) or therapeutic anti-PD-L1 antibody (1 μg/mL),
relative to controls. Untreated cells (ctrl.) served as controls for the
durvalumab treatment and DMSO-treated cells as controls for the
compound treatments. Data points represent mean ± SD values from
duplicates.

Figure 3. Cocrystal structure of PD-L1 and inhibitor 2f. (A) Surface/
cartoon representation of PD-L1 dimer with the A subunit in red and
the B subunit in blue. Inhibitor 2f is presented in a cyan stick style
with atoms color-coded. (B) The 2f molecule and its protein
surroundings, showing interactions with PD-L1 amino acids, super-
imposed on the 2Fo − Fc electron density difference Fourier map
leveled at 3σ (gray isomesh). The inhibitor 2f is colored cyan, APD-L1
amino acids are colored red, and BPD-L1 amino acids are colored
blue. The hydrogen bond is indicated with a blue dashed line.
Hydrophobic interactions are indicated with gray dashed lines. The π-
stacking interaction is shown as a green dashed line with gray spheres.
The salt bridge is shown as a yellow dashed line with yellow spheres.
Waters are indicated as red crosses.
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Figure 4. (A) Asymmetric unit of the 2a crystal structure. Here the more abundant conformation of the organic compound is shown with aromatic
rings marked with a numerical tag. (B) Four disordered water molecules are located in the proximity of the solubilizing tag, leading to disorder
within β-proline and its carboxylic substituent. The less abundant conformation shown as green small spheres. (C) Superposed molecule 2a (gray)
in the geometry observed in the small-molecule crystal structure and molecule 2f (cyan) in the conformation observed in the protein−ligand
complex crystal, showing good agreement within the main terphenyl core with RMSD ∼ 0.11 Å for aromatic C atoms. Displacement ellipsoids of
non-hydrogen atoms are drawn at the 30% probability level. H atoms are presented as small spheres with an arbitrary radius. The superposed
molecules are shown in stick representation, with H atoms removed for figure clarity.

Figure 5. (A) Summarized representation of docking results for all the described m-terphenyl derivatives, including the reference PD-L1 ligands
compound A,28 BMS-1166,25,26 and the m-terphenyl analog from the 7NLD crystal structure.18 (B, C) 2D ligand interaction plots (Schrödinger
release 2020-3: Maestro, Schrödinger, LLC, New York) for the 2f conformer observed in the protein−ligand crystal structure and the 2f redocking
result, respectively. (D) Superposition of native 2f conformer and its redocking result. (E) Superposition of all docked m-terphenyl derivatives (the
best-scored poses).
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counts for TOR1−2 in the range ±(80−100)°, ANG1−2 in
the range 75−90°, and ANG3 in the range 45−60°. From the
statistical point of view, the m-terphenyl derivatives presented
here adopt a peculiar geometry not strongly represented in
CSD results, which can be defined as a strong pharmacophore
feature for the PD-1/PD-L1 inhibitors, perhaps justifying why
such scaffolds were not reported previously.
The solubilizing tags of 2a and 2f in the crystal structures

presented here are oriented differently. When a ligand is bound
to PD-L1, the geometry of this molecular fragment is the most
sensitive to the environment, as it is exposed to the solvent and
therefore may display a high disorder level, which can be
confirmed by the low coverage of the 2Fo − Fc electron density
map (at contour level 3σ) from Figure 4B. The mobility of this
fragment may suggest the formation of interactions with both
protein and solvent in a competitive and even interchanging
manner.
The docking procedure was performed based on the PD-L1/

2f cocrystal structure. The protein structure was thoughtfully
screened against all the available PD-L1/SMI complexes
deposited in the Protein Data Bank33 to search for structural
differences that appeared to be negligible. All compounds
presented in this paper were docked onto the homodimer-
formed binding pocket, along with compound A,28 BMS-
1166,25,26 and the m-terphenyl analog from the 7NLD crystal
structure18 used as reference ligands. The summarized
graphical representation of the obtained results is shown in
Figure 5A (numerical results with ChemPLP scoring function
values are included in the Supporting Information).
The docking results revealed that the positive charge

generated on the protonated amine corresponds to a higher
scoring function result compared with the neutral form of the
ligand. This is related to the N+−H···BAsp122 salt bridge
formation that strongly stabilizes the protein−ligand com-
plex.34

The redocking procedure resulted in well-reconstructed 2f
conformation and protein−ligand interactions (Figure 5B,C).
The calculated RMSD based on all non-hydrogen atoms in 2f
is 0.84 Å. The discrepancy between the structure and predicted
pose was observed for the 2,3-dihydro-1,4-benzodioxine
moiety, which is related to the translational shift of the docked
compound, lacking the native ligand’s position by ca. 0.5 Å but
still preserving all key interactions (Figure 5D). The deeper
penetration of the ligand is a consequence of removal of a
water molecule from the binding site prior to the docking
procedure. The major divergence is observed for the solubilizer
tag region, further confirming that this fragment is in fact
highly mobile in the protein/ligand complex (Figure 5D).
The comparison of all of the best-scored poses for each of

the investigated ligands revealed a highly conserved location
and orientation of the m-terphenyl fragment with a strong
diversity in the solubilizer tag geometry (Figure 5E). This
result hints that the role of this highly mobile terminal
fragment is not trivial. The externally exposed terminal tail of
the ligand may be less involved in PD-L1/SMI complex
stabilization but rather competitively forms interactions with
polar amino acids in the cavity’s entrance and environmental
water molecules. This dynamic exchange may prevent water
molecules from entering the hydrophobic pocket and addi-
tionally increase the entropy of the system. The analysis of the
available PD-L1/SMI complexes shows that for the majority of
the investigated crystal structures, the electron density of this
terminal molecular fragment is poorly defined, and therefore,

the presented protein/ligand stabilizing interactions are
doubtful (e.g., PDB IDs 5J89, 5N2D, 5N2F, 6NM8, 7BEA,
7DY7, and 7NLD). The well-defined density is observed when
the solubilizer tag is arborescent (e.g., PDB IDs 5NIU, 6R3K,
and 6RPG). By the more stable conformation of this bifurcated
tail, the deeper region of the binding cavity is better shielded
from water molecules. It is worth noting that for the
mentioned crystal structures, the observed protein/ligand
contacts are either water-mediated or mostly weak interactions.
The solubility study and log S prediction results show that

all of the studied compounds in their neutral form are only
moderately soluble (Figure 1). However, the majority of the
presented compounds are in their cationic forms due to the
protonation of the amine group within the solubilizer tag at
physiological pH, which affects the resulting compounds’ final
solubility. Additionally, the predicted log P seems to be
optimal only for compound A, whereas for most of the tested
compounds, this important pharmacological parameter is in
the range of 4−5, implying high lipophilicity of the m-
terphenyl derivatives and hindering their accessibility in a
water environment.
The weak correlation between the docking results and the

biological tests can be related to the still not fully understood
mechanism of action of PD-L1 ligands, which may be based on
the synergistic effect of cell-surface PD-L1 dimerization as well
as influencing some intracellular processes.28 Thus, all of the
considered physicochemical parameters, such as ionization of
the compound, low solubility, and high lipophilicity, can be
treated as limiting factors which cooperatively influence the
biological activity of PD-L1 ligands.
The success of cancer therapy by inhibition of negative

immune regulation was awarded the 2018 Nobel Prize in
Physiology or Medicine jointly to James P. Allison and Tasuku
Honjo. It fueled the development of SMIs disrupting the PD-
1/PD-L1 immune checkpoint. Despite the great interest
resulting in numerous patents and publications on the PD-
L1-targeted SMIs, the understanding of the mode of action of
SMIs on PD-L1 at a molecular level is still not well-established.
Classically, anti-PD-L1 SMIs’ scaffolds are divided into the
biaryl core responsible for the PD-L1 dimerization, followed by
the aryl moiety with an ether-linked group to increase the
number of “binding anchors”, and terminated by the solubilizer
tag accounting primarily for the enhancement of the
compound solubility index (nowadays, many deviations from
this classical outline are reported, such as mirrored
compounds, etc.).22 The question also arises whether the
solubilizing fragment influences ligand/protein binding and
may be rationally designed to increase the potency of SMIs to
stabilize the ligand-induced PD-L1 homodimerization. This led
us to the formulation of guidelines for anti-PD-L1 SMIs.
Continuing the work on the m-chloroterphenyl scaffold, we
found that its characteristic preorientation of the aromatic
rings in the inhibitor’s scaffold to engage PD-L1’s ATyr56,
AMet115, and BTyr123 in strong hydrophobic/π interactions
favors subnanomolar inhibitory constants. Therefore, the
correct terphenyl substitution (with, e.g., a halogen or a methyl
at the ortho position) leading to steric hindrance and lowering
the resonance effect as it was shown in the ligand’s crystal
structure and the following CSD search presented in this
article is a valid and straightforward strategy for the
development of strong conformational scaffolds and pharma-
cophore models.
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Solubilizer tags are often considered to increase the
solubility of anti-PD-L1 compounds, which are usually quite
hydrophobic. However, based on the performed in silico
modeling routine and the obtained experimental results, we did
not find a correlation. Clearly, poor inhibitor solubility can lead
to its aggregation in the polar environment (such as buffers)
and lower its effective concentration. Moreover, the con-
nection between anti-PD-L1 SMIs and their lipophilicity is a
convoluted process that we do not understand fully yet. Also,
the second most postulated argument that solubilizers provide
additional stabilizing contacts with PD-L1, such as the
hydrogen bond between BArg125 and the terminal hydroxyl
group of compound 2f reported here, seems not very obvious,
as the poor electron density around this terminal part of the
inhibitor suggests a high degree of flexibility of this fragment. A
more likely explanation of the “solubilizer tag” role is that due
to its high degree of conformational changes in the PD-L1
dimer-formed binding cavity, it prevents water molecules from
penetrating the hydrophobic core of the ligand/protein
complex. This is illustrated in our docking routine, where
resulting poses with similar predicted binding scores represent
various solubilizer tag orientations. In our work, we decorated
the m-chloroterphenyl scaffold with polar amino acid
derivatives such as proline, pipecolinic acid, or isonipecotic
acid conjugated with various terminal groups, including
hydroxyl, amides, acyl hydrazides, and ethanolamine groups.
Nearly half of the reported compounds were more potent in
the disruption of PD-1/PD-L1 complex than the well-known
compound BMS-1166 and showed similar results as one of the
most active inhibitors to date, compound A. Especially, the β-
proline series (2a−2h) proved to be potent, as all terminal
fragments of this group gave the best results with
subnanomolar IC50 values.
The ionization/protonation state of anti-PD-L1 inhibitors is

often neglected and/or not considered in the in silico design of
SMIs. Nevertheless, this parameter is crucial, as it can affect the
binding energy and complex stabilization by highly favorable
salt bridge formation, which leads to an enhancement of the
biological activity toward PD-L1 for both macrocyclic peptides
and SMIs.34 Application of this information in the in silico
approach can increase the predictive power of the molecular-
docking-based method for the studied protein−ligand system.
Additionally, the potential ionization of the putative drug
molecule may be a critical factor influencing bioavailability and
altering the properties of cell penetration. The latter would be
especially important in the case of the dual surface−internal/
cytoplasmic mode of action of anti-PD-L1 small inhibitors.
Guidelines formulated here for PD-L1 SMIs shed more light

on the often-neglected subject of the importance of the
solubilization tag. Through the extensive biological, biochem-
ical, and structural analysis exemplified by the m-chloroter-
phenyl scaffold, we aimed to structure the current knowledge
about the importance and complex function of the solubilizing
tag in the design of PD-L1 SMIs.
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