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Abstract: The interaction between programmed cell death-1 (PD-1) 

and its ligand PD-L1 activates a coinhibitory signal that blocks T-cell 

activation, promoting the immune escape process in the tumor 

microenvironment. Development of monoclonal antibodies targeting 

and inhibiting PD-1/PD-L1 interaction as anticancer immunotherapies 

has proved successful in multiple clinical settings and for various 

types of cancer. Notwithstanding, limitations exist with the use of 

these biologics, including drug resistance and narrow therapeutic 

response rate in a majority of patients, that demand for the design of 

more efficacious small molecule-based immunotherapies. Alteration 

of pH in the tumor microenvironment is a key factor that is involved in 

promoting drug resistance, tumor survival and progression. In this 

study, we have investigated the effect of pH shifts on binding 

properties of distinct classes of PD-L1 inhibitors, including 

macrocyclic peptide and small molecules. Results expand structure-

activity relationships of PD-L1 inhibitors, providing insights into 

structural features and physicochemical properties that are useful for 

the design of ligands that may escape a drug resistance mechanism 

associated to variable pH conditions of tumor microenvironment. 

Introduction 

Programmed cell death-1 protein (PD-1) and its ligands (PD-L1 

and PD-L2) are members of the B7–CD28–CTLA-4 family of 

coregulatory proteins which play a pivotal role in T-cell activation 

and tolerance.[1-3]  

Structurally, PD-1 is a monomeric type I transmembrane 

glycoprotein containing an IgV extracellular domain, followed by 

a stalk region of about 20 amino acids and a cytoplasmic 

domain.[4] This latter bears tyrosine-based motifs called 

Immunoreceptor Tyrosine-based Inhibitory Motif (ITIM) and 

Immunoreceptor Tyrosine-based Switch Motif (ITSM).[5] The 

engagement of PD-1 by its ligand PD-L1 promotes the 

phosphorylation of the ITSM motif and the formation of a docking 

site which is able to recruit SHP-1 and SHP-2, leading to the 

inhibition of T cells activity. At odds with other B7–CD28–CTLA-4 

proteins, PD-1 is mostly expressed on T and B cells, natural killer 

(NK) and monocytes, suggesting a wider regulation of immune 

responses than other family members.[6,7]  

 

 

 

 

 

 

 

Figure 1. Chemical structures of peptide-57 (1, S8158), BMS-202 (2), S7911 

(3) and VIS1059 (4). 

PD-L1 and PD-L2 share 20% of sequence identity with other 

members of the B-7 family.[8] They are type I transmembrane 

glycoproteins composed of a membrane-proximal Ig-C and a 

membrane-distal Ig-V-type ectodomain.[9] The Ig-V domain 

consists of antiparallel β-strands which form two possible 

interaction surfaces, termed GFC and BED surface. The 

interaction between PD-L1/2 and PD-1 occurs at the GFC surface, 

which is different in the two ligand proteins accounting for a 

distinct molecular mechanism of interaction.[10-13] In particular, 

PD-L1 and PD-L2 compete for the same binding surface on PD-

1. However, upon binding, the larger GFC surface of PD-L1 

induces a peculiar conformational change in PD-1 that is not 

observed in the case of PD-L2. Such different molecular 

mechanism of interaction may account for a 3-fold lower affinity of 

PD-L1 than PD-L2 to PD-1.[14]   

Among PD-1 ligands, PD-L1 is highly present in tumor cells, with 

its expression being induced by many cytokines and tumor-

derived exosomes. It is also constitutively expressed in antigen 

presenting cells (APCs), T-cells and on a variety of non-

hematopoietic cell types.[15] On this basis, recent studies suggest 

that PD-L1 may constitute a key factor for triggering the promotion 
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of the immune escape process in the tumor microenvironment.[16, 

17] Accordingly, inhibition of PD-1/PD-L1 interaction is being 

pursued as viable strategy to develop anticancer 

immunotherapies, engineering humanized monoclonal antibodies 

or designing peptidomimetics and small molecule inhibitors.[18]  In 

this framework, the use of PD-1/PD-L1 humanized monoclonal 

antibodies has yielded 20%-50% positive response rates in 

multiple clinical trials and for various types of cancer, evidencing 

that a significant portion of patients shows drug resistance and 

poor therapeutic response.[19-21]  

Beyond limited bioavailability and safety issues of biologic drugs, 

the lack of a wider response to PD-1/PD-L1 monoclonal 

antibodies has been correlated to low tumor-infiltrating immune 

cells, absence of activated effector T cells, and poor PD-L1 

expression in cancer cells, which collectively constitute the 

dynamic cell content profile of a tumor microenvironment.[22] 

Spatiotemporal alteration of pH in tumor microenvironment is 

another factor that has been reported to promote tumor survival 

and progression, and may contribute to establish drug resistance 

towards anticancer therapies.[23, 24] Specifically, normal tissues 

present an intracellular pH (pHi) of 7.2, and an extracellular pH 

(pHe) of 7.4. In tumor microenvironment, pHe decreases to acidic 

values below 7.0, while pHi assumes higher basic values.[25-27] 

These changes can alter the ratio of protonated versus 

deprotonated forms of charged residues on target proteins and 

chemical groups on cognate ligands, depending on the relative 

acid dissociation constants (pKa). Accordingly, shifts of pHi/pHe 

out of the physiological range can affect both target protein 

functionality as well as drug efficacy, weakening electrostatic 

interactions which govern protein structure, folding and ligand 

binding.[28]  

In this work, we attempt to investigate the effect of pH variations 

on binding properties of a selection of PD-L1 inhibitors belonging 

to the different chemical categories of macrocyclic peptides and 

small molecule inhibitors (1-4, Figure 1). Firstly, docking studies 

and molecular dynamic (MD) simulations were carried out to 

depict putative electrostatic interactions and hydrogen bonds 

featuring the binding modes of these inhibitors to PD-L1. Next, 

analysis of physicochemical properties was carried out to assess 

pKa values of aminoacidic residues and small molecules. Finally, 

microscale thermophoresis (MST) analysis was performed to 

evaluate dissociation constants (Kd) of inhibitors to PD-L1 at 

different pH conditions. 
 

Results and Discussion 

Binding modes of inhibitors to PD-L1. 

A selection of inhibitors of PD-L1 belonging to chemical classes 

of macrocyclic peptides and small molecules was collected from 

literature, including peptide-57 (1, S8158; pdb code 5O4Y), BMS-

202 (2, pdb code: 5J89) and S7911 (3). A further compound (4, 

VIS1059) was ad-hoc designed and synthetized as structural 

analogue of S7911, but endowed with different protonation state 

and conformational property. 

Peptide-57 (1) is a macrocyclic compound that is able to block 

PD-1/PD-L1 interaction with an EC50 of 0.566 ± 0.122 µM, as 

determined in a luciferase reporter assay using T-cell-like Jurkat 

cells.[29] Crystallographic studies have shown that peptide-57 

binds to the GFC surface of PD-L1, mostly engaging the G strand 

of the target protein by hydrophobic interactions (Figure 2).  

Figure 2. Interactions of peptide-57 (1) on the GFC surface of PD-L1 (5O4Y). 

Yellow dashed lines show ligand/target hydrogen bond interactions; cyan 

dashed lines show ligand/target -stacking contacts. 

Table 1. Stabilities (occupancy, %) of ligand/protein interactions as resulting 

from trajectories of MD simulations. 

Resid. Inter. 

Type 

2/PD-L1 

(5J89 C/D) 

3/PD-L1 

(5J89 C/D) 

4/PD-L1 

(5J89 C/D) 

1/PD-L1 

(504Y) 

Phe19 H-bond[a] 32% C[e] - - - 

Glu58 H-bond - - - 68% 

Asn63 H-bond - - - 100% 

Gln66 H-bond - - 62% D[e] 252%  

Asp73 H-bond - - - 32% 

Asp122 H-bond 65% C 35% C - - 

Lys124 H-bond 35% C 65% C - - 

Glu58 Water[b]  - - - 40% 

Asn63 Water - - - 32% 

Gln66 Water - - 61% D - 

Asp73 Water - - - 81% 

Val76 Water - - - 30% 

Ala121 Water 58% C - - - 

Asp122 Water 30% C - - - 

Phe19 Water 63% C - 31% C - 

Thr20 Water - 37% C - - 

Tyr56 phobic[c] 40% D 47% D 58% D 48% 

Val68 phobic - 36% D - 31% 

Ile54 phobic 46% D - - - 

Met115 phobic 38% D - 39% D 41% 

Ala121 phobic 43% C 31% C 36% C - 

Tyr123 phobic 64% C 45% C 32% D 56% 

Tyr56 -[d] 67% 
C/D[e] 

66% C/D 76% C/D - 

[a] H-bond: hydrogen bond; [b] Water: water-bridge mediate hydrogen bond; [c] 

phobic: hydrophobic contacts; [d] -: -interaction; [e] protein chain C and/or D 

of PD-L1 dimeric form. 

Specifically, tryptophan residues (W8 and W10) of peptide-57 

occupy two narrow clefts of PD-L1, making hydrophobic contacts 

and -stacking interactions with Ile54, Tyr56 and Val68 in the first 
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cleft, and Tyr56, Glu58, Arg113, Met115 and Tyr123 in the second 

cleft. Furthermore, two hydrogen bond interactions are observed 

between the side chain of Gln66 and backbone atoms of L6 and 

W10, while one additional hydrogen bond is formed between 

Asn63 and the backbone carbonyl of W8. 

MD simulation provides insights into relative stabilities of these 

interactions (Table 1). In particular, hydrogen bond interactions 

involving P4, L6, and W8 of peptide-57, and the backbone of 

Gln66 and Asn63 of PD-L1 show a very high stability along the 

trajectory (Table 1; occupancy values 252% and 100%, 

respectively). These are followed by a further stable hydrogen 

bond involving residues W10 and Glu58 (occupancy 68%), and 

by both water-bridge mediated and direct hydrogen bond 

interactions connecting H5 and Asp73 (occupancy 81%, 32%). 

Stable hydrophobic contacts and -stacking interactions are 

observed between Met115, Tyr123 and Tyr56, and F1, W8 and 

W10 of peptide-57. Noteworthy, the basic residue R13 of peptide-

57 is not directly engaged in any polar interaction with specific 

residues of PD-L1, but it is exposed to solvent molecules. 

Although MD simulation confirms hydrophobic interactions as 

important in the binding of peptide-57 to the GFC surface of PD-

L1, it also pinpoints a significant contribution of polar interactions 

to the stability of the complex. 

Figure 3. Interactions of BMS-202 (2) into the binding cleft of the dimeric form 

of PD-L1 (5J89). Yellow dashed lines show ligand/target hydrogen bond 

interactions; cyan dashed lines show ligand/target -stacking contacts; purple 

dashed lines show ligand/target electrostatic interactions. 

BMS-202 (2) belongs to a class of (2-methyl-3-

biphenylyl)methanol derivatives identified by Bristol-Myers 

Squibb as small molecule inhibitors of PD-L1/PD-1 interaction,[30]  

with an IC50 of 0.018 µM in homogeneous time-resolved 

fluorescence (HFRET) binding assay. The determination of the 

crystal structure of BMS-202 in complex with PD-L1 has allowed 

to get insights into the mechanism of interaction of this class of 

small molecules.[31] Specifically, it was found that BMS-202 

induces a dimeric form of PD-L1, binding into a cavity shaped by 

the GFC surface of two PD-L1 units (Figure 3). The biphenyl 

moiety of 2 is buried within the cavity engaging Met115 and 

Ala121 of both PD-L1 chains (e.g. chains C/D) with hydrophobic 

contacts, while its distal phenyl ring makes -stacking interactions 

with Tyr56 of chain C. The pyridine ring forms a -stacking 

interaction with Tyr56 of chain D, and its methoxy substituent 

makes hydrophobic contacts with Tyr123 of chain C. The terminal 

2-aminoethylacetamide chain of BMS-202 protrudes into the 

solvent with its secondary amine and acetamido groups facing a 

salt bridge formed by the side chains of Asp122 and Lys124 of 

chain C.  

The MD simulation shows strong stability of the above -stacking 

interactions with Tyr56 (Table 1; chains C and D, occupancy 67%), 

and hydrophobic contacts with Tyr123 (chain C, occupancy 64%). 

Moreover, water-bridge mediated hydrogen bonds are observed 

between the backbone of Phe19, Ala121 and the secondary 

amine group of BMS-202 along the MD trajectory (chain C, 

occupancy 63%, 58%). Noteworthy, the secondary amine group 

and the nitrogen atom of the amide moiety make stable hydrogen 

bond interactions with the side chain of Asp122 (chain C, 

occupancy 65%). The carbonyl group of the acetamide moiety is 

involved in hydrogen bond interaction with the side chain of 

Lys124 (chain C, occupancy 35%). 

Figure 4. Interactions of S7911 (3) into the binding cleft of the dimeric form of 

PD-L1 (5J89). Yellow dashed lines show ligand/target hydrogen bond 

interactions; cyan dashed lines show ligand/target -stacking contacts; purple 

dashed lines show ligand/target electrostatic interactions. Torsional ether angle 

(τ1 = 156±17°) and amine angle (τ2 = 162±29°) are labelled.  

No crystallographic studies are available for S7911 (3) and its 

analogue (4, VIS1059). Accordingly, docking studies were carried 

out using the dimeric crystal structure of PD-L1 (pdb code: 5J89) 

followed by MD simulations (Figure 4). Akin to BMS-202 (2), 

S7911 (3) engages the GFC surface of two PD-L1 units with a 

binding mode that is characterized by stable aromatic interactions 

between its biphenyl moiety and Tyr56 (Table 1; chains C/D, 

occupancy 66%), as well as hydrophobic contacts with Ala121 

(chain C; occupancy 31%). A salt bridge interaction is observed 

between the negatively charged group of Asp122 and the 

protonated ternary amine group of 3 (chain C, occupancy 35%), 

whereas the side chain of Lys124 makes both salt bridge and 

hydrogen bond interactions with the carboxylate group of the 

compound (chain C, occupancy 65%). Compound VIS1059 (4) 

was designed as distant analogue of S7911 (3), replacing the 

ternary amine and central ether core of the latter compound with 

two amide moieties. These replacements allow restraining the 

conformational freedom of two dihedral angles due to the 

energetic favored planar geometry of the amide torsional angle 

with respect to the ether (τ1) and amine (τ2) torsional angles. 

Nearly anti-planar conformations of the ether angle (τ1 = 156±17°) 

and amine angle (τ2 = 162±29°) are indeed observed along the 
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MD trajectory of S7911. Furthermore, the conversion of the amine 

nitrogen to an amide nitrogen bestows a different protonation 

state to the derived compound. Docking and MD simulation 

reveals conserved aromatic interactions between the biphenyl 

moiety of the analogue 4 and Tyr56 (Table 1, chains C/D; 

occupancy 76%), as well as hydrophobic contacts with Ala121 

(chain C, occupancy 36%). Stable hydrogen bonds are formed 

between the side chain of Gln66 and the carbonyl group of the 

terminal amide moiety (chain D, occupancy 62%). An additional 

water-bridge mediated hydrogen bond is observed between the 

side chain of Gln66 (chain D, occupancy 61%) and the carbonyl 

group of analogue 4. 

Figure 5. Interactions of VIS1059 (4) into the binding cleft of the dimeric form of 

PD-L1 (5J89). Yellow dashed lines show ligand/target hydrogen bond 

interactions; cyan dashed lines show ligand/target -stacking contacts. 

Synthesis of VIS1059.  

The synthesis of compound VIS1059 (4) was realized according 

to Scheme 1. In particular, methyl-[1,1'-biphenyl]-3-yl)methanol 

(5) was converted into the corresponding carboxylic acid 

derivative 6 by oxidation reaction with sodium bromate (3 equiv.) 

and sodium hydrogen sulfate (1 equiv.) in refluxing MeCN.[32]  

The acid 6 obtained in 70% yield was reacted with oxalyl chloride 

in dry CH2Cl2/DMF at room temperature and the acyl chloride 

thus formed was readily treated with 4-amino-2-methoxybenzoic 

acid in the presence of Et3N to form the desired 2-methoxy-4-(2-

methyl-[1,1'-biphenyl]-3-carboxamido)benzoic acid (7) in 8% 

isolated yield.  

Scheme 1. Synthesis of VIS1059 (4). Reagents and conditions: a) NaBrO3, 

NaHSO4, MeCN, reflux, 70%; b) (COCl)2, CH2Cl2, DMF, r.t.; c) 4-amino-2-

methoxybenzoic acid, Et3N, CH2Cl2, r.t., 8% from 6; d) (COCl)2, dry CH2Cl2, DMF, 

r.t.; e) pipecolic acid, Et3N, CH2Cl2, r.t., 8% from 7. 

Treatment of 7 with oxalyl chloride and Et3N in dry CH2Cl2/DMF 

followed by reaction with a slight excess of pipecolic acid (1.05 

equiv.) afforded VIS1059 (4) in 8% yield. 

 

Physicochemical properties. 

Calculated and experimental acidic constants (cpKa, pKa) were 

assessed for the macrocyclic peptide (1), small molecule 

inhibitors (2-4) and selected polar residues of PD-L1 (Table 2).  

As a result, small molecules cover a different range of pKa values, 

and may assume diverse protonation states depending on the 

environmental pH condition. In particular, BMS-202 (2) bears a 

secondary amine group (cpKa2= 7.67/7.74; pKa2= 8.39±0.05) 

and a pyridine nitrogen (cpKa1= 0.64/1.48). While the latter group 

assumes an uncharged state, the protonated/unprotonated ratio 

of the amine group may be affected by changes of pHe and pHi 

values in the tumor microenvironment.[25-27]    

S7911 (3) is an α-aminoacidic compound featuring a cyclic 

ternary amine group. According to its experimental pKa values 

(pKa1= 2.78 ± 0.08; pKa2= 10.49 ± 0.19), this compound mostly 

adopts a zwitterion form at physiological pHe values. VIS1059 (4) 

is an acidic compound (cpKa1= 3.44/3.65; pKa1= 4.77 ± 0.06) 

that assumes a deprotonated negatively charged state at 

physiological pHe value, whereas it may increasingly adopt a 

neutral uncharged state with decreasing pHe value in the tumor 

microenvironment.  

Table 2. Calculated and experimental pKa properties of compounds 1-4 and 

selected residues of PD-L1 (Glu58, Asp73, Asp122 and Lys124). 

Cpd./ 

Res. 

cpKa1 cpKa2 cpKa3 pKa1 pKa2 

1 
6.74 [a] 
7.18 [b] 

11.80 [a] 
11.49 [b] 

>12.0 [a] 
>12.0 [b] 

- - 

2 
0.64 [a] 
1.48 [b] 

7.67 [a] 
7.74 [b] 

- n.d.[c] 8.39±0.05 

3 
1.04 [a] 
1.99 [b] 

6.41 [a] 
8.87 [b] 

- 2.78±0.08 10.49±0.19 

4 
3.44 [a] 
3.65 [b] 

- - 4.77±0.06 - 

Glu58 [d] 3.1 - - - - 

Asp73 [d] 2.3 - - - - 

Asp122 [e] <0.0 - - - - 

Lys124 [e] >12.0 - - - - 

[a] Marvin pKa prediction; [b] Epik pKa prediction in water; [c] n.d. = not 

determined (out of the range of values of Sirius T3, pH 2-12); [d] calculated 

using 5O4Y structure; [e] calculated using 5J89 structure. Experimental pKa 

values are reported as mean ± standard deviation from n.3 titrations. 

The macrocyclic peptide (1) has one arginine residue (R13) with 

a calculated cpKa of 11.80/11.49, and a histidine residue (H5) 

with calculated pKa values of 6.74/7.18 and >12.0. Hence, H5 

assumes a protonated state with decreasing value of pHe in the 

tumor microenvironment, whereas the side chain of R13 stably 

adopts a protonated form. Acidic residues of PD-L1 that are in 

contact with the macrocyclic peptide (1) in the crystallographic 

complex (pdb code 5O4Y) are Glu58 (cpKa1= 3.1) and Asp73 

(cpKa1= 2.3). Side chains of these residues are exposed to the 

solvent and mostly adopt a deprotonated negatively charged state 

at the pHe of the tumor microenvironment. In the crystallographic 

complex of BMS-202 (2) bound to PD-L1 (pdb code 5J89), acidic 

and basic residues in contact with the ligand include Asp122 

(cpKa< 0.0) and Lys124 (cpKa> 12.0) that engage each other in 

a salt bridge interaction. Accordingly, the carboxylic group of 

Asp122 assumes a deprotonated form whereas the primary 
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amine group of Lys122 adopts a positively charged state at any 

pHe of the tumor microenvironment. 

 

Effect of pH on dissociation constants of PD-L1 inhibitors. 

Since the selected inhibitors (1-4) have different binding modes 

and physicochemical properties, in this part of the study we 

investigated how and how much shifts of pH affect their binding 

properties to PD-L1. Ligand binding assays were thus performed 

using microscale thermophoresis (MST). Thermophoresis is the 

movement of a biomolecular complex in a temperature gradient 

depending on size, charge, and hydration shell that typically 

change upon ligand/target interaction.[33] In combination with 

cellular and other biochemical assays, this approach was 

previously used to investigate the target engagement of a 

selected set of PD-1/PD-L1 inhibitors which included peptide-57 

(1) and other small-molecule inhibitors. In particular, authors 

found that peptide-57 (1) and two analogues of BMS-202 (2) were 

able to bind to PD-L1 in the nanomolar range of potency.[34] 

Binding properties of PD-L1 inhibitors were assessed at three 

different pH values (pH = 6.2, 7.2, 8.2), above the theoretical 

isoelectric point of the protein (pI = 5.73). Stability of unlabelled 

and labelled recombinant protein at the three different pH values 

was checked using thermal shift assays (Figure S1 and Table S1, 

supplementary material). Results show very similar unfolding 

profiles and Ti values of the protein, suggesting that labelling and 

different pH conditions do not affect the proper folding of PD-L1.  

The binding of compounds 1-4 to fluorescently labelled PD-L1 

(red-hPD-L1) was firstly evaluated at pH 7.2. As a result, 

compounds 1-3 yield a productive binding interaction to PD-L1 

(Figures 6-8), whereas no binding activity is observed for VIS1059 

at tested concentrations (4, Figure 9; Kd > 1mM).  

 

 

 

 

 

 

Figure 6. MST binding curve of peptide-57 (1) to red labelled recombinant 

human PD-L1 at pH 7.2 condition. The binding curve and Kd ± c.v value were 

generated from n.3 independent experiments. 

This finding pinpoints that presence of a negative net charge on 

the molecule (pKa1= 4.77 ± 0.06) is detrimental for the interaction 

to PD-L1, and aromatic as well as hydrophobic contacts between 

the biphenyl moiety of 4 and binding site residues are unable to 

compensate for it. Noteworthy, in the MD simulation the carboxylic 

group of VIS1059 (4) does not form any specific salt bridge 

interaction with the nearby positively charged Lys124, as instead 

observed for its α-aminoacidic analogue 3. This is also in 

agreement with statistical studies suggesting that binding sites of 

carboxylic groups have mostly two polar residues with two 

hydrogen bond donors to make stable interactions.[35]  

Moreover, it is possible that conformational restraining upon 

amide group insertion may be detrimental for the binding activity 

of 4. Peptide-57 (1) results the most potent PD-L1 ligand among 

tested compounds, generating a dissociation constant (Kd) value 

of 0.80 ± 0.15 μM with a negative thermophoretic trend (Figure 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. MST binding curve of BMS-202 (2) to red labelled recombinant human 

PD-L1 at pH 7.2 condition. The binding curve and Kd ± c.v value were generated 

from n.3 independent experiments. 

 

 

 

 

 

 

 

 

 

Figure 8. MST binding curve of S7911 (3) to red labelled recombinant human 

PD-L1 at pH 7.2 condition. The binding curve and Kd ± c.v value were generated 

from n.3 independent experiments. 

 

 

 

 

 

Figure 9. MST binding curve of VIS1059 (4) to red labelled recombinant human 

PD-L1 at pH 7.2 condition. The binding curve was generated from n.3 

independent experiments. 

Previous MST studies reported a Kd value of 0.019 ± 0.002 μM for 

this compound.[34] Discrepancy between the two results, however, 

can be explained by the use of different experimental settings in 
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the two studies (e.g. labeling protocols, time of measurements, 

type of capillaries). According to a rank order of binding potency, 

peptide-57 (1) is followed by BMS-202 (2; Kd = 8.13 ± 1.38 μM) 

and S7911 (3; Kd = 38.6 ± 6.2 μM), with these compounds 

showing a positive thermophoretic trend (Figures 7, 8). Hence, at 

the opposite of VIS1059 (4), presence of a positive net charge in 

BMS-202 (2) favors the binding activity to PD-L1, while the neutral 

net charge of the zwitterionic group in S7911 (3) produces a 

slightly decrease of potency. Remarkably, the positive 

thermophoretic trend of small molecules (2, 3) and the negative 

thermophoretic trend of macrocyclic peptide (1) may be ascribed 

to a distinct mechanism of interaction of these classes of ligands 

to PD-L1, with small molecules inducing a dimerization form of the 

protein whereas macrocyclic peptide binding to a monomeric form 

of PD-L1.[36]   

Next, binding activities of compounds 1-3 to PD-L1 were 

evaluated at pH 6.2 and 8.2, with results being reported in table 

3. Inspection of the table reveals that the dissociation constant of 

peptide-57 (1) is marginally affected by the shift of pH conditions, 

with only pH 6.2 producing a slight improvement of the binding 

activity (Kd = 0.38 ± 0.07 μM).  

Table 3. Dissociation constants (Kd) of compounds 1-3 against PD-L1 at 

different pH conditions. 

Cpd. pH 6.2  

Kd ± c.v.[a] 

pH 7.2  

Kd ± c.v. 

pH 8.2  

Kd ± c.v. 

1 0.38 ± 0.07 μM 0.80 ± 0.15 μM 0.84 ± 0.13 μM 

2 4.50 ± 0.56 μM 8.13 ± 1.38 μM 12.37 ± 1.91 μM 

3 33.5 ± 4.6 μM 38.6 ± 6.2 μM 57.3 ± 11.8 μM 

[a] c.v.: confidence values. Kd ± c.v values were generated from n.3 independent 

experiments. 

This observation is in agreement with previous studies reporting 

hydrophobic contacts of 1 rather than electrostatic interactions as 

important for macrocyclic peptide binding to PD-L1. However, the 

slight improvement of the binding activity of peptide-57 finds a 

likely explanation in the presence of a histidine residue (H5; 

cpKa= 6.74) whose fraction of protonated form becomes the 

major microspecies at pH 6.2. As a consequence, the hydrogen 

bond interaction observed in the MD simulation between H5 and 

Asp73 (Table 1, Figure 2) would be enforced by an energetically 

stronger salt bridge interaction.  

The analysis shows that BMS-202 (2) is affected by the pH 

condition, with lower and higher pH values strengthening and 

weakening the interaction to PD-L1, respectively. This 

observation reflects the protonation state of the secondary amine 

group of 2, with its pKa value (pKa2= 8.39 ± 0.05) standing at the 

edge of the pH range adopted for this study. Accordingly, the 

major microspecies of the amine group at pH 6.2 is the protonated 

form which makes a stronger salt bridge interaction with Asp122 

(Table 1). In contrast, levels of the protonated microspecies of the 

amine group incrementally decrease at pH 7.2 and 8.2, 

weakening such an electrostatic interaction. S7911 (3) is an α-

aminoacidic compound that, on the basis of its experimental pKa 

values (pKa1= 2.78 ± 0.08; pKa2= 10.49 ± 0.19), adopts a 

zwitterionic form as major microspecies at the investigated pH 

conditions. In this case, a thin effect of pH on the binding activity 

of 3 is only observed at pH 8.2, suggesting that raise of pH values 

may weaken ligand/protein electrostatic interactions. This 

observation can be explained by the protonation state of the 

piperidine ring of S7911 (3) which tends to be less protonated as 

far as the pH shift approaches the pKa of the ternary amine group 

(pKa2= 10.49 ± 0.19), leading to an increased fraction of the 

negatively charged microspecies.  

Overall, MST studies suggest that presence of a net positive 

charge in the macrocyclic peptide (1) and BMS-202 (2) promotes 

binding activity to PD-L1 with decreasing pH values. This is 

achieved through formation and/or enforcement of salt bridge 

interactions with target acidic residues (Asp73 and Asp122). 

Moreover, this is further sustained by the lack of activity of 

VIS1059 (4), whose negative net charge and conformational 

restraining are detrimental for the binding activity. 

Conclusions 

PD-1 and PD-L1 belong to a broad family of immune checkpoint 

molecules which are involved in regulating T-cell activation and 

immune tolerance. Accordingly, they are attractive drug targets in 

cancer therapy because the inhibition of their interaction provides 

a means to remove coinhibitory signals that block antitumor 

immune responses. Although several humanized monoclonal 

antibodies targeting these immune checkpoints have been 

developed and are in clinical use, these biologics suffer from drug 

resistance and narrow therapeutic response in a majority of 

patients, high risk of immune-related adverse reactions, poor oral 

bioavailability and high costs of production. Distinct chemical 

classes of small molecule inhibitors of PD-1/PD-L1 interaction are 

being designed to tackle these limitations, though their 

development as novel anticancer immunotherapies still lags in 

preclinical settings. Recent studies support the notion that 

alteration of pHe and pHi in tumor microenvironment is a 

mechanism driving drug resistance towards anticancer therapies. 

In this framework, our study presented here has investigated the 

effect of pH shifts on the binding properties of distinct chemical 

classes of PD-L1 inhibitors. Results highlight the importance of 

pH variation in strengthening/weakening the electrostatic 

contribution to ligand/protein interactions of PD-L1 inhibitors. In 

particular, both macrocyclic peptide and small molecule inhibitors 

bearing a net positive charge show enhanced binding activity to 

the target protein with decreasing pH values, making and 

strengthening salt bridge interactions with acidic residues. As a 

consequence, decrease of pHe value below 7.0 in tumor 

microenvironment may enforce target engagement of PD-L1 

inhibitors bearing amine groups, thus allowing escape of a tumor 

resistance mechanism based on acidosis. Collectively, these 

results provide further insights into structure-activity relationships 

of PD-L1 inhibitors that are useful for the design of next 

generation small molecule inhibitors with physicochemical 

properties that are resilient to variable pH conditions of tumor 

microenvironment. 

Experimental Section 

Docking Study and Molecular Dynamics. The chemical structures of PD-

L1 inhibitors 1-3 were retrieved from PubChem 

(https://pubchem.ncbi.nlm.nih.gov) and compound 4 was generated using 

Maestro (Schrödinger Release 2019-3: Maestro, Schrödinger, LLC, New 

York, NY, 2019). Next, chemical structures 1-4 were refined using LigPrep 
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(Schrödinger Release 2019-3: LigPrep, Schrödinger, LLC, New York, NY, 

2019) to add hydrogens, generate protonation states at pH = 7.2, and 

optimize their geometry using OPLS3e force field with an energy gradient 

convergence criterion of 0.05 kJ Å-1mol-1. Crystal structures of PD-L1 

bound to peptide-57 (1, S8158; pdb code 5O4Y)[26]   and BMS-202 (2, pdb 

code 5J89)[36] were downloaded from RCSB PDB 

(https://www.rcsb.org).[37] The crystal structure 5O4Y was split into single 

chain structures, keeping chain A with compound 1 bound to the GFC 

surface of PD-L1. In the case of crystal structure 5J89, chains C/D were 

kept with the co-crystallized ligand 2 bound into the cavity shaped by the 

GFC surface of the two PD-L1 units. The Protein Preparation Wizard 

(PPW)[38] tool implemented in Maestro was then employed to process and 

refine the selected chain structures, removing water and detergent 

molecules, adding hydrogen atoms and optimizing internal geometries. 

During geometry optimization, the OPLS3e force field was used with an 

atomic coordinate displacement restrain on heavy atoms set to 0.30 Å. 

Docking studies of compounds 3 and 4 into the binding site shaped by 

chains C and D of 5J89 were performed employing Glide (Schrödinger 

Release 2019-3: Glide, Schrödinger, LLC, New York, NY, 2019).[39] 

Specifically, a grid box was defined with its centre located on the centre of 

mass of BMS-202 (2) bound to chains C/D of 5J89 (x = 3.23, y = 6.18, z = 

4.56). The inner grid box was sized 10 x 10 x 10 Å. Docking studies were 

carried out using the standard precision (SP) method and the Gscore 

scoring function (kcal/mol). The top scored docking pose for each molecule 

was selected (3 pose #1; Gscore = -8.65 kcal/mol; 4 pose #1; Gscore = -

10.04 kcal/mol), since the other remaining docking poses showed 

differences from that one only at level of the conformations of the solvent 

exposed polar group (Figures S1-S2 and Tables S1-S2, supplementary 

material), while presenting a conserved binding mode of the aromatic core 

structure. Then, the selected binding poses of compounds 3 and 4 were 

submitted to MD simulations, along with the refined crystallographic 

complexes of peptide-57 (1) bound to chain A of 5O4Y, and 2 bound to 

chains C/D of 5J89. Briefly, each PD-L1 ligand bound complex was 

solvated in an orthorhombic box using TIP3P water molecules, extended 

10 Å away from any protein atom. The resulting system was neutralized 

by adding sodium and chlorine ions at a concentration of 0.15 M. Periodic 

boundary conditions were applied to avoid finite-size effects. Atomic partial 

charges of ligand were maintained as obtained from OPLS3e calculation. 

MD simulations were performed using Desmond (Schrödinger Release 

2019-3: Desmond Molecular Dynamics System, D. E. Shaw Research, 

New York, NY, 2019. Maestro-Desmond Interoperability Tools, 

Schrödinger, New York, NY, 2019) and the OPLS3e force field.[40] The 

simulation protocol included starting relaxation steps and a final production 

phase of 50 ns. The occupancy of intermolecular and water-bridge 

mediated hydrogen bonds, hydrophobic contacts, aromatic (- stacking) 

and electrostatic interactions was calculated along the last 45 ns of the 

production phase of each MD simulation, using a cut-off value of 30% and 

the Simulation Interaction Diagram Tools. 

Chemical compounds. Peptide-57 (S8158, 1), BMS-202 (S7912, 2) and 

S7911 (3) were purchased from Selleckchem (Selleckchem, Houston, 

USA). VIS1059 (1-(2-Methoxy-4-(2-methyl-[1,1'-biphenyl]-3-

carboxamido)benzoyl)piperidine-2-carboxylic acid, 4) was synthetized 

according to the following procedure. 

General Methods. All the chemicals were purchased from Sigma-Aldrich 

(now Merck Life Science) and used without further purification. NMR 

spectra were recorded on a Bruker AC 400-MHz spectrometer (Bruker, 

Madison, WI, USA) in the indicated solvent. Chemical shifts are reported 

in parts per million (ppm) and are relative to CDCl3 (7.26 ppm and 77.0 

ppm) or CD3OD (3.31 ppm and 49.2 ppm). The abbreviations used are as 

follows: s, singlet; brs, broad singlet; d, doublet; dd, double of doublets; dt, 

doublet of triplets; t, triplet; q, quartet; qui, quintet; m, multiplet; and brm, 

broad multiplet. Coupling constants (J) are reported in Hertz (Hz). Melting 

points were determined using a Buchi 535 electrothermal apparatus. Thin-

layer chromatography (TLC) was performed on aluminium backed silica 

plates (silica gel 60 F254, Merck, Darmstadt, Germany). Spots were 

visualised by UV detector (λ: 254 nm) and/or by staining and warming with 

potassium permanganate. When required, flash chromatographic 

purifications were performed using Biotage Isolera™ Prime (Biotage AB, 

Uppsala, Sweden). Mass spectroscopy was performed with a Dionex 

UltiMate 3000 HPLC separations module combined with HCT ultra ion trap 

(Bruker). The analytical column was a Waters Xselect CSH Phenyl-Hexyl 

(5 μm, 2.1 x 150 mm), protected by a guard column 2.1 x 4 mm. 

Compounds purity was assessed by HPLC-DAD at 254 and 280 nm.  

2-Methyl-[1,1'-biphenyl]-3-carboxylic acid (6).[32] To a suspension of (2-

methyl-[1,1'-biphenyl]-3-yl)methanol (5) (1 g, 5.04 mmol) in MeCN (25 mL), 

NaBrO3 (2.28 g, 15.13 mmol) and NaHSO4 (5.04 mmol) were added at 

room temperature and the resulting suspension was refluxed for 1.5 h. The 

mixture was allowed to cool to room temperature and filtered on a pad of 

celite. The filtrate was concentrated under reduced pressure and the 

residue was redissolved in 1 M aqueous solution of NaOH (50 mL) and 

washed with EtOAc (3 x 20 mL). The aqueous phase was acidified with 3 

N aqueous solution of HCl (pH = 3) and extracted with EtOAc (3 x 50 mL). 

The combined organic extracts were washed with H2O (30 mL), brine (30 

mL), dried over anhydrous Na2SO4 and concentrated under reduced 

pressure. The desired product (6, 750 mg, 3.53 mmol, 70% yield) was 

obtained as off-white solid and used for the next step without further 

purification. 1H-NMR (400 MHz, CDCl3): δ 2.47 (s, 3H), 7.22-7.31 (m, 3H), 

7.34-7.36 (m, 1H), 7.39-7.44 (m, 3H), 7.99 (dd, J1= 1.36 Hz, J2= 7.79 Hz, 

1H). 

2-Methoxy-4-(2-methyl-[1,1'-biphenyl]-3-carboxamido)benzoic acid (7). To 

a solution of 2-methyl-[1,1'-biphenyl]-3-carboxylic acid (6) (750 mg, 3.53 

mmol) in a mixture of dry CH2Cl2/DMF (1.5:1 v/v, 60 mL), (COCl)2 (318 μL, 

3.71 mmol) was slowly added at room temperature and under argon 

atmosphere. The resulting mixture was stirred at room temperature for 2 

h. Volatiles were evaporated under reduced pressure and the crude acyl 

chloride was dissolved in dry CH2Cl2 (10 mL) and added dropwise to a 

solution of 4-amino-2-methoxybenzoic acid (562 mg, 3.36 mmol) in CH2Cl2 

(30 mL) and Et3N (703 μL, 5.05 mmol). The resulting mixture was stirred 

for 1 h at room temperature and then quenched by adding 3 N aqueous 

solution of HCl (20 mL). The phases were separated and the aqueous 

phase was extracted with CH2Cl2 (2 x 25 mL). The combined organic 

extracts were washed with H2O (50 mL), brine (50 mL), dried over 

anhydrous Na2SO4 and concentrated under reduced pressure. The crude 

was purified by automated flash chromatography on silica gel (eluent: 

petroleum ether/EtOAc from 100:0 to 50:50, v/v) affording the desired 2-

methoxy-4-(2-methyl-[1,1'-biphenyl]-3-carboxamido)benzoic acid (7, 100 

mg, 0.28 mmol) as off-white solid. 1H-NMR (400 MHz, CDCl3): δ 2.34 (s, 

3H), 4.13 (s, 3H), 6.93 (dd, J1= 1.59 Hz, J2= 8.52 Hz, 1H), 7.26-7.47 (m, 

7H), 8.07-8.09 (m, 2H), 8.13 (brs, 1H).  

1-(2-Methoxy-4-(2-methyl-[1,1'-biphenyl]-3-

carboxamido)benzoyl)piperidine-2-carboxylic acid (VIS1059, 4). To a 

solution of 2-methoxy-4-(2-methyl-[1,1'-biphenyl]-3-carboxamido)benzoic 

acid (7, 80 mg, 0.22 mmol) in a mixture of dry CH2Cl2/DMF (1.5:1 v/v, 5 

mL), (COCl)2 (25 μL, 0.29 mmol) was slowly added at room temperature 

and under argon atmosphere. The resulting mixture was stirred at room 

temperature for 2 h. Volatiles were evaporated under reduced pressure 

and the crude acyl chloride was dissolved in dry CH2Cl2 (1 mL) and added 

dropwise to a solution pipecolic acid (30 mg, 0.23 mmol) in CH2Cl2 (3 mL) 

and Et3N (46 μL, 0.33 mmol). The resulting mixture was stirred for 1 h at 

room temperature and then quenched by adding 3 N aqueous solution of 

HCl (5 mL). The phases were separated and the aqueous phase was 

extracted with CH2Cl2 (2 x 10 mL). The combined organic extracts were 

washed with H2O (15 mL), brine (15 mL), dried over anhydrous Na2SO4 

and concentrated under reduced pressure. The crude was purified by 

automated flash chromatography on silica (eluent: CH2Cl2/MeOH from 

100:0 to 95:5, v/v) affording the desired 1-(2-methoxy-4-(2-methyl-[1,1'-

biphenyl]-3-carboxamido)benzoyl)piperidine-2-carboxylic acid (VIS1059, 

4, 8 mg, 0.017 mmol) as pale yellow amorphous solid. HPLC purity (UV-

DAD, 254 nm/280 nm): 94.3-94.7%. HRMS (M + H)+: m/z 473.20872 

[C28H28N2O5 requires 472.20234], ppm: 5.33. 1H-NMR (400 MHz, 

CD3OD): δ 1.48-1.54 (m, 2H), 1.64-1.68 (m, 2H), 1.89 (s, 3H), 2.27-2.29 

(m, 2H), 3.51-3.65 (m, 2H), 3.88 (s, 3H), 4.56-4.58 (m, 1H), 7.26-7.46 (m, 
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11H), 7.68 (s, 1H). 13C-NMR (100.6 MHz, CD3OD): δ 16.2, 21.2, 24.9, 29.3, 

39.4, 54.7, 62.9, 102.7, 111.6, 121.7, 127.9, 125.4, 125.6, 126.8, 127.8, 

127.9 (2C), 128.8 (2C), 130.9, 132.2, 138.2, 141.3, 143.2, 155.8, 168.7, 

169.1, 170.2. 

Physicochemical Properties. Values of cpKa for macrocyclic peptide (1) 

and small molecules (2-4) were calculated using Marvin v20.11 

(ChemAxon; http://www.chemaxon.com) and Epik prediction in water 

solvent (Schrödinger Release 2019-3: Epik, Schrödinger, LLC, New York, 

NY, 2019), whereas cpKa for selected PD-L1 residues were calculated 

using H++ (v.3.2) server.[41-43] The pKa plugin of Marvin calculates pKa 

values of compounds based on the partial charge distribution of the small 

molecule, whereas Epik uses Hammett and Taft methods for pKa 

prediction in water or DMSO solvent.[44] It is worth noting that, in both cases, 

significant differences were observed between predicted and experimental 

pKa values of compounds 2-4 (Table 2). Experimental acidic constant 

(pKa) of compounds 2-4 were determined using Pion Sirius T3 instrument. 

Each experiment was performed in triplicate, specifying sample weight, 

number of expected pKa values, predicted pKa values, and titration mode. 

In order to measure the pKa of a compound, a sample concentration of 1 

mM was prepared. Poor soluble compounds (2, 4) were dissolved adding 

methanol as co-solvent. In this case, three titrations were performed at 

different methanol/water ratios (from 60:40 to 40:60, v/v)) in order to 

determine aqueous pKa. The Yasuda-Shedlovsky method was chosen to 

extrapolate aqueous pKa values. The R2 value was used to evaluate the 

validity of the assay with co-solvent, and results were considered 

acceptable with R2 value ≥ 0.9. Conversely, root mean square deviation 

(RMSD) value from the theoretical curve was used to assess the quality of 

experiments performed for compound 3 dissolved without co-solvent. 

Results were analyzed using Sirius T3 software v1.1.0.5. 

Microscale Thermophoresis (MST). Recombinant human extracellular 

domain of PD-L1 (wt-hPD-L1; cat. n. ab167713, 26 kDa) was purchased 

from Abcam (Abcam, Cambridge, UK). wt-hPD-L1 was reconstituted 

following Abcam’s protocol, adding sterile water to reach the final 

theoretical concentration of 0.1 mg/0.32 ml. The protein amount was 

assessed on the basis of its absorbance at 205 nm ( = 31 M-1 cm-1)[45] as 

determined with NanoDrop-One spectrophotometer (v.1.3), yielding a 

concentration of 12 μM. The protein was first labelled at pH 7.2 using the 

protein labelling kit NT650 red-NHS 2nd generation dye supplied by 

NanoTemper (MO-L011; NanoTemper Technologies, Munich, Germany), 

using a 1:4 protein to dye ratio. Specifically, a volume of 100 µL of 12 µM 

solution of wt-hPD-L1 protein in phosphate buffer (PB7.2: 50 mM KH2PO4, 

0.05% Tween 20, pH 7.2) was mixed with 100µL of 48µM NT650-NHS 

fluorophore in PB7.2, and incubated for 30 minutes at room temperature 

(RT) in the dark. Then, unbounded fluorophore was removed by size-

exclusion chromatography column using PB7.2 buffer as storage buffer. We 

determined the labelled protein concentration by UV-measurement. 

Specifically, the degree of labeling of protein (DoL) was 0.27. This value 

was determined using the protein extinction coefficient 205nm = 31 M-1 cm-

1, dye 650nm = 195,000 M-1cm-1, a correcting factor at 205nm (cf205nm) = 

0.19, and employing equations 1-3: 

eq.1 Cprot = [A205 – (A650 x cf) / 31 M-1 cm-1 x MW],  

eq.2 Cdye = [A650/  195,000 M-1 cm-1 x l],  

eq.3 DoL =  Cdye/Cprot  

In order to investigate binding properties of compounds to PD-L1 at pH 6.2 

and 8.2, the removal of unbounded fluorophore after labelling reaction was 

performed using size-exclusion chromatography column conditioned with 

two different phosphate buffers (PB6.2: 50 mM KH2PO4, 0.05% Tween 20, 

pH 6.2; PB8.2: 50 mM KH2PO4, 0.05% Tween 20, pH 8.2). Specifically, the 

labelled protein solution was split into two columns and then eluted using 

PB6.2 and PB8.2, respectively. The DoL was determined for each collected 

solution, yielding in both cases a value of 0.34. Pre-dilutions of compounds 

(1-4) were prepared for MST experiments by 16-fold 1:1 serial dilution in 

running buffer, such as PB at the selected pH containing 4% DMSO in 

PCR tubes supplied by NanoTemper Technologies to yield final volumes 

of 10 µL. In particular, compounds were tested in triplicate using different 

concentrations for each compound, starting from 0.1 mM for peptide-57 

(1), 0.5 mM for BMS-202 (2), 1 mM for S7911 (3), 1 mM for VIS1059 (4). 

An amount of 10 µl solution of 100 nM red-hPD-L1 was added to each 

compound dilution and mixed to halve the concentration of each 

component, including 2% DMSO and a reaction volume of 20 µL. These 

samples were loaded into 16 premium-coated capillary tubes (MO-K025; 

NanoTemper Technologies, Munich, Germany) and inserted in the chip 

tray of Monolith NT.115 for thermophoresis analysis. Compounds 1-4 were 

tested with labeled protein at pH 7.2, whereas only active compounds (1-

3) were also tested with labeled protein at pH 6.2 and pH 8.2. Capillary 

tubes were illuminated with an infrared laser to generate a temperature 

gradient. The diffusion of ligand/protein complex was monitored along the 

temperature gradient through the measurement of fluorescence intensity 

in each capillary tube. MST signals were recorded at medium laser power 

for small molecules 2-4, whereas high laser power was used for the 

macrocyclic peptide (1). A led power of 40% was used for all compounds 

1-4. Dissociation constants (Kd) were extrapolated by ligand concentration-

dependent changes of red-hPD-L1 normalized fluorescence (Fnorm). Raw 

data were analyzed with the MO.Affinity Analysis software v2.3 in manual 

mode setting the hot region at time 19/20s for small molecules (2-4) and 

9/10s for macrocycle peptide (1). Confidence values (c.v., ±) are reported 

next to Kd values, indicating the range where the Kd falls with a 68% of 

certainty. 

Label-free thermal shift analysis. The stability of red-hPD-L1 protein at 

different pH after labelling procedure was checked using label-free thermal 

shift analysis with Tycho instrument (NT.6; NanoTemper Technologies, 

Munich, Germany). Specifically, label-free thermal shift analysis monitors 

changes in emission intensity and wavelength maximum of intrinsic 

fluorescence properties of buried Trp and Tyr residues in protein that 

become exposed in the unfolded state when the protein is exposed to an 

increasing temperature range from 35°C to 95°C.  wt-hPD-L1and red-hPD-

L1 from labelling processes at pH 6.2, 7.2 and 8.2 were diluted in the 

relative PB (PB6.2, PB7.2, PB8.2) at concentration of 2.7 μM. Samples were 

loaded into Tycho NT.6 capillaries (TY-C001; NanoTemper Technologies, 

Munich, Germany) and the thermal unfolding profiles for wt-hPD-L1 and 

red-hPD-L1 were recorded. Experiments were carried out in triplicate and 

inflection temperature (Ti) values are reported as mean ± standard 

deviation values (Figure S3 and Table S3, supplementary material). As a 

result, no shift of unfolding temperature (Ti < 1.0) was observed between 

unlabeled wt-hPD-L1 and red-hPD-L1 at pH 6.2, pH 7.2 and pH 8.2. This 

observation suggests that labelling process and pH values do not affect 

the stability of the protein. 
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Supporting Information 

Figure S1: solutions (#1-4, Table S1) of the docking pose of 

compound 3 (S7911) into the binding cleft of the dimeric form of 

PD-L1 (5J89). Figure S2: solutions (#1-4, Table S2) of the docking 

pose of compound 4 (VIS1059) into the binding cleft of the dimeric 

form of PD-L1 (5J89). Figure S3: unfolding profile of wt-hPD-L1 

(wild type) and red-hPD-L1 (RED pH 6.2; RED pH 7.2; RED pH 

8.2) at different pH conditions. Table S1: energetic scores 
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(Gscore, kcal/mol) and root mean square deviation (RMSD, Å) of 

docking poses of compound 3 (S7911) into the binding cleft of the 

dimeric form of PD-L1 (5J89). Table S2: energetic scores (Gscore, 

kcal/mol) and root mean square deviation (RMSD, Å) of docking 

poses of compound 4 (VIS1059) into the binding cleft of the 

dimeric form of PD-L1 (5J89). Table S3: inflection temperature 

(Ti), initial ratio and ∆ratio of wt-hPD-L1 and red-hPD-L1 at 

different pH conditions. 
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While inhibitors of PD-1/PD-L1 interaction are being developed as anticancer immunotherapies, alteration of pH in the tumor 

microenvironment is thought to promote drug resistance. In this study, we show that pH variation affects dissociation constants of PD-

L1 inhibitors, influencing polar interactions. Results suggest that a decrease of pH may enforce target engagement of PD-L1 inhibitors 

bearing amine groups, thereby allowing to escape acidosis as tumor resistance mechanism. 
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