
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Design, synthesis and biological evaluation of PD-1 derived
peptides as inhibitors of PD-1/PD-L1 complex formation for
cancer therapy

Citation for published version:
Bojko, M, Wgrzyn, K, Sikorska, E, Kocikowski, M, Parys, M, Battin, C, Steinberger, P, Kogut, MM, Winnicki,
M, Sieradzan, AK, Spodzieja, M & Rodziewicz-Motowido, S 2022, 'Design, synthesis and biological
evaluation of PD-1 derived peptides as inhibitors of PD-1/PD-L1 complex formation for cancer therapy',
Bioorganic Chemistry, vol. 128, 106047, pp. 1-15. https://doi.org/10.1016/j.bioorg.2022.106047

Digital Object Identifier (DOI):
10.1016/j.bioorg.2022.106047

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Bioorganic Chemistry

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 17. Aug. 2022

https://doi.org/10.1016/j.bioorg.2022.106047
https://doi.org/10.1016/j.bioorg.2022.106047
https://www.research.ed.ac.uk/en/publications/98cb5e39-5e3c-4cb8-86ac-927792abde9e


Bioorganic Chemistry 128 (2022) 106047

Available online 22 July 2022
0045-2068/© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Design, synthesis and biological evaluation of PD-1 derived peptides as 
inhibitors of PD-1/PD-L1 complex formation for cancer therapy 

Magdalena Bojko a, Katarzyna Węgrzyn b, Emilia Sikorska a, Mikołaj Kocikowski c, Maciej Parys d, 
Claire Battin e, Peter Steinberger e, Małgorzata M. Kogut a, Michał Winnicki a, Adam 
K. Sieradzan a, Marta Spodzieja a,*, Sylwia Rodziewicz-Motowidło a,* 

a Faculty of Chemistry, University of Gdańsk, 80-308 Gdańsk, Poland 
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A B S T R A C T   

Over the past few years, many molecules such as monoclonal antibodies, affibodies, nanobodies, and small 
compounds have been designed and tested as inhibitors of PD-1/PD-L1 complex formation. Some of them have 
been successfully implemented into clinical oncology practice. However, the majority of these compounds have 
disadvantages and limitations, such as high production price, potential for immunogenicity and/or prolonged 
clearance. Thus, new inhibitors of the PD-1/PD-L1 immune checkpoints are needed. Recently, peptides emerged 
as potential novel approach for blocking receptor/ligand interaction. In the presented studies we have designed, 
synthesised and tested peptides, which are potential inhibitors of the PD-1/PD-L1 axis. The amino acid sequences 
of the designed peptides were based on the binding sites of PD-1 to PD-L1, as determined by the crystal structure 
of the protein complex and also based on MM/GBSA analysis. Interactions of the peptides with PD-L1 protein 
were confirmed using SPR, while their inhibitory properties were studied using cell-based PD-1/PD-L1 immune 
checkpoint blockade assays. The characterization of the peptides has shown that the peptides PD-1 
(119–142)T120C-E141C, PD-1(119–142)C123-S137C and PD-1(122–138)C123-S137C strongly bind to PD-L1 protein and 
disrupt the interaction of the proteins. PD-1(122–138)C123-S137C peptide was shown to have the best inhibitory 
potential from the panel of peptides. Its 3D NMR structure was determined and the binding site to PD-L1 was 
established using molecular modelling methods. Our results indicate that the PD-1 derived peptides are able to 
mimic the PD-1 protein and inhibit PD-1/PD-L1 complex formation.   

Abbreviations: Abu, 2-aminobutyric acid; ANOVA, one-way analysis of variance; APC, antigen-presenting cell; ATP, adenosine triphosphate; CHO, Chinese 
hamster ovary; DSS, sodium trimethylsilylpropanesulfonate; EC50, half maximal effective concentration; FBS, fetal bovine serum; FDA, Food and Drug Adminis-
tration; gMFI, geometric mean of fluorescence intensity; HSQC, heteronuclear single quantum correlation; HTRF, homogeneous time resolved fluorescence; IgSF, 
immunoglobulin superfamily; IgC2, immunoglobulin constant type2 domain; IgV, immunoglobulin variable domain; KD, equilibrium dissociation constant; LC ESI- 
IT-TOF MS, liquid chromatography coupled with electrospray ionization, ion trap, and time-of-flight mass spectroscopy; mAb, monoclonal antibody; irAEs, immune- 
related adverse events; MD, molecular dynamics; MM/GBSA, molecular mechanics generalized Born surface area; MM/PBSA, molecular mechanics Pois-
son–Boltzmann surface area; MREMD, multiplexed-replica exchange molecular dynamics; NFAT, nuclear factor of activated T cells; NFAT-RE, nuclear factor of 
activated T cells response element; NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser effect spectroscopy; PD-1, 
programmed cell death 1; PDB, protein data bank; PD-L1, programmed cell death-ligand 1; PD-L2, programmed cell death-ligand 2; RLU, relative luminescence 
units; RMSD, root-mean-square deviation; ROESY, rotating frame Overhauser effect spectroscopy; RP-HPLC, reversed phase-high performance liquid chromatog-
raphy; RPMI 1640, Roswell Park Memorial Institute 1640 medium; RU, resonance units; SD, standard deviation; SPR, surface plasmon resonance; TCS, T cell 
stimulator cells; TOSCY, total correlation spectroscopy; UNRES, UNited RESidue; WHAM, weighted histogram analysis method. 
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1. Introduction 

The idea of blocking PD-1/PD-L1 complex to treat cancer has its 
beginnings in the early 2000′s [1]. In 2014 the first anti-PD-1 mono-
clonal antibodies (mAbs) pembrolizumab [2] and nivolumab [3] were 
approved by the Food and Drug Administration (FDA) for the treatment 
of melanoma, non-small-cell lung cancer and Hodgkin’s lymphoma [4]. 
Since then, several other anti-PD-1 and anti-PD-L1 mAbs have obtained 
approval, including cemiplimab, atezolizumab, avelumab and durvalu-
mab [5–8]. Apart from the aforementioned mAbs, in the current year 
alone, there are more than one thousand ongoing trials with single 
agents and combinatory approaches that target PD-1 or PD-L1 proteins 
[9,10]. 

Programmed cell death 1 protein (PD-1, CD279) is an immune 
checkpoint receptor belonging to the immunoglobulin superfamily 
(IgSF). It consists of 288 amino acids divided into: a signal peptide, an 
extracellular immunoglobulin variable (IgV)-like domain, and trans-
membrane and cytoplasmic domains [11]. PD-1 has four potential N- 
linked glycosylation sites in the IgV domain [12]. PD-1 is expressed in 
small amounts on naïve T cells and on activated T and B cells, dendritic 
cells, monocytes, and natural killer T cells [11,13]. It has two naturally 
occurring ligands, namely PD-L1 and PD-L2 [14]. Both these ligands 
bind to the IgV domain of the receptor, which is also responsible for 
signal transduction to intracellular domains. Upon interaction with PD- 
L1 PD-1 induces intracellular signalling pathways that result in the in-
hibition of T lymphocyte proliferation, cytokine production, and cyto-
lytic function [15]. The role of PD-L2 in regulation of T cell responses is 
controversial as both inhibitory and stimulatory functions have been 
described [16–18]. 

PD-L1 (B7-H1, CD274) and PD-L2 (B7-DC, CD273) also belong to the 
IgSF and they have structures similar to the PD-1 receptor but each of 
them contains, in the extracellular part, IgV and immunoglobulin con-
stant type2 (IgC2) domains connected by a short linker. The N-terminal 
IgV domain of each ligand is responsible for binding to the PD-1 re-
ceptor. The role of the C-terminal domain is unknown. PD-L1 is broadly 
expressed on cells of the hematopoietic lineage including activated T 
cells [19]. Inflammatory stimuli induce PD-L1 expression and it is also 
expressed in a wide variety of non-hematopoietic tissues [20,21]. 
Moreover, PD-L1 can be expressed in many types of tumours, including 
melanoma, non-small-cell lung cancer, breast and bladder cancer, 
Hodgkin’s lymphoma, and renal cell carcinoma [22,23]. PD-L2 is 
expressed on activated dendritic cells, mast cells and macrophages 
[16,17] and additionally, it is also expressed on cancer cells [24]. The 
affinity of PD-1 to its ligands is in the low micromolar range [14]. The 
value of the equilibrium dissociation constant (KD) of the PD-1/PD-L1 
complex differs depending on the analytical method and is estimated 
at between 1.15 and 8.2 µM. For the PD-1/PD-L2 interaction this value is 
2.6 µM [25–28]. 

The first human PD-1/PD-L1 complex structure (PDB code: 4ZQK) 
was obtained by Zak et al. in 2015 [29]. The receptor and ligand form a 
complex in a 1:1 stoichiometry [25,29,30]. Two fragments of PD-1 in the 
middle part of protein (amino acids in positions: Y68, Q75, T76, K78) 
and in the C-terminus (A132, I134, E136) interact with three PD-L1 
fragments. The following amino acids from PD-L1 are crucial for the 
interaction with the receptor: A19, F26, Y56, E58, Q66, R113, A121, 
D122, Y123, K124, and R125. Since the crystal structure of the PD-1/PD- 
L1 complex was obtained, numerous studies have been carried out to 
design peptides which are potential inhibitors of the proteins’ interac-
tion and are based on PD-1 or PD-L1 binding interface [31–33]. In 2019 
the crystal structure of human PD-1/PD-L2 (PDB code: 6UMT) was also 
determined and it may be used to design compounds which disrupt this 
interaction [14]. 

There are many approaches used to the design of peptides targeting 
protein/protein interactions, including molecular modelling, rational 
design, hot spot theory, or phage display technology [34,35]. Previously 
published studies described linear, branched and cyclic peptides 

targeting PD-1 or PD-L1 protein [31]. Nonetheless, none of these has 
reached clinical trials up to now. The first peptidomimetic reaching 
phase I clinical research is CA-170, which is descended from AUNP-12 
peptide and is produced by the Aurigene company. It exhibits a half 
maximal effective concentration (EC50) value of 17 nM [36,37]. How-
ever, data published by Musielak et al. did not confirm its ability to 
interact with PD-L1 protein as shown by various assays such as homo-
geneous time resolved fluorescence (HTRF), nuclear magnetic resonance 
(NMR) binding assay, and cell-based PD-1/PD-L1 inhibition assay [38]. 
These results indicate, that there is a need to search for new peptides and 
peptidomimetics disrupting formation of the PD1/PD-L1 protein com-
plex. Therefore, in the presented studies, we designed several peptides, 
specifically fragments of the PD-1 receptor, and assessed their binding to 
PD-L1 and their inhibitory properties towards PD-1/PD-L1 complex 
formation. 

2. Results and discusion 

2.1. MM/GBSA analysis performed for the PD-1/PD-L1 complex 

To better understand the interactions between PD-1 and PD-L1 
protein, all-atom molecular dynamics (MD) simulations of the PD-1/ 
PD-L1 complex (PDB code: 4ZQK) were performed. The contribution 
of individual amino acid residues from PD-L1 to the binding affinity with 
PD-1 was estimated using the molecular mechanics generalized Born 
surface area (MM/GBSA) method. Initially, the pairwise per-residue 
energy decomposition (Fig. S1A) and the fraction of contacts 
(Fig. S1B) formed between PD-1 and PD-L1 in the complex were ana-
lysed. Furthermore, the per-residue energy decomposition was exam-
ined to investigate the total contribution of each amino acid of the PD-L1 
(Fig. S2A) and PD-1 (Fig. S2B) proteins in formation of the PD-1/PD-L1 
complex. Finally, by comparing the pairwise per-residue and the per- 
residue energy decomposition methods, the key residues in PD-L1 and 
PD-1 proteins were identified and are marked in bold in Table 1. Based 
on the analysis, fragments I54-Y56 and R113-R125 of the PD-L1 protein, 
and fragments N66-R86 and I126-E136 of PD-1 protein, are strongly 
involved in the interaction of both proteins. The structural representa-
tion of the most important amino acid residues involved in the PD-1/PD- 
L1 interaction, obtained from the MM/GBSA energy decomposition 
analysis, are shown in Fig. 1. It is worth noting that strong interactions 
between PD-1 and PD-L1 (black, blue, purple, and red areas) are 
distributed on their contact surface (PD-L1: R113, R125, K124, F19, 
D122; and PD-1: E136, E84, D77, Q75) and the residues that have the 
biggest contribution to the binding are located adjacent to each other. 

According to the data published by Huang et al. [39] using interac-
tion entropy MM/GBSA method-based computational alanine scanning 
there are eight hot spots in the PD-1 receptor, including amino acids 
N66, Y68, Q75, K78, E84, I126, L128, and I134, and one warm spot, 
namely K131, which interact with PD-L1. The energy component anal-
ysis of the computational alanine scanning shows the PD-1/PD-L1 
interaction is dominated by van der Waals interactions between these 
amino acids but hydrogen bonds formed by E84, K78, and N66 are also 
important for binding of the proteins [39]. Our calculations further 
confirm Huang’s results and in addition indicate, that the E136 in PD-1 

Table 1 
Key residues obtained from energy decomposition analysis determined using 
MM/GBSA. Residues marked in bold showed strong interaction in both per- 
residue and pairwise per-residue energy decomposition methods.  

Type of the energy 
decomposition 

Amino acid residues of PD- 
L1 involved in significant 
PD-L1/PD-1 interactions 

Amino acid residues of PD-1 
involved in significant PD- 
L1/PD-1 interactions 

Per-residue F19, Y56, R113, M115, 
A121, Y123, R125 

N66, Y68, Q75, I126, L128, 
A132, I134, E136 

Pairwise per- 
residue 

A18, F19, D26, R113, A121, 
D122, Y123, K124, R125 

Y68, Q75, D77, L79, E84, 
R86, E136  
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forms a very strong salt bridge with R113 (− 11.303 kcal/mol) and with 
R125 (− 7.319 kcal/mol), which suggests an important role of this res-
idue in stabilizing the protein complex (Table S1). Huang et al. not only 
confirm these interactions but also point out that the substitution of 
E136 by alanine is favourable for the PD-1/PD-L1 interaction due to the 
benefits of van der Waals interactions and an entropy contribution. Our 
data further confirms the formation of hydrogen bonds and salt bridges 
between K78 and F19, D122 and A121. The importance of the K131 
residue for PD-1/PD-L1 complex formation was not confirmed in our 
calculations. 

Other studies, focusing on mapping the hot spots in the PD-1/PD-L1 
complex, were performed by Ding and Liu [40]. They also confirmed 
that hot spots in PD-1 protein are Y68, Q75, I126, L128, I134, and E136 
[40], which is fully consistent with our results. Moreover, they showed 
that the energetically dominant and hydrophobic residues of both pro-
teins are packed together and form a hydrophobic core, whereas the 
energetically less important hydrophilic residues are located around it. 
Therefore, according to the authors, the hot regions of PD-1/PD-L1 are 
protected by a set of polar and energetically less important side chains 
which exclude solvent and protect the crucial interactions in the core 
[40]. 

In contradiction to our studies and those of others, the data obtained 
by Du et al. [41] using a molecular mechanics Poisson–Boltzmann sur-
face area (MM/PBSA) methods indicate that other amino acids are 
hotspots. Their studies suggest that positively charged amino acids, such 
as K131, K135 and R104 in PD-1, are the key contributors to the binding 
energy. They also reported that Q75, T76, K78, D85 and E136 from PD-1 
interact with PD-L1. It should be noted that, in the PD-1/PD-L1 crystal 
structure, the interactions found by Du et al. of amino acids K131, K135, 
R104 and D85 from PD-1 with PD-L1 protein have not been observed. 
The authors suggested that the data obtained from X-ray models are not 
sufficient to study protein/protein interactions and the contacts between 
amino acids observed in the crystal structure might not be the same as 
contacts created in solution under physiological conditions [41]. We 
also did not observe any relevance of these amino acids in MM/GBSA 
analysis [41]. 

2.2. Design and synthesis of peptides targeting PD-L1 protein 

The crystal structure of PD-1/PD-L1 complex, and MM/GBSA cal-
culations performed by us, enabled design of peptides which are 

potential inhibitors of the binding of these proteins. As reported previ-
ously, PD-1 protein has a β-sandwich structure and contains front and 
back β-sheets comprising CC′FG and AA′BDE strands, respectively. The 
PD-L1 binds to the front of the β-sheet containing CC′FG strands and the 
FG loop of the PD-1. 

Taking this into consideration, we designed two groups of peptides 
which are potential inhibitors of PD-1/PD-L1 protein binding (Table 2). 
The first group contains amino acids from CC’ β-sheets (peptides 1–4, 
Table 2) and the second group was based on FG β-sheets and the FG loop 
(peptides 5–13, Table 2) of PD-1 protein. For selected peptides, intra-
molecular disulfide bonds were introduced by replacing selected amino 
acids with cysteine residues. Disulfide bonds, created between the cys-
teines which are located opposite of each other should enable formation 
of a β-hairpin structure which mimics the structure of PD-1 protein. As 
reported previously the β-hairpin structure might be crucial for the in-
teractions of peptides with β-sheet-rich protein surfaces, such as PD-L1 
[42–44]. 

MM/GBSA analysis show that the crucial amino acids in the first 
group of peptides are Y68 and Q75 (Fig. S2). This information resulted 
in the design of two linear peptides, namely PD1(68–78) (1) and PD1 
(62–80) (2), which contain these residues. The first of these peptides 
possesses additionally, a D77 residue, and the second has N66, D77 and 
L79 amino acids, which are also important for the interaction of PD-1 
with PD-L1. We also studied two peptides with disulfide bonds, 
namely PD-1(62–80)W67C-L79C (3) and PD-1(62–80)R69C-D77C (4). 

The second group of potential inhibitors was designed based on the 
C-terminal fragment of PD-1. We synthesized the linear peptide PD-1 
(119–142) (5) and its analogues with intramolecular disulfide bonds, 
namely PD-1(119–142)T120C-E141C (6), PD-1(119–142)C123-S137C (7) and 
PD-1(119–142)A125C-K135C (8). The crucial residues in this fragment are 
I126, L128, A132, I134, E136 and they are all present in the designed 
peptides. The peptides (7) and (8) were poorly soluble in aqueous so-
lution, (as found in later research) and for that reason we decided to 
study some shorter analogues of these, namely the peptides PD-1 
(122–138) (9), PD-1(122–138)C123-S137C (10), PD-1(122–138)A125C- 

K135C (11) and PD-1(124–136)A125C-K135C (12). Finally, we also tested 
the peptide PD-1(132–136) (13), which contains only three amino acids 
important for binding of the proteins. 

All the designed peptides were synthesized and purified, and selected 
peptides underwent an oxidation process to form disulfide bonds. The 
methionine in position 70 in the first group of peptides was replaced by 

Fig. 1. Representations of the most important PD-L1 (A) and PD-1 (B) amino acid residues involved in PD-1/PD-L1 complex formation, based on the pairwise per- 
residue energy decomposition method. In Fig. 1A, the PD-L1 structure is represented by the surface area, and the PD-1 structure is shown in cartoon representation 
(semi-transparent, cyan). In Fig. 1B, the PD-1 structure is represented by the surface area, and the PD-L1 structure is shown in ribbon diagram (semi-transparent, 
violet). Surface areas of key residues are coloured according to the energy scale (shown on the side). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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its isostere - norleucine (Nle), as it is easily oxidated to methionine 
sulfoxide. The cysteine in position 123 in the second group of peptides 
was substituted by its isostere - 2-aminobutyric acid (Abu). In the PD-1 
protein C123 forms a native disulfide bond with C54. 

2.3. Studies of the interactions of PD-1-derived peptides with PD-L1 
protein using SPR 

In the next step, we studied the interaction of the designed peptides 
with PD-L1 protein using surface plasmon resonance (SPR). These ana-
lyses enabled us to assess the strength of protein/peptide binding, as 
determined by a KD value. Binding analysis of the whole PD-1 protein (at 
concentrations from 30 nM to 4 µM) with PD-L1 immobilized to a sensor 

chip was performed (Fig. 2A). Subsequently, the kinetic constants were 
calculated (Fig. 2B). PD-1 protein interacts with PD-L1 protein, under 
the applied experimental conditions, with a KD of 1.56 ± 0.96 µM. This 
value is comparable with the KD of 1.15 ± 0.11 μM published previously 
by Li et al. [28], and somewhat lower to the data obtained by Cheng 
et al. [25], who reported that the KD for PD-1/PD-L1 is 8.2 ± 0.1 µM. 
Despite these differences in KD values, all the published data demon-
strate that the proteins interact in the micromolar range. 

In the next step, binding analysis of PD-L1 protein with a number of 
PD-1-derived peptides was performed. The obtained sensorgrams are 
presented in Fig. 3, and the KD values, calculated for each PD-L1/peptide 
complex, are shown in Table 3. To compare the binding of peptides with 
PD-L1 protein as a referring point the KD obtained by us for proteins 

Table 2 
The amino acid sequences of the designed peptides (Nle – norleucine, Abu – 2-aminobutyric acid).  

Fig. 2. SPR analysis of PD-1 protein binding to PD-L1. (A) Sensorgrams showing the increase in the detected signal, indicating PD-1 binding to PD-L1 immobilized on 
the surface of a sensor chip. (B) Kinetic constants calculated from the obtained SPR data with Biacore T200 Evaluation Software. 
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complex was used. Additionally, as a positive control we used the BMS 
pep-57 (Fig. S3). The compound interacts with PD-L1 protein, under the 
applied experimental conditions, with a KD of 62.8 nM. This KD value is 
lower comparing with the KD of 19.9 nM published previously by 
Ganesan et al. [45]. However, the authors performed the analysis using 
Fc-PD-L1 (here the His-PD-L1 was used), which could have influence on 

the binding kinetic. 
Peptides from the first group bind to PD-L1 protein with a lower 

affinity than the PD-1 receptor, or do not interact at all with it. The af-
finity of the peptide (2) for PD-L1 is about 8-times weaker (KD 13.1 ±
12.7 µM) than PD-1, while its shorter analogue - peptide (1) - does not 
bind to the ligand (Fig. S4). When considering those peptides with 

Fig. 3. Binding of PD-1 peptides to PD-L1 protein, analyzed by SPR. The binding of peptide PD-1(132–136) is shown on different scales. The fitting of theoretical 
curves to obtained results are presented in Fig. S5. 
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disulfide bonds, the peptide (4) does not interact with PD-L1 (Fig. S4) 
and the affinity of peptide (3) is comparable to peptide (2) (17.8 ± 13.6 
µM). The sensorgrams obtained for those peptides which interact with 
PD-L1 protein are shown in Fig. 3, and all determined kinetics constants 
are presented in Table 3. 

Among the peptides from the second group, peptide (10) shows the 
highest affinity to PD-L1 protein, which is indicated by the highest ka 
and the lowest KD values. Moreover, the resonance units (RU) obtained 
after injection of this peptide onto a surface with immobilized PD-L1 
protein were the highest (Fig. 3). It interacts with PD-L1 protein with 
a KD of 1.52 ± 0.88 µM, which is comparable to the strength of PD-1/PD- 
L1 binding determined by us and by Zhu et al. [28]. Similar affinity to 
PD-L1 was observed for the peptides (7) and (6). They bound to PD-L1 
with lower affinity than PD-1 receptor and peptide (10), with KD values 
of 4.66 ± 1.97 µM and 5.36 ± 4.02 µM, respectively. Peptide (5) also 
interacts with PD-L1, but its affinity to this ligand was lower than the 
aforementioned compounds and the determined KD value was 57.8 ±
41.1 µM. Peptides (9), (11) and (12) show no binding to PD-L1 protein 
(Fig. S4) and for those peptides the kinetic constants were not deter-
mined (Table 3). The analogue (8) was not soluble in standard buffers 
used in SPR analyses, and therefore its binding to PD-L1 was not 
measured. 

Binding of peptide (13) was not easily discernable, as the response 
obtained after injection of the highest concentration of peptide was 13 
RU (Fig. 3F and G). However, taking into consideration that the mo-
lecular mass of this peptide is less than one-third of the other studied 
compounds, and that the response depends on the molecular mass of an 
analyte interacting with a ligand, it can be concluded that (13) interacts 
with PD-L1 with a KD of 7.30 ± 5.47 µM. 

In many reports the KD value determined by SPR is the first step in 
evaluating the potential inhibitory properties of compounds. Herein we 
compare the strength of peptides affinity obtained by us with the liter-
ature reports. Chang H-N et al. [46] studied a series of D-peptides ob-
tained using mirror-image phage display technology. Two of them, 
namely PPA-1 and PPA-2, bind to PD-L1 protein with KD values of 0.51 
µM and 1.13 µM respectively, which are comparable to the KD obtained 
for peptide (10) (1.52 µM). PPA-1 possesses the ability to inhibit PD-1/ 
PD-L1 interaction in in vitro cell assays, while for PPA-2 these properties 
were not observed. In addition, experiments in tumour-bearing mice 
models showed that PPA-1 could inhibit CT26-tumour growth and 
prolong animal survival [46]. Li et al. [28] described the peptide 
Ar5Y_4, which interacts with PD-1 receptor with a KD value of 1.38 μM. 
This peptide inhibits PD-1/PD-L1 complex formation in SPR competitive 
binding assays and restores the function of suppressed Jurkat E6.1 cells, 
which makes it a promising candidate for cancer immunotherapy [28]. 
Kotraiah et al. [47] reported a series of peptide-based PD-1 immuno-
modulators obtained by screening random peptide phage libraries. Four 
peptides, namely WQ-20, QP-20, HD-20 and SQ-20, interact with PD-1 

receptor with KD values from 3.40 µM to 305 µM. These peptides also 
have the ability to block the binding of PD-L1 to PD-1 in cellular studies 
using PD-1-expressing Jurkat E6.1 effector cells and PD-L1-expressing 
Chinese hamster ovary (CHO) cells. Moreover, the authors studied the 
bioactivity of the peptides in vivo, using the B16-F10 syngeneic mouse 
melanoma model, and they showed that a combination of the four 
peptides led to fewer surface tumour metastases compared to groups 
receiving anti-PD1 mAb [47]. 

2.4. The stability of the selected PD-1 derived peptides and their effects on 
the viability of CHO-K1 and Jurkat E6.1 cell lines 

The cellular studies described in the next part of this work were 
performed using modified CHO-K1 and Jurkat E6.1 cell lines cultured in 
RPMI (Roswell Park Memorial Institute) 1640 medium. At first, we 
checked the stability of the peptides in the RPMI 1640 medium with 
10% heat-inactivated fetal bovine serum (FBS) and their effect on the 
viability of the aforementioned cell lines used in a PD-1/PD-L1 blockade 
bioassay. For these studies we chose only those peptides showing affinity 
to PD-L1 protein - peptides (2) and (3) from the first group, and peptides 
(5), (6), (7), (10) and (13) form the second group. The stability of the 
peptides was investigated at time 0 and after 24 h incubation in RPMI 
1640 medium, using reversed phase-high performance liquid chroma-
tography (RP-HPLC) methods. To determine the stability of the peptide 
the peak area of the peptide dissolved in H2O (control) was compared 
with the peak area of the peptide dissolved in medium at the appropriate 
time. The obtained data are presented in Fig. 4. 

Two peptides, namely (3) and (13), show the highest stability in 
RPMI medium at time 0 (96% and 100%, respectively) and after 24 h 
incubation (86% and 96%, respectively), in comparison to the control. 
In contrast, the biggest changes in concentration were observed for the 
linear peptides (2) and (5) (Fig. 4 and S6). For peptide (2) the concen-
tration decreased by about 42% at time 0 and by about 62% after 24 h of 
incubation. For peptide (5) the reduction of concentration at time 0 was 
mildly decreased (about 10%), but after 24 h of incubation only 43% of 
the initial amount of peptide was observed in the sample. The peptides 
(6), (7) and (10), with disulphide bonds, show a decrease in concen-
tration of about 19–38% at time 0 and 37–50% after 24 h of incubation. 
As mentioned previously in numerous publications, peptides can be 
subjected to many chemical and biological processes in solution 
[48–50]. It should be noted that, in our studies, additional signals in 
HPLC chromatograms, indicating the degradation process, were not 
noticed, but a reduction in the signal was observed. This might suggest 
that the peptides or peptide degradation products interact with some 
components of the medium. Binding of the peptides to serum albumin 
proteins was previously observed by us for other peptides [51]. 

Subsequently, we investigated the effects of peptides on the viability 
of CHO-K1 and Jurkat E6.1 cells using the CellTiter-Glo® Luminescent 

Table 3 
Kinetic constants calculated from SPR data for PD-1 protein fragments (peptides) binding to PD-L1 protein immobilized on a CM5 sensor chip surface. Constants were 
calculated with Biacore T200 Evaluation Software using data from at least three separate titration analyses. The 1:1 binding model was applied. SD – standard de-
viation, ND - not determined (there was no binding or binding was too weak to determine reliable constants).   

No Peptides ka (M− 1s− 1) SD kd (s− 1) SD KD (M) SD 

Group I 1. PD-1(68–78) ND ND ND ND ND ND 
2. PD-1(62–80) 2.18 × 102 2.77 × 102 1.76 × 10-3 1.08 × 10-3 1.31 × 10-5 1.27 × 10-5 

3. PD-1(62–80)W67C-L79C 4.94 × 102 4.20 × 102 9.19 × 10-3 1.18 × 10-2 1.78 × 10-5 1.36 × 10-5 

4. PD-1(62–80)R69C-D77C ND ND ND ND ND ND 
Group II 5. PD-1(119–142) 1.45 × 102 1.50 × 102 4.27 × 10-3 1.07 × 10-3 5.78 × 10-5 4.11 × 10-5 

6. PD-1(119–142)T120C-E141C 9.97 × 102 7.00 × 102 3.17 × 10-3 5.58 × 10-4 5.36 × 10-6 4.02 × 10-6 

7. PD-1(119–142)C123-S137C 6.76 × 102 2.20 × 102 2.86 × 10-3 2.48 × 10-4 4.66 × 10-6 1.97 × 10-6 

8. PD-1(119–142)A125C-K135C Not soluble in solution using in SPR measurement      
9. PD-1(122–138) ND ND ND ND ND ND 
10. PD-1(122–138)C123-S137C 1.21 × 103 1.08 × 102 1.80 × 10-3 9.91 × 10-4 1.52 × 10-6 8.76 × 10-7 

11. PD-1(122–138)A125C-K135C ND ND ND ND ND ND 
12. PD-1(124–136)A125C-K135C ND ND ND ND ND ND 
13. PD-1(132–136) 2.23 × 102 1.02 × 102 1.25 × 10-3 4.26 × 10-4 7.30 × 10-6 5.47 × 10-6  
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Cell Viability Assay from Promega Corporation. This test allowed us to 
determine the number of viable cells in the presence and absence of 
peptides, based on quantitation of adenosine triphosphate (ATP), which 
is an indicator of metabolically active cells and is proportional to the 
number of cells present in the culture [52]. Six different concentrations 
of the peptides were tested (150, 50, 16.7, 5.6, 1.9 and 0.62 µM). Pep-
tides from the first group, namely (2) and (3), did not have an effect on 
the viability of the analysed cells at concentrations from 50 µM to 0.62 
µM (Fig. 5A, B and 6A, B). A small reduction in cell viability was 
observed only for the highest concentration of peptide (2), where it was 
20% and 17% for CHO-K1 and Jurkat E6.1 cells, respectively. The 
peptides (5), (7) and (13), from the second group, at a concentration of 

150 µM, significantly reduced CHO-K1 cell viability by about53 % 
(Fig. 5C), 24% (Fig. 5E) and 67% (Fig. 5G), respectively. Moreover, the 
peptides (6) and (10) at this concentration had a cytotoxic effect on 
CHO-K1 cells (Fig. 5D and 5F). Slightly negative effects on cell viability 
were observed for the peptides (5), (6), (7) and (10) at the 50 µM 
concentration. For the Jurkat E6.1 cells the decrease in viability in the 
presence of these peptides was not as significant as for CHO-K1 and the 
most pronounced effect was observed for the peptides (5), (7) and (10) 
at a concentration of 150 µM (Fig. 6C, 6E and 6F). Lower concentrations 
of the peptides did not have such a significant impact on viability of 
Jurkat E6.1 cells (Fig. 6). In comparison with data published for the 
macrocyclic peptides BMS pep-57, p101 and p104 (patented by Bristol- 

Fig. 4. Stability of the peptides in RPMI 
1640 medium at time 0 and 24 h, determined 
using RP-HPLC methods. In the graphs the 
percentage of peptide remaining in the sam-
ple at time 0 and 24 h after incubation is 
shown. The stability was determined in 
relation to control (appropriate peptide, 
diluted in H2O, at time 0, at the same con-
centration). Results are shown for three ex-
periments performed independently. Data 
are depicted as mean with SD (Mean +/-SD). 
Statistical analysis was performed using one- 
way analysis of variance (ANOVA) followed 
by Dunnet’s post-hoc test. ****: p < 0.0001, 
***: p < 0.001, **: p < 0.01, *: p < 0.05.   

Fig. 5. The effect of peptide fragments of PD-1 protein on CHO-K1 cell viability, determined using the CellTiter-Glo® Luminescent Cell Viability Assay. Results are 
shown for three experiments performed independently, in triplicate. Data are depicted as mean with SD (Mean +/-SD). Statistical analysis was performed using one- 
way analysis of variance (ANOVA) followed by Dunnet’s post-hoc test. ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05. 
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Myers Squibb), and tested in independent research by Ganesan et al. 
[45], Magiera-Mularz et al. [53] and Zyla et al. [33], respectively, our 
peptides exhibited weak cytotoxic effect on CHO-K1 and Jurkat E6.1 
cells. However, the highest tested concentration for BMS pep-57 was 10 
µM, considerably lower than the concentration applied by us. At this 
concentration there was no negative effect on either CHO-K1 or Jurkat 
E6.1 cells, when exposed to all of the peptides. To sum up, our results 
demonstrate that some peptides decrease cell line viability at a con-
centrations of 150 µM. From that we decided that 50 µM would be the 
highest concentration of compound used in inhibitory studies using the 
aforementioned cell lines. 

2.5. Bioluminescent cell-based PD-1/PD-L1 immune checkpoint blockade 
assay 

The inhibitory properties of the selected peptides (2, 3, 5, 6, 7, 10 
and 13) were studied using a bioluminescent PD-1/PD-L1 blockade 
bioassay (Promega). This test is based on two genetically engineered cell 
lines, namely effector Jurkat E6.1 cells expressing human PD-1 and a 
luciferase reporter driven by an NFAT response element (NFAT-RE), and 
aAPC/CHO-K1 cell lines expressing PD-L1 and a protein designed to 
activate TCR/CD3 complex in an antigen-independent manner. Co- 
culture of these two cell lines leads to binding of PD-L1 to PD-1, 
which causes inhibition of TCR signalling and results in inhibition of 
NFAT-RE-mediated luminescence. Blocking of the PD-1/PD-L1 interac-
tion restrains the inhibitory signal which results in TCR activation and 
NFAT-RE-mediated luminescence. For the blockade assay, concentra-
tions of peptides from 50 µM down to 0.62 µM were chosen. As described 
earlier, higher concentrations of the peptides were cytotoxic. In the 
cellular assay, target cells (aAPC/CHO-K1) expressing PD-L1 protein 
were cultured overnight. The PD-1 derived peptides, which interact with 

PD-L1 protein, were applied to the target cells at five different concen-
trations and preincubated for 1.5 h. Jurkat E6.1 cells expressing PD-1 
protein were then added and after 6 h of incubation the luminescence 
signals were measured. The obtained results are presented as the fold 
induction dependent on the concentration of the peptide. Anti-PD-1 
antibody was used at three concentrations 1.25 µg/mL, 0.125 µg/mL 
and 0.0125 µg/mL, as a control (Fig. 7H). The data show that the pep-
tides (7) and (10) inhibit the PD-1/PD-L1 interaction in a dose- 
dependent manner, resulting in enhanced T cell activation (Fig. 7). It 
should be noted that both of these peptides have disulphide bonds in the 
same positions in their amino acid sequences and differ in the presence 
or absence of N- and C-terminal residues. Dose-dependent inhibitory 
properties were also observed for the linear peptide (5) at concentra-
tions from 16.7 µM to 0.62 µM but not at the 50 µM (Fig. 7). This might 
be due to the small cytotoxic effect of that peptide on the CHO-K1 cell 
line, which is about 17% at a concentration of 50 µM (Fig. 5). 

The peptides (10) and (7) have the best inhibitory properties to-
wards PD-1/PD-L1 complex formation and also show the strongest 
binding to PD-L1 protein (KD 1.52 µM and KD 4.66 µM, respectively). A 
lack of ability to disrupt interaction of these proteins in the blockade 
assay was observed for peptide (6), whose affinity to PD-L1 protein was 
also in the micromolar range of magnitude (KD 5.36 µM). Peptides (7) 
and (10) had limited effect in the blocking assay, and their fold induc-
tion at the highest concentration is about 1.2. For comparison, the 
peptides published by Kotraiah et al., which possess KD values from 3.40 
µM to 305 µM, disrupt the PD-1/PD-L1 binding better than peptides (10) 
and (7), although their interaction with PD-L1 protein as determined by 
SPR is weaker [47]. For all peptides tested by Kotraiah et al. the fold 
induction was more than 1.5 at the same concentration of peptides. In 
addition, for the macrocyclic peptides BMS pep-57, BMS pep-71 and 
BMS pep-99 by Bristol-Myers Squibb and studied by Magiera-Mularz 

Fig. 6. The effect of peptide fragments of PD-1 protein on Jurkat E6.1 cell viability determined using the CellTiter-Glo® Luminescent Cell Viability Assay. Results are 
shown for three experiments performed independently, in triplicate. Data are depicted as mean with SD (Mean +/-SD). Statistical analysis was performed using one- 
way analysis of variance (ANOVA) followed by Dunnet’s post-hoc test. ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05. 
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et al., the maximal activity levels defined as RLU are between 2.62 and 
3.25 [54]. All these data suggest that the peptides (10) and (7) could be 
good candidates to be anti-cancer drugs, but their structure requires 
further optimization. To this end, NMR techniques and molecular 
modeling studies were used to obtain the molecular details of the 
peptide/PD-L1 interactions. 

2.6. Conformation studies of peptide PD-1(122–138)C123-S137C using 
NMR and molecular dynamics 

NMR studies provide information regarding peptide conformation 
which can subsequently be used to dock a peptide to a target protein 
leading to identifying its binding spot. We used NMR to determine the 
3D structure of peptide (10). This peptide was chosen for further 
research due to the fact that it is a shorter analogue of peptide (7) with a 
disulfide bond in the same position, and both peptides have the best 
inhibitory properties among the compounds analyzed here. However, 
peptide (10) is characterized by better solubility in aqueous solutions, 
which is an important feature for a potential drug candidate. 

Detailed analysis of the NMR data for peptide (10), and the pro-
cedure for calculating the 3D NMR structure, can be found in the Sup-
plementary materials. It is worth mentioning that the NMR data 
confirmed the presence of all peptide bonds in the trans geometry and 
that the thiol groups exist in the oxidized state. The obtained confor-
mations were clustered into 10 conformational families, two of which 
together accounted for 72% of conformations and were considered in 
further analysis and a docking procedure (Fig. S7). Due to the presence 
of a disulfide bridge and intramolecular hydrogen bonds both confor-
mational families form a β-hairpin-like structure. 

The peptide conformations were docked to PD-L1 protein using a 
UNited RESidue (UNRES) force field and then multiplexed-replica 

exchange molecular dynamics (MREMD) were performed. In this way, 
we were able to identify the PD-L1/peptide binding interface. Three 
types of structures of peptide (10) were used in the docking procedure to 
generate restraints. The first was peptide (10) cut from the crystallo-
graphic structure of the PD-1/PD-L1 complex (PDB code: 4ZQK), in 
which the appropriate amino acids residues were replaced by cysteines, 
while the second and third were the NMR structures (both families) 
described above. The PDB based structure restraints served as a positive 
control system. The molecular docking of peptide (10) to PD-L1 was 
performed with weak restraints on the torsional and valence angles of 
the backbone and weak restraints on the side chain–side chain and 
peptide group–peptide group contacts based on the structure of PD-L1 
and the peptide. It should be noted that no restraints were imposed on 
the protein–peptide interface. To validate the docking method, the same 
procedure was performed for peptide (4), which does not bind to the PD- 
L1 protein according to our SPR data. The structure of peptide (4) was 
cut from the crystal structure of PD-1/PD-L1 and the cysteine residues 
were introduced in appropriate positions in the amino acid sequence. In 
the case of all-docked conformations of peptide (10) at least one cluster 
in each docked complex displayed high similarity with the PD-1/PD-L1 
one (Table 4, Fig. 8). It can be seen that the complex, with the docked 
structure cut from the PD-1 protein, is the most similar to the native PD- 
1/PD-L1 complex (Fig. 8B, RMSD 0.93 Å). The complexes possessing the 
best root-mean-square deviation (RMSD) values were obtained for both 
families of peptide (10) received from NMR data (Table 4, Fig. 8). 
Peptide (4) has the highest RMSD values, which confirm our SPR results. 

In addition, the association, dissociation and equilibrium dissocia-
tion constants for peptide (10) were determined using UNRES force field 
canonical molecular dynamics. The constants were fixed for the peptide 
conformations based on the crystal structure of PD-1 protein, family 1 
from the NMR data and family 2 from the NMR data. The strongest 

Fig. 7. The inhibitory properties of the PD-1-derived peptides, determined from PD-1/PD-L1 blockade bioassay. The data are shown as the fold induction and were 
calculated by dividing the RLU of the cells treated with peptides at the appropriate concentration by the RLU of the untreated cells (RLU peptide/RLU control), where 
the RLU is relative luminescence units. Results are shown for three experiments performed independently, in duplicate. Data are depicted as mean with SD (Mean 
+/-SD). Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Dunnet’s post-hoc test. ****: p < 0.0001***: p < 0.001, **: p <
0.01, *: p < 0.05. 
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binding to PD-L1 protein was observed for the peptide conformations 
from NMR family 1. The binding of the crystal-like structure to PD-L1 is 
stronger than that of NMR family 2 and significantly stronger than that 
of peptide (4) (Table S3). It should be noted that when peptide (10) 
binds with restraints from the NMR data the association rate constant is 
about 10 times lower in comparison to the restraint from the crystal 
structure, indicating that some conformational reorganization occurs in 
the process of binding. In the presented analyses, the peptide (4) was 
used as a control, and since it interacts with PD-L1 protein at least 10 
times more weakly than the peptide (10) restraints based on the crystal 
structure (Table S3). 

A reverse approach to the design of inhibitors of PD-1/PD-L1 com-
plex formation was followed by Boohaker et al. [55]. Based on the 
structure of the protein complex, sequences of short peptides, which 
mimic PD-1 protein, were designed, and then the structures of these 
peptides were docked to the appropriate proteins: PD-1 or PD-L1. The 
authors initially determined the thermodynamic parameters for the 
peptide-protein complexes and then confirmed these theoretical data by 
experimental studies. They used different linear amino acid sequences, 
calculation methods and tools, and therefore we cannot directly 
compare our results. However, it is worth emphasizing that molecular 
modeling methods enabled them to obtain peptides with anti-tumour 
activity, which could constitute an alternative to antibody-based im-
munotherapies [55]. 

Liu et al. [56] also used the docking procedure to assess the protein/ 
peptide binding site and explain the lack of inhibitory activity for some 
peptides. They used peptides interacting with PD-L1, identified using 
phage display. The strongest inhibitors bound to the PD-1/PD-L1 protein 
contact surface whereas the non-inhibitory peptides bound in sites other 
than the PD-1/PD-L1 protein contact surface or with a lower binding 
constant [56]. The body of research proves that molecular modeling 
methods constitute a reliable tool to predict the inhibitory properties of 
compounds. 

Recent studies have shown that the pH of cancer microenvironment 
may affect the interaction of PD-L1 inhibitors [57], for that we checked 
the protonation state of PD-1, PD-L1 and peptide (10) in different pH 
using APBS server [58]. As was reported, in tumor microenvironment, 
extracellular pH decreases to acidic values below 7.0 [59–61]. Therefore 
we analyzed the protonation state in pH 6.0, 7.0 and 8.0. Our data 
indicate that considering the interaction of PD-L1 with our peptide 

inhibitors, only the H69 residue may potentially have influence on the 
peptide binding. The side chain of H69 is about 6.4 Å away from the 
nearest O atom from the peptide group. This indicates that pH 6.0 could 
enhance the binding strength between the peptide (10) and PD-L1 
protein (Fig. S13). In presented analysis we considered the structure of 
peptide (10) from NMR data. The more broad discussion regarding 
protonation state depending on pH is presented in Supplementary 
materials. 

3. Conclusion 

Peptides as therapeutics have many advantages, including high 
selectivity for target molecules, low accumulation in tissues and well- 
known metabolic pathways comparing to small molecules. Another 
advantage of peptides is a synthesis protocol, which is standardized, 
optimized and relatively easy to modify, and has lower costs of pro-
duction [35,62–64]. Peptides achieve good tumour penetration and they 
exhibit a short pharmacokinetic profile putatively leading to fewer un-
wanted immune-related adverse effects (irAEs) comparing to antibodies 
[65]. Taking into account their advantages, peptides could be an alter-
native to antibodies and small compounds in cancer immunotherapy. 

In the presented studies we designed, synthesised and tested peptides 
which are fragments of the PD-1 receptor and interact with PD-L1. 
Disulphide bonds were introduced to most of the peptides to enable 
formation of a β-harpin structure, similar to the binding fragments of PD- 
1 protein. Three of these, namely peptides (6), (7) and (10) interact with 
PD-L1 in the micromolar range, which is comparable to PD-1/PD-L1 
binding. Studies of the viability of CHO-K1 and Jurakt E6.1. cell lines 
studies showed that the peptides (5), (6), (10) and (13) are cytotoxic for 
the studied cells at concentrations of 150 µM. The other concentrations 
of compounds do not have the significant impact on cell survival. We 
observed that the concentration of peptides decreased during incubation 
in the cell culture medium, which could suggest that they/or their 
degradation products interact with some medium components. Studies 
using a bioluminescent cell-based PD-1/PD-L1 immune checkpoint 
blockade assay revealed that the best inhibitory properties were 
possessed by peptides (7) and (10). They disrupt the binding of the 
proteins in a dose-dependent manner, but their blocking capacities are 
rather weak in comparison to antibodies. Regardless of that, we decided 
to study the molecular details of the interactions of peptide (10) with 

Table 4 
Root-mean-square deviations between the clusters obtained from the MREMD simulations and the appropriate PD-1/PD-L1 crystal structure interface.  

Cluster Peptide (10) based on crystal 
structure 

Peptide (10) based on family 1 from 
NMR 

Peptide (10) based on family 2 from 
NMR 

Peptide (4) based on crystal structure – 
control 

best 
similarity  

0.93 Å  2.62 Å  3.65 Å  4.15 Å 

dominant  5.43 Å  4.12 Å  4.26 Å  8.74 Å  

Fig. 8. The structure of PD-L1 protein and peptide. The structure of the peptide was obtained from: (A) trimmed PD-1 structure to match the peptide (10) sequence. 
Points B-E show the cluster representative structure after MREMD simulation with the lowest RMSD to crystal like structure for different restrains used: (B) fragment 
of the crystal structure of protein PD-1 with sequence of peptide (10), (C) NMR family 1 restraints on peptide (10), (D) NMR family 2 restraints on peptide (10), (E) 
fragment of the crystal structure of protein PD-1 with sequence of peptide (4)- control. 
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PD-L1. To do this, the 3D structure of peptide (10) was initially deter-
mined using NMR techniques and then the obtained conformations were 
docked to PD-L1 protein. All the data show that peptide (10) possesses a 
well-defined structure and interacts with PD-L1 in the same place as 
does PD-1 protein. In the future this knowledge should be useful in the 
design of new peptides/peptidomimetics with better inhibitory 
capacities. 

4. Materials and methods 

4.1. MD simulation protocol 

All-atom molecular dynamics simulation of the PD-L1/PD-1 complex 
(PDB: 4ZQK) was performed using the AMBER16 software package [66]. 
A truncated octahedron TIP3P periodic box of 10 Å water layer from the 
box’s border to the solute was used to solvate the complex. The complex 
structure was minimized in the AMBER ff14SB force field, initially with 
positional Cα constraints of 10 kcal/(mol × Å2) (steepest descent for 
1500 steps and conjugate gradient for 1000 steps), and then without 
restraints (steepest descent for 6000 steps and conjugate gradient for 
3000 steps). After these minimizations the system was heated up from 
0 to 300 K for 10 ps with positional restraints and then equilibrated with 
NPT MD simulations (constant number of particles, under a constant 
pressure of 105 Pa and with a constant temperature of 300 K) without 
constraints for 0.5 ns. An 8 Å cutoff for nonbonded interactions and the 
particle mesh Ewald method for long-range electrostatic interactions 
were applied. MD simulations were performed using an ff14SB force 
field [67,68] for 360 ns under NPT conditions in explicit water TIP3P 
(with a SHAKE algorithm to perform bond length constraints where 
covalent bonds involving hydrogen are constrained), using Langevin 
dynamics (with the collision frequency equal to 1 ps− 1) and a Berendsen 
barostat for both systems. 

4.2. Binding free-energy calculations 

The free energy calculations (binding free energy) were performed 
with MM-GBSA [69] using a model with surface area and Born radii 
default parameters as implemented in the igb = 2 model in AMBER16 
[70]. The energy was decomposed according to the per-residue and 
pairwise per-residue schemes, taking into account local (between 1 and 
4 atoms) electrostatic and local van der Waals energies. All frames from 
the MD simulations were analysed. Data analysis and its graphical rep-
resentation were performed using PyMOL (The PyMOL Molecular 
Graphics System, Version 1.2r3pre, Schrödinger, LLC) and VMD [71]. 

4.3. Post-processing of the MD trajectory 

Contact analysis of the MD trajectory was performed using the 
CPPTRAJ program [72], which was designed to process coordinate 
trajectories and data files generated using the AMBER package. Contacts 
between PD-L1 and PD-1 amino acid residues were traced as any heavy 
atom pair (i.e., any atoms except hydrogen atoms) closer than 4 Å from 
each other. 

4.4. Peptide synthesis 

Peptides syntheses were performed using a solid-phase peptide 
synthesis (SPPS) protocol on an automated microwave peptide synthe-
sizer (LibertyBlue, CEM Corporation, Matthews, NC, USA). Peptides 
were synthesised on a TentaGel R RAM resin (0.21 mmol/g) using 
Fmoc/tBu chemistry and standard amino acid derivatives. The N-ter-
minal amino group of the peptidyl-resin was acetylated using a solution 
of 1-acetylimidazole (1.10 g/1 g of resin at room temperature for 24 h) 
in DMF. Peptide cleavage from the resin was performed using a mixture 
of 88% trifluoroacetic acid (TFA), 5% phenol, 5% deionized H2O and 2% 
triisopropyl silane (TIPS) (10 ml for 1 g of resin). The reaction ran for 2 h 

at ambient temperature. After 2 h the solution was filtered from the 
resin, concentrated under vacuum and treated with ice-cold Et2O to 
precipitate the peptide. The precipitated peptides were centrifuged for 
15 min at 4000 rpm at 4◦C, the Et2O phase was decantated (this step was 
repeated three times). Crude peptides were dissolved in deionized H2O 
and lyophilized. 

4.5. Peptide purification 

Linear peptides and peptides with disulphide bridges were dissolved 
in AcOH and adjusted with deionized H2O to an AcOH concentration of 
10%. Peptides with nonprotected cysteine residues were dissolved in 
H2O with addition of a 10-fold excess of dithiothreitol (DTT) and kept in 
an ultrasonic bath at 60 ◦C for 30 min. Crude peptides were purified 
using RP-HPLC technique on a semi-preparative Luna C8 (2) (250 mm ×
20 mm, 5 µm) column from Phenomenex (Torrance, CA, USA). The 
mobile phase used during peptide purification consisted of (A) 0.01 M 
ammonium acetate in deionized H2O and (B) 60% (v:v) acetonitrile 
(ACN) in deionized H2O containing 0.01 M ammonium acetate. A linear 
gradient from 20 to 30% B to 50–60% B over 80 min. was applied for 
peptides containing more than 10 amino acid residues and from 5% B to 
30% B over 100 min. for short peptides. The separation process was 
monitored by UV absorbance at 223 and 254 nm. Peptide purity was 
confirmed by (i) RP-HPLC using a Kromasil C8 (250 mm × 4.6 mm, 5 
µm) analytical column, using a linear gradient from 5 % B to 100% B 
over 60 min, where (A) was 0.1% (v:v) TFA in deionized H2O and (B) 
was 80% ACN in H2O containing 0.08% (v:v) TFA, and (ii) liquid 
chromatography coupled with electrospray ionization, ion trap, and 
time-of-flight mass spectroscopy (LC ESI-IT-TOF MS) (Shimadzu, 
Shimpol, Warsaw, Poland). 

4.6. Formation of disulphide bonds 

In order to create disulphide bonds, each peptide with a free/un-
protected sulfhydryl group in its cysteine residues was dissolved in a 
solution of H2O:MeOH:AcOH (1:9:1, v:v:v) adjusted with iodine in 
MeOH (20–50-fold excess). The peptide concentration in the mixture 
was 40 mg/L. The reaction was conducted for 1 h at ambient tempera-
ture with constant stirring. The excess of iodine was removed by filtra-
tion of the solution through a Dowex ion exchange resin. In the next step, 
the solution was evaporated and the peptide lyophilized. The progress of 
the reaction was monitored by analytical RP-HPLC and LC ESI-IT-TOF 
MS (conditions provided above in the peptide purification section). 

4.7. Binding assay - SPR analysis 

Standard surface plasmon resonance analyses using Biacore T200 
equipment (Cytiva, Malborough, USA) were performed as described in 
the manufacturer’s manual. The interaction of PD-1 peptides with PD-L1 
protein was analyzed using human His-PD-L1 protein (GenScript 
Biotech, New Jersey, USA, PD-L1 #Z03425) immobilized on a CM5 
Sensor Chip (Cytiva, Malborough, USA) in a 10 mM sodium acetate 
buffer, pH 4.5, as described previously [46]. PD-L1 protein was immo-
bilized to the 6500 RU ± 880 RU level of response. Serial dilutions of all 
peptides (Table 1) were prepared in PBS-P buffer (Cytiva, Malborough, 
USA #28995084) and injected over the prepared surface of a CM5 
sensor chip. As a control, the binding of whole human PD-1 Fc Chimera 
protein (GenScript Biotech, New Jersey, USA, # Z03370) was analyzed. 
In all experiments PBS-P buffer was used as the running buffer. All an-
alyses were performed at 25◦C. The sensor chips surfaces were regen-
erated with 1.5 M NaCl and 10 mM glycine, pH 3. After each analysis an 
additional wash with 50% DMSO solution was performed. In all kinetics 
experiments, the buffer flow rate was set to 30 µl/min. The obtained data 
were analyzed using Biacore T200 Evaluation Software (Cytiva, Mal-
borough, USA). The results are presented as sensorgrams obtained after 
subtraction of the background response signal from a reference flow cell 
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and from a control experiment with buffer injection. The kinetic con-
stants of interaction between PD-L1 protein and selected peptides were 
calculated from at least three independent titration experiments, 
including at least two independent PD-L1 protein immobilizations. Ki-
netic constants were calculated for those peptides that showed interac-
tion with PD-L1 protein. 

4.8. Stability of peptides in RPMI 1640 medium 

Peptide stability tests were performed in RPMI 1640 Medium 
(Sigma-Aldrich, #R8758) with 10% fetal bovine serum (FBS) (Thermo 
Fisher Scientific, #10500064). 200 µl of the RPMI 1640 was added to 50 
µl of peptide, so the final concentration of peptide was 100 µM. The 
mixture was incubated at 37◦C with constant stirring. Samples were 
collected at time 0 and after 24 h of incubation and immediately 
transferred to a freezer and stored until the end of the experiment at 
− 80◦C. The samples were thawed on ice. The peptides were precipitated 
by addition of a 4-fold excess of absolute ethanol (v:v) and centrifuged at 
15,000 rpm for 20 min at 4◦C. The supernatant was collected and 
evaporated. Dry samples were resuspended in 100 uL of 0.1% TFA in 
H2O and analysed by analytical RP-HPLC using a Luna C18(2) (250 mm 
× 4.6 mm, 5 µm) analytical column under conditions described in the 
peptide purification section. All stability tests were performed at least in 
triplicate. Two control tests were performed in parallel to checking the 
influence of the test procedure on the peptide dissolved in water 
(without the medium and FBS) and on the medium (without the 
peptide). 

4.9. Viability assay in Jurkat E6.1 and CHO-K1 cells 

The viability of mammalian cells (as assessed by ATP) exposed to the 
synthesised peptides was tested in Jurkat E6.1 and CHO-K1 cell lines. 
CHO-K1 cells were seeded 24 h prior to the experiment on 96-well white 
plates at a density of 10,000 cells/well and incubated at 37◦C in an at-
mosphere of 5% CO2. On the day of the assay, a 3-fold serial dilution of 
the peptides in HAM-12 medium with 10% FBS was prepared (Merck, 
#N6658 and Thermo Fisher Scientific, #10500064, respectively). The 
final concentrations of peptides ranged from 150 µM to 0.62 µM. The 
diluted peptides were added to the wells with CHO-K1 cells, from which 
the medium had been removed shortly beforehand, and incubated for a 
further 24 h. Jurkat E6.1 cells were seeded on white 96-well plates, on 
the day of experiment, at a density of 20,000 cells/well. A 3-fold serial 
dilution of the peptides were prepared in RPMI-1640 medium (Sigma- 
Aldrich, #R8758) with 10% FBS and added to the Jurkat E6.1 cells, then 
incubated for 24 h under standard cell culture conditions. The final 
concentrations of peptide ranged from 150 µM to 0.62 µM. Before the 
final step the plates were equilibrated at ambient temperature for 10 
min. CellTiter-Glo® (Promega Corporation, Madison, WI, USA, 
#G7570) was subsequently added to each well and incubated for 15 
min. The luminescence was measured using a Spark M10 (Tecan, 
Switzerland) reader, with integration time 0.5 s. The data were analysed 
by GraphPad Prism 8 software. 

4.10. Bioluminescent cell-based PD-1/PD-L1 immune checkpoint 
blockade assay 

The inhibition potency of the peptides was examined using a PD-1/ 
PD-L1 blockade bioassay kit (Promega Corporation, Madison, WI, 
USA, #J1250). The tests were performed according to the manufac-
turer’s protocol. aAPC/CHO-K1 cells expressing PD-L1 protein were 
seeded 17 h prior to the experiments on 96-well white plates, at a density 
of 10,000 cells/well, and incubated at 37◦C in an atmosphere of 5% CO2. 
On the day of the assay, 3-fold serial dilutions of the peptides in assay 
buffer (RPMI 1640 with 1% FBS) were prepared. The final concentra-
tions of the peptides ranged from 50 µM to 0.62 µM. Anti-PD-1 Ab 
(Promega Corporation, Madison, WI, USA (#J1201) was used as a 

positive control and prepared in the assay buffer at 10-fold dilutions. 
The diluted peptides and Ab were added to the wells seeded with aAPC/ 
CHO-K1 cells, from which the medium had been removed shortly be-
forehand, and incubated for 1.5 h. Effector Jurkat E6.1 cells expressing 
PD-1 and NFAT-RE-induced luciferase were subsequently added at a 
density of 20,000 cells/well and incubated for 6 h under the afore-
mentioned conditions. Before the final step the plates were equilibrated 
at ambient temperature for 10 min. In the next stage of the test, Bio- 
GloTM Luciferase Assay reagent was added to each well and incubated 
for 15 min. The luminescence was measured with a Spark M10 (Tecan, 
Switzerland) reader, integration time 0.5 s. Data were analysed by 
GraphPad Prism 8 software. 

4.11. NMR measurements 

The NMR experiments were conducted at 298 K on a Bruker Avance 
III 500 MHz (1H frequency 500.13 MHz) machine operated at magnetic 
fields of 11.7 T. The initial concentration of the sample was 6.4 mM in 
H2O/D2O (v:v; 9:1). The following NMR experiments were recorded: 1D 
1H, 80 ms TOCSY, 300 ms ROESY, 200 ms NOESY and 1H–13C HSQC. 
The 2D heteronuclear spectrum was recorded on the natural abundance 
of 13C isotope. All chemical shifts were referenced with respect to 
external sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) using Ξ 
= 0.251449530 ratio for indirectly referenced 13C resonances [73]. 

4.12. NMR structure calculations 

Molecular dynamics simulations were carried out using the ff14SB 
force field in the AMBER 16 package [66]. The structures of the peptides 
were computed using a simulated annealing algorithm with interproton 
distance restraints. The interproton distances were calculated on the 
basis of NOEs intensities by the CALIBA algorithm of the CYANA 2.1 
program [74]. Simulated annealing started from a random conforma-
tion. The interproton distances were restrained with force constants of f 
= 50 kcal/(mol × Å2). The geometry of the peptide groups (all trans) 
was kept fixed according to the NMR data (f = 50 kcal/(mol × rad2)). 
300 simulated annealing cycles were carried out where the nth confor-
mation initiated the n + 1 cycle. Each simulated annealing cycle con-
sisted of 30,000 MD steps (30 ps). The system was heated for 1 ps to 
1200 K, annealed at 1200 K for 2 ps, and finally cooled to 0 K over 27 ps. 
A generalized Born model was used to approximate solvent interaction 
[75]. The structures were subsequently minimized without any con-
straints. The conformations within a relative energy cut-off of 20 kcal/ 
mol, with respect to the lowest energy conformation, were selected for 
further analysis. The set of conformations was then clustered into 
conformational families using the Hierarchical agglomerative algorithm 
implemented in the CPPTRAJ module of the AMBER 16 package. Visu-
alization of the structures was achieved with the aid of the VMD pro-
gram [71]. 

4.13. Docking of the PD-1 derived peptides to PD-L1 

Molecular docking of the peptides (10) and (4) to PD-L1 was per-
formed with an UNRES force field [76,77], using multiplexed-replica 
exchange molecular dynamics with weak restraints on the torsional 
and valence angles of the backbone and weak restraints on the side 
chain–side chain and peptide group–peptide group contacts based on the 
crystal structure of PD-1/PD-L1 [78]. 

Vx = −
∑

i
ln

{
∑M

m=1
exp

[

− 1/2

(
xi − x(m)

i

σ(m)

xi

)]}

where Vx is the restraint potential, xi is distance or angle and the xi(m) is 
the value of the template, σ is the variance of the potential. Each re-
straint is multiplied by appropriate weight. 

For distance restraints (side-chain – side-chain and peptide group 
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peptide group) weight was set to 0.02 kcal/mol while for local restrains 
weight was set to 0.5 kcal/mol. The sigma for distance restraints was set 
to 0.5 Å while for local retrain sigma was set to 0.1 rad. In addition, in 
the case of peptide (10), two variants of restraints were used based on 
the NMR family structures of the monomers obtained from the NMR 
experiment. It should be noted that no restraints were imposed on the 
protein–protein interface. There were 20 starting structures, each con-
sisting of two molecules randomly oriented with respect to each other. 
The temperatures 250, 260, 270, 280, 285, 290, 295, 300, 305, 310, 
315, 320, 330, 340, 350, 360, 370, 380, 390, and 400 K, with two tra-
jectories per temperature, were used. Each simulation comprised 
10,000,000 steps with a time step of 0.49 fs, which corresponds to 5 ns of 
UNRES time, which in turn corresponds approximately to 5 µs of real- 
time [79,80]. Subsequently, a bin-less weighted histogram analysis 
method (WHAM) was performed, along with clustering at a temperature 
of 300 K to obtain 10 clusters for each simulation. The cluster repre-
sentative structure was the one closest to the ensemble average. The 
RMSD of the structures were computed for Cα atoms with use of the 
trimmed crystal as reference. 

4.14. Determination of the kinetic constants of PD-1 derived peptides to 
PD-L1 

UNRES force field canonical molecular dynamics was performed to 
determine the association/dissociation rate constant and equilibrium 
dissociation constant. As in the previous simulations 20 randomly 
structures were used and weak restraints, as in the MREMD simulations, 
were imposed. To obtain good statistics 100 canonical molecular dy-
namics simulations for peptide (10) were performed with a Berendsen 
thermostat at 300 K. In the case of peptide (4) 300 trajectories were run 
to obtain sufficient statistics. From the trajectories the fraction of 
properly unbound peptide as a function of time was computed and the 
kinetic equation derived previously was used [81]. 
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B. Zaborowski, A. Liwo, R. Ślusarz, M. Ślusarz, J. Lee, K. Joo, C. Czaplewski, Use of 
the UNRES force field in template-assisted prediction of protein structures and the 
refinement of server models: Test with CASP12 targets, J. Mol. Graph. Model. 83 
(2018) 92–99, https://doi.org/10.1016/j.jmgm.2018.05.008. 

[79] M. Khalili, A. Liwo, A. Jagielska, H.A. Scheraga, Molecular Dynamics with the 
United-Residue Model of Polypeptide Chains. II. Langevin and Berendsen-Bath 
Dynamics and Tests on Model <img src=“http://pubs.acs.org/images/gifchars/ 
alpha.gif” border=“0”>-Helical Systems, J. Phys. Chem. B. 109 (2005) 
13798–13810. 

[80] A. Liwo, M. Khalili, H.A. Scheraga, Ab initio simulations of protein-folding 
pathways by molecular dynamics with the united-residue model of polypeptide 
chains, Proc. Natl. Acad. Sci. 102 (2005) 2362–2367, https://doi.org/10.1073/ 
pnas.0408885102. 

[81] M. Spodzieja, K. Kuncewicz, A. Sieradzan, A. Karczyńska, J. Iwaszkiewicz, 
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