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Abstract 

Cancer is a group of diseases that humanity is facing since the beginning of its 

existence. The number of cancer cases grows each year and it is estimated that it may 

reach around 60 million new cases by 2050. This forces the governments and scientists 

to work on new anticancer therapies, prevention and treatment programs. Nowadays, 

there are many different approaches to treating cancer. Often, the therapy combines 

more than one type of treatment; however, the results are not always effective. In the 

last two decades, a lot of attention has been devoted to the immune-oncology, especially 

immune checkpoints inhibition. For their work on this subject, the two scientist, 

Thasuku Honjo and James P. Allison, received the 2018 Nobel Prize in Physiology and 

Medicine. Immune checkpoints are responsible for the modulation of immune response 

through the regulation of T lymphocytes activity. One of the best-known and most 

characterized inhibitory immune checkpoint is PD-1 with its ligand PD-L1. Blocking 

the binding between those molecule may have many potential clinical applications and 

their antagonists can be applied in cases of cancer and infectious diseases.  

Currently, there are many approaches to blocking the formation of the proteins 

belonging to the immune checkpoints bringing patients new hope and opportunities for 

recovery. However, FDA-approved cancer therapies are mostly based on mAbs which 

have many side effects and are not always effective. Moreover, the cost of the annual 

therapy per patient consisting of a single agent blocking the PD-1/PD-L1 complex can 

reach more than USD 100,000. Combination therapy, using at least two mAbs, brings 

better effects; however, it is even more expensive and, therefore, less available to 

oncology patients. All this make it necessary to search for new, better and more 

affordable therapies that block the PD-1/PD-L1 axis, capable of restoring the function 

of the immune system. In my research, I focused on finding the peptide inhibitors of the 

PD-1/PD-L1 complex formation, able to restore functions of the immune system. To 

design the peptides, I used the crystal structure of the PD-1/PD-L1 complex and 

information obtained from the MM/GBSA analysis. 

In the first stage of my research, I obtained thirteen linear and cyclic peptides with 

disulphide bridges, derived from the PD-1 structure. Using the SPR technique,  

I determined their affinity for PD-L1. The strongest binding was received for peptides 
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(10) and (7) but six other compounds interacted with the protein. All peptides that 

bound to PD-L1 were chosen for further evaluation. I examined their stability in RPMI 

1640 medium with 10% FBS, used in cell culture, and their influence on the viability of 

three cell lines used in the further experiments. For most of the tested compounds,  

I observed a decrease in their concentration. However, I did not observe any additional 

signals in the chromatograms received from the HPLC analysis, which may indicate that 

they were not a subject of the degradation process, but could interact with the medium 

components. Subsequently, I examined the effect of peptides on cell viability.  

I performed this assay on three cell lines - CHO-K1, Jurkat E6.1 and TCS Ctrl 

(modified BW5417). The Jurkat E6.1 cells were negatively affected only by the highest 

tested concentration of some of the examined peptides (150 µM). The CHO-K1 and 

TCS Ctrl were more sensitive to the compounds. The tested peptides showed a 

cytotoxic effect on these cell lines in a wider spectrum than in the case of Jurkat E6.1.  

I also examined the ability of the PD-1 derived peptides to compete with the PD-1 

protein for binding to PD-L1 present on the cell surface and I determined whether their 

possess the ability to inhibit the formation of the PD-1/PD-L1 complex in a test by 

restoring NFAT mediated luciferase expression. The results of my research show that 

peptides (7) and (10) partially inhibit the formation of the protein-protein complex. 

Moreover, peptide (7) competes with PD-1 for binding to PD-L1. 

The second approach to blocking the PD-1/PD-L1 complex consisted in designing 

peptides derived from PD-L1. I obtained seventeen linear and cyclic peptides with 

disulphide bridges. The PD-L1 derived peptides were tested in similar approaches to the 

PD-1 derived peptides. I examined their ability to compete with the PD-L1 protein for 

binding to PD-1 on the cell surface and their inhibitory properties against the  

PD-1/PD-L1 complex by measuring the expression of eGFP under the transcription 

factor NF-κB. In the competitive assay, peptides (L1) and (L11) prevent PD-L1 from 

binding to PD-1 in a concentration-dependent manner; moreover, peptide (L11) from all 

the PD-L1 derived peptides stimulates the eGFP expression by inhibition of the  

PD-1/PD-L1 complex formation in a concentration-dependent manner. This peptide 

also exhibits one of the strongest affinity for the PD-1 protein. 

Based on the data received for the PD-1 derived peptides, I chose peptide (10) as parent 

peptide to design its analogues. I designed six compounds but only four of them were 

subject to further analysis due to problems arising during the synthesis. To all peptide 
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(10) analogues, I introduced modifications in the loop to stabilize their structure and 

thus improve their affinity for PD-L1. The modifications have not increased the binding 

strength of the peptides to PD-L1 compared to peptide (10); however, they have 

influenced their stability and interaction with the components of the medium. These 

compounds also had a less negative effect on the cells used in the cell assays. In the cell 

functional assay, conducted to examine the competitive properties of peptide (10) 

analogues, it can be observed that changes introduced in the sequence of A3 lead to the 

displacement of PD-1 from the complex with PD-L1 in a dose-depending manner. In 

the stimulation assay based on a reporter gene expression system (NF-κB::eGFP), 

peptide (10) and analogues A3, A4 and A5 restore the eGFP expression only at the 

highest concentration used.  

The market of therapeutic peptides is growing annually and it is estimated to reach USD 

50.60 Billion by 2026. The clinical trials focusing on the development of immune-

oncology therapies using peptides and peptidomimetics in their approach, are becoming 

increasingly common. The molecules obtained in this work, after further modifications 

of their structure, may also be used as therapeutics in immuno-oncology. 
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Streszczenie 

Nowotwory to grupa chorób, z którymi ludzkość boryka się od początku istnienia. 

Liczba zachorowań na raka rośnie każdego roku i szacuje się, że do 2050 roku może 

osiągnąć około 60 milionów nowych przypadków. Zmusza to rządy państw  

i naukowców do pracy nad nowymi terapiami przeciwnowotworowymi oraz 

programami profilaktyki i leczenia. Obecnie istnieje wiele różnych podejść do leczenia 

raka. Często terapia przeciwnowotworowa łączy więcej niż jeden rodzaj leczenia, 

jednak jej efekty nie zawsze są zadowalające. W ostatnich dwóch dekadach wiele uwagi 

poświęcono immunoonkologii, a zwłaszcza hamowaniu punktów kontrolnych układu 

immunologicznego. Za prace nad tym zagadnieniem, w 2018 roku dwóch naukowców, 

Thasuku Honjo i James P. Allison, otrzymało Nagrodę Nobla w dziedzinie fizjologii  

i medycyny. Punkty kontrolne układu odpornościowego są odpowiedzialne za 

modulację odpowiedzi immunologicznej, poprzez regulację aktywności limfocytów T. 

Jednym z najlepiej poznanych i najlepiej scharakteryzowanych punktów kontrolnych 

hamujących odpowiedź układu odpornościowego jest białko PD-1, tworzące kompleks 

ze swoim ligandem, białkiem PD-L1. Zablokowanie wiązania się tych molekuł może 

mieć wiele potencjalnych zastosowań klinicznych, a związki hamujące tworzenie 

kompleksu PD-1/PD-L1 mogą znaleźć zastosowanie w leczeniu nowotworów i chorób 

zakaźnych. 

Obecnie istnieje wiele podejść mających na celu blokowanie tworzenia kompleksów 

przez białka należące do punktów kontrolnych układu immunologicznego, co daje 

pacjentom nadzieje i nowe możliwości powrotu do zdrowia. Jednak zatwierdzone przez 

FDA terapie przeciwnowotworowe w większości oparte są na przeciwciałach 

monoklonalnych, które przyczyniają się do wystąpienia wielu skutków ubocznych i nie 

zawsze są skuteczne. Ponadto koszt rocznego leczenia jednego pacjenta złożony  

z jednego przeciwciała blokującego kompleks PD-1/PD-L1 może sięgać nawet ponad 

100 000 USD. Terapia skojarzeniowa, przy użyciu co najmniej dwóch przeciwciał 

monoklonalnych, przynosząca lepsze efekty, jest jeszcze droższa a przez to mniej 

dostępna dla pacjentów onkologicznych. Wszystko to sprawia, że konieczne jest 

poszukiwanie nowych, lepszych i bardziej przystępnych cenowo terapii blokujących 

wiązanie się białka PD-1 z PD-L1. W swoich badaniach skupiłam się na poszukiwaniu 
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peptydowych inhibitorów tworzenia kompleksu PD-1/PD-L1, zdolnych do 

przywracania funkcji układu odpornościowego. Do zaprojektowania peptydów, 

wykorzystałam strukturę krystaliczną kompleksu PD-1/PD-L1 oraz informacje 

uzyskane z analizy MM/GBSA. 

W pierwszym etapie moich badań otrzymałem trzynaście peptydów liniowych oraz 

cyklicznych z mostkami disulfidowymi, wywodzących się ze struktury białka PD-1. 

Wykorzystując technikę SPR określiłam ich powinowactwo do białka PD-L1. Wiązanie 

do białka zaobserwowałam dla peptydów (10) i (7), ale sześć innych związków również 

oddziaływało z celem molekularnym. Wszystkie peptydy, które wiązały się do białka 

PD-L1 poddałam dalszej analizie. Zbadałam ich stabilność w pożywce RPMI 1640  

(z 10% FBS), używanej w hodowli komórkowej oraz ich wpływ na żywotność trzech 

linii komórkowych, wykorzystywanych w dalszych doświadczeniach. Dla większości 

badanych związków, zaobserwowałam zmniejszanie się ich stężenia po dodaniu do 

pożywki oraz po 24 godzinach inkubacji. Nie zaobserwowałam jednak dodatkowych 

sygnałów na chromatogramach uzyskanych podczas analizy z wykorzystaniem HPLC, 

co może wskazywać, że nie były one przedmiotem degradacji, natomiast mogły 

oddziaływać ze składnikami pożywki. Następnie sprawdziłam wpływ peptydów na 

żywotność komórek. Test ten wykonałam dla trzech linii komórkowych - CHO-K1, 

Jurkat E6.1 i TCS Ctrl (zmodyfikowane BW5417). Na komórki Jurkat E6.1 negatywny 

wpływ miały jedynie najwyższe stężenia niektórych z peptydów (150 µM). Linie  

CHO-K1 i TCS Ctrl okazały się bardziej wrażliwe na działanie związków. Badane 

peptydy wykazały efekt cytotoksyczny w szerszym spektrum niż w przypadku linii 

komórkowej Jurkat E6.1. Sprawdziłam również, czy otrzymane przez mnie związki 

konkurują z białkiem PD-1 o wiązanie się z PD-L1 obecnym na powierzchni komórek 

oraz określiłam czy posiadają zdolności do hamowania tworzenia kompleksu PD-1/PD-

L1 w teście komórkowym polegającym na przywróceniu ekspresji lucyferazy poprzez 

aktywację czynnika transkrypcyjnego NFAT. Wyniki moich badań pokazują,  

że peptydy (7) i (10) w pewnym stopniu hamują tworzenie się kompleksu białko-białko. 

Ponadto peptyd (7) konkuruje z PD-1 o wiązanie się z PD-L1. 

Drugie podejście do blokowania kompleksu PD-1/PD-L1 polegało na zaprojektowaniu 

peptydów, wywodzących się ze struktury białka PD-L1. Otrzymałam siedemnaście 

peptydów, które były liniowe lub posiadały mostek disulfidowy. Peptydy pochodzące  

z białka PD-L1 testowałam w podobny sposób jak peptydy pochodzące z białka PD-1. 
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Zbadałam ich zdolność do konkurowania z białkiem PD-L1 o wiązanie się z PD-1 

znajdującym się na powierzchni komórki oraz ich właściwości hamujące względem 

kompleksu PD-1/PD-L1 poprzez pomiar ekspresji eGFP wyindukowanego za 

pośrednictwem czynnika transkrypcyjnego NF-κB. W teście kompetycyjnym peptydy 

(L1) i (L11) zakłócają wiązanie się PD-L1 do PD-1 w sposób zależny od stężenia, 

ponadto (L11) jako jedyny stymulował ekspresję eGFP poprzez hamowanie tworzenia 

się kompleksu PD-1/PD-L1 w sposób zależny od stężenia. Peptyd (L11) jest również 

jednym ze związków najsilniej wiążących się do białka PD-L1.  

Na podstawie wyników otrzymanych dla peptydów wywodzących się z białka PD-1, 

wybrałam peptyd (10) jako cząsteczkę wiodącą do zaprojektowania jego analogów. 

Zaprojektowałam sześć związków, jednak tylko cztery z nich zostały poddane dalszej 

analizie, ze względu na problemy powstałe podczas syntezy. Do wszystkich analogów 

peptydu (10) wprowadziłam zmiany w pętli, aby ustabilizować ich strukturę i przez to 

poprawić ich powinowactwo do PD-L1. Wprowadzone modyfikacje nie zwiększyły siły 

wiązania się z białkiem PD-L1, w porównaniu do peptydu (10), jednak wpłynęły na ich 

stabilność i wiązanie się ze składnikami pożywki. Związki te miały również dużo mniej 

negatywny wpływ na komórki, wykorzystywane w testach. W funkcjonalnym teście 

komórkowym, przeprowadzonym w celu zbadania właściwości kompetycyjnych 

analogów peptydu (10), zaobserwowałam, że zmiany wprowadzone w sekwencji A3 

prowadzą do wypierania białka PD-1 z kompleksu z PD-L1 w sposób zależny od dawki. 

W teście stymulacji opartym na systemie ekspresji genu reporterowego (NF-κB::eGFP) 

analogi A3, A4 i A5 podobnie jak peptyd (10) przywracają ekspresję eGFP tylko w 

najwyższym zastosowanym stężeniu. 

Rynek peptydów terapeutycznych rośnie z roku na rok i szacuje się, że do 2026 roku 

osiągnie wartość 50,60 mld USD. W badaniach klinicznych nad rozwojem terapii 

immunookologicznych coraz częściej można spotkać terapie wykorzystujące w swoim 

podejściu peptydy i peptydomimetyki. Otrzymane w tej pracy cząsteczki, po dalszych 

modyfikacjach struktury w celu zwiększenia ich aktywności również będą mogły 

znaleźć zastosowanie jako terapeutyki w immunoonkologii.  
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I. Introduction 

1. Cancer 

Cancer is not one disease. It is a group of diseases connected with uncontrolled growth 

of cells caused by multiple sequential mutations. Cancer cells no longer fulfil its 

biological purpose and do not behave as regular cells. They grow without a signal that 

tells them to grow and they ignore the signal which tells them to stop1. There are three 

main carcinogens: physical (caused e.g. by ionizing or ultraviolet radiation), chemical 

(caused e.g. by pesticides or polycyclic aromatic hydrocarbons) and infection induced 

(caused e.g. by the Helicobacter pylori or human papillomavirus)1. Together with the 

socioeconomic development, external environmental factors have gained greater 

influence on the number and rate of the genetic “mistakes”, which can lead to cancer 

development2. 

Cancer has been known to the mankind for ages. The first description of tumour in 

human tissues was found in an Egyptian papyrus dated 1500 B.C. Moreover, there is 

evidence that even dinosaurs living 250 to 65 million years ago suffered from cancer3. It 

is estimated that only in 2020 there were reported more than 19 million new cancer 

cases and almost 10 million deaths worldwide4. In comparison with year 2000, this 

number increased by 9 million new cases and 4 million deaths5. This escalation reflects 

growth and aging of the worldwide population. It is estimated that this number will 

triple by the year 2050, which put pressure on governments and scientists to work on 

new anticancer therapies, prevention and treatment programs6. 

1.1. Cancer treatment 

There are different approaches to treat cancer and they depend on the specific type of 

cancer. Moreover, new ways of treatment are constantly developed to find better 

therapy, which will prolong lives of patients, improve their quality, be more affordable 

and have less adverse effects. Cancer treatment is usually complex and combines 

a couple of therapies at once. The most common cancer treatment options are presented 

in Figure 1. 
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Figure 1. The most common methods of cancer treatment7. 

Predominantly, cancer treatment can be divided into two approaches: “local” and 

systemic. The first one consists of surgery and radiation therapy and its goal is to 

remove cancer. It can be done during the surgery or by using high-energy waves or 

particles such as X and gamma rays, protons or electron beams. The second one 

includes treatments connected with delivering medicines to the patient and can be 

divided into chemotherapy, hormone, targeted therapy or immunotherapy. 

Chemotherapy is the most frequently used method of treating cancer and it applies 

chemotherapeutic agents focused on blocking the mechanism characteristic of cancer 

cell that leads to cell death. However, this approach affects also healthy cells. Hormone 

therapy is implemented when a cancer is fuelled by the hormones. It is commonly used 

in breast and prostate cancer. Hormone therapy leads to blocking the effects of 

hormones. Another method is targeting therapy, which focuses on specific 

abnormalities within cancer cells. For example, a molecular target located in the cancer 

cell. Moreover, there is also a treatment that consists of restoring or amplifying body’s 

natural immune system to attack cancer cells. This is called immunotherapy or immune-

oncology (I-O) and it is a relatively new anticancer treatment8,9. Due to the fact that my 

doctoral thesis focuses on the topic of immunotherapy in cancer treatment and 

especially one of the approaches of restoring our own immune system’s mechanism 

against the cancer cells further in this work, I will present closer the subject of the I-O. 
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1.1.1. Immunotherapy 

In last two decades cancer immunotherapy has gained an important role in cancer 

treatment. In contrary to other approaches I-O does not target tumour directly but 

stimulate host immune system to make a stand against the enemy which inhibits the 

immune response10. The beginning of this concept is dated on nineteenth century and 

was initiated by a German pathologist Rudolf Virchow, who studied cellular pathology, 

as a first recognized leukaemia and observed immune infiltration in human toumors11,12. 

Since that date I-O has evolved, and basing on the mechanism of action, can be divided 

into active and passive immunotherapy, those approaches are presented in the Figure 2. 

In general, passive therapy adopt ex vivo activated or pre-treated cells taken from the 

host body or grown in the laboratory and administrate them to patient to restore 

deficient immune function7. This type of therapy produces immediately action. By 

contrast, the active approaches act in vivo by stimulating immune system against the 

cancer. The example of active immunotherapy can be immune checkpoints 

inhibition7,10. This type of cancer treatment will be discussed more broadly in chapter 

4.1. as it is connected with my doctoral research. For better understanding 

immunotherapy basing on immune checkpoint inhibition the immune system and 

mechanisms standing behind growing interest of it use in cancer treatment will be 

described. 

 

Figure 2. Approaches of I-O classified into passive and active immunotherapy7.  

mAbs - monoclonal antibodies; DC - dendritic cells. 
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2. Immune system  

Immune system is body’s defence in the word full of microbes, viruses and parasites. It 

ensures homeostasis of human organism by identifying of threats from surrounding 

environment and from ours own defect cells1. The main tools of immune system are 

immune cells having their origin in stem cells. They may be divided into granulocytes 

and lymphocytes (Figure 3). The first group of immune cells takes part in mechanism 

triggered by innate immune system. They provide first line of defence – immediate but 

not specific. In contradiction to granulocytes, lymphocytes are responsible for adaptive 

immune response which take longer time than innate one, however, is more precise. The 

main weapon of adaptive immune system are T lymphocytes (T cells) with T cell 

receptors (TCRs) and B lymphocytes (B cells) with their specialized antibodies1,13. The 

innate and adaptive immune systems cooperate with each other. The first one gives time 

to the second one which defence mechanisms are more time-consuming. 

 

Figure 3. Cells of immune system14. 

The B and T cells take part in the main types of immune response - humoral  

(antibody-mediated) and cellular (cell-mediated). It should be noted that above 

mentioned immune responses occur simultaneously only with slight predominantly of 
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one type of response. Antibody-mediated immunity depends on recognition of antigen 

by antibody (Ab) produced by B cells and will not be discussed further in this work. 

The second type of immune response relies on T lymphocytes, mainly on recognition of 

antigens by T cell receptors located on T lymphocytes1,13,15. 

2.1. T lymphocytes and their receptors 

T cells are one of the most important cells in immune system. They develop from 

hematopoietic stem cells in the bone marrow but cease maturation events in thymus. 

The T cells can be divided into three main subtypes, namely, cytotoxic (Tc), helper (Th) 

and regulatory (Treg) cells. Each of those cells populations have varied functions and 

different molecular receptors presented on their surface in the form of cluster of 

differentiation (CD) molecules which support T cell activation. Moreover, they 

recognized antigens presented by strictly defined class of major histocompatibility 

complex (MHC) molecules. Characterization of T cells subpopulations is show  

in Table 1. 

Table 1. Characterization of T cells subpopulations1. 

T LYMPHOCYTE  

Types of lymphocytes  Cytotoxic T cells Helper T cells Regulatory T cells 

(suppressor) 

Abbreviation Tc Th Treg 

Function Have ability to kill 

infected and body’s 

own cells. Tc have to 

directly bind to 

infected cell. 

Support humoral and 

cell-mediated immune 

response. They simplify 

activation, proliferation 

and differentiation of B 

and T cells.  

Regulate/suppress 

function of Tc and Th. 

Prevent from long-term, 

superfluous agitation.  

CD molecule supporting 

T cell activation 

CD8 CD4 CD4, CD8, CD25, 

FOXP3* 

Class of MHC molecule 

interacting with TCR 

and cluster of 

differentiation molecule 

MHC I  MHC II - 

*FOXP3 - forkhead box P3. 

On the surface of T cells are located earlier mentioned TCRs (around 5×104 per one  

T cell), which are surface proteins responsible for binding with antigen, exposed by 

antigen presenting cells (APCs)16,17. 

TCR is a transmembrane heterodimeric receptor with two polypeptide chains linked by 

disulphide bridge. TCR constituted of two constant domains (Cα and Cβ) and two 

variable regions (Vα and Vβ) (Figure 4). In both variable domains can be distinguish 
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three complementarity determining regions (CDRs) responsible for antigen binding. 

Moreover, on T cells surface can be find aforementioned CD proteins, which vary for 

different subpopulations of T cells. Both TCR polypeptide chains, α and β, create 

complex in cell membrane with CD3 molecule which mediate in transmission of the  

T cell activation signal. Additionally, TCR-CD3 complex interacts in the cell membrane 

with CD8 and CD41,13,15,18. 

 

Figure 4. Types of receptors on T cell surface15. 

2.2 . Antigen presentation to T lymphocytes 

Antigen is an agent capable to stimulate immune response. It can be distinguished two 

main types of antigens: foreign antigens (pathogens, toxins, pollens) and autoantigens 

(body’s cells under pathological conditions). T cells recognize only antigens in form of 

short peptides presented by MHC molecules located on surface of APC. APCs are 

involved in innate and adaptive immune response. They process and present antigens 

for recognition by the appropriate TCR. APC are a heterogeneous group of cells which 

can be divided into professional APC, which include macrophages, dendritic cells,  

B cells, and nonprofessional APC which include vascular endothelial cells and thymic 

epithelial cells16,17. 

MHC molecules are glycoproteins which function is presenting antigens to TCRs. 

Antigens presented by MHC molecules are peptides arise through enzymatic digestion 

of the proteins having it origins in aforementioned foreign or autoantigens. MHC 
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molecules can be divided into two classes MHC class I and MHC class II. This 

classification is based on the protein processing pathway into peptides. MHC class I 

molecules bind and present endogenous-derived peptides, which are digested by 

proteolytic enzymes in cytoplasm and loaded to MHC I in endoplasmic reticulum. 

Those antigens originate from microorganism and parasites developing intracellularly 

and from cancer cells. MHC I peptides usually contain 8-10 amino acid residues19. 

Antigens presented by the MHC class I are recognize by CD8 T cells (Tc) specific for 

presented peptide. MHC class I molecules are found on the surface of almost all 

nucleated cells. On the contrary, MHC class II are surface molecules present on 

professional APC – macrophages, B cells and DC. This class of molecules present 

exogenous-derived peptides containing 13-17 amino acid residues19. In this type of 

antigen presentation whole viruses or bacteria are engulfed by endocytose and enclosed 

in an endosome where it is digested by proteolytic enzymes and loaded to MHC II. 

Antigens presented by the MHC class II are recognize by CD4 T cells (Th) specific for 

presented peptide1,15,19. 

2.3. Activation and inhibition of T lymphocyte  

Control of immune system, its activation, occurs through at least two signals from 

connection of APCs with T cells. Primary signal is aroused by detection of peptides 

(antigens) presented by MHC molecules on APCs by T cell receptor on T cells. 

Moreover, to complete first signal CD8 or CD4 molecules present on Tc or Th have to 

bind to MHC I (activation of Tc, describe as lymphocytes CD8+) or MHC II (activation 

of Th, describe as lymphocytes CD4+) respectively (Figure 5, Signal I). However, it is 

only first step to activate immune system. The second one is controlled by  

co-stimulatory and co-inhibitory receptors also known as immune checkpoints. To 

induce second signal immune checkpoint receptor, one of the proteins belonging to 

cluster of differentiation 28 (CD28) family, located on T cell has to bind to its ligand, 

belonging to B7 proteins family, on APC (Figure 5, Signal II). Those two signals are 

necessary to stimulate or inhibit immune response. Absence of a second signal may lead 

to T cell anergy (inactivation). Those two signals are necessary for complied activation 

of T cells. Lymphocytes CD8+ secrete cytokines which cause death of target cell by 

apoptosis. On the contrary, T cells CD4+ secret cytokines which lead to B cells and  

Tc proliferation1,15. The response of immune system undergoes sustained balance 
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between positive and negative signals which activate or inhibit its response. Those 

mechanisms prevent us from autoimmune diseases, infections and development of 

damaged (mutated) cells. Therefore, immune system evolved mechanisms enable to 

recognition “self” from “non-self” by detecting proteins located on the cell surface 

which are tools used to maintain homeostasis1,15. 

 

Figure 5. Model of two stage T cell activation20. 

2.4. Immune checkpoint receptors and ligands 

Immune checkpoint proteins mentioned in the previous paragraph are crucial for full 

activation or inhibition of T cells. Those proteins can be divided into co-stimulatory and 

co-inhibitory receptors. Both types of the receptors have to bind to its ligand on APC to 

induce T cell activation signal which stimulates or inhibits immune response, 

respectively. The first group of receptors is responsible for co-activation of T cells 

against pathogens and body’s cells under pathological condition. To co-stimulatory 

receptor-ligand pairs following molecules can be included: CD28 receptor and its 

ligands cluster of differentiation 80 and 86 (CD80 and CD86), and inducible T cell co-

stimulator (ICOS) and its ligand (ICOS-L). The second group of immune checkpoints 

constitute co-inhibitory molecules responsible for negative stimulation of T cells. Their 

main function is surveillance of immune system against autoaggression events. The 

best-known inhibitory immune checkpoints are cytotoxic T lymphocyte antigen – 4 

(CTLA-4) interacting with CD80 or CD86, programmed cell death - 1 (PD-1) 

interacting with programmed cell death 1 – ligand 1 or ligand 2 (PD-L1 and PD-L2, 

respectively)21 and T cell immunoglobulin and mucin domain-containing protein 3 
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(TIM3) and its ligand galectin-9 (GAL-9)22. Exemplary co-stimulatory and co-

inhibitory receptors, and their ligands are presented in the Figure 6. 

 

Figure 6. Examples of co-stimulatory and co-inhibitory pairs of molecules. Plus marks show 

co-stimulatory molecules, whereas minus marks show co-inhibitory molecules23. 

Immune checkpoints receptors and their ligands belong to two main protein 

superfamilies: 

• Tumour necrosis factor receptor superfamily (TNFRS) and their ligands tumour 

necrosis factor superfamily (TNFS) – representatives of this protein receptor 

superfamily are tumour necrosis factor receptor 1 (TNFR1) and herpes virus 

entry mediator (HVEM) and their ligands tumour necrosis factor (TNF) and 

tumour necrosis factor ligand superfamily member 14 (TNFRSF14, LIGHT), 

respectively24,25; 

• Immunoglobulin superfamily (IgSF) - representatives of this protein superfamily 

are receptors CD28, CTLA-4 and PD-1 and its ligands CD80, CD86 and PD-L1, 

PD-L2, respectively26. 

The IgSF protein superfamily and three of its representatives PD-1, PD-L1 and PD-L2 

will be discussed and characterized in more details in the next chapter. 
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3. Immunoglobulin superfamily 

Immunoglobulin superfamily is a widely diverse group of protein receptors and ligands 

with divergent functions and sequences, connected with similarities in the tertiary 

structure, namely by immunoglobulin-like (Ig-like) domain27. In general, Ig homology 

units consist of two antiparallel β-sheets containing 70-100 amino acid residues grouped 

into 7-9 β strands stabilized by disulphide bridge. Each β-strand is formed by 5-10 

amino acid residues28,29. The Ig domains can be classified into four groups which are 

presented in the Figure 7: 

• V-set – variable domain, it consists of 9 β strands; 

• C1-set – constant-1 domain, it is standard IgC domain, it consists of 7 β strands; 

• C2-set – constant-2 domain, it consists of 7 β strands (the same as C1-set) but it 

is sequentially similar to V- set; 

• I-set – intermediate domain, IgI domain resembles the IgV with small 

differences exhibiting in shorter C’ strand and lacking C” strand. 

 

Figure 7. Topology of four main immunoglobulin domains30. 



 

26 
 

3.1. Programmed cell death 1 - PD-1 

Programmed cell death 1 (PD-1, CD279) is a protein receptor which belongs to the 

immunoglobulin superfamily31 and takes part in negative regulation of  

immune response32,33. 

3.1.1. Structure of the PD-1 

PD-1 is a protein containing 288 amino acids of molecular weight of 50-55 kDa34–36.  

It consists of a signalling peptide (length: 23 amino acids), an extracellular region in 

IgV topology (length: 147 amino acids), transmembrane helical region separating IgV 

domain from a cytoplasmic domain (length: 21 amino acids) and the cytoplasmic 

domain (length: 97 amino acids)34,37. This is a typical structure for type  

I transmembrane glycoprotein (Figure 8A and 8B). IgV domain of PD-1 has four 

potential N-linked glycosylation sites in positions 49, 58, 74 and 116 (triangles in the 

Figure 8A)38. The cytoplasmic domain has two tyrosine residues. The proximal one to 

a cell membrane constitutes an immunoreceptor tyrosine-based inhibitory motif (ITIM), 

whereas the distal tyrosine residue is a part of the immunoreceptor tyrosine-based 

switch motif (ITSM). Both of them are essential for the inhibitory function of PD-139,40. 

The extracellular domain of PD-1 occurs as a monomer on the cell surface, in solution 

and in the crystallized form41. PD-1 structure is stabilized by only one intrachain 

disulphide bond (Figure 8B, red)32,42. Contrary to the other members of CD28 family, 

such as CD28, CTLA-4, and ICOS, PD-1 cannot form a homodimer as it lacks cysteine 

residues proximal to the cell surface32,42,43. 
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A  

 
 

B 

 

Figure 8. A) Schematic diagram of PD-1 protein. SP - signalling peptide; TM - transmembrane 

domain; triangles - potential N-linked glycosylation sites. B) Amino acid residues sequence of 

PD-1. The disulphide bridge connecting cysteine residues is marked red. 

PD-1 protein forms two β-sheet structures with antiparallel β strands. The extracellular 

domain between 24th and 170th amino acid residues bears resemblance to IgV topology 

and is arranged in two β sheets (G’GFCC’ and AA’BED) stabilized by a disulphide 

bond between C54 and C123 (Figure 9). In addition, the strongly conserved four amino 

acid residues, R94, F95, D117 and G119, typical of many V-set sequences, can be 

found in the extracellular domain of PD-134,42. 

 

Figure 9. Structure of the extracellular domain of PD-1 protein (PDB ID: 3RRQ)42.  

 

1       23    24             170  171   191 192                        288 

SP TM IgV domain Cytoplasmic 

  

N49 N58  N74 N116

 N116 
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3.1.2 Occurrence and function of PD-1 

PD-1 is expressed on activated T cells (CD4+ and CD8+) and in small amounts occurs 

on naïve T cells and B cells, dendritic cells, monocytes, and natural killer T cells34,39. 

PD-1 occurs not only in transmembrane form but an extracellular soluble domain of this 

protein can be secreted into sera (sPD-1) by peripheral blood mononuclear cells 

(PBMC)44. 

ITSM and ITIM motifs of PD-1 undergoes phosphorylation upon stimulation by its 

ligand which enable binding of Src homology region 2 domain-containing phosphatase 

(SHP-2)45 (Figure 10). SHP-1 is also recruited in PD-1 signalling pathway, however 

only in the absence of SHP-246. Moreover, not only the inhibitory signal is transferred 

though ITSM and ITIM but the ITSMs from two PD-1 may bind SHP-forming PD-1 

homodimer47. These phosphatases dephosphorylate critical proteins from stimulating 

signalling triggered by TCR/MHC and also CD28/CD80/86, among others they 

influence Zeta-chain-associated protein kinase 70 (ZAP70) and the phosphoinositide  

3-kinase (PI3K) - protein kinase B (AKT) and rat sarcoma virus (RAS)45. This leads to 

diminish of transcription factors (TFs), namely, activator protein 1 (AP-1), nuclear 

factor κB (NF-κB) and nuclear factor of activated T cells (NFAT), responsible for T cell 

activation, proliferation, cytokine production, and cytolytic function36. Moreover, PD-1 

may influence T cell function through increasing expression of basic leucine zipper 

transcriptional factor ATF like (BATF), which is connected with avoiding 

autoimmunity through T cell exhaustion48. 
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Figure 10. PD-1 signalling pathway49. 

The PD-1 protein participates in the establishment and sustain immunological  

self-tolerance. Generating of the PD-1-deficient mice (Pdcd-I- mice) led to unveiled the 

function of PD-1 protein which is regulation of adaptive immune response. Experiments 

on Pdcd-I- mice revealed correlation of the PD-1 deficiency with development of 

autoimmunity diseases such as systemic lupus erythematosus50,51, dilated 

cardiomyopathy52, acute type I diabetes53,54, multiple sclerosis55 and allergy56. 

Additionally, the extracellular region of sPD-1 secreted to sera can attenuates the PD-1 

pathway and leads to progression of autoimmune disease. sPD-1 occurrence in synovial 

fluid of patients with rheumatoid arthritis worsens the disease55. Targeting PD-1 protein 

can have many potential clinical applications (Figure 11). PD-1 antagonists can be 

applied in case of cancer and infectious diseases where activation of immune system is 

desired. On the other hand, the PD-1 pathway agonists can be useful agents in 

autoimmunity diseases, allergy and prevention of transplant rejection where the 

deactivation of immune system is seek aspect36. 
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Figure 11. Potential application of PD-1 antagonists and agonists36. 

Moreover, the PD-1 molecule was found on cancer cells in cancer types such as  

non-small cell lung cancer (NSCLC), melanoma and different types of sarcomas57–59. 

Appearance of PD-1 protein on the tumour cells leads to complications during I-O 

therapies targeting PD-1 protein, like promoting hyperprogression of tumour growth57. 

Presence of PD-1 on tumour cells may create a demand for changing approach in 

immune therapy blocking PD-1/PD-L1 complex consisting in targeting PD-1 protein. 

Shifting attention to therapy focusing only on targeting PD-L1 protein or routine 

determination of PD-1 protein on cancer cells before choosing way of action may lead 

to a better therapeutic effect. 

3.2. Programmed cell death 1 - ligand 1 (PD-L1) and 2 (PD-L2) 

PD-1 receptor has two known naturally occurring ligands: PD-L1 and PD-L260. 

Structure, expression and functions of both of them are presented in the following 

chapters. 

3.2.1. Structure of the PD-L1 

Programmed cell death 1 ligand 1 (CD274, B7-H1, PD-L1) is a type I transmembrane 

glycoprotein. PD-L1 protein consists of 290 amino acid residues of a molecular weight 

of 40 kDa. It is composed of a signalling peptide (length: 18 amino acids), extracellular 

domain (length: 220 amino acid residues) where antiparallel N-terminal IgV and  

C-terminal IgC2 - type domains typical for B7 family can be identified, transmembrane 

– helical domain (length: 21 amino acid residues) and cytoplasmic domain (length:  
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31 amino acid residues) (Figure 12A and 12B)36,43,61. PD-L1 as its receptor forms 

a monomer on the cell surface, in solution, and in the crystallized form61,62. 

Extracellular domain of PD-L1 has four potential N-linked glycosylation sites in 

positions 35, 192, 200 and 219 (triangles in the Figure 12A)61,63. 

A 

 

B 

 

Figure 12. A) Schematic diagram of PD-L1 protein. SP -signalling peptide; TM -

transmembrane domain; triangles - potential N-linked glycosylation sites. B) Amino acid 
residues sequence of PD-L1. The disulphide bridges connecting cysteine residues are marked 

red. 

In PD-L1 β strands in IgV extracellular domain constitute two β sheets containing BED 

and AGFCC’C’’ strands. Short 310 helix domains connect the B-C, C’’-D, D-E, E-F 

strands. The IgV domain covers positions 19-132 in the protein. IgC domain is proximal 

to the cell surface and consists of two β sheets ABED and CFG, typical for IgC2 

domain. The IgC domain is in positions 133-238 (Figure 13). IgV and IgC2 domains in 

PD-L1 are stabilized by disulphide bonds between C40L-C114L, and C155L-C209L, 

respectively (Figure 12, red lines) (in this work, amino acid residues from PD-L1 will 

be marked with “L”)61,63. 

  

N35                                 N192 N200 N219 

  1     18 19                      132 133                      238  239  259 260           290 

IgV domain IgC2 domain SP TM Cytoplasmic 
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Figure 13. Structure of the extracellular domain of PD-L1 protein (PDB ID: 3BIS)61. 

3.2.2. Structure of the PD-L2 

Programmed cell death 1 ligand 2 (CD273, B7-DC, PD-L2) is a type I transmembrane 

glycoprotein36 consisting of 273 amino acid residues of a molecular weight of 31 kDa. It 

contains a signalling peptide (length: 19 amino acids), extracellular domain (length: 201 

amino acid residues) where N-terminal IgV and C-terminal IgC2 type domains can be 

identified, transmembrane – helical domain (length: 21 amino acid residues) and 

cytoplasmic domain (length: 32 amino acid residues) (Figure 14A and B). PD-L2 like 

PD-L1 forms a monomer on the cell surface. Extracellular domain of PD-L2 has five 

potential N-linked glycosylation sites in positions 37, 64, 157, 163 and 189 (triangles in 

the Figure 14A)32,36,64. 

 

 

 

 

 

 

 

 

 



 

33 
 

A 

 

B 

 

Figure 14. Schematic diagram of PD-L2 protein. SP -signalling peptide; TM - transmembrane 

domain; triangles - potential N-linked glycosylation sites. B) Amino acid residues sequence of 

PD-L2. The disulphide bridges connecting cysteine residues are marked red. 

The β strands in IgV extracellular domain constitute two β-sheets containing ABED and 

A’GFCC’ strands and it is in position 20-118 in protein. The IgV domain in PD-L2 

protein lacks the C” strand, which is typical for this group (Figure 15). The IgC2 

domain is proximal to the cell surface and consists of two β sheets containing ABED 

and GFC strands, typical for C2 domain. The IgC2 domain is in positions 119-220. IgV 

and IgC2 domains in PD-L2 are stabilized by disulphide bonds between C42L2-C102L2, 

and C143L2-C192L2, respectively (in this work, amino acid residues from PD-L2 will be 

marked with “L2”) (Figure 14B, red lines). 

 

Figure 15. Structure of PD-L2 IgV domain (PDB ID: 6UMT)61. 

1       19   20       118  119                    220  221  241 242                273 

SP TM IgC2 domain Cytoplasmic 

  

N37 N64    N157 N163 N189 

IgV domain 
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3.2.3. Occurrence and function of PD-L1 and PD-L2 

PD-L1 is expressed on professional and non-professional APC65 and hematopoietic and 

nonhematopoietic cells66. Moreover, PD-L1 protein can overexpressed in different 

tumour types presented in Figure 16. PD-L1 expression on cancer cells inhibits cytolytic 

activity of T cells CD8+67. 
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Figure 16. Schematic diagram of PD-L1 and PD-L2 expression on cancer cells. 

PD-L1, analogous to PD-1, occur not only in transmembrane form but can be secreted 

to sera in a soluble form (sPD-L1). Monocytes, macrophages, and DC may secret the 

sPD-L1 into sera102,103. Furthermore, soluble form of PD-L1 protein may be detected in 

the sera of malignant melanoma103, renal carcinoma, nasal natural killer/T cell 

lymphoma (NNKTL)104,105, diffuse large B cell lymphoma (DLBCL)106, myeloma107, 

and hepatocellular carcinoma patients108. High level of sPD-L1 impacts overall survival 

and, in some cases, is associated with increased mortality in cancer patients102,105,109. It 

is reported that tumour-secreted sPD-L1 appearing in sera is a biologically active, 

receptor-binding domain which is capable to deliver immunosuppressive signals to  

T cells. Moreover, sPD-Ls can be found in placenta which led to theory that PD-1/sPD-

Ls pathways are responsible for feto-maternal tolerance. This theory was confirmed on 

murine abortion model where murine were treated with anti-PD-L1 antibody (Ab) 
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which led to increase of the abortion rate from 18% to 86% in the case of anti-PD-L1 

Ab supplementation110. 

PD-L2 protein expressed in more narrow spectrum than PD-L1, is expressed on 

activated dendritic cells, macrophages and mast cells36,60,111. Although the PD-L2 has 

different expression pattern compared to PD-L1, its role is inhibition of immune 

response through PD-1 pathway67. However, it also influences immune response 

stimulation through binding with repulsive guidance molecule b (RGMb), which is a  

co-receptor for bone morphogenetic proteins112,113. The PD-L2 protein can 

overexpressed in different tumours types presented in Figure 16. As in case of PD-L1, 

PD-L2 expression on cancer cells inhibits cytolytic activity of T cells CD8+67. 

PD-L2, like PD-1 and PD-L1, occur not only in transmembrane form but can be 

secreted to sera in a soluble form (sPD-L2). Activated leukocytes may secret the sPD-

L2 into sera. Furthermore, soluble form of PD-L2 protein may be detected in the sera of 

lymphoid malignancies114, epithelial ovarian cancer115 and urothelial bladder cancer116. 

Interestingly, in some tumours the level of sPD-L2 is reduced compared to healthy 

controls115,117,118. Moreover, Takeuchi M. et al.119 reported that tumour-secreted sPD-L2 

appeared in sera does not have its ability to bind to PD-1. As of now, the role and 

function of sPD-L2 remains unclear and requires further investigation. Changes in the 

level of sPD-L2 are observed not only in cancer patients but in diseases like systematic 

sclerosis, rheumatoid arthritis, systemic lupus erythematosus, viral haemorrhagic fever 

and COVID-19120–124. 

3.3. The crystal structures of the PD-1/PD-L1 and PD-1/PD-L2 

complexes 

3.3.1. The crystal structure of the PD-1/PD-L1 complex 

The first structure of the PD-1/PD-L1 complex based on crystals of the human proteins 

was obtained by Zak et al. in 2015 (Figure 17)62. The receptor and its ligand 1 form 

a complex in an 1:1 stoichiometry42,61,62. The total surface area of the protein-protein 

complex interface covers 1.970 Å2 and involves the front faces of the β sheets of the 

IgV domains from both proteins (GFCC’ β sheets). Additionally, the rearrangements in 
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the CC’ loop (M70-D77), in the form of a 90º twist, can be observed in the PD-1 protein 

extracted from the complex and is confirmed by molecular dynamic125. 

 

Figure 17. A) The PD-1/PD-L1 complex (PDB ID: 4ZQK) and zoom on the complex interface. 

B) Front-side of the interface. C) back-side of the interface. PD-1 is coloured blue; PD-L1 – 

green; the hydrophobic core of the interaction is coloured yellow; sticks - residues taking part 

in the complex formation; black dashed lines – hydrogen bonds62. 

Both polar and nonpolar interactions participate in the complex formation. Hydrophobic 

residues from the PD-1 and PD-L1 β sheets form a core consisting of V64, I126, L128, 

A132, I134 and I54L, Y56L, M115L, A121L, Y123L, respectively (Figure 17 amino acid 

residues coloured yellow). The hydrophobic core is surrounded by the hydrophilic 

residues. Moreover, the amino acid residues responsible for forming the receptor-ligand 

interface and types of interactions are presented in Table 2. 

Three main hotspots can be defined in the protein-protein interaction (PPI) interface, 

two pockets and one groove, formed in the surface of the PD-L1 protein. I134 and I126 

are PD-1 amino acids residues and they are accommodated by pockets formed in the 

structure of PD-L1. Side chains of PD-L1 amino acid residues composing the I134 

pocket are as follow Y56L, E58L, R113L, M115L and Y123L. The I126 pocket consists 

of M115L, A121L, Y123L.The third structure is a shallow grove accommodating three 

PD-1 amino acids residues Y68, Q75 and T76 and is composed by PD-L1 residues: 

D122L, Y123L, K124L, R125L and D26L. This structure is the donor and acceptor of 

a large number of hydrogen bonds; however, due to the depth of the well structure, it 

can generate complications for efficient designing of potential inhibitors62. 



 

37 
 

Table 2. Amino acid residues and types of interaction responsible for the PD-1/PD-L1 complex 

formation62. 

3.3.2. The crystal structure of the PD-1/PD-L2 complex 

Until 2019, crystal structure of the human PD-1/PD-L2 complex was not obtained126. In 

recent years, Tang S. and Kim PS.126 obtained an X-ray crystal structure of the human 

PD-1 triple-mutant N74G, T76P and A132V with the IgV domain of the PD-L2 protein. 

This complex was obtained at a 2.0 Å resolution. The receptor and its ligand 2 form 

a complex in an 1:1 stoichiometry (Figure 18). 

 

 

PD-1 PD-L1 
Type of 

bond/interaction 
Groups taking part in interaction 

I134 Y123L Alkyl- π side chains 

Y68 Y123L π - π side chains 

E136 R113L salt bridge side chains 

N66 A121L H bond 
amid hydrogen from side chain with carbonyl oxygen 

from main chain 

Y68 D122L H bond 
hydroxyl hydrogen from side chain with carboxyl 

oxygen from side chain 

Q75 R125L H bond 
carbonyl oxygen from side chain with amid hydrogen 

from main chain  

Q75 D26L H bond 
amid hydrogen from side chain with carboxyl oxygen 

from side chain 

T76 Y123L H bond 
hydroxyl hydrogen from side chain with carbonyl 

oxygen from main chain 

T76 K124L H bond 
carbonyl oxygen from main chain with amine hydrogen 

from side chine  

K78 F19L H bond 
amine hydrogen from side chine with carbonyl oxygen 

from main chain  

A132 Q66L H bond 
amide hydrogen from main chain with carbonyl oxygen 

from side chain  

I134 Y56L H bond/water mediated 
amide hydrogen from main chain with hydroxyl 

hydrogen from side chain 

I134 E58L H bond/water mediated 
carbonyl oxygen from main chain with carboxyl 

oxygen from side chain  

E136 Y123L H bond 
carboxyl oxygen from side chain with hydroxyl 

hydrogen from side chain 
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Figure 18. A)The complex of PD-1 triple mutant with its ligand PD-L2 (PDB ID:6UMT).  

B-C) The Zoom on the PD-1 structure taking part in the complex formation; B) with the PD-1 
residues taking part in complex formation, C) with PD-L1 residues taking part in complex 

formation. PD-1 is coloured pale green, PD-L1 – gray, CC’ loop – wheat, FG loop – light blue; 

Sticks – residues taking part in the complex formation. 

The total surface area of the PD-1 mutant and the PD-L2 proteins complex interface 

covered 1.840 Å2 and involved the front faces of the β sheets of the IgV domains from 

both proteins (GFCC’ β sheets). Interaction surface for both PD-1’s ligands overlap and 

cover a similar interface126. However, PD-L1 and PD-L2 IgV domains, interacting with 

its receptor, strongly differ from each other127. PD-L2 interaction with PD-1 induces 

rearrangements in the CC’ (M70-D77) and FG (S127-Q133) loops. Moreover, binding 

of PD-L2 to the PD-1 protein forces changes in C, F, G strands and C’D loop leading to 

the formation of a deep pocket in the PD-1 protein which accommodates two aromatic 

residues from the PD-L2 protein, namely, W110L2 and Y112L2. The rearrangements 

cover F63, V64, N66 and Y68 from C strand, L122, G124 and I126 from F strand, I134 

and E136 from G stand and E84 from C’D loop. This cavity also occurs in the PD-1 

protein triggered by PD-L1 and accommodates only one side of the chain of aromatic 

Y123L. The rearrangement induced by ligand 2 is more than twice bigger than the one 

forced by ligand 1 upon binding to its receptor, covering an area of 170 Å3 and 80 Å3, 

respectively126. Those differences in structural rearrangements in the PD-1 protein and 

the size of the binding pockets could be the reason for the diverse dissociation constant. 

The value of the dissociation constant (KD) of the PD-1/PD-L1 complex differs 

depending on the analytical method and is estimated at 1.15-8.2 µM. Whereas, for  

PD-1/PD-L2, it is 2.6 µM (Table 3 in chapter 5.1.1.) 42,128. 
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4. The role of the tumour microenvironment in immuno-oncology 

Cancer cells and the stroma supporting the cancer cells create a tumour (neoplasm)1. 

The tumour is characterised by a unique microenvironment composed of proliferating 

tumour cells, tumour stroma cells, inflammatory cells, blood vessels and a variation of 

associated tissue cells necessary for the tumour growth and survival. The tumour 

environment is comprised of T and B lymphocytes, dendritic cells and occasional 

macrophages and natural killer cells. The scheme of the tumour microevent is presented 

in Figure 19129. The specificity of the tumour microenvironment is characteristic for 

different types of cancer, which fully control its molecular and cellular surrounding 

focusing on evading the host's immune system. Tumour cells change their surface 

protein profile by expressing immune checkpoint ligands such as PD-L1, PD-L2, CD80 

and CD86130. Tumours through genetic instability, manifested by changing the surface 

protein and their mutation, may actively affect the antitumour immune response. 

Moreover, the patient's survival depends on the tumour's constitution1,129. 

 

Figure 19. Scheme of tumour microenvironment131. 

In search of a new cancer treatment, attention is drawn to the pairs of receptor-ligand 

belonging to inhibitory checkpoint proteins. As mentioned earlier, many ligands are 

expressed on cancer cells and are used as an escape mechanisms from immune 

surveillance. Blocking the interaction between receptors on T cells (CTLA-4, PD-1, 

TIM3) and their ligands (CD80/CD86, PD-L1/PD-L2 and GAL-9) on cancer cells 
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restores the function of the immune system by leading to the activation of T cell 

proliferation and cytokine production which are actively fighting the cancer cells132. 

4.1. Therapy based on the immune checkpoint inhibition 

Independent research conducted by Thasuku Honjo and James P. Allison during the 

1990s focusing on the immune cell proteins led to the development of immunotherapies 

consisting of blocking immune checkpoint complexes. Moreover, those studies led to 

winning by them the 2018 Nobel Prize in Physiology and Medicine. Along with the 

developing knowledge regarding new checkpoint proteins, the number of monoclonal 

antibodies blocking those complexes has increased. Approval of ipilimumab, mAb  

anti-CTLA-4, in 2011 by Food and Drug Administration (FDA)133 was a milestone in 

anticancer immunotherapy based on blocking the immune checkpoint proteins and 

introduced new criteria for the assessment of clinical responses against new 

immunotherapeutics134. In the following years, mAb anti-CTLA-4 - ipilimumab133,  

anti-PD-1 - nivolumab135 and pembrolizumab136, and anti-PD-L1 - atezolizumab137 and 

durvalumab138 gained approval from FDA. As already mentioned (in chapter 2.4.), PD-1 

and CTLA-4 are receptors located on T cells, they interact with ligands, PD-L1, PD-L2 

and CD80, 86 on the APC or cancer cells, respectively, leads to the deactivation of the 

T cell (Figure 20). Disruption of this axis diminishes the inhibitory signal and activates 

the T cell response manifesting through their proliferation and cytokine production36. 

 

Figure 20. The scheme of activation and deactivation of T cells by the blocking of the immune 

checkpoint protein139. Grey dotted line indicates that the signalling pathway is deactivated. 
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4.2. The complexity in the PD-1/PD-L1 complex inhibition 

The main function of the PD-1/PD-L1 complex is the inhibition of T cell activation. 

However, the relation between those proteins is more complex (Figure 21). PD-1 may 

interact with PD-L1 in a cis and trans geometry, depending on the localisation of those 

two proteins140. If they express on the surface of different cells (i.e. T cell and APC or 

cancer cells), they interact in a trans geometry (Figure 21A) and if they are localised on 

the same cell, they bind in cis (Figure 21B). In the second arrangement, if those proteins 

are localised on the APC or cancer cell, PD-L1 lose the ability to inhibit T cells, what is 

a positive aspect in cancer treatment. Although, when the anti-PD-1 treatment will be 

introduced, it may release cis bonded PD-L1 and enable the creation of trans  

PD-1/PD-L1 complex (Figure 21B)140.  

 

Figure 21. Scheme of PD-1 and PD-L1 interactions141. 

Moreover, PD-L1 may interact with B7.1 (CD80) in a cis geometry142, what interrupts 

the PD-1/PD-L1 complex in trans - leading to a PD-1 mediated stimulation of T cells 

(Figure 21C)143. To make the situation even more complex, B7.1 interacts with CD28 

(what stimulates T cells) and CTLA-4 (what inhibits T cell stimulation). PD-L1/B7.1 

interaction does not disrupt the CD28/B7.1 complex but influences B7.1 binding to 

CTLA-4144. When we introduce an anti-PD-L1 therapy, not only the PD-1/PD-L1 

complex can be disrupted but also PD-L1/B7.1 what leads to the disengagement of B7.1 

which can bind CTLA-4 and activate the inhibitory pathway signalling (Figure 21D)144. 
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In such a complicated arrangements, introducing the immune checkpoint anticancer 

therapy has to be truly planned and combining therapies of a few blocking agents may 

bring benefits to cancer patients. 

5. Inhibitors of the PD-1/PD-L1 complex 

In 2011, the first agent blocking immune checkpoint proteins complex was approved by 

FDA to treat metastatic melanoma133. Since then many research groups and 

pharmaceutical companies have focused on finding immunomodulators of the immune 

checkpoint complexes. Extensive attention was placed on the PD-1 protein and its 

ligands, mostly PD-L1. Apart from the aforementioned (in chapter 4.1.) monoclonal 

antibodies approved by FDA, there are many ongoing studies focusing on finding new 

monoclonal antibodies and small molecules targeting the PD-1/PD-L1 axis. Many of 

those compounds are at the starting phase of the research but many of them have 

already reached clinical trials. Only last year there were more than two thousand 

ongoing clinical trials with single-agent or combinatory approaches consisting in 

inhibiting the PD-1/PD-L1 complex145,146. 

5.1. Monoclonal antibodies targeting the PD-1/PD-L1 complex 

In the last decade, several studies regarding monoclonal antibodies anti-PD-1 or  

anti-PD-L1 were published. Each year their number and the amount of information 

regarding their affinity, effectiveness and side effect increase. Each year new structures 

of monoclonal antibodies with the PD-1 or PD-L1 protein complexes are published. 

5.1.1. Anti-PD-1 monoclonal antibodies 

In recent years, FDA approved four mAb anti-PD-1 – pembrolizumab, nivolumab, 

cemiplimab and tislelizumab for treatment of several types of cancer. The structure of 

the complex of PD-1 with pembrolizumab, nivolumab and tislelizumab has already 

been disclosed while information regarding the structure of PD-1/cemiplimab is still 

missing147–150. Four X-ray structures of PD-1/pembrolizumab were reported (Table 3). 

Those structures provide vital information on the interface of the PD-1/mAb complexes. 

Pembrolizumab is one of the first mAb approved by FDA, its binding site involves  

PD-1 amino acids residues taking part in the PD-L1 recognition. The  
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PD-1/pembrolizumab interaction covers 26 of PD-1’s amino acids and may be divided 

into two sites. Residues from flexible C’D loop create site I of the interaction and amino 

acids from C, C’ and F strands create site II. The complex involves hydrophobic 

interactions, direct and water mediated H-bonds and two salt bridges. Only site II covers 

the surface involved in the PD-L1 recognition and site I is mostly responsible for 

affinity of PD-1 to antibody147–150. Interaction surface between nivolumab and PD-1 has 

also been determined using X-ray crystallography. Two crystallographic structures of 

the PD-1/nivolumab complex were obtained (Table 3). The PD-1 interaction surface 

with nivolumab is smaller than the one with pembrolizumab and involves N-terminal 

loop of PD-1, which is located outside the IgV domain and is not involved in the PD-L1 

binding38,151. Despite diverse epitopes, nivolumab and pembrolizumab manifest similar 

inhibition mechanism involving flexible loops of PD-1, outside the binding site of PD-

L1, covering only a minor part of the PD-1/PD-L1 interaction surface. Those antibodies 

induce structural rearrangements in N-terminal, BC, C’D and FG loops of PD-1, 

stabilizing the PD-1/mAb complexes.  

Table 3. The affinity between PD-1 with its natural ligands and their antibodies approved by 

FDA as a therapeutic agent. 

The crystallographic structures of the complex of PD-1 with tislelizumab was published 

recently by Lee et al.152 and Hong et al.153. The obtained structures show that epitope 

recognised by this mAb is similar to the binding site of PD-L1 and covers the front  

β-sheet of PD-1. On the contrary to the interaction surface of pembrolizumab and 

 Complex PDB ID Affinity (KD) Year of 

approval 

by FDA 

 PD-1/PD-L1 4ZQK62 1.15-8.2 µM42,128 - 

 PD-1/PD-L2 - 2.06 µM32,42 - 

 PD-1N74G,T76P,A132V/PD-L2 6UMT126 2.6 nM126 - 

Anti-PD-1 

mAb 
PD-1/nivolumab 5GGR/ 

5GGQ151 

5WT938 

1.45 nM38 2014 

PD-1/pembrolizumab 5JXE147 

5GGS148 

5B8C149 

5DK3150 

27 pM147 2014 

PD-1/tislelizumab 7BXA152 
7CGW153 

114 pM153 2021 

PD-1/cemiplimab154 ND ND 2018 

Anti-PD-L1 

mAb 
PD-L1/atezolizumab 5X8L148 400 pM155 2016 

PD-L1/avelumab 5GRJ156 42 pM156 2017 

PD-L1/durvalumab 5X8M148 

5XJ438,157 

667 pM157 2017 
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nivolumab with PD-1, tislelizumab does not involve the flexible loops while binding to 

PD-1. Additionally, it does not lead to structural changes of the target molecule. The 

affinity between PD-1/nivolumab, pembrolizumab and tislelizumab is three to five 

orders of magnitude bigger than in the case of the PD-1/PD-L1 complex and it is  

1.45 nM, 0.027 nM and 0.114 nM, respectively, while the value of dissociation constant 

of PD-1/PD-L1 is about 1.15-8.2 µM38,42,147,153. 

5.1.2. Anti-PD-L1 monoclonal antibodies 

Recently, three mAb anti-PD-L1, atezolizumab, avelumab and durvalumab, were 

approved by FDA and yielded promising results in clinical trials. The crystal structure 

of all the PD-L1/mAb complexes was solved and deposited in the PDB database  

(Table 3). The structural studies revealed the PD-L1 interface for the mentioned 

antibodies. The binding site of atezolizumab covers BC, CC’, C’C’’ and FG loops of 

PD-L1. The region binding durvalumab focuses on N-terminal of PD-L1 and CC’ loop, 

additionally, this loop is the binding site for avelumab. Although these mAbs interact 

with PD-L1 through partially different binding sites, they all create interactions with 

five amino acid residues from the front β sheet of PD-L1, namely Y56L, E58L, R113L, 

M115L and Y123L which are crucial for creating the complex with PD-1148,151,156,157. As 

in the case of anti-PD-1 antibodies, the binding affinity of the PD-1/PD-L1 complex is 

weaker than the binding affinity of PD-L1/mAb and is reported to be 400, 42 and 667 

pM, respectively, for atezolizumab, avelumab and durvalumab and the buried surface 

area of complexes with PD-L1 is 2106, 1865, 1624 Å2 156,157. 

5.1.3. Results of the monoclonal antibodies therapy in the immune 

checkpoint inhibition 

Immune checkpoint inhibitors (ICIs) such as mAbs showed promising results in 

a growing spectrum of caner types including NSCLC and melanoma, where only 

monotherapy brings encouraging effects with an objective response rate of 40-50% and 

50%-60% for combinatory therapy including at least two immunotherapeutics  

(anti-CTLA-4 and anti-PD-1)158,159. Moreover, the median progression-free survival for 

patients with untreated melanoma in nivolumab and ipilimumab treatment was  

14 months160. Thanks to the positive effects in clinical trials and the expanding number 
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of FDA approved monoclonal antibodies, they are taking an increasingly significant 

place among cancer drugs. The predictions for the I-O market size is estimated at  

USD 35 billion by 2023 whereof the cost of annually therapy per patient consisting of 

a single agent (monoclonal antibody) blocking the PD-1/PD-L1 complex can reach 

more than USD 100,000 and the cost of combination therapies bringing better effects is 

even less available for a wider circle of cancer patients161,162. Not only the cost of 

monoclonal antibodies is a disadvantage of this kind of immunotherapy. During 

treatments with mAb, there were observed immune related adverse events (irAEs) and 

even cases of death were reported163. The combination therapies more often led to  

high-grade irAEs. Specifically, the combination of nivolumab with ipilimumab led to 

high-grade irAEs in 59% of patients with advanced melanoma, while nivolumab and 

ipilimumab monotherapy caused irAEs in 23% and 28% of patients, respectively164. The 

most frequently side effects occurring during immunotherapy consisting of immune 

checkpoint inhibition can include headache, pneumonitis, diarrhoea, fatigue, rashes and 

itchiness, kidney infections, problems with some hormone levels, decreased appetite, 

fever and chills163,165. The most common irAEs are presented in Figure 22. It is worth 

mentioning that the latest research shows that the anti-PD-1 treatment can led to the 

onset of type I diabetes166. This information provides a basis for the assumption that 

anti-PD-1 therapy can unfortunately led to the onset of other autoimmune diseases 

connected with the PD-1/PD-L1 regulation functions. 

It is worth mentioning that anti-PD-1 mAbs inhibit interaction between PD-1 and its 

both ligands PD-L1 and PD-L2, while FDA approved anti-PD-L1 antibodies are 

inhibitors targeting only the PD-1/PD-L1 complex not interfering in the PD-1/PD-L2 

axis. Anticancer therapies with selective agents targeting only the PD-1/PD-L1 complex 

can prevent additional irAEs associated with blocking of the  

PD-1/PD-L2 complex112,167. 
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Figure 22. The most common irAEs caused by ICI therapy168. 

5.2. Peptides and peptidomimetics as inhibitors of the PD-1/PD-L1 

complex formation 

The usage of therapeutic peptides which are gaining a greater value on the drug market 

each year could be an alternative for the monoclonal antibodies. It is estimated that 

peptide therapeutics market is going to reach USD 50.60 Billion by 2026 169. Peptides 

as therapeutics have many advantages including high selectivity for the target molecule, 

good biocompatibility with human organism and through their smaller size, they 

demonstrate a better tumour penetration in comparison to monoclonal antibodies. 

Peptides exhibit low accumulation in tissues, their metabolic pathways are well known 

and their degradation products are only amino acids. However, peptides are 

characterised by poor metabolic stability, bioavailability and sometimes poor solubility 

which may reduce their therapeutic potential. Peptides are often the starting point for 

designing peptidomimetics, which show greater stability against proteolytic enzymes, 

better affinity and selectivity for the target molecule. Peptidomimetics contain structural 

and biological features of peptides and are characterised by easy modularity increasing 
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their structural diversity and flexibility leading to better adaptability to the molecule 

surface and recognition of binding pockets in the target proteins. Moreover, another 

advantage of peptides and peptidomimetics is the developed, standardised, optimised 

and relatively easy to modify synthesis protocol with lower costs of production 

compared to monoclonal antibodies170–173. The aforementioned compounds, compared 

with antibodies, are more rapidly removed from plasma and consequently exhibit 

a shorter pharmacokinetic (PK) profile. Comparison of the PK profile of antibodies and 

small molecules is presented in Figure 23. 

 

Figure 23. Comparison of the PK profile of antibodies and small molecules.  

PD – pharmacodynamic; Rx - prescription174,175. 

The half-life of antibodies is estimated at 15-20 days, whereas peptides are degraded 

within several hours. As a result, the administration timelines differ between those two 

classes of compounds what offer flexibility in dosing (Figure 23, green arrows). Small 

molecules require more frequent administration to achieve the minimum concentration 

required for efficacy than antibodies, therefore, they only periodically achieve the 

concentration in which the non-specific activation of the immune system can occur 

leading to irAEs, while the concentration of antibodies is high and constant, during their 

whole lifetime, causing unwanted side effects mentioned earlier (chapter 5.1.3).174. 

Regardless of the chosen therapeutic, whether it is therapy based on monoclonal 

antibodies or peptides to decrease irAEs and other side effects, there is need to find 

proper biomarkers which indicate the selection of a proper therapy depending on the 

tumour microenvironment176. 
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5.2.1. Peptides and peptidomimetics inhibiting the PD-1/PD-L1 

interactions 

In response to the growing knowledge regarding the PD-1/PD-L1 complex interface and 

the interaction mechanism between proteins and mAb anti-PD-1 and anti-PD-L1, the 

number of alternative inhibitors to mAb has increased. In last years, linear177, 

branched178 and macrocyclic peptides179, peptidomimetics180, D-peptides181 and small 

molecules182 were designed and tested. Many approaches were used to design the 

peptides e.g. rational designing based on hot-spots and the structure of the PD-1/PD-L1 

complex183, phage display181 and computational methods128. Chosen published and 

patented peptides are presented in Tables 4 and 5, and described here and  

in the discussion. 

In 2014 the Laboratoires Pierre Fabre and Aurigene have announced a collaboration on 

developing compound AUNP-12 as a PD-1/PD-L1 complex inhibitor in immuno-

oncology178. AUNP-12 was previously patented in 2011 as one of immunosuppression 

modulating compounds and compounds from the BC loop of human PD-1 (Table 4,  

no. 1)179,184. AUNP-12 is a branched peptide consisting of three fragments of the PD-1 

protein: part I - amino acid residues S57NTSGSF63 from BC loop, connected via lysine 

residues with part II - amino acid residues F95RVTQL100 from D strand and  

part III - amino acid residues A129PKAQIKE136 from FG loop. This 29-mer peptide 

reduced the tumour growth in the model of mouse melanoma by 44%. Additionally, it 

inhibited the cell growth in breast, kidney and metastatic lung cancers without 

significant toxicity at the same time at any of the tested doses178,185. AUNP-12 is one of 

the most active PD-1/PD-L1 complex inhibitor patented by Aurigene exhibiting a half 

maximal effective concentration (EC50) value of 0.41 nM and 0.72 nM in rat PBMC 

proliferation assay on cells lines expressing human PD-L1 and PD-L2, respectively 

178,185. However, despite of the potency of AUNP-12, the latest research conducted by 

Musielak et al. determined, based on the outcome of the nuclear magnetic resonance 

(NMR) binding assay, homogeneous time resolved fluorescence (HTRF) assay and  

PD-1/PD-L1 inhibition bioassay, that this peptide does not bind to PD-L1 nor to PD-1 

and does not interfere in the complex between them186. This subject requires further 

investigation to define the mode of action and the binding target of this molecule. 
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In 2015 Chang et al.181 designed a series of linear peptides consisting of D-amino acids 

using a mirror-image phage display method (Table 4, no. 8-13). D-amino acids 

increased the stability of peptides in comparison to peptides consisting of L-amino 

acids. In surface plasmon resonance (SPR) experiment, PPA-1 (Table 4, no. 8) peptide 

exhibited the strongest affinity to PD-L1 from the whole series of D-peptides, reaching 

KD volume of 0.51 µM. Additionally, in tests with tumour-bearing mice models, PPA-1 

peptide inhibits CT26 tumour cells growth181.  

Throughout the years, many linear peptides were designed, worth noting are the rational 

designed peptides being fragments of the PD-1 or PD-L1 protein. Peptide PL120L-131L 

was designed based on the PD-L1 protein and consists of the amino acid residues from 

G120 to N131 (Table 5, no. 18). It interacts with the PD-1 binding groove mimicking its 

natural ligand. In the tests, this 12-mer linear peptide reversed the apoptotic signal in 

murine primary lymphocytes and Jurkat cells induced by sPD-L1177. In the same tests, 

the inhibition properties of peptide PD64-78 for blocking the PD-1/PD-L1 complex 

were investigated (Table 5, no. 19)177. Peptide PD64-78 is a fragment of the PD-1 

protein, containing amino acid residues from M64 to K78. In comparison to peptide 

PL120L-131L (fragment of PD-L1), peptide PD64-78 did not inhibit the PD-1/PD-L1 

interaction in the PD-1/PD-L1 blockade bioassay177. However, hexapeptide – P1, 

reported by Wang et al. 187 consisting of amino acids from the PD-1 protein sequence, 

from S73 to K78 (Table 4, no. 2) increased drug-induced apoptosis in PD-L1 expressing 

pancreatic cancer cells187. Almost all reported linear peptides have a lower affinity to 

their targets than PD-L1 to its receptor (Table 4 and 5); however, a biological effect 

caused by those peptides has been observed. Peptide TPP-1 (Table 4, no. 14), targeting 

PD-L1, has the highest reported affinity among the linear peptides, inhibitors of the  

PD-1/PD-L1 complex, with KD value of 95 nM. This molecule can reactivate T cells by 

blocking the PD-1/PD-L1 complex leading to a decrease of tumour growth in mice 

model by 56% compared with control188. 
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Table 4. The peptides and peptidomimetics described in the literature potentially interacting 

with the PD-L1 protein. D-amino acids are marked with a lowercase letter. NB - no binding; 

ND - no data; JD - no name given by the authors. 

No. Peptide name Amino acid sequence Affinity 

(KD) [µM] 

Method of 

peptide 

designing 

The year of 

publication 

1 AUNP-12184,189,190 

(compound 8) 

SNTSESF-NH2  

 

SNTSESFKFRVTQLAPKAQI

KE-NH2 

- Rational 

design basing 

on PD-1 

protein amino 
acid sequence 

2014 

2 P1187 
PD-1(73-78) 

SNQTDK - Rational 
design basing 

on PD-1 

protein amino 

acid sequence 

2012 

3 P2187 - control ADTKRI - 

4 L8191 SLPSTTTMRLTS - ND 2014 

5 JD192 ANGSRLV - ND 2014 

6 S10193 WSHGGHQHFIRF - ND 2014 

7 p101194–196 FFIVIRDRVFRGScc - ND 2014 

8 PPA-1181 nkskptdrqyhf 0.51 Phage 

display/mirror

-image phage 

display 

2015 

9 PPA-2181 khahhthnlrlp 1.13 

10 PPA-3181 aakmgdhlhggq NB 

11 PPA-4181 mrnrerypkpyy 22 

12 PPA-5181 tlyqrpstnler NB 

13 PPA-1 - 

scramble181 

rhtndysqfypk NB 

14 TPP-1188 SGQYASYHCWCWRDPGRS

GGSK 

0.095 Random 

bacterial 

surface 

display 
method 

2018 

15 IMB-P6-10197 LTCSLAPNIISAL - In silico 

proteolysis of 
hPRDX5/ratio

nal design 

2019 

16 IO103198 

PD-L1(9-27) 
FMTYWHLLNAFTVTVPKDL  

Rational 
design basing 

on PD-L1 

protein amino 

acid sequence 

2019 
17 IO101198 

PD-L1(15-23) 
LLNAFTVTV  

18 PD-L1Pep-1199 CLQKTPKQC 0.373 Phage display 2020 

19 PD-L1Pep-2199 CVRARTR 0.281 

20 HS1183 

PD-1(121-137) 

YCGAISLAPKAQIKES - Rational 

design basing 

on PD-1 

protein amino 

acid sequence 

2021 

21 HS2183 CGAISLAPKAQIKES - 

22 HS3183 CGAISLAPKLQIKES - 

23 HS4183 GAISLAPKLQINE - 

24 HS5183 GAISLAPKLQINe - 

25 HS6183 H2N-GAISLAPKLQINEG-CO 

(C,N-terminal lactam peptide) 

- 

26 HS7183 GAISLAPKLQIND - 

27 OPBP-1200 GQSEHHMRVYSF 0.667 Liquide-phase 

phage display  

2021 
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Table 5. The peptides and peptidomimetics described in the literature potentially interacting 

with the PD-1 protein. D-amino acids are marked with a lowercase letter. NB – no binding;  

ND - no data; JD - no name given by the authors. 

No. Peptide name Amino acid sequence Affinity 

(KD) [µM] 

Method of peptide 

designing 

The year 

of 

publicatio

n 

1 Ar5Y_1128 FNWDYSWKSERLKEAYD

L 

3.39  Computational 

methods 

2016 

2 Ar5Y_2128 FNWDYSLEELREKAKYK 3.14  

3 Ar5Y_3128 TEKDYRHGNIRMKLAYDL 3.13 

4 Ar5Y_4128 GNWDYNSQRAQLYNQ 1.38 

5 Ar5Y_4 W3A128 GNADYNSQRAQLYNQ 8.08 

6 Ar5Y_4 D4A128 GNWAYNSQRAQLYNQ 18.94 

7 Ar5Y_4 Y5A128 GNWDANSQRAQLYNQ 20.15 

8 Ar5Y_4 R9A128 GNWDYNSQAAQLYNQ 21.20 

9 Ar5Y_4 Y13A128 GNWDYNSQRAQLANQ 10.23 

10 Ar3_ref128 ADYK 370.4 

11 Ar3_1128 WDYD 22.3 

12 Ar4_1128 GIDYEERWK 28.28 

13 Ar4_2128 LDYDGRLSQ 83.90 

14 Ar5M_1128 LDYGDKREGQMAE 21.60 

15 Ar5M_2128 LDYVNRRKMYQ 3.32 

16 PDLong1 

(PD-L1 9-28)201 

FMTYWHLLNAFTVTVPKD

L 
 

- Rational design 

basing on PD-L1 
protein amino acid 

sequence  

2016 

17 PDLong2 

(PD-L1 242-264)201 

VILGAILLCLGVALTFIFRL

RKG 

- 

18 PL120L-131L
177 GADYKRITVKVN ND Rational design 

basing on PD-L1 

protein amino acid 

sequence 

2018 

19 PD64-78177 VLNWYRMSPSNQTDK ND Rational design 

basing on PD-1 

protein amino acid 

sequence 

20 WANG-003202 KRWWR 3.3 Computational 

methods 

2019 

21 WANG-004202 FRWWR 1.6 

22 WANG-005202 RRWQWR 5.1 

23 WANG-006202 YVAM NB 

24 WANG-007202 YVAE NB 

25 YT-16 

PDL1(112-127) 

C114-C125203 

YRCMISYGGADYKCIT (C-

C) 

0.0178  Rational design 

basing on PD-L1 

protein amino acid 

sequence/ 

Computational 

methods 

2019 

26 PDL1(112-127) 

C114-C125; Y118-

P203 

YRCMISPGGADYKCIT - 

27 PDL1(112-127) 

C114-C125; D122-

E203 

YRCMISYGGAEYKCIT - 

28 PDL1(112-127) 

C114-C125; Y118-P, 

D122-E203 

YRCMISPGGAEYKCIT - 

29 PDL1(112-127) 
C114-C125; S117-

T203 

YRCMITYGGGDYKCIT - 

30 PDL1(112-127) 

C114-C125; S117-T; 

YRCMITPGGGDYKCIT - 
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Y118-P203 

31 PDL1(112-127) 

C114-

C125;S117T;D122-

E203 

YRCMITYGGGEYKCIT - 

32 PDL1(112-127) 

C114-C125; S117-T; 

Y118-P; D122-E203 

YRCMITPGGGEYKCIT  

33 DS-I204 

54-68 

IVYWEMEDKNIIQFV - Rational design 

basing on PD-L1 

protein amino acid 

sequence/ 

Computational 

methods 

2019 

34 DS-II204 

110-132 

GVYRCMISYGGADYKRIT

VKVNA 

109 

35 DS-II 

[C111–C127]204 

110-132 

GCYRCMISYGGADYKRIC

VKVNA 

28 

36 ΔDS-II 

[C111–C127]204 

111-127 

CYRCMISYGGADYKRIC 17.5 

37 ΔDS-II 

[C110–C128]204 
110-128 

CVYRCMISYGGADYKRIT

C 

11.6 

38 CLP001205 HYPFRPHANQAS 0.534 Phage display 2019 

39 CLP002205 WHRSYYTWNLNT 0.366 

40 CLP003205 WHFSYNWRWLPP 0.117 

41 CLP004205 DYHDPSLPTLRK 0.544 

42 P1.1206 

PD-L1(113-126) 

RCMICYGGADYKRI 3.66 Rational design 

basing on PD-L1 

protein amino 
acid sequence 

2020 

43 P1.2206 RCMISYpGADYKRI 83.05 

44 P1.3206 RTMIWYpGAWYKRI 1.80 

45 P1.4206 RTCITYpGADYCRI 474 

46 P2.1206 RTMIWYpPAWYKRI 29.20 

47 P2.2206 RTMIWYAAAWYKRI 55.20 

48 P2.3206 RTMIWYGpAWYKRI 129.00 

49 Q1 

PD-L1(110-129) 

GVYRCMISYGGADYKRIT

VKV 

- Rational design 

basing on PD-L1 

protein amino acid 

sequence/ 
Computational 

methods 

2020 

50 Pep1207 LETWFGKEILVKT 140.0 

51 Pep2207 VFELRHSKRKDSRTVY 127.0 

52 Pep3207 TSEVDNGVGKPQKHS 81.1 

53 Pep4207 TFKVEDRYGQGQQILD 22.7 

54 Pep6207 KSKAVNRVSQESEM 66.4 

55 Pep9207 LEYWSSGSTTMYGL 36.4 

56 Pep10207 LERHDFGDGRARYEE 39.0 

57 Pep14207 QYRCNGTSSKGSDQAIITL

RV 

10.9 

58 PD-i1208 [TnTDYnPtLl] - computation 

methods 

2020 

59 PD-i2208 [vpTSYSpDDv] - 

60 PD-i3208 [TMYLerRYpD] 102 

61 PD-i4208 [LddRYpnLPM] - 

62 PD-i5208 [DDqSWNiPfs] - 

63 PD-i6208 [WwVpEAkD] 30 

64 PD-i7208 [NsDYTyPF] - 

65 IMB-P6-10197 LTCSLAPNIISAL - hPRDX5‑based 

peptide 

2020 

66 WQ-20209 - 305 Phage display 2020 

67 QP-20209 - 10.7 

68 HD-20209 - 3.41 

69 SQ-20209 - 5.16 
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70 C8210 [CKWYRPSEC] 0.64 Phage display 2020 

71 nABP284211 SRLKEIANSPTQFWRMVA

RNTLGNGAKQSLNIEHAR

L 

11.8 Phage display/ 

computation 

methods 

2021 

72 nABPD1211 SHHHRLSRLKEIANSPTQF
WRMVARNTLGNGAKQSL

NIEHARL 

0.0119 

73 JD1212 RRWWRR 4.01 Peptide library 2021 

74 JD2212 RRQWFW 4.38 

Molecules which can be potent agents blocking the PD-1/PD-L1 pathway may be also 

cyclic and macrocyclic peptidomimetics. Examples of these compounds are presented in 

the patents released by two companies Aurigene179 and Bistol-Myers Squibb213. Two 

macrocycles from the BMS patent, BMS-57 and BMS-71, were thoroughly tested by 

Magiera-Mularz et al.180. They confirmed that those peptides interact with PD-L1 

performing differential scanning fluorimetry (DSF), NMR-titration, and that they 

efficiently inhibit the interaction between PD-1 and PD-L1 by restoring the activity of 

NFAT response element (NFAT-RE) signalling in the PD-1/PD-L1 inhibition bioassay 

showing EC50 at the level of 293 nM and 566 nM for BMS-57 and BMS-71, 

respectively. Moreover, the X-ray structures of both peptidomimetics with PD-L1 

(BMS-57 PDB ID: 5O4Y, BMS-71 PDB ID: 5O45) were solved and interfaces of their 

interactions were described in details. The PD-L1 binding site interacting with peptides 

BMS-57 and BMS-71 partially overlaps the hotspots of PD-1. The analysis of the 

interface shows the importance of hydrophobic interactions in potential inhibitors 

designing180. The aforementioned peptides were investigate further by Miao et al.214, 

who designed and tested cycled-analogues, with peptide JMPDP-027 as a most potent 

of them. It shows dose-dependent restoring activity of T cells in the PD-1/PD-L1 

inhibition bioassay showing EC50 at the level of 5.9 nM214.  

Different approaches of blocking the PD-1/PD-L1 interaction can be found in the 

widely discussed reviews. Large fraction of the potential PD-1/PD-L1 inhibitors is 

composed from small-molecules215–222; however, they will not be discussed in this 

dissertation as my work focused on the peptides. 
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6. Selected techniques of the PD-1/PD-L1 potential inhibitors 

evaluation 

In the last decade, the development of the PD-1/PD-L1 complex inhibitors flourished 

and the knowledge regarding biological functions of PD-1 and PD-L1 expands each 

year215–222. From the compound to a drug, there is a long way to “walk”. At the 

beginning of this journey, it is important to choose a proper way to screen potential 

inhibitors. The workflow of protein-protein interaction inhibitor development differs 

depending on the chosen approach and it is a cycle starting from drug designing, going 

through synthesis, binding to the target and biological effect evaluation and coming 

back to drug structure improving evaluation. A simplified diagram of PPI potential 

inhibitor development is presented in Figure 24223,224. In the next chapter, I bring closer 

the selected methods used during my research. 

 

Figure 24. Simplified scheme of the early phase of drug development.  

6.1. SPR technique 

The SPR is an optical technique that allows for label-free, real time analysis and 

characterisation of the biomolecular interactions. In the SPR technique, the polarised 

light hits the electrically conducting surface (gold) at the biosensor between the buffers. 

This event generates plasmons, which lead to the reduction of intensity of the reflected 

light and is called a resonance angle (θ). The resonance angle is proportional to the mass 

of analyte bound to the biosensor (Figure 25) and is expressed in resonance units (RU) 

describing the final concentration of the bound ligand225. In general, when the injected 

Drug design

Potential drug 
synthesis

Binding assay
Competitvie 

assay

Cell-based 
funcional 
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analyte binds to the ligand immobilized on the sensor surface, the change in the 

resonance angle occurs and is registered by the detector. 

 

Figure 25. Detection basis in the SPR technique226. 

In the SPR analysis, sensor chips consisting of a gold layer covering the glass surface 

are usually used (Figure 26 A). Moreover, the gold surface is covered by a monolayer of 

covalently bonded alkanethiol molecules forming the surface matrix for further 

modifications. Depending on the properties and the nature of the tested molecule 

immobilized on the sensor surface, it may be attached by three main approaches: 

• Covalent – sensors with carboxyl or carboxylmethyl groups (Sensor Chips CM3, 

CM5, CM6) (Figure 26C); 

• High affinity – pre-coated with molecules exhibiting a high affinity for the 

tagged ligands or antibodies e.g. biotin → streptavidin sensors (SA) (Figure 

26B), poly His tag → nickel coated sensors (NTA) or fragment crystallizable 

region (Fc region) of IgG Ab → Protein a sensor (Protein A); 

• Hydrophobic adsorption - pre-coated with a hydrophobic surface – attachment of 

liposomes and lipid bilayers (HPA, L1)227. 
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A 

 

B 

 

 

C 

 

Figure 26. A) Scheme of the sensor chip surface on the CM- type. B) Configuration of 

molecules binding to the SA sensor chip. C) Chemistry of amine coupling of ligand to the  

CM-type sensor chip227. 

In my doctoral research, I used CM5 and SA sensor chips presented in Figures 26B and 

C to evaluate binding properties of the designed peptides to the target molecule. 

The data obtained during the SPR analysis are presented in the form of sensorgrams 

(Figure 27). The SPR technique can be used to obtain the data regarding the binding 

kinetics (rates of association and dissociation constants, ka and kd, respectively) and 

dissociation constant (KD) of two species of molecules. Moreover, it can be utilised to 

estimate the concentration of the examined molecule and the amount of the active 

molecules in the sample. 

KD is ratio of the dissociation rate constant and the association rate constant (kd/ka), 

between a ligand and receptor. The ka defines how quickly the molecule binds to the 

target and the kd defines how quickly the molecule dissociates from the target. The ka 

rate is concentration dependent (unit M-1s-1); however, the kd is concentration 

independent (s-1). The affinity and KD are related. The high affinity is characterised by 

the low value of KD - quick recognition of the target by the molecule (high ka) and high 

stability of the complex between the molecule and the target (low kd). The affinity is 
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defined as “attractiveness” of two molecules to each other manifested by the creation of 

non-covalent interactions. The bigger affinity is the quicker and longer interaction228. 

 

Figure 27. Scheme of the SPR sensorgrams data229. 

6.2. Enzyme-linked immunosorbent assay - ELISA 

ELISA is an immunological technique used for the detection and quantitative analysis 

of antigens, antibodies and proteins230. Initially, the ELISA was used in life sciences 

and the analysis of toxins contained in food, however, due to its numerous advantages, 

it quickly became the basic test in drug development, clinical and diagnostic 

labolatories230,231.  

ELISA may be distinguished into four main varieties: direct, indirect, sandwich and 

competitive ELISA (Figure 28). The test is frequently performed on 96- or 384-well 

polystyrene or polypropylene plates. The choice of the plate depends on the 

requirements of the tested molecules. The plates surface may be modified by the nickel 

ions Ni2+ or streptavidin which selectively binds His-tag and biotin, respectively. In 

direct ELISA, plates are primary coated with molecules which bind to the plate. After 

each step of the assay, unbound particles are washed away with wash buffer. Free, 

unbound sites of the plate are blocked with blocking agents to prevent non-selective 

binding of proteins to the plate in subsequent steps of the assay. This step is not required 

in the case of selectively binding molecules. Bovine albumin, skim milk, fish gelatine as 

well as commercially available buffers are used as blocking buffers. In the next step, the 

enzyme labelled antibody which detects the molecule bound to the plate is added. After 

incubation, unbound conjugates are washed off and a chromogenic substrate 
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recognising the enzyme on the antibody is added to the system and catalyse the 

coloured enzyme-substrate reaction which is measured by the use of 

spectrophotometer231,232. In my doctoral research, I performed indirect ELISA which 

differs from the direct one only by one step - the detected protein is not conjugated with 

the enzyme and the enzyme labelled antibody has to be added to the plate in an 

additional step. Apart from the direct and indirect ELISA, we may distinguish sandwich 

ELISA which contains one more step compared with the indirect one. In sandwich 

ELISA, the plate is coated with a specific antibody, subsequently the sample is added 

which in the next step is detected by capture antibody. In the last step, the captured 

antibody is recognised by the enzyme labelled antibody which reacts with the 

chromogenic substrate. In competitive ELISA, two ligands – labelled and without 

a label, compete for binding with the target molecule bound to the plate231,232. 

 

Figure 28. Scheme of the four different ELISA approaches. 

Enzymes most commonly used in ELISA are: 

• horseradish peroxidase (HRP) - changes to a blue colour in the presence of 

tetramethylbenzidine (TMB) as a substrate; 

• glucose oxidase - changes to a brown colour in the presence of 5-aminosalicylic 

acid as a substrate; 

• alkaline phosphatase - changes to a yellow colour in the presence of  

p-nitrophenol phosphate231,232. 

6.3. Flow cytometry 

Flow cytometry is a technique that enables a multi-parametric analysis of a single cell 

or particles in fluids. It involves the fluorescence conjugated Abs  

(R-Phycoerythrin - PE, Allophycocyanin - APC), fluorescent dyes (e.g., propidium 
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iodide), or expression of fluorescence proteins (e.g. green fluorescence protein, GFP). 

This technique enables immunophenotyping involving one fluorochrome or  

multi-colour panels for a complex analysis of several parameters. Flow cytometry 

analyses cell after cell as they flow through the single or multiple lasers (Figure 29A). 

The measurements are determined by light beam scattering, which is measured in two 

directions (Figure 29B). One is measured along the path of the laser and is described by 

forward-scattered light (FCS) which indicates size or area of the cell. The visible light 

scattering at 90º direction is described by the side-scattered light (SSC) which is mostly 

reflected and refracted light which enable identification of granularity. Light scattering 

is fluorescence independent. Corelation of SSC and FCS allows in some degree for cell 

differentiation from the heterogeneous population (Figure 29C)233,234. 

Basic components used in flow cytometry are fluorescent molecules which have defined 

excitation and emission spectrums. These molecules are excited by the use of laser and 

then emitted light goes through the optical filters which direct it to the appropriate 

detector, depending on the wavelength. More developed equipment has multiple laser 

systems. At the end in the electronic system, the detected light beam is transformed to 

a voltage pulse. Each signal coming from one cell is transformed and visualised into 

one- and two-dimensional plots233,234. 

 

Figure 29. A) Scheme of flow cytometry. B) FSC and SSC light measuring directions.  

C) Two parameters histogram – dot plot enabling separation of different cell populations by the 

SSC and FSC235. 
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Flow cytometry has many application in different fields. In immunology, it is often used 

for immunophenotyping, measuring antigen specific responses, proliferation, apoptosis 

and intracellular cytokine analysis. In molecular biology, it may be applied for analysis 

of cell cycle or signal transduction. Moreover, it may be used in cancer biology, disease 

monitoring and diagnostic233,234. In my research, I adapted the flow cytometry to 

evaluate the potential of the designed peptides for competing for binding to the target 

molecule with a native partner. Moreover, I used this technique to assess the ability of 

the designed peptides to inhibit the PD-1/PD-L1 complex formation in the functional 

cellular assay based on the PD-1 expressing NF-κB::eGFP reporter cell line. Both 

experiments will be discussed more widely in the chapter focusing on the results. 

  



 

61 
 

II. Aim of the PhD thesis 

Immune checkpoints are responsible for the modulation of the immune response by the 

regulation of the T lymphocyte activity. One of the best known and most characterized 

inhibitory immune checkpoint is PD-1 with its ligand PD-L1. Targeting the  

PD-1/PD-L1 axis can have many potential clinical applications. PD-1 and PD-L1 

antagonists can be applied in the cases of cancer and infectious diseases. Nowadays, in 

the clinical practice, there are many approaches to blocking the proteins complex 

formation bringing patients new hopes and possibilities. FDA approved a series of 

cancer therapies focusing on immune checkpoints, mostly based on mAbs. 

Unfortunately, mAbs have many side effects and are not always effective. Moreover, 

the cost of an annual therapy per patient consisting of a single agent blocking the  

PD-1/PD-L1 complex can exceed USD 100,000. The cost of combination therapies is 

even less available for a wider range of cancer patients. Therefore, it is important to 

work on a more affordable drug therapy blocking the PD-1/PD-L1 axis. The main aim 

of my research is to find the peptide inhibitors of PD-1/PD-L1 complex formation, 

able to restore functions of the immune system. In my research, I focused on 

designing, synthesizing, and investigating the interaction of two peptide groups of 

inhibitors with the cellular target of which is the PD-1 or PD-L1 protein. 
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III. Results 

To fulfil the aim of my research, I decided to apply the molecular mechanics 

generalized Born surface area (MM/GBSA) analysis calculated for the PD-1/PD-L1 

complex. This analysis allows me to broaden the knowledge regarding the protein 

complex and to better understand the interactions between the PD-1 and PD-L1 

proteins. In the next step, basing on the crystal structure of the PD-1/PD-L1 complex 

and results from MM/GBSA, I designed peptides targeting PD-L1 and PD-1. Next, I 

synthesised and purified the designed peptides. I studied their interaction with a target 

molecule using the SPR technique or ELISA, which enabled me to select the leading 

peptides for further research. For the chosen peptides, I run cell-based competition 

assays to select peptides competing with the ligand for binding with the target. 

Moreover, I performed an inhibitory bioassay to check if they block the PD1/PD-L1 

complex formation. Before in vitro studies, I checked peptides stability in the medium 

used in the cell assays and investigated the cell lines viability in experimental 

conditions.  

1. MM/GBSA analysis of PD-1/PD-L1 complex 

The first step of my research was increasing the knowledge regarding the interaction 

between PD-1 and PD-L1. For this purpose, MM/GBSA calculations for the  

PD-1/PD-L1 complex (PDB ID: 4ZQK) were performed. MM/GBSA is a widely used 

method for binding free energy prediction in molecular studies and for in silico 

characterisation of receptor/ligand interactions236. All the all-atom molecular dynamics 

(MD) simulations of the proteins complex were performed by MSc Małgorzata Kogut 

from the Department of Theoretical Chemistry (Faculty of Chemistry, University of 

Gdańsk). My contribution to this part of the research was the final interpretation of the 

received data. 

At the beginning, the per-residue energy decomposition was designated to study the 

total contribution of each amino acid residue of PD-1 and PD-L1 proteins in the 

formation of the complex (Figure 30). Furthermore, the pairwise per-residue energy 

decomposition and the fraction of contacts between PD-1 and PD-L1 were analysed 

(Table 6). The per-residue energy decomposition calculates the input of the energy of 
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a single residue by summing its interactions over all residues in the system (complex). 

While the pairwise per-residue describes the input of specific residue pairs in the 

system237. 

 

Figure 30. The per-residue energy decomposition analysis calculated for the PD-1 (top) and 

PD-L1 (bottom) amino acid residues. The cut down for “strong” interaction energy - the G 

value - has to be at least -1 kcal/mol or lower238. 

The per-residue energy decomposition calculation has enabled the recognition of three 

fragments of PD-L1 and two fragments of PD-1 robustly involved in the complex 

formation. For PD-1, the important fragments are as follow: N66-R86 and I126-E136, 

and for PD-L1: A18L-F19L, I54L-Y56L and R113L-R125L. 
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Table 6. The pairwise per-residue energy decomposition between PD-1 and PD-L1 calculated 

using the MM-GBSA analysis method. The cut down for “strong” interaction energy - the  

G value - has to be at least -3 kcal/mol or lower238. 

Interaction energy 

[kcal/mol] 

PD-1 PD-L1 

Residue 

name 

Residue 

number 

Residue 

name 

Residue 

number 

-11.303 GLU 136 ARG 113 

-9.797 GLU 84 ALA 18 

-7.319 GLU 136 ARG 125 

-6.381 ASP 77 LYS 124 

-5.768 GLN 75 ARG 125 

-5.572 LYS 78 PHE 19 

-5.245 LYS 78 ASP 122 

-5.200 TYR 68 ASP 122 

-3.996 LYS 78 ALA 121 

-3.904 ARG 86 ALA 18 

-3.642 GLU 136 TYR 123 

-3.090 GLN 75 ASP 26 

-2.652 THR 76 LYS 124 

-2.609 ASN 74 ARG 125 

-2.600 ILE 134 TYR 123 

-2.396 THR 76 ARG 125 

-2.185 ALA 132 TYR 56 

-2.107 TYR 68 TYR 123 

-2.057 ASP 85 ALA 18 

-1.954 ALA 132 GLN 66 

-1.864 ASN 66 ASP 122 

-1.860 ASN 66 ALA 121 

-1.844 ILE 134 ARG 113 

The architecture of the complex interface with the essential amino acid residues 

obtained from the MM/GBSA calculations is presented in Figure 31. The essential 

amino acids residues (red, purple, blue, and black areas) are located close to each other, 

forming a complex interface including R113L, A18L, R125L, K124L, F19L, D122L from 

PD-L1 and E136, E84, D77 and Q75 from the PD-1 protein. Comparison of these 

analyses allowed me to identify the crucial amino acid residues for the PD-1/PD-L1 

complex formation, which are marked in bold in Table 7.  
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Figure 31. Visualization of the input of the most important amino acid residues from PD-L1 

and PD-1 in the complex formation obtained from the pairwise per-residue energy 
decomposition method. In A), the grey surface area represents the structure of PD-L1 and the 

semi-transparent cartoon represents the PD-1 structure. In B), the grey surface area represents 

structure of PD-1 and the semi-transparent cartoon represents the PD-L1 structure. The amino 
acid residues with the biggest energy input for the complex formation are coloured black, with 

the lowest energy input coloured yellow, according to the energy scale on the right side of the 

figure238. 

Table 7. Crucial amino acid residues received from the MM/GBSA energy decomposition 

analysis. The one with the strongest input in the complex formation in both decomposition 
methods are marked in bold. The cut down for “strong” interaction energy for per-residue 

calculation was set on -1 kcal/mol or lower and -3 kcal/mol for pairwise per-residue238. 

 

 

PD-L1 crucial amino acid 

residues for the PD-L1/PD-1 

complex formation  

PD-1 crucial amino acid 

residues for the PD-L1/PD-1 

complex formation 

Per-residue F19L, Y56L, R113L, M115L, A121L, 

Y123L, R125L 

N66, Y68, Q75, I126, L128, 

A132, I134, E136 

Pairwise 

per-residue 

A18L, F19L, D26L, R113L, A121L, 

D122L, Y123L, K124L, R125L 

Y68, Q75, D77, K78, E84, R86, 

E136 

 

2. Peptides targeting the PD-L1 protein 

2.1. Designing and synthesis of peptides derived from the PD-1 protein 

Basing on the MM/GBSA calculations and crystal structure of the PD-1/PD-L1 

complex, I designed peptides derived from the PD-1 protein structure, potentially 

targeting PD-L1 and inhibiting the receptor/ligand interactions. As previously 

discussed, the PD-1 extracellular domain occurs in a β-sandwich form consisting of two 

β-sheets. The front one is composed of G’GFCC’ strands and the back β-sheet includes 

AA’BED strands (Figure 32). The amino acid residues from the front part of the 
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receptor with the ones from the FG and CC’ loops are responsible for the interactions 

with the PD-L1 protein. 

 

Figure 32. The structure of PD-1/PD-L1 complex (PDB ID: 4ZQK). The fragments of PD-1 

protein which were used to construct two groups of peptides are marked: yellow - peptides from 

Group I and red – peptides from Group II. PD-1 is coloured blue, PD-L1 – green. 

Taking this into consideration, I designed two groups of peptides (Table 8). Peptides 

from 1 to 4 (Group I) were constructed based on the fragments of CC’ strands (Table 8) 

and the peptides from 5 to 13 (Group II) were assembled with amino acids residues 

from FGG’ strands and FG loop (Table 8). Moreover, to enhance the affinity of the 

designed peptides to the target, I decided to introduce the intramolecular disulphide 

bonds into the eight peptides. Therefore, I exchanged selected amino acids, located 

opposite each other in the 3D structure of the PD-1 protein, for the cysteine residues. 

The introduction of such a modification should enable the β-hairpin formation as a short 

linear peptide probably will not adopt the β-hairpin conformation which in protein is 

stabilized by many interactions like hydrogen bonds or Van der Waals interactions. As 

it was reported elsewhere, the β-hairpin structure might be essential for the interaction 

with β-sheet-rich proteins such as PD-L1206,239,204. 

During the designing of peptides, not only the crystal structure of the PD-1/PD-L1 

complex was considered but also MM/GBSA calculations performed in this work. That 

is why peptides PD-1(68-78) (1) and PD-1(62-80) (2) contain Y68, Q75, and T76 

residues, crucial for the complex formation. Moreover, the sequence of (1) peptide 

includes D77 and peptide (2) N66, D77, and L79 ones. Group I was additionally 

expanded by the two peptides with an intramolecular disulphide bond, specifically  

PD-1(62-80)(W67C-L79C) (3) and PD-1(62-80)(R69C-D77C) (4). Group II can be divided into 

two parts. First part contains long peptides being disulphide bonded variations of the 
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linear peptide PD-1(119-142) (5) and containing I126, L128, A132, I134, and E136 – 

all essential amino acids residues for the complex formation from this part of the 

protein. This group includes PD-1(119-142)(T120C-E141C) (6), PD-1(119-142)(C123-S137C) 

(7), and PD-1(119-142)(A125C-K135C) (8). The second part of Group II contains shorter 

analogues - peptides from (9) to (12) (Table 8). This group of peptides was designed as 

their longer analogues were poorly (7) and not soluble (8) in aqueous solutions. The 

analogue of peptide (6) was not designed as this peptide has the cysteine residues 

creating a disulphide bond placed in the penultimate position in the sequence and 

shortening of the sequence was not possible. In the end, I decided to design the short 

peptide PD-1(132-136) (13) containing three amino acids important for the complex 

formation. 

Table 8. The amino acid sequences and position in the protein of the designed peptides238. 

No  Peptide Amino acid sequence 

1. 

G
r
o

u
p

 I
  

PD-1(68-78) Ac-YRNleSPSNQTDK-NH2 

2. PD-1(62-80) Ac-SFVLNWYRNleSPSNQTDKLA-NH2 

3. PD-1(62-80)W67C-L79C  

Ac-SFVLNCYRNleSPSNQTDKCA-NH2 

4. PD-1(62-80)R69C-D77C  

Ac-SFVLNWYCNleSPSNQTCKLA-NH2 

5. 

G
r
o

u
p

 I
I 

 

PD-1(119-142) Ac-GTYLAbuGAISLAPKAQIKESLRAEL-NH2 

6. PD-1(119-142)T120C-E141C  

Ac-GCYLAbuGAISLAPKAQIKESLRACL-NH2 

7.  PD-1(119-142)C123-S137C  

Ac-GTYLCGAISLAPKAQIKECLRAEL-NH2 

8. PD-1(119-142)A125C-K135C  

Ac-GTYLAbuGCISLAPKAQICESLRAEL-NH2 

9. PD-1(122-138) Ac-LAbuGAISLAPKAQIKESLN-NH2 

10.  PD-1(122-138)C123-S137C  

Ac-LCGAISLAPKAQIKECL-NH2 

11. PD-1(122-138)A125C-K135C  

Ac-LAbuGCISLAPKAQICESL-NH2 

12. PD-1(124-136)A125C-K135C  

Ac-GCISLAPKAQICE-NH2 

13. PD-1(132-136) Ac-AQIKE- NH2 

Peptides were synthesized and purified. The peptide syntheses were carried out 

according to the solid-phase peptide synthesis (SPPS) technique using the Fmoc/tBu 

chemistry. The peptides were synthesised using an automatic microwave peptide 

synthesizer. The N-terminal amino group was acetylated and the C-terminal of peptides 

had the amide group. Those changes were introduced to mimic the native protein’s 

charge state and enhance their stability for the enzymatic degradation. The obtained 

compounds were purified using the reversed phase - high-performance liquid 

chromatography (RP-HPLC) technique and the peptides molecular mass was confirmed 
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by electrospray ionization, ion trap, and time-of-flight mass spectrometry  

(LC ESI-IT-TOF MS) coupled with liquid chromatography. Peptides with 

intermolecular disulphide bonds have been subjected to an oxidation process. To 

prevent methionine oxidation, the methionine residues in position 69 were exchanged 

by its isosteres norleucine (Nle). The cysteine residues like methionine are susceptible 

to rapid oxidation; to prevent this, the cysteines in position 123 was substituted by  

2-aminobutyric acid (Abu). It allows me to prevent problems related to dimerization by 

oxidation of the sulfhydryl groups of cysteines. The purification of long peptides with 

disulphide bridges, namely peptides (6)-(8), were hindered due to their poor solubility. 

The purification process ended with a low efficiency, which led to a few rounds of the 

peptides synthesis. 

2.2. Study of binding of PD-1 based peptides to PD-L1 by the SPR 

technique 

In the next step, I decided to test the affinity of the peptides to the PD-L1 protein using 

the SPR technique. Thanks to these measurements, it was possible to calculate the 

strength of the protein/peptide binding determined by the equilibrium dissociation 

constant (KD). These measurements were performed in a close cooperation with Ph.D. 

Katarzyna Węgrzyn from the Intercollegiate Faculty of Biotechnology UG&MUG. 

In the beginning, I decided to start the SPR measurements by obtaining the kinetic 

constant parameters for the interaction of the receptor with its natural ligand. For this 

purpose, the human glycolyzed PD-L1 (expression system - HEK 293) was covalently 

immobilized on the surface of the CM5 sensor chip. Immobilized PD-L1 was titrated 

with human glycolyzed PD-1-Fc protein (expression system - CHO) at a concentration 

range from 31 nM to 4 µM (Figure 33A). In the applied experimental condition, the  

KD for the interaction of PD-1 with PD-L1 was 1.56 µM. 
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Figure. 33. SPR profile of PD-L1 treated with different concentrations of PD-1.  

A) Sensorgrams showing the relation between the detected signal of different PD-1 

concentrations binding to PD-L1 in time. B) The binding kinetics parameters from the SPR 

analysis were calculated with the Biacore T200 Evaluation Software238. 

In the next step, the PD-1 derived peptides were subjected to a binding analysis using 

the SPR technique in the aforementioned conditions. The obtained results are shown in 

Figure 34 (peptides interacting with PD-L1) and 35 (peptides that show no interaction 

with PD-L1). The binding kinetics parameters have been collected in Table 9. 

The differences in the strength of the interaction can be observed among the two groups 

of peptides. The peptides from Group I are characterized by a lower affinity to PD-L1 

than the PD-1 or they are not interacting with the target protein at all. The shortest linear 

peptide from this group, peptide (1), shows no interaction with the PD-L1 protein. In 

contrary to peptide (1), its longer analogue, peptide (2), binds to PD-L1 with KD  

13.1 µM. However, the interaction is more than 8-times weaker than the one for PD-1. 

This group of peptides consists of two compounds with disulphide bonds. The strength 

of the interaction of peptide (3) is not substantially different from the one for peptide (2) 

(17.8 µM). Moreover, peptide (4), like peptide (1), shows no interaction with the protein 

(Figures 34 and 35). 

Among Group II, eight from the nine peptides were analysed. Compound (8) was 

excluded as a result of poor solubility in standard buffers used in this technique and was 

rejected from further examination. Moreover, for linear peptide (9), and for peptides 
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(11) and (12), with disulphide bonds, the dissociation constant was not determined due 

to a weak binding or the lack of it (Figure 35). For peptide (5), the KD was calculated; 

however, the affinity for PD-L1 was weaker than for the PD-1/PD-L1 complex, the 

obtained value was 57.8 µM. From the Group II, four peptides could be distinguished as 

they bound to ligand-1 with the same order of magnitude as its natural receptor. The 

highest affinity was determined for peptide (10), the obtained KD for the PD-L1/peptide 

(10) complex was 1.52 µM (Figure 34). Its kd was one of the two lowest obtained and it 

was 1.8 x 10-3 s-1, it was lower than kd for PD-1. Peptides (7) and (6) exhibit a slightly 

weaker binding than peptide (10), and their KD was 4.66 µM and 5.36 µM, respectively. 

Peptide (13) was the smallest molecule from among the tested peptides, it consisted of 

only five amino acid residues. As the resonance angle is proportional to the mass of 

analyte bound to the biosensor in this case, the signal reached only 13 RU (Figure 34), 

however, the KD of its interaction with the ligand was 7.30 µM. 
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Figure 34. Sensorgrams of the PD-1 derived peptides interacting with PD-L1 analysed by the 

SPR technique. For peptide (13), binding to PD-L1 is shown in two different scales238. 
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Figure 35. Sensorgrams of the noninteracting PD-1 derived peptides with PD-L1 analysed by 

the SPR technique238. 

Table 9. Association and dissociation rates and dissociation constants calculated for the  

PD-1 derivate peptides binding to PD-L1 from the SPR data. The results were calculated using 
the Biacore T200 Evaluation Software from at least three independent titration analyses. The 

applied binding model 1:1. ND - not determined (no binding detected or binding too weak to 

establish reliable constants); SD – standard deviation238. 

 No Peptides ka 

(M−1s−1) 

kd 

(s−1) 

KD  

(M)  

 SD 

G
r
o

u
p

 I
 

1. PD-1(68-78) ND ND ND ND 

2. PD-1(62-80) 2.18×102  1.76×10-3  1.31×10-5  1.27 ×10-5 

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

4. PD-1(62-80)R69C-D77C ND ND ND ND 

G
r
o
u

p
 I

I 

5. PD-1(119-142) 1.45×102  4.27×10-3  5.78×10-5  4.11×10-5  

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

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

8. PD-1(119-142)A125C-K135C Not soluble in solution using in SPR measurements  

9. PD-1(122-138) ND ND ND ND 

10. PD-1(122-138)C123-S137C 1.21×103 1.80×10-3 1.52×10-6  8.76×10-7  

11. PD-1(122-138)A125C-K135C ND ND ND ND 

12. PD-1(124-136)A125C-K135C ND ND ND ND 

13. PD-1(132-136) 2.23×102 1.25×10-3  7.30×10-6  5.47×10-6  
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2.3. Stability of the designed peptides and their effects on the viability 

of chosen cell lines 

The next step in my research was an evaluation of the selected peptides regarding their 

stability in the growth medium used for the cell lines culture and influence on the 

viability of cell lines used in the planned in vitro assays. For further evaluation, I chose 

only peptides interacting with the PD-L1 protein, namely peptides (2) and (3) from 

Group I and (5), (6), (7), (10), and (13) from Group II. The peptide selections was based 

on the data obtained from the SPR measurements. The first action was to check the 

stability of the selected peptides in Roswell Park Memorial Institute (RPMI) 1640 

medium with 10% heat-inactivated fetal bovine serum (FBS) used in the cell-based 

tests. The composition of the RPMI 1640 medium was especially balanced for the 

growth of human T and B lymphocytes. It is distinguished from other mediums by high 

concentrations of vitamins and glutathione reducing agent240. The peptides were 

incubated for 24 hours in the RPMI 1640 medium. The checkpoints were set at time  

0 and after 24 hours to correspond to the time points chosen in the viability cell assay. 

As a control, I used peptides dissolved in water in time 0 h. All samples were analysed 

using the RP-HPLC method and the percentage of stability was established by 

comparing the peak area of control in time 0 h with the peak area for collected samples 

incubated in RPMI 1640. The obtained results are presented in Figure 36. 

 

Figure 36. Peptides stability in the RPMI 1640 medium at times 0 and 24 h. The percentage of 

stability was established by comparing the peak area of control in time 0 h with the peak 

area for the collected samples. Results were obtained through the RP-HPLC analysis 

method. Results are shown for three experiments performed independently. Data are 
depicted as mean with SD (Mean +/- SD). Statistical analysis was performed using  

one-way analysis of variance (ANOVA) followed by the Dunnet’s post-hoc test.  

****:p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05238. 
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The best stability in RPMI 1640 with 10% FBS was achieved by two peptides, namely 

peptides (3) and (13). A decrease of the peptide (13) content in the sample in time 0 h 

has not been observed and for peptide (3), it was only a 4% decrease comparing to the 

control. After 24 hours, there was only a slight drop observed resulting in the received 

stability at the level of 96% for peptide (13) and 86% for peptide (3). On the contrary, 

two linear peptides, (2) and (5), show the biggest decrease of stability. For peptide (2) 

from Group I, it was a 42% and 62% decrease of content in time 0 and 24 hours of 

incubation, respectively. Where for peptide (5), there was only a 10% decrease in time  

0 h but after 24 hours of incubation further decrease of about 47% was observed. Three 

peptides, (6), (7), and (10), from Group II with disulphide bonds show a moderate 

decrease in concentration in comparison to control. For time 0 h, the decrease was 

observed in the range of 19-38% and after 24 hours of incubation, it was 37-50%. It 

should be noticed that peptides might undergo many biological and chemical processes 

in a solution. For the tested peptides, I have not observed any additional signals in the 

HPLC chromatograms, what can indicate that they were not an object of the degradation 

process caused by the medium components (Figure 37). However, a reduction of the 

signal was observed. It can be caused by the interaction of the peptides or their 

degradation products with the serum albumin proteins during sample preparation which 

includes precipitation of medium components by ethanol and spinning. The process of 

non-specific binding of peptides with albumins was observed previously and may occur 

due to hydrophobic interactions with albumins241–243. 

(2) PD-1(62-80) (6) PD-1(119-142)T120C-E141C 

  

Figure 37. Chromatograms registered for peptides (2) and (6). A) peptide in water t=0 h,  

B) peptide in medium t=0, C) peptide in medium t=24 h238. 

Subsequently, I checked CHO-K1, Jurkat E6.1, and BW5417 (T cell stimulator, TCS 

Ctrl) cell lines viability after 24 hours of incubation with the selected peptides from 
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Groups I and II. The CHO-K1 is a hamster ovary cell line and Jurkat E6.1 is a human  

T lymphoblast cell line from a patient with acute T cell leukaemia. Both these cell lines 

were used in the inhibition bioassay. BW5147 is a T lymphoblast cell line from mice 

with lymphoma. This cell line was used in the competition assay. Cells were seeded on 

the 96-well plate and incubated with the peptides for 24 h. To estimate the number of 

viable cells, I used the CellTiter-Glo® luminescence-based assay, consisting of 

quantitative determination of adenosine triphosphate (ATP), which is related to the 

metabolically active cells and proportional to the living cells244. The mechanism of the 

assay is based on luciferase-luciferin reaction in which ATP and molecular oxygen are 

substrates. The reaction is catalysed by luciferase and is run in the presence of the 

aforementioned ATP, O2, and additionally with the presence of Mg2+ (from the growth 

medium). The reaction leads to the emission of energy with the maximum intensity at 

560 nm (yellow-green colour) (Figure 38)245,246.  

 

Figure 38. Luciferin-luciferase reaction245. 

Each cell line was treated with six different peptide concentrations 150, 50, 16.7, 5.6, 

1.9, and 0.62 µM. The peptides were not tested in higher concentrations as they 

precipitate in the cell culture medium during preparation of the stock solutions required 

for the tests. The concentrations were prepared by the serial dilution method. The results 

were compared to the non-treated cells and normalised.  

Peptides from Group I, peptides (2) and (3), almost in all concentrations did not have 

a negative effect on the CHO-K1 cell line viability after 24 hours of incubation (Figure 

39). Only peptide (2) led to a 20% decrease in cell viability at the highest concentration. 

Three peptides from Group II, peptides (5), (7), and (13), at the 150 µM concentration, 

strongly influenced the CHO K-1 cell viability leading to the decrease of viable cells to 

47%, 76%, and 33% (Figure 39) compared with control, respectively. Peptides (6) and 

(10) showed a strong cytotoxic effect at this concentration. Additionally, peptides (5), 

(6), (7), and (10) at the second highest concentration (50 µM) led to a slight drop in the 
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number of viable cells in comparison to the control. Lower concentrations of the tested 

peptides, below 16.7 µM, do not show a negative effect on the CHO K-1 cell’s viability. 

 

Figure 39. Cell viability assay used to define the influence of the PD-1 derived peptides on the 

CHO-K1 cell line after incubation for 24 hours. 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 ANOVA followed by the Dunnet’s post-hoc 

test. ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05238. 

The peptides from both groups had less influence on the viability of the Jurkat E6.1 

cells than in the case of the CHO K-1 cells (Figure 40). In the experiment conditions, I 

observed only a slight drop of the cells viability in the case of peptides (2), (5), (7), and 

(10) and only for the concentration of 150 µM. The number of viable cells decreased by 

17%, 27%, 25%, and 20% respectively. For lower concentrations, below 150 µM, the 

changes were not significant. 
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Figure 40. Cell viability assay used to define the influence of the PD-1 derived peptides on the 

Jurkat E6.1 cell line after incubation for 24 hours. 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 ANOVA followed by the Dunnet’s post-hoc 

test. ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05238. 

In the case of the TCS Ctrl cells, the tested peptides indicated a more intense effect on 

their viability than for the CHO K-1 and Jurkat E6.1 cells. The highest concentration 

had a strong negative effect on cell viability in all the tested peptides (Figure 41). It led 

to a decrease in the number of living cells below 20% for peptide (5) and (7) in 

comparison with the control. The concentration of 50 µM demonstrated the cytotoxic 

effect in the case of peptides (7) and (13), leading to a reduction of the living cell 

population to 37% and 48%, respectively. The remaining peptides at this and lower 

concentrations had a moderate impact on cell viability and the number of living cells in 

the tested condition fluctuated between 70% and 90%. Peptide, (10) at concentrations 

from 1.9 to 50 µM demonstrated a slight proliferating effect on the TCS Ctrl cells 

leading to an increase of viable cells up to 105-108% compared to the control. 
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Figure 41. Cell viability assay used to define the influence of the PD-1 derived peptides on the 

TCS Ctrl cell line after incubation for 24 hours. 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 ANOVA followed by the Dunnet’s post-hoc 

test. ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05. 

2.4. Cell-Binding Assay and Competitive Inhibition 

In the next step of my research, I performed a competitive bioassay for selected peptides 

(2), (3), (5), (6), (7), (10), and (13). These studies have been performed at the prof. Peter 

Steinberger laboratory from the Division of Immune Receptors and T cell Activation at 

the Medical University of Vienna under the supervision of Ph.D. Claire Battin. The 

assay was performed to examine the capacity of the peptides to displace the human 

glycosylated PD-1-Fc from the complex with PD-L1 located on the BW5417 cell line 

with the stable expression of PD-L1 (TCS PD-L1). In the assay, as a control, I used 

TCS without the expression of PD-L1 (TSC Ctrl). The idea of a competitive assay is to 

measure the binding of labelled ligand to a target in the presence of the second 

unlabelled-ligand. In experiment, the “target” was a PD-L1 protein, indirect labelled 

ligand was PD-1, and unlabelled ligands were peptides. The PD-1-Fc protein was 

detected by the anti-IgG Ab conjugated with a fluorescent label. In short, when peptide 

binds to the PD-L1 protein located on the TCS cell stronger than PD-1-Fc, we receive 

a lower signal from anti-IgG antibody with fluorochrome. If the peptide binds to the 
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PD-L1 with a lower affinity than PD-1, the more of the PD-1 molecules will bind to 

PD-L1 and we receive a stronger signal (Figure 42A). 

 

Figure 42. A) Schematic representation of the competition experiment. B) Flow cytometry 

analysis of TCS Ctrl and TCS PD-L1 confirming the presence or absence of PD-L1. Light grey 

histogram: staining of the control cells. Blue histogram: staining of the PD-L1 cells. 

I confirmed the expression of PD-L1 on the TCS PD-L1 surface (Figure 42B, blue 

histogram) and the absence of PD-L1 on TCS Ctrl (Figure 42B, light grey histogram) by 

the flow cytometry technique. Before performing the competition assay, I optimised the 

condition of the test by investigating two different anti-human IgG Ab - PE-labelled 

donkey anti-human IgG antibody and APC-labelled mouse anti-human IgG antibody. 

These Abs recognize the Fc region of the PD-1 chimera protein used in this experiment. 

Differences between the PE- and APC-label are presented in Table 10. PE and APC are 

fluorescent proteins that after excitation emit light from the yellow-orange (574 nm) and 

red spectrum range (660 nm), respectively. The PE is more “bright” than APC. This 

difference is partially related to its higher extinction coefficient and quantum yield. It is 

also related with more energy requirements by the PE for excitation. Moreover, both 

proteins are conjugated with different anti-human IgG antibodies characterized by the 

different affinity to the target. Taking into consideration the aforementioned differences 

between those antibodies, I decided to examine which one will be more optimal for my 

planned experiment. 

Table 10. Spectral properties of PE and APC. 

Name  Short 

name  

Excitation 

wavelength 

[nm] 

Emission 

wavelength 

[nm] 

Extinction coefficient 

[cm-1 M-1] 

FQY2 

R-Phycoerythrin PE 566 574 1,960,000 0.84 

Allophycocyanin APC 651 660 700,00 0.68 
2FQY – fluorescence quantum yield in an aqueous buffer (pH 7.2) 
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Moreover, I tested four different concentrations (from 0.4 µg/ml to 1 µg/ml) of the 

human PD-1 protein (Figure 43A and B) to choose the concentration of protein which 

can be detected by labelled anti-human IgG Ab and can saturate PD-L1 on the cell 

surface. This test was performed using the flow cytometry method. The obtained results 

show that the PE-labelled antibody yields a stronger response than the APC-labelled 

antibody what was expected and was more preferable for the test outcome as the 

difference between the control and the sample of interest was bigger. Additionally, the 

titration experiment performed for the PD-1 protein shows that the strongest signal was 

received for 1 µg/ml of the tested protein. To confirm that this concentration of PD-1 is 

the most optimal for the experiment, I decided to examine two higher concentrations of 

the protein, namely 6.25 µg/ml and 2.5 µg/ml detected by PE-labelled Ab (Figure 43C).  

 

 Figure 43. Optimalization of the competition test condition. A, B) Comparison of two different 

anti-human IgG antibodies PE- and APC-labelled detecting human PD-1-Fc protein at four 
concentrations. C) Comparison of different PD-1 concentrations detected by the anti-human 

IgG PE Ab. 

The obtained results show that the use of a higher concentration of the PD-1 protein 

than 1 µg/ml is not required as this concertation saturates all available PD-L1 molecules 

on the cell surface. Taking together the obtained results, the binding of human PD-1-Fc 
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to the PD-L1 on the cell surface was detected with a PE-labelled donkey anti-human 

IgG antibody, and in the assay, I used the PD-1 protein at the concentration of 1 µg/ml. 

In the final test, the target cells (TCS PD-L1) were incubated in test tubes with peptides 

at three different concentrations from 50 µM to 5.5 µM. The 150 µM concentration was 

excluded from further research due to the cytotoxic effect of the tested peptides on TCS 

Ctrl. As a competitor, PD-1-Fc was used. After incubation, anti-human IgG PE Ab was 

added to detect PD-1 bound to PD-L1. As control, TCS PD-L1 cells were incubated 

with the PD-1 protein (without peptides). Additionally, atezolizumab, mAb anti-PD-L1, 

which inhibits the PD-1/PD-L1 complex formation was used as a positive  

control (Figure 44). 

 

Figure 44. Competitive inhibition of peptides against the PD-1/PD-L1 complex formation. TCS 

PD-L1 was incubated with the indicated peptides used at final concentrations ranging from  

50 µM to 5.6 µM. The bar diagram shows the fold induction of geometric mean fluorescence 

intensity (gMFI) for at least three experiments performed independently in triplicate. Data were 

normalised to the gMFI received for TCS PD-L1 treated by PD-1. Data are depicted as mean 
with SD (Mean +/- SD). Statistical analysis was performed using one-way ANOVA followed by 

the Dunnet’s post-hoc test. ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05. 

The best inhibitory properties were received for peptide (7) for which the dose-

dependent inhibition effect was observed and for highest concentration the complex 

inhibition was calculated on 37.5%. Peptides (5) and (6) significantly blocked the 

binding of PD-1 to PD-L1 at a concentration of 50 µM in 26.4% and 25.4%, 

respectively; additionally, they had a dose-dependent effect. Additionally, (10) blocked 

the binding of PD-1 to PD-L1, however, not in the concentration-dependent manner and 
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showed a significant inhibition only at the concentration of 16.7 µM. No blocking effect 

was seen for peptides (2), (3), and (13).  

2.5. Cell-based PD-1/PD-L1 blocking bioassay 

Subsequently, I evaluated the inhibition properties of the designed peptides for blocking 

the PD-1/PD-L1 axis in an in vitro bioluminescent reporter cell-based assay including 

two genetically engineered cell lines. Effector Jurkat E6.1 cell line stably expressed  

PD-1 and firefly luciferase reporter gene under NFAT response element (NFAT-RE) 

and the PD-L1 APC/CHO-K1 cell line was constructed on the CHO-K1 cell line and 

expressed PD-L1. When PD-1 binds to the PD-L1, the TCR signalling and 

luminescence mediated by NFAT-RE is suppressed, the “glowing” (luminescence) is 

reduced (Figure 45, left side). When the PD-1/PD-L1 axis is disrupted by the inhibitors, 

it activates TCR and NFAT-RE mediated firefly luminescence, and the “glowing” is 

restored (Figure 45, right side).  

 

Figure 45. Scheme of PD-1/PD-L1 blocking bioluminescence assay247. 

I performed the assay for the chosen peptides, selected on the basis of the SPR analysis 

from Groups I and II and tested them at five concentrations prepared using the serial 

dilution method from 50 µM to 0.62 µM. As a positive control, I used an anti-PD-1 

antibody (Figure 46). As a untreated control, PD-1 effectors cells were co-cultured with 

the PD-L1 APC cells without the presence of an inhibitor. 
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The most active peptides from the inhibition bioassays were shown to be peptide (7) 

and (10). These compounds inhibit the PD-1/PD-L1 complex in a dose-dependent 

manner. It should be noted that they have similar amino acid sequences and differ only 

in length. Moreover, they have disulfide bonds in the same position. Additionally, linear 

peptide (5) shows concentration-dependent inhibitory properties at the concentration 

range from 16.7 µM to 0.62 µM but not 50 µM. For peptide (3), the inhibitory effect 

was seen for all tested concentrations, however, the effect was not corelated with the 

concentration. No inhibition was seen for peptides (2), (6), and (13) (Figure 46).  

 

Figure 46. The inhibition of the PD-1/PD-L1 complex by the PD-1 derived peptides in 

a bioluminescent reporter cell-based assay. The activity of tested peptides is presented as a fold 
induction calculated by dividing the relative luminescence units (RLU) received for cells treated 

by the peptides by the RLU for the untreated control (RLU peptide/RLU control). 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 ANOVA followed by 

the Dunnet’s post-hoc test. ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05238. 

2.6. Conformational studies for peptide PD-1(122-138)C123-S137C 

In the next step, peptide (10) was chosen for a more detailed conformational analysis 

because of the best affinity to PD-L1. Regardless, it did not compete with the PD-1 

protein in a concentration-dependent manner in the competition assay; however, it 

restores the NFAT-RE mediated luminescence in the PD-1/PD-L1 cell-based inhibition 

bioassay. Moreover, it is better soluble in aqueous solutions than its longer analogue 
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peptide (7), which yields better results in the competitive inhibition test, but not in the 

cell-based PD-1/PD-L1 blocking bioassay. Inhibitory properties and good solubility 

observed for peptide (10) provide the basics for further modifications and designing 

analogue peptides having a better blocking capacity. To collect more data regarding the 

structure of peptide (10) and its binding interface with PD-L1, conformational studies 

were performed. The NMR studies and 3D structure determination of peptide (10) were 

conducted by Ph.D. Emilia Sikorska. The docking of the obtained structure of peptide 

(10) to the PD-L1 protein, applying UNited RESidue (UNRES) force field and next 

multiplexed-replica exchange molecular dynamics (MREMD) were performed by  

Ph.D. Adam Sieradzan. Both of them are from the Faculty of Chemistry of Gdańsk 

University. I analysed the obtained structural results in correlation with biological data. 

In this work, only selected data from the NMR results, molecular dynamics, and 

MREMD are presented, a broader analysis is available in the publication of Bojko et 

al.238. NMR analysis of peptide (10) was based on a data set achieved from the 2D total 

correlation spectroscopy (TOCSY) and 2D nuclear Overhauser enhancement 

spectroscopy (NOESY) measurements. NMR analysis confirmed the trans geometry in 

the peptide bonds and that sulfhydryl groups form cysteines are oxidated. 300 different 

structures of peptide (10) were received and were clustered in 10 conformational 

families. Two from ten families encompassed 72% peptide conformations which form 

a β-hairpin like structure stabilized by intermolecular hydrogen bonds and disulfide 

bridge (Figure 47). Those two structures were used for further docking studies. 

 

Figure 47. Superimposed conformations of dominant clusters of peptide (10). A) Family 1 

consolidating 79 structures. B) Family 2 consolidating 65 structures238. 
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The four 3D structures of peptides were docked to PD-L1 applying UNRES force field 

and MREMD for better recognition of the PD-L1/peptide interface (Figure 48). Three 

structures of peptide (10) were used, namely the structure trimmed from the  

PD-1/PD-L1 crystal complex with cysteine residues in the appropriate position in the 

sequence and two selected clusters from the NMR data. For the method validation 

purpose, peptide (4) cut out from the crystal structure of the PD-1/PD-L1 complex 

served as a negative control (no binding with PD-L1 in the SPR analyses performed in 

this work). The analysis indicates that both conformation families obtained from NMR 

bind with PD-L1 in the same region as PD-1. 

 

Figure 48. Four PD-L1/peptide (10) conformations structures. Origin of the peptide (10) 

structure: A) peptide structures were trimmed from the PD-1 protein, B) fragment of the PD-1 

crystal structure with the peptide (10) sequence, C) and D) NMR family 1 and 2 restrains on 
peptide (10), respectively, E) fragment of the PD-1 crystal structure with the peptide (4) 

sequence. Points B-E presents the cluster with the lowest Root-mean-square deviation (RMSD) 

from the MREMD simulation238. PD-L1 is coloured green. 

3. Peptides targeting the PD-1 protein 

3.1. Design and synthesis of peptides derived from the PD-L1 protein 

The approach of designing the PD-1 targeting peptides corresponds to the concept I 

have presented for the peptides targeting PD-L1. The amino acid sequences of peptides 

presented in this paragraph were derived from the PD-L1 protein and were designed 

based on the crystal structure of the PD-1/PD-L1 complex and the MM/GBSA 

calculations. As previously discussed, the PD-L1 extracellular IgV domain occurs in 

a β-sandwich motif consisting of two β-sheets. The front β-sheet is composed of 

AGFCC’C’’ strands and the back one includes BED strands. The amino acid residues 

from the front part are responsible for stabilizing the interaction with the PD-1  

(Figure 49). Taking this into consideration, I designed three groups of peptides - Group 
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IL, IIL, and IIIL (Table 11). Moreover, to enhance the affinity of the designed peptides to 

the flat PD-1 interface, I decided to introduce the intramolecular disulphide bonds into 

the seven peptides by exchanging selected amino acids, located opposite each other in 

the 3D structure of the PD-L1 protein, with the cysteine residues. The introduction of 

such a modification should allow the β-hairpin structure formation mimicking the 

structure of the PD-L1 protein and thus enhance the binding to the flat  

PD-1 interface206,239,204. 

 

Figure 49. The structure of PD-1/PD-L1 complex (PDB ID: 4ZQK). The fragments of PD-L1 

which were used to construct three groups of peptides are marked: yellow - peptides from 

Group IL, orange - peptides from Group IIL, red - peptides from Group IIIL. PD-1 is coloured 

blue, PD-L1 - green. 

Group IL consists of only one peptide, (L1), and constitutes the amino acid residues 

from the fragments of A strand’s tail. Peptides from (L2) to (L6), belonging to Group 

IIL, are assembled with amino acids from CC’C” strands, BC, CC’ and C’C” loops. 

Peptides from Group IIIL are assembled from amino acid residues from FG strands and 

FG loop (Table 11). IIIL Group is the most widely developed and consists of peptides 

from (L7) to (L17). 

Peptide PD-L1(19-26) (L1) contains F19L and D26L important for the protein complex 

formation. In this part of the protein, A18L is also important for the interaction; 

however, it adds a negative contribution to the potential energy of the interaction that 

destabilizes the protein complex, which is why it was not included in the (L1) peptide 

sequence. For this group, I have not designed any analogues due to the fact that this 

fragment in protein possesses a disordered structure. Its amino acid sequence is taken 

from flexible a strand tail, and the structure organization may lead to the loss of  

affinity to PD-1.  
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Group IIL consists of peptides from the middle part of the PD-L1 IgV domain. Firstly,  

I designed peptide PD-L1(52-68) (L2) containing – I54L, Y56L, E58L, and Q66L. The 

interactions of these residues with the PD-1 protein were observed in the crystal 

structure of the proteins (Table 2) and determined by the MM/GBSA analysis (Table 7). 

After the chemical synthesis of peptide (L2), I found that its solubility is very low. To 

enhance it, I prolongated the amino acid sequence in N- and C-terminal by adding 

hydrophilic amino acids from the protein sequence. I designed the following peptides: 

PD-L1(52-73) (L3), PD-L1(52-79) (L4), and PD-L1(45-68) (L5). At the end, I decided 

to examine the shortest peptide PD-L1(56-66) (L6), focusing only three amino acids 

important for stabilizing a complex and lacking hydrophobic residues of leucine (L53L), 

isoleucine (I54L), valines (V55L, V68L), and phenylalanine (F67L) (Table 11).  

During designing of the peptides from Group IIIL, I focused on the C-terminus of  

PD-L1 containing FG strands and FG loop which are crucial for the PD-1/PD-L1 

complex formation. Group IIIL consists of long linear peptides PD-L1(111-127)M115Nle 

(L7) and its shorter version PD-L1(113-126)M115Nle (L8) containing - R113L, A121L, 

D122L, Y123L, K124L, R125L - all essential amino acids residues for the complex 

formation from the C-terminal part of the protein (Table 2 and Table 7). M115L in these 

peptides was substituted by Nle due to the same reason as discussed previously. Despite 

the fact that according to the per-residue energy decomposition, it possesses negative 

energy and is valuable for proteins interaction. Group IIIL was additionally, expanded 

by three peptides with intramolecular disulphide bonds PD-L1(113-126)(C114-K124C) 

M115Nle (L9), PD-L1(110-128)(V111C-T127C) M115Nle (L10), and PD-L1(111-127)(Y112C-I126C) 

M115Nle (L11). In Group IIIL, the analogues of linear peptide PD-L1(113-126) create 

a whole family, consisting of the aforementioned peptides (L8) and (L9) but also 

analogues of peptide (L9) where glycine 120 was exchanged with serine (L12), 

phenylalanine (L13), and glutamic acid (L14) (Table 11). The replacement of the 

G120L residue in peptide (L9) with the mentioned amino acid residues was dictated by 

the fact that in the MM/GBSA calculations (per-residue energy decomposition), the 

G120L residue slightly destabilizes the PD-1/PD-L1 complex and its substitution could 

improve the interaction of peptides with PD-1. Therefore, G120L was replaced by the 

amino acid residues which can be donors and acceptors of additional hydrogen bonds 

and van der Waals interactions. I decided also to test the short peptide PD-L1(121-125) 

(L15) containing three amino acids important for the protein complex formation. As 
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aforementioned, M115L is also important for the stability of the PD-1/PD-L1 complex, 

according to the MM/GBBSA analysis (Figure 30). Taking that into consideration,  

I decided to test peptide PD-L1(111-127) (L16) containing the methionine residue in 

position 115. Both peptides, (L7) and (L16), were tested to evaluate if these residues 

may influence the affinity. Moreover, I decided to synthesise peptide (L17) the 

analogue of peptide (L13) containing the Met in position 115, not Nle. 

Table 11. The amino acid sequences and position in the protein of the designed peptides. 

No. 

 

Peptide 

 

Amino acid sequence  

L1 

G
r
o
u

p
 I

L
 

PD-L1(19-26)  

 

Ac-FTVTVPKD-NH2 

L2 

G
r
o

u
p

 I
I L

 PD-L1(52-68) Ac-ALIVYWENleEDKNIIQFV-NH2 

L3 PD-L1(52-73) Ac-ALIVYWENleEDKNIIQFVHGEED-NH2 

L4 PD-L1(52-79) Ac-ALIVYWENleEDKNIIQFVHGEEDLKVQHS-NH2 

L5 PD-L1(45-68) Ac-EKQLDLAALIVYWENleEDKNIIQFV-NH2 

L6 PD-L1(56-66) Ac-YWENleEDKNIIQ-NH2 

L7 

G
r
o

u
p

 I
II

L
 

PD-L1(111-127)M115Nle Ac-VYRAbuNleISYGGADYKRIT-NH2 

L8 PD-L1(113-126)M115Nle Ac-RAbuNleISYGGADYKRI-NH2 

L9 
PD-L1(113-126)(C114-K124C) 

M115Nle 

 

Ac-RCNleISYGGADYCRI-NH2 

L10 
PD-L1(110-128)(V111C-T127C) 

M115Nle 

 

Ac-GCYRAbuNleISYGGADYKRICV-NH2 

L11 
PD-L1(111-127)(Y112C-I126C) 

M115Nle 
 

Ac-VCRAbuNleISYGGADYKRCT-NH2 

L12 
PD-L1(113-126)(C114-K124C) 

G120S; M115Nle 

 

Ac-RCNleISYGSADYCRI-NH2 

L13 
PD-L1(113-126)(C114-K124C) 

G120F; M115Nle 

 

Ac-RCNleISYGFADYCRI-NH2 

L14 
PD-L1(113-126)(C114-K124C) 

G120E; M115Nle 

 

Ac-RCNleISYGEADYCRI-NH2 

L15 PD-L1(121-125) Ac-ADYKR-NH2 

L16 PD-L1(111-127) Ac-VYRAbuMISYGGADYKRIT-NH2 

L17 
PD-L1(113-126)(C114-K124C) 

G120F 

 

Ac-RCMISYGFADYCRI-NH2 

The peptides were synthesized and purified according to the same procedures as the  

PD-1 derived peptides. The obtained peptides were acetylated at the N-terminal amino 

group; and the C-terminal of peptides had the amide group. Peptides with 

intramolecular disulphide bonds were subjected to an oxidation process. If not pointed 

differently, the cysteine residue in position 114 was replaced by Abu, to prevent 

dimerization during the oxidation reaction. Additionally, all peptides from Group IL and 

IIIL were synthesized with a linker on the N-terminal consisting of five glycine residues 
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and biotin. A linker with biotin was added to the peptides for the evaluation process in 

the SPR measurements and ELISA.  

The peptides from Group IIL were poorly soluble. Despite the use of water, different 

buffers, and organic solvents, they were not soluble in solutions acceptable in SPR and 

cellular assays. Difficulties with the solubility of peptides from Group IIL contributed to 

their exclusion from further analysis. The purification of peptides with disulfide bridges, 

namely peptides (L12), (L13), and (L17), was hindered due to their poor solubility. 

Moreover, after introducing a linker, consisting of five glycine residues and biotin, their 

further enhanced the problem with solubility. The efficiency of the purification process 

ended up being low, what led to a few rounds of the peptide synthesis. 

3.2. Study of binding of PD-L1 based peptides to PD-1 by the SPR and 

ELISA techniques 

The first attempt of obtaining the kinetic parameters of the PD-L1 derived peptides with 

PD-1 was performed in the conditions of analysis similar to the one mentioned in 

chapter 2.2. Human glycosylated PD-1 (express system – HEK 293) was immobilized 

on a CM5 sensor chip and its interaction with human glycosylated PD-L1-Fc 

(expression system - CHO) was measured. The obtained KD was 1.04 µM (Figure 50). 

In the case of the PD-L1 derived peptides, only for peptide (L1) the binding to PD-1 

was detected and the KD value was calculated (KD = 25.7 µM). Peptide (L16), at higher 

concentrations, precipitated and bound to the reference flow cell (Figure 50). For 

peptides (L7), (L9), (L10), (L11), and (L15), these problems were detected even at 

lower concentrations, which hindered the binding analysis. The examples of obtained 

sensorgrams are shown in Figure 51. 

 

Figure 50. Binding of the PD-L1 protein and the PD-L1 derived peptides to PD-1 immobilized 

on a CM5 sensor chip surface. 
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Figure 51. Binding of the PD-L1 derived peptides to the PD-1 protein immobilized on a CM5 

sensor chip surface. 

After encountering complications during the interaction analysis of the PD-L1 derived 

peptides with human glycosylated PD-1 immobilized on a sensor chip, I decided to 

examine an alternative configuration of the system. I immobilized the peptides by the 

biotin to the streptavidin sensor (SA) chips and titrated the peptides with human 

glycosylated PD-1. In order to perform this test, I synthesized peptides prolongated on 

the N-terminal by the five glycine linker and biotin. 

Subsequently, I immobilized biotinylated (L13) peptide on the SA chip and measured 

the interaction with the PD-1 protein. Although some increase in response was detected 

when increasing the concentration of human glycosylated PD-1 was injected, the quality 

of the obtained results was insufficient for a reliable kinetic analysis. The response was 

only registered for the two highest tested concentrations. After obtaining the result, I 

took into consideration the molecular mass of the tested molecules. Molecular mass of 

the synthesized biotinylated peptides ranges between around 1100-2600 Da and the 

molecular mass of human glycosylated PD-1 is 30-40 kDa. The difference in the size of 

the tested molecules and the immobilization of the smaller molecule on the sensor may 

lead to the unavailability of the PD-1 binding pockets. To reduce the difference in the 

size of the tested molecules, I decided to examine the binding of the PD-L1 derived 

peptides (immobilized on a sensor chip) with the human PD-1 produced in the 

Escherichia coli (E. coli) system. This protein is characterized by the lack of post-

translational glycosylation. The molecular mass of human PD-1 produced in the E. coli 

expression system is 13.5 kDa. 

At the beginning, I measured the interaction between two proteins. To obtain the kinetic 

parameters of the interaction the human glycolyzed PD-L1 (with biotin) was 

immobilized on an SA sensor chip and titrated by PD-1 expressed in E. coli. at the 

concentration range from 310 nM to 10 µM (Figure 52A). For the highest 
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concentrations, the precipitation of PD-1 and its binding to the reference flow cell was 

observed. In the applied experimental condition, the KD for the interaction of PD-1 with 

PD-L1 is 22.6 nM (Figure 52B). 

 

Figure 52. The SPR profile of PD-L1 treated by different concentrations of PD-1.  

A) Sensorgrams showing the relation between the detected signal of PD-1 binding to PD-L1 in 

time. B) The binding kinetics parameters from the SPR analysis calculated with the Biacore 

T200 Evaluation Software. 

In the next step, the PD-L1 derived peptides were subjected to the binding analysis by 

the SPR technique. The biotinylated peptides were immobilized on the surface of the 

SA sensor chips and titrated with PD-1 (expressed in E. coli). The obtained results are 

shown in Figures 53 (peptides interacting with PD-1) and 54 (peptides that show no 

interaction with PD-1), and the binding kinetics parameters are collected in Table 12. 

The peptide (L1) from Group IL, in the applied conditions, shows no interaction with 

PD-1 (Figure 54) or the interaction is too weak to establish reliable KD.  

In the Group IIIL, PD-1 bound to ten of the eleven peptides. PD-1 showed no interaction 

with the shortest linear peptide, (L15) (Figure 54). The weakest affinity was determined 

for linear peptide (L7), the obtained KD for peptide (L7)/PD-1 complex was 198 µM 

(Figure 53). Peptide (L16) – the analogue of (L7) with methionine residue in position 

115 instead of Nle, bound to PD-1 with KD 3.20 µM, which is two orders of magnitude 

stronger than (L7). Another linear peptide which was tested, (L8), showed a stronger 

affinity to PD-1 than (L7); however, the difference is only about one order of magnitude 

and the obtained KD was 14.9 µM. The analogues of peptide (L8) with a disulphide 
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bond, namely peptides (L9) and from (L12) to (L14), showed a comparable dissociation 

constants ranging between 52.4 - 33.5 µM. Peptide (L17), the analogue of (L13) with 

native M115L instead of Nle, showed a stronger interaction with PD-1 than its 

precursor, reaching KD of 1.99 µM, while for (L13) the KD was calculated at 42.2 µM. 

Peptide (L8) and its analogues, (L9), (L12), (13) and (L14), displayed similar kinetic 

profiles with a slow dissociation rate between 6.97 - 1.94×10−4 s−1 (Table 12). Among 

the peptides with disulphide bonds, the highest affinity was obtained for PD-1 binding 

to peptide (L11). (L11)/PD-1 had a different kinetic profile than the other tested 

peptides from this group and it was similar to the kinetic profile of PD-1 binding to PD-

L1 (Figure 52). The binding was characterized by fast association ka = 3.58×103 M−1s−1 

(Table 12). The longest peptide from this group, (L10), was characterized by the KD of 

22 µM, which was lower by one order of magnitude than for peptide (L11) which is 

shorter by only two amino acids and binds PD-1 almost eleven times stronger. 
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Figure 53. Sensorgrams of PD-1 interacting with the PD-L1 derived peptides analysed using 

the SPR technique. 
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Figure 54. Sensorgrams of the noninteracting PD-L1 derived peptides with PD-1 analysed 

using the SPR technique. 

Table 12. Association and dissociation rates and dissociation constants calculated for PD-1 

binding to the PD-L1 derived peptides from the SPR data. Results were calculated using the 

Biacore T200 Evaluation Software from at least three independent titration analyses. The 
applied binding model 1:1. ND - not determined (no binding detected or binding too weak to 

establish reliable constants), SD – standard deviation 

 
No  Peptides 

ka 

(M−1s−1) 

kd 

(s−1) 

KD  

(M)  
 SD 

G
r
o

u
p

 I
L
 

L1 PD-L1(19-26) ND ND ND ND 

G
r
o

u
p

 I
II

L
 

L7 PD-L1(111-127)M115Nle 1.09×101  1.79×10-3 1.98×10-4 1.04×10-4 

L8 
PD-L1(113-126)M115Nle 

 
2.47×101 1.94×10-4 1.49×10-5 9.92×10-6 

L9 PD-L1(113-126)(C114-K124C) M115Nle 1.06×101 3.99×10-4 3.60×10-5 3.18×10-6 

L10 PD-L1(110-128)(V111C-T127C) M115Nle 3.31×101  7.10×10-4 2.20×10-5 9.14×10-6 

L11 PD-L1(111-127)(Y112C-I126C) M115Nle 3.58×103  6.70×10-3 2.04×10-6 5.17×10-7 

L12 PD-L1(113-126)(C114-K124C) G120S; M115Nle 1.37×101  4.49×10-4 3.35×10-5 7.74×10-6 

L13 PD-L1(113-126)(C114-K124C) G120F; M115Nle 1.94×101 6.97×10-4 4.22×10-5 2.88×10-5 

L14 PD-L1(113-126)(C114-K124C) G120E; M115Nle 1.05×101 4.89×10-4 5.24×10-5 2.55×10-5 

L15 PD-L1(121-125) ND ND ND ND 

L16 PD-L1(111-127) 5.31×102 1.67×10-3 3.20×10-6 6.89×10-7 

L17 PD-L1(113-126)(C114-K124C) G120F 1.39×102 2.91×10-4 1.99×10-6 2.09×10-7 

During the SPR analyses, I used PD-1 produced in the E. coli system which is 

characterized by the lack of glycosylation. However, this system is not a native state in 

a human organism, where PD-1 undergoes post-translational N-glycosylation. 

Therefore, I decided to perform an indirect ELISA to confirm if the PD-L1 derived 

peptides interact with human glycolyzed PD-1. 
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In my research, I performed indirect ELISA on streptavidin coated 96-well plates. The 

schematic procedure of the assay is presented in Figure 55. The biotinylated peptides 

were pre-coated on the plate (1). In the next step, the glycolyzed PD-1-Fc was added 

(2). The Fc region in PD-1 is necessary for the detection of protein by the secondary 

antibody anti-human IgG Ab-conjugated with HRP (3). In the last step, I added TMB 

substrate to catalyse the enzymatic colour reaction (4). As more PD-1-Fc protein bind to 

the peptide immobilized on the plate, the absorbance will be more intense.  

 

Figure 55. Scheme of indirect ELISA. 

Before performing ELISA, I optimised the condition of the test by investigating the 

different concentrations of biotinylated peptides used to pre-coat the wells and different 

concentrations of human PD-1. Finally, I immobilized, on the streptavidin plate, four 

different concentrations of biotinylated (L16) peptide. (L16) is characterized by the one 

of the lowest KD (strong binding) in the complex with PD-1 obtained in SPR and it 

served as a reference peptide. I started from 20 µg/ml of peptide and made 10-fold 

dilutions. I prepared the PD-1 protein in 2-fold dilutions starting from 4 µg/ml. For the 

highest tested peptide concentration, I observed the smoothest concentration-dependent 

response for PD-1 (Figure 56). For lower peptide concentrations, the concentration-

dependent response for PD-1 was not as clearly defined. I also tested a higher peptide 

concentration to pre-coat the plate, however, no significant changes in the absorbance 

signal were observed. That can indicate that 20 µg/ml of peptide is sufficient to saturate 

the well surface. Though, to test the peptides binding to PD-1, I pre-coated wells using 

20 µg/ml of peptides and a wider spectrum of PD-1 concentration than in the 

optimalization step; as a positive control, I pre-coated the plate with biotinylated PD-L1 

(Figure 57). 
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 Figure 56. Optimalization of the ELISA condition.  

The titration assay showed that PD-1 binds to all tested PD-L1-derived peptides in 

a concentration-dependent manner (Figure 57). The strong binding of PD-1 was 

observed to peptide (L7) with a statistical significance for all examined concentrations. 

Slightly weaker interaction with PD-1 was observed for peptide (L9). This peptide 

significantly binds the PD-1 at a concentration above 1 µg/ml. PD-1 from concentration 

of 1 µg/ml and higher binds to peptides (L11), (L12), (L13), (L14), and (L16) with 

a statistical significance. 
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Figure 57. Binding of PD-1 to the PD-L1 and the PD-L1 derived peptides analysed using 

indirect ELISA. 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 ANOVA followed by the Dunnet’s post-hoc test. ****: p < 0.0001, ***: p < 0.001,  

**: p < 0.01, *: p < 0.05. 
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3.3. Stability of the designed peptides and their effects on the viability 

of chosen cell lines 

The next step of my research was the evaluation of the selected peptides regarding their 

influence on the viability of cell lines used in the planned in vitro assays and the 

stability in the medium used in cell cultivation. The first action, as in the case of the  

PD-1 derived peptides, was the assessment of their stability in the RPMI 1640 medium 

with 10% of heat-inactivated FBS. As a control, I used peptides dissolved in water in 

time 0 h. The procedure for the stability experiment and cell viability assay was 

described previously in chapter 2.3. The obtained results are presented in Figure 58. 

 

Figure 58. Peptides stability in the RPMI 1640 medium at time 0 and 24 h. The percentage of 

stability was established by comparing the peak area of control in time 0 h with the peak area 

for the collected samples. Results were obtained through the RP-HPLC analysis method. 
Results are shown for three experiments performed independently. Data are depicted as mean 

with SD (Mean +/- SD). Statistical analysis was performed using one-way ANOVA followed by 

the Dunnet’s post-hoc test. ****: p < 0.0001, *** p < 0.001, **: p < 0.01, *: p < 0.05. 

The best stability in RPMI 1640 with 10% FBS was received for peptide (L1) from 

Group IL. For this peptide, a 6% decrease in the peptide content in time 0 h was 

observed compared to the control. Between time 0 and 24 h additional, but only slight, 

drop of the peptide content was noticed (about 3%).  

For all peptides from Group IIIL the decrease of the peptide amount compared with the 

control was detected. For the shortest linear peptide (L15) (Figure 59), a moderate 

decrease in concentration was observed and its content level compared to the control 

was 88% and 76% for time 0 and 24 h, respectively. Two linear peptides (L7) and 

(L16), differing by about one amino acid residue, Nle or Met in position 115, were 

characterized by a significant drop of concentration in time 0 h to the level of 49% and 
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40%, respectively. After 24 h of incubation, a further decrease of the peptides content 

was registered and it reached 44% and 34% of the control. For the last linear peptide 

from this group, (L8), a minor drop of the concentration lower than for its longer 

analogue, (L7), was observed. In time 0 h, its content was set at the 86% and after 24 h 

at 58%. Five peptides, (L9), (L12), (L13), (L14), and (L17), disulfide bonded 

analogues of (L8), showed a moderate decrease of concentration in time 0 h and further 

decrease after 24 h compared to the control. For time 0 h, the decrease in the range of  

3-16% was detected and after 24 hours of incubation, it was 17-43%. The two longest 

disulphide bonded peptides from this group, peptide (L10) and (L11), exhibited the 

strongest drop of the content for about 57% and 53% in time 0 h and a further decrease 

for 20% and 14% after 24 h of incubation (Figure 59). 

(L15) PD-L1(121-125) (L7) PD-L1(111-127)M115Nle 

  

(L10) PD-L1(110-128)(V111C-T127C) M115Nle (L11) PD-L1(111-127)(Y112C-I126C) M115Nle 

  

Figure 59. Chromatograms registered for peptides (L15), (L7), (L10), and (L11). A) peptide in 

water t=0 h, B) peptide in medium t=0 h, C) peptide in medium t=24 h. 

Subsequently, I evaluated the viability of the Jurkat E6.1 cell line and TCS Ctrl after the 

treatment with the PD-L1-derived peptides for 24 h. The test was performed in the same 

conditions as in the case of peptides derived from the PD-1 protein and which was 
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described in chapter 2.3. In this part of my research, the influence of peptides on the 

CHO-K1 cell line was not evaluated. CHO-K1 cell line was not used in further research 

due to the change of the functional cell assay. The results were compared to the  

non-treated cells and normalised (Figure 60). Five exanimated peptides, (L7), (L11), 

(L12), (L13), and (L17) had a significant negative effect on the viability of the Jurkat 

E6.1 cell line at the highest tested concentration leading to the decrease of the number 

of living cells to 68%, 82%, 38%, 3%, and 9%, respectively. For the lower 

concentrations, the changes were not significant. 

 

Figure 60. Cell viability assay used to define the influence of the PD-L1 derived peptides on the 

Jurkat E6.1 cell line after incubation for 24 hours. 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 ANOVA followed by the Dunnet’s post-hoc 

test. ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05. 

In the case of the TCS Ctrl cells, the tested peptides affected them more intense than the 

Jurkat E6.1 cells. Only the highest concentration of peptide (L12) had a negative effect 



 

101 
 

on cell viability (Figure 61). Similar to the peptide (10) analogues, the rest of the PD-L1 

derived peptides led to the TCS Ctrl cells proliferation. This effect was the most 

strongly observed for peptide (L7) which led to a statistically significant proliferation at 

all tested concentrations. For this peptide, an increase of living cells was between  

23-27% compared to the control. Moreover, for eight peptides, the increase of living 

cells above 20% was noticed, namely for peptides (L1), (L8), (L11), (L12), (L14), 

(L15), and (L17). 

 

Figure 61. Cell viability assay used to define the influence of the PD-L1 derived peptides on the 

TCS Ctrl cell line after incubation for 24 hours. 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 ANOVA followed by the Dunnet’s post-hoc 

test. ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05. 
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3.4. Cell-Binding Assay and Competitive Inhibition 

The binding and competitive properties of the PD-L1 derived peptides against PD-L1 

were studied using the PD-1 expressing Jurkat E6.1 cell line (J-NF-κB::eGFP PD-1,  

J-PD-1). I performed these studies in prof. Peter Steinberger laboratory from the 

Division of Immune Receptors and T cell Activation at the Medical University of 

Vienna under the supervision of Ph.D. Claire Battin. The assay was performed to 

examine the capacity of the peptides in inhibiting the binding of the human glycolyzed 

PD-L1-Fc protein to the PD-1 protein located on J-NF-κB::eGFP PD-1, reporter PD-1. 

In the assay, as a control, I used Jurkat cells without the expression of PD-1,  

J-NF-κB::eGFP Ctrl, reporter Ctrl. Experimental conditions corresponded to the ones 

described in chapter 2.4. The expression of PD-1 on the reporter PD-1 cell surface was 

confirmed and described in chapter 3.5. (Figure 66). 

Before performing the competition assay, I optimised the conditions of the test by 

investigating two different anti-human IgG antibodies, PE-labelled donkey anti-human 

IgG antibody and APC-labelled mouse anti-human IgG antibody. The obtained results 

are similar to the ones obtained for the detection of PD-1-Fc. The anti-human IgG  

PE-labelled Ab yielded a stronger response than anti-human IgG APC-labelled Ab, 

which was preferable for the test outcome as the difference between control and the 

sample of interest was bigger. Moreover, I tested six different concentrations of the 

human PD-L1 protein (Figure 62). The results obtained from the titration experiment 

show that use of a higher concentration of the PD-L1 protein than 1 µg/ml was not 

required and this concertation was enough to saturate the PD-1 molecules on the cell 

surface. The difference between 1 µg/ml and 2 µg/ml of PD-L1 was only 4 units of 

gMFI. The use of lower concentrations of this protein can yield a not sufficiently strong 

signal to precisely define if the tested peptides displaced the PD-L1 from the complex 

with PD-1. Taking together, the obtained results for the assay, I chose PE-labelled 

mouse anti-human IgG antibody and the PD-L1 protein at the concentration of 1 µg/ml. 
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Figure 62. Optimalization of the competition test conditions. Comparison of two anti-human 

IgG antibodies A) APC- and B) PE-labelled detecting human IgG.  

Target cells were probed with peptides at three different concentrations from 50 µM to 

5.5 µM. In the case of the PD-L1-derived peptides, the titration assay showed that the 

best inhibitory properties were observed for peptides (L1) and (L11) (Figure 63). These 

peptides blocked the binding of PD-L1 to PD-1 at a concentration of 50 µM, in 16% 

and 32%, respectively. Moreover, they had a dose-dependent effect. A slightly weaker 

blocking effect was also observed for peptides (L9) and (L10) while no concentration-

dependent effect was detected for the rest of the tested peptides. 

 

Figure 63. Competitive inhibition of peptides against the PD-1/PD-L1 complex formation. The 

Jurkat PD-1 cells were incubated with the PD-L1-derived peptides, the final concentration used 

in the experiment ranged from 50 µM to 5.5 µM. The bar diagram shows the fold induction of 
gMFI for at least three experiments performed independently in triplicate. Data were 

normalised to the gMFI received for reporter PD-1 cell line treated by PD-L1. Data are 

depicted as mean with SD (Mean +/- SD). Statistical analysis was performed using one-way 
ANOVA followed by the Dunnet’s post-hoc test. ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, 

*: p < 0.05. 
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3.5. Stimulation assay 

Evaluation of the inhibitory properties of the PD-L1 derived peptides was performed in 

the functional cellular assay based on reporter gene expression system, NF-κB::eGFP, 

constructed on Jurkat E6.1 cell line, not the commercially available NFAT reporter 

mediated luminescence cell-based assay used for the PD-1 derived peptides.  

I performed this part of my research in prof. Peter Steinberger laboratory in the Division 

of Immune Receptors and T cell Activation at the Medical University of Vienna under 

the supervision of Ph.D. Claire Battin. I used the T cell reporter platform for the 

evaluation of ICIs previously established by the group of prof. Peter Steinberger248–250.  

The inhibitory properties of the peptides were assessed in a coculture assay composed 

of a reporter gene expression system, NF-κB::eGFP, constructed on the Jurkat E6.1 cell 

line expressing PD-1 also known as the reporter cell line (J-NF-κB::eGFP PD-1) and  

T cell stimulator expressing PD-L1 (TCS PD-L1). As already mentioned, T cell requires 

two signals for full activation (Introduction 2.3.). To activate the PD-1 reporter cell line 

(signal I), I used TCS PD-L1. TCS PD-L1, express membrane-bound anti-human CD3 

single-chain variable fragment (scFv) (mb aCD3) that engages the CD3-TCR complex 

with TCR present on the reporter cells yielding the first signal required to stimulate  

T cells. Upon stimulation by TCS PD-L1, NF-κB is upregulated in the PD-1 reporter 

cells line (J-NF-κB::eGFP PD-1) and inhibition can be assessed by the measurement of 

the transcriptional level of eGFP. When PD-1 creates a complex with PD-L1, the eGFP 

expression is reduced, when the PD-1/PD-L1 complex is disrupted, the eGFP 

expression increases. 

To validate and choose the optimal platform for testing the properties of the peptides for 

the inhibition of the PD-1/PD-L1 complex formation, I examined different coculture 

conditions. In this experiment, I used cell lines described in Table 13. 

 

 

 

 

 

 



 

105 
 

Table 13. Description of the cell lines used in the stimulation assay. 

Cell line name  Description of the cell line 

J-NF-κB::eGFP 

Ctrl 

the NF-κB::eGFP reporter cells constructed on the human Jurkat E6.1 cell line 

expressing CD28 (without expression of PD-1), also known as the reporter Ctrl 

J-NF-κB::eGFP 

PD-1 

the NF-κB::eGFP reporter cells constructed on the human Jurkat E6.1 cell line 

expressing CD28 and PD-1, also known as the reporter PD-1 

TCS Ctrl the cell line expressing mb aCD3 constructed on the BW5147 cell line 

TCS PD-L1 the cell line which express mb aCD3 and PD-L1 constructed on the BW5147 

cell line 

TCS CD86 Ctrl the cell line which express mb aCD3 and CD86 (CD86 interacts with CD28 on 

the J-NF-κB::eGFP cell line) constructed on the BW5147 cell line 

TCS CD86/PD-L1 the cell line which express mb aCD3, CD86 and PD-L1 constructed on the 

BW5147 cell line 

wtBW wild type of BW5147 cell line – mb aCD3, CD86 and PD-L1 negative. 

The schema of cell cocultures performed for experiment optimisation, presenting steps 

of activation and inhibition of the eGFP expression, is shown in Figure 64. In the 

experiment, I tested five different combinations of the TCS 1) TCS Ctrl, 2) TCS PD-L1, 

3) TCS CD86 Ctrl, 4) TCS CD86/PD-L1 and 5) wild type BW5147 (wtBW) with two 

reporter cell lines 1) J-NF-κB::eGFP Ctrl and 2) J-NF-κB::eGFP PD-1. The wtBW cell 

line is not included in the schema as it has no influence on the eGFP expression by the 

reporter cell lines. Two tested reporter cell lines J-NF-κB::eGFP Ctrl and  

J-NF-κB::eGFP PD-1 expressed costimulatory receptor CD28. The introduction of the 

costimulatory ligand CD86 to the cell line (TCS CD86/PD-L1) enhanced the eGFP 

expression by additional stimulation of the reporter cells by creating the CD28/CD86 

complex. The CD28 is not shown on the cell surface of J-NF-κB::eGFP Ctrl and  

J-NF-κB::eGFP PD-1 in two first experimental systems - TCS Ctrl and TCS PD-L1 as it 

did not influence the outcome of the experiment due to the lack of CD86. In the final 

step, I added to the cell coculture the pembrolizumab to measure the variation in the 

eGFP expression in the presence and absence of the PD-1/PD-L1 complex inhibitor. 



 

106 
 

 

Figure 64. Schematic representation of cell cocultures performed for the experiment 

optimisation, presenting the steps of activation and inhibition of the eGFP expression. “+” - the 

eGFP gene expression activated, “-“ - the eGFP gene expression inhibited. 

The conditions of cell coculture presented in Figure 64 were examined by the eGFP 

expression. The results are shown in Figure 65. For the J-NF-κB::eGFP Ctrl, the cell 

line activation was on a comparable level when TCS Ctrl and TCS PD-L1 were used. 

Coculturing of J-NF-κB::eGFP Ctrl with TCS CD86 and TCS CD86/PD-L1, resulted in 

a higher expression of eGFP compared to the one received for TCS Ctrl and TCS  

PD-L1. It is an effect of the additional stimulation signal from CD28/CD86. On the 

contrary to the reporter Ctrl, the expression of eGFP by the J-NF-κB::eGFP PD-1 

reporter cells was diminished upon stimulation by TCS PD-L1 and TCS CD86/PD-L1 

due to the formation of the PD-1/PD-L1 complex. This effect was abolished in the 

presence of a therapeutic anti-PD-1 antibody. The received results indicate that creating 

the complex between PD-1 and PD-L1 suppressed the reporter gene expression even 

though the CD28/CD86 complex had been created. The stimulation signal from 

CD80/CD86 led to a higher reporter gene expression, and in this system, the effect of 

the reporter gene suppression induced by the PD-1/PD-L1 complex formation was more 

visible. Taking this into consideration, I chose TCS CD86/PD-L1 as stimulators of the 

PD-1 reporter cells for the evaluation of the peptides. 
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Figure 65. The analyses of the eGFP expression upon the J-NF-κB::eGFP Ctrl or PD-1 

stimulation by wtBW or the TCS (Ctrl, PD-L1, CD86 Ctrl, and CD86/PD-L1). The cells were 

also stimulated in the presence of pembrolizumab, therapeutic Ab used in the clinical practice. 

 

Figure 66. Flow cytometry analysis of the molecular profile of cell lines used in the stimulation 

assay. The PD-1 expression on reporter J-NF-κB::eGFP PD-1 and no expression on  

J-NF-κB::eGFP Ctrl (left). The flow cytometry analysis of TCS Ctrl and PD-L1 confirming 

presence or absence of aCD3 and PD-L1 (middle). The flow cytometry analysis of TCS CD86 
and TCS CD86/PD-L1 confirming the presence or absence of surface aCD3, CD86 and PD-L1 

(right). Light grey histograms: staining of control cells. As a negative control for mb aCD3, 

wtBW were used. Blue histograms: staining of the indicated molecules. 

The molecular profiling of cell lines used in the stimulation assay was performed using 

the flow cytometry technique. I confirmed the high levels of PD-1 on J-NF-κB::eGFP 

PD-1 and the absence of PD-1 on J-NF-κB::eGFP Ctrl cells (Figure 66 left). Moreover, 

I also confirmed the presence of mb aCD3 on TCS Ctrl, TCS PD-L1, TCS CD86 Ctrl, 
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and TCS CD86/PD-L1. As a mb aCD3 negative cell line, I used wtBW. The presence 

and absence of PD-L1 and CD86 on the selected cell lines were also confirmed  

(Figure 66, histograms in the middle and right side). 

Subsequently, the PD-1 reporter cells were stimulated by TCS CD86 expressing PD-L1 

(TCS CD86/PD-L1) in the presence and absence of the PD-L1 derived peptides, at 

a final concentration in the range 150-5.5 µM, except the peptides which exhibited the 

cytotoxic effect on the cell lines used in the assay, namely (L12), (L13), and (L17). 

Those peptides were examined in the concentration between 50-5.5 µM. The inhibitory 

properties of the peptides were measured by reporter gene expression (NF-κB::eGFP) 

using flow cytometry and normalised to gMFI of eGFP received for the PD-1 

reporter/TCS CD86 cells treated by the selected peptides (Figure 67). Additionally, 

pembrolizumab, anti-PD-1 mAb, at a concentration 1 µg/ml was used as a positive 

control. When a peptide inhibits the PD-1/PD-L1 complex formation, the reporter gene 

expression should be restored leading to the increase of the signal from eGFP compared 

with the control - eGFP expression level from the coculture of the PD-1 reporter cells 

with TCS CD86/PD-L1 without the peptides (Figure 67, dotted line). After 

normalisation, the signal was restored for all tested peptides at the highest used 

concentration (Figure 67). For most of the tested peptides, the concentration-dependent 

effect was observed - (L1), (L7), (L9)-(L13), (L15)-(L17). Although, only the result for 

peptides (L11), (L12) and (L13) were statistically significant. However, peptides (L12) 

and (L13) had an influence on the eGFP expression by the reporter PD-1 cell stimulated 

with TCS CD86 Ctrl - without PD-L1 (Figure 68 - light grey bars). This effect, after 

result normalisation, gives a false positive result. Peptide (L11) had no influence on the 

eGFP expression by the reporter PD-1 cell stimulated with TCS CD86 Ctrl and may be 

considered as a PD-1/PD-L1 inhibitor. 



 

109 
 

 

Figure 67. The inhibitory properties of the peptides in the functional cellular assay. The PD-1 

reporter cells were stimulated with TCS CD86 expressing PD-L1 in the absence or presence of 
the peptides. The inhibitory properties of the peptides were measured by the eGFP expression 

using flow cytometry and normalised to gMFI eGFP received for the PD-1 reporter/TCS CD86 

treated by the peptides. The dotted line shows the normalised eGFP expression level from the 
coculture of the PD-1 reporter cells with TCS CD86/PD-L1. Results are shown for three 

experiments performed independently in duplicate. Data are depicted as mean with SD. 

Statistical analysis was performed using one-way ANOVA followed by the Dunnet’s post-hoc 

test. ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05. 

 

Figure 68. The inhibitory properties in the functional cellular assay for the selected peptides. 

PD-1 reporter cells were stimulated with TCS CD86 Ctrl and TCS CD86 expressing PD-L1 in 

the absence or presence of the PD-L1 derived peptides. The grey dotted back lines correspond 

to the PD-1 reporter cell stimulated with TCS CD86 in the absence of the peptides. The purple 
dotted back line corresponds to the PD-1 reporter cell stimulated with TCS CD86/PD-L1 in the 

absence of the peptides. Results are shown for three experiments performed independently in 

duplicate. Data are depicted as mean with SD (Mean +/- SD). 
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4. Analogues of PD-1(122-138)C123-S137C targeting PD-L1 protein  

4.1. Designing and synthesis of the analogues of PD-1(122-138)C123-S137C 

targeting the PD-L1 protein 

In the NMR conformational studies described in chapter 2.6., it was established that 

peptide (10) forms a β-hairpin like structure in a solution. This structure is enforced by 

the introduction of a disulphide bridge. In order to increase the contribution of the  

β-hairpin structure in peptide (10), I decided to introduce changes in the amino acid 

sequence in the region of the β-turn in position A129, P130, K131. These changes 

consisted in replacing the APK sequence with amino acid residues stabilizing the β-turn 

known from the literature251,252. For further development of peptide (10), I decided to 

examine the stabilization of the β-turn by introducing to the sequence, in the loop,  

D-proline, D-alanine, and glycine. Additionally, I decided to change the position of the 

L-proline and L-alanine in the amino acid sequence. This concept together with the 

disulphide bridge introduced earlier to the peptide should enable the orientation of the 

torsion angles in the β-turn in such a way that they force the formation of the β-hairpin 

structure. Moreover, introducing to the sequence of D-amino acid should improve the 

peptide stability and decrease hydrolysis by the serum enzymes253. In the next step, the 

designed peptides were synthesized. Peptides A1 and A2 were rejected from further 

research due to complications during the oxidation process. Those peptides did not form 

intermolecular disulphide bonds. 

Table 14. The amino acid sequences, position in the protein, and sequence modification of the 

designed peptides. D-amino acids are marked with a lowercase letter. 

Peptide 

name 

Peptide (10) modification in 

loop (A129, P130, K131) 

Amino acid sequence 

 

(10)  

PD-1(122-138)(C123-S137C) 

L-alanine-L-proline-L-lysine 

 

Ac-LCGAISLAPKAQIKECL-NH2 

 

A1 

 

L-alanine-D-proline-glycine 

 

Ac-LCGAISLApGAQIKECL-NH2 

 

A2  

 

L-alanine-D-alanine-glycine 

 

Ac-LCGAISLAaGAQIKECL-NH2 

 

A3 

 

glycine-D-proline-L-proline 

 

Ac-LCGAISLGpPAQIKECL-NH2 

 

A4 

 

L-proline-D-alanine-L-alanine 

 

Ac-LCGAISLPaAAQIKECL-NH2 

 

A5 

 

L-proline-D-alanine-glycine 

 

Ac-LCGAISLPaGAQIKECL-NH2 

 

A6 

 

L-proline-D-proline-L-alanine 

 

Ac-LCGAISLPpAAQIKECL-NH2 
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4.2. Study of binding of PD-1(122-138)C123-S137C analogues to PD-L1 

using the SPR technique 

In the next step, A3-A6 analogues were subjected to a binding analysis using the SPR 

technique in the conditions mentioned in chapter 2.2. The obtained sensorgrams are 

shown in Figure 69 and the binding kinetics parameters have been collected in Table 15. 

The differences in the strength of interaction with PD-L1 could be observed among 

three of the four tested peptides; however, the dissociation constants were similar. 

Peptide A6 shows no interactions with the PD-L1 protein (Figure 69). The highest 

affinity was observed for peptide A4, the obtained KD for the PD-L1/A4 complex was 

1.77 µM. What is worth mentioning at this point this peptide aggregated at the highest 

used concentration (60 nM). These aggregates decreased the effective concentration of 

peptide A4 and led to the reduction of the binding254, which can be seen in Figure 69 

(purple arrow). Peptides A3 and A5 bind to ligand-1 with the same order of magnitude 

as peptides A4 and (10). The KD of their interaction with protein was 6.76 µM for A3 

and 4.28 µM for A5. 

 

Figure 69. Sensorgrams of the peptide (10) analogues interacting with PD-L1 analysed using 

the SPR technique. 
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Table 15. Association and dissociation rates and dissociation constants calculated for the 

peptide (10) analogues binding to PD-L1 from the SPR data. Results were calculated using the 

Biacore T200 Evaluation Software from at least three independent titration analyses. The 
applied binding model 1:1. ND - not determined (no binding detected or binding too weak to 

establish reliable constants); SD – standard deviation. 

Peptides ka 

(M−1s−1) 

kd 

(s−1) 

KD  

(M)  

 SD 

(10) 1.21×103 1.80×10-3 1.52×10-6  8.76×10-7  

A3 2.35×103  2.87×10-3  6.76×10-6  8.48 ×10-6 

A4 1.79×103  3.07×10-3  1.77×10-6  4.19 ×10-7 

A5 1.22×103 5.17×10-3  4.28×10-6  4.19×10-7  

A6 ND ND ND ND 

4.3. Stability of the designed analogues and their effects on the viability 

of chosen cell lines 

The next step in my research was the evaluation of the selected peptide (10) analogues 

regarding their influence on the viability of cell lines used in the planned in vitro assays. 

As in the case of the PD-1 derived peptides, the assessment of their stability in the 

RPMI 1640 medium with 10% of heat-inactivated FBS used in the cell-based tests was 

performed. As a control, I used peptides dissolved in water in time 0 h. The procedure 

for the stability experiment and cell viability assay was described previously in chapter 

2.3. The obtained results are presented in Figure 70. 

 

Figure 70. Peptides stability in the RPMI 1640 medium at times 0 and 24 h. The percentage of 

stability was established by comparing the peak area of control in time 0 h with the peak area 
for the collected samples. Results were obtained through the RP-HPLC analysis method. 

Results are shown for three experiments performed independently. Data are depicted as mean 

with SD (Mean +/- SD). Statistical analysis was performed using one-way ANOVA followed by 

the Dunnet’s post-hoc test. ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05. 



 

113 
 

The results for peptide A3 after 24 h of incubation diverge from the ones obtained for 

the rest of the peptides from this group. The content of peptide in sample compared to 

the control was calculated to 81% whereas, for time 0 h, I observed a decrease of about 

only 4% of the initial signal. Peptides A4, A5, and A6 were stable in the tested 

conditions (Figure 71). 

A4 A6 

  

Figure 71. Chromatograms registered for peptides A4 and A6. A) Peptide in water t=0 h,  

B) peptide in medium t=0 h, C) peptide in medium t=24 h. 

Subsequently, I evaluated the viability of the Jurkat E6.1 and TCS Ctrl cell lines after 

treatment with the peptide (10) analogues for 24 h. The test was performed in the same 

conditions as in the case of peptides derived from the PD-1 protein and was described in 

chapter 2.3. The examined peptides do not have a negative effect on the viability of both 

tested cell lines. In the full spectrum of the examined peptide concentrations, the Jurkat 

E6.1 cells demonstrated a viability of about 100%. A small drop of living cells was 

observed for the highest concentration of A5 and A6 equal to 9% and 6%, respectively 

(Figure 72). For lower concentrations, the changes were not significant. 

 

Figure 72. Cell viability assay, used to define the influence of the peptide (10) analogues on the 

Jurkat E6.1 cell line after incubation for 24 hours. 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 ANOVA followed by the Dunnet’s post-hoc 

test. ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05. 
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In the case of TCS Ctrl, the tested peptides indicated a more intense effect on their 

viability than on the Jurkat E6.1 cells. The highest concentration of peptides A5 and A6 

had a negative effect on cell viability. It led to a decrease in the number of living cells to 

75% for peptide A6 and 87% for peptide A5 compared to the control (Figure 73). The 

rest of the tested concentrations of peptides led to the TCS Ctrl proliferation. This effect 

is the most strongly observed for peptide A6 where I observed an increase of living cells 

up to 148% for 1.9 µM concentration and 145% for 16.7 µM compared to the control. 

The percent of living cells was stable for all tested concentrations of A4 and it increased 

by about 20% compared to the control. 

 

Figure 73. Cell viability assay used to define the influence of the peptide (10) analogues on the 

TCS Ctrl after incubation for 24 hours. 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 ANOVA followed by the Dunnet’s post-hoc test.  

****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05. 

4.4. Cell-Binding Assay and Competitive Inhibition 

The properties of the peptide (10) analogues for competing with human glycosylated 

PD-1-Fc for binding with PD-L1 were studied on TCS cells expressing PD-L1. The 

assay was performed to examine the capacity of the peptides for inhibiting the binding 

of the PD-1 to PD-L1 located on the TCS-PD-L1 cells. The target cells were probed 

with the peptide (10) analogues at three different concentrations from 150 µM to  

16.7 µM. Peptide (10) was tested in the concentration range between 50-5.6 µM as it 

has a negative effect on cell viability at the 150 µM concentration. The experiment 

conditions corresponded to the ones described in chapter 2.4. 
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In the titration assay, the best inhibitory properties were observed for peptide A3 

(Figure 74). This peptide significantly blocked the binding of PD-1 to PD-L1 at 

a concentration of 150 µM. Moreover, the concentration-dependent effect can be 

observed for the concentrations in the range from 150 µM to 16.7 µM. In inhibit 

complex formation in 63% in the highest concentration and in 38% in 50 µM. A weak, 

concentration-dependent, blocking effect was observed for A5. Additionally, peptides 

A4 and A6 competed for binding to PD-L1 with PD-1 but the dose-dependent effect 

was not observed for them. 

 
Figure 74. Competitive inhibition of peptides against the PD-1/PD-L1 complex formation. TCS 

PD-L1 was incubated with the indicated peptides used at final concentrations ranging from  

150 µM to 16.7 µM. The bar diagram shows the fold induction of gMFI for at least three 
experiments performed independently in triplicate. Data were normalised to the gMFI received 

for TCS PD-L1 treated by PD-1. Data are depicted as mean with SD (Mean +/- SD). Statistical 

analysis was performed using one-way ANOVA followed by the Dunnet’s post-hoc test.  
****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05. 

4.5. Stimulation assay  

In the last stage of evaluation of the peptides (10) analogues, I examined the inhibitory 

properties in the functional cellular assay based on reporter gene expression system, 

NF-κB::eGFP, constructed on Jurkat E6.1 cell line, described in chapter 3.5. I have also 

performed these studies in prof. Peter Steinberger laboratory.  

Subsequently, the PD-1 reporter cells (J-NF-κB::eGFP PD-1) were stimulated by TCS 

CD86/PD-L1 in the presence and absence of peptide (10) and its analogues, at a final 

concentration in the range 150-5.6 µM for the analogues and 50-5.6 µM for (10). The 

inhibitory properties of the peptides were measured by the reporter gene expression 

(NF-κB::eGFP) using flow cytometry and normalised to gMFI eGFP received for  

J-NF-κB::eGFP PD-1/TCS CD86 cells treated by the indicated peptides (Figure 75). 
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Atezolizumab, anti-PD-L1 mAb, at a concentration 1 µg/ml was used as a positive 

control. When a peptide inhibits the PD-1/PD-L1 complex formation, the reporter gene 

expression should be restored leading to the increase of the signal from eGFP compared 

with the control - eGFP expression level from the coculture of the PD-1 reporter cells 

with TCS CD86/PD-L1 without the peptides (Figure 75, dotted line). For the tested 

peptides, the restoration of the signal was observed only for the 150 µM concentration, 

which was the highest tested concentration. The effect was observed for three from the 

four analogues, namely A3, A4, and A5. Those peptides at concentrations below  

150 µM did not abolish the inhibitory signal from the PD-1/PD-L1 complex. For 

peptide A6, restoration of the signal was not observed for any of the  

tested concentrations. 

 

Figure 75. The inhibitory function of the peptides in a reporter cell-based assay. The PD-1 

reporter cells were stimulated with TCS CD86/PD-L1 in the absence or presence of the 

peptides. The inhibitory properties in the form of the eGFP expression were measured using 

flow cytometry and normalised to gMFI eGFP received for PD-1 reporter/TCS CD86 treated by 
the peptides. The dotted line show the normalised eGFP expression level from the coculture of 

PD-1 reporter cells with TCS CD86/PD-L1. 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 ANOVA followed by the Dunnet’s post-hoc test.  

****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05. 

  



 

117 
 

IV. Discussion 

The PD-1/PD-L1 complex, as a molecular target in immunotherapy, has been the focus 

of the attention of the scientist since 1990. Throughout the years, the functions of PD-1 

and PD-L1 were investigated. The PD-1/PD-L1 complex formation inhibits the 

activation of the immune system and numerous blocking agents, mostly monoclonal 

antibodies, were accepted by FDA in cancer therapies. Since 2015, when the first 3D 

complex of human PD-1 and PD-L1 was obtained by Zak et al.62, the rational designing 

of the compounds blocking the PD-1/PD-L1 complex flourished. The research carried 

out during my doctoral thesis also fits into this trend. Therefore, the main aim of my 

research was finding peptide inhibitors of the PD-1/PD-L1 complex formation.  

I designed, synthesised and examined peptides targeting PD-L1 derived from the amino 

acid sequences of PD-1 and peptides targeting PD-1 derived from PD-L1.  

1. Analysis of the PD-1/PD-L1 interface 

In the first stage of my research, I expanded knowledge regarding the interaction 

between PD-1 and PD-L1. MSc Małgorzata Kogut performed MM/GBSA simulation of 

the PD-1/PD-L1 complex (PDB ID: 4ZQK) to determine the energy input of individual 

amino acid residues in the complex formation238. The obtained results expanded the 

information on the complex interface obtained by Zak et al in 201562. Both results 

confirmed that the interface is created by the front faces of the β sheets of the IgV 

domains from both proteins. Three structures focusing hot spots may be distinguished 

on the surface of the PD-L1 protein – one groove and two pockets. The residues present 

in those structures interact with the appropriate amino acid in PD-1. Firstly, I will 

discuss the influence of PD-1 amino acids on the formation of the PD-1/PD-L1 

complex; subsequently, I will move to PD-L1 amino acids taking part in the complex 

formation. In the discussion, I will focus on two MM/GBSA calculation models:  

per-residue decomposition, which take into consideration energy input of summed 

interactions of single residues and pairwise per residue decomposition which calculate 

the interaction energy among the pair of residues in PD-1 and PD-L1.  
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1.1. Analysis of the PD-1 interface 

Three amino acid residues Y68, Q75 and T76 in PD-1 are accommodated in a shallow 

groove of PD-L1. Per-residue decomposition confirmed a strong input of Y68 and Q75 

(-3.118 kcal/mol and -2.945 kcal/mol, respectively, Figure 30) into binding with PD-L1; 

however, it is not as significant for T76 (-0.937 kcal/mol). The residues accommodated 

in the groove are donors and acceptors of hydrogen bonds62. Y68 interacts with D122L 

(-5.200 kcal/mol) and Y123L (-2.107 kcal/mol), Q75 interacts with R125L (-5.768 

kcal/mol) and T76 with K124L (-2.652 kcal/mol) and with R125L (-2.396 kcal/mol) 

(Table 6). Although, the architecture of the well is shallow (no cavities) and may 

generate complications for efficient designing of potential inhibitors, I designed 

peptides targeting this structure and they are part of Group I derived from PD-1.  

The pockets formed in the structure of PD-L1 accommodate I126 and I134 from PD-1. 

The G value was designated by the MM/GBSA analysis at -3.232 kcal/mol for I126 

and -5.129 kcal/mol for I134 (Figure 30). Both these amino acid residues are part of the 

PD-1 derived peptides from Group II.  

The groove and two pockets cover only five from nine hot amino acid residues in PD-1. 

Based on the crystal structure Zak et al.62 (Table 2) additionally points out the 

importance of N66, K78, A132 and E13662. The MM/GBSA calculation run for 

purposes of my research is in agreement with those results. These amino acids were also 

included in the sequence of the peptides from Group I and II.  

The residues N66, Y68, Q75, K78, E84, I126, L128 and I134 are eight hot spots 

selected by Huang et al.255 basing on MM/GBSA alanine scanning. The importance of 

E84 and L128 is not observed by Zak et al. in the crystal structure62 and the per-residue 

energy decomposition for those amino acids designated by MSc Kogut was only -1.130 

and -2.085 kcal/mol. The data presented here additionally point out the importance of 

E136 which is designated as a hot spot by Zak et al.62 but not by Huang et al.255. E136 

forms a hydrogen bond with Y123L (-3.642 kcal/mol) and a strong salt bridge with 

R113L (-11.303 kcal/mol) and R125L(-7.319 kcal/mol). However, according to Huang et 

al.255, its binding free energy is estimated at below 1 kcal/mol while according to the 

per-residue calculation, run for the purposes of my research, it is -4.228 kcal/mol. 

Furthermore, these data confirm the formation of hydrogen bonds between K78 and 
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F19L (-5.572 kcal/mol), D122L (-5.245 kcal/mol) and A121L (-3.996 kcal/mol). The 

work presented by Ding and Liu256 concentrating on mapping the interface of  

PD-1/PD-L1 using molecular mechanics Poisson–Boltzmann surface area (MM/PBSA) 

methods confirms the hot spots designated in the previously described results. 

Moreover, the results obtained by Ding and Liu256 indicate that the energetically 

dominant amino acid residues create the hydrophobic core of the interface which is 

surrounded and protected from the solvent by the polar, less energetically influential, 

amino acids256. Besides the aforementioned research, Du et al.257 studied the PPI 

between PD-1 and PD-L1 by MM/PBSA methods. Part of the hot spots, reported by 

them, overlap the aforementioned hot regions, namely Q75, T76, K78, D85 and E136. 

However, they also reported that K131, K135 and R104 are important for ligand 

binding by PD-1. These data stand in contradiction to calculation outcomes collected by 

MSc Kogut and those of others. The interface designated from the crystal structure does 

not confirm the relevance of the hot spots selected by Du et al.257 and the data from 

MM/GBSA summarized in the Table 6 do not indicate an energetical influence of 

K131, K135 and R104. The authors suggested that the structure obtained from the 

crystal of PD-1/PD-L1 should not be taken into consideration in inhibitors designing as 

the PD-1 interface is flexible and the rigid structure of the crystal does not reflect the 

physiological condition in the solution257. Although, according to the crystal structure 

and MM/GBSA calculations run in this work, K131 and K135 are not part of the 

interface, they are included in the sequence of long peptides from Group II, as they are 

placed in the protein sequence between energetically important amino acid residues. 

Moreover, amino acid substitution in protein provides additional information regarding 

the hot spot amino acids and interface of the complex. Over the years, several PD-1 

mutants were described. Lázár-Monlár et al.258 performed the PD-1 protein mutations in 

positions K78A and I126A. Both of them lead to loss or reduced binding to PD-L1 and 

PD-L2. The K78 is part of all of the peptides from Group I of the PD-1 derived peptides 

and I126 is part of almost all of the peptides from Group II except (13). Mutations in 

positions L128A, L128R, I134A and E136A lead to reduced binding to PD-L1 but not 

to PD-L2258, also those amino acids are part of the peptides from Group II. 
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1.2. Analysis of the PD-L1 interface 

As mentioned before in the PD-L1 interface, three structures focusing hot spots may be 

distinguished, namely a shallow groove and two pockets. The shallow groove is 

composed by PD-L1 residues: D122L, Y123L, K124L, R125L and D26L
62. The energy 

decomposition for these amino acids was already described above. The interaction 

between D26L and Q75 was not mentioned before, however, it has an important input 

for the PPI, and is created through rearrangement in the PD-1 structure occurring during 

binding with PD-L162. The strong interaction between D26L and Q75 is supported by 

MM/GBSA calculation run in this work, and the pairwise per-residue energy 

decomposition for these two amino acids is -3.090 kcal/mol. The region of this shallow 

groove is covered by the PD-L1 derived peptides from Group IL and IIIL.  

One of the two pockets in PD-L1 consists of M115L, A121L and Y123L, and 

accommodates I126. According to the pairwise per-residue energy decomposition 

calculations, the ΔG between the components of the PD-L1 pocket and I126 is not so 

important for the creation of the complex as the interaction energy is above -1 kcal/mol. 

However, the energy decomposition on a per-residue basis for a pocket constituent is 

strong and for M115L it is -2.349 kcal/mol, for A121L -4.575 kcal/mol and for  

Y123L -3.297 kcal/mol. The aforementioned amino acids residue are part of the peptides 

from Group IIIL.  

The second pocket in the PD-L1 interface consists of Y56L, E58L, R113L, M115L, 

Y123L, and accommodates I13462. From pairwise per-residues calculation, Y123L and 

R113L interact with I134 and the energy is -2.600 kcal/mol and -1.844 kcal/mol, 

respectively. For the rest of the amino acid residues of the pocket, the interaction energy 

with I134 is above -1 kcal/mol. However, considering the input of energy contribution 

in creating the PPI, basing on per-residue decomposition, it is strong for the 

aforementioned M115L (-2.349 kcal/mol) and Y123L (-3.297 kcal/mol) and for Y56L  

(-2.740 kcal/mol), and R113L (-4.681 kcal/mol). The peptides from Group IIL and IIIL 

comprise the region of the second pocket in PD-L1. 

According, to the crystal structure of PD-1/PD-L1 obtained by Zak et al62 and 

MM/GBSA calculation presented in my PhD thesis, there are two more crucial amino 

acid residues in the PD-L1 structure, important for the complex formation with PD-1, 

namely, A18L and F19L. Corresponding to the energy decomposition on a per-residue 



 

121 
 

basis, the energy input of A18L is unfavourable for the PD-1/PD-L1 complex, the ΔG 

value for A18L is 3.457 kcal/mol; nonetheless, it strongly interacts with E84  

(-9.797 kcal/mol), D85 (-2.057 kcal/mol) and R86 (-3.904 kcal/mol). Inversely, F19L 

has a positive impact on the complex creation, because the ΔG for this amino acid 

residue is -5.584 kcal/mol and the interaction energy with K78 is -5.572 kcal/mol. F19L 

is part of the peptide from Group IL.  

The results of MM/GBSA analysis conducted by Huang et al.255 are only partially 

consistent with the data obtained in this work, pointing out six hot spots for  

PD-L1: Y56L, Q66L, R113L, M115L, Y123L and R125L. From MM/GBSA analysis run 

for this dissertation, Q66L forms the hydrogen bond with A132 and the energy of the 

interaction is -1.954 kcal/mol, while the energy decomposition per-residue is only  

-0.296 kcal/mol and it is not marked here as a hot spot. Moreover, Huang et al.255 point 

out the importance of F19L, A121L and D122L for the complex creation nonetheless, 

they did not consider those amino acid residues as hot spots. MM/GBSA calculations 

run in this work point out the importance of F19L and A121L for the PD-1/PD-L1 

formation. Whereas the work presented by the Ding and Liu256 focusing on mapping the 

interface of PD-1/PD-L1 did not mentioned F19L at all; however, they confirms the rest 

of the hot spots designated in the previously described results. Additionally, Huang et 

al.255 mentioned I54L as a warm spot and data in my PhD dissertation confirm these 

results, evaluating the ΔG at about -1.389 kcal/mol. Huang et al.255 indicate that I54L 

interacts directly with L128. 

2. The PD-1 and PD-L1 derived peptides 

Basing on the MM/GBSA calculations and the crystal structure of PD-1/PD-L162 

complex, I designed 13 peptides derived from PD-1 and 17 peptides derived from the 

PD-L1 protein. The PD-1 derived peptides have been divided into two groups. Group I 

contains peptides from N-terminal of PD-1 while Group II consists of peptides from  

C-terminal of PD-1. In both groups, the linear peptides and their analogues with 

disulphide bond are present. Peptides derived from PD-L1 have been divided into three 

groups. Group IL contains only one peptide from N-terminal of PD-L1, Group IIL 

consists of five peptides derived from the middle part of the protein while eleven 

peptides from C-terminal of PD-L1 create Group IIIL. In Group IL and IIL, there are only 

linear peptides. Peptides from Group IIL were excluded from further research due to 



 

122 
 

their hindered solubility in aqueous solvents. Group IIIL of the PD-L1 derived peptides 

is the most diverse group of all the designed peptides. The most basic are linear peptides 

trimmed from the PD-L1 structure with C114L and M115L exchanged to their isostere 

Abu and Nle, respectively. I also designed peptides with a disulphide bond and among 

them three analogues of (L8) with exchanged G120L, for which the calculated ΔG value 

is 0.685 kcal/mol, to serine (L12), phenylalanine (L13) and glutamic acid (L14) which 

can be a donor and an acceptor of additional hydrogen bonds or van der Waals 

interactions. The last tested modification was examination of the input of exchanging 

the M115L with the calculated ΔG value on -2.349 kcal/mol to Nle, this modification 

was introduced to peptides to prevent methionine oxidation. I introduced the disulphide 

bond to the peptide structure to examine the influence of the structure organization on 

their binding properties. To create disulphide bonds, I exchanged the native amino acids 

to cysteine. The amino acids were selected in such a way as to preserve the key  

(hot spot) amino acids for the stability of the PD-1/PD-L1 complex. This modification 

should enable the formation of the β-harpin structure, as it was reported previously, it 

might be essential for the interaction with the β-sheet-rich proteins such as PD-1 and 

PD-L1204,206,239. The short linear peptides, probably will not adopt the β-harpin 

conformation which in protein is stabilized by many interactions, like hydrogen bonds, 

salt bridges and Van del Waals interactions.  

The research conducted by Zhou et al.204, and Abbas et al.203 confirmed that cyclization 

and organization of the peptide structure can increase affinity to the targeting molecule. 

These two groups designed peptides based on the C-terminal part of the PD-L1 protein, 

interacting with PD-1 (Table 5, no. 33-37 and 25-32). The peptides consist of the amino 

acids from G110L to A132L (DS-II) reported by Zhou et al.204, and from Y112L to T127L 

(YT-16) reported by Abbas et al.203. Exchanging the amino acids residues V111L and 

T127L to cysteines in peptide DSII and the creation of a disulphide bond increase 

affinity to PD-1 by almost ~10-fold in comparison to linear peptide (KD 28µM and  

109 µM, respectively)204. In peptide YT-16, to create a disulphide bond, Abbas used 

C114L (from PD-L1 sequence) and replaced R125L with cysteine. Additionally, the 

peptide’s chain was reduced by seven amino acid residues compared with DS-II. Those 

changes led to a decrease of the dissociation constant to 17.8 nM which is lower than 

the affinity of PD-1 to PD-L1 for two orders of magnitude203. This research shows that 

not only introduction of a disulphide bridge to the peptides structure may have influence 
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on the affinity to the target but also slight changes in the amino acid sequence may 

influence the binding strength.  

3. SPR analysis of the PD-1/PD-L1 complex – obstacles during analysis 

condition optimisation 

Based on the SPR results, I obtained the KD value for the PD-1/PD-L1 complex. In 

literature, there are available experimentally determined values of KD
32,42,128; however, 

this constant can slightly differ depending on the applied sensor chip (way of protein 

immobilization), protein (with or without glycans, tag), number of molecules 

immobilized on the sensor chip surface (mass transfer effect). When human glycolyzed 

PD-L1 was immobilized to the CM5 sensor chip and titrated with human glycolyzed 

PD-1, the KD value was 1.56 µM. In a reversed system, human glycolyzed PD-1 

immobilized on the CM5 sensor chip and titrated by the glycolyzed PD-L1, the KD 

value was established at 1.04 µM, what is in the same order of magnitude (Figure 33 

and 50, respectively). When human glycosylated PD-L1 with biotin tag was 

immobilized on the SA sensor chip and titrated with human PD-1 without glycans, the 

KD was lower and its value was 22.6 nM (Figure 52). The association of proteins 

happens faster in the case of deglycosylated PD-1 what may be an effect of the easier 

steric access to the binding sites of PD-L1. Moreover the dissociation of PD-1 appears 

12 times slower. Literature reports also confirm that the KD value for the deglycosylated 

proteins from the PD-1/PD-L1 complex is lower (higher binding) than the one of the 

glycosylated proteins (Table 16). 

Table 16. Equilibrium dissociation constant (KD) obtained for the PD-1/PD-L1 complex in a 

different system measured by the SPR. ND – no data; bolt – results received by me. 

Immobilized 

protein 

Type 

of 

sensor 

Glycans Express 

system 

Analyte Glycans Express 

system 

KD [µM] 

PD-1-Fc42 CM5 + ND His-PD-L1 + CHO 7.5 ± 2.2 

PD-L142 SA + HEK 293 PD-1-Fc  ND 8.2 ± 0.1 

PD-1128 CM5 - E.coli His-PD-L1 + HEK293 1.15 ± 0.11 

PD-L1181 CM5 - E.coli PD-1 - E.coli 0.18 

PD-1181 CM5 - E.coli PD-L1 - E.coli 0.16 

PD-L1-Fc CM5 + CHO HisPD-1 + HEK 293 1.56 ± 0.96 

PD-1-Fc CM5 + CHO HisPD-L1 + HEK 293 1.04 ± 0.87 

PD-L1 SA + HEK 293 PD-1 - E.coli 0.023 ± 

0.006 
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3.1. Differences in binding of the PD-1 derived peptides to PD-L1 - 

analysis of the SPR data 

In the next step, I evaluated the binding of the designed PD-1 derived peptides to the 

target molecule. From thirteen PD-1 derived peptides, seven bind to PD-L1. Peptides 

from Group II bind stronger with PD-L1 than the ones from Group I. The strongest 

binding to PD-L1 is observed for peptide (10) and KD determined for the 

protein/peptide complex is comparable to KD obtained for PD-1/PD-L1. The linear 

analogue of this compound, peptide (9), does not bind to PD-L1. The difference 

between those two peptides results from introducing the disulphide bridge to peptide 

(10), which is associated with exchanging S137 to cysteine residues. Additionally, (9) 

contains Abu in position 114. According to MM/GBSA calculation, S137 is not 

important for creating the PD-1/PD-L1 complex and the energy decomposition on a per-

residue basis for it is 0.020 kcal/mol. The same pattern is noticeable for linear peptide 

(5) and its analogue with a disulphide bridge, peptide (7). Peptide (7) is longer than 

peptide (10) by seven amino acid residues and has a disulphide bond in the same 

position. The KD value for the PD-L1/peptide (7) complex is similar to the one obtained 

for PD-L1/peptide (10) and around 12-fold higher than for its linear analogue, peptide 

(5). The KD received for the interaction of peptides (6) with PD-L1 is around 11-fold 

higher than for its linear analogue, peptide (5), and only slightly weaker than for peptide 

(7), the KD value for (7) is 4.66 µM and for (6), it is 5.36 µM. Peptides (6) and (7) differ 

by the position of the disulphide bridge. To create the disulphide bridge in peptide (6),  

I exchanged T120 and E141 to cysteine residues and Cys114 to Abu. T120 and E141 

are not important for the PD-1/PD-L1 complex formation and they energy input for the 

complex formation basing on the per-residue energy decomposition is 0.067 kcal/mol 

and 0.017 kcal/mol, respectively. In peptides (11) and in its shorter analogue with the 

disulphide bridge in the same position, peptide (12), I exchanged A125 and K135 to 

cysteine. According to MM/GBSA, both those amino acid residues do not have an 

impact on the formation of the PD-1/PD-L1 complex (per-residue energy 

decomposition is 0.065 kcal/mol and 0.151 kcal/mol, respectively); however, those 

peptides do not bind to PD-L1. Du et al.257 pointed out the importance of K135 which 

was not seen in the MM/GBSA calculations. Whereas, the importance of A125 on the 

PD-1/PD-L1 complex formation is not mentioned in the available literature. Peptide 

(13) is the last one from Group II, its KD value for the interaction with PD-L1 is in the 
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same range of magnitude as for the proteins complex, however, it is 5-fold weaker. This 

peptide is composed only of five amino acid residues, yet it consists of A132, I134 and 

E136 for which the energy input for the complex formation is -2.134 kcal/mol,  

-5.130 kcal/mol and -4.228 kcal/mol, respectively. It is worth to mention the change of 

binding between peptides (3) and (4) which are analogues that differ by the position of 

the disulphide bridge in the amino acid sequence. Peptide (4) does not bind to PD-L1 

whereas KD for peptide (3) is 17.8 µM. The loss of binding ability by peptide (4) may 

result from exchanging D77 to cysteine. D77 interacts with K124L with energy of about 

-6.381 kcal/mol (Table 6). 

In the drug discovery pipeline, the designation of KD by SPR is often one of the first 

steps of a potential drug evaluation. Many reports present the data regarding affinity of 

the PD-1/PD-L1 peptide inhibitors; however, the majority of published peptides target 

PD-1, there are few publications deliberately regarding peptides targeting PD-L1. 

Nonetheless, available reports provide a possibility to compere peptides designed by me 

with the ones reported in the literature. In chapter 5.2.1 of Introduction, I described and 

tabulate (Table 4 and 5) reported peptides targeting the PD-1/PD-L1 axis. The PPA-1 

and PPA-2 peptides obtained by Chang et al181 bind to PD-L1 with a similar strength as 

peptide (10), the obtained KD for them is about 0.51 µM and 1.13 µM, respectively 

(Table 4, no. 8 and 9), while for peptide (10), it is 1.52 µM. However, the KD for  

PD-1/PD-L1 received in the same experimental condition is 0.18 µM181. Although, the 

affinity of those peptides to PD-L1 is weaker than the one of PD-1 to PD-L1, peptide 

PPA-1 disturbs the PD-1/PD-L1 axis in in vitro competitive assay and inhibits the 

growth of CT26-tumour in experiment with tumour bearing mice model181.  

3.2. Differences in binding of the PD-L1 derived peptides to PD-1 - 

analysis of SPR and ELISA data  

From twelve PD-L1 derived peptides, the binding with PD-1 is observed for ten of 

them, when peptides are immobilized to the sensor chip. In this condition, the 

evaluation of KD for peptide (L1) was unsuccessful. However, during optimalization of 

the experiment condition, I registered the sensorgrams for this peptide with PD-1 

immobilized on a sensor chip and (L1) binds to PD-1 with KD = 25.7 µM (Figure 50). 

As already mentioned, the system with peptides immobilized to the sensor chips does 
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not reflect the biological condition and the length of the (L1) peptide may be an 

obstacles here during measurements. Taking that into consideration, the lack of binding 

of (L15) with PD-1 may be caused by its size. The analogues of peptide (L9), namely 

(L12), (L13), (L14), with exchanged G120L to serine, phenylalanine and glutamic acid, 

respectively bind PD-1 with similar KD ranging from 33.3-52.4 µM, while KD for (L9) 

is about 36.0 µM. The longest synthesised peptide with a disulphide bond, namely 

(L11) exhibits a strong interaction with PD-1. The KD value for the (L11)/PD-1 

complex is about 100 times stronger than the one for complex of its linear  

analogue - (L7), with PD-1. Also the strong binding of PD-1 to the peptides (L16) and 

(L17) is observed which contain native M115L not exchanged to Nle. That confirms the 

importance of this amino acid residue as the analogues of these peptides with Nle 

instead of methionine, peptides (L7) and (L13), bind PD-1 with the KD value higher by 

two and one order of magnitude (weaker binding), respectively. The rationally designed 

peptides based on the PD-L1 structure reported by Zhou et al.204 also contain M115L in 

the amino acid sequence and their affinity to PD-L1 differs depending on the length of 

the amino acid sequence and position of the disulphide bridge. The calculated KD for 

these peptides with PD-L1 varies from 109 µM to 11.6 µM (Table 5, no. 34-37)204. 

During SPR analyses of the PD-L1 derived peptides, I used PD-1 produced in the  

E. coli system, which is characterized by the lack of protein glycosylation. N58 has been 

reported as an important glycosylation site which has a significant impact on the 

stabilization of PD-1 on cell membrane. Furthermore, the mutation at the  

N-glycosylation sites, especially in position N58Q in PD-1, leads to a decrease in the 

binding affinity to PD-L1259. PD-L1 glycosylation, like in case of PD-1, influence its 

stability on the cell surface and T cell activity260. Moreover, deglycosylation of PD-L1 

influences its interaction with the anti-PD-L1 mAb used in clinical practise, leading to a 

decrease of binding by 43-fold in the case of Avelumab (from 0.4 nM to 17 nM) and  

3-fold in the case of Atezolizumab (from 4.7 nM to 17.8 nM)261. However, the crystal 

structure of the PD-1/PD-L1 complex was obtained for the human proteins produced in 

the E. coli expression system what confirms that PD-1 and PD-L1 glycosylation is not 

required for proteins binding, yet it may influence the affinity and kinetics parameters62. 

Taking into consideration all these data, I decided to perform indirect ELISA to confirm 

if the PD-L1 derived peptides interact with glycolyzed PD-1.  
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According to the results obtained from indirect ELISA, the glycolyzed PD-1 interacts 

with all the tested peptides. It is important to mention that the peptides concentrations 

used in the ELISA and SPR analysis differ from each other and I will not compere the 

received binding strengths of the peptides between those two techniques. The results 

obtained from ELISA indicate also that PD-1 binds to (L1) and (L15). As already 

mentioned, this interaction was not seen in the SPR analysis performed in the similar 

system where peptides were immobilized to the sensor chip. This difference may be a 

result of the number of the molecule binds to the surface (the plate in the case of ELISA 

and the sensor chip in SPR) and accessibility of the PD-1 binding sites to the peptides. 

Before ELISA, I optimised the concentration of the peptides immobilized on the plate. 

In the case of SPR, the optimal theoretical peptide immobilization level was calculated 

before the immobilization; however, it was not optimised in the experimental approach 

due to the cost of the sensor chip, what could have influenced the final results. 

4. Peptides evaluation in in vitro cellular assays 

Determining the strength of the interaction between the designed peptides and the target 

proteins does not provide a full spectrum of information regarding their potential as 

inhibitors of proteins binding in a biological system. In SPR or ELISA, we have clear 

system, where only one protein is available for the testing compound. This 

configuration does not reflect the complexity of cell biology. To better examine the 

potency of the designed peptides, I decided to run an in vitro competitive assay on the 

cell line with a stable expression of the PD-L1 (TCS PD-L1) and PD-1 (J-PD-1) 

proteins. Moreover, I performed a stimulation assay to checked if the designed peptides 

are able to restore the biological functions of PD-1 by activating the PD-1 signalling 

pathway after inhibition of the PD-1/PD-L1 complex. Stimulation assays were run in 

two different systems basing on the stimulation of the transcription factors responsible 

for the T cell activation pathway, namely NFAT and NF-κB. The PD-1 derived peptides 

were examined on a commercially available platform created on the luciferase reporter 

gene under the NFAT response element. Whereas the PD-L1 derived peptides were 

tested using the platform constructed on the eGFP reporter gene under the NF-κB 

response element created by prof. Peter Steinberger’s group. Different approaches were 

due to accessibility and cost of the tests. Both platforms differ between each other not 

only by the transcription factor used but also by the cell lines used in the experiment 
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(CHO-K1 and BW5147), time of peptides incubation with the cell lines (6h and 24h) or 

by the measurable effect of inhibition (expression of luciferase or eGFP). The 

conditions of the experiment could have had an impact on the received results by 

influencing the peptides behaviour - their stability and degradation. Moreover, the 

peptides could have also had an influence on the cell line viability. All these distinctions 

may have a reflection in the received results.  

The in vitro assays are run on the living cells which may differently react to the tested 

compounds, sometimes leading to unwanted cell death. Thus, it is important to examine 

the influence of the tested compounds on cell viability. Moreover, the cells live in a 

complex medium with the addition of FBS which may have an influence on the peptides 

stability. Taking this into consideration, before performing the competitive and 

stimulation assay, I decided to investigate the peptides stability in the RPMI 1640 

medium with 10% FBS and the influence of the chosen compounds on cell viability. 

Basing on the results of SPR analysis, I chose seven peptides binding to PD-L1 and 

twelve binding to PD-1 for further examination. Peptides showing no affinity to the 

target protein or not soluble in the aquas solvent were excluded from further research. 

The stability results obtained from the HPLC chromatograms show no additional 

signals. However, the reduction of the signal was observed in the PD-1 and PD-L1 

derived peptides. It can be caused by the interaction of the peptides with some 

components of the medium such as the serum albumin proteins during the sample 

preparation which includes precipitation of the medium components by ethanol and 

spinning. Process of non-specific binding of peptides with albumins was observed 

previously and may occur due to hydrophobic interactions with proteins241–243. Besides 

the non-specific binding of the peptides with albumins, they could have underwent a 

degradation, and the degradation products exhibit nonspecific binding with some 

components of the medium, which can result in the lack of additional signals in the 

registered chromatograms. The albumins are responsible for the transport of 

endogenous metabolites and exogenous compounds, and affect the pharmacokinetics of 

many drugs. The non-specific binding of peptides to the human albumins may be an 

advantage facilitating the transport of the peptides in the serum and prolonging their 

half-life time243,262.  
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Subsequently, I performed a viability cell assay on three cell lines – CHO-K1, Jurkat 

E6.1 and TCS Ctrl – for the peptides derived from the PD-1 and on two cell  

lines – Jurkat E6.1 and TCS Ctrl – for peptides derived from PD-L1. From the obtained 

results, it can be seen that the tested peptides influence each cell line differently. The 

viability of the Jurkat E6.1 cells is demonstrating the slightest changes after the 

treatment with the peptides and they have a negative influence on cell viability only at 

the highest tested concentration. It is worth to mention that this cell line originated from 

a human donor. The CHO-K1 and TCS Ctrl (BW5417) come from hamster and mouse, 

respectively, and they are more sensitive to peptide treatment, and for some compounds, 

a cytotoxic effect at the highest tested concentration in the case of the CHO-K1 cells has 

been observed. For TCS Ctrl (BW5417), the peptides influence on their viability is  

even stronger. 

In the reports published by Ganesan et al.263, Magiera-Mularz et al.195 and Zyla et al.196, 

regarding macrocyclic peptides p101, p104 and BMS-57 (patented by Bristol-Myers 

Squibb), the tested peptides do not exhibit a cytotoxic effect on the Jurkat E6.1 and 

CHO-K1 cell lines; however, the maximal tested concentration did not exceed 10 µM. 

At this concentration, the obtained peptides synthesised by me also did not exhibit the 

cytotoxic effect.  

After the evaluation of the peptides stability and their cytotoxic effect, I also examined 

the ability of the PD-1 derived peptides to compete with the PD-1 protein for binding to 

PD-L1 on the cell surface and to restore NFAT-RE mediated luciferase expression by 

blocking the PD-1/PD-L1 complex in the cell based assay. Peptides (7) and (10) inhibit 

the proteins complex formation in an in vitro assay and also exhibit the strongest 

affinity for the PD-L1 protein among the tested compounds (KD 1.52 µM and  

KD 4.66 µM, respectively). Both those peptides restore the luminescence in an 

inhibitory bioassay but the effect is not intense and the fold induction for the 50 µM 

concentration is about 1.2. Moreover, peptide (7) prevented the complex formation in 

the competition assay with the PD-1 protein whereas this effect is not observed for 

peptide (10). In the competition assay, peptide (6) at the highest tested concentration 

also prevents PD-1 from binding with PD-L1 and possesses a similar affinity to PD-L1 

(KD 5.36 µM) as peptide (7) but it does not restore the NFAT-RE mediated 

luminescence (Figure 46).  
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For comparison, the aforementioned peptides PPA-1 and PPA-2 reported by  

Chang et al181 do not compete with PD-L1 for binding to PD-1 at a similar 

concentration as tested by me. The inhibitory effect for PPA-1 and PPA-2 (Table 4,  

no. 9-10) is observed at the 0.2 mg/ml concentration ( ̴130 µM), which is almost three 

times higher than the one used in this work. The data published by Ganesan et al.263, 

Magiera-Mularz et al.195 and Zyla et al.196 regarding inhibiting PD-1/PD-L1 by restoring 

the stimulation pathway of NFAT-RE by p101, p104 and BMS-57 show that these 

compounds restore the stimulation effect two to three times more effective than peptides 

(10) and (7). All these data suggest that the best PD-1 derived peptides, namely peptide 

(10) and (7) have a potential to be PD-1/PD-L1 inhibitors used as anticancer drugs, 

however, their structure has to be further optimised. 

The PD-L1 derived peptides were tested in similar approaches, namely, I examined 

their ability to compete with the PD-L1 protein for binding to PD-1 on the cell surface 

and to restore the NF-κB mediated eGFP expression by blocking the PD-1/PD-L1 

complex in the cell based assay. Peptides (L1) and (L11) prevent PD-L1 binding in a 

competition assay in a concentration-dependent manner; moreover, (L11) among all the 

PD-L1 derived peptides stimulates the eGFP expression by the inhibition of the  

PD-1/PD-L1 complex formation in a concentration-dependent manner. This peptide 

also exhibits one of the strongest affinity for the PD-1 protein among the tested peptides 

(KD 2.04 µM) and binds the glycolyzed PD-1 protein in ELISA assay. 

Since the PD-1/PD-L1 complex structure was reported62, many peptides basing on the 

rational designing were tested. Scientist put a lot of interest into the PD-L1 fragment 

covering Group IIIL of the designed peptides. Some of them, investigated by Zhou et 

al.204 and Abbas et al.203, were already described in this chapter in the fragment 

discussing the effect of cyclization and organization of the peptide structure. Moreover, 

Wang et al.206 reported seven peptides and peptidomimetics (linear, with a disulphide 

bridge, tryptophan zipper and D-proline in the peptide loop) consisting of the amino 

acid residues from R113L to I126L. Peptide P1.3 (Table 5, no. 44), with D-proline in the 

loop and tryptophan in the position S117WL and D121WL creating a tryptophan zipper, 

shows the lowest KD for binding with PD-1 (1.80 µM) and has the ability to restore IL-2 

secretion in a co-culture model with the activated Jurkat E6.1 and HCT-116 cell lines. 

Peptides reported by Zhou et al.204, Abbas et al.203 and Wang et al.206, depending on the 

length of the amino acid sequence, the disulphide bridge position and approach to 
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structure organization, bind to PD-1 with KD from 0.018 to 474 µM (Table 5, no. 25-37; 

42-48). Even the linear peptide PL120131, which is not structured, consisting of the 

amino acid residues from G120L to D131L (Table 5, no. 18), reverses the apoptotic 

signal in murine primary lymphocytes and the Jurkat cells induced by sPD-L1177. All 

those data indicate the importance of this PD-L1 region and show that many approaches 

can be tested to improve the biological function of those peptides to bring new 

anticancer drug. 

5. Conformation of peptide PD-1(122-138)C123-S137C 

To gather more information regarding the conformation and binding site of the leading 

peptides with PD-L1, the NMR analysis was performed and the received structure was 

docked to PD-L1. As already mentioned, peptides (7) and (10) are the best choice for 

further development from the peptides designed based on the PD-1 structure. Those 

peptides are analogues with a disulphide bridge in the same position which differ only 

by the number of amino acids. Peptide (10) is shorter by about 3 amino acids on the  

N-terminal side and 4 amino acids on the C-terminal side than peptide (7). Additionally, 

they differ in the solubility in aqueous solutions in favour of peptide (10). Due to this 

aspect, peptide (10) was chosen for further research and structure optimalization. NMR 

data show that this peptide possesses the β-hairpin like structure stabilized by 

intermolecular hydrogen bonds and a disulphide bridge and interacts with PD-L1 in this 

same place as PD-1. Moreover, the structure of this peptide received from the NMR 

analysis displays structural similarities with BMS-57 and BMS-71, patented by BMS213 

company and investigated by Magiera-Mularz et al.180. Structures of peptide (10) 

(Figure 76 B) and BMS’s (Figure C, D) are more “relaxed” then the fragment trimmed 

from PD-1 (Figure 76A). BMS-57 and BMS-71 binding sites with PD-L1 partially 

overlap the PD-1/PD-L1 interface similarly to peptide (10).  
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Figure 76. Structure of peptide (10) and patented PD-1/PD-L1 complex inhibitors213.  

A) Peptide (10) structure trimmed from the PD-1 protein. B) Peptide (10) structure of dominant 

families from the NMR analysis238. C) Structure of BMS-51 (PDB ID: 5O4Y)180. D) Structure of 

BMS-71 (PDB ID: 5O45)180. 

6. PD-1(122-138)C123-S137C peptide’s loop modification and its influence 

on the interaction with PD-L1  

Taking into consideration the inhibitory properties received for peptide (10) and that it 

forms a β-hairpin-like structure in the loop, however, with the flexibility on the N- and 

C-terminals, I decided to introduce potential improvements in the structure stabilizing 

the β-turn which could additionally stabilize the β-hairpin peptide structure  

(Figure 76B). There are many approaches available in the literature which have a 

documented influence on the stabilization of β-harpin, namely: 

• introducing salt bridges by adding to the peptide sequence amino acids with 

electrically charged side chains placed opposed to each other264; 

• introducing the aryl-aryl interaction265,266; 

• introducing disulphide bridges267,268, or 

• introducing into the loop amino acids with D-configuration, mainly D-proline and 

D-alanine or D-proline/L-proline, D-proline/glycine251,252. 

 

In my studies, I decided to test the last two mentioned approaches by introducing the 

changes in the amino acid sequence in the region from A129 to K131, which 

additionally should enhance the stabilization enforced by the disulphide bridge. The 

PD-1/PD-L1 complex structure62 and MM/GBSA analysis indicate that those amino 

acid residues are not involved in the proteins complex formation. Their per-residues 
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energy decomposition is 0.048 kcal/mol for A129, 0.250 kcal/mol for P130 and  

-0.378 kcal/mol for K131. They were exchanged in varied combinations to D-alanine, 

glycine and D-proline. D-proline and glycine introduced to A1 are classical examples of 

β-turn stabilizing the β-hairpin251,252,269,270. Based on numerous literature publications, it 

is known that the sequence of connections: L-Pro-D-Ala271 or L-Pro-Gly269 and  

D-Ala-L-Pro-Gly-D-Ala272 or Pro-X (where X= Gly, L-Ala, D-Ala, Aib, Leu)273 also 

enforce the formation of the β-turn structure. Based on the above information,  

I designed five additional analogues in which, together with disulphide bridge 

introduced earlier to the peptide, aforementioned modifications should enable the 

orientation of torsion angles in the β-turn in such a way that they force the formation of 

the β-hairpin structure. Of course, a number of other factors are involved in the 

stabilization of the β-hairpin, such as hydrophobic and electrostatic interactions as well 

as hydrogen bonds. Only a thorough analysis using the NMR technique would provide 

precise information whether the proposed analogues form a structure with a greater 

contribution of the β-sheet than in the peptide (10). Such a conformational analysis 

could of course be very interesting, but it is not the subject of my PhD thesis; however 

to investigate the influence of the introduced modification on the formation of β-hairpin, 

the theoretical structure of peptide (10) analogues was designated. The analysis was 

performed by Ph.D. Adam Sieradzan using All-atom Molecular Dynamics simulation 

by the AMBER16 software package274. The obtained structures are presented in Table 

17. The structures of analogues A1, A3 and A6 display structural similarities with 

peptide (10) and BMS compounds (Table 17)180. 

Like in case of the PD-1 and PD-L1 derived peptides, I evaluated the new compounds 

by designating they affinity to PD-L1 by SPR. The received results indicate that the 

introduced changes in the loop do not improve affinity to PD-L1 compered to peptide 

(10). Exchanging APK to PpA in A6 even lead to the loss of affinity to the PD-L1 

protein. The KD for the A4 analogue with PaA in the loop is almost the same as the one 

received for peptide (10). The KD obtained for A3 and A5 is in the same range of 

magnitude as for their parent peptide, however, their binding to PD-L1 is weaker.  
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Table 17. Theoretical structures of peptide (10) analogues. D-amino acids are marked with a 

lowercase letter. Red – the exchanged amino acids from the peptide (10) loop. 

 

A1 Ac-LCGAISLApGAQIKECL-NH2 

 

A2 Ac-LCGAISLAaGAQIKECL-NH2 

 
 

 

A3 Ac-LCGAISLGpPAQIKECL-NH2 

 

A4 Ac-LCGAISLPaAAQIKECL-NH2 

 
 

 

A5 Ac-LCGAISLPaGAQIKECL-NH2 

 

A6 Ac-LCGAISLPpAAQIKECL-NH2 

 
 

7. Peptide PD-1(122-138)C123-S137C analogues evaluation in the in vitro 

cellular assays 

Modification introduced to peptide (10) analogues led to changes in their stability and 

reduced the interaction with the component of the medium. The substitution of L by D 

amino acids is a common procedure reported in the literature to reduce the interaction 

with the components of FBS253 and which is a standard method to enhance the peptide 

stability to the proteolytic degradation181,275. The strongest drop in concentration was 

observed for A3 after 24 h of incubation and it was 19% compared with the control. The 

results obtained for A4, A5 and A6 show that the highest decrease in concentration was 

3% for A6 after 24 h of incubation; however, this result is in the range of error. The 

peptides A3-A6 display lower affinity to the component of the tested medium than 

peptide (10) for which the concentration in time 0 compared with control was 81% and 

after 24 h of incubation it decreased to 55%. 
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Subsequently, I examined the influence of peptide (10) analogues on the viability of the 

Jurkat E6.1 and TCS Ctrl cell lines. Only two tested peptides, A5 and A6 exhibited a 

slight cytotoxicity to the Jurkat E6.1 cells at the highest tested concentration, but it did 

not exceed 10%. For peptide (10), changes in the cell viability were also observed only 

for the highest tested concentration. It is worth to mention that the slight proliferation 

effect on TCS Ctrl cells observed in the case of treating them with peptide (10) is 

strongly amplified in the case of peptides A5 and A6. It is also observed for A3 and A4, 

however, the effect is not as intense.  

In the cell functional assay performed to examine the competitive properties of peptide 

(10) analogues, it can be observed that changes introduced in the sequence of A3 led to 

the displacement of PD-1 in a dose-depending manner. For peptide (10) and the other 

analogues, this effect was not observed in the tested conditions. In the stimulation assay, 

based on a reporter gene expression (NF-κB::eGFP) system, peptide (10) and analogues 

A3, A4 and A5 restore the eGFP expression only at the highest concentration used in 

the test; however, this effect is not statistically significant. Taking into consideration the 

received results, the modification introduced in the peptide (10) loop led to an increase 

of competitive properties of A3, however, it did not improve the ability to restore the 

eGFP expression by inhibition of the PD-1/PD-L1 complex formation.  

The reports published by Wang K. et al.206 regarding stabilization of β-hairpin in 

peptides targeting PD-1/PD-L1 indicate that the introduction of D-proline to the loop of 

the peptides and two tryptophan residues increases the affinity of the peptide to PD-1 in 

SPR analysis and increases the secretion of IL-2 by activated Jurkat cells in a co-culture 

assay compared to the native peptide trimmed from the PD-L1 structure206. It indicates 

that improvements of peptide (10) or A3 may lead to the increase of its inhibitory 

potential. Further improvements of the peptide (10) structure are currently being 

implemented; however, they will not be discussed in this work. It is worth to mention 

that the research present in this work is a basic research and peptides structures required 

optimalization and development.   
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V. Conclusions 

In my doctoral thesis, I focused on finding the peptide inhibitors of the PD-1/PD-L1 

complex formation which will be able to restore the function of the immune system. 

Results received by me allowed the following conclusions to be drawn: 

• From the PD-1 derived peptides, seven interact with PD-L1, with the strongest 

binding determined for PD-1(122-138)C123-S137C - peptide (10) and  

PD-1(119-142)C123-S137C - peptide (7). Peptide (7) has the ability to displace  

PD-1 from the complex with PD-L1 in a competitive bioassay while peptide (10) 

exhibits the best inhibitory capacities in the cell-based assay. According to NMR 

data, peptide (10) possesses the β-hairpin like structure and interacts with PD-L1 

in the same place as PD-1. 

• From the PD-L1 derived peptides, twelve bind to PD-1, with the strongest 

affinity for peptides PD-L1(111-127)(Y112C-I126C)M115Nle - (L11), and  

PD-L1(113-126)(C114-K124C)G120F - (L17). Peptide (L11) displaces PD-L1 from the 

complex with PD-1 in a competitive bioassay while (L17) does not have such 

abilities. Moreover, only peptide (L11) disrupts the proteins binding in a cellular 

assays, restoring the PD-1 signaling pathway.  

• The designed analogues of peptide (10) interact with the PD-L1 protein weaker 

than the parent peptide but three of them have a binding constant of the same 

order of magnitude. Introducing the D-amino acids to the loop of peptide (10) 

positively influences the stability of the peptides and their effect on viability of 

cell lines. Proposed modification in the peptide (10) loop led to an increase of 

the competitive properties of A3, however, it did not improve the ability to 

restore the eGFP expression by inhibition of the PD-1/PD-L1 complex 

formation. 

The results obtained in this doctoral thesis contribute to the development of the 

knowledge in the field of the PD-1/PD-L1 complex antagonists. The results collected 

during my research regarding inhibitors of the PD-1/PD-L1 complex formation may be 

used in the future as a starting point for designing high performance  

immune-modulators.  
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VI. Materials and methods 

1. Materials and general information 

• All proteins used in this work are extracellular domains of recombinant human 

proteins.  

- Recombinant human PD-L1 protein with C-terminal His Tag, expression system 

HEK 293 –purchased from GenScript Biotech, USA (#Z03424); 

- Recombinant human PD-1 Chimera protein with C-terminal human Fc tag from 

IgG1 antibody, expression system CHO - purchased from GenScript Biotech 

company, USA (#Z03370); 

- Recombinant biotinylated human PD-1 protein with C-terminal His Tag, 

expression system HEK 293 - purchased from Sino Biological company, China 

(#10377-H08H-B); 

- Recombinant human PD-1, expression system E. coli - purchased from 

Recepton company, Poland (#R1-001-03); 

- Recombinant human PD-L1 protein with C-terminal His Tag, expression system 

HEK 293 - purchased from GenScript Biotech, USA (#Z03425); 

- Recombinant human PD-L1 Chimera protein with C-terminal human Fc tag 

from IgG1 antibody, expression system CHO - purchased from GenScript 

Biotech company, USA (#Z03371); 

- Recombinant biotinylated human PD-L1 protein with C-terminal His Tag, 

expression system HEK 293 - purchased from Sino Biological company, China 

(#10084-H08H-B). 

• Materials used in cell culture: PBS (Lonza Group Ltd, Switzerland, #BE17-517Q), 

FBS (Gibco, #10270-106), RPMI 1640 medium (Sigma-Aldrich, #R8758), F-12 

HAM medium (Sigma-Aldrich, #N6658), accutase (Sigma-Aldrich, #SCR005), 

penicillin-streptomycin (p/s) (Sigma-Aldrich, #N0781). 

• The Jurkat E6.1 and CHO-K1 cells were purchased from Cell Line Service GmbH 

company. The reporter cells and TCS are the property of the laboratory of prof. 

Peter Steinberger, Institute of Immunology, Medical University of Vienna, Vienna, 

Austria. Jurkat E6.1, reporter cells, BW5147 and TCS cell lines were maintained 
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in RPMI 1640, while CHO K-1 cell line were maintained in the HAM-12 medium. 

All culture media were supplemented with 1% of penicillin and streptomycin with 

addition of 10% of heat inactivated FBS. The cell lines were incubated at 5% CO2 

atmosphere in a humidified incubator at 37ºC. The cell lines culture were 

maintained according to the manufacturer procedure. 

• The following antibodies from Biolegend (USA) were used in the flow cytometry 

analyses: APC-conjugated anti-human PD-1 Ab (#EH12.2H7), PE-conjugated anti-

human PD-L1 Ab (#29E.2A3), APC-conjugated anti-human CD86 Ab (#IT2.2), 

PE-Cy7-conjugated anti-human CD3 Ab (#UCHT-1), APC-conjugated anti-mouse 

CD45 Ab (#104) (was used to exclude TCS cells in reporter assays),  

APC-conjugated mouse anti-human IgG Ab (Fc-specific) (#366906). Additionally, 

an antibody from Jackson Immuno Research Europe Ltd was used: PE-conjugated 

donkey anti-human IgG Ab (Fc-specific) (#709-116-098). 

• The antibodies used as a positive control: anti-PD-1 antibody was purchased from 

Promega company, USA (#J1201); atezolizumab (Tecentriq®, Roche) and 

pembrolizumab (Keytruda®, MSD Sharp & Dohme GmbH) mAbs were a generous 

gift for prof. Steinberger for the tests.  

• In all experiments and the peptide purification, the MiliQ water was used. 

• Some figures were self-created on the Biorender.com platform or customized from 

ready schemes available on this platform.  

2. Peptides synthesis  

Peptides were synthesised applying the solid-phase peptides synthesis (SPPS) protocol 

using an automated microwave peptide synthesizer (Liberty Blue, CEM Corporation, 

Matthews, NC, USA). The peptides synthesis was performed on a polyethylene glycol 

TentaGel R RAM resin with 0.21 mmol/g loading or a ProTide (CEM) resin with  

0.18 mmol/g, using the Fmoc/tBu chemistry. Standard amino acid derivatives were used 

during the peptides synthesis at concentration 0.2 M. The single cycle of the peptide 

synthesis using the Liberty Blue microwave synthesiser is presented below. 
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• Removing Fmoc protecting group from resin or α-amine group of amino acid by 

the 20% piperidine in the N,N-dimethyloformamide (DMF); 

• Washing of the resin (peptidyl-resin) by the DMF; 

• Coupling of the double excess of amino acid residue to resin loading in the 

presence of 0.5 M N,N-diisopropylcarbodiimide (DIC) in the DMF (as an 

activating factor) and 1.0 M ethyle cyano(hydroxyamino)acetate (Oxyma Pure) 

in the DMF (as an auxiliary nucleophile and racemization suppressor); 

• Washing of the peptidyl-resin and removal of the excess of the reagents by the 

DMF. 

After the coupling of the last amino acid from the peptide sequence, the Fmoc 

protecting group from the α-amine group of amino acid was removed by the 20% 

pieridine in the DMF and peptidyl-resin was washed by the DMF to remove the excess 

of the reagents. Subsequently, the N-terminal part of the peptide was modified 

depending on the required product: 

• Peptides with acetyl groups on N-terminal - amine group of the peptides was 

acetylated by the reaction with 1-acetylimidazole. Peptidyl-resin was mixed with 

1-acetylimidazole (1.10 g/1 g of resin) in the DMF (10 mL) and stirred at 

ambient temperature for 24 h. At the end, the peptidyl-resin was washed: 3 times 

in the DMF, 3 times in the DMF/dichloromethane (DCM) (1:1, v:v), and 3 times 

in the DCM. 

• Peptides with biotin on N-terminal – the reaction of biotin coupling was run 

manually using: 2.5 eq. of biotin (relative to resin loading), 2.36 eq. of TBTU 

(relative to resin loading), and 2 eq. of DIPEA (N,N-diizopropylethylamine) 

(relative to biotin). Primarily, the biotin with 2-(1H-benzotriazole-1-yl)-1, 1, 3, 3 

-tetramethylaminium tetrafluoroborate (TBTU) was mixed in a small amount of 

the DMF (3 ml) and then DIPEA was added. After 3 minutes, the mixture was 

added to the peptidyl-resin. The coupling reaction was run for 1 h with constant 

shaking and repeated once with a new portion of the reagents. At the end, the 

peptidyl-resin was washed: 3 times in the DMF, 3 times in the DMF/ DCM  

(1:1, v:v), and 3 times in the DCM. 
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3. Peptides cleavage  

Following the synthesis, the peptides were cleavage from the resin with the 

simultaneous removal of the side-chain protection groups by the mixture of 88% 

trifluoroacetic acid (TFA), 5% phenol, 5% H2O, and 2% triisopropylsilane (TIPS) 

(v:v:v:v). The mixture was added to the peptidyl-resin in the ratio of 10 ml to 1g of the 

resin and the reaction was conducted for 2 h at ambient temperature. Subsequently, the 

solution was filtered from the resin, vacuum-concentrated, and suspended in ice-cold 

Et2O. The peptides in Et2O were centrifuged – 15 min, 4,000 rpm at 4°C and 

decantated. The step of peptide centrifugation and decantation was repeated thrice, each 

time with the addition of a new portion of Et2O. Crude peptide was dried in vacuum 

desiccator, then dissolved in H2O, and lyophilized. 

4. Formation of disulphide bridges  

To form intramolecular disulphide bonds between sulfhydryl groups of cysteine 

residues, the peptides were dissolved in H2O:MeOH:AcOH (1:9:1, v:v:v) to a final 

concentration of 40 mg/l. Next, the solution of iodine in MeOH was added to receive 

the straw-yellow colour of the solution. The reaction was conducted at ambient 

temperature for 1 h with continuous stirring. After the reaction, iodine was removed 

from the solution by the filtration through the ion exchange resin - Dowex. 

Subsequently, the solution was evaporated under reduced pressure, the peptide was 

dissolved in H2O, and lyophilised. The product of the reaction was analysed using RP-

HPLC and LC ESI-IT-TOF MS according to the conditions described in the peptide 

purification section.  

5. Peptide Purification  

Peptides were purified using the RP-HPLC technique. Before the purification, the 

peptides were dissolved in H2O or in the AcOH and then adjusted with the H2O to the 

final concentration of AcOH not exceeding 15%. To the peptides with free sulfhydryl 

groups, 10-fold molar excess of dithiothreitol (DTT) was added. The solution of peptide 

with DTT in H2O was heated for 30 min in an ultrasonic bath at 50ºC. Peptides were 

purified on the semi-preparative Luna C8 (2) (250 mm × 20 mm, 5 µm) column from 

Phenomenex (Torrance, CA, USA) using the mobile phase:  
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(I)  

Buffer A - 0.01 M ammonium acetate (6 ml acetic acid and 7.7 g of ammonium acetate 

for 1 l) in H2O, the buffer was adjusted to pH 4.75 

Buffer B - 0.01 M ammonium acetate (6 ml acetic acid and 7.7 g of ammonium acetate 

for 1 l) in 60% (v:v) acetonitrile (ACN) in H2O, the buffer was adjusted to pH 4.75 

(II)  

Solution A - 0.1% TFA in H2O 

Solution B - 0.08% TFA in 80% ACN in H2O. 

All peptides were purified in a linear gradient characterised in the tables below  

(Table 18-21). The analysis was monitored by UV absorbance at 223 and 254 nm. After 

purification, the peptides purity was confirmed by the RP-HPLC technique using: 

(III)  

UFLC LC-20A with ELSD-LT detector (Shimadzu, Shimpol, Warsaw, Poland) using 

a linear gradient from 5% to 100% B in A over 60 min using the mobile phase described 

in (II) on a Kromasil C8 (250 mm x 4.6 mm, 5 µm) analytical column from 

Phenomenex (Torrance, CA, USA) with the flow rate volume of 1 ml/min, or 

(IV) 

NEXERA X2 with two detectors ELSD-LTII and SPD-M20A (Shimadzu, Shimpol, 

Warsaw, Poland), using a linear gradient from 5% to 100% B in A over 15 min using the 

mobile phase described in (II) on a Kinetex C8 column (2.1 x 100 mm, 2.6 µm) analytical 

column from Phenomenex (Torrance, CA, USA) with the flow rate volume of  

0.5 ml/min. 

Additionally, the molecular mass of the received peptides was confirmed by: 

(V) 

liquid chromatography coupled with electrospray ionization, ion trap, and time-of-flight 

mass spectroscopy (LC ESI-IT-TOF MS) (Shimadzu, Shimpol, Warsaw, Poland), or 
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(VI) 

matrix assisted laser desorption ionization with time-of-flight mass spectroscopy 

MALDI-TOF MS Biflex III or autoflex maX (Bruker, Daltonics). 
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6. Peptides characterization 

Table 18. Characterization of the PD-1 derived peptides. The methods of defining the peptides’ molecular mass, mobile phase used during purification and 

technic used for defining the peptides purity are mark by the Roman numerals from I-VI which are decoded in the previous chapter.  

No. PD-1 derived peptides Mtheoretical Mobserved 
Peptides purification 

condition (linear gradient 

and mobile phase) 

Retention time on 

analytical column 

[min] 

Peptide 

purity [%] 

(1) 
PD-1(68-78) 

Ac-YRNleSPSNQTDK-NH2 
1348.58 1348.613 (V) 

10-30% B in A over 90 min; 

mobile phase (I) 
14.94 (III) 99.2 

(2) 
PD-1(62-80) 

Ac-SFVLNWYRNleSPSNQTDKLA-NH2 
2279.06 2279.996 (V) 

20-50% B in A over 90 min; 

mobile phase (I) 
28.62 (III) 99.9 

(3) 

PD-1(62-80)W67C-L79C 

 

Ac-SFVLNCYRNleSPSNQTDKCA-NH2 

2183.93 2184.887 (V) 
20-50% B in A over 90 min; 

mobile phase (I) 
24.09 (III) 99.0 

(4) 

PD-1(62-80)R69C-D77C 

 

Ac-SFVLNWYCNleSPSNQTCKLA-NH2 

2211.97 2211.954 (V) 
20-50% B in A over 90 min; 

mobile phase (I) 
31.59 (III) 90.3 

(5) 
PD-1(119-142) 

Ac-GTYLAbuGAISLAPKAQIKESLRAEL-NH2 
2554.36 

2555.25 [M+H]+ 

(VI) 

20-50% B in A over 90 min; 

mobile phase (I) 
28.0 (III) 94 

(6) 

PD-1(119-142)T120C-E141C 

 

Ac-GCYLAbuGAISLAPKAQIKESLRACL-NH2 

2528.31 
2529.59 [M+H]+  

(VI) 

20-50% B in A over 90 min; 

mobile phase (I) 
28.8 (III) 96.6 

(7) 

PD-1(119-142)C123-S137C 

 
Ac-GTYLCGAISLAPKAQIKECLRAEL-NH2 

2586.37 
2587.66 [M+H]+  

(VI) 
20-50% B in A over 90 min; 

mobile phase (I) 
29.6 (III) 94.9 

(8) 

PD-1(119-142)A125C-K135C 

 

Ac-GTYLAbuGCISLAPKAQICESLRAEL-NH2 

2559.27 
2560.99 [M+H]+  

(VI) 
- - - 

(9) 

 

PD-1(122-138) 

Ac-LAbuGAISLAPKAQIKESL-NH2 

 

1763.99 1763.66 (V) 
20-50% B in A over 90 min; 

mobile phase (I) 
25.99 (III) 99.9 
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(10) 

PD-1(122-138)C123-S137C 

 

Ac-LCGAISLAPKAQIKECL-NH2 

1795.97 
1796.90 [M+H]+ 

(VI) 

20-50% B in A over 90 min; 

mobile phase (I) 
27.94 (III) 94.0 

(11) 

PD-1(122-138)A125C-K135C 

 

Ac-LAbuGCISLAPKAQICESL-NH2 

1768.87 1769.93 (V) 
20-50% B in A over 90 min; 

mobile phase (I) 
30.59 (III) 96.6 

(12) 

PD-1(124-136)A125C-K135C 

 

Ac-GCISLAPKAQICE-NH2 

1370.67 1371.66 (V) 
20-50% B in A over 90 min; 

mobile phase (I) 
25.15 (III) 99.4 

(13) 
PD-1(132-136) 

Ac-AQIKE-NH2 
628.34 628.32 (V) 

5-30% B in A over 75 min; 

mobile phase (I) 
10.24 (III) 100 

 

Table 19. Characterization of peptide (10) analogues. The methods of defining the peptides’ molecular mass, mobile phase used during purification and 

technic used for defining the peptides purity are mark by the Roman numerals from I-VI which are decoded in the previous chapter. 

 

 

No. Peptide (10) analogues Mtheoretical Mobserved 

Peptides purification 

condition (linear gradient 

and mobile phase) 

Retention time on 

analytical column 

[min] 

Peptide 

purity [%] 

A1 
 

Ac-LCGAISLApGAQIKECL-NH2 
1724.90 

1725.82 [M+H]+ 

(VI) 

25-55% B in A over 90 min; 

mobile phase (I) 
- - 

A2 
 

Ac-LCGAISLAaGAQIKECL-NH2 
1698.86 1698.89 

25-55% B in A over 90 min; 
mobile phase (I) 

- - 

A3 
 

Ac-LCGAISLGpPAQIKECL-NH2 
1750.92 1750.93 (V) 

25-55% B in A over 90 min; 

mobile phase (I) 
8.107 (IV) 91.3 

A4 
 

Ac-LCGAISLPaAAQIKECL-NH2 
1738.92 1738.94 (V) 

25-55% B in A over 90 min; 

mobile phase (I) 
7.688 (IV) 95.8 

A5 
 

Ac-LCGAISLPaGAQIKECL-NH2 
1724.90 

1725.84 [M+H]+ 

(VI) 

25-55% B in A over 90 min; 

mobile phase (I) 
8.002 (IV) 87.7 

A6 
 

Ac-LCGAISLPpAAQIKECL-NH2 
1764.93 

1787.94 [M+Na]+ 

(VI) 

25-55% B in A over 90 min; 

mobile phase (I) 
7.508 (IV) 94.6 
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Table 20. Characterization of the PD-L1 derived peptides. The methods of defining the peptides’ molecular mass, mobile phase used during purification and 

technic used for defining the peptides purity are mark by the Roman numerals from I-VI which are decoded in the previous chapter. 

No. PD-L1 derived peptides Mtheoretical Mobserved 

Peptides purification 

condition (linear gradient 

and mobile phase) 

Retention time on 

analytical column 

[min] 

Peptide 

purity [%] 

(L1) 
PD-L1(19-26) 

Ac-FTVTVPKD-NH2 
946.50 946.48 (V) 

15-35% B in A over 90 min; 

mobile phase (I) 
20.97 (III) 99.0 

(L2) 
PD-L1(52-68) 

Ac-ALIVYWENleEDKNIIQFV-NH2 
2133.07 2133.68 (V) 

35-65% B in A over 90 min; 

mobile phase (I) 
40.24 (III) - 

(L3) 
PD-L1(52-73) 

Ac-ALIVYWENleEDKNIIQFVHGEED-NH2 
2700.25 2700.39 (V) 

35-65% B in A over 90 min; 

mobile phase (I) 
40.30 (III) - 

(L4) 
PD-L1(52-79) 

Ac-ALIVYWENleEDKNIIQFVHGEEDLKVQHS-NH2 
3392.65 3392.50 (V) 

35-65% B in A over 90 min; 
mobile phase (I) 

45.07 (III) - 

(L5) 
PD-L1(45-68) 

Ac-EKQLDLAALIVYWENleEDKNIIQFV-NH2 
2930.48 2930.37 (V) - - - 

(L6) 
PD-L1(56-66) 

Ac-YWENleEDKNIIQ-NH2 
1490.65 1490.58 (V) 

25-55% B in A over 90 min; 

mobile phase (I) 
29.74 (III) 99.0 

(L7) 
PD-L1(111-127)M115Nle 

Ac-VYRAbuNleISYGGADYKRIT-NH2 
1999.94 1999.94 (V) 

30-60% B in A over 90 min; 

mobile phase (I) 
35.14 (III) 96.2 

(L8) 
PD-L1(113-126)M115Nle 

Ac-RAbuNleISYGGADYKRI-NH2 
1636.76 1636.88 (V) 

20-50% B in A over 90 min; 

mobile phase (I) 
5.719 (IV) 99.1 

(L9) 

PD-L1(113-126)(C114-K124C) M115Nle 

 

Ac-RCNleISYGGADYCRI-NH2 

1629.68 1627.51 (V) 
20-50% B in A over 90 min; 

mobile phase (I) 
25.58 (III) 99.8 

(L10) 

PD-L1(110-128)(V111C-T127C) M115Nle 

 

Ac-GCYRAbuNleISYGGADYKRICV-NH2 

2159.93 
2161.46 [M+H]+  

(VI) 

20-50% B in A over 90 min; 

mobile phase (I) 
25.11 (III) 95.7 

(L11) 

PD-L1(111-127)(Y112C-I126C) M115Nle 

 

Ac-VCRAbuNleISYGGADYKRCT-NH2 

 

1927.81 1927.95 (V) 
20-50% B in A over 90 min; 

mobile phase (I) 
22.43 (III) 95.7 

(L12) 

 

PD-L1(113-126)(C114-K124C) G120S; M115Nle 

 

Ac-RCNleISYGSADYCRI-NH2 

1657.69 
1658.86 [M+H]+  

(VI) 

20-50% B in A over 90 min; 

mobile phase (I) 
5.719 (IV) 99.5 
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(L13) 

PD-L1(113-126)(C114-K124C) G120F; M115Nle 

 

Ac-RCNleISYGFADYCRI-NH2 

1717.73 1718.94 (V) 
20-50% B in A over 90 min; 

mobile phase (I) 
6.402 (IV) 99.0 

(L14) 

PD-L1(113-126)(C114-K124C) G120E; M115Nle 

 

Ac-RCNleISYGEADYCRI-NH2 

1699.70 
1700.85 [M+H]+ 

(VI) 

20-50% B in A over 90 min; 

mobile phase (I) 
5.615 (IV) 99.0 

(L15) 
PD-L1(121-125) 

Ac-ADYKR-NH2 
692.35 693.345 (V) 

05-25% B in A over 60 min; 

mobile phase (I) 
10.21 (III) 99.5 

(L16) 
PD-L1(111-127) 

Ac-VYRAbuMISYGGADYKRIT-NH2 
2017.98 2017.59 (V) 

20-50% B in A over 90 min; 

mobile phase (I) 
6.008 (IV) 99.9 

(L17) 

PD-L1(113-126)(C114-K124C) G120F 

 

Ac-RCMISYGFADYCRI-NH2 

1735.77 1735.79 (V) 
20-50% B in A over 90 min; 

mobile phase (I) 
6.602 (IV) 99.0 

Table 21.Characterization of the PD-L1 derived peptides with 5-glycine and biotin on N-terminal. The methods of defining the peptides’ molecular mass, 

mobile phase used during purification and technic used for defining the peptides purity are mark by the Roman numerals from I-VI which are decoded in the 

previous chapter. 

No. PD-L1 derived peptides Mtheoretical Mobserved 

Peptides purification 

condition (linear gradient 

and mobile phase) 

Retention time on 

analytical column 

[min] 

Peptide 

purity [%] 

(L1) 
PD-L1(19-26) 

B-GGGGG-FTVTVPKD-NH2 
1415.92 1415.42 (V) 

20-50% B in A over 90 min; 

mobile phase (II) 
21.16 (III) 99.2 

(L3) 
PD-L1(52-73) 

B-GGGGG-ALIVYWENleEDKNIIQFVHGEED-NH2 
3169.67 3169.58 (V) 

25-55% B in A over 90 min; 

mobile phase (II) 
25.69 (III) - 

(L4) 

PD-L1(52-79) 

B-GGGGG- 

ALIVYWENleEDKNIIQFVHGEEDLKVQHS-NH2 

3862.06 3861.78 (V) 
30-60% B in A over 90 min; 

mobile phase (II) 
35.10 (III) - 

(L5) 

PD-L1(45-68) 

B-GGGGG- 

EKQLDLAALIVYWENleEDKNIIQFV-NH2 

3399.90 3399.98 (V) - 39.47 (III) - 

(L6) 
PD-L1(56-66) 

B-GGGGG-YWENleEDKNIIQ-NH2 
1960.06 1959.88 (V) - 24.94 (III) 96.6 

(L7) 

 

PD-L1(111-127)M115Nle 

B-GGGGG-VYRAbuNleISYGGADYKRIT-NH2 

2469.35 2469.16 (V) 
25-55% B in A over 90 min; 

mobile phase (II) 
27.77 (III) 99.6 
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(L8) 
PD-L1(113-126)M115Nle 

B-GGGGG-RAbuNleISYGGADYKRI-NH2 
2106.17 2106.05 (V) 

25-55% B in A over 90 min; 

mobile phase (II) 
5.061 (IV) 99.5 

(L9) 

PD-L1(113-126)(C114-K124C) M115Nle 

 

B-GGGGG -RCNleISYGGADYCRI-NH2 

2097.00 2096.55 (V) 
25-55% B in A over 90 min; 

mobile phase (II) 
23.79 (III) 90.3 

(L10) 

PD-L1(110-128)(V111C-T127C) M115Nle 

 

B-GGGGG-GCYRAbuNleISYGGADYKRICV-NH2 

2629.35 2629.05 (V) 
25-55% B in A over 90 min; 

mobile phase (II) 
24.81 (III) 98.6 

(L11) 

PD-L1(111-127)(Y112C-I126C) M115Nle 

 

B-GGGGG-VCRAbuNleISYGGADYKRCT-NH2 

2397.22 2396.94 (V) 
25-55% B in A over 90 min; 

mobile phase (II) 
23.30 (III) 99.5 

(L12) 

PD-L1(113-126)(C114-K124C) G120S; M115Nle 

 

B-GGGGG-RCNleISYGSADYCRI-NH2 

2127.11 
2128.05 [M+H]+ 

(VI) 

25-55% B in A over 90 min; 

mobile phase (II) 
5.539 (IV) 99.5 

(L13) 

PD-L1(113-126)(C114-K124C) G120F; M115Nle 

 
B-GGGGG-RCNleISYGFADYCRI-NH2 

2187.14 2187.25 (V) 
25-55% B in A over 90 min; 

mobile phase (II) 
6.387 (IV) 98.8 

(L14) 

PD-L1(113-126)(C114-K124C) G120E; M115Nle 

 

B-GGGGG-RCNleISYGEADYCRI-NH2 

2169.12 2169.93 (V) 
25-55% B in A over 90 min; 

mobile phase (II) 
5.615 (IV) 99.8 

(L15) 
PD-L1(121-125) 

B-GGGGG-ADYKR-NH2 
1161.77 1162.52 (V) 

5-25% B in A over 60 min; 

mobile phase (I) 
10.50 (III) 97.5 

(L16) 
PD-L1(111-127) 

B-GGGGG-VYRAbuMISYGGADYKRIT-NH2 
2487.39 2486.67 (V) 

25-55% B in A over 90 min; 

mobile phase (II) 
25.31 (III) 99.1 

(L17) 

PD-L1(113-126)(C114-K124C) G120F 

 

B-GGGGG-RCMISYGFADYCRI-NH2 

2205.19 2205.29 (V) 
25-55% B in A over 90 min; 

mobile phase (II) 
6.36 (IV) 90.2 
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7. Testing of the peptides binding properties 

The binding properties of the designed peptides to the target molecules were examined 

in two different systems of the SPR analysis and indirect ELISA depending on the 

peptides. The PD-1 derived peptides and the peptide (10) analogues were examined 

using the SPR analysis on a CM5 sensor chips. The PD-L1 derived peptides were 

evaluated using the SPR analysis on an SA sensor chips and by indirect ELISA. 

7.1. The SPR Analysis on a CM5 sensor chips  

The SPR analyses were performed using the Biacore T200 equipment (Cytiva, 

Malborough, USA) according to the manufacturer’s manual. The interaction of the  

PD-1 derived peptides with PD-L1 was analysed in the system where the His-PD-L1 

protein was immobilized on the surface of a CM5 sensor chip (Cytiva, Malborough, 

USA). PD-L1 was suspended in a 10 mM sodium acetate buffer, pH 4.5, as described 

previously181. The immobilization level was 6500 RU ± 880 RU. The peptides 

concentrations were prepared by the serial dilution method in the PBS-P buffer (Cytiva, 

Malborough, USA #28995084) and injected over the CM5 sensor chip with 

immobilized PD-L1. As a control, PD-1-Fc was injected. All analyses were run with 

PBS-P as s a running buffer at 25°C and the flow rate was set to 30 µl/min. The 

regeneration step was done with 1.5 M NaCl and 10 mM glycine, pH 3 with further 

wash with a 50% DMSO solution. The obtained data were analysed using the Biacore 

T200 Evaluation Software (Cytiva, Malborough, USA). The titration of the peptides or 

the PD-1 protein was performed at least three times on the sensor surface with at least 

two independent PD-L1 immobilizations. The sensorgrams are presented for the results 

from which the background signal from the reference cell was subtracted.  

7.2. The SPR Analysis on an SA sensor chips 

The SPR analyses were performed using the Biacore T200 equipment (Cytiva, 

Malborough, USA) according to the manufacturer’s manual. The interaction of the  

PD-L1 derived peptides with PD-1 was analysed in the system where the peptides were 

immobilized on the surface of an SA sensor chip (Cytiva, Malborough, USA). Peptides 

were suspended in the PBS-P buffer. The immobilization level was ~800 RU, with an 
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exception for (L1) which was immobilized to a final value of ~500 RU. The PD-1 

concentrations were prepared by the serial dilution method in the PBS-P buffer and 

injected over the SA sensor chip with the immobilized peptides. As a control, 

biotinylated PD-L1 was immobilized on an SA sensor chip. All analyses were run with 

PBS-P as a running buffer at 25°C and the flow rate was set to 30 µl/min. The 

regeneration step was done with 1.5 M NaCl and 10 mM glycine, pH 3. The obtained 

data were analysed using the Biacore T200 Evaluation Software (Cytiva, Malborough, 

USA). The titration of the PD-1 protein was performed at least three times on the sensor 

surface. The sensorgrams are presented for the results from which the background 

signal from the reference cell was subtracted.  

7.3. Indirect ELISA  

Indirect ELISA was performed according to the following steps. 

1. 96-well streptavidin plates (Nunc, Thermo Fisher Scientific) were washed  

3 times with 200 µl of PBS-T (0.05% Tween-20 in PBS with 0.3 M NaCl,  

pH 7.4). 

2. Wells were covered with 100 µl of biotinylated peptides dissolved in water   

or biotinylated PD-L1 protein dissolved in PBS (positive control) and incubated 

for 1 h at 37 °C with continuous shaking. 

3. Wells were washed 5×200 µl by PBS-T. 

4. 100 µl of 2-fold serial dilutions of PD-1-Fc in PBS-T was added to the wells 

with peptides or PD-L1 and incubated for 2 h at 37 °C with continuous shaking. 

5. Wells were washed 5×200 µl by PBS-T. 

6. 100 µl of HRP conjugated goat anti-human IgG (Bio-Rad, #1721050) Ab  

in PBS-T at the concentration of 1:3000 (v:v) was added to each well and 

incubated for 1 h at 37 °C with continuous shaking. 

7. Wells were washed 5×200 µl by PBS-T. 

8. 100 µl of TMB (Thermo Scientific, #N301) was added to each well and 

incubated for 15 min. After the incubation time, the absorbance was measured 

on the Infinite M200 Pro (Tecan, USA) plates reader, at a measurement 

wavelength of 650 nm and a reference length of 492 nm. 

The assay was performed at least three times, in duplicate and the results were analysed 

using the GraphPad Prism 8 software.  
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8. Peptides stability in RPMI 1640 

Chosen peptides from all groups were subjected to the stability studies. The tests were 

performed using the RPMI 1640 medium with the addition of 10% FBS at pH 8.0. 

Peptides were dissolved in H2O and added to the medium in the ratio 1:3 (v:v).  

The final peptides concentration in the sample was 100 µM. The samples were collected  

at two times, 0 h and after 24 h of incubation. The incubation was performed at 37°C 

with continuous stirring. Then, the samples were immersed in liquid N2 and stored  

at -80°C until the end of the experiment. To prepare the samples for analysis, they were 

thawed on ice and suspended in a 4-fold excess of absolute ethanol (v:v). Subsequently, 

the samples were centrifuge at 15,000 rpm at 4°C for 20 min, after this step,  

the supernatant was transferred to the test tubes and evaporated using the vacuum 

concentrator. Concentrated samples were dissolved in 100 µL of 0.1% TFA in H2O.  

The analysis was run on the analytical RP-HPLC using Luna C18(2) (250 mm x  

4.6 mm, 5 µm) column and a linear gradient from 5% B to 100% B in A over 60 min. 

As the mobile phase, the following solutions were used: a - 0.1% TFA in H2O,  

B - 0.08% TFA in 80% ACN in H2O. Two controls, peptides dissolved in water and the 

medium with the 10% FBS (without the peptides), were simultaneously tested - to 

check the effect of the procedure on the peptides and the medium, respectively.  

9. Jurkat E6.1, CHO-K1, and BW5417 (TCS Ctrl) cell lines viability 

assay 

Cell line viability was examined on the three cell lines – Jurkat E.6.1, CHO-K1,  

and TCS Ctrl. The experiments were performed on the 96-well solid white plates for 

cell culture. Jurkat E6.1 and TCS Ctrl were seeded into wells on the day  

of the experiment at the density of 2x104 cells per well in 50 µl of the RPMI 1640 

medium with 10% FBS and 50 µl of peptides were added to the wells. CHO-K1 cells 

were seeded the day before the experiment at the density of 1x104 cells per well in 100 

µl of the HAM-12 medium with 10% FBS. On the day of the experiment, the medium 

was removed and immediately converted to a fresh one with peptides. The peptides 

were prepared on the day of the assay at six concentrations by the 3-fold serial dilutions 

in the cell culture medium. The final peptides concentration range was from 150 µM to 

0.62 µM. The peptides were added to the cells and incubated for 24 h in the standard 

cell culture conditions. After the incubation period, the plates were equilibrated to 
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ambient temperature for 15 min and 100 µl of Cell Titter-Glo (Promega Corporation, 

#G7570) was added to each well. The plates were shook on the plate shaker for  

2 minutes at 250 rpm to induce cell lysis and then equilibrated for 10 minutes to 

stabilize the luminescence signal. The luminescence was measured on the Spark M10 

(Tecan, Switzerland) plate reader with the integration time of 0.5 s. The experiment was 

performed at least three times, in triplicate, and the results were analysed by the 

GraphPad Prism 8 software.  

10. Competitive assay at the cellular level 

The competitive potency of the PD-1 derived peptides and the peptide (10) analogues 

were tested using the BW5417 cell line expressing PD-L1 (TCS PD-L1). The peptides 

were dissolved in H2O and diluted to the final concentration of 12% of H2O by PBS 

with 0.5% FBS. The three-fold serial dilutions of peptides were prepared starting from 

150 µM or 50 µM to 0.62 µM. The experiment was run in 5 ml conical bottom tubes for 

flow cytometry. Peptides were incubated at the indicated concentrations with 105 TSC 

PD-L1 cells for 120 min at 4°C. Then, human PD-1-Fc was added at the concentration 

of 1 µg/ml and incubated for 15 min at 4°C. Binding of PD-1-Fc was detected by  

PE-labelled donkey anti-human IgG antibody which was incubated with each sample at 

the concentration of 1:300 (v:v) in PBS with 0.5% FBS for 20 min at 4°C. As 

a positive control, atezolizumab (Tecentriq®, Roche) mAb anti-PD-L1 was used. Each 

step of the experimented was followed by the spinning (5 min, 500 rpm at 4°C)  

and washing of the samples. This step was performed using PBS with 0.5% FBS.  

The samples were analysed via flow cytometry, and mean and standard deviation of 

gMFI of the viable cell population were determined249. The experiment was performed 

at least three times, in triplicate.  

The PD-L1 derived peptides were tested using the J-NF-κB::eGFP expressing PD-1 

cells (J-PD-1). As a peptides competitor, the PD-L1-Fc protein was used  

at a concentration of 1 µg/ml. Binding of PD-L1-Fc was detected with PE-labeled 

donkey anti-human IgG antibody at the concentration described above. The rest of the 

experimental conditions corresponded to the ones described for the PD-1 derived 

peptides.  
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The Flow cytometry analysis was performed on a FACSCalibur flow cytometer (Becton 

Dickinson Immunocytometry System, USA) using the CellQuest software. Data were 

analyzed with FlowJo (version 10.0.6, Tree Star, Ashland, OR) and GraphPad Prism 

(version 8, GraphPad Software, Inc., La Jolla, CA). 

11. Testing of the peptides inhibition properties for the PD-1/PD-L1 

complex formation 

The inhibitory properties of the designed peptides were examined in two different 

systems depending on the examined peptides; the PD-1 derived peptides were examined 

in the PD-1/PD-L1 blocking bioassay – based on NFAT-RE induced luciferase. Peptide 

(10) analogues and the PD-L1 derived peptides were evaluated in the PD-1/PD-L1 

blocking bioassay – based on NF-κB-RE induced eGFP.  

11.1. The PD-1/PD-L1 blocking bioassay – based on NFAT-RE induced 

luciferase 

The assay was performed using a PD-1/PD-L1 Blockade Bioassay kit (Promega 

Corporation, Madison, WI, USA, #J1250) according to the manufacturer’s procedure. 

The experiments were performed on the 96-well solid white plates for cell culture 

(Corning, #3917). APC/CHO-K1 with expression of the PD-L1 cells were seeded  

the day before the experiment at the density of 1x104 cells per well in the 100 µl of  

the HAM-12 medium with 10% FBS and incubated at 37ºC in an atmosphere of 5% 

CO2. On the day of the experiment, the medium was removed and immediately 

converted to a fresh one with peptides. The PD-1 derived peptides were prepared on the 

day of the assay at five concentration by the 3-fold serial dilutions in the assay medium 

(RPMI 1640 with 1% FBS). The final peptide concentration ranged from 50 µM to  

0.62 µM. The 40 µl peptides were added to the APC/CHO-K1 cells and incubated for 

90 min in the standard cell culture conditions. As a positive control, I used an anti-PD-1 

antibody (Promega). Subsequently, the effector Jurkat E6.1 cells with the expression of 

PD-1 were seeded into wells at the density of 2x104 cells per well in 40 µl of the assay 

medium and incubated for 6 h in the standard cell culture conditions. After  

the incubation period, the plates were equilibrated to the ambient temperature for 10 

min and 80 µl of the Bio-Glo reagent was added and incubated for 15 more minutes. 
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After this time, the luminescence was measured on the Spark M10 (Tecan, Switzerland) 

plate reader with the integration time of 0.5 s. The experiment was performed at least 

three times, in triplicate, and the results were analysed using the GraphPad Prism 8 

software. 

11.2. The PD-1/PD-L1 blocking bioassay – based on NF-κB-RE 

induced eGFP  

The assay was performed using the reporter system established by prof Steinberger’s 

group248–250. The PD-L1 derived peptides and the peptide (10) analogues were tested 

using the reporter assay constructed on the J-NF-κB::eGFP and TCS cell lines.  

The experiments were performed on the 96-well tissue culture treated transparent plates. 

The seeding density was 5x104 cells per well in 50 µl of the RPMI 1640 medium with 

10% FBS for the reporter cells and 2x104 cells per well in 50 µl of the RPMI 1640 

medium with 10% FBS for TCS. In the case of the peptide (10) analogues, first TCS 

cells were seeded on the plates to which the peptides or the medium (control) were 

added and incubated for 90 min. In the case of the PD-L1 derived peptides, the peptides 

were preincubated with the reporter cells for 90 min. Subsequently, the second cell line 

was added. The cells with the peptides were cocultured for 24 h at 37ºC in  

an atmosphere of 5% CO2. The peptides were dissolved in H2O and diluted to the final 

concentration in RPMI 1640 with 10% of FBS, the H2O concentration did not exceed 

12%. As a positive control, atezolizumab mAb anti-PD-L1 was used when the peptide 

(10) analogues were tested and pembrolizumab mAb anti-PD-1 was used when the  

PD-L1 derived peptides were evaluated. After 24 h, the cells were harvested and the 

eGFP expression was measured by flow cytometry. TCS were excluded from the 

analysis by APC-conjugated mCD45 mAb. The mean and standard deviation of the 

geometric mean of the fluorescence intensity (gMFI) of the viable cell population were 

determined. The experiment was performed at least three times, in duplicate. The flow 

cytometry analysis was performed on a FACSCalibur flow cytometer (Becton 

Dickinson Immunocytometry System, USA) using the CellQuest software. Data were 

analysed with FlowJo (version 10.0.6, Tree Star, Ashland, OR) and GraphPad Prism 

(version 8, GraphPad Software, Inc., La Jolla, CA). 
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