
Bioorg. Med. Chem. 30 (2021) 115951

Available online 15 December 2020
0968-0896/© 2020 Elsevier Ltd. All rights reserved.

Design, synthesis and evaluation of PD-L1 peptide antagonists as new 
anticancer agents for immunotherapy 

Ala Orafaie a, Hamid Sadeghian b,c,*, Ahmad Reza Bahrami a,d, Houshang Rafatpanah e, 
Maryam M. Matin a,f,* 

a Department of Biology, Faculty of Science, Ferdowsi University of Mashhad, Mashhad, Iran 
b Antimicrobial Resistance Research Center, Mashhad University of Medical Sciences, Mashhad, Iran 
c Department of Laboratory Sciences, School of Paramedical Sciences, Mashhad University of Medical Sciences, Mashhad, Iran 
d Industrial Biotechnology Research Group, Institute of Biotechnology, Ferdowsi University of Mashhad, Mashhad, Iran 
e Immunology Research Center, Inflammation and Inflammatory Diseases Division, Mashhad University of Medical Sciences, Mashhad, Iran 
f Novel Diagnostics and Therapeutics Research Group, Institute of Biotechnology, Ferdowsi University of Mashhad, Mashhad, Iran   

A R T I C L E  I N F O   

Keywords: 
Docking 
Peptide 
Immunotherapy 
In vivo 
PD-L1 

A B S T R A C T   

Blocking the interaction of programmed cell death protein 1 (PD-1) and its ligand PD-L1 is known as a promising 
immunotherapy for treatment of a variety of tumors expressing PD-L1 on their cell surface. In the last decade, 
several antibodies against the PD-1/PD-L1 interaction have been approved, while there are few reports of small- 
molecule inhibitors against PD-1/PD-L1 axis. Due to many advantages of cancer treatment with small molecules 
over antibodies, we developed several peptidic PD-L1 antagonists using computational peptide design methods, 
and evaluated them both in vitro and in vivo. Importantly, among six peptides with best affinity to PD-L1, four 
peptides exhibited significant potency to block PD-1/PD-L1 axis at molecular level. Moreover, the PD-L1 
expression in nine human colorectal cancer cell lines stimulated with interferon-γ was compared and LoVo cells 
with the highest expression were selected for further experiments. The peptides could also restore the function of 
activated Jurkat T cells, which had been suppressed by stimulated LoVo cells. A blockade assay in tumor-bearing 
mice experiments indicated that peptides HS5 and HS6 consisting of a D-amino acid in their structures, could also 
effectively reduce tumor growth in vivo, without induction of any observable liver or renal toxicity, tissue 
damages and loss of body weight. As new designed peptides showed no toxicity against murine colon cancer cells 
in vitro, the observed anti-tumor results in mice are most probably due to disrupting the PD-1/PD-L1 interaction. 
Thus, peptides described in this study can be considered as proper low molecular weight candidates for 
immunotherapy of cancer.   

1. Introduction 

Immunotherapy is a promising new treatment for cancer patients due 
to recent clinical advancements in immune checkpoint inhibitors.1 

Currently available cancer immunotherapeutic agents in clinical devel-
opment and on the market are mostly biologics (antibodies,2 proteins, 
engineered cells, and oncolytic viruses3). However, modulation of the 
immune system with a small molecule might have several advantages 
such as tackling intracellular targets which are inaccessible to protein 
therapeutics, higher stability and reduced immunogenicity.4 Moreover, 
small molecules can be prepared with lower costs of goods and overall 

decreased costs of drug delivery (oral instead of infusion).5 

PD-1 (programmed cell death-1 or CD279) is one of the most studied 
checkpoint receptors, which is expressed on T cells after activation6 and 
is also present on activated B cells, natural killer (NK) cells, dendritic 
cells (DCs), and macrophages.7 It has been shown that PD-1 is also 
upregulated in activated T cells of cancer patients.8,9 PD-L1 (pro-
grammed death ligand-1, B7-H1, CD274) is the corresponding ligand of 
PD-1, which is expressed on immune and non-hematopoietic cells.10 The 
interaction of PD-1 and PD-L1 inhibits signaling of the T-cell receptor 
(TCR), down-regulates the secretion of immune-stimulatory cytokines 
and induces T cell apoptosis.7 

* Corresponding authors at: Department of Laboratory Sciences, School of Paramedical Sciences, Mashhad University of Medical Sciences, Mashhad 9177948964, 
Iran (H. Sadeghian). Department of Biology, Faculty of Science, Ferdowsi University of Mashhad, Mashhad 9177948974, Iran (M.M. Matin). 

E-mail addresses: sadeghianh@mums.ac.ir (H. Sadeghian), matin@um.ac.ir (M.M. Matin).  

Contents lists available at ScienceDirect 

Bioorganic & Medicinal Chemistry 

journal homepage: www.elsevier.com/locate/bmc 

https://doi.org/10.1016/j.bmc.2020.115951 
Received 21 October 2020; Received in revised form 7 December 2020; Accepted 9 December 2020   

mailto:sadeghianh@mums.ac.ir
mailto:matin@um.ac.ir
www.sciencedirect.com/science/journal/09680896
https://www.elsevier.com/locate/bmc
https://doi.org/10.1016/j.bmc.2020.115951
https://doi.org/10.1016/j.bmc.2020.115951
https://doi.org/10.1016/j.bmc.2020.115951
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmc.2020.115951&domain=pdf


Bioorganic & Medicinal Chemistry 30 (2021) 115951

2

PD-L1 is ubiquitously present on tumor cells in different types of 
cancers,11 and correlates with a poor prognosis for the patient and 
contributes to tumor immune evasion.12–17 Recent studies have also 
explored the importance of extracellular forms of PD-L1, such as on 
exosomes or as a freely soluble protein, in inhibition of antitumor im-
mune responses.18 Hence, blockade of PD-1 or its principle ligand, PD- 
L1, is an attractive approach for selective activation of the innate im-
mune system and enhancement of antitumor immunity.5,19 

In recent years, beside the invention of potent monoclonal antibodies 
for blockade of PD-1/PD-L1 interaction such as nivolumab, pem-
brolizumab, MPDL3280A and MEDI4736,20–25 several small molecule 
inhibitors have also been introduced,26,27,4,28 with the aim of providing 
alternative drug candidates to overcome the drawbacks of antibody- 
based immunotherapies.29 

Here, in order to block PD-1/PD-L1 axis, we designed new peptides 
targeting PD-L1. Based on computational methods, seven peptides 
(including the control) with higher binding affinity to PD-L1 were syn-
thesized and their inhibitory potency was evaluated using a colorimetric 
ELISA (enzyme-linked immunosorbent assay) platform. The anticancer 
properties of the most potent peptides (HS4, 5, 6, and 7) were then 
studied on colorectal cancer cells both in vitro and in vivo. 

2. Materials and methods 

2.1. Design and synthesis of peptides 

Structures of peptides were designed and geometrically minimized in 
Hyperchem software 8.0, by using the MM+ method (RMS gradient =
0.1 kcal Mol− 1). For docking analysis, hPD-L1 structure (PDB entry: 
4ZQK) and designed constructs were submitted to AutoDockTools 
V.1.5.6. 

The torsion angles of the oligopeptides were identified; hydrogens 
added to the hPD-L1, bond distances edited and solvent parameters were 
considered for oligopeptide 3D structures. Partial atomic charges were 
then assigned to hPD-L1 and oligopeptides (Kollman charges). The 
rotatable bonds of the ligands and intractable residues of the macro-
molecule were defined flexible. 

The docking regions of hPD-L1 were defined by considering Carte-
sian chart − 0.215, 58.56, and 110.70 as the central of a grid size with 
75, 70 and 80 points in X, Y and Z axis, respectively. 

The docking parameter files were generated using Genetic Algorithm 
and Local Search Parameters (GALS) while numbers of generations and 
maximum number of energy evaluations were set to 100 and 2,500,000, 
respectively. The 100 docked complexes were clustered with a root- 
mean-square deviation tolerance (RMSD) of 3.0 Å. 

Oligopeptides were synthesized via solid phase technique using an 
automated peptide synthesizer (Apex 396 Parallel Synthesizer). Peptides 
were synthesized by standard Fmoc/tBu strategy using HBTU/DIPEA 
couplings (Alkyne Chem Co.). 

ESI-MS spectra of the peptides were recorded using an LCQ ion trap 
mass spectrometer (Finnigan MAT). RP-HPLC analyses were performed 
on an Agilent 1100 Series instrument with a Phenomenex Luna (4.6 * 
250 mm, phenomenex C18-5). 

2.2. Cytokines, reagents, and antibodies 

Human recombinant interferon (IFN)-γ, phorbol 12-myristate 13- 
acetate (PMA), phytohemagglutinin (PHA), 3,3′,5,5′-tetramethylbenzi-
dine (TMB) substrate and 3-(4,5-dimethylthiazol-2-yl)-2, 5 diphenylte-
trazolium bromide (MTT) were purchased from Sigma-Aldrich, Inc. 
Mouse anti-human PD-L1 antibody (Clone: MIH1) and mouse anti- 
human PD-1 antibody (Clone: MIH4) were obtained from eBioscience. 
Anti-mouse IgG-FITC (from rat) and FITC mouse IgG1 isotype control 
recombinant antibodies were purchased from Biolegend. PD-1 (bio-
tinylated): PD-L1 inhibitor screening ELISA kit was obtained from 
ACROBiosystems. Human IL-2 ELISA kit was purchased from Karmania 

Pars Gene. 

2.3. ELISA-Based competition assay 

The potency of designed peptides on PD-1/PD-L1 interaction was 
examined by PD-1 (biotinylated): PD-L1 inhibitor screening ELISA kit 
according to the manufacturer’s protocol. Briefly, human recombinant 
PD-L1 (2 μg/mL) was coated onto wells of a 96-well ELISA plate. PD-L1 
was blocked by blocking buffer, a mixture of phosphate buffered saline 
(PBS), 0.05% (v/v) Tween 20, and 2% (w/v) bovine serum albumin 
(BSA). A series of dilutions of the peptides (1, 4, 20, 100 and 500 µM) or 
standard anti-PD-1 antibody (2, 4, 16, 33, 66 µM) were then added to 
each well, followed by addition of human PD-1-biotin (0.6 μg/mL). 
Streptavidin-HRP (0.4 μg/mL) labeling was performed after blocking of 
PD-1-biotin. TMB substrate reaction was done in darkness followed by 
its termination by adding sulfuric acid (1 M). Finally, the absorbance of 
wells was read at 450 nm using a photometric plate reader (BioTek 
ELX800). 

2.4. Cell culture 

Human colorectal cancer cell lines LoVo, HCT 116, HT29, DLD-1, 
LS513, RKO, SW480, SW620, Caco-2 and also human Jurkat T cells 
were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium 
(Gibco). Murine colon cancer cell line CT26 was grown in Dulbecco’s 
modified Eagle’s medium (DMEM; Gibco). All culture media were sup-
plemented with 10% fetal bovine serum (FBS; Gibco) at 37 ◦C in a humid 
atmosphere of 5% CO2. 

2.5. Cell stimulation 

All human colorectal cancer cell lines were grown to 80% confluency 
and stimulated with 500 U/mL recombinant human IFN-γ in complete 
media for 48 h. Jurkat T cells were stimulated with 10 µg/mL PHA and 
20 ng/mL PMA. 

2.6. Quantitative RT-PCR 

Total RNA extraction was performed using an RNA extraction kit (Riz 
Molecule DANA) following the manufacturer’s instructions. RNA con-
centrations were determined by optical density at 260 nm and loaded in 
a 1.5% agarose gel for quality control. cDNAs were prepared from 2 μg of 
purified RNAs (Pars Toos), and 5-fold diluted before use. Quantitative 
reverse transcription-polymerase chain reaction (qRT-PCR) was per-
formed using 2 μL of each cDNA sample and SYBR Green Real-Time 
Master Mix (Takara Bio). Primers were designed using Primer3 soft-
ware and their specificity was checked by primer BLAST. Primer se-
quences were as follows: PD-L1 (sense) AAGTCAATGCCCCATACAAC; 
PD-L1 (anti-sense) TGCTTGTCCAGATGACTTCG; RPLP0 (sense) 
TGGTCATCCAGCAGGTGTTCGA; RPLP0 (anti-sense) ACAGA-
CACTGGCAACATTGCGG. Gene expression results were normalized to 
RPLP0. 

2.7. Flow cytometry 

Expression of human PD-L1 protein on LoVo cells, and PD-1 protein 
on Jurkat T cells was assessed by flow cytometry. In brief, cell suspen-
sions were prepared and washed in a wash buffer consisting of PBS (pH 
7.2) and 5% FBS. Cells were incubated with anti-PD-L1 antibody (1 μg/ 
mL), anti-PD-1 antibody (1 μg/mL), or mouse IgG1 isotype control (2 
μg/mL) for 1 h at 4 ◦C, washed three times, and incubated with an FITC- 
labeled secondary antibody for 30 min at 4 ◦C. Cells were then washed 
three times in wash buffer and assessed for their fluorescence using BD 
Accuri C6 flow cytometer. 
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2.8. IL-2 release assay 

Jurkat T cells and LoVo cells were co-cultured in a U-shaped bottom 
96-well microplate in 5:1 effector: target ratio and in the presence or 
absence of anti-PD-L1 monoclonal antibody (Clone: MIH1# eBio-
science) (10 µg/mL) or designed peptides (10 µg/mL) in complete RPMI 
1640 medium for 24 h. Jurkat T cells alone were used as the reference. 
Supernatants were then harvested and assessed for IL-2 by an ELISA kit 
according to the manufacturer’s protocol. 

2.9. Cytotoxicity assay 

Possible cytotoxic effects of designed peptides on CT26 murine cell 
line were verified with MTT assay. 6 × 103 CT26 cells/well were seeded 
in 96-well plates and incubated at 37 ◦C overnight. Peptides were then 
added to the wells in four different concentrations (100, 50, 20 and 10 
µg/mL), and incubated for 24, 48 and 72 h. Finally, cells were incubated 
for 4 h at 37 ◦C with 10% MTT dye to allow MTT metabolization, and the 
absorbance of each well was measured at 545 nm following solubiliza-
tion of formazan crystals in dimethyl sulfoxide30. 

2.10. Murine syngeneic tumor models 

To examine the therapeutic efficacy of the peptides in vivo, HS4, HS5, 
HS6 and HS7 were used to evaluate their inhibitory effects on tumor 
growth in mice. 30 Balb/c mice were injected with 5 × 105 CT26 cells 
subcutaneously in the right flank 4. After one week, when the tumor 
volume reached 50–100 mm3, the mice were divided randomly into six 
groups each containing five mice. The mentioned peptides (10 mg/kg− 1) 
were injected intraperitoneally every day for seven days. PBS, and 
cisplatin at 10 mg/kg− 1 were injected separately as negative and posi-
tive controls, respectively. The tumor diameter was measured every day 
with a caliper, and the volume was calculated using the formula, л/6 × a 
× b2. Mice body weights were determined every day before drug 
administration. At the end of treatments, blood samples were collected 
for biochemical analyses and tissues (kidney, liver and spleen) were 
collected, fixed in formalin, paraffin embedded and stained with he-
matoxylin and eosin (H&E) for detection of possible tissue damages. 

2.11. Blood biochemical analysis 

The amount of glutamate oxaloacetate transaminase (GOT), gluta-
mic pyruvic transaminase (GPT), and blood urea nitrogen (BUN) were 
detected under technical support of Dr. Norouzpoor laboratory. 

2.12. Statistical analysis 

Statistical analyses were performed using the statistical software 
GraphPad Prism 7.0. All data in bar graphs are presented as means ± SD 
and were analyzed using a two-sided Student’s t-test. P values < 0.05 
and < 0.01 were considered as statistically significant. 

3. Results 

3.1. Designing PD-L1-targeting peptides 

Peptide antagonists of hPD-L1 were designed by mimicking the 
amino acid sequence of hPD-1, which had direct intermolecular inter-
action with hPD-L1. Considering the X-ray structure of hPD-L1: hPD-1 
complex, two binding areas on PD-1 were found: An area which consists 
of 20 amino acids (part A: VLNWYRMSSNQTDKLAAFPE) and another 
area with 16 amino acids (part B: YCGAISLAPKAQIKES) both in the 

Fig 1. Two views (left and right figures) representing binding parts of PD-1 interacting with PD-L1 (yellow ribbon). Parts A and B of interactional motives of PD-1 
which were candidates for PD-L1 antagonist design are distinguished by red and blue colors, respectively. Hydrogen bonds are shown by green dashed lines. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig 2. The amino acid residues of hPD-L1 interacting with part B. Part B of PD- 
1 is distinguished by blue tube presentation. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of 
this article.) 
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shape of β-sheets (Fig. 1). By calculating hPD-1/hPD-L1 binding energy 
(using protein-protein docking), we found that part B had less binding 
affinity. Lower binding affinity of part B (blue) versus part A (red) is also 
clear by comparing the hydrogen bond numbers of these parts (4 vs. 9 
hydrogen bonds) with PD-L1 in X-ray 3D structure of hPD-1: hPD-L1 

complex. Lower binding affinity of part B is a chance to reach the 
effective antagonists, which could interfere with this protein-protein 
binding. 

Finally, based on the amino acid sequence of part B, more than 50 
peptides with 12-16 amino acids were designed and geometrically 

Fig 3. Solvent surface view of the docked model of HS6 to PD-L1 (green). (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 

Fig 4. Solvent surface (above) and stick (below) views of the docked model of HS6 (atom color) to PD-L1 binding pocket (yellow). Hydrogen bonds are shown by 
green dashed lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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minimized. In the aforementioned peptide design, use of D-amino acids 
and cyclic modifications (disulfide or amid bonds between terminal 
residues) were considered. Considering the hydrophobic residues of 
hPD-L1, which have direct intermolecular interaction with part B (Ile54, 
Val68, Met115, Ala121, and moderate lipophilic residues Tyr56 and 
Tyr123; Fig. 2), hydrophilic residues were designed in situations in 
which their side chains directed on the opposite of the binding surface 
area, so that tendency of water molecules for forming hydrogen bonds 
with them (hydrophilic residues) would promote binding affinity of the 
designed peptides. 

All of the oligopeptides were docked into hPD-L1 by considering 
flexibility of their rotatable bonds (except amide bonds). Moreover, side 
chains of Ile54, Gln66, Met115 and Tyr123 (hPD-L1 residues) which had 
no intramolecular interactions, were considered flexible. After docking 
process, six constructs (HS2-HS7), which possessed higher binding af-
finity toward hPD-L1 (Figs. 3 and 4) were selected for experimental PD- 
1/PD-L1 inhibitory assessments. Furthermore, construct HS1 which 
contains the same amino acid sequence of part B, was used as a control 
(Table 1). 

3.2. Inhibitory activity of the designed peptides toward hPD-1/hPD-L1 
interaction 

An ELISA-based competition platform was used to measure the 
binding affinities of designed peptides to hPD-L1. We assessed the 
binding ability of the six newly-designed peptides (along with HS1 as a 
control) to PD-L1, and blocking the interaction of PD-1/PD-L1 in com-
parison with an anti-PD-1 standard monoclonal antibody. 

Among the seven peptides, HS4, HS5, HS6, and HS7 had the highest 
binding affinity as validated by ELISA assay (Table 2). HS6 (C,N-ter-
minal lactam peptide) showed the best inhibitory potency with an IC50 
value of about 0.71 µM. As shown in Fig. 5 increasing concentrations of 
the mentioned peptides, reduced hPD-1: hPD-L1 binding in a sigmoidal 
curve algorithm. 

3.3. Preparation of PD-L1 and PD-1 overexpressing cells 

In order to evaluate the effects of our novel peptides at cellular level, 
we required cancerous cells overexpressing PD-L1 on their surface and 
also activated PD-1+ Jurkat T cells. To do so, after evaluation of PD-L1 
expression in nine human colorectal cancer cell lines (Fig. 6a), cells were 
stimulated by IFN-γ and their PD-L1 expression was measured by qRT- 
PCR. As shown in Fig. 6b, qRT-PCR results indicated a considerable 
difference between the expression of PD-L1 in stimulated LoVo cells 
compared to other tested cell lines and they showed the highest level of 
mRNA expression. In order to screen the percentage of PD-L1+ cells in 
LoVo population, IFN-γ stimulated cells were incubated with either anti- 
human PD-L1 antibody (clone MIH1) or isotype control and examined 
by flow cytometry. Interestingly, the results demonstrated that nearly all 
the LoVo subset expressed PD-L1 on their surface (Fig. 7a). 

To obtain the PD-1+ population of T cells, Jurkat cells were activated 
with mitogens including PHA and PMA for 24 h, followed by incubation 
with clone MIH4 (anti-PD-1 monoclonal antibody) or isotype control. 
Results indicated that about 70% of Jurkat cell population became PD- 
1+ (Fig. 7b). 

3.4. Effects of designed peptides on IL-2 production of Jurkat T cells 

To investigate whether our peptides can restore the suppressed 
function of Jurkat T cells, we needed to assess the production of IL-2 by T 
cells. To do so, Jurkat T cells were co-cultured with IFN-γ-pretreated 
LoVo cells at 5:1 effector: target ratio for 24 h and their production of IL- 
2 was assessed by ELISA. Co-culture was performed in presence or 
absence of peptides (10 µg/mL). A standard anti-PD-L1 monoclonal 
antibody was also used as a positive control. Co-culturing Jurkat T cells 
with LoVo cells in the absence of inhibitors, resulted in a significant 
reduction in IL-2 production by Jurkat T cells, while peptides or anti-
body could restore IL-2 production (Fig. 8). 

3.5. HS5 and HS6 are potent inhibitors of tumor growth in vivo 

In order to study the effects of the four peptides on a mouse model 
with tumor, CT26 cells were injected to six different groups of Balb/c 
mice. Peptides, cisplatin and PBS injections (intraperitoneally) were 
performed for seven days (once every day) and tumor size along with 
body weight were measured daily. 

Table 1 
Amino acid sequence, molecular weight, purity and hPD-L1 binding energy of 
the seven selected peptides. Molecular weight and purity were determined by 
mass spectroscopy and HPLC, respectively.  

Peptide Amino acid sequence MW (g/ 
mol) 

Purity 
(%) 

Binding Energy 
(kcal/mol) 

Part B H2N- 
YCGAISLAPKAQIKES- 
COOH  

1678.97  – − 4.32 

HS1 H2N-CGAISLAPKAQIKES- 
COOH  

1515.80  96.76 − 4.46 

HS2 H2N-CGAISLAPKLQIKES- 
COOH  

1557.88  95.36 − 4.63 

HS3 H2N-CGAISLAPKLQINES- 
COOH  

1543.81  96.80 − 4.57 

HS4 H2N-GAISLAPKLQINE- 
COOH  

1353.59  96.04 − 6.67 

HS5 *H2N-GAISLAPKLQINDE- 
COOH  

1353.59  96.12 − 7.08 

HS6 *HN-GAISLAPKLQINDEG- 
CO  

1392.63  96.90 − 7.74 

HS7 H2N-GAISLAPKLQIND- 
COOH  

1339.57  97.85 − 6.53 

* HS6 is a C,N-terminal lactam peptide. DE: D-Glutamic acid. 

Table 2 
The inhibitory activity of the peptides against PD-1/PD-L1 interaction. IC50 
values are shown as mean ± SD, n = 3.  

HS1 
(µM) 

HS2 
(µM) 

HS3 
(µM) 

HS4 
(µM) 

HS5 
(µM) 

HS6 
(µM) 

HS7 
(µM) 

Std Ab 
(nM) 

19.2 
±

2.3 

93.5 ±
10.7 

80.7 
± 6.9 

5.6 ±
0.15 

1.56 ±
0.35 

0.71 ±
0.22 

4.4 ±
0.4 

40.2 ±
3.2  

Fig 5. Sigmoidal dose-response curves of PD-L1- targeting peptides on PD-1/ 
PD-L1 interaction. Bars indicate mean ± SD, n = 3. 
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As shown in Fig. 9 cisplatin injection was effective as a positive 
control, but it caused a significant bodyweight loss because of its toxicity 
(data not shown). Interestingly, HS5 and HS6 significantly (P < 0.01) 
inhibited the growth of implanted CT26 cells in Balb/c mice compared 
to PBS treated mice, while HS4 and HS7 could not significantly affect the 
tumor growth (Fig. 9). No sign of bodyweight loss was detected in all 
peptide-treated groups (data not shown). 

In order to find whether the four peptides have any cytotoxicity in 
vitro, we tested their effects on viability of CT26 colon carcinoma cells. 
After addition of peptides, CT26 cells were still able to grow normally 
(data not shown), which suggested that HS4, HS5, HS6 and HS7 could 
not directly induce tumor cell death. According to these results, we 
propose that the activity of our peptides might come from the activation 
of the antitumor immune system, rather than directly killing CT26 
tumor cells. 

3.6. HS5 and HS6 do not have any side effects on normal tissues 

To study possible damages and harmful effects after administration 
of peptides, mice were sacrificed and their blood and various organs 

including kidney, spleen and liver were collected for further analysis. As 
shown in Fig. 10, no signs of tissue damages were observed in peptide- 
treated groups as compared to untreated healthy mice. Moreover, blood 
biochemical analysis on liver and renal biomarkers showed no signifi-
cant changes between peptide- and PBS-treated mice. The results 
revealed that while being effective as anti-tumor agents, peptides HS5 
and HS6 did not have any observable toxicity in the mouse model of 
colorectal cancer (Table 3). 

4. Discussion 

In the last decades, use of monoclonal antibodies targeting immune 
checkpoints, especially PD-1/PD-L1 axis, has had remarkable results in 
treatment of cancer.31–34 However, due to several advantages of small 
molecule checkpoint modulators, it is more desirable to develop 
chemicals or peptide-like molecules to inhibit the PD-1/PD-L1 
interaction. 

In current study, we designed PD-L1 antagonistic oligopeptides by 
mimicking the amino acid sequence of a special part of hPD-1, which 
directly binds to hPD-L1 (Fig. 1). Accordingly, more than 50 peptides 

Fig 6. Expression of PD-L1 in various colon cancer cell lines. (a) mRNA expression of PD-L1 in untreated colon cancer cell lines as determined by qRT-PCR. (b) mRNA 
expression of PD-L1 in IFN-γ stimulated colon cancer cell lines as determined by qRT-PCR. RPLP0 expression was used as an internal control. Bars indicate mean ±
SD, n = 3. 

Fig 7. Expression of PD-L1 protein on LoVo cells and PD-1 on Jurkat T cells. (a) Flow cytometric profile of PD-L1 expression in LoVo cells stimulated with IFN-γ. Red 
area depicts the profile of cells incubated with isotype control IgG. FITC-labeled secondary antibody was used for this experiment. (b) Flow cytometric profile of PD-1 
expression on Jurkat T cells activated with PHA and PMA. Red area depicts the profile of cells incubated with isotype control IgG. FITC-labeled secondary antibody 
was used for this experiment. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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were designed and docked to hPD-L1. Amongst the docked models, six 
peptides (HS2-7) which had the highest binding energy differences with 
the reference peptide (HS1) were selected for experimental studies. HS1 
was an oligopeptide identical to part B sequence (Fig. 1) without any 
modifications. The ELISA assay was used to measure the IL-2 present in 
the supernatant obtained after co-culturing PD-L1 expressing cancerous 
cells with PD-1+ Jurkat T cells. Under normal conditions, little IL-2 is 
produced by Jurkat T cells, while after stimulation a substantial amount 
of this cytokine will be expressed by these cells.35 PHA and PMA were 
used to stimulate and activate Jurkat cells to upregulate PD-1 expres-
sion. PHA is a lectin which binds nonspecifically to the sugars on gly-
cosylated surface proteins, such as T cell receptor (TCR), and stimulates 
the signal cascade required for IL-2 secretion.36 PMA is also a small 
organic compound that can directly activate protein kinase C (PKC) and 
produces a low level signal. So, we used both PHA and PMA to enhance 
the IL-2 production of Jurkat cells. ELISA assay demonstrated that 
peptides HS4, HS5, HS6 and HS7 had the inhibitory potency on PD-1/ 
PD-L1 interaction. Variations of docking simulation results (binding 
energies) regarding the interactions between peptides and hPD-L1, were 
matching the inhibitory potency variations obtained by ELISA experi-
ment, except for HS2 and HS3. To obtain PD-L1 expressing cancer cells, 
nine colorectal cancer cell lines were stimulated with IFN-γ, a key pro- 
inflammatory molecule which is released by activated T cells and is 
known to upregulate PD-L1 expression on a variety of cell types.9,37–39 

After evaluation of PD-L1 expression in these cells, it was found that 
LoVo and RKO cell lines had the highest PD-L1 expression. However, 
since IFN-γ stimulation resulted in highest expression of PD-L1 in LoVo 
cell line, these cells were used for cell based assays. The results of co- 
culturing demonstrated that aforementioned four peptides could 
restore the function of activated PD-1+ T cells (Jurkat cell line) to secrete 
IL-2 during co-culture with PD-L1 overexpressing cancerous cells (LoVo 
cells). 

Given that the amino acid sequence of human PD-L1 and murine PD- 

Fig 8. Effects of peptides HS4-7 on IL-2 production of Jurkat T cells. The 
addition of IFN-γ pretreated LoVo cells significantly decreased the production of 
IL-2, while the addition of 10 µg/mL newly designed peptides could restore IL-2 
production. Stimulated Jurkat cells alone are used as a reference. Anti-PD-L1 
antibody was used as a positive control. Results are representative of three 
independent experiments. *P < 0.05; **P < 0.01; data are analyzed using 
Student’s t-test. 

Fig 9. Investigating tumor inhibitory effects of HS4-7, cisplatin and PBS on CT26-tumor-bearing mice. The effects of HS4, HS5, HS6 and HS7 on tumor growth 
inhibition were compared to cisplatin and PBS groups. Significant differences of tumor volumes between the HS5 and HS6 peptide groups and the negative control 
was determined by Student’s t-test, **P < 0.01. 
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L1 has 77% identity40 and in order to provide the conditions that are 
somewhat closer to the human body, the effects of the four peptides 
were studied on a mouse model with tumor. The in vivo experiments on 
CT26 bearing mice revealed the ability of peptides HS5 and HS6 to 
reduce tumor growth without any effects on body weight, any signifi-
cant changes in biochemical blood factors, and any tissue damages to 
kidney, liver, and spleen of tested mice compared with the control 
group. The peptides HS4 and HS7, in spite of good potency for PD-1:PD- 
L1 interfering (IC50 around 5 µM), could not affect tumor growth in 
mice. The peptides HS4 and HS7 are entirely made with L-amino acids, 
while as shown in Table 1, there is a D-Glu in the structures of HS5 and 
HS6. Furthermore, HS6 has a terminal-amide cyclic structure. It seems 
that such modifications in HS5 and HS6 might decrease their hydrolysis 
rate by proteolytic enzymes in blood serum. The role of inserting D- 
amino acids on increasing oligopeptide stability towards proteolytic 

enzymes has been previously reported by Chang et al.4 

According to these results, it can be concluded that the peptides 
introduced in this study, might be proper and safe candidates for cancer 
immunotherapy, however better outcomes will be achieved by combi-
nation of such small molecules with other checkpoint modulators or 
anti-cancer agents. 
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Table 3 
Results of blood biochemical analyses on liver and renal functional biomarkers 
(GOT: glutamate oxaloacetate transaminase, GPT: glutamic pyruvic trans-
aminase, BUN: blood urea nitrogen).  

Treatments GOT (U/L) GPT (U/L) BUN (mg/dL) 

PBS 93 ± 8 50 ± 7 76 ± 5 
HS5 82 ± 8 54 ± 6 69 ± 6 
HS6 97 ± 11 51 ± 6 81 ± 9 
Cisplatin 343 ± 33 62 ± 5 145 ± 12  
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