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Abstract: The new generation of anticancer compounds are peptide sequences that can lead to
possible inhibition of PD-1 and PD-L-1 molecules. The objective of this study was to evaluate the
antitumor effects of peptide sequences based on gramicidin molecule as potential inhibitors of PD-1
and PD-L-1 molecules in computerized and in vitro conditions. In this research, gramicidin sequence
was used as the base molecule and its simpler derivatives were designed by adding or subtracting
polar amino acids. For this, by using Askalaf software, first the sequences were created and then the
structure was optimized. Then, using the molecular docking method (with the HDOCK online site),
the interaction of all derivatives with PD1 and PDL1 molecules was evaluated individually, and their
docking energy and RMSD were noted and compared. For the final selection of the best derivative,
parameters of toxicity (with Toxinpred database), allergenicity (with Allertop database), antigenicity
(with ABCpred database) were also considered using online databases. In the experimental part to
evaluate the selected peptide in vitro, the best peptide identified in the computational part was
selected and synthesized and purified by the solid phase technique by the French Proteogenics
company. An ELISA kit was used to prove the involvement of the synthesized peptide in the
connection between PD1 and PDL1 molecules. For this, PD1 molecules were first coated in the ELISA
wells, and then PDL1 molecules were exposed to them, and the amount of color produced at 630
wavelength was evaluated by enzymatic method. Then, different concentrations of the selected
peptide were added to the coated wells, and after incubation, PDL1 molecules were added, and as in
the previous step, the amount of color produced was evaluated at 630 wavelength. Finally, the
percentage of the effect of the selected peptide compared to the control was calculated. To understand
the anticancer effect of the selected peptide on cancer cells, the toxicity test was used with the MTT
method. For this, serial concentrations (100, 50, and 25 mg/ml) were exposed to MFC-7 cancer cells,
and after 12, 24, and 48 hours, the rate of cell death was calculated compared to the control. In the
bioinformatics section, only 8 peptides had antigenic strength less than one and were selected for the
next step. Also, by examining the power of antigenicity, allergenicity, toxicity and homology, only 3
peptides had all the necessary characteristics. In the experimental part, it was clearly determined that
by increasing the concentration of the selected peptide up to 42%, the interaction between PD1 and
PDL1 is inhibited. Also, the examination of the percentage of death of breast cancer cells (MCF-7) by
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different concentrations of the selected peptide at 12, 24 and 48 hours showed that the rate of cell
death increases with the increase in concentration and time. This study showed that by integrating
bioinformatics tests and experimental tests, a suitable peptide can be designed for possible inhibition
of PD-1 and PD-L-1 molecules. To check the effectiveness and find out the possible side effects of the
selected peptide, additional tests should be done and then it should be tested in an animal model and
in a clinical trial.

Keywords: antitumor; peptide sequences; gramicidin; PD-1; PD-L-1

Introduction

Today, immunotherapy has emerged as a promising and innovative strategy that is widely used
to treat a variety of diseases. Depending on whether it suppresses or activates the host immune
response, it may be classified as immunosuppressive or immunostimulatory. Immunosuppressive
therapies help treat various types of autoimmune diseases such as type 1 diabetes, obesity,
atherosclerosis, and rheumatoid arthritis. On the other hand, immunostimulatory therapies refer to
something that activates the immune response, thus helping to treat cancer and infectious diseases.
In recent years, the use of immunotherapy has gained significant attention in the field of cancer
treatment due to its milder side effects compared to conventional treatments such as chemotherapy,
radiotherapy, and surgery. Our immune system can distinguish cancer cells from normal cells by
recognizing tumor antigens. Tumor-specific antigens (TSAs), i.e., specific molecules produced
exclusively by cancer cells, such as PSA or prostate-specific antigens, and tumor-associated antigens
(TAAs), are two major targets in immunotherapy (1-3). TAAs are specific molecules produced in both
normal and cancer cells, such as CEA or carcinoembryonic antigen. Activation of host immunity can
be achieved by various methods, including the introduction of various cancer vaccines, monoclonal
antibodies, immune blockers, and cell-based therapies, which have been proven to be effective in
many patients. Cancer immunotherapy not only treats cancer by inducing a strong anti-tumor
immune response, but also controls metastasis and prevents its recurrence. Hence, it represents a
major advantage over conventional cancer therapies. However, some limitations are also associated
with existing cancer immunotherapies, such as the induction of destructive autoimmune diseases
and the failure to effectively deliver cancer antigens to immune cells (2-4). In 2018, the Nobel Prize in
Physiology or Medicine was awarded to James Allison and Tasuko Honjo for the discovery of
immune checkpoint therapy. PD-1 acts as a T-cell brake, and PD-1/PD-L1 activation suppresses T-
cell proliferation, survival, and activity in the tumor microenvironment. Clinical studies suggest that
PD-1/PD-L1 blockade can effectively induce antitumor immune responses with less toxicity in many
types of cancer. Currently, most inhibitors of this pathway are monoclonal antibodies, and while the
development of small molecule inhibitors that directly block PD-1/PD-L1 interactions is still in its
infancy. Over the past decade, with a better understanding of PD-1/PD-L1 interactions and the
underlying mechanisms, there has been great interest in developing bioassays that can be used to
screen small molecule inhibitors of PD-1/PD-L1 (5-7). Most monoclonal antibodies have inherent
shortcomings compared with small molecule PD-1/PD-L1 inhibitors, including limited permeability,
immunogenicity, and high cost. Small inhibitors typically have fewer side effects, shorter biological
half-lives, and easier and less expensive routes of administration. Recently, several natural product-
derived small molecules with blocking effects against PD-1/PD-L1 interactions have been reported
(8-10).

Gramicidin S is a natural decacyclopeptide consisting of two repeating pentapeptides as cyclo((-
Val-Orn-Leu-D-Phe-Pro-)2), which have a unique structure with hydrophilic and hydrophobic parts.
Sun and colleagues hypothesized that the amphiphilic structure of gramicidin S could complement
the PD-L1/PD-L1 interface, thereby facilitating their binding capacity. Intraperitoneal (IP) injection
of this substance with anti-CD8 antibody suppressed tumor volume (54.8%) and tumor weight
(64.9%) in an animal model bearing B16F10 tumors. Immunohistochemical staining showed that
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Cyclo(-Leu-DTrp-Pro-Thr-Asp-Leu-DPheLys(Dde)-Val-Arg treatment increased the percentage of
CD3+ T cells and CD8+ T cells in tumor tissues (10). PD-1 acts as a T-cell brake, and PD-1/PD-L1
activation suppresses T-cell proliferation, survival, and activity in the tumor microenvironment.
Clinical studies have shown that PD-1/PD-L1 blockade can effectively induce antitumor immune
responses. Currently, most inhibitors of this pathway are monoclonal antibodies, and the
development of small molecule inhibitors that directly block PD-1/PD-L1 interactions is still in its
infancy (1-7). Most monoclonal antibodies have inherent shortcomings compared to small molecule
PD-1/PD-L1 inhibitors, such as These include limited permeability, immunogenicity, and high cost.
Small inhibitors usually have fewer side effects, longer biological half-lives, and easier and less
expensive administration routes. Although several small molecules derived from natural products
have recently been reported to have blocking effects against PD-1/PD-L1 interactions (8-9), their
efficacy has not yet been proven.

The new generation of anticancer compounds are peptide sequences that can lead to possible
inhibition of PD-1 and PD-L-1 molecules. The objective of this study was to evaluate the antitumor
effects of peptide sequences based on gramicidin molecule as potential inhibitors of PD-1 and PD-L-
1 molecules in computerized and in vitro conditions.

Materials and Methods

Summary of the Work Process

In this study, the gramicidin sequence was used as the base molecule and simpler derivatives
were designed by adding or subtracting polar amino acids. For this, the sequences were first created
using the Askaloff software and then the structure was optimized. Then, using the molecular docking
method (with the HDOCK online site), the interaction of all derivatives with PD1 and PDL1
molecules was evaluated individually, and their docking energy and RMSD were noted and
compared. For the final selection of the best derivative, the toxicity (with the Toxinpred database),
allergenicity (with the Allertop database), and antigenicity (with the ABCpred database) parameters
were also considered using online databases. In the experimental part, to evaluate the selected
peptide in vitro, the best peptide identified in the computational part was selected and synthesized
and purified using a solid phase technique by the French company Proteogenics. To prove the
involvement of the synthesized peptide in the binding between PD1 and PDL1 molecules, an ELISA
kit was used. For this, first, the PD1 molecule was coated in the ELISA wells, and then PDL1
molecules were exposed to them, and the amount of color produced at a wavelength of 630 was
evaluated by enzymatic method. Then, different concentrations of the selected peptide were added
to the coated wells, and after incubation, PDL1 molecules were added, and the amount of color
produced at a wavelength of 630 was evaluated as in the previous step. Finally, the percentage of
effectiveness of the selected peptide compared to the control was calculated. To understand the
anticancer effect of the selected peptide on cancer cells, a toxicity test using the MTT method was
used. For this, serial concentrations (100, 50, and 25 mg/ml) were exposed to MFC-7 cancer cells, and
after 12, 24, and 48 hours, the rate of cell death was calculated compared to the control.

Computational Part

First, the sequence of gramicidin S peptide (Figure 1), which is a cyclic peptide, was extracted
using the PubMed site.

—— Leu —bPhe— Pro — Val —Orn—Leu —bpPhe— Pro — Val —Orn —

Figure 1. Gramicidin S peptide sequence.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1307.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 May 2025 d0i:10.20944/preprints202505.1307.v1

4 of 15

We then identified the polar amino acids (Table 1) using the information included in IMGT,
which shows that out of the twenty amino acids, five have a side chain that can carry a charge, and
at pH 7, two of them, aspartic acid and glutamic acid, have a negative charge, and the other three,
including lysine, arginine, and histidine, carry a positive charge. In the next step, we added these
polar amino acid derivatives in different states and in different orders and sequences to both sides of
the cyclic gramicidin S sequence (which we considered to be open). In this process, a capital Latin
letter was used as a symbol to represent each amino acid in the peptide sequence.

Table 1. List of amino acids and their abbreviations.

Abbreviation 1 letter abbreviation Amino acid name
Ala A Alanine

Arg R Arginine

Asn N Asparagine

Asp D Aspartic acid

Cys C Cysteine

GIn Q Glutamine

Glu E Glutamic acid

Gly G Glycine

His H Histidine

Ile I Isoleucine

Leu L Leucine

Lys K Lysine

Met M Methionine

Phe F Phenylalanine

Pro P Proline

Pyl (©) Pyrrolysine

Ser S Serine

Sec 8] Selenocysteine

Thr T Threonine

Trp W Tryptophan

Tyr Y Tyrosine

Val \Y% Valine

Asx B Aspartic acid or Asparagine
Glx Z Glutamic acid or Glutamine
Xaa X Any amino acid

Xle ] Leucine or Isoleucine
TERM termination codon

To each side of this opened peptide ring, we added from one to a maximum of three of these
polar amino acid derivatives, resulting in forty different peptide combinations of gramicidin S and
five polar amino acids (Table 2).

Table 2. List of different peptides used in the study of gramicidin S derivatives and five polar amino acids.

Peptide number Sequence
VRLFPVRLFP
VRLFPVRLFPK
VRLFPVRLFPKK
VRLFPVRLFPKKK
KVRLFPVRLFP
KKVRLFPVRLFP
KKKVRLFPVRLFP
VRLFPVRLFPR
VRLFPVRLFPRR
10 VRLFPVRLFPRRR
11 RVRLFPVRLF

O[R[N [ |W|N |-
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12 RRVRLFPVRLF

13 RRRVRLFPVRLFP

14 DVRLFPVRLFP

15 DDVRLFPVRLFP

16 DDDVRLFPVRLFP

17 VRLFPVRLFPD

18 VRLFPVRLFPDD

19 VRLFPVRLFPDDD

20 EVRLFPVRLFP

21 EEVRLFPVRLFP

22 EEEVRLFPVRLFP

23 VRLFPVRLFPE

24 VRLFPVRLFPEE

25 VRLFPVRLFPEEE

26 KVRLFPVRLFPR

27 KKVRLFPVRLFPRR

28 KKKVRLFPVRLFPRRR
29 DVRLFPVRLFPE

30 DDVRLFPVRLFPEE

31 DDDVRLFPVRLFPEEE
32 KVRLFPVRLFPD

33 KKVRLFPVRLFPDD

34 KKKVRLFPVRLFPDDD
35 KVRLFPVRLFPE

36 KKVRLFPVRLFPEE

37 KKKVRLFPVRLFPEEE
38 RVRLFPVRLFPD

39 RRVRLFPVRLFPDD

40 RRRVRLFPVRLFPDDD

Then, we arranged these forty different peptide sequences that we obtained by adding polar
amino acid derivatives to gramicidin S in a table in a Word file, and then we examined each of these
peptide sequences separately on the AllerTOP sites (to examine the allergenicity and sensitization of
the peptide to the body) (https://www.ddg-pharmfac.net/AllerTOP/) and ToxinPred (to examine the
toxicity of the peptide to the body (https://webs.iiitd.edu.in/raghava/toxinpred/) and the PubMed site
(https://blast.ncbi.nlm.nih.gov/) to examine the degree of peptide homology (higher homology is
desirable because it shows that the synthesized peptide is more similar to the body's own peptides
and, as a result, there is a lower probability of it being recognized by the immune system and causing
areaction in the body). In this way, we examined the values obtained from these sites for allergenicity
and antigenicity and We entered toxicity and homology into the table created in the Word file against
each peptide. Given that antigenicity is our first and most important criterion in peptide selection,
we calculated it using the Alertup site for all forty peptide combinations made, and we examined the
remaining parameters only for peptides that obtained the smallest numbers below one on the Alertup
site and were acceptable in terms of antigenicity. In the next step, we examined these obtained
numbers and selected three of the peptides that had received the best and most appropriate numbers,
and in the HDOCK site, the quality of their interaction with PD1 and PDL1 was examined separately,
and we obtained the energy and RMSD for each. Then, finally, according to the results obtained from
the H-Doc site, we selected one of these three peptides as the selected peptide after performing the
following calculations and introduced it to the peptide synthesis company to synthesize it and
provide it to us for conducting the relevant experiments. In the calculations performed to select the
peptide from these three final peptides, the absolute value of the total energy resulting from the
interaction of each peptide with PD1 and PDL1 was considered as the main selection criterion, and
the peptide for which this value was the highest was selected. Based on the above calculations, the
peptide with the sequence KKKVRLFPVRLFPDD was selected.
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Experimental Part

To prove the involvement of the synthesized peptide in the binding between PD1 and PDL1
molecules, an ELISA kit was used. For this, first, the PD1 molecule was coated in the ELISA wells,
and then PDL1 molecules were exposed to them, and the amount of color produced at a wavelength
of 630 was evaluated by enzymatic method. Then, different concentrations of the selected peptide
were added to the coated wells, and after incubation, PDL1 molecules were added, and the amount
of color produced at a wavelength of 630 was evaluated as in the previous step. Finally, the
percentage of effectiveness of the selected peptide compared to the control was calculated. To
understand the anticancer effect of the selected peptide on cancer cells, a toxicity test using the MTT
method was used. For this, serial concentrations (100, 50, and 25 mg/ml) were exposed to MFC-7
cancer cells, and after 12, 24, and 48 hours, the amount of cell death was calculated compared to the
control.

For this, first, one ml of distilled water was added to the peptide vial and mixed well. Then, a
concentration series of peptide solution was prepared in a 96-well microplate of the purchased ELISA
kit. This was done in wells D-E-F from wells 1 to 12. Wells A-B-C also contained only distilled water.
In wells D1-D2-E1-E2-F1-F2, 50 ul of the initial peptide solution was poured, and then distilled water
was added to wells D2-E2-F2 to the end. Then, 50 pl was transferred from well D2 to well D3, and
from D3 to D4, and so on. This was also done for E and F. Then, according to the kit instructions, the
plate was placed at 37 degrees for half an hour, and then it was firmly turned upside down on the
table to drain, and then 50 ul of washing solution was added to these 6 rows. In the next step, 20 pl
of conjugate solution was added to all and placed at 37 degrees for half an hour. It was again firmly
tapped on the table inverted to drain, and then 50 ul of substrate A solution and 50 pl of substrate B
solution were added and incubated for 10 minutes at 37 degrees. Then, the optical density was
immediately read with an ELISA reader (Figure 2) at wavelengths of 630 and 450 and the plate and
print were taken.

To understand the anticancer effect of the selected peptide on cancer cells, a toxicity test using
the MTT method was used. For this, serial concentrations of the peptide were exposed to MCF-7
cancer cells and after 24, 48 and 72 hours, the rate of cell death was calculated compared to the control.
In 3 96-well microplates, first serial concentrations of the peptide solution were prepared in a volume
of 50 pl, similar to the steps above. Then, a cell suspension with a concentration of one million cells/ml
was added to all wells and allowed to stand for 24, 48 and 72 hours. After the incubation of each
plate, 10 microliters of MTT solution was added to the wells, and after 3 hours, 50 microliters of
DMSO solution was added and the optical density was read at a wavelength of 630 nm.
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Figure 2. Equipment used in the experimental section, including incubator (left) and ELISA reader (right).

Results of the bioinformatics section

Figure 3 and Figure 4 show the three-dimensional structures of PD1 and PDL1 molecules,
respectively, taken from the NCBI site. Figure 5 also shows the complex and interaction of PD1 with
PDL1.

Figure 3. Three-dimensional structure of the PD1 molecule taken from the PDB site with the code (3BIK).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Interaction of PD1 with PDL1 taken from the PDB site with the code (3BIK).

Table 3 shows the antigenicity of the various peptides used in this study. As can be seen, only 8
peptides had antigenicity less than one and were selected for the next stage. Table 4 also shows the
antigenicity, allergenicity, toxicity and homology of the selected peptides. From this list of 8, only 3
peptides had all the necessary properties, and their sequences were as follows:

KKVRLFPVRLFPEE

KKKVRLLFPVRLFPDD

KKVRLFPVRLFPDD

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 3. Antigenicity potency of different peptides used in this study.

Peptide number Sequence Antigenicity
1 VRLFPVRLFP 2.399%4
2 VRLFPVRLFPK 1.8672
3 VRLFPVRLFPKK 1.6649
4 VRLFPVRLFPKKK 1.2186
5 KVRLFPVRLFP 1.9012
6 KKVRLFPVRLEP 1.5088
7 KKKVRLFPVRLFP 1.3785
8 VRLFPVRLFPR 1.8770
9 VRLFPVRLFPRR 1.7333
10 VRLFPVRLFPRRR 1.2253
11 RVRLFPVRLF 1.7546
12 RRVRLFPVRLF 1.3310
13 RRRVRLFPVRLFP 1.3224
14 DVRLFPVRLFP 2.3300
15 DDVRLFPVRLEP 1.5795
16 DDDVRLFPVRLEFP 1.5773
17 VRLFPVRLFPD 1.7734
18 VRLFPVRLFPDD 1.3643
19 VRLFPVRLFPDDD 1.0841
20 EVRLFPVRLFP 2.1073
21 EEVRLFPVRLFP 1.5545
22 EEEVRLFPVRLFP 1.5780
23 VRLFPVRLFPE 1.8255
24 VRLFPVRLFPEE 1.4868
25 VRLFPVRLFPEEE 1.2145
26 KVRLFPVRLFPR 1.5078
27 KKVRLFPVRLFPRR 1.1472
28 KKKVRLFPVRLFPRRR 0.7471
29 DVRLFPVRLFPE 1.8461
30 DDVRLFPVRLFPEE 1.0144
31 DDDVRLFPVRLFPEEE 0.9028
32 KVRLFPVRLFPD 1.4162
33 KKVRLFPVRLFPDD 0.8477
34 KKKVRLFPVRLFPDDD 0.6327
35 KVRLFPVRLFPE 1.4613
36 KKVRLFPVRLFPEE 0.9468
37 KKKVRLFPVRLFPEEE 0.7365
38 RVRLFPVRLFPD 1.4342
39 RRVRLFPVRLFPDD 0.8653
40 RRRVRLFPVRLFPDDD 0.5893
Table 4. Antigenicity, allergenicity, toxicity and homology of selected peptides from the above list.
Sequence Antigenicity allergenicity Toxicity Homology
KKKVRLFPVRLFPRRR 0.7471 I;IE(EEBﬁgEENON_ Non-Toxin 81%
DDDVRLFPVRLFPEEE 0.9028 I;IE(EEBﬁgEENON_ Non-Toxin 81%
KORLEFVELIFDD o, PROBABLENON- o ro ™ o
KKKVRLFPVRLFPDDD 0.6327 ili(EEBngENON_ Non-Toxin 100%
KKVRLFPVRLFPEE 0.9468 I;IE(EEBﬁgEENON_ Non-Toxin 100%
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PROBABLE NON- . o
KKKVRLFPVRLFPEEE 0.7365 ALLERGEN Non-Toxin 87%

PROBABLE NON- . o
RRVRLFPVRLFPDD 0.8653 ALLERGEN Non-Toxin 92%

PROBABLE NON- . o
RRRVRLFPVRLFPDDD 0.5893 ALLERGEN Non-Toxin 81%

Table 5 shows numerical docking results of three selected peptides with PD1 and PDL1 and
Table 6 shows the integration of docking results of three selected peptides with PD1 and PDL1.
Finally, based on the energy level, the peptide with the sequence KKKVRLFPVRLFPDDD was
selected.

Table 5. Numerical docking results of three selected peptides with PD1 and PDL1.

Ligand Sequence Energy RMSD
KKVRLFPVRLFPEE -180.48 98.04
PD1 KKKVRLFPVRLFPDDD -206.06 171.59
KKVRLFPVRLFPDD -191.65 376.27
KKVRLFPVRLFPEE -179.04 88.7
PDL1 KKKVRLFPVRLEPDDD -179.11 145.7
KKVRLFPVRLFPDD -186.88 88.7

Table 6. Summary of docking results of three selected peptides with PD1 and PDL1.

Sequence Energy RMSD
KKVRLFPVRLFPEE -359 186
KKKVRLFPVRLFPDDD -385 317
KKVRLFPVRLFPDD -377 730

Results
Experimental results

ELISA test results

Figure 6 shows the percentage of inhibition of the interaction of PD1 with PDL1 by different
concentrations of the selected peptide. It was clearly determined that by increasing the concentration
of the selected peptide to 42%, inhibition of the interaction of PD1 with PDL1 occurs. Statistically, the
inhibition rate of the concentration of 100 mg/ml was significantly different from the inhibition rate
of other concentrations (P<0.05).
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Figure 6. Percentage inhibition of PD1 interaction with PDL1 by different concentrations of selected peptide.

Results of MTT test

Figure 7 shows the percentage of breast cancer cell death (MCF-7) by different concentrations of
the selected peptide at times of 12, 24 and 48 hours. Here too, the rate of cell death increased with
increasing concentration and time. Statistically, the rate of cell death caused by the concentration of
100 mg/ml was significantly different from the rate of cell death caused by other concentrations

(P<0.05).
80
70
. 60
£ 50
=
© 40 W 12 hours
% 30 M 24 hours
° 20 II II 48 hours
10
o Al
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Figure 7. Percentage of breast cancer cell death (MCE-7) by different concentrations of the selected peptide at
times of 12, 24 and 48 hours.

Discussion

A new generation of anticancer compounds are peptide sequences that can lead to potential
inhibition of PD-1 and PD-L-1 molecules. The aim of this study was to evaluate the antitumor effects
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of peptide sequences based on the gramicidin molecule as potential inhibitors of PD-1 and PD-L-1
molecules in computer and in vitro conditions. In the bioinformatics section, only 8 peptides had
antigenicity less than one and were selected for the next stage. Also, by examining the antigenicity,
allergenicity, toxicity and homology, only 3 peptides had all the necessary characteristics. In the
experimental section, it was clearly determined that by increasing the concentration of the selected
peptide up to 42%, the interaction of PD1 with PDL1 was inhibited. Also, examining the percentage
of breast cancer cell death (MCF-7) by different concentrations of the selected peptide at times of 12,
24 and 48 hours showed that the rate of cell death increases with increasing concentration and time.
This study demonstrated that by integrating bioinformatics and experimental tests, a suitable peptide
can be designed to potentially inhibit PD-1 and PD-L-1 molecules. Further complementary tests
should be performed to investigate the efficacy and potential side effects of the selected peptide, and
then tested in animal models and in clinical trials.

The success of antibodies targeting immune checkpoints such as programmed cell death protein
1 (PD-1) and cytotoxic T lymphocyte-associated protein 4 (CTLA-4) has changed the landscape of
cancer therapy. Although these antibodies show significant durable clinical activity, low response
rates and immune-related side effects are increasingly evident in antibody-based approaches. For
further steps in cancer immunotherapy, new therapeutic strategies, including combination therapies
and alternative therapies, are highly warranted. In line with this discovery and development of small
molecules, checkpoint inhibitors are being actively pursued, and ongoing efforts have culminated in
clinical trials of highly bioavailable oral checkpoint inhibitors. This review focuses on small molecule
agents that target the cancer immunotherapy pathway, highlighting various chemotypes/scaffolds
and their properties, including binding and function, along with the reported mechanism of action.
Lessons learned from clinical trials of small molecules and important points to consider for their
clinical development are also discussed. Checkpoint inhibitors have revolutionized cancer therapy
by harnessing the power of the immune system to fight cancer, and this development is now
considered one of the most exciting discoveries of the 21st century (1). Among the various types of
cancer immunotherapies such as immunotherapies, adoptive T cell transfer, oncolytic viruses, and
cancer vaccines, immunotherapies have shown remarkable response in clinical trials and are
currently considered the most successful class of cancer immunotherapies. Since the Food and Drug
Administration (FDA) approved the anti-CTLA-4 antibody ipilimumab in 2011, several antibodies
targeting the PD-1/programmed death ligand 1 (PD-L1) immune pathway have also been approved
for the treatment of cancer in various indications, among many others (2). In this review, we highlight
the progress in the discovery and development of small molecule agents that interfere with the PD-1
pathway, with the majority of reported compounds targeting PDL1, along with their mechanisms of
action and specific considerations relevant for their advanced development (1-3).

While these antibody-based therapies show significant clinical activity, they suffer from serious
treatment-related toxicities known as immune-related adverse events (irAEs), largely due to immune
system imbalance (3). A wide range of irAEs have been reported to involve virtually any tissue or
organ, with the most severe complications manifesting as skin rashes, pneumonitis, hypothyroidism,
pancreatitis, encephalopathy, hepatitis, myocarditis, and immune cytopenias. Antibodies targeting
PD-1 pathways have been reported to have a lower incidence of adverse events than drugs targeting
the CTLA-4 pathway (5), whereas combination therapy with antibodies targeting both CTLA-4 and
PD-1 has a higher rate of irAEs with a higher number of grade 3 and 4 treatment-related adverse
events and treatment discontinuation (6, 7). Even though irAEs can be resolved by appropriate
management of immunosuppression with corticosteroids or other immunosuppressive agents such
as infliximab, it may place patients at higher risk of infection (8). Persistent target inhibition due to a
long half-life (>15-20 days) and 70% target occupancy for months likely contributes to severe irAEs
(9-11). Apart from toxicity, one of the major drawbacks of approved PD-1/PD-L1 antibodies is that
they respond only in a subset of the patient population, which may be due in part to compensatory
mechanisms such as upregulation of alternative immune checkpoints such as T-cell immunoglobulin
and mucin domain-containing 3 (TIM-3) and Ig suppressor of T-cell activation domain (VISTA) (12,
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13). Physiological barriers to antibodies (14) limit their exposure to the tumor, and the large size of
these agents warrants their intravenous dosing in a hospital setting. The cost of treatment with a
single agent can exceed US$100,000 per year per patient. In addition, However, the need for rational
combination with other therapeutic agents to achieve a greater response is expected to make
checkpoint antibody therapy very expensive (15).

Although the lack of PD-1/PD-L1 antibody-based targeted agents underscores the need for
alternative approaches, the development of small molecule inhibitors has lagged significantly,
despite their great potential. The advantages of small molecule agents over antibodies for targeting
PD-1 and other safe pathways are summarized in Table 1. However, small molecule agents also have
limitations, including shorter half-lives and widespread drug distribution leading to on- and off-
target toxicity, the potential for reduced specificity and selectivity, and species-specific activity in
some cases, making it very challenging to find suitable preclinical pharmacology models. These
shortcomings may have contributed to the initial lack of enthusiasm in the scientific community
compared to monoclonal antibody-based inhibitors, as reflected in the much less preclinical and
clinical efforts focused on small molecule-based approaches. Lessons learned from the highly
successful development of small molecule therapeutics against specific targets including protein
tyrosine kinases, growth factor receptors, and cell cycle regulatory proteins can be adapted to fully
exploit the distinct advantages of small molecule approaches (16-18).

Patil et al. used the Alphal.-ISA assay to screen the inhibitory effects of FDA-approved
macrocyclic drugs against PD-1/PD-L1 interactions. A panel of 20 macrocyclic compounds including
actinomycin D, amphotericin B, bacitracin, brivastatin, candididine, clarithromycin, cyclosporine A,
cyanocobalamin, erythromycin, everolimus, danamycin gel, ivermectin Bla, macbesin,
monochromostalini, ricksa, monocorin furlini, rimlon, cyanocobalamin, and troleandomycin were
screened at a concentration of 50 uM using the Alphal.-ISA assay. Among these macrocyclics, only
rifampin effectively blocked the interaction between PD-1 and PD-L1 (18-20). Furthermore, molecular
docking demonstrated that rifabutin is able to form a stable ligand-protein complex facilitated by
several molecular forces including mt-7t stacking interactions and hydrogen bonding (11). Kaempferol
and its glycosides, including kaempferol-3,7-dirhamnoside and kaempferol-7-O-rhamnoside,
flavonoids from Geranium thunbergia (Geranii Herba extract) have been reported to have antitumor
activity (12). In vitro assays have also been performed to demonstrate that kaempferol is able to
inhibit PD-1/PD-L1 interactions. Choi et al. reported that Salvia plebeia R. Br extract (SPE) blocked
the interactions between PD-1 and PD-L1. Two flavonoids, apigenin and cosmocin, extracted from
SPE showed inhibitory effects against the interactions between PD-1 and PD-L1 in a cell-based assay
and a competitive ELISA. Furthermore, the inhibitory effect of SPE on PD-1 and PD-L1 was further
supported by in vivo assays using an animal model bearing human PD-L1 MC38 tumor (13). Li et al.
screened 800 plant extracts for PD-1/PD-L1 inhibitory capacity, leading to the identification of Rhus
verniciflua Stokes extract as an active inhibitor using a competitive ELISA. Four phenolic
compounds, including eriodictyol, fisetin, quercetin, and liquoiritigenin, were isolated from Rhus
verniciflua Stokes extract with PD-1/PD-L1 blocking activity (14). Bao et al. reported the isolation of
a flavonoid, glycyrrhiza uralensis, and its PD-1/PD-L1 inhibitory activity using a commercially
available homogeneous time-resolved fluorescence (HTRF) assay. The isolated compounds showed
PD-1/PD-L1 inhibition ratios ranging from 30 to 65% at 100 uM (15). Kim et al. reported that black
raspberry (Rubus core-anus Miquel) extract (RCE) inhibited PD-1 and PD-L1 binding with an IC50
value of 83.8 + 4.7 ug/mL (16). Caffeoylquinic acid and its derivatives with a caffeoyl group attached
to the -3, -4, and -5 positions of quinic acid, respectively, were identified as PD-1/PD-L1 inhibitors
using SPR spectroscopy. Compared with dicaffeoylquinic acids, monocaffeoylquinic acid derivatives
had a stronger binding affinity for PD-1 and PD-L1 (17).

The aim of this study was to evaluate the antitumor effects of peptide sequences based on the
gramicidin molecule as potential inhibitors of PD-1 and PD-L-1 molecules in computer and in vitro
conditions. In the bioinformatics section, only 8 peptides had antigenicity less than one and were
selected for the next stage. Also, by examining the antigenicity, allergenicity, toxicity and homology,
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only 3 peptides had all the necessary characteristics. In the experimental section, it was clearly
determined that by increasing the concentration of the selected peptide up to 42%, the interaction of
PD1 with PDL1 was inhibited. Also, the percentage of breast cancer cell death (MCF-7) by different
concentrations of the selected peptide at 12, 24 and 48 hours showed that the rate of cell death
increases with increasing concentration and time. This study showed that by integrating
bioinformatics and experimental tests, a suitable peptide can be designed for the possible inhibition
of PD-1 and PD-L-1 molecules. To investigate the efficacy and identify possible side effects of the
selected peptide, further complementary tests should be performed and then tested in an animal
model and in a clinical trial. It is suggested that the efficacy of the selected peptide be investigated in
another independent study on an animal model and then on humans. It is suggested that the possible
side effects of this peptide be investigated in an independent study.
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