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A B S T R A C T   

A novel peptide that interferes with the PD-1/PD-L1 immune checkpoint pathway, termed PD-L1 inhibitory 
peptide 3 (PD-L1ip3), was computationally designed, experimentally validated for its specific binding to PD-L1, 
and evaluated for its antitumor effects in cell culture and in a mouse colon carcinoma syngeneic murine model. In 
several cell culture studies, direct treatment with PD-L1ip3, but not a similar peptide with a scrambled sequence, 
substantially increased death of CT26 colon carcinoma cells when co-cultured with murine CD8+ T cells primed 
by CT26 cell antigens. In a syngeneic mouse tumor model, the growth of CT26 tumor cells transduced with the 
PD-L1ip3 gene by an adenovirus vector was significantly slower than that of un-transduced CT26 cells in 
immunocompetent mice. This tumor growth attenuation was further enhanced by the coadministration of the 
peptide form of PD-L1ip3 (10 mg/kg/day). The current study suggests that this peptide can stimulate host 
antitumor immunity via blockade of the PD-1/PD-L1 pathway, thereby increasing CD8+ T cell-induced death of 
colon carcinoma cells. The tumor site-specific inhibition of PD-L1 by an adenovirus carrying the PD-L1ip3 gene, 
together with direct peptide treatment, may be used as a local immune checkpoint blockade therapy to inhibit 
colon carcinoma growth.   

Introduction 

In the United States, colorectal cancer (CRC) is the second leading 
cause of cancer-related death in both sexes combined with ~104,270 
new cases and 52,980 deaths reported in 2021. Because of improve
ments in early detection and treatment, the current five-year survival 
rate is 90% in patients diagnosed with early-stage CRC. However, 

survival rates of patients diagnosed with regional and distant metastases 
are 72% and 15%, respectively [1]. Therefore, CRC contributes to a 
significant portion of cancer-dependent mortality and morbidity. 
Accordingly, novel cancer prevention and therapeutic strategies for both 
primary and metastatic CRC are urgently needed. 

Given that current strategies for CRC treatment have limited success, 
immune checkpoint blockade therapy (ICBT) has emerged as a powerful 

Abbreviations: PD-1, Programmed death-1; PD-L1, Programmed death-ligand-1; PD-L1ip3, PD-L1 inhibitory peptide 3; PD-L1ip3SC, Scrambled analogue of PD- 
L1ip3; ICBT, Immune checkpoint blockade therapy; CRC, Colorectal cancer; MSI, Microsatellite instability; dMMR, DNA mismatch repair gene defects, ICI: Immune 
checkpoint inhibitor; RPMI, Roswell Park Memorial Institute; FBS, Fetal bovine serum; MEM, Eagle’s minimum essential medium; PBS, Phosphate-buffered saline; 
MM-PBSA, Molecular mechanics-Poisson-Boltzmann and surface area; NAMD, Nanoscale molecular dynamics; PD-L1ip gene encoding adenovirus vector, Ad-PD- 
L1ip; MD, Molecular dynamics; RT-qPCR, Reverse transcription quantitative polymerase chain reaction; MOI, Multiplicity of infection; MTT, 3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyltetrazolium bromide; SQ, Subcutaneous. 

* Corresponding author. 
E-mail addresses: isusumu@vet.ksu.edu (S. Ishiguro), deepa07@vet.ksu.edu (D. Upreti), Molly.Bassette@ucsf.edu (M. Bassette), eazhagiy@berkeley.edu 

(E.R.A. Singam), ravithakkar@vet.ksu.edu (R. Thakkar), mkloyd@ksu.edu (M. Loyd), minui@yamaguchi-u.ac.jp (M. Inui), jeffcomer@ksu.edu (J. Comer), 
mtamura@vet.ksu.edu (M. Tamura).   

1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Translational Oncology 

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

https://doi.org/10.1016/j.tranon.2021.101337 
Received 24 November 2021; Received in revised form 18 December 2021; Accepted 21 December 2021   

mailto:isusumu@vet.ksu.edu
mailto:deepa07@vet.ksu.edu
mailto:Molly.Bassette@ucsf.edu
mailto:eazhagiy@berkeley.edu
mailto:ravithakkar@vet.ksu.edu
mailto:mkloyd@ksu.edu
mailto:minui@yamaguchi-u.ac.jp
mailto:jeffcomer@ksu.edu
mailto:mtamura@vet.ksu.edu
www.sciencedirect.com/science/journal/19365233
https://www.elsevier.com/locate/tranon
https://doi.org/10.1016/j.tranon.2021.101337
https://doi.org/10.1016/j.tranon.2021.101337
https://doi.org/10.1016/j.tranon.2021.101337
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tranon.2021.101337&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Translational Oncology 16 (2022) 101337

2

new tool for cancer therapy. However, only CRCs associated with mi
crosatellite instability (MSI) or DNA mismatch repair gene defects 
(dMMR, ~15% of all CRCs [2]) are sensitive to this therapy [3,4] and 
systemic side effects remain major concerns [4–6]. This poor sensitivity 
to ICBT is either due to poor tumor infiltration of functional T cells or T 
cell exhaustion [7]. Combination treatment with an oncolytic virus and 
an immune checkpoint inhibitor (ICI) has been reported to be very 
effective in increasing therapeutic efficacy [8] and tumor immunoge
nicity since the oncolytic virus infection exposes neoantigens, thus 
causing additional T cell infiltration into the tumor tissue [8,9]. How
ever, an oncolytic virus is a pathogen and its systemic administration 
induces a robust host immune response against the virus and causes 
unwanted side effects [10]. 

Accordingly, local immune checkpoint inhibition coupled with some 
oncolysis may be an ideal ICBT. The protein programmed cell death-1 
ligand (PD-L1) is significantly upregulated by cancer cells [11]. PD-L1 
stimulates the immune checkpoint mechanism by interacting with 
PD-1 molecules expressed on T cells, attenuating cytotoxic T 
cell-dependent oncolysis [12]. Current immunotherapies targeting the 
PD-1/PD-L1 pathway rely on systemic inhibition of PD-L1 or PD-1, 
resulting in immune-related adverse events in 12%–37% of patients 
treated, some of which are life-threatening [13]. Hence, a more local 
blockade of PD-L1, restricted to cancer tissue, would be desirable, with 
less potential for off-target effects. Therefore, studying the 
PD-L1-targeted immune checkpoint blockade along with mild oncolysis 
in cancer tissue as a local ICBT becomes imperative. Here, we report on 
the design of a novel peptide that specifically binds PD-L1; our results 
demonstrate that a combination treatment of an adenovirus vector 
encoding a secretory gene for this peptide along with direct adminis
tration of the peptide itself inhibits the growth of murine colon carci
noma cells in cell culture and a syngeneic murine model via stimulation 
of cytotoxic T cell function. 

Materials and methods 

Animals 

Female BALB/c mice were obtained from Charles River Laboratories 
International, Inc. and housed in a clean facility under controlled con
ditions of temperature (20–26 ◦C), with 30%–70% relative humidity and 
light (12:12 h light-dark cycles). All mice were held for a week to ac
climatize before the treatment and were housed humanely according to 
university, state, and federal guidelines (AAALAC) in the AAALAC- 
accredited animal resource facilities of the Kansas State University 
College of Veterinary Medicine. The mice were observed daily, and body 
weights were obtained on alternate days. All animal experiments 
adhered strictly to protocols approved by the Kansas State University 
Institutional Animal Care and Use Committee (Protocol # 4393) and 
Institutional Biosafety Committee (Protocol # 1317). 

Materials 

The mouse colon carcinoma cell line CT26.CL25 (CRL-2639) and 
mouse immature dendritic cell line JAWSII (CRL-11,904) were pur
chased from American Type Culture Collection (ATCC, Manassas, VA). 
RPMI 1640 was obtained from Mediatech, Inc. (Manassas, VA). Fetal 
bovine serum (FBS) was procured from Biowest (Riverside, MO). 
Penicillin-streptomycin stock was obtained from Lonza Rockland, Inc. 
(Allendale, NJ). Thermo Fisher Scientific (Waltham, MA) supplied the 
200 mM sodium pyruvate, MEM non-essential amino acids (100×), 
MEM amino acids (100×), 200 mM L-glutamine, antibiotic-antimycotic 
(50×) (all are Gibco®). Further, 2-mercaptoethanol was purchased from 
Sigma-Aldrich (St. Louis, MO). Anti-cleaved Caspase-3 antibody 
(Asp175) was supplied by Cell Signaling Technology, Inc. (Danvers, 
MA). 

Design of PD-L1 inhibitory peptide 

To generate candidate PD-L1 binding peptides, the PinaColada pro
gram [14] was applied to an x-ray structure of human PD-1 bound to 
human PD-L1 (PDB ID: 4ZQK) [15]. We selected 14 candidate sequences 
from the output of the algorithm, which were each docked into PD-L1 
near the PD-L1:PD-1 binding interface using the CABS-dock server 
[16] for flexible protein-peptide docking. Six docked complexes were 
obtained for each sequence, which were placed in a box of explicit water 
with dimensions of (69 Å)3. The docked complexes were then simulated 
for 10 ns in explicit solvent molecular dynamics using the program 
Amber16 [17]. We equilibrated the solvated complex by carrying out an 
energy minimization of 1,000 steps, 50 ps of heating, and 50 ps of 
density equilibration with weak restraints on the complex followed by 
500 ps of constant pressure equilibration at 300 K temperature. All 
simulations were run with the SHAKE algorithm applied to hydrogen 
atoms, a 2 fs time step, and Langevin dynamics for temperature control. 
We estimated binding free energies by the MM-PBSA method (molecular 
mechanics, Poisson-Boltzmann, and surface area) [18], as implemented 
in Amber16. Table 1 shows the MM-PBSA estimates of the binding free 
energies for the 14 sequences. The root-mean-square deviations of the 
positions of the peptide atoms from the docked structures are given in 
Fig. S1. All molecular dynamics simulations used the Amber ff12SB force 
field [19], a timestep of 2 fs, the particle-mesh Ewald method for full 
electrostatics [20], and a cutoff of 9 Å for explicit non-bonded in
teractions. The temperature was maintained at 300 K using a Langevin 
thermostat and 1 atm pressure was maintained using the Monte Carlo 
barostat (Amber16) or Langevin piston barostat (NAMD) [21]. Long 
simulations of the peptides in contact with PD-L1 were performed using 
NAMD 2.12 [22]. 

Bio-layer interferometry 

The binding of the computationally designed PD-L1ip3 peptide to 
PD-L1 was verified using a FortéBio BLItz machine (Freemont, CA). The 
PD-L1ip3 peptide and its scrambled analog were synthesized by Gen
Script (Piscataway, NJ) with no modifications or labels. Biotinylated 
human PD-L1 and untagged PD-1 (a positive control) were purchased 
from R&D Systems (Minneapolis, Minnesota). For each experiment, the 
BLItz machine was fitted with a fresh streptavidin biosensor tip (For
téBio). All tips were solvated in PBS buffer for 15–30 min prior to the 
experiments. The peptide was solvated at a concentration of ≈ 1 mg/ml. 
The precise concentration of this stock solution (0.922 mg/ml) was 
obtained using the Pierce BCA Protein Assay Kit (Thermo Fisher Scien
tific) and multiple dilutions were made (corresponding to 514, 171, 
17.1, 8.54, and 1.71 μM). A solution of biotinylated PD-L1 was applied 
to the biosensor tip during the loading phase of each experiment. PBS 
buffer (1×) was used for the baseline. The scrambled-sequence peptide, 

Table 1 
Estimated binding free energies (in kcal/mol) for peptides binding to PD-L1 
calculated by MM-PBSA.  

Sequence ΔGMM-PBSA (kcal/mol) 

AISLHPKAKILEWPGA − 47.5 
PLDIRDRVHVEKSAAS (PD-L1ip4) − 56.5 
SVAVNPTPTLMDAPGG − 30.9 
SVAVNDTPTLMDAAAG − 32.5 
FHTLEPSLLAINTPGV − 31.4 
FHTIEDSLLAINTAAV − 31.9 
FHTVEPSLLAINTPGV − 32.5 
GTRLKPLIICVQWPGL (PD-L1ip3) − 58.7 
GTRIKDLIICVQSAAL − 53.6 
GTRVKPLIICVQAPGL − 43.5 
LIELHPAARITEWPGA − 44.7 
LLEIRDAVRVTKSAAS − 38.5 
VISLHDKAAIHEWPGA − 46.1 
VLDIRPRVAVHKSAAA − 39.6  
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PD-L1ip3SC, served as the negative control, and PD-1, the natural 
binding partner of PD-L1, was a positive control. 

Preparation of adenovirus vector 

To generate an adenovirus expression vector encoding a gene for 
secreting PD-L1ip, an adenovirus expression plasmid was constructed 
using the pENTR/D-TOPO plasmid (the entry vector) and the Gateway- 
based pAd/CMV/V5-DEST vector (the destination vector) (Invitrogen 
Corp, Carlsbad, CA). The DNA sequence encoding an N-terminal secre
tion signal from the V-J2-C region of the mouse Ig kappa-chain, a short 
linker (AAQPARRA), a c-Myc tag (EQKLISEED), and the PD-L1ip3 
sequence (GTRLKPLIICVQWPGL) or its scrambled version (VLI
KIPWLRLPGCGTQ) was synthesized and was cloned into the entry 
vector. The inserts were then transferred from the entry vector into the 
destination vector by the LR recombination reaction according to the 
manufacturer’s instructions. The destination vectors thus obtained were 
digested by Pac I and were transfected into 293A cells to produce crude 
adenoviral vector stocks. The adenovirus vectors were amplified by 
infecting 293A cells. DNA sequence analysis of adenovirus vectors for 
PD-L1ip3 (Ad-PD-L1ip3) and the scrambled version (Ad-PD-L1ip3SC) 
revealed the accuracy of the sequences of the inserts. Since Ad-PD-L1ip3 
produces a larger size peptide than the original peptide form of PD-L1ip3 
due to the linker and c-Myc tag sequences (AAQPARRA-EQKLISEED- 
GTRLKPLIICVQWPGL), additional MD simulations were performed to 
verify whether the complete secreted peptide constructs also led to 
stable complexes. A slightly greater affinity was predicted when the 
linker and the c-Myc tag were included. PD-L1ip3 gene expression in Ad- 
PD-L1ip3 transduced CT26 cells (Fig. S2) was confirmed by quantitative 
reverse transcription PCR (RT-qPCR), as previously described [23], 
using a primer pair with the forward primer 
5′-TATCAGCGAGGAGGACGGTA-3′ and reverse primer 
5′-CAGATGATCAGGGGCTTCAG-3′. Briefly, CT26 cells were seeded into 
a 6-well plate (5 × 104 cells per well). After 24 h, the cells were trans
duced (foreign DNA introduced into another cell via a viral vector) with 
50 MOI of Ad-PD-L1ip3. Total RNA was purified by TRIzol Reagent 
(Thermo Fisher Scientific), according to manufacturer instructions on 
days 3, 5, and 7 after transduction. The cells were sub-cultured twice at 
Days 3 and 5 using only half of the cell number at a time. 

Cell culture 

The CT26 murine colon carcinoma cells were cultured in RPMI 1640 
supplemented with 10% v/v FBS and 1% v/v penicillin-streptomycin. 
Murine CD8+ T cells were cultured in RPMI 1640 supplemented with 
1 mM sodium pyruvate, 1x MEM non-essential amino acids, 1× MEM 
amino acids, 1 mM L-glutamine, 1× antibiotic-antimycotic, and 0.36 
mM 2-mercaptoethanol. Thereafter, these cells were cultured at 37 ◦C in 
a humidified air atmosphere containing 5% CO2. The cell line was 
authenticated by short tandem repeat (STR) DNA profiling and main
tained in low passage (< 15) for the present study. 

Evaluation of the effect of PD-L1ip3 peptide or gene transduction by Ad- 
PD-L1ip3 on murine colon carcinoma cells in cell culture 

The CT26 murine colon carcinoma cells (1,000 cells/well) were 
seeded into a 96-well plate. After 24 h, these cells were treated directly 
with PD-L1ip3 in peptide form (0.1–10 µg/ml) or indirectly with the PD- 
L1ip3 gene by Ad-PD-L1ip3 transduction (10, 20, and 50 MOI). The 
cells’ growth was evaluated by MTT assay 24–72 h after the treatments, 
as described previously [24]. 

Evaluation of the effect of PD-L1ip3 peptide or gene transduction by Ad- 
PD-L1ip3 on T cell-induced death of murine colon carcinoma cells in co- 
culture with antigen-primed T cells 

Generation of CT26 cell antigen-specific CD8+ T cells in vivo 
First, the mice were subcutaneously (SQ) injected with CT26 cell 

lysate (0.5 × 106 cells/mouse in 100 µl PBS) at Day 0. JAWS II immature 
dendritic cells and CT26 cells previously irradiated with an X-ray dose of 
100 Gy were cocultured at a 1:1 ratio for 48 h with additional treatment 
of LPS (1 μg/ml). The cells (0.5 × 106 cells/mouse in 200 µl PBS) were 
collected and administered IV via tail vein to the mice on Day 7. On Day 
21, the splenocytes were harvested; the CT26 antigen-specific CD8+ T 
cells were labeled using MojoSort™ Mouse CD8 T Cell Isolation Kit 
(Biolegend, San Diego, CA); isolated using magnetic beads-based sepa
ration protocol with MACS® Column (Miltenyi Biotec, Bergisch Glad
bach, Germany), according to the manufacturer’s instructions. 

Evaluation of T cell-induced death of colon carcinoma cells in co-culture 
Permanently green fluorescent protein (GFP)-expressing CT26 cells 

(GFP-CT26) produced by GFP-lentivirus vector transduction were 
seeded into 12 well-plate (1 × 104 cells/well) in the presence of murine 
interferon-gamma (mIFNγ) at 25 ng/ml for 24 h. The cells were treated 
directly by PD-L1ip3 peptide (10 μM) or indirectly by Ad-PD-L1ip3 
transduction (100 MOI) treated 30 min and 24 h prior to coculturing 
with CD8+ T cells (1:16 ratio), respectively. The effect of PD-L1ip3 in 
peptide form or gene transduction by Ad-PD-L1ip3 on CT26 cell death 
was analyzed by flow cytometry using LIVE/DEAD™ Fixable Violet 
Dead Cell Stain Kit (Invitrogen Corp). The specific death of GFP-CT26 
cells was identified by GFP+ LIVE/DEAD+ gating. The Ultra-LEAF™ 
Purified anti-mouse CD274 (B7-H1, PD-L1) antibody (0.5 µg/ml; Bio
Legend) was used as a positive control of interruption of PD-1/PD-L1 
interaction. PBS, PD-L1ip3SC peptide, and Ad-PD-L1ip3SC were used 
as negative controls. 

Evaluation of Ad-PD-L1ip3 treatment and cotreatment with PD-L1ip3 
peptide on colon carcinoma tumor growth in a subcutaneous syngeneic 
murine tumor model 

The anti-tumor effect of Ad-PD-L1ip3 and PD-L1ip3 in peptide form 
was evaluated in BALB/c mice using a CT26 murine colon carcinoma 
syngeneic mouse model. The CT26 cells were transduced with 100 MOI 
of Ad-PD-L1ip3 or Ad-PD-L1ip3SC. At 24 h after transduction, the cells 
were suspended into 0.6% agarose dissolved in RPMI 1640. After filling 
the agarose-cell mixture into a 1 ml syringe equipped with a 27 G needle, 
it was solidified on ice. Mice were anesthetized with isoflurane and 
injected subcutaneously into the back with 5 × 105 CT26 cells in a 50 µl 
cell-agarose mixture. The intraperitoneal administration of PD-L1ip3 
peptide (10 mg/kg) was carried out at 1 week after CT26 inoculation 
for 13 days (every day, 1 injection, total 13 injections). The PBS control 
was injected intraperitoneally with the same schedule. For the pre- 
immunization study, CT26 lysate (1 × 106 cells/100 µl PBS) were 
injected subcutaneously, 3 times with a 1-week interval. The CT26 
lysate was made by subjecting the cells to 3 freeze-thaw cycles using 
liquid nitrogen. The mouse body weights were monitored at 2-day in
tervals. All mice were sacrificed 19 days after CT26 inoculation by 
cervical dislocation after exposure to saturated CO2. The tumor size was 
measured by caliper every 2 days and the volume was calculated using 
the formula 0.5 × (short diameter)2 × (long diameter) [25]. The tumors 
were weighed and fixed in 10% formalin for histological analysis. 

Gene expression of PD-L1ip3 in the tumor was confirmed 2, 3, and 4 
weeks after cancer cell inoculation (Fig. S3). About 20 mg of tumor 
tissues were used for the purification of total RNA. RNA extraction and 
RT-qPCR were performed as aforementioned. 
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Analysis of Ad-PD-L1ip3 treatment-associated apoptosis of CT26 cell 
tumors by immunohistochemistry 

The paraffin-embedded tumor tissues were sectioned and immuno
stained with anti-cleaved caspase-3 antibodies. The average number of 
cleaved caspase-3 positive cells in five random fields (n = 5–6) was 
calculated. 

Statistical analysis 

All values are expressed as the mean ± standard deviation of the 
mean. For all in vitro and in vivo experiments, statistical significance was 
evaluated using an unpaired t-test or ANOVA followed by Tukey’s test. 
All experiments were conducted with multiple sample determinations 
with several samples (n = 3–6). Statistical significance was set at *, 
P<0.05. 

Results 

Computational evaluation of the interaction of PD-L1 inhibitory peptide 
and PD-L1 

Using estimates of binding free energy by the MM-PBSA method, two 
sequences (referred to as PD-L1ip3 and PD-L1ip4, see Table 1) were 

selected, and long explicit-solvent molecular dynamics simulations of six 
distinct docked poses of each peptide bound to human PD-L1 were 
performed for the validation of complex stability. We found that PD- 
L1ip3 remained stably bound to PD-L1 in all six cases for at least 800 
ns, while PD-L1ip4 diffused away from its putative binding site within 
300 ns simulation. Fig. 1A demonstrates the conformation of the com
plex between PD-L1ip3 and PD-L1 with the strongest predicted binding 
affinity. Putative interactions between PD-L1ip3 and PD-L1 in this 
conformation are diagrammed in Fig. 1B. The complex appeared to be 
stabilized by a salt bridge between the N-terminus of the peptide and 
Glu58 of PD-L1, Arg3 of the peptide and Asp73, and the C-terminus of 
the peptide and Arg113 and Arg125. Hydrophobic contacts were noted 
between Lys7 and Ile8 of the peptide and Ile116 and Ala121 of PD-L1. 
Most of the residues of PD-L1 involved in these interactions form part 
of the binding interface between PD-L1 and PD-1 [15], suggesting the 
role of this peptide in competing with PD-1 for the PD-L1 binding site. 
This computational analysis was performed with human PD-L1 (the only 
experimentally derived PD-L1 structure available) at variance with the 
experiments, which involved murine cells; however, most of the binding 
site residues are identical between humans and mice, including all res
idues whose side chains contact with the peptide, as shown in Fig. 1B. 
The only exception is that Arg113 is being replaced with Cys113 in mice; 
however, Arg125 is present in both cases so a salt bridge with the 
C-terminus can exist regardless. Notably, the affinity of murine PD-1 for 

Fig. 1. Binding of newly discovered peptide PD-L1ip3 to PD-L1. (A) Predicted lowest free energy binding conformation. (B) Atomic interactions between PD-L1ip3 
and PD-L1 that stabilize binding in this conformation. Carbon atoms of PD-L1ip3 are shown in green, while those of PD-L1 are shown in gray. (C) Kinetics of binding 
between the designed peptide (PD-L1ip3) and PD-L1 during the association and dissociation phases of bio-layer interferometry experiments for different concen
trations of PD-L1ip3. Gray, black, red, orange, and blue lines correspond to PD-L1ip3 concentrations of 0, 1.71, 8.54, 17.1, and 171 µM, respectively. 
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human PD-L1 shows similarity to that of human PD-1 for human PD-L1 
[26]. 

Experimental confirmation of association between the designed peptide and 
PD-L1 

We experimentally verified that the computationally designed pep
tide, PD-L1ip3, exhibits specific binding to PD-L1. The peptide was 
synthesized commercially and the dissociation constant was determined 
by biolayer interferometry. PD-L1ip3 showed binding to PD-L1 with a 
dissociation constant of KD = 33 ± 3 µM (Fig. 1C), which is only a few 
times weaker than the binding of PD-L1 to its natural partner PD-1 (KD ≈

8 µM) [27]. Hence, the binding affinity of this peptide may explain the 
biological activity of PD-L1ip3 observed in the experiments described in 
the following sections. The bio-layer interferometry experiments 
included the scrambled version of the peptide (PD-L1ip3SC) as a nega
tive control, which exhibited very weak binding (KD ≈ 50 mM), 
demonstrating that PD-L1ip3 binding to PD-L1 is not merely a 
non-specific association. 

Treatment with PD-L1ip3 peptide or transduction of the PD-L1ip3 gene did 
not alter the growth of colon carcinoma cells in the absence of T cells 

To evaluate therapeutic potential and cytotoxicity of the PD-L1ip3 
peptide and gene transduction by Ad-PD-L1ip3, cell viability of CT26 
cells was analyzed using MTT assay in the presence of mIFNγ (25 ng/ 
ml), which was used to increase PD-L1 expression in cancer cells [28]. 
The scrambled sequence version of PD-L1ip3 (PD-L1ip3SC) and the 
adenovirus carrying the corresponding scrambled sequence gene 
(Ad-PD-L1ip3SC) were used as negative controls. As shown in Fig. S4, 
neither treatment with the peptide form of PD-L1ip3 (0.1–10 µg/ml), 
nor the control peptide PD-L1ip3SC, nor gene expression by the 
Ad-PD-L1ip3 or Ad-PD-L1ip3SC gene (10–50 MOI) altered the cell 
viability of CT26 cells regardless of the pretreatment with mIFNγ. 
Although a slight decrease of cell viability was observed at 72 h after the 
treatment with 10 µg/ml PD-L1ip3SC, this decrease was not significantly 
different in comparison to PBS. These results indicate that both 
PD-L1ip3 peptide and its gene expression by adenovirus vector in cancer 
cells do not alter the cell viability and may have no inherent cytotoxicity 
for cancer cells in the absence of T cells. 

Treatment with PD-L1ip3 peptide or transduction of the PD-L1ip3 gene 
significantly increased T cell-induced death of CT26 murine colon 
carcinoma cells 

To analyze the effect of administration of PD-L1ip3 in peptide form 
and gene transduction by Ad-PD-L1ip3 on T cell function and cancer cell 
death, CT26 cell antigen-primed T cells (CT26-T cells) were generated 
by treatment of mice with CT26 cell lysate and irradiated CT26 cells, as 
described in the Methods. Preparation of the splenocytes and subsequent 
isolation of the CD8+ T cells were carried out on the same day of the co- 
culture study. Cell death was analyzed by flow cytometry using live/ 
dead staining dye. First, the most appropriate ratio of cancer cells to T 
cells was determined by varying their ratio from 1:4 to 1:24 (CT26 cells: 
T cells) in co-culture. Fig. 2A shows that death of CT26 cells was induced 
by antigen-primed T cells even within 24 h after beginning co-culture 
when the number of T cells was at least 12 times greater than the 
number of CT26 cells. The antigen-primed T cells induced death of CT26 
cells to a greater extent than naïve T cells 24 h after incubation; how
ever, this difference is less conspicuous for longer times. At 48 h, the 
effect of antigen-primed and naïve T cells appears similar. Death of CT26 
cells significantly declined 72 h after incubation in all tested ratios. 
Based on these experiments, a cancer cell to T cell ratio of 1:16 was used 
for all following experiments. 

Treatment with 10 µM of PD-L1ip3 in peptide form markedly 
increased the cell death of CT26 cells as compared to the PBS-treated 

group; however, gene transduction by Ad-PD-L1ip3 into CT26 cells 
and subsequent co-culture with the antigen-primed T cell increased cell 
death of CT26 cells only to a small extent as compared to the direct 
peptide treatment at 72 h after the co-culture (Fig. 2B). These results 
indicate that treatment with PD-L1ip3 in peptide form specifically 
stimulates the killing of cancer cells by cancer cell antigen-primed T 
cells. However, the effect of gene transduction by Ad-PD-L1ip3 into 
CT26 cells in T cell-induced cell death in co-cultured CT26 cells is 
smaller than the peptide treatment and appears to require time. 

Gene transduction by Ad-PD-L1ip3 and combination treatment with PD- 
L1ip3 peptide attenuated the growth of CT26 murine colon tumors in mice 

To evaluate the effect of PD-L1ip3 in vivo, we transduced the PD- 
L1ip3 gene into CT26 cells using a dosage of 100 MOI of Ad-PD-L1ip3. 
The cells were inoculated subcutaneously (SQ) in the back of the 
mice. In the first trial as shown in Fig. 3, Ad-PD-L1ip3 transduction into 
CT26 cells weakly attenuated the growth of SQ tumors (average tumor 
volume of 848.5 ± 400.0 mm3, n.s.) and the effect was enhanced by 
combining this treatment with direct daily treatment with PD-L1ip3 in 
peptide form (10 mg/kg/day) (533.1 ± 143.6 mm3, n.s.). By compari
son, larger average tumor size was measured in untreated mice (1106.3 
± 548.8 mm3) (Fig. 3). The average tumor volume for mice receiving the 
scrambled sequence control vector, Ad-PD-L1ip3SC was similar to that 
of untreated mice (1026.8 ± 143.6 mm3). In this experimental scheme, 
the inoculation of the CT26 tumor cells initiated the host antitumor 
immunity, while the effect of the PD-L1 blockade by the tumor-site 
production of PD-L1ip3 owing to Ad-PD-L1ip3 transduction or by 
treatment with PD-L1ip3 in peptide form was evaluated within 3 weeks 
after the tumor cell inoculation. We speculate that the host anti-tumor 
immunity against tumor cells was not sufficiently stimulated at this 

Fig. 2. Treatment with PD-L1ip3 in peptide form significantly increased T cell- 
induced death of CT26 cells. (A) The most effective CT26 cell antigen-primed T 
cell (CT26-T cell) induced death in co-cultured CT26 cancer cells, as determined 
by varying the ratio of CT26 cells to these antigen-primed T cells (1:4 – 1:24). 
The two types of cells were co-cultured for 24–72 h. The death of CT26 cells 
was determined by flow cytometry. Results are presented as mean ± SD (n = 2). 
*; P<0.05 with 1:4 ratio group at same time point. (B) The effect of treatment 
with PD-L1ip3 in peptide form and transduction of Ad-PD-L1ip3 on the death of 
CT26 cells induced by antigen-primed T cells. CT26 cells treated with PD-L1ip3 
in peptide form (10 µM) or transduced by Ad-PD-L1ip3 (100 MOI) were 
cocultured with antigen-primed T cells at a 1:16 ratio. Cell death of CT26 was 
evaluated in the same way as in (A). Anti-PD-L1 antibody (αPD-L1; 0.5 µg/ml) 
was used as a positive control. Results are presented as mean ± SD (n = 2). *; 
P<0.05 with PBS group at the same time point. 
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time; therefore, the PD-L1 blockade therapy in this acute syngeneic 
murine model appeared to be inadequate. A longer exposure time to 
tumor antigens is suggested to be more appropriate for the adequate 
evaluation of the PD-L1 blockade therapy by either the tumor-site pro
duction of PD-L1ip3 or in combination with daily administration of PD- 
L1ip3 in peptide form. 

Pretreatment with CT26 cell lysate enhanced inhibition of tumor growth by 
Ad-PD-L1ip3 and the combination treatment with the PD-L1ip3 peptide 

We hypothesized that pretreatment with CT26 cell lysate might 
enhance the inhibition of CT26 tumor growth by Ad-PD-L1ip3 seen in 
the last section. To validate this hypothesis, mice were pre-treated with 
CT26 cell lysate before cancer cell inoculation, 3 times separated by 1- 
week intervals. As shown in Fig. 4A–E, Ad-PD-L1ip3 transduction into 
CT26 cells significantly attenuated the growth of the tumors (281.4 ±
169.6 mm3, P < 0.05), and the tumor growth attenuation effect was 
further enhanced by the combination treatment including PD-L1ip3 in 
peptide form (10 mg/kg/day, every day) (172.6 ± 60.9 mm3, P < 0.05) 
compared to the untreated CT26 cell tumors (729.6 ± 310.3 mm3). On 
the other hand, treatment with only the peptide form of PD-L1ip3 
showed a minimal effect on tumor growth (607.5 ± 220.1 mm3). 
These results suggest that our PD-L1 blockade treatment combining 
adenoviral vector-based gene therapy along with direct administration 
of PD-L1ip3 in peptide form is effective in inhibiting tumor growth, 
presumably due to the blockade of PD-L1 and PD-1 immune checkpoint 
mechanism. 

Treatment with PD-L1ip3 in peptide form and combination with gene 
transduction by Ad-PD-L1ip3 increased apoptotic cells in CT26 cell tumors 
in mice 

As shown in Fig 2, PD-L1ip3 peptide increased the cell death of CT26 
cells in the presence of antigen-primed CT26-T cell in vitro. Therefore, 

Fig. 3. Treatment with Ad-PD-L1ip3 transduction alone or in combination with 
PD-L1ip3 in peptide form attenuated the growth of subcutaneously inoculated 
CT26 cell tumors in the mouse. The vector carrying the scrambled peptide gene 
(AD-PD-L1ip3SC) did not show any significant tumor growth attenuation as 
compared to untreated CT26 cell tumors. Results are presented as mean ± SD 
(n = 5). 

Fig. 4. Prior stimulation of host immunity by CT26 cell lysate enhanced the inhibitory effect of PD-L1ip3 and attenuated the growth of subcutaneously inoculated 
CT26 tumors in the mouse by apoptosis. (A–E) Panel A shows the average tumor size, while panels B–E show volumes of individual tumors in each treatment group. 
Red line in panels B–E indicates average tumor volume in each group. Results are presented as mean ± SD (n = 5–6). *; P<0.05 with Naïve CT26, ◊; P<0.05 with PD- 
L1ip3 peptide (F) Treatment with Ad-PD-L1ip3 transduction and combination with PD-L1ip3 peptide treatment increased apoptotic cells in CT26 tumors. Results are 
presented as mean ± SD (n = 5). 

S. Ishiguro et al.                                                                                                                                                                                                                                 



Translational Oncology 16 (2022) 101337

7

changes in apoptotic cell numbers in tumor nodules were evaluated by 
immunohistochemistry. Immunohistochemical analysis of cleaved 
caspase-3 positive cells in tumor nodules suggested that both mono 
treatment with gene transduction by Ad-PD-L1ip3 and a combination 
treatment with Ad-PD-L1ip3 transduction and administration of PD- 
L1ip3 in peptide form increased apoptotic cell numbers in tumors as 
compared to PBS-treated mouse tumors (Fig. 4F). However, given the 
large data variation, no statistically significant difference between the 
groups was observed. 

Discussion 

Anticancer immunity plays an important role in the spontaneous 
inhibition of cancer growth [29,30]. The success of immunotherapy, 
which has been established in the last decade as a treatment against 
multiple immunogenic cancers, including non-small cell lung cancers 
and colorectal cancer [31–37], supports this notion. Therefore, the 
development of safer, less toxic, and more effective enhancers of anti
cancer immunity would be beneficial for both cancer patients as well as 
society at large. Currently, the most common strategy for cancer 
immunotherapy is the systemic administration of humanized antibodies 
against immune checkpoint proteins, such as CTLA-4 and PD-1. 
Although these antibody-based therapeutics for cancer immuno
therapy exhibit solid efficacy against immunogenic cancers, their 
off-target effects due to an enhancement of host immunity remain 
problematic [38]. To address these problems, we sought to design a local 
immune therapy by focusing on the PD-L1 blockade within the tumor 
microenvironment using an adenovirus engineered to carry a PD-L1 
inhibitory peptide gene. 

To accomplish this purpose, we designed a novel peptide for inhib
iting PD-L1 using a series of computational methods, followed by 
experimental validation. First, we generated several candidate PD-L1 
inhibitory peptide sequences using the PinaColada algorithm and the 
x-ray structure of the PD-L1:PD-1 complex. These sequences were then 
screened by creating several candidate complexes with flexible molec
ular docking (with the peptide near the PD-L1:PD-1 binding interface) 
and then the binding affinity was estimated for each complex using 
molecular dynamics simulation (the MM-PBSA method). The two pep
tides with the highest estimated affinity for PD-L1 underwent further 
molecular dynamics simulations, which demonstrated the stability of 
complexes formed with the peptide denoted PD-L1ip3 on the sub- 
microsecond timescale. Experimental confirmation of the specific 
binding of this peptide to PD-L1 showed an affinity in the micromolar 
range. This unique peptide may have applications outside the scope of 
the present study and likely could be further optimized to obtain more 
potent PD-L1 inhibition. 

The effect of the peptide (PD-L1ip3) on tumor growth was considered 
in three different ways: direct administration in peptide form, delivery 
of a secretory gene encoding the peptide by an adenovirus vector, and a 
combination of the two administration routes. These treatments were 
tested on a murine colon carcinoma cell line, which was evaluated in 
conventional cell culture and a co-culture with CT26 cell antigen-primed 
CD8+ T cells (CT26-T cells). As expected, neither direct administration 
of the PD-L1ip3 in peptide form nor gene transduction by the adenovirus 
vector altered cell growth in conventional cell culture (Fig. S2). How
ever, PD-L1ip3 in peptide form, but not gene transduction by the 
adenovirus vector, significantly increased CT26-T cell-dependent death 
of colon carcinoma cells in co-culture (Fig. 2B). Cancer apoptosis 
induced by expression of the PD-L1ip3 gene showed a clear increase as 
compared to that by the PBS control (Fig. 2B) although its increase was 
much smaller than that by the direct peptide treatment and the statis
tical significance was not observed between the groups due to a rela
tively large variation in the gene transduction group. This result is 
reasonably explained by the lower concentration of the inhibitory pep
tide in the culture medium due to the expression of the PD-L1ip3 gene as 
compared to the direct addition of 10 µM of the peptide. These cell 

culture studies, therefore, suggest the capability of the treatment with 
PD-L1ip3 peptide to stimulate cytotoxic T cell-induced cell death in 
cancer cells. 

The ability of PD-L1ip3 peptide to stimulate cancer cell antigen- 
primed CD8+ T cells to induce cell death in colon carcinoma cells in 
co-culture studies (Fig. 2B) compelled an in vivo test of the efficacy of 
both PD-L1ip3 in peptide form and transduction of its gene by the Ad- 
PD-L1ip3 vector. In the mouse study, the effects of two mouse im
mune conditions, PD-L1ip3 in peptide form alone, Ad-PD-L1ip3 gene 
therapy alone, and a combination treatment with both direct peptide 
administration and gene therapy were evaluated in a subcutaneous 
tumor mouse model with CT26 murine colon carcinoma cells. First, the 
effect of direct administration of PD-L1ip3 and/or its gene expression 
was evaluated using syngeneic immunocompetent mice. Fig. 3 shows 
that the growth of Ad-PD-L1ip3 transduced cancer cells was slower than 
that of un-transduced cells and this tumor growth attenuation became 
further pronounced by the daily direct administration of PD-L1ip3 
beginning at day 7 for 13 days although tumor growth slowly 
continued. However, neither transduction of a scrambled sequence 
peptide gene by the adenovirus vector (Ad-PD-L1ip3SC) nor PD-L1ip3 in 
peptide form alone showed a statistically significant change in tumor 
growth as compared to the growth of the untreated CT26 cells. On the 
other hand, when mice were previously treated with CT26 cell lysate 
three times for two weeks, mimicking chronic tumor antigen exposure, 
growth of Ad-PD-L1ip3 transduced cancer cells were significantly slower 
than that of un-transduced cells and this tumor growth was almost 
completely inhibited by the co-treatment with daily administration of 
PD-L1ip3 in peptide form starting at day 7 for 13 days. As expected, a 
sole treatment consisting of gene transduction by Ad-PD-L1ip3SC, a 
vector encoding the scrambled sequence control peptide, revealed no 
significant change in tumor growth as compared to the untreated group. 
The tumor growth pattern for individual mice in each group 
(Figs. 4B–4E) indicates clear efficacy of co-treatment with the Ad-PD- 
L1ip3 vector and PD-L1ip3 in peptide form. These results demonstrate 
the possibility of tumor cell-targeted gene therapy with a PD-L1 inhib
itory peptide gene along with direct peptide administration. Since the 
peptide showed no cytotoxicity (Fig. S2) and the activation of CD8+ T 
cells occurs presumably in tumor tissue, this method is considered to be 
a safe immune checkpoint therapy. However, understanding the fate of 
the PD-L1ip3-activated T cells and overall safety warrant further study. 

The discrepancy between the relatively small effect of PD-L1ip gene 
expression on cancer cell death in the co-culture study (Fig. 2B) versus its 
considerable effect in the mouse study (Figs. 3 and 4) may be explained 
by the difference in the participating cell types and the duration of the 
study. The cell culture study included only two cell types, effector T cells 
and cancer cells, whereas other cell types including natural killer cells 
(NK cells) are potentially participating in cancer cell death during the 
mouse study [39–41]. Second, the T cell-induced death of cancer cells 
was monitored only 72 h after gene transduction by Ad-PD-L1ip3 in the 
co-culture study, whereas the tumor growth effect was monitored for 
two weeks in the mouse study. In support of the involvement of the 
PD-L1/PD-1 immune checkpoint mechanism in other immune cells. A 
recent report describes the importance of PD-1− NK cells in anti-cancer 
immunity for mouse cancer models [42] and human lung cancer [43]. 
Moreover, blockade of PD-L1+ NK cells by an anti-PD-L1 antibody is 
shown to increase therapeutic efficacy in human patients [44], sug
gesting that PD-L1 in NK cells is an inhibitory molecule in NK 
cell-induced oncolysis. Therefore, the determination of potential targets 
for this PD-L1 inhibitory peptide must be studied thoroughly. 

Overall, the computationally designed peptide, PD-L1ip3, was 
demonstrated to bind to PD-L1 in experiment. Treatment with this 
peptide alone showed negligible cytotoxicity but stimulated cancer 
antigen-primed CD8+ T cells in an oncolysis assay. Transduction of the 
PD-L1ip3 gene by an adenovirus vector into CT26 colon carcinoma cells 
significantly attenuated tumor growth in mice when their immune sys
tems were previously stimulated by CT26 cell lysate. Tumor growth of 
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PD-L1ip3-expressing CT26 cells was almost completely inhibited by a 
combination treatment of direct administration of PD-L1ip3 in peptide 
form along with an adenovirus gene therapy encoding the same peptide. 
Although further studies are required to confirm potential target im
mune cells and the safety of PD-L1ip3 by orthodox pharmacokinetics, 
pharmacodynamics, multispecies toxicity studies, and comparative 
study with existing anti-PD-1/PD-L1 antibody therapy, the data pre
sented here show that this peptide therapy could be a locally effective 
agent to stimulate antitumor immunity, thereby inhibiting colon cancer 
growth. 
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