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molecular determinants of
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and Chiara Falciani*
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Immunogenic cell death (ICD) can be exploited to treat non-immunoreactive
tumors that do not respond to current standard and innovative therapies. Not all
chemotherapeutics trigger ICD, among those that do exert this effect, there are
anthracyclines, irinotecan, some platinum derivatives and oncolytic peptides. We
studied two new branched oncolytic peptides, BOP7 and BOP9 that proved to
elicit the release of damage-associated molecular patterns DAMPS, mediators
of ICD, in pancreatic cancer cells. The two BOPs selectively bound and killed
tumor cells, particularly PANC-1 and Mia PaCa-2, but not cells of non-tumor
origin such as RAW 264.7, CHO-K1 and pgsA-745. The cancer selectivity of the
two BOPs may be attributed to their repeated cationic sequences, which enable
multivalent binding to heparan sulfate glycosaminoglycans (HSPGs), bearing
multiple anionic sulfation patterns on cancer cells. This interaction of BOPs
with HSPGs not only fosters an anti-metastatic effect in vitro, as demonstrated
by reduced adhesion and migration of PANC-1 cancer cells, but also shows
promising tumor-specific cytotoxicity and low hemolytic activity. Remarkably,
the cytotoxicity induced by BOPs triggers the release of DAMPs, particularly
HMGBL, IFN-B and ATP, by dying cells, persisting longer than the cytotoxicity
of conventional chemotherapeutic agents such as irinotecan and daunorubicin.
An in vivo assay in nude mice showed an encouraging 20% inhibition of tumor
grafting and growth in a pancreatic cancer model by BOP9.

immunogenic cell death, pancreatic cancer, oncolytic peptides, danger associated
molecular patterns, metastasis

Introduction

The primary explanation for the poor prognosis often associated with
pancreatic cancer, particularly pancreatic ductal adenocarcinoma (PDAC), is
its immunologically inert nature. PDAC is characterized by a prevalence of
immunosuppressive infiltrating cells (Di Federico etal., 2022; Hertingetal., 2021;
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GRAPHICAL ABSTRACT

Activated immune-cells

Yin et al.,, 2022) and it also has a low mutational burden, resulting
in low levels of neoantigens and a compromised capacity for T cell
recognition of tumors (Alexandrov et al., 2013; Hou et al., 2022).
Consequently, immune checkpoint inhibitors (ICIs), a cornerstone
of immunotherapy, have shown little efficacy in PDAC patients
(Schizas et al., 2020). Successful stimulation of the tumor immune
microenvironment is required for an effective PDAC antitumor
immune response (Muller et al., 2022).

Immunogenic cell death (ICD) is a regulated type of cell
death that drives antigen-specific immune responses culminating
2022).
endogenous adjuvant signals, referred to as damage-associated

in immunological memory (Kroemer etal, Various
molecular patterns (DAMPs), are released by malignant cells during
immunogenic stress or cell death, stimulating the maturation
of antigen-presenting cells (Zhou etal, 2019). DAMPs include
endoplasmic reticulum proteins, calreticulin (CRT), ATP, high
mobility group box 1 (HMGB1), and type I interferon (type I IFN).
These DAMPs serve collectively as “eat me” and “find me” signals,
attracting antigen-presenting cells to sites of immunogenic cell
death induction. This process stimulates the uptake, processing, and
cross-presentation of tumor-associated antigens, ultimately eliciting
an adaptive immune response (Galluzzi et al., 2017).

ICD-inducing anticancer agents are extremely interesting,
especially for “cold cancers,” such as pancreatic cancer, because they
exhibit “dual-action”: while directly killing most tumor cells, dying
cancer cells act as a sort of vaccine that triggers a specific immune
response aimed at eradicating the remaining cancer cells.

Indeed, only some chemotherapeutics can induce intracellular
stress pathways that activate a DAMP release in dying cancer
cells. Conventional chemotherapeutics that do so include
cyclophosphamide, anthracyclines and some platinum derivatives
(Galluzzi et al., 2017; Yamazaki et al., 2020). Photodynamic therapy
(PDT) (Gomes-da-Silvaetal., 2018) and radiotherapy with y
irradiation (Shekarian etal., 2019) have also proved effective in
triggering ICD.

The literature contains a vast number of examples of peptides
with cytolytic sequences and selectivity for cancer cells (Ghaly et al.,
2023; Tornesello et al., 20205 Liuetal.,, 2023). Most are derived
from natural host defence peptides, highly conserved peptides,
synthesized by almost all living organisms. They generally consist of
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10-30 amino acids that confer a global amphipathic conformation
with a positive net charge originating from the high prevalence
of cationic (e.g., Lys, Arg) and hydrophobic (e.g., Ala, Val, Gly)
amino acids, that allow interaction with biological membranes.
These oncolytic peptides can also elicit immunogenic cell death
by triggering release of ICD-related DAMPs (Galluzzietal,
2020; Monrocetal., 2006; Feliuetal, 2010). Many oncolytic
peptides are reported to interact with cell surface heparan
sulfates of proteoglycans and to penetrate the plasma membrane
(Chen et al., 2015; Brunetti et al., 2015; Falciani et al., 2013). These
interactions occur between the cationic, basic amino acids on the
peptides and the negatively charged sulfates or carboxyl groups
of the glycosaminoglycan (GAG) portion of heparan sulfate
glycosaminoglycans (HSPGs) and/or sialic acid, typically increased
in cancer cells (Galluzzi et al., 2020). HSPGs can therefore function
as the initial selective anchoring site for these oncolytic peptides.

One of the limitations of using short linear peptides in
clinical settings is their low half-life in vivo due to rapid
degradation by peptidases and proteases. This restricts their utility
to intratumoral administration (Lietal., 2024). Despite the very
promising properties of oncolytic peptides being well-established,
only one clinical trial has been published (Nielsen et al., 2023) where
patients with metastatic soft tissue sarcoma were treated with the
combination of an intratumoral injection of oncolytic peptide and
adoptive T-cell therapy, in a phase one study (Nielsen et al., 2023).

Tetrabranched dendrimeric peptides have much better
resistance to hydrolysis than their monomeric counterparts. This
feature is due to their steric hindrance that limits interaction with
the cleavage site of peptidases (Braccietal., 2003; Falciani et al.,
2007; Paul et al., 2024). Besides, branched peptides enable greater
binding avidity because they form polyvalent bonds. The branched
structure, with multiple active sequences on the same molecule, also
determines higher local concentrations than can't be achieved with
linear homologs (Falciani et al., 2007; Paul et al., 2024).

We accordingly synthesized and assessed the cytotoxic
specificity of two oncolytic tetrabranched peptides against cancer
cells. We also investigated their potential antimetastatic effects
through interaction with HSPGs, and their ability to induce
immunogenic cell death. The efficacy of these peptides was also
evaluated in a murine model of pancreatic cancer.
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Materials and methods
Peptide synthesis

Linear peptides L7 and L9 and branched oncolytic peptides
BOP7 and BOP9 were synthesized on solid-phase by standard Fmoc
chemistry on a Syro multiple-peptide synthesizer (MultiSynTech,
Witten, Germany). The branched peptides were synthesized on
a TentaGel S RAM resin (Rapp Polymere, Tiibingen, Germany).
For the branched peptides the first two coupling steps were
carried out with Fmoc-Lys(Fmoc)-OH to create the branching core.
In the synthesis of biotin-conjugate peptides, Fmoc-Lys(Biotin)-
OH was used in the initial coupling step, followed by Fmoc-
PEG4-OH in the subsequent step, both preceding introduction
of the branching core. Sidechain-protecting groups were 2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl for R, t-butoxycarbonyl
for K, Trityl for Q and t-butyl for S. The final product was
cleaved from the solid support, deprotected by treatment with TFA
containing triisopropylsilane and water (95/2.5/2.5) and precipitated
with diethyl ether. Crude peptide was purified by reversed-phase
chromatography on a Phenomenex Jupiter C18 column (300 A,
10 mm, 250, 610 mm), using 0.1% TFA/water as eluent A and
methanol as eluent B, in a linear gradient from 80% A to 50%
A in 30 min.

Final peptide purity and identity were confirmed by reversed-
phase chromatography on a Phenomenex Jupiter C18 analytical
column (300 A, 5 mm), L7 = 16.28 min; L9 = 14.24 min; BOP7 =
20.04 min; BOP9 = 16.44 min, BOP7-Bio = 21.33 min, BOP9-Bio
= 19.43 min and by mass spectrometry with a Bruker Daltonics
Ultraflex MALDI TOF/TOF: L7 M + (found) = 1274.159; L9 M +
(found) = 1289.085; BOP7 M + (found) = 5.425.857; BOP9 M +
(found) = 5.486.092; BOP7-Bio M + (found) = 6.028.439; BOP9 M
+ (found) = 6.088.041.

Stability to serum proteolysis

A pool of sera from healthy volunteers (n = 4) was diluted 25%
using RPMI 1640 medium. Each peptide was incubated at 37°C
for 4 and 16 h at different concentrations in the diluted serum.
Trichloroacetic acid (TCA), diluted 15% in water, was then added to
the samples which were then centrifuged at 12,000 x g. The resulting
supernatant was diluted 20% with 0.1% TFA in water and used for
HPLC analysis. The HPLC spiked peaks were collected and used
for MALDI-TOF analysis. Time-zero HPLC and MS-spectroscopy
spectra were obtained immediately after mixing each peptide with
25% serum. The presence of the intact peptide was confirmed by
MALDI mass spectrometry.

Cell cultures

Cell lines, purchased from The Global Bioresource Center
(ATCC, Rockville, MD, United States), were maintained at 37°C in
a 5% CO, atmosphere.

PANC-1 and Mia PaCa-2 human pancreas adenocarcinoma,
RAW 264.7 murine macrophages, CHO-K1, chinese hamster
ovary cells and pgsA-745, chinese hamster ovary cell mutant
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deficient in xylosyltransferase (UDP-D-xylose: serine-1,3-D-
xylosyltransferase), were grown in their recommended medium:
Dulbeccos Modified Eagle’s Medium (DMEM). Medium was
supplemented with 10% fetal bovine serum (FBS), 200 pg/mL
glutamine, 100 pg/mL streptomycin and 60 ug/mL penicillin. The
culture medium of Mia PaCa-2 was further supplemented with 2.5%
horse serum (HS).

PANC-1-luc2 cells, luciferase-expressing cell line isolated
were obtained from PANC-1 cells, transfected with
pGL4.51[luc2/CMV/Neo] vector (Promega, Madison, WI, United
States) wusing Lipofectamine™ 3000 Reagent (Thermofisher),
following the manufacturer’s instruction.

Flow cytometry

PANC-1, Mia PaCa-2, RAW 264.7 and pgsA-745 cells were
seeded 2 x 10° cells/well in 96-well U-bottom plates. They were
incubated with different concentrations (10, 2, and 0.4 uM) of
biotinylated BOP7 and BOP9 for 30 min at room temperature,
followed by incubation with Streptavidin-FITC diluted 1:1,000
(Sigma Aldrich, St. Louis, MO, United States). All dilutions were
performed in PBS, containing 5mM EDTA and 1% BSA. For
BOP binding, 7,000 events were evaluated in a Guava easyCyte
Flow Cytometer (Millipore). For the competition experiment with
heparin, BOP7 and BOP9 were used at 10 pM in the presence of
heparin at 5 and 20 uM. Experiments were repeated at least twice
and each group evaluation was conducted in duplicate. The results
were analysed by FCS Express 6 Flow cytometry software.

BOP binding to heparin - ELISA

BOP7 and BOP9 were diluted in carbonate buffer (pH 9)
and used at concentrations of 10, 5, and 1ug/mL to coat a
96-well ELISA strip plate in which uncoated wells were used
as negative controls. The plate was then sealed and incubated
overnight at 4°C, then saturated with milk 3% in PBS. The plate
was incubated with heparin-biotin sodium salt (Sigma Aldrich)
diluted in PBS-BSA 0.3% to 5ug/mL. After 30 min incubation
and washing, streptavidin-POD (Sigma Aldrich) (1:500 in PBS-
milk 0.3%) 100 puL/well was added and incubated in the dark for
30 min at 30°C. After washing, 150 puL/well of substrate solution
(phosphocitrate buffer, TMB, DMSO, glycerol and H,0,) was
added and incubated for 5min. The reaction was quenched
with 50 pL/well of HCl IM and the plate was read at 450 and
650 nm using a microplate spectrophotometer (Multiskan, Thermo
Scientific, Waltham, MA, United States). The data was analysed
using GraphPad Prism version 9.5.0 software.

Cell viability assays

PANC-1, PANC-1-luc2, Mia PaCa-2 or CHO-K1 cells were
seeded 5 x 10* cells/well in a standard 96-well plate and incubated
overnight at 37°C, 5% CO, atmosphere. Each well was treated with
200 uL BOP7 or BOPY at different concentrations (from 100 to
0.08 uM) and incubated for 24 h. PANC-1 and Mia PacCa-2 were
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also tested with linear peptides L7 and L9 at concentrations ranging
from 781 to 0.5 pM under the same conditions. Growth inhibition
was assessed with a MMT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (Sigma Aldrich). Optical density was
measured at 595 and 650 nm with a microplate spectrophotometer
(Multiskan, Thermo Scientific). Experiments were repeated twice
in quintuplicate. Cell viability was measured by comparing values
of treated and untreated cells. IC50 values were calculated by
non-linear regression analysis using GraphPad Prism version 9.5.0
software. Untreated cells showed 100% cell viability.

Hemolysis test

Whole human blood was centrifuged at 3,500 rpm for 10 min.
After several washings, isolated cells were diluted 1:50 in PBS and
added to a flat 96-well plate (100 uL/well). Serial dilutions of the
peptides, from 160 uM to the lowest at 0.25 uM, were added. 100%
hemolysis was obtained with 1% TritonX 100 in PBS. The plate
was incubated at 37°C for 30 min, centrifuged at 2,000 rpm for
5 min and the supernatant analysed using a plate spectrophotometer
(Multiskan, Thermo Scientific) at 405 and 490 nm wavelengths.

Adhesion assay

PANC-1 cells were seeded at a concentration of 2 x 10° cell/mL
in a flat 96-well plate. Immediately after, 10, 1 and 0,1 uM BOP7 and
BOP9 were added to the plate. Untreated cells were used as control.
Cells were incubated at 37°C for 4 h and then fixed with 4% PFA-
PBS (Sigma Aldrich). The plates were then washed and stained with
100 pL/well 0.1% Crystal Violet (Sigma Aldrich). After treatment
with 10% acetic acid the signal was read at 595 nm (Multiskan,
Thermo Scientific).

2D migration assay

Two-well silicone inserts (Ibidi GmbH Grifelfing Germany)
were used for this assay. 3 x 10* PANC-1 cells/well were plated in
a final volume of 70 uL of culture media for each side of the insert.
After 24 h incubation at 37°C, the inserts were removed and BOP7
and BOPY, at the concentration of 1 and 10 M, were added. The
closure of the gap was monitored with a DFC 7000 T microscope
(Leica) taking pictures every 30 min for 16 h. The remaining gap was
measured with Image].

3D migration assay

The 24-well transwell inserts (Sarstedt Niimbrecht, Germany)
were handled according to the manufacturers instructions. The
inserts were coated with Collagen type I (167 pg/mL) (Corning, NY,
United States) overnight at 37°C. PANC-1 cells were seeded in the
upper chamber at a concentration of 5 x 10° cells/mL together with
BOP7 and BOP9 at 0.1, 1, and 10 uM dissolved in DMEM. 600 uL
complete media was placed in the lower chamber, and cells were
incubated for 24 h at 37°C. Cells on the upper chamber membrane
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were then swabbed and the insert was fixed with 4% PFA-PBS and
stained with 0.1% Crystal Violet (Sigma Aldrich). Images were taken
in bright field mode with a Leica TCS SP5 microscope. The graph
was obtained by measuring the color of each well with Image] and
normalizing all readouts to the untreated wells.

HMGBL release

PANC-1 cells were seeded 5 x 10* cells/well in a standard 96-well
plate and incubated overnight at 37°C in a 5% CO, atmosphere. Then
they were treated with BOP7, BOP9, daunorubicin hydrochloride
(Sigma Aldrich) and irinotecan hydrochloride (Sigma Aldrich) at
different concentrations (from 300 to 2 uM in 200 uL) and left for
24 h at 37°C. The following day, release of HMGBI in the culture
medium was assessed with an HMGB1 ELISA kit (IBL International,
Hamburg, Germany) in the PANC-1 supernatants, according to
the manufacturer’s instructions. Optical density was measured at
450 nm with a microplate spectrophotometer (Multiskan, Thermo
Scientific). Data was analysed using GraphPad Prism version
9.5.0 software.

IFN-pB release ELISA

PANC-1 cells were seeded 5 x 10* cells/well in a 96-well plate
and incubated overnight at 37°Cin a 5% CO, atmosphere. Cells were
then treated with BOP7, BOP9, daunorubicin hydrochloride (Sigma
Aldrich) and irinotecan hydrochloride (Sigma Aldrich) at different
concentrations (from 300 to 2 uM) and left for 24 h at 37°C.

At the same time, a DuoSet ELISA plate (R&D Systems
Inc., Minneapolis, MN, United States) for the detection of IFN-
B was prepared following the manufacturer’s instructions. The
plate was sensitized with 100 pL/well of capture antibody for
24 h. PANC-1 supernatants were collected and centrifuged for
5 min at 1,200 rpm, added to the DuoSet plate at 100 pL/well and
incubated for 2h at room temperature. The detection antibody
conjugated with streptavidin-peroxidase was then added. After
adding the substrate solution, the plate was read at 450 nm using a
microplate spectrophotometer (Multiskan, Thermo Scientific). Data
was analysed using GraphPad Prism version 9.5.0 software.

Extracellular ATP bioluminescence assay

PANC-1 cells were seeded (10 x 10° cells/well) in an opaque-
walled 96-well plate and incubated overnight at 37°C in a 5%
CO, atmosphere. The following day, each well was treated with
150 uL. BOP7, BOPY, daunorubicin hydrochloride (Sigma Aldrich)
or irinotecan hydrochloride (cod. PHR2717, Sigma Aldrich) at
different concentrations (from 50 to 2 uM). At the same time, each
well was incubated with 50 uL RealTime-Glo Extracellular ATP
Reagent Substrate (Promega). The plate was incubated at 37° and
bioluminescence was measured at 560 nm at different time intervals
with a VICTOR NIVO 5S luminometer (Perkin Elmer, Waltham,
MA, United States). Data was analysed using GraphPad Prism
version 9.5.0 software.
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Mouse model of metastases

Female BALB-c nu/nu 5-6 weeks old mice were obtained from
Charles River Laboratories Italia s.rl. All mice were housed in
cages in a pathogen-free animal facility according to local and
European Ethical Committee guidelines. Tumor cells PANC1-luc2
were harvested, washed and injected into the caudal vein (iv) (0.5-1
x 10 PANCI-luc2 cells per mouse/100 uL PBS) and the animals
were randomized into two groups of five: 1) Untreated; 2) Treated
with BOPY, intraperitoneal 20 mg/kg in 150 uL saline solution.

Treatments were administered every day for the first 5 days,
starting 4 h after the transplant, followed by 2 days of rest, and then
three treatments again for a total of 18 treatments over 32 days.

Tumor growth was measured using an IVIS Spectrum Imaging
System (IVIS, PerkinElmer). Mice were anaesthetized by vaporized
isoflurane and injected subcutaneously (s.c.) with D-luciferin
(2.5 mg/mouse Promega) in 100 uL PBS vehicle. Images were
taken 15 min after Lucifer injection and photon emissions were
collected. Bioluminescence was calculated in regions of interest
(ROIs) and intensity was recorded for each tumor. Images of the
mice were taken every 2-4 days. Treatment and imaging schedule
are reported in Figure 5A. The mice were monitored for 32 days then
euthanized. Authorization by the Local EC n. 062018.

Statistical analysis

The results were analysed by Student’s t-test using GraphPad
Prism (GraphPad, San Diego, CA, United States). When comparing
more than two groups, one-way analysis of variance (ANOVA)
followed by the Dunnet multiple comparisons test was used to detect
significant differences between treatment group means. The data is
reported with standard deviation (SD).

Results
Synthesis of branched peptides

The peptides were synthesized as tetrabranched structures
having four oligomers linked to a branching three-lysine core
(Figure 1). The sequences were chosen from a comprehensive open-
access database containing information on amino acid sequences,
chemical modifications, 3D structures, bioactivities and toxicities
of peptides (DBAASP v3.0). The peptides of the database derive
from host defense peptides or non-natural libraries of peptides. We
selected two sequences LLKKKFKKLQ (L7) and KKKLKFKKLQ
(L-9) because they had already demonstrated activity against
breast carcinoma, cervical hepatocellular and pancreatic cancer
(Feliu et al., 2010). Both sequences were synthesized in linear (L-7
and L-9) and branched form (BOP7 and BOP9) (Figure 1).

Stability of BOPs to blood proteases

Serum was taken as a model of a complex mixture of
different proteases to test the stability of BOPs to hydrolysis and
compare it with the linear analogues L7 and L9. Tetrabranched

Frontiers in Molecular Biosciences

05

10.3389/fmolb.2024.1429163

peptides were incubated in serum for 4 and 16 h at 37°C. HPLC
analysis followed by mass spectrometry identified a peak indicating
intact peptide (Figure 2) up to 16 h. BOP7 and BOP9 were still
detectable after 16 h of incubation in serum, differently from
the linear analogues that were hydrolyzed before the 16 h. The
very short half-life of the linear analogues prevents their further
development.

Specific binding of BOPs to cancer cell
lines through HSPGs

PANC-1 and Mia PaCa-2 pancreatic cell lines were chosen to
test the ability of BOPs to bind human cancer cell lines. FACS
analysis confirmed that BOPs bind both cell lines in a dose-
dependent manner (Figures 3A, B, E), with stronger binding at 2 and
10 uM for both BOP7 and BOP9.

To assess binding specificity, immortalized mammalian cell
lines of non-cancer origin were analysed under the same flow-
cytometry conditions. RAW 264.7 macrophage cells showed low
BOP7 and BOP9 binding, exhibiting fluorescence intensities more
shifted to the isotypic control, compared to PANC-1 and Mia PaCa-
2 (Figures 3G, E).

Since cationic peptides preferentially bind negatively-charged
targets, among which the sulfated GAG chains of HSPGs could be
preferential, we chose the pgsA-745 cell line to control selectivity.
These cells are mutants of chinese hamster ovary cells deficient
in xylosyltransferase, the enzyme responsible for the first sugar
coupling in the synthesis of the polysaccharide chains of HSPGs,
therefore they completely lack the GAG chains (Esko et al., 1988;
Yang and Wang, 2023). Interestingly, BOP7 and BOP9 showed poor
binding activity on pgsA-745 (Figures 3D, E), suggesting that they
may target the heparan sulfate chains of HSPGs.

Given the cationic nature of BOPs and their poor binding to
pgsA-745, an ELISA assay was conducted to assess their capacity to
bind heparin, a commonly used model for studying HSPGs due to
their similar chemical structure.

The results demonstrated that both BOPs showed statistically
significant binding to heparin across the range of concentrations
tested (1.8, 0.90, and 0.2 uM), compared to the control groups, which
included uncoated wells and wells lacking heparin. The binding
capacity of BOP7 and BOP9 to heparin reached a maximum and
plateaued at 0.90 uM (5 pug/mL) (Figure 3F).

To evaluate the ability of BOP7 and BOP9 to bind to HSPGs
on the plasma membrane of PANC-1 and Mia PaCa-2 cells, flow
cytometry analysis (FACS) was performed employing heparin as
an antagonist at two concentrations (5 and 20 ug/mL) during the
cell binding assay. At the higher concentration (20 pg/mL), heparin
completely antagonized the binding of BOPs to PANC-1 and Mia
PaCa-2 cells (Figures 3G, H), reinforcing the hypothesis that BOPs
bind HSPGs on the membranes of cancer cells.

Cytotoxicity of BOPs for pancreatic cancer
cells

The specific cytotoxicity of BOPs against cancer cells was tested
in PANC-1 and Mia PaCa-2 cell lines and IC50 were measured in
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Stability of the tetrabranched peptides to proteolysis. (A, C, E, G) HPLC profiles of the serum with spikes of the peptides, BOP7, BOP9, L7, and L9
monitored after 4 and 16 h of incubation; (B, D, F, H) MALDI-TOF mass spectrometry confirming the presence or absence of the intact peptides.
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a 24 h treatment experiment. The two BOPs showed micromolar
IC50 values. Specifically, BOP7 and BOP9 showed an IC50 of
1.67 x 10°M and 8.3 x 10 M against PANC-1, respectively;
and against Mia PaCa-2 the IC50 was 2.73 x 10> M for BOP7
and 1.78 x 10 M for BOP9 (Figures 4A, B). Interestingly, the two
linear analogues showed no cytotoxic activity against PANC-1 and
Mia PaCa-2 (Figures 4C, D, respectively) in 24 h, confirming that
the branched design increases biological activity.
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CHO-K1 cells were chosen as a model of cells of non-cancer
origin to test the safety of BOPs. BOP7 showed an IC50 of 5.0 10> M
and BOPY of 1.6 107 M, notably less toxic than against pancreatic
cell lines (Supplementary Material 1).

Since many cationic peptides have shown some toxicity towards
erythrocytes, BOPs were tested for hemolysis.

The two peptides showed absence of hemolytic activity even at 3
times the highest cytotoxic concentration (Figures 4E, I).

frontiersin.org


https://doi.org/10.3389/fmolb.2024.1429163
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

Rencinai et al.

10.3389/fmolb.2024.1429163

10 10 1

A PANC-1 B MiaPaCa-2 F i
w10 UM
BOP7 5
7 34 m— 2 M
BOP7
i 0.4 uM M
s 25 mm control £
Ss3
% o
i 17 2
@ 2
» s S
1
ot o
10 10 10" 0
BOP7 (uM) 18 09 0.2
= BOP9 (UM) 1.8 09 02
7 BOP9 heparin + o+ + o+ + -+
=
55
} T, G BOP7 PANC-1
53 8 = control
3 BOP7 Moo
=** BOP7 + heparin 5 yg/ml 5
18 M ™ BOP7 + heparin 20 pg/ml £
5
= 50
ot Q
3 . - z
0 0 10 0 0 1 1 10 0 2
Green Fluorescence (GRN-HLo9) Green Fluorescence (GRN-HLog) &
R ol
) 10 10 10  BOP7 (M)
C RAW 264.7 D pgsA-745 ¢ 10 1 -5 20 Heparin(ug/mi)
Green Fl 0g)
» BOP7 — 10 UM
. — 2 M BOP9 PANC-1
58 control
0.4 uM O sops Pioo
fo um control 51 \ =+ 80PS + heparin 5 pa/ml | £
8 B 80PS + heparin 20 ug/ml | 2
» Qw
| g
ol ) ®
0 10 ALl e
- 10 10 10 BOPY (M)
10
Green GRN-HLog) 5 20 Heparin(ug/ml)

BOP7 Mia PaCa-2

H

= control

0 soes

**'BOPS + heparin 5 ug/ml
B BOPS + heparin 20 pg/ml

% Mia Paca-2 binding
3

BOP7 (M)

BOP9

BPANC-1 @ MiaPaCa-2 DRAW 264.7 0O PgsA-745

FIGURE 3

10

807 (uM)

Green Fluorescence (GRN-HLog) -
% 18 1d 16 16 16 - S 20 Heparin(ug/ml)
E 0 . —_— " Green (GRN-HLog)
35 Kok *k -
20 3k k k% BOP9 Mia PaCa-2 »
9 ok &9 = control £
g 2 80P9 2%
E 20 51 **'BOPS + heparin 5 pg/ml -2
g " B 80P9 + heparin 20 pg/mi |3
S 15 5.4 8 %
2 5 g &
K]
5 174 =
xR
. ] (]
BOP7

5 20 Heparinug/ml)

1
(GRN-HLog)

(A, B) Flow cytometry analysis of: pancreatic cancer cells, PANC-1 and Mia PaCa-2; (C, D) cells of non-cancer origin, RAW 264.7, murine macrophages
and pgsA-745 chinese hamster ovary cell mutant deficient in xylosyltransferase. (E) Quantification of fluorescence intensity of cells treated with 10 uM
BOPs, each repeated value (n = 2) was averaged and divided by the value of the untreated cells; (F) ELISA of binding of BOPs to biotinylated heparin;
***p < 0.0001 (n = 6), one-way ANOVA and Dunnet post-test. (G, H) Flow cytometry analysis of BOP7 and BOP9 binding to PANC-1 and Mia PaCa-2
cells in the presence of 20 or 5 pg/mL heparin. On the right side of each graph, the quantification of fluorescence intensity, as % of BOPs binding (n = 2).

Effects of BOPs on PANC-1 adhesion and
migration

HSPGs play a crucial role in regulating adhesion and migration
processes related to invasiveness of cancer cells (Esko et al., 1988;
Yang and Wang, 2023). Through their interaction with HSPGs,
BOPs may disrupt adhesion and migration mechanisms in cells.
Accordingly, we analysed the effect of the peptides on PANC-1
adhesion to the well. BOP7 and BOP9 at 10 uM inhibited adhesion
of PANC-1 when incubated at 37°C for 4 h. BOP7 also produced
significant inhibition at 1 uM (Figure 5A). Interference with cell
migration was studied in a gap-closure model. Migration of PANC-
1 cells was significantly inhibited by BOP7 and BOP9 at 10 uM,
especially evident in the case of BOP7 (Figure 5B).
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To assess whether the effect observed in the two-dimensional

migration experiments was correlated with invasiveness
in vitro, we conducted migration assays using transwell
invasion chambers (Figures 5C, D). FBS was used to attract
cells and induce their migration from the upper to the
lower chamber, passing through the pores of a membrane.
In this setting, cells are forced to move, degrade a matrix,
collagen type I in this case, and must change shape to
squeeze through the pores of the artificial membrane. PANC-
1 were seeded on the collagen layer in the upper chamber,
and their ability to cross the membrane and reach the
lower chamber was measured. BOP7 inhibited PANC-1 3D-
migration at a concentration of 10 uM; BOP9 activity was

not significant in this setting.
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Immunogenic cell death experiments

To evaluate the ability of BOPs to trigger release of DAMPs,
PANC-1 cells were treated with different concentrations of BOPs.
The effect was compared to that of two chemotherapeutics
used in clinical practice: daunorubicin and irinotecan, both
widely considered to be powerful inducers of immunogenic
cell death.

HMGBL1 release

Immunogenic cell death inducers trigger release of HMGBI,
which by binding to TLR4, promotes the processing and
presentation of tumor antigens by inhibiting their premature
lysosomal degradation (Apetoh et al., 2007a; Apetoh et al., 2007b).
HMGBI release was assessed by ELISA using the supernatants of
PANC-1 cells treated for 24 h with the BOPs and chemotherapeutics
at different concentrations (from 300 to 2 puM). BOP7 and
BOP9 induced greater release of HMGBI than irinotecan at
concentrations of 300 and 50 uM, but less than daunorubicin,
which proved to be the most effective inducer even at the lowest
concentrations (Figure 6A).
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IFN- B secretion

Immunogenic cell death inducers can stimulate the production
of IFN-f type-1 interferon, which acts on its receptor (IFNAR1)
and stimulates transcription of specific target genes activating a
signal transduction cascade that in turn stimulates T cell recruitment
(Sistigu et al., 2014; Ahmed and Tait, 2020). IFN-pB secretion was
assessed by ELISA using the supernatants of PANC-1 cells treated
for 24 h with the different BOPs (Figure 5B). BOP7 and BOP9 at
concentrations of 300 and 50 uM significantly stimulated IFN-f
secretion compared to untreated cells. In contrast, daunorubicin and
irinotecan did not result in a statistically significant release of IFN-
B (Figure 6B).

ATP release

The release of ATP is another hallmark of immunogenic
cell death (Kryskoetal, 2013). ATP release by PANC-1 cells
after treatment with BOPs and chemotherapeutics at different
concentrations (from 50 to 2puM), was measured using a
bioluminescence test with luciferase. At a concentration of 50 uM,
daunorubicin was shown to be the most effective agent at inducing
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ATP release (Figure 6C). However, the peak of ATP release was
reached at 3h, and after 6h, release returned to baseline. In
contrast, at the same concentration, BOP7 and BOP9 stimulated
ATP release for longer. After 24 h, BOP7 and BOP9 at 50 and
20 UM released about twice as much ATP as daunorubicin and
irinotecan (Figure 6D).

Mouse model of pancreatic cancer
metastases

Considering the tumor-specific anticancer activity of the BOPs,
their inhibitory activity in invasiveness/metastatic models in vitro
and their resistance to circulating proteases, we studied their
antitumor effect in a mouse model of metastases.

BALB-c nu/nu mice were injected in the caudal vein with
0.5-1 x 10° PANCI1-luc2 cells (Yuanetal., 2017). PANCI-luc2
were obtained by transfection of PANC-1 with a plasmid DNA
(PGL45LUC2CMVNEO) and proved to have the same susceptibility
to BOPs as wild type PANC-1. BOP9 was initially selected for the
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in vivo test because of its slightly lower cytotoxicity against non-
cancer cells, compared to BOP7 (IC50 1.6 X 1072 M versus 5.0 x
107 M, against CHO-K1). Treatments were administered every day
for the first 5 days, starting 4 h after transplant, followed by 2 days
of interval, then three treatment cycles, with 2 day intervals were
repeated for a total of 18 treatments over 32 days (Figure 7A). Tumor
growth was monitored using an imaging system (IVIS, PerkinElmer)
to capture bioluminescence images of the two groups of mice every
5-6 days (Figure 7B). The images were acquired on anesthetized
mice, which were injected with luciferin 15 min prior to imaging.
BOP9 reduced tumor metastasis growth by 20% with respect to
untreated animals (Figure 7C).

Besides obtaining a reduction in tumor growth, BOPs proved
to distribute systemically after intraperitoneal administration and to
reach the site of the tumor or metastases.

Discussion

Tumors with an immunosuppressor microenvironment have
poor prognosis. Pancreatic ductal adenocarcinoma is characterized
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Animal model of metastasis with PANC-1-luc2. (A) Treatment schedule, Tn indicate days of treatment, purple triangles indicate imaging; (B)
representative images of differences in abundance of peritoneal metastases measured as bioluminescence (radiance); (C) images of the control group
(upper panel) and treated group (lower panel) at day 28 (*one tailed unpaired t test, p = 0.0200, n = 5).

by a prevalence of immunosuppressive infiltrating cells, giving rise ~ studies investigate the ICD-inducing effect of co-treatment with
to one of the highest mortality rates among all cancer types: the 10-  multiple common chemotherapeutics, such as anthracyclines,
year overall survival rate is approximately 1% (Siegel et al., 2022).  cyclophosphamide, oxaliplatin, paclitaxel, 5-fluorouracil and
Strategies to neutralize the immunosuppressive stroma with high ~ immune-check-pointinhibitors (Jiang et al., 2021) or passive tumor-
specificity are essential to improve the therapeutic statistics. targeting immunotherapies, such as trastuzumab (anti-human
Immunogenic cell death (ICD) emerges as a promising  epidermal growth factor receptor 2).
solution and several clinical trials have reported a better overall Peptides hold significant promise in this capacity and are
response rate than to chemotherapy alone (Sprooten etal, 2023;  poised to be extensively used in this context in the coming
Zhang et al., 2024; Islam etal., 2023; Galassietal., 2024). Most years, owing to their ease of preparation and availability.
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Anticancer peptides have already been demonstrated to induce
ICD (Ghaly et al., 2023; Pasquereau-Kotula et al., 2018).

Two peptides, BOP7 and BOP9, showed resistance to
proteolysis, unlike their linear analogues. The promising cancer
selectivity of the two BOP peptides is attributed to their
repeated cationic sequences, which enable multivalent binding
to HSPGs bearing multiple anionic sulfation patterns. Cancer
cells typically show increased surface negativity due to increased
presence of anionic components, such as the sulfate groups
and carboxylic moieties of the glycosaminoglycan portion of
HSPGs and sialic acid (Liu etal., 2023). HSPGs are a family of
around twenty members, universally expressed in all eukaryotic
cells. Many alterations in their expression are reported across
different cancer types (Furini and Falciani, 2021; Proteinatlas,
2024). These alterations primarily affect the structure of the
glycosaminoglycan chains and the expression levels of the
proteoglycans. Both PANC-1 and Mia PaCa-2 cell lines express
HSPGs (Furini and Falciani, 2021; Proteinatlas, 2024; Depau et al.,
2020). The selectivity of the peptides towards cancer cells,
observed when comparing PANC-1 or Mia PaCa-2 to the non-
cancerous RAW264.7 and CHO cells, is most likely related
to an increased expression of HSPGs in the tumor cells,
modifications in the GAG chains, or modified arrangement of
sulfations on the GAG chains in the pancreatic cancer cell lines
(Kleeff et al., 1998; Uhlen et al., 2017).

This interaction of BOPs with HSPGs not only fosters an
anti-metastatic effect in vitro, as shown by reduced adhesion
and migration of PANC-1 cancer cells, but also demonstrates
promising specific tumor cytotoxicity with low hemolytic activity.
Remarkably, the cytotoxicity induced by BOPs triggers release
of damage-associated molecular patterns (DAMPs), particularly
HMGBI, IFN-B and ATP, by dying cells, and they persist for longer
than conventional chemotherapeutic agents such as irinotecan and
daunorubicin. The fact that they have a longer-lasting effect on
DAMP-release makes BOPs excellent candidates for combined
therapies that leverage immunogenic cell death. The in vivo assay
in nude mice showed an encouraging ability of BOP9 to inhibit
tumor grafting and metastasis growth in a pancreatic cancer
model. In addition, BOP9 demonstrated systemic distribution after
intraperitoneal administration and thus the ability to effectively
reach tumor or metastatic sites, which is a crucial feature for further
development.

In light of these promising preliminary results, further studies
are needed to precisely define the potential activated pathways of
these branched peptides and their mechanism for triggering the
release of DAMPs to induce ICD. Additionally, investigating the
efficacy of a combined treatment involving BOPs and other clinical
standard chemotherapeutics, particularly immune checkpoint
inhibitors (Schizas et al., 2020; Muller et al., 2022), will pave the
way for developing new treatment options for non-responding,
immunologically silent types of cancers.
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