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ARTICLE INFO ABSTRACT

Keywords: Photodynamic therapy (PDT) is a potential synergistic approach to chemotherapy for treating ovarian cancer, the
PDT most lethal gynecologic malignancy. Here we used M13 bacteriophage as a targeted vector for the efficient
EGFR

photodynamic killing of SKOV3 and COV362 cells. The M13 phage was refactored (M13,) to display an EGFR
binding peptide in its tip that is frequently overexpressed in ovarian cancer. The refactored phage was conjugated
with chlorin e6 (Ce6), one of the most widely used photosensitizers (M13,-Ce6). The new platform, upon irra-
diation, generated ROS by type I mechanism and showed activity in killing SKOV3 and COV362 cells even at
concentrations in which Ce6 alone was ineffective. A microscopy analysis demonstrated an enhanced cellular
uptake of M13,-Ce6 compared to free Ce6 and its mitochondrial localization. Western blot analysis revealed
significant downregulation in the expression of EGFR in cells exposed to M13,-Ce6 after PDT. Following PDT
treatment, autophagy induction was supported by an increased expression of LC3II, along with a raised auto-
phagic fluorescent signal, as observed by fluorescence microscopy analysis for autophagosome visualization. As a
conclusion we have herein proposed a bacteriophage-based receptor targeted photodynamic therapy for EGFR-
positive ovarian cancer.
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1. Introduction

Ovarian cancer (OC) is the most lethal gynecologic malignancy [1].
Due to the relatively asymptomatic nature of the early-stage disease,
most of the patients are diagnosed at an advanced degree after cancer
has disseminated within the peritoneal cavity [2]. The standard treat-
ment for advanced OC is based on the combination of surgical cytor-
eduction and paclitaxel/carboplatin combination chemotherapy [3,4].

* Corresponding author.
** Corresponding author.

However, disease recurrence occurs in most patients due to platinum
chemotherapy resistance, and a significant effort is needed to identify
the best ways this challenge could be effectively addressed. The inno-
vative oncological strategy often combines different therapeutic mo-
dalities, offering potential improvements over a single treatment [5-7].
In this context, photodynamic therapy (PDT) is a potential synergistic
approach to chemotherapy for the residual disease [8].

PDT involves the uptake of a photosensitizer (PS) followed by
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exposure to light of an appropriate wavelength, leading to the photo-
chemical generation of reactive cytotoxic oxygen species [8]. Reactive
oxygen species (ROS) are involved in various physiological and patho-
logical processes [9], and multiple cancer therapies nowadays rely on
oxidative stress to damage cancer cells [10-12]. PDT-mediated tumor
destruction involves three distinct mechanisms [13]: (i) generation of
oxidative stress that can directly cause apoptosis, autophagy or necrosis
of cancer cells; (ii) destruction of cancer-associated vasculature, leading
to tumor infarction; (iii) activation of an acute inflammatory and in-
duction of host-defense immune response that can consequently kill
cancer cells. Since ovarian cancer is confined within the peritoneal
cavity in most cases, the disease is amenable to regionally localized PDT
[14,15]. However, the accumulation of PSs outside tumor lesions and
inadequate light dosimetry induce organ toxicity in the peritoneum,
with cutaneous phototoxicity and bowel perforation as the primary
complication [16,17]. Since the goal of therapeutic precision remains
elusive, there is a critical need to develop a targeted PSs formulation that
selectively accumulates in tumor lesions, limiting the phototoxicity to
the irradiated regions [16]. In this context, nanotechnology disclosed
the possibility of engineering new vehicles to deliver drugs or new
therapeutic agents targeting ovarian cancer cells [18,19].

Epidermal growth factor receptor (EGFR) is an integral surface re-
ceptor mediating external signaling from an entire family of regulatory
signals [20]. Interaction of these extracellular signaling molecules with
EGFR induces activation of several intracellular pathways such as
RAS/MAPK(ERK), PI3K/AKT/mTOR, and JAK/STAT, leading to prolif-
eration, apoptosis inhibition, and cell survival [21]. Of interest, EGFR
activation contributes to epithelial-mesenchymal transition, and muta-
tions in this gene and its upregulated expression are often associated
with cancer emergence and progression [22,23]. EGFR represents one of
the most promising receptors for targeted therapy and several
EGFR-targeted therapeutics have been widely used in clinical practice
[24]. For instance, anti-EGFR monoclonal antibodies such as cetuximab,
panitumumab, and nimotuzumab, hinder natural ligands from binding
the EGFR and prevent activation of the receptor tyrosine kinase. How-
ever, despite exhibiting upregulated expression of EGFR, a significant
part of OC patients do not respond to the anti-EGFR antibodies and in-
hibitors that entered the clinical setting [8,25].

The development of resistance to EGFR therapy has been attributed
to a variety of cellular mechanisms, while the structure of the receptors
often remains unchanged. Unlike conventional EGFR therapy, the EGFR
targeted PDT treatment does not need an intrinsic effector function. This
offer the possibility of continuing to use a target-therapy against EGFR
(also for resistant cells) destroying the cancer cells with physical
mechanisms (ROS generation), which are able to overcome the cellular
adaptations that bestow resistance. Thus, EGFR targeted PDT may
represent a promising complementary therapeutic approach for EGFR-
positive cancer patients, particularly for those resistant to the avail-
able treatments.

The use of viral nanoparticles in PDT has significantly expanded the
range of applications of this laser-based therapy [26]. This study em-
ploys the M13 bacteriophage as a targeted vector for the efficient
photodynamic killing of two different OC cell lines. The M13 phage is
refactored (M13,) to display in its tip an EGFR binding peptide [27,66].
The refactored phage is conjugated with chlorin e6 (Ce6), one of the
most widely used photosensitizers (M13,-Ce6) [28].

2. Materials and methods
2.1. Synthesis and characterization of refactored M13 phages

The SYPIPDT coding sequence was generated by annealing oligo-
nucleotide AD0127 (CATGGCCAGCTATCCGATTCCGGATACCGGTGGC
GGTG) and AD0128 (GATCCACCGCCACCGGTATCCGGAATCGGA-
TAGCTGGC). This insert was cloned as a Ncol-BamHI fragment in a
PSEX81 vector (ProGen), linearized with the same restriction enzymes,
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generating pPK15. Positive clones were verified by sequencing. Clones
of E. coli TG1 carrying the verified pPK15 phagemid were superinfected
with Hyperphage (ProGen) and grown overnight in LB medium sup-
plemented with appropriate antibiotics and 0.4 mM IPTG to promote
phage production and induce expression of the fusion construct from the
Pjqc promoter of pPK15, enabling multivalent display of the SYPIPDT
peptide on the phage tip. After bacterial pelleting, the supernatant
containing the M13r phages was stirred for 90 min at 4 °C in the pres-
ence of PEG 8000 and NaCl (SigmaAldrich, respectively 4% and 3% w/
v). Next, the solution was centrifuged for 30 min at 20.000 g to pre-
cipitate the phages. M13r virions were resuspended in phosphate-
buffered saline pH7.4 and quantified using a UV-Vis spectrophotom-
eter, measuring the absorbance at 269 nm (¢ = 3.84 cm? mg'l).

2.2. Conjugation of chlorin e6 (Ce6) to the refactored M13 phages

Carboxylic groups of Ce6 were activated to succinimidyl ester de-
rivatives before conjugation with phages. Ce6 was dissolved in DMSO to
obtain a concentration of 10 mM. Then solid NHS and EDC were added
under stirring to the Ce6 solution, obtaining a final concentration of 45
mM and 30 mM. The solutions were incubated at 25 °C under constant
shaking at 700 rpm (ThermoMixer HC, S8012-0000; STARLAB,
Hamburg, Germany) for 3 h in dark conditions. 50 pl of activated Ce6
were added, in a dropwise manner, to 1 ml of M13, 40 nM (2.4-10"3
virions/ml) dissolved in PBS, obtaining a final concentration of 0.5 mM.
The mixture was then incubated overnight at 25 °C under continuous
shaking (700 rpm). The M13,-Ce6 bioconjugate was purified by dialysis.
Unreacted Ce6 and small molecular weight byproducts of the cross-
linking reaction were removed by dialysis in 100 mM sodium carbonate
buffer (pH 9) using a regenerated cellulose membrane (14,000 kDa cut-
off). The purification process was monitored, performing UV-Vis spectra
of the dialysate.

2.3. Conjugation of TRITC to the refactored M13 phages

A stock solution of 10 mM TRITC dissolved in DMSO was prepared. A
volume of 50 pl of the stock solution was added dropwise to 1 ml of M13,
40 nM (2.4~1013 virions/ml) dissolved in 100 mM sodium carbonate
buffer (pH 9). The mixture was then incubated overnight at 25 °C under
continuous shaking (700 rpm). Purification process by dialysis was
performed to remove the TRITC excess.

2.4. Determination of the ROS generation ability of the M13,-Ce6
bioconjugate

2.4.1. Detection of singlet oxygen generation

Singlet oxygen emission spectra were recorded with an Edinburgh
FLS920 spectrofluorimeter equipped with a Ge detector for emission in
the NIR spectral region. These steady-state phosphorescence spectra
were acquired with an emission cut-off filter at 850 nm to eliminate
artefacts. Correction of the emission spectra for detector sensitivity in
the 1200-1400 nm spectral region was performed.

2.4.2. Amplex® red assay

50 mM phosphate buffer at pH 7.4 (PB) was prepared using Milli-Q
water. 1 ml of this solution was added to 10 pl of 50 mM of Amplex
Red (AR) dissolved in DMSO to obtain a final concentration of 500 pM.
Then, 10 pl of 0.4 mg/ml of HRP dissolved in PBS was added to the AR
solution to produce the final working solution. The assay was performed
using different concentrations of photosensitizers, i.e., Ce6 and M13;-
Ce6 (10, 5, 2, 1, and 0.5 pM). The samples were transferred on a 96-well
plate and irradiated for 30 min with a visible light lamp (Valex cold
white LED lamp) with an irradiance on the cell plate of 20 mW/cm?
measured with a photo-radiometer Delta Ohm LP 471 RAD. 10 pl of AR
working solution was added to each sample after the irradiation. Solu-
tions were incubated for 30 min at room temperature in dark conditions,
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and then absorbance was measured at 560 nm. The absorbance values
were converted to the concentration of peroxides generated upon irra-
diation, applying a calibration curve produced using standard solutions
of H202.

2.5. Cell cultures

The human ovarian cancer cell line SKOV3 was purchased from
ATCC (American Type Culture Collection, Manassas, Virginia United
States). The COV362 cell line was kindly provided by Dr Maurizio
Mongiat (from Centro di Riferimento Oncologico di Aviano (CRO),
IRCCS Aviano Italy). SKOV3-luc cells were maintained in RPMI medium
(Thermo Fischer Scientific, Waltham, Massachusetts, USA) supple-
mented with 10% fetal bovine serum (Euroclone, Milan, Italy) and 1%
penicillin/streptomycin antibiotics (Euroclone, Milan, Italy). SKOV3
were made bioluminescent cells (SKOV3-luc), as in detail previously
described [18]. The COV362 growing medium was DMEM (Euroclone,
Milan, Italy) added with 2 mM of glutamine and 10% fetal bovine serum.
All ovarian cancer cell cultures were incubated at 37 °C in a humidified
incubator with 5% CO».

2.6. Photodynamic treatment

Cells were seeded at a density of 5 x 10° cells/well in 96-multiwell
plates (Sarstedt, Niimbrecht, Germany) for cell viability assay and
density 3 x 10° cells/well in 6-multiwell plates (Sarstedt, Niimbrecht,
Germany) for Western blot analysis. After 24 h, the medium was
removed from the plate, and adherent cells were incubated for 90 min
with PS (Ce6, and M13,-Ce6) at a concentration ranging from 0.05 pM to
2 pM in DMEM medium supplemented with 2.5% FBS. Following in-
cubation, the conditioned medium was removed, and the cells were
washed with 1X PBS (Euroclone, Milan, Italy) to eliminate the excess of
PS. The cells were maintained in 1X PBS during irradiation. Plates were
irradiated with a class IV diode laser (K-Laser Cube series, K-laser d.o.o0.,
Sezana, Slovenia), with emission wavelength at 660 nm, power emission
0.1 W, fluence 2.25 J/cmz, irradiance 0.05 W/cmz, continuous wave.
The device was equipped with an adapted prototype probe specifically
designed by Eltech S.r.l. [29], to allow homogeneous irradiation of the
wells. After the laser treatment, cells were washed with PBS and main-
tained in the appropriate medium during post-treatment time (24 h).
Control experiments were performed as follows: i) cells were cultured in
the same conditions without irradiation or PS exposure (control); ii)
cells were cultured in the same conditions and exposed to light
(phototoxicity); iii) cells were exposed to the PS without irradiation
(dark toxicity), and iv) cells were exposed to the M13, phage at the
corresponding concentration used in the PDT experiments (phage
toxicity). Preliminary investigations were conducted to optimize the
experimental conditions described above, using different incubation
mediums for PSs and different irradiation doses.

2.7. Cytotoxicity assays

After 24 h from the treatments, SKOV3-luc cell viability was assessed
using the ONE-GloTMLuciferase Assay System kit (Promega Madison,
USA) as previously described [18]. CellTox™ Green Cytotoxicity Assay
kit (Promega Madison, WI) was employed to measure cytotoxicity in
COV362. According to the manufacturer’s instructions, the fluorescence
produced by the green dye binding to the dead-cell DNA was determined
by the Glomax MultiDetection System instrument (Promega Madison,
WI), and the measured relative fluorescent unit (RFU) was proportional
to cytotoxicity.

2.8. Western blots

3 x 10° cells were collected and suspended in TUC buffer (7 M urea,
2 M thiourea, 4% CHAPS, 40 mM Tris) with protease inhibitor cocktail
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(2 mM PMSF; 1 mM EDTA; 1 mM NaF; 1 mM benzamidine) and was then
sonicated for about 10 s. Lysates were then centrifuged at 12,000 g at
4 °C for 10 min, supernatants collected, and protein concentration
quantified with Bradford assay. The samples were prepared using Laemli
buffer and then boiled at 83 °C for 3 min. 60 pg of proteins were loaded
on 12% SDS-PAGE at a voltage of 200 V for about 40 min. Gel proteins
were then transferred to a nitrocellulose membrane (Merck) previously
wetted with 1X Transfer Buffer. A constant electric current of 300 mA
was applied for 90 min. The protein transfer was ascertained by Ponceau
Red stain (Merck). Nitrocellulose membranes were incubated with 5%
dry milk solution in TBS-Tween 0.05%, except for the analysis of p-
mTOR, for which membranes were incubated with a 5% BSA solution for
2 h at room temperature. Next, incubation with primary antibodies was
carried out overnight at 4 °C. The following primary antibodies have
been used: Cocktail Apoptosis kit (Ab136812, Abcam); Mouse mono-
clonal anti-human EGFR (sc-373746-HRP, Santa Cruz); Recombinant
Anti-LC3B antibody (ab192890, Abcam); P-mTOR (sc-293133, Santa
Cruz); Anti-Heme oxygenase-1 (sc-136960HRP, Santa Cruz). After pri-
mary antibody incubation, membranes were washed three times for 10
min with TBS-Tween 0.05% and then incubated with secondary anti-
body (anti-mouse 1:3.000 in TBS-Tween 0.05%) for 1.30 h at 4 °C. In
order to develop the membranes, Clarity max Western ECL Substrate
(Bio-Rad) was adopted. The kit is composed of Peroxidase Buffer and
Luminol, and to develop the immunochemical signal and signals were
detected using the CCD-camera-based imager ChemiDoc MP (Bio-Rad).
Quantification of bands was performed with Image Studio Lite: Western
Blot Analysis Software.

2.9. Cell imaging

SKOV3-luc and COV362 cells were seeded at a density of 1 x 10° at
24 multiwell plates (Sarstedt, Germany) and exposed 24 h later to PDT
treatment. Cells were stained with fluorescent probe MitoTracker® Red
CMXRos (Invitrogen Thermo Fisher Scientific, Waltham, Massachusetts,
USA) at a concentration of 200 nM at 37 °C for 30 min. CYTO-ID Green
Detection Reagent 2 (ENZO, Switzerland) was used to stain autopha-
gosome accumulations following the manufacturer’s instructions.
COV362 positive control of autophagy was obtained by adding starva-
tion medium (Earle’s Balanced Salts buffer with 40 pM Chloroquine) to
cell culture for 4 h. SKOV3 positive control of autophagy was performed
by adding 500 nM of Rapamycin in a complete medium of 24 h.
Adherent cells were fixed with paraformaldehyde (PFA) 4% and pro-
tected with coverglass mounted using Vectashield mounting medium
with DAPI (Vector Laboratories Inc. Burlingame, CA). The fluorescent
images were captured using Cytation 5 cell imaging multi-mode reader
with objective lens 10x and 20x and processed by GEN.5 software
(BioTek, Germany). The stained cells were evaluated with a Nikon C1si.
Confocal microscope Nikon Clsi contains 457,477, 488, 514 nm argon
laser lines and 408, 561, 640 nm diode lasers. Laser lights at 488 and
561 nm wavelength were delivered to the sample with an 408/488/561/
640 dichromatic reflector using a line lamba protocol to avoid bleed-
through of green fluorescence in red channel. Only Plan Apo objec-
tives were used 20x and 60X and detection was performed using
separated PMTs for the 515 nm and 590 nm light peaks. The system was
operated with a pinhole size of one Airy disk. Electronic zoom was kept
at minimum values to reduce potential bleaching. The confocal micro-
scope and the acquisition protocols were inserted using the company
proprietary software, NIS Elements C, version 5.0. A series of optical
images, acquired at 250 nm increments along the “z” were processed for
z-projection and for illustration purposes by using ImageJ (NIH,
Bethesda,USA).

2.10. Cellular uptake assay

2.5 x 10° cells were seeded on a microscope glass slide, and cells
were exposed to free Ce6 or M13,-Ce6 for 1.5 h incubation time.
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Afterward, the medium was removed, and samples were washed with
PBS and stained with DAPI and Mitotraker-green. The prepared samples
were analyzed by an inverted microscope (Axiovert 200, Carl Zeiss,
Germany), a 63 x objective immersion oil (Zeiss, Switzerland), Olympus
XM10 camera, and X-Cite fluorescence lamp illuminator (Excelitas
Technologies) for visualization of DAPI and MitoTraker Green. For
MitoTraker, an excitation bandpass filter (450-490 nm), beam splitter
(520 nm), and emission by a lowpass filter (515 nm) were used. Instead,
Ce6 was excited with a 405 nm LED (100 mW), beam splitter at 580 nm,
and the red fluorescence emission was collected by a lowpass filter (590
nm). The use of the LED allowed for exciting the Ce6 molecules
selectively.
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2.11. Statistical analysis

Student’s t-test and one-way analysis of variance (ANOVA) followed
by Tukey’s HSD post-hoc test were performed to determine significant
differences for two-way or more than two groups, and a P-value less than
0.05 was considered significant.
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Fig. 1. A) Conjugation of Ce6 to M13,. B) Absorption spectra of M13; (red line) and M13,-Ce6 (black line). C) Normalized (on the lowest energy transition) ab-
sorption spectra of Ce6 (green line) and M13,-Ce6 (black line). (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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3. Results and discussion

3.1. Engineered phage conjugated with chlorin e6 (Ce6) generates ROS by
type I mechanism upon irradiation

M13 phage is a filamentous structure composed of ~2700 copies of
the a-helical major coat protein pVIII, symmetrically arranged around
the viral DNA to compose an ~880 nm long and ~6.5 nm large supra-
molecular assembly. Four other minor coat proteins. plll, pVI, and pVII,
pIX, about 5 copies each, plug the virion, respectively, at the two distal
ends. The chemical biology of the M13 phage can be boosted by the
incredible ease of molecular manipulation of its genome, allowing it to
display proteins and peptides of interest on the phage. The EGFR peptide
ligand SYPIPDT [27] was genetically fused to the minor coat protein
pllI, generating a recombinant M13; phage vector able to be internalized
by OC cells. A bioconjugate of M13, with Ce6 was synthesized via
EDC/NHS cross-coupling reaction (Fig. 1A) between the carboxylic-acid
group of Ce6 and primary amines available for conjugation on the capsid
surface (N-terminus and a Lys residue exposed on the viral surface of the
pVIII protein) [30]. The total number of conjugation sites available is
~5400 per virus. Absorption spectra of the purified M13,-Ce6 bio-
conjugate displayed the diagnostic peaks, characteristic of Ce6 (Fig. 1B),
i.e., the Soret band around 400-410 nm and the Q bands in the range
650-670 nm. Considering the initial concentration of M13, phage and
the molar extinction coefficient of Ce6 at 660 nm, approximately 1600
Ce6 molecules were conjugated per M13, phage, a number in line with
the results obtained previously in the conjugation of similar molecules to
wild-type M13 phages [31].

The absorbance peak of the most intense Q bands shifted to 668 nm
(the typical absorbance in Ce6 is at 655 nm) and the Soret band around
400 nm became broader following conjugation with M13, (Fig. 1C).
These changes in the absorption spectra confirmed that Ce6 was
attached to M13,.

Upon light absorption, Ce6 can produce ROS via two different
pathways. In the type II mechanism (energy transfer), singlet oxygen
(10y) is generated by the quenching of the excited state of the PS by
molecular oxygen (305). In type I mechanism, a radical species is pro-
duced by electron transfer from (or to) the excited state of the photo-
sensitizer. These radical species readily respond to molecular oxygen,
forming different reactive oxygen species (ROS), such as hydroxyl rad-
icals and organic hydroperoxides. Spectrofluorimetric measurements
are employed to verify the occurrence of the two mechanisms.

The amount of singlet oxygen generated during visible light irradi-
ation was determined directly by measuring the near-infrared phos-
phorescence at ~1270 nm emitted by '0,. The measurement of the near-
infrared luminescence of singlet oxygen for two solutions of Ce6 and
M13;-Ce6 (Fig. 2A, inset) at the same concentration showed that the
ability of Ce6 to produce 'O, disappears upon conjugation with the
phage.
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The result is not surprising because we already observed that the
non-covalent conjugation of Ce6 in proteins strongly reduces the pro-
duction of 102 [32]. In addition, it is well-known that bind-
ing/conjugation of photosensitizers with proteins determines a decrease
of 10, generation and an increase of peroxide production, disfavoring
the type II mechanism and enhancing the type I mechanism [32-34].

For this reason, we evaluated quantitatively also the generation of
peroxides by Ce6 and M13;-Ce6 bioconjugate, using the Amplex Red
assay. A significant improvement in the peroxide production of the
M13,-Ce6 bioconjugate was observed compared to the same concen-
tration of Ce6 (~200%) in all the investigated range (Fig. 2B).

A sacrificial electron donor is generally required to activate the type I
mechanism. Electron-rich environments increase photoactivation
switch from type II to type I mechanisms [35], which significantly in-
creases the generation of peroxides (electron transfer process) over
singlet oxygen production (energy transfer process). The protein resi-
dues of the phage can participate directly in the electron transfer re-
actions [36-38]. Therefore, the type I mechanism is self-activated in the
M13,-Ce6 bioconjugate due to the presence of the protein itself [36-38].

3.2. M13r-Ce6 exhibits enhanced cellular uptake compared to free Ce6
and co-localized with mitochondria

Cellular uptake and subcellular distribution of photosensitizers are
the leading determinants of their cell-killing efficacy [39]. As previously
reported, Ce6 incorporates into the plasma membrane and is then
internalized in vesicular structures by absorptive endocytosis resulting
in an endosome/lysosomal localization [40]. To compare the cellular
uptake of M13,-Ce6 with free Ce6 and determine the targeted agent’s
subcellular distribution, we performed a microscopy analysis on the
SKOV3 and COV362 cell lines. Both cell lines were exposed for 1.5 h to
the photosensitizer solution (according to our PDT treatment protocol)
at a concentration of 2 pM and then fixed. Ce6 fluorescence intensity was
much more robust in cells treated with M13r-Ce6 than the cells treated
with free Ce6 (Fig. 3A). Furthermore, Ce6 fluorescence in the cytoplasm
of the cells treated with M13r-Ce6 overlayed the green fluorescence of
MitoTracker labeling. These results indicate that cells internalize Ce6
more slowly than M13r-Ce6, which co-localized with mitochondria. To
confirm the results, we analyzed the intracellular distribution of M13;
labeled with another dye (Fig. 3B). We have chosen the fluorescence dye
TRITC for its spectral properties suitable for a co-localization study with
the MitoTracker’s dye. The stain of the internalized M13,-TRITC was
clearly visible in mitochondria-rich area of the cells. In particular we
confirmed, at the high magnification provided by confocal imaging, the
colocalization of the M13,-TRITC red fluorescence with green labeled
mitochondria.

The critical aspects in the development of a new photosensitizer
include solubility, stability, and effective targeting [41,42]. In this re-
gard, nanoplatforms functionalized with specific receptor-based
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Fig. 2. A) Emission spectra from singlet oxygen generated upon excitation at 660 nm for isoconcentration solutions of Ce6 (red line) and M13,-Ce6 (blue line). B)
Generation of peroxides using different concentrations of Ce6 (red) and M13,-Ce6 (blue). (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)
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targeting agents could improve cancer cell-specific delivery of photo-
sensitizers. In this study, the M13 phage was refactored to display in its
tip an EGFR binding peptide that is frequently overexpressed in ovarian
cancer [25,41]. The microscopic study demonstrated an enhanced
cellular uptake of M13,-Ce6 compared to free Ce6 and also revealed the
distribution of the refactored phage at the mitochondrial level, an
interesting factor as it is known to improve the efficacy of PDT in terms
of cell killing [34,43].

The mitochondrial accumulation of M13,-Ce6 is also in line with
recent research indicating that EGFR not only specifically localizes to
the plasma membrane but is also found in the nucleus and within other
organelles, such as endosomes, lysosomes, and mitochondria [44].
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Fig. 3. (A) Fluorescence microscopy images of the
Ce6 and M13r-Ce6 cellular uptake by SKOV3 and
COV362 cells. We incubated cells with equivalent
concentrations (2 pM) of Ce6 and M13r-Ce6 for 1.5
h and co-stained them with fluorescent dyes that
label the mitochondria (Mito-Tracker). The first
column represents DAPI, the second column Mito-
Tracker green labeling, and the third column the
Ce6 fluorescence emission of the free Ce6 and
M13r-Ce6 conjugated treated cells. Scale bar 50 pm.
(B) Confocal fluorescence microscopy images of the
M13r-TRITC cellular uptake by SKOV3 and
COV362 cells. We incubated cells with M13r-TRITC
2 uM for 1.5 h and co-stained them with Mito-
Tracker. Each panel shows representative images of
M13r-TRITC (red channel), mitochondria (green
channel) in the cells, merge of the two staining and
a close-up image. Scale Bar = 10 pm. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

Ceb

3.3. M13r-Ce6 exhibits prominent photo-cytotoxicity effect on SKOV3
and COV362 cells

The primary aim of this study was to explore M13,-Ce6 potential as a
pharmacological approach to improve Ce6 efficiency. To this end, we
evaluated the photodynamic activity of M13,-Ce6 and its results in terms
of cell death compared to free Ce6 in two ovarian cancer cell lines,
SKOV3 and COV362. SKOV3 cells stably expressing luciferase (SKOV3-
luc) were generated as previously described [18]. SKOV3-luc cells were
exposed to different concentrations of Ce6, M13, phage, M13,-Ce6 for
1.5 h, irradiated with a dose of 2.25 J/cm?, and viability was evaluated
by luciferin assay after 24 h. As shown in Fig. 4, the viability analysis
displayed a significant cytotoxic activity in the cells treated with
M13,-Ce6 in a dose-dependent manner.

Ce6
Ce6 + laser
M13r
M13r + laser
%7 M13r-Ce6
B M13r-Ceb6 + laser

0,075
Ce6 conc (M)

0|||il

0,3

Fig. 4. Cytotoxic effect of M13,-Ce6 and PDT on SKOV3-luc cells. Cells were incubated with M13, phage, Ce6 and M13,-Ce6, at different concentrations for 1.5 h,
then irradiated with a dose of 2.25 J/cm?. Analysis was performed 24 h after incubation. Data are shown as mean + SD of 3 individual experiments.
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In the whole range of concentration used, the p-value corresponding
to the F-statistic of one-way ANOVA with a = 0.05 was lower than 0.01,
strongly suggesting that one or more pairs of treatments were signifi-
cantly different. We had six treatments (Ce6 dark and laser, M13r dark
and laser, and M13r-Ce6 dark and laser), for which we applied Tukey’s
HSD test to pinpoint which of them exhibited statistically significant
differences. Whereas there were no statistically significant differences
between Ce6 dark and laser, and M13r dark and laser, the treatment
with M13r-Ce6 laser was statistically different from all the other
treatments.

At concentration of Ce6 0.05 pM to Ce6 0.3 pM, we observed a
decrease in cell viability from 71% (p-value = 0.0015, difference be-
tween the control and treatment group by Student’s t-test) to 1% (p-
value = 7.00226E-19, difference between the control and treatment
group by Student’s t-test). In the same concentration range, cells treated
with free Ce6 revealed a decrease in cell viability from 96% (p-value =
0.0008, difference between the control and treatment group by Stu-
dent’s t-test) to 79% (p-value = 0.0262, difference between the control
and treatment group by Student’s t-test). We could not observe any toxic
effect for the M13; phage in the investigated concentration range.

We employed Western blot analysis to delineate phenotypic changes
of the SKOV3-luc cells and analyze a panel of markers after the exposure
at two different concentrations of M13,-Ce6 (Fig. 5A). Analysis was
performed with M13,-Ce6 at concentrations Ce6 0.05 pM and Ce6 0.2
pM, which showed respectively 71% (p-value = 0.0015, difference be-
tween the control and treatment group by Student’s t-test) and 6% (p-
value = 2.66628E-13, difference between the control and treatment
group by Student’s t-test) of cell viability. We examined the oxidative
stress-associated marker Heme oxygenase-1, the targeted receptor
EGFR, the marker of autophagy LC3B, the key regulator of protein
synthesis and cell proliferation mTOR, and the apoptosis marker
procaspase-3. Heme oxygenase-1 (HO-1) is responsible for heme groups’
oxidative cleavage to carbon monoxide (CO), biliverdin, and ferrous
iron. It has been reported that HO-1 expression is highly increased by
stressful conditions and is significantly induced by PDT, suggesting an
essential role in cytoprotection against PDT-mediated damage [45]. In
our experimental condition, after 24 h of laser irradiation, HO-1 protein
levels were undetectable in the SKOV3 control cells and became
detectable in the cell samples treated with M13,-Ce6 (Ce6 0.2 pM)
(Fig. 5A). Our results are consistent with previous findings that indicate
that PDT may induce HO-1 expression via reactive oxygen species pro-
duction [46].

As exposed in Fig. 5A, we observed a significant downregulation in
the expression of EGFR in SVOK3 cells exposed to M13,-Ce6 (Ce6 0.2
pM) 24 h after laser irradiation concerning EGFR expression in the
control groups, which is consistent with an EGFR degradation when cell
viability was significantly affected [47].

Many significant advances in platinum-resistance biomarkers have
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recently come to light, providing evidence that activation of EGFR
related signaling pathways was correlated with cisplatin-resistance in
OC cells [48,49]. However, despite some encouraging preclinical results
and the presence of several EGFR-targeted therapeutics available in the
clinic (including monoclonal antibodies and tyrosine kinase inhibitors),
this approach demonstrated minimal clinical efficacy in terms of
progression-free or overall survival in the treatment of patients with OC,
and intensive research has now focused on identifying factors related to
the resistance phenomenon [8,25]. Since EGFR-targeted PDT treatment
does not need an intrinsic effector function, this may represent a
promising complementary therapeutic approach for EGFR-positive
cancer patients, particularly for those resistant to the available treat-
ments. In this context, the ability of irradiated M13r-Ce6 to down-
regulate the expression of EGFR is OC cell lines is extremely interesting
due to i) direct oxidative damage induced by the refactored phages than
binds EGFR (EGFR-targeted PDT) [50] or ii) redox-dependent regulation
of EGFR signaling [51,52]. Among clinical investigations on EGFR tar-
geted therapy in OC, recent results suggest that the extent of EGFR
degradation predicts the antitumor effect in colorectal cancer and cor-
relates better with an EGFR inhibitor (cetuximab) treatment efficacy
than the initial number of EGFRs on the cell surface [53].

Western blot analysis of procaspase-3 from cells after 24 h of laser
irradiation was negative for active caspase-3, indicating the lack of
apoptosis induction (Fig. 5A). However, autophagic cell death after PDT
treatment was suggested by an increase of LC3IL, which coincided with a
decrease of p-mTOR expression after the exposure at the higher M13,-
Ce6 concentration (Ce6 0,2 pM). The results are consistent with previous
findings proving that initiation of autophagosomes formation is regu-
lated by mTOR inhibition [54], and the induction of autophagy in PDT
protocols can occur independently of an apoptotic outcome [55].
Moreover, mitochondrial and ER-localized photosensitizers cause se-
lective photodamage to some proteins (i.e., m-TOR) involved in the
apoptotic/autophagic process. Of interest, Shi and colleagues demon-
strated that cardamonin-induced autophagy is associated with glycolysis
inhibition via mTOR inhibition in SKOV3 cells [56].

Overall, Western blot analyses of whole-cell lysates revealed signif-
icant protein expression changes among samples undergoing PDT with
M13,-Ce6 at a concentration Ce6 0,2 pM, suggesting intracellular ROS
generation and a PDT killing mechanism based on autophagy. It has
been demonstrated that ROS generation [57] and PDT treatment can
induce autophagy [58].

Therefore, to further explore the killing mechanisms due to M13;-
Ce6 irradiation, we subsequently performed a fluorescence imaging
analysis at the same concentration. Cells were analyzed by fluorescence
microscopy to evaluate the appearance of autophagosomes following
treatment with light (Fig. 5B). To assess autophagy, we used CYTO-ID®
Autophagy Detection Kit 2.0 based on a dye that selectively labels
accumulated autophagic vacuoles, exhibiting bright fluorescence upon

Fig. 5. (A) Western blot analysis following PDT of
the targeted receptor EGFR, the oxidative stress-
associated marker Heme oxygenase-1, the marker
of autophagy LC3B-II, the key regulator of protein
synthesis and cell proliferation mTOR, and the
apoptosis marker procaspase-3. (B) Representative
fluorescence microscopy images of SKOV3-luc cells
before and after irradiation. After 24 h of laser
irradiation, cells were labeled with CYTO-ID®
Green. All the fluorescent images were captured
using Cytation5 cell imaging multi-mode reader
with objective lens 20x, followed by uniform pro-
cessing using Cytation5 software (bar = 100 pm).
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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incorporation into pre-autophagosomes, autophagosomes, and autoly-
sosomes (autophagolysosomes). The bright-field and fluorescence im-
ages are shown in Fig. 5B, where an increase in autophagic fluorescent
signal can be seen in cells treated with M13,-Ce6 after laser irradiation
compared with the low background in control samples.

To further explore M13,-Ce6 and PDT’s effect on OC cells, we per-
formed a similar analysis on the cell line COV362. This OC cell line
behaves differently than SKOV3, and after 24 h of treatment, most of the
cells had detached from the culture plate. We, therefore, decided to
study protein expression by western blotting and autophagosome for-
mation by fluorescence 2 h after treatment. The viability analysis dis-
played a significant cytotoxic activity in the cells treated with M13,-Ce6
in a dose-dependent manner, consistent with results obtained with
SKOV3-luc (Supplementary Information Fig. 1). We could not observe
any toxic effect for Ce6 and M13; phage in the investigated concentra-
tion range. At the lowest concentrations of Ce6 0.2 pM and Ce6 0.05 pM,
the p-value corresponding to the F-statistic of one-way ANOVA with o =
0.05 was higher than 0.05, suggesting that treatments were not signif-
icantly different. At the highest concentrations of Ce6 0.5 pM and Ce6 1
pM, instead, the p-value corresponding to the F-statistic of one-way
ANOVA with a = 0.05 was lower than 0.01, strongly suggesting that
one or more pairs of treatments were significantly different. Again, the
Tukey’s HSD pinpointed the treatment with M13r-Ce6 laser statistically
different from all the other treatments.

We employed Western blot analysis to analyze a panel of markers
after the exposure at two different concentrations of M13,-Ce6 (Sup-
plementary Information Fig. 2). Analysis was performed at Ce6 0.5 pM
and Ce6 1 pM, which showed respectively 64% (p-value = 0.0001766,
difference between the control and treatment group by Student’s t-test)
and 23% (p-value = 0.001139, difference between the control and
treatment group by Student’s t-test) of cell viability.

At both concentrations, we noted a significant downregulation in the
expression of EGFR also in COV362 cells after 2 h of laser irradiation
than the expression of EGFR present in the control groups (cells before
irradiation), which is consistent with an EGFR degradation. Western blot
analysis of procaspase-3 from cells after 2 h of laser irradiation was
negative for active caspase-3. Autophagic cell death after PDT treatment
was suggested by an increase of LC3II.

The study improved the autophagosome formation imaging in cells
with altered morphology at an early point upon irradiation. The bright-
field and fluorescence imaging of autophagy are shown in Fig. 6. An
increase in autophagic fluorescent signal can be seen in the early
response of cells to irradiation compared with the low background in
control samples, along with altered morphology. Analysis was
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performed at Ce6 0.5 pM and Ce6 1 pM, and the increase in autophagic
fluorescent signal was dose-dependent.

M13r-Ce6 exhibited a prominent photo-cytotoxicity effect on two
ovarian cancer cell lines associated with mitochondrial localization. As
an organelle particularly sensitive to photodamage, mitochondria
represent one of the most effective sites of action to kill cells using PDT
[39]. These results support the idea that targeting specific organelles
involves modulation of cell death pathways and amplifying photo-
therapeutic outcomes.

Autophagy induction were suggested by an increased expression of
LC3II and an expansion in autophagic fluorescent signal through fluo-
rescence microscopy analysis for visualizing autophagosomes. The link
between autophagy and cancer has gained much interest in recent years.
Excessive cellular autophagy levels might lead to autophagic cell death
(type II programmed cell death) in cancers [59]. Cancer cells’ final
life/death threshold decision is influenced by the interplay of autophagy
and apoptosis, which depends on the class, concentration, exposure of
cytotoxic agents, and the type of cancer cells. Reactive oxygen species
(ROS) concurrently prompt apoptosis and autophagy processes, but the
relationship between these molecular responses must be fully elucidated
[46,55,60,61].

We believe that our current data might strengthen the notion that
autophagy can occur independently of apoptosis in PDT protocols [55]
and suggest an important role of mitochondria-located EGFR in auto-
phagy [62].

4. Conclusions

In this study, the M13 phage was refactored to display in its tip an
EGFR binding peptide. The refactored phage was then conjugated with
Ce6, one of the most widely used photosensitizers, generating an inno-
vative phototheranostic platform for cancer imaging and treatment
[63-65]. The M13r-Ce6 bioconjugates, upon irradiation, generated ROS
by type I mechanism. The new platform showed activity in killing
SKOV3 and COV362 ovarian cancer cells even at concentrations in
which Ce6 alone is ineffective in inhibiting tumor growth. The mito-
chondrial localization of these systems and the induction of autophagy
represent an intriguing finding, as the role of EGFR located in the
mitochondria in the autophagy process is still largely unexplored.
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