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Abstract: 

Epithelial Ovarian Cancer (EOC) is the seventh cause of cancer-related deaths in women. The inhibition of poly- ADP-

ribose polymerase (PARP) by PARP inhibitors (PARPi), such as Olaparib, has considerably improved the outcome of 

patients with homologous recombination deficiency (HRD) status. However, the major toxicity of PARPi combined with 

the emergence of resistance has led to the development of innovative strategies that can be used in combination or alone in 

order to optimize treatment and improve patient prognosis. The aim of this study was to use EOC cell line and Patient-

Derived Tumor Organoids (PDTO) to provide key information on the potential of an innovative treatment based on folate 

receptor alpha (FRα)-targeted PDT combined or not to PARPi, in the context of intrinsic or acquired drug resistance. 

Interestingly, we showed for the first time that organoids derived from EOC cell line and Patient-Derived Tumor Organoids 

(PDTO) resistant to PARPi exhibited an excellent sensitivity to Frα-targeted PDT. Furthermore, PDT alone is sufficient to 

induce PDTOs death and prior treatment with PARPi does not improve therapeutic efficacy. These results provide new 

perspectives about the potential of PDT to overcome resistance to conventional treatment which open new therapeutic 

option for EOC. 

Key words: photodynamic therapy; PARP inhibitors; patient-derived tumor organoids; ovarian cancer; folate receptor 

alpha 

Introduction 

Ovarian carcinoma (OC) is a highly frequent condition associated with a 

poor prognosis, with around 200,000 deaths worldwide by 2022 [1]. 

Among OC, Epithelial Ovarian Cancer (EOC) is the most frequent 

subtype and the deadliest, representing 90% of OC cases and the most 

common EOC histological subtypes (70%) is the high grade serous 

ovarian carcinoma (HGSOC) [2]. Due to the lack of symptoms of EOC in 

early stages, 80% of patients are diagnosed with an advanced disease 

(stage III or IV according to the FIGO classification) [3]. In these 

advanced stages, widespread intra-abdominal disease with peritoneal 
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metastases is often present and is characterized as peritoneal carcinosis 

[4]. 

The advent of poly-ADP-ribose polymerase inhibitors (PARPi) (e.g., 

Olaparib, Niraparib, Rucaparib) has dramatically changed the prognosis 

of patient with peritoneal carcinosis from epithelial origin. Around 50% 

of HGSOC present a homologous recombination (HR) deficiency (HRD) 

status, including 15%-20% of germline BRCA1/2 mutations [5]. PARP 

inhibition prevents the repair of DNA single-strand breaks (SSBs) by 

transforming them into double-strand breaks (DSBs) that cannot be 

repaired in an HRD context, thus leading to synthetic lethality. Somatic 

BRCA1/2 mutations, hypermethylation of the BRCA1 promoter and 

deficiency in other proteins involved in the HR pathways contribute to the 

remainder of HRD. Although these PARPi have provided clinical benefit 

among patients with germline and/or tumor BRCA mutation and/or HRD 

tumors [6], they are not devoid of toxicities and poorly tolerated. 

Furthermore, although some patients exhibit intrinsic resistance to 

PARPi, various acquired resistance mechanisms (e.g., BRCA reversion 

mutation, restoration of HR repair function, replication fork stabilization, 

epigenetic changes) can lead to disease progression during PARPi 

therapies [5,7–9]. Therefore, combinatorial therapeutics strategies are a 

cornerstone in cancer therapeutics that may be leveraged to (i) enable dose 

reductions of PARPi while maximizing anti-cancer effects 

(ii) resensitize patients who developed PARPi resistance (iii) switch from 

an HRP to an HRD status. 

PDT has emerged as a new innovative treatment methodology in cancer 

[10]. This minimally invasive treatment, involves the light-activation of a 

photosensitive drug (PS) causing a photochemical reaction that releases 

reactive oxygen species (ROS) thus leading to direct tumor cell death and 

the modulation biological processes such as the establishment of an anti-

tumor immune response thanks to its immunogenic cell death properties 

[11]. More interestingly, the use of PDT for EOC has already been 

evaluated in phase I and II clinical trials, but severe morbidity (e.g. 

digestive perforation, capillary leak syndrome and pleural effusion) and 

no significant objective complete response were observed, mainly due to 

the lack of tumor specificity for PS uptake. Based on these studies, precise 

targeting of peritoneal residual cancer cells by PS is required to enable 

intraperitoneal PDT for EOC. The cell surface protein, folate receptor 

alpha (FRα) which is overexpressed in 75% of women suffering from 

EOC [12–15] in contrast to its highly restricted expression in normal 

tissues represents an interesting biomolecular target with clinical 

promising prospect in resistant patients. 

We have developed and patented a FRα targeted PS (i.e., Folic Acid 

conjugated to pyropheophorbide-a (Pyro- a) via a polyethylene glycol 

(PEG) type spacer, named Pyro-PEG-FA, (patent WO/2019/016397)) for 

PDT treatment of Peritoneal metastases of OC to specifically target 

peritoneal residual ovarian cancer cell overexpressing FRα. In previous 

studies, we have shown that this Pyro-PEG-FA was capable to induce 

direct human ovarian tumor cells death and enhance the activation of the 

immune system [16]. In vivo, in a humanized mice model of peritoneal 

ovarian cancer, this targeted PDT exhibited a decrease of the tumor 

growth and the induction of an anti-tumor immune response was reflected 

by an increase in the percentage of innate and adaptative immune cells 

[17]. 

Preclinical models of cancer are essential to develop effective treatments, 

and clinical-relevant models that can capture the inter-patient 

heterogeneity are even more needed in the era of personalized medicine. 

Although 2D cell lines are widely used as pre-clinical models and are 

suitable for numerous functional testing they only poorly reflect the 

patient tumor heterogeneity [18]. Furthermore, some resistance to PDT 

has already been observed in 3D tumor models compared to 2D ones [19]. 

For this reason, the evaluation of a new therapies on relevant model like 

patient-derived tumor Organoids (PDTO) should not be underestimated 

to evaluate the potential patient’s response. 

PDTO can form self-organized 3D micro-tumors that reflect the initial 

tumor in terms of histological and molecular characteristics [20]. PDTO 

can efficiently be derived from ovarian tumor [21–23] and a study 

comparing an ovarian PDTO model with other preclinical models showed 

that PDTO recapitulated the patient's response while being more relevant 

than 2D cell lines and faster and more easily cultured than PDX [24]. 

PDTOs thus represent models close to the clinic that can be used for 

functional testing and for research purposes. 

Head and neck PDTO have been used for testing in vitro EGFR-targeted 

PDT [25] and 3D model derived from OC cell line to evalute 

benzoporphyrine derivative PDT combined to chemotherapy [26], but to 

our knowledge, no study to date has assessed the value of FR𝘢-targeted 

PDT alone on ovarian PDTO and in combination with PARPi. This 

ambitious interdisciplinary study aims to evaluate first, the efficiency of 

a new innovative FRα- targeted PDT on different preclinical OC models 

and secondly to evaluate its efficiency in combination with PARPi in 

PDTO models resistant to PARPi and derived from OC. 

Materials and Methods 

Photosensitizer. The present study use a PS patented by our research unit 

(patent number WO/2019/016397). Its chemical structure is shown in 

Figure 1 and is based on folic acid conjugated to pyropheophorbide-a 

(Pyro) via a polyethylene glycol (PEG) type spacer. The synthesis and the 

photophysical properties, has already been described in the patent quoted 

above and its biological effect in previous in vitro and in vivo studies 

[16,17]. 
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Figure 1: Structure of the Pyro-PEG-FA: folic acid conjugated to pyropheophorbide-a via a polyethy- lene glycol type spacer. 

Ovarian Cancer Cell lines 

Cell line culture. OC cell lines (OVCAR3 and SKOV3) were ordered 

from the American Type Culture Collection (ATCC, Manassas, Virginia, 

USA). SKOV3 cells were cultured in 50% DMEM medium (4.5 g/L D-

glucose, L- glutamine, Gibco, Thermo Fisher Scientific, Waltham, MA, 

USA) and 50% F-12 (Ham’s F-12 Nutrient Mix, Gibco, Thermo Fisher 

Scientific, Waltham, MA, USA) and OVCAR3 cells were cultured in 

RPMI-1640 medium (Gibco, Thermo Fisher Scientific, Waltham, MA, 

USA). The mediums were supplemented with 10% heat inactivated fetal 

calf serum (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and 

with 100 units/mL penicillin and 100 µg/mL streptomycin (Gibco, 

Thermo Fisher Scientific, Waltham, MA, USA). Cells were maintained 

in an incubator at 37°C, 5% CO2, and 95% humidity. 

Evaluation of the Pyro-PEG-FA incorporation. Adherent cells were 

cultured on glass coverslips in 12-well plates (Corning, Somerville, MA, 

USA). 24 h after plating, 9 µM of Pyro-PEG-FA were added to the wells 

during 24 h. The cell monolayers were washed with PBS (Gibco, Thermo 

Fisher Scientific, Waltham, MA, USA) and fixed with paraformaldehyde 

(PFA 4%; Alfa Aesar). After 3 washes, cells were incubated for 1h at RT 

in PBS containing gelatin (1.2%), glycine (0.2 M) and tween-20 (0.05%) 

(Sigma-Aldrich, St Louis, MO, USA) for blocking. After washing, the 

cells were incubated for 1 h with the primary FR𝛼 polyclonal antibody 

(Rabbit/IgG) (Invitrogen, Thermo Fisher Scientific, Waltham, MA, 

USA), diluted (1:400) in PBS overnight at 4°C and after washing, 

incubated with the secondary antibody Alexa Fluor 555 (Invitrogen, 

Thermo Fisher Scientific, Waltham, MA, USA) (1:300) diluted in PBS 

for 1h at room temperature (RT). After washing, the nuclei were 

counterstained with DAPI (Thermo Fisher Scientific, Waltham, MA, 

USA). Coverslips were mounted in Glycergel (Agilent Dako, C056330-

2, Santa Clara, California, USA, USA) and observed using a LSM 710 

inverted confocal microscope (Leica, Wetzlar, Germany). Photographic 

images were resized, organized, and labeled using Fiji-ImageJ software 

V2.3.0/1.53q. 

Cell lines response to PDT. OVCAR3 cell line (10 000 cells) and SKOV3 

cell line (5.000 cells) were seeded in a white clear bottom 96-well plates 

(Corning, Somerville, MA, USA). After 24 h, the medium was replaced 

by a fresh one containing Pyro-PEG-FA at different concentrations from 

0 to 4.5 µM (0, 0.14, 0.28, 0.56, 1.12, 2.25 and 4.5 µM). 24 h later, the 

medium con-taining PS was changed and replaced by the usual medium 

of the cell type after two washing steps with PBS. A homogeneous 

illumination (1 mW/cm2) was then performed at 1.8 J/cm2 with a specific 

672 nm laser-based device developed by our research unit [38]. All the 

experiments were performed in dark conditions. Cancer cell lines viability 

after PDT was assessed 24 h after the treatment by CellTiterGlo assay 

according to the manufacturer instruction (CellTiterGlo®, Promega, 

Madison, WI, USA). The luminescence (RLU) was quantified using a 

luminometer ClarioStar Plus (BMG Labtech, Champigny sur Marne, 

France) driven by MARS™ Software v2.06. Viability values were 

normalized to non-treated control and treatment sensitivity was expressed 

as the average of three independent replicates expressed in percentage of 

Normalized Viability. 

3D cultures derived from cell lines 

3D cultures derived from the OVCAR3 cell line establishment. 3D 

cultures were derived from the OVCAR3 cell line previously described. 

2000 isolated cells were seeded in domes of 20 µL containing 2:3 growth 

factor- reduced matrigel (Corning® 356231) and 1:3 organoid-specific 

medium. Specific medium contained 50% Advanced DMEM basal 

medium (Gibco, Thermo fischer) and 50% prepared medium containing: 

10% HA-E- Spondin1-Fc 293 T conditioned medium, 50% L-WRN 

conditioned medium, N-Acetyl-L-cysteine (1.25 mM), Supplement B27 

100X (Thermo Fischer), recombinant mouse EGF (50 ng/ml) (Thermo 

Fischer), recombinant human FGF-10 (20 ng/ml) (Peprotech), 

recombinant human FGF-Basic (1 ng/ml), A-83-01 (500nM), Y-27632 

dihydrochloride (10 μM) (Stemcell), SB202190 (1 μM) (Gibco, 

ThermoFischer), Nicotinamide (10 mM) (Sigma- Aldrich), Prostaglandin 

E2 (1 μM) (SigmaAldrich). 3D cultures were maintained in culture for 15 

days at 37°C under 5% CO2 before being transferred to 96-well plates for 

PDT treatment. 

FRα expression. 2000 OVCAR3 cells were seeded in Matrigel domes 

affixed on a coverslip in a 24-well plate (Corning, Somerville, MA, USA) 

containing 1 Matrigel dome/well. After 20 days of culture, the medium 

was removed and incubated with 4% PFA for 20 min at RT then washed 

with PBS. 3D cultures were permeabilized with a 0.2% saponin solution 

diluted in PBS (Sigma-Aldrich) for 20 min at RT. The non-specific sites 

were then saturated with a mixture of 0.2% saponin and 3% BSA (Sigma-

Aldrich) for 20 min at RT. Anti-FRα primary antibody (Polyclonal 

antibody, Rabbit IgG, Invitrogen) was incubated in the same solution at 

4°C overnight. 
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After 3 washes with PBS, the secondary antibody (Alexa Fluor 488 goat 

anti-rabbit IgG, Invitrogen) was added for 1 h 30 at RT in the dark. Slides 

were mounted on coverslips using 15 µL of mounting liquid 

(Vectashiel®, Vector Laboratories) per slide on SuperFROST slides 

(CML) and observed using a LSM 710 inverted confocal microscope 

(Leica, Wetzlar, Germany). Photographic images were resized, 

organized, and labeled using Fiji- ImageJ software V2.3.0/1.53q. 

3D cultures derived from the OVCAR3 cell line response to PDT. 

Organoids were seeded in a white clear bottom 96-well plates (Corning, 

Somerville, MA, USA). After 24 h, the medium was replaced by a fresh 

one containing Pyro-PEG-FA at 9 µM. 24 h later, the medium containing 

Pyro-PEG-FA was changed and replaced by the usual medium after two 

washing steps with PBS. A homogeneous illumination (1 mW/cm2) was 

then performed at 3.6 J/cm2 with the same laser-based device as 

previously described. All the experiments were performed in dark 

conditions. Organoids viability after PDT was assessed 24 h after the 

treatment by 3D CellTiterGlo assay according to the manufacturer 

instruction (CellTiterGlo®, Promega, Madison, WI, USA). The 

luminescence (RLU) was quantified using a luminometer ClarioStar Plus 

(BMG Labtech, Champigny sur Marne, France) driven by MARS™ 

Software v2.06. Treatment sensitivity was expressed as the average of 

three independent replicates expressed in percentage in RLU. 

Patient-derived tumor organoids (PDTO) 

Ethical considerations and regulatory aspects. Fresh tumoral tissue from 

EOC were collected from patients treated at the Comprehensive Cancer 

Center Francois Baclesse (Unicancer Center, Normandy) by the 

Biological Resources Center ‘OvaRessources’ (NF-S 96900 quality 

management, AFNOR No. 2016: 72860.5). The biological collection was 

declared to the French Ministry of Education, Health and Research (No. 

DC 2010- 1243). Informed consent form was signed by the patients and 

was obtained under the agreement of the ethical committee “North-West 

III” (CPP). 

PDTO characteristics. OV-150_A and OV-174_T were derived from 

patients diagnosed with a HGSOC at a FIGO stage IV with no BRCA 

mutation. OV-174_T was derived from a tumor tissue extracted from the 

ovary and OV- 150_A was derived from an ascites sample. 

PDTO culture. PDTO were obtained from tumor dissociated cells or 

filtered ascites as previously described [27]. Cells were collected in 

organoid basal medium (OBM: Advanced DMEM (Fisher Scientific), 10 

UI/mL penicillin, 10 µg/mL streptomycin, 1% GlutaMAX-1 (Fisher 

Scientific)) and pelleted (2 000 rpm for 5 min). Cells were then 

resuspended in organoid culture medium (OBM containing B27 (Fischer 

Scientific, 200 µL/mL), N- Acetyl-L-cysteine (Sigma, 1.25mM), EGF 

(Miltenyi, 50ng/mL), FGF-10 (Peprotech, 20ng/mL), FGF-basic 

(Miltenyi, 1ng/mL), A-83-01 (Peprotech, 500nM), Y27632 

(Selleckchem, 10µM), SB202190 (Peprotech, 1µM), Nicotinamide 

(Sigma, 10mM), PGE2 (Sigma, 1µM), Primocin (InvivoGen, 100 

µg/mL), Cultrex HA-R-Spondin-1- Fc 293T (AmsBio, 10% V/V) and 

Cultrex L-WRN (AMS Bio, 50% V/V)). Then, 50µl drops of 1:1 growth 

factor-reduced BME2 (Bio Techne)/cell suspension containing 10 000 

cell per drops were allowed to solidify on prewarmed 24-well suspension 

culture plates. After polymerization (37°C, 5% CO2, 15 min), each drop 

was immersed with 500 µL of organoid culture medium. Medium was 

renewed twice a week and PDTO were passaged every 2-3 weeks: PDTO 

were collected with cold OBM supplemented with 1% BSA, centrifuged 

at 200g for 2 min and incubated with TrypLE Express (Gibco, 

ThermoFischer) for up to 10 min at 37°C. After dissociation, cells were 

centrifuged at 430g for 5 min, resuspended in organoid culture medium 

and counted. Then, 50 µl drops of BME2-cell suspension (10 000 cell per 

drops) were placed in prewarmed 24-well plates. Upon completed 

gelation, organoid culture medium was added to each well. Plates were 

then transferred to a humidified 37°C/5% CO2 incubator. PDTO lines 

were authenticated by comparison of their short tandem repeat (STR) 

profiles with that of sample of origin (Microsynth). 

FRα expression. Tumor tissue and PDTO were fixed in 3% PFA 

overnight. After embedding PDTO in 2% agarose, tissue and PDTO were 

dehydrated, paraffin embedded, and sectioned before standard HES 

staining. Automated immunohistochemistry using a Ventana Discovery 

XT autostainer (Roche) was performed on 4 µm- thick paraffin sections. 

Slides were deparaffinized with EZPrep buffer and epitopes were 

unmasked by 15 min of high-temperature treatment in CC1 EDTA buffer. 

Sections were incubated for 40 min at 37°C with an anti- FRα (ab221543, 

Abcam, 1/1500). Secondary antibody (Omnimap Rabbit HRP; Ventana 

Medical System Inc., Tucson, AZ, USA) was incubated for 16 min at 

room temperature. Immunodetection performed without the primary 

antibody was used as control. After washes, the staining was performed 

with DAB (3, 3'- diaminobenzidine) and sections were counterstained 

with hematoxylin using Ventana reagents according to the manufacturer's 

protocol. Stained slides were then digitized using an Aperio ScanScope 

slide scanner (Aperio Technologies). 

PDTO response to Olaparib. Olaparib (Medchemexpress) was diluted in 

DMSO and stored as a 50 mM stock solution at -80°C. Response of PDTO 

to treatment was assessed as previously described [28]. When PDTO 

reached the size of 75-150 µm in diameter, they were collected with cold 

OBM supplemented with 1% BSA and centrifugated at 200 g for 2 min. 

Next, the pellet was resuspended in organoid treatment medium (organoid 

culture medium lacking primocin, Y-27632 and N-acetylcysteine) and 

counted. PDTO were resuspended in 2% BME2/organoid treatment 

medium and 200 PDTO per well were seeded in 100 μL volume in a 

previously coated (1:1 treatment medium/BME2) white clear bottom 96-

well plates (Greiner). Thirty minutes later, PDTO were exposed to 

Olaparib and plates were transferred to a humidified 37°C/5% CO2 

incubator. During the treatment, PDTO were monitored using IncuCyte 

S3 ZOOM (Sartorius). One week later, ATP levels were measured by 

CellTiter-Glo 3D assay and luminescence was quantified using GloMax 

Plate Reader (Promega). Viability values were normalized to control and 

treatment sensitivity was expressed as the average of two independent 

replicates. To determine status of resistance to Olaparib, results were 

compared to a collection of other HGSOC PDTO, one reference PDTO 

was displayed. 

Evaluation of the Pyro-PEG-FA incorporation. PDTO were cultured in 

6-well plates (Corning, Somerville, MA, USA) and incubated with 9 µM 

of Pyro-PEG-FA during 24 h. Then, the PDTO were washed with PBS 

and the nuclei were counterstained with Hoescht (Thermo Fisher 

Scientific, Waltham, MA, USA). PDTO were then directly observed 

using a SP8 confocal microscope Gx25, W0.0.95 (Leica, Wetzlar, 

Germany). Photographic images were resized, organized, and labeled 

using Fiji-ImageJ software V2.3.0/1.53q. 

PDTO response to combination therapy. PDTO were seeded and 

exposed to Olaparib for one week as described above. During the 

treatment, plates were kept on a humidified 37°C, 5% CO2 incubator. One 
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week later, medium was removed and PDTO were washed with PBS. 

PDTO were then exposed to a solution of Pyro- PEG-FA at different 

concentrations (0, 1.12, 2.25, 3.5 and 4.5 µM). 24 h later, the medium 

containing Pyro- PEG-FA was changed and replaced by the usual medium 

after two washing steps. A homogeneous illumination (1 mW/cm2) was 

then performed at 1.8 J/cm2 with the same laser-based device previously 

described. 24 h after the illumination, the viability was evaluated using 

CellTiterGlo 3D assay as described above. Viability values were 

normalized to control and treatment sensitivity was expressed as the 

average of two independent replicates. 

Statistical Analysis   

All results were expressed as the means and standard deviations or 

standard error of the mean of triplicates of at least three independent 

experiments. All data were analyzed using the statistical package 

GraphPad Prism for Windows 3.0.1 (GraphPad, San Diego, CA, USA). 

The normality of the distributions was assessed using the Shapiro–Wilk 

test. All quoted p-values are two-sided, with p ≤ 0.05 (*), p ≤ 0.01 (**), p 

≤ 0.001 (***), and p ≤ 0.0001 (****) being considered statistically 

significant for the first and highly significant for the other. 

Results 

PDT is effective on FR𝘢-expressing ovarian cancer cell lines 

The fluorescence properties of the Pyro-PEG-FA were used to assess its 

uptake by confocal microscopy while the FR𝛼 expression by the OC cell 

lines was confirmed by immunofluorescence (Figure 2). Visual analysis 

of FR𝛼 labeling (in green) confirmed FR𝛼 membrane expression by 

OVCAR3 and SKOV3 cell lines (Figure 2A.1). Regarding the Pyro-PEG-

FA uptake (in red), we noticed an incorporation after 24 h of incubation 

into both the cell lines (Figure 2A.1), which was higher for the OVCAR3 

cells compared to SKOV3 cells (Figure 2A.2) thus confirming the 

capacity of the FR𝘢 positive cells to internalize the Pyro-PEG-FA. 

After validating the Pyro-PEG-FA incorporation into OC cells, we 

evaluated the efficacy of PDT. In this regard, cells were incubated with 

various concentrations of PS for 24 h and then illuminated at 1.8 J/cm2. 

Viability was assessed 24 h post-treatment (Figure 2B). We observed that 

OC cells were sensitive to PDT through a dose response curve. Moreover, 

we noticed that OVCAR3 cells were more sensitive to the treatment than 

SKOV3 cells (EC50 OVCAR3 = 0.174 µM vs EC50 SKOV3 = 0.476 

µM). Finally, we demonstrated that none of Pyro-PEG- FA concentration 

tested was cytotoxic to the cells in dark condition. 

 

Figure 2: Sensitivity of Ovarian Cancer cell lines to FRα targeted PDT. (A.) Images of Confocal microscopy for FRα expression and Pyro- PEG-

FA accumulation in OVCAR3, SKOV3 cell lines cultured with 9 µM of PS for 24 h and observed at Gx40 (left) and semi- quantification of PS 

fluorescence intensity expressed in U.A (right). (B) Percentage of Normalized Viability for OVCAR3, SKOV3 cell lines 24 h post-PDT treatment. 

Cells were incubated with increasing concentrations of Pyro-PEG-FA (0.14, 0.28, 0.56, 1.12, 2.25 and 4.5 µM) for 24 h. Illumination was performed 

with laser set at 672 nm coupled to a specific device delivering 1 mW/cm2 and with a light dose of 1.8 J/cm2. Results are represented as mean ± 

SEM of 3 independent experiments, expressed in percentage (%) compared to Non- Treated (NT) cells condition. (n=5). 

PDT is effective on 3D cultures derived from ovarian cancer cell lines 

Next, we wanted to evaluate the PDT potential in more complex 3D 

model derived from cell lines. First, the FR𝘢 expression in 3D cultures 

derived from the OVCAR3 cell line was evaluated by  

immunofluorescence (Figure 3A). Fluorescence (in green) reflecting FR𝘢 

expression confirmed the expression of the receptor by the established 3D 

cultures after 15 days of culture. 
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To evaluate the efficacy of PDT, 3D cultures were incubated with 9 µM 

of Pyro-PEG-FA for 24 h. Based on previous studies [16,17], the 

organoids were then irradiated at 3.6 J/cm2 with an irradiance of 

1mW/cm2. Cell- derived 3D cultures structures were evaluated by IHC at 

48h and 72h (Figure 3B) and viability was assessed 1h, 24h, 48h and 72h 

post-treatment (Figure 3C). 

Regarding the morphological aspect of the 3D cultures in PDT condition, 

the structure looked strongly altered by the treatment 48 h and 72 h post 

PDT. This is even more interesting, as none of these changes were 

observed under the other control conditions (Figure 3 B). These 

observations were confirmed with the viability test as we observed a 

strong and significant decrease of the viability in the PDT condition from 

1 h post PDT (p=0.0049) (Figure 3C). Furthermore, 24 h post-

illumination, this decrease was even more significant (p=0.0006) and 

sustained throughout the assay (until 72 h post-PDT). Concerning the 

control condition, we found a slight but significant decrease of the 

viability in the Pyro-PEG-FA and illuminated condition 24 h post 

treatment (p=0.0158 and p=0.0220 respectively) but this observation was 

not found anymore 72 h post treatment and remained largely lower than 

the PDT-condition. 

 
Figure 3: Sensitivity of organoids derived from ovarian cancer cell line to Frα targeted PDT. (A) Images of Confocal microscopy-based FRα 

expression in organoids derived from OVCAR3 and observed at Gx40 (scale bar = 50 µM). (B) IHC analysis of organoids 48 h and 72 h after PDT. 

(C) Percentage of normalized viability of the organoids derived from OVCAR3 cell line after PDT treatment. Organoids were treated with 9 µM of 

PS for 24 h. Illumination was performed with laser set at 672 nm combined to a device delivering 1 mW/cm2 and with a light dose of 3.6 J/cm2. 

Results are represented as mean ± SEM of 3 independent experiments, expressed in percentage (%) compared to Non-Treated (NT) condition. NT: 

non-treated; Pyro-PEG-FA: photosensitizer only; Light: illumination only; PDT: illumination in the presence of the Pyro-PEG-FA. 

Patient-derived tumor organoids response to PARPi and FRα targeted 

PDT 

Selection of two samples of PDTO resistant to PARPi and eligible to 

FRα targeted PDT 

In order to have a better in vitro model that faithfully represent the patient 

tumor heterogeneity, we investigated if PDT could open a new therapeutic 

option for patient resistant to PARPi in ovarian PDTO lines. Firstly, we 

performed a selection based on two criteria: (i) resistance to PARPi and 

(ii) expression of the FRα.Based on our first selection criteria, different 

PDTOs were treated with increasing concentrations of Olaparib and their 

viability was measured 7 days after treatment (Figure 4A). We intended 

to use 2 models of PARPi- resistant PDTOs with different degrees of 

resistance. OV-174_T (derived from a tumor sample) and OV-150_A 

(derived from an ascites sample) displayed both resistant profile after 

olaparib treatment in comparison with a reference PDTO with an EC50 

of 48.7 µM, 47.1 µM and 11.6 µM respectiveley (Figure 4A right). 

Based on the second selection criteria and to assess the efficacy of PDT 

on PDTOs, we confirmed the expression of the target protein FRα on 

those two PDTOs by IHC (Figure 4B). We performed an analysis on 
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original tissue and on the resulting PDTOs. We noticed an expression of 

FRα on original tissue and on PDTO (in brown). Even if the FRα 

expression is slightly lower in PDTO than in the original tissue it remains 

important and should be sufficient to perform PDT. 

 
Figure 4: Selection of PDTO resistant to PARPi and eligible to FRα targeted PDT. (A) Percentage of normalized viability of the OV- 150_A, 

OV-174_T and reference PDTO after 7 days of olaparib treatment. Results are represented as mean ± SD of at least 2 independent experiments. (B) 

HES and FRα staining of the primary tumor sample and the paired patient-derived tumor organoids for each model selected. Scale = 100 µm. 

 
Figure 5: Evaluation of PS uptake within PDTO. (A) Timeline of the treatment (B) Images of Confocal microscopy-based Pyro-PEG-FA uptake 

within living PDTOs cultured with 9 µM of Pyro-PEG-FA for 24 h and observed at Gx25 (Confocal SP8 multiphoton). Scale bar = 100 µM (left) and 

50 µM (right). (C) Semi-quantification of the Pyro-PEG-FA uptake. Histograms are represented as mean +/- SEM of 4 independents experiments. 
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After confirming the FRα expression, we assessed Pyro-PEG-FA 

incorporation by living PDTO with imaging thanks to the fluorescence 

properties of the PS (Figure 5A). We observed a strong red signal 

reflecting the incorporation of the PS with the two models of PDTO 

(Figure 5B). The semi-quantification highlighted a greater incorporation 

for OV-174_T (p=0.0319) (Figure 5C). These results suggest that these 

PDTOs, resistant to PARPi and expressing FRα, might be sensitive to 

PDT. 

PDTO response to the PARPi-PDT combination treatment 

Then, we evaluated the sensitivity of the PDTOs to FRα targeted PDT 

alone or in combination with Olaparib. Given the high sensitivity of the 

organoids derived from OVCAR3 cell line to the light dose of 3.6 J/cm2 

we reduced the light dose to 1.8 J/cm2 (the same dose as the in vitro 

model).  

For the PDTOs treated with PDT alone, we observed a dose-dependent 

decrease in cell viability for both types of PDTOs (Figure 6A). We 

noticed a greater sensitivity of OV-150_A with a decrease of 90 % in 

viability at a concentration of 3.5 µM, whereas for OV-174_T, we 

observed a decrease of 20 % at the same concentration. 

When PDTOs were treated with PARPi for 7 days and then incubated 

with the photosensitive drug in dark condition (Figure 6B, PARPi + PS 

only), we did not notice any effect of the Pyro-PEG-FA since the dose 

response curve observed was close to the one representing the sensitivity 

of PDTO to PARPi (Figure 3A). In fact, at the highest concentration of 

PARPi, the viability of OV-174_T remained at 30% and OV-150_A at 

16% confirming the resistance of these models to PARPi. The same 

observation was noticed when PDTOs were treated with PARPi and 

illuminated without Pyro-PEG-FA. These results demonstrated that the 

photosensitive drug alone or the illumination alone do not impact the 

viability of the organoids when they are treated with PARPi. 

Finally, we investigated the effect of the combination PARPi + PDT. 

PDTOs were first incubated one week with Olaparib before being treated 

with Pyro-PEG-FA and illuminated (Figure 6C). After bi-therapy 

treatment, we observed a decrease in PDTOs viability that was dose-

dependent on the amount of Pyro-PEG-FA (Figure 6D). However, it 

appears that PDT alone is sufficient to induce PDTOs death. Indeed, at 

the highest concentrations of Pyro-PEG-FA (4.5µM in OV-174_T and 3.5 

µM in OV-150_A), we observed a decrease in viability that was not 

dependent on the concentration of Olaparib, resulting in the absence of a 

dose-response curve. These results tend to show that PDT alone is 

sufficient to induce PDTOs death and that prior treatment with PARPi 

does not improve therapeutic efficacy. 

 

Figure 6: Efficacy of the therapeutic combination PARPi-PDT: (A) Timeline of the combination PARPi – PDT, (B) Percentage of normalized 

viability of the PDTO after PDT treatment only, (C) after PARPi-Pyro-PEG-FA only treatment, and after (D) the PARPi-PDT treatment. Results are 

represented as mean ± SD of at least 2 independent experiments. 

Discussion 

EOC is one of the most challenging diseases in gynecological oncology, 

with 80% of advanced cases relapsing after initial therapies [29]. 

Improved first-line strategy are urgently needed to enhance patient 

prognosis. In this context, PARPi has emerged to treat ovarian cancers 

but also various malignancies (e.g., breast, pancreatic, prostate, fallopian 

and primary peritoneal cancers) [30]. Despite significant improvements 

in outcomes for patients with HRD thanks to PARPi [29], two major 

issues remain: (i) PARPi are not devoid of toxicities (ii) resistance to 

PARPi has been described in both preclinical and clinical settings [5]. 

Therefore, strategies to reduce side effects associated with PARPi and/or 

overcome PARPi resistance through combinational therapeutic 

approaches are urgently needed. 

In this context, PDT is an emerging treatment modality in oncology that 

could be relevant. We previously developed and patented a vectorized PS 

coupled to Folic Acid in order to target FRα which is overexpressed in 

80% of EOC. The effectiveness and the immunogenic properties of this 
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PDT using this photosensitive drug has already been demonstrated in 

vitro et in vivo in our previous study [16,17]. 

Preclinical data have demonstrated powerful combination effects of 

PARPi with PDT [31–33] which could be beneficial for patient. Tanaka 

et al. were able to show in a gastric cell model that PDT treatment 

mediated by the photosensitizer talaporfin followed by 48h of exposure 

to Olaparib produced a synergistic response to the treatments. These 

results were then confirmed in a xenograft mouse model, with a reduction 

in tumor volume in the combination condition [32]. Another study in 

pancreatic cancer demonstrated the strong synergistic effect of PDT 

mediated by the second-generation photosensitizer chlorin e6 co-

delivered with Olaparib in a cell culture model [31]. These last two studies 

were based on cell culture models, but other teams proposed to use more 

complex models and were able to test co-delivery of a photosensitizer 

with the PARPi talazoparib in an ovarian 3D culture model, 

demonstrating the efficacy of this combination [33]. With the aim of 

always working with more clinically relevant models, PDTOs were also 

studied, with the study of EGFR- targeted photodynamic therapy in head 

and neck PDTOs [34]. Nevertheless, to our knowledge, no study to date 

has assessed the value of FR𝘢-targeted PDT in combination with PARPi 

in ovarian PDTO models. Therefore, the present study aimed to evaluate 

for the first time the efficiency of this FRα targeted PDT on PDTOs 

selected for their resistance to PARPi. The objectives were to assess the 

clinical potential of PDT alone for patient resistant to conventional 

treatments and to evaluate the clinical relevance of the combination of 

PDT to PARPi. 

First, we established dose response curve in a 2D model of ovarian cancer. 

We observed that the OVCAR3 cell line was more sensitive to PDT than 

SKOV3 cell line likely due to higher FRα expression in OVCAR3. This 

difference in PDT sensitivity might also reflect differences in behavior of 

the primary tumor types from which the cell lines were derived. High-

grade serous ovarian carcinoma (HGSOC), from which OVCAR3 is 

derived, presents at an advanced stage, grows rapidly and spread 

throughout the peritoneal cavity. In contrast, non- serous tumors (NS) 

from which SKOV3 is derived, commonly present an early stage and 

formed large tumor mass. Surprisingly, Amelia Hallas-Potts et al., found 

that NS cell lines migrated more rapidly than HGSOC and were more 

invasive which seems counter-intuitive to the clinic. Therefore, even if 

the conventional 2D cell culture has long been established and allows for 

a rapid and reliable growth of cancer cells, the major drawback of this 

model is its inability to reproduce the clinical cancer spectrum [35]. 

It is essential to develop new models that recapitulate the biological 

characteristics of tumors and their microenvironment. For this reason, 

PDTOs can fill the gaps left by cell lines in the testing of new drugs, 

especially as EOC is a heterogeneous disease and accurate assessment of 

tumor heterogeneity is important for predicting drug resistance and 

seeking effective treatments [36]. We have therefore further complicated 

the 2D model by establishing organoids derived from OVCAR3 cell lines. 

We increased the light dose at 3.6 J/cm² and showed that these spheroids 

were very sensitive to PDT. This allowed us to demonstrate the efficacy 

of PDT in a more complex cellular model. 

Nevertheless, PDTOs offer a promising preclinical platform, enabling 

personalized medicine for EOC patient. PDTOs closely recapitulate 

heterogeneity of the biological properties of the original tumor and can be 

used for drug screening and studying resistance mechanisms [37]. We and 

others have developed different models of ovarian cancer PDTOs derived 

from patients with different mutational profiles and responses to 

treatments [21–24], demonstrating the relevance of PDTO as clinical 

avatars reflecting the real-life heterogeneity. 

We selected two PDTO models, OV-150_A and OV-174_T, derived from 

ovarian ascites and tumor tissue respectively, that both displayed a 

resistance to olaparib. Firstly, we ensured FRα expression within the 

original tumors and PDTOs and showed that even lower expression levels 

in PDTO compared to original tumor were sufficient for the Pyro-PEG-

FA to target tumor cells and allow PDT efficacy, resulting in a dose 

dependent decrease in PDTO viability. Next, we evaluated therapeutic 

combination of PDT and PARPi and the therapeutic combination did not 

show a synergistic effect between the two therapies, with the PDT 

efficacy dominating the whole, reflected in particular at the highest 

concentrations of Pyro-PEG-FA by the presence of a straight line rather 

than a dose-response curve. However, we demonstrated the efficacy of 

PDT in a complex patient- derived models that displayed resistance to 

PARPi suggesting that PDT could be a promising approach to target 

tumor cells resistant to conventional treatments. 

Finally, we aware of the crucial importance of the tumor 

microenvironment (immune cells, blood vessels, etc.) in tumor growth 

and treatment response. As PDT is known to induce robust anti-tumor 

immune response, develop co-culture system in the presence of immune 

cells (dendritic cells [38], NK cells [39], macrophages [40] and 

lymphocytes [41]) to recapitulate inter-cell interactions and 

communication remains a key point to evaluate immunostimulating 

properties of PDT. 

Conclusions 

EOC has a poor prognostic and its management remains a challenge 

between disseminated malignancies and chemoresistance. In this context, 

the development of innovative therapeutics strategies as well as more 

pertinent in vitro models to test them is crucial. In this article we provide 

evidences of the efficiency of FRα based PDT on different models from 

immortalized ovarian cell lines to patient-derived tumor organoids. We 

particularly focused on models displaying a resistance to both carboplatin 

and PARPi and, even if no synergy was observed when PDT was 

combined to PARPi, we were able to report for the first time very 

promising results showing the efficacy of PDT in a context of global 

resistance to standard first-line chemotherapeutic regimen. PDT should 

thus open up new treatment prospects for EOC and in the long-term for 

other cancers overexpressing FRα. 
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