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P-glycoprotein (P-gp) is an adenosine triphosphate (ATP)-dependent drug efflux protein commonly associated
with multidrug resistance in cancer chemotherapy. In this report, we used a dual-fluorescent co-culture model to
study the population dynamics of the drug sensitive human ovarian cancer cell line (OVCAR-8-DsRed2) and its
resistant subline that overexpresses P-gp (NCI/ADR-RES-EGFP) during the course of a photodynamic therapy
(PDT)-olaparib combination regimen. Without treatment, OVCAR-8-DsRed2 cells grew more rapidly than the
NCI/ADR-RES-EGFP cells. Olaparib treatment reduced the total number of cancer cells by 70+4% but selected
for the resistant NCI/ADR-RES-EGFP population since olaparib is an efflux substrate for the P-gp pump. This
study used the FDA-approved benzoporphyrin derivative (BPD) photosensitizer or its lipidated formulation
((16:0)LysoPC-BPD) to kill OVCAR-8 cells and reduce the likelihood that olaparib-resistant cells would have
selective advantage. Three cycles of PDT effectively reduced the total cell number by 66+3%, while stabilizing
the population ratio of sensitive and resistant cells at approximately 1:1. The combination of olaparib treatment
and PDT enhanced PARP cleavage and deoxyribonucleic acid (DNA) damage, further decreasing the total cancer
cell number down to 10+2%. We also showed that the combination of olaparib and (16:0)LysoPC-BPD-based
PDT is up to 18-fold more effective in mitigating the selection of resistant NCI/ADR-RES-EGFP cells, compared to
using olaparib and BPD-based PDT. These studies suggest that PDT may improve the effectiveness of olaparib,
and the use of a lipidated photosensitizer formulation holds promise in overcoming cancer drug resistance.

Introduction [3,4]. This is in part because the majority of existing anti-cancer drugs

target the larger population of sensitive cells, leaving behind resistant

Ovarian cancer is a dynamic ecosystem where populations of cells
with specific genetic and molecular determinants constantly predomi-
nate as the disease progresses [1,2]. Although many effective treatments
are available for cancer patients, the development of multidrug resis-
tance (MDR) frequently occurs (up to 80-90% for ovarian cancer) and
ultimately leads to disease progression and patient death in most cases

clones to proliferate with less competition for resources [5]. While the
development of MDR seems to be nearly inevitable, it need not be
insurmountable if the process of selection for resistant cancer pop-
ulations can be redirected or impeded. It is becoming increasingly clear
that combination therapies with non-overlapping mechanisms of action
are most likely to delay or even prevent the emergence of resistant
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clones, turning cancer into a manageable chronic disease [6,7]. Ideally,
these anti-cancer drugs or regimens should also be delivered with low
overlapping-toxicities to improve the patient’s quality of life. This study
provides new insights into the evolutionary dynamics of MDR in
response to olaparib therapy, photodynamic treatment, and their
effective combination in ovarian cancer cells.

The expression of adenosine triphosphate (ATP)-binding cassette
(ABC) drug transporters in cancer cells has been linked to MDR and poor
patient outcomes. These drug transporter proteins utilize energy from
ATP binding and hydrolysis to efflux various compounds across cell
membranes [8-10]. P-glycoprotein (P-gp, encoded by the ABCBI gene)
is one of the ABC transporters that has been shown to efflux many drugs
(e.g., taxanes, camptothecins, olaparib) out of ovarian cancer cells.
Olaparib is a poly(ADP-ribose) polymerase (PARP) inhibitor that was
initially developed for the treatment of high-grade ovarian cancers with
a germline or somatic BRCA mutation, but was updated to include
approval for use in all platinum-sensitive relapsed ovarian cancers [11].
The anti-cancer activity of olaparib is mediated through a process called
synthetic lethality [12,13]. Olaparib inhibits and traps PARP at the sites
of deoxyribonucleic acid (DNA) single-strand breaks during DNA repli-
cation, repair, and transcription. This prevents DNA repair and leads to
the generation of DNA double-strand breaks. In homologous
recombination-proficient cancer patients, DNA double-strand breaks
can be repaired efficiently. However, in patients with BRCAI or BRCA2
mutations, DNA double-strand breaks cannot be repaired, leading to
genomic instability and eventual cancer cell death. The SOLO-1 trial
showed that olaparib maintenance therapy improved the median
progression-free survival from 13.8 months to 49.9 months in patients
with newly diagnosed advanced ovarian cancer and a BRCA1/2 muta-
tion [14]. In addition, the Study 19 trial showed that olaparib improved
the progression-free survival in the overall patient population with
platinum-sensitive relapsed ovarian cancer (hazard ratio 0.35) and had
an even greater effect on patients with BRCA mutation (hazard ratio
0.18) [11]. While olaparib provided a significant progression-free sur-
vival benefit with a relatively low discontinuation rate (12%), the full
potential of olaparib could still be hindered by ABC transporter
(P-gp)-mediated drug efflux since it is a known substrate for this efflux
pump [15,16]. It has also been suggested that multidrug resistant cells
may be hypersensitive to metabolic perturbations as they require extra
energy to support drug resistance mechanisms [17-20]. This study ex-
ploits these weaknesses using clinically relevant photodynamic treat-
ment, aiming to modulate the evolution of cancer cell populations and
mitigate MDR.

Photodynamic therapy (PDT) is a photochemistry-based modality
that is mechanistically distinct from conventional chemotherapy, radi-
ation, and immunotherapy [21]. PDT involves light activation of
photosensitive molecules, also called photosensitizers, to generate
reactive oxygen species (ROS) that induce cell death or modulate cell
phenotype. The cytotoxicity from PDT is governed by the localization of
the photosensitizer, spatial confinement of light, and the short distances
over which the ROS remain active. One of the preferential sites of
localization of benzoporphyrin derivative (BPD), a U.S. Food and Drug
Administration (FDA)-approved photosensitizer used in the present
study, is the mitochondrion [22-26]. Light activation of BPD can induce
photodynamic disruption of the mitochondrial membrane, which trig-
gers the release of cytochrome c, a potent initiator of apoptotic cell death
[22-26]. This direct pathway to cell death suggests that PDT is effective
even against chemoresistant cancer cells characterized by defective
signaling pathways, as long as there is sufficient light and intracellular
photosensitizer. BPD-based PDT has been shown to reverse chemo-
resistance, synergize with chemotherapy and biological agents, and
improve drug transport to tumors [27-32]. It has also been demon-
strated that BPD-based PDT can mitigate the surges in pro-tumorigenic
CD44 and CXCR4 expression in human pancreatic tumors after multi-
ple cycles of chemotherapy [33]. Recently, we discovered that BPD is a
substrate of P-gp, and cancer cells that overexpress P-gp can reduce the
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intracellular BPD accumulation, mitigating PDT efficacy [34]. To over-
come these challenges, a new lipidated formulation of BPD has been
developed to reduce BPD efflux by P-gp in cancer cells and improve PDT
outcomes [34]. In this study, we compared the ability of BPD and lipi-
dated BPD to photodynamically modulate the population dynamics of
sensitive and resistant human ovarian cancer cells.

Here, we investigated the population dynamics of sensitive and
resistant ovarian cancer cell lines during the course of olaparib therapy,
PDT, and their combination. To capture the growth dynamics of resis-
tant and sensitive ovarian cancer populations, we used a co-culture
model of two fluorescent cell lines: (1) the drug sensitive human
ovarian cancer cell line OVCAR-8 expressing Discosoma sp. red fluores-
cent protein (OVCAR-8-DsRed), and (2) its multidrug resistant subline
expressing P-gp and enhanced green fluorescent protein (NCI/ADR-RES-
EGFP). Notably, OVCAR-8 exhibits methylation of BRCA1 with corre-
sponding reductions in gene expression and heightened sensitivity to
PARP inhibition relative to wild-type ovarian cancer cell lines [35].

Materials and methods
Chemicals

The photosensitizer benzoporphyrin derivative (BPD) was purchased
from the United States Pharmacopeia (Rockville, MD). The phospho-
lipid, 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine  ((16:0)
LysoPC), was obtained from Avanti® Polar Lipids (Alabaster, Alabama).
The (16:0)LysoPC-BPD conjugates were prepared by crosslinking the
carboxylic acid group of the BPD to the hydroxyl function group of
(16:0)LysoPC via esterification reaction as described previously [34].
Olaparib (AZD2281) was purchased from Adooq® Bioscience (Irvine,
CA) and dissolved with sterile dimethyl sulfoxide (DMSO).

Cell culture

The high-grade serous parental human ovarian cancer cell line
OVCAR-8 expressing Discosoma sp. red fluorescent protein (OVCAR-8-
DsRed2) and the multidrug resistant subline overexpressing P-gp and
enhanced green fluorescent protein (NCI/ADR-RES-EGFP) were gifted to
the Huang Lab from Dr. Michael M. Gottesman (Laboratory of Cell
Biology, Center for Cancer Research, National Cancer Institute, National
Institutes of Health, Baltimore, MD). The development and validation of
the fluorescent OVCAR-8-DsRed2 and NCI/ADR-RES-EGFP cell lines
were described previously. The growth kinetics of OVCAR-8-DsRed2
and NCI/ADR-RES-EGFP were found to be similar to their non-
transfected parental cells [36]. The cell lines were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum and 1%
penicillin and streptomycin. The fluorescent cells were initially
enhanced once with 500 pg/mL and 200 pg/mL of G418 (Invitrogen) for
OVCAR-8-DsRed2 and NCI/ADR-RES-EGFP lines, respectively. All cell
lines were confirmed to be mycoplasma-free and maintained at 37°Cin a
humidified atmosphere containing 5% COx.

Cell growth evaluation and flow cytometry analysis

Growth curves were characterized by seeding OVCAR-8-DsRed?2,
NCI/ADR-RES-EGFP, or their mixtures (1:1 ratio) at different cell
numbers (1 x 10% to 2 x 10%) in 35-mm Petri dishes for 7 days. For
extended cell culture beyond 7 days, cells were reseeded at a density of
5 x 10* The G418-free cell culture media was changed every 2 days
followed by fluorescence imaging of OVCAR-8-DsRed2 and NCI/ADR-
RES-EGFP cells using a Lionheart™ FX Automated Microscope (Biotek,
Winooski, VT) with RFP and GFP filters. Cells were trypsinized and
harvested on different days, and total cell counts were assessed by a
Cellometer® Automatic Cell Counter (Cellometer Auto T4; Nexcelcom,
Lawrence, MA). For flow cytometry analysis of OVCAR-8-DsRed2 and
NCI/ADR-RES-EGFP mixed populations, trypsinized cells were washed
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and resuspended with 1 mL of cold 0.1% fetal bovine serum in
phosphate-buffered saline (PBS), and then analyzed on a fluorescence-
activated cell sorting flow cytometer (BD FACScanto™ II; San Jose,
CA). The DsRed2 and EGFP fluorescence signals were detected with a
488-nm laser, as well as the PE filter (584/42 nm) and FITC filter (530/
30 nm), respectively. At least 50,000-100,000 events were collected per
sample for all flow cytometry studies. Total cell counts and the per-
centages of fluorescent OVCAR-8-DsRed2 and NCI/ADR-RES-EGFP cells
were determined using FlowJo V10 flow cytometry analysis software.

Combination of olaparib and photodynamic therapy

A total of 5 x 10* OVCAR-8-DsRed2 and NCI/ADR-RES-EGFP cells
were mixed in equal numbers and cultured in 35-mm Petri dishes to
allow overnight attachment at 37 °C in a humidified atmosphere con-
taining 5% COz. To initiate one cycle of combination treatment, cells
were incubated with olaparib (10 or 25 uM) and photosensitizer (0.25
uM of BPD or (16:0)LysoPC-BPD) for 24 h prior to red light activation at
0.5 J/cm? (690 nm, 10 mW/cm?, Modulight). Following light activation,
cells were cultured for another 24 h to complete one cycle of treatment.
The same combination treatments were repeated for up to 3 cycles in
selected dishes. By the end of each treatment cycle (i.e., on the 3rd, Sth,
and 7% experimental day), treated cells or controls were detached by
trypsin and collected for determination of the total cell counts or the
percentages of fluorescent cells as described above. Controls include no
treatment, olaparib alone, and PDT alone for 1-3 cycles. We have
selected 25 pM of olaparib because it reduces the total number of co-
cultured cells by 50% after one cycle of treatment. A sub-lethal ola-
parib dose of 10 uM was used to further explore the combination effects
between PDT and olaparib.

Clonogenic assay

Cell survival after treatment was evaluated via the clonogenic assay.
Plating of OVCAR-8-DsRed2 and NCI/ADR-RES-EGFP cells (1:1 mixture
at 1000 or 500 cells/35-mm dish) before treatment was used to deter-
mine the sensitivity and efficiency of different combination treatment
cycles and controls as described above. By the end of each treatment
cycle, cells were washed twice with PBS and cultured in a fresh medium
for colony formation. On the eighth experimental day, cells were fixed
with 4% formaldehyde in PBS for 30 min, followed by 0.5% crystal vi-
olet staining for 1 h at room temperature. The dishes were air-dried after
washing out the dye, and the images of each dish were taken for cell
counting using ImageJ software. After counting the clones, plating ef-
ficiency (PE) and survival fraction (SF) were calculated using the
following equations: (1) PE = 100% x number of colonies formed/
number of cells seeded, and (2) SF = number of colonies formed after
treatments/(number of cells seeded x PE).

Immunoblotting

A 1:1 mixture of OVCAR-8-DsRed2 and NCI/ADR-RES-EGFP cells
were plated in 35 mm dishes at a density of 5 x 10* cells per dish. After
adhering overnight, cells were treated with either 25 uM of olaparib,
0.25 pM of photosensitizer (BPD or (16:0)LysoPC-BPD), or their com-
bination regimens. After a 24 h incubation, cells were light-activated
with a 690 nm laser (0.5 J/cm? 10 mW/cm?, Modulight). At 24 h
following PDT, cell lysates were collected in radioimmunoprecipitation
assay buffer (RIPA buffer) supplemented with 1% phosphatase and
protease inhibitor cocktail. Protein lysates (20 pg) of each sample were
separated on a NUPAGE 4-12% precast Bis-Tris gel (Mini-tank system,
ThermoFisher) and transferred onto a polyvinylidene difluoride (PVDF)
membrane. After blocking in 5% BSA or milk in tris-buffered saline with
0.1% Tween® 20 Detergent (TBST), the blot was incubated with primary
antibody against PARP (#9542, CST), p-HyAX (#05636, Millipore), or
B-actin (#4970, CST) overnight at 4 °C followed by incubation with
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secondary antibody for 1 h at room temperature. Visualization of protein
bands was achieved by chemiluminescence (SuperSignal, Thermo-
Fisher) using the FluorChem E imaging system (ProteinSimple). p-actin
served as a loading control.

Statistical analysis

All experiments were repeated at least three times. Specific tests and
number of repeats are indicated in the Fig. captions. Results are shown
with mean + standard error of the mean. Statistical analyses were per-
formed using GraphPad Prism (GraphPad Software). Reported p values
are two-tailed. One-way analysis of variance (ANOVA) analysis and
appropriate post hoc tests were applied to avoid type I errors.

Results
Growth kinetics of resistant and sensitive cell populations

A previous study showed that the fluorescent OVCAR-8-DsRed2 and
NCI/ADR-RES-EGFP cell lines retain the phenotypic and genotypic
characteristics of their parental lines, OVCAR-8 and NCI/ADR-RES,
respectively [36]. NCI/ADR-RES is a drug-selected, P-gp-overexpress-
ing variant of OVCAR-8 as confirmed via bioinformatic analysis [37,38].
Fig. 1A shows the morphological and fluorescent characteristics of
OVCAR-8-DsRed2 and NCI/ADR-RES-EGFP cells assessed using an
automated microscope. Both cell lines exhibit strong fluorescence in-
tensity in cultures. Automatic cell counter and cell size analysis revealed
that the size of NCI/ADR-RES-EGFP cells is around 15-24 um, which is
slightly larger than that of OVCAR-8-DsRed2 cells (~12-18 pm).
Western blotting confirmed that P-gp expression is much higher in the
resistant NCI/ADR-RES-EGFP cell line compared to the
OVCAR-8-DsRed2 line (Fig. 1B). These cells, therefore, represent
ovarian cancer subpopulations of drug sensitive (OVCAR-8-DsRed2) and
resistant (NCI/ADR-RES-EGFP) variants. The growth of each variant was
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Fig. 1. Characterization of OVCAR-8-DsRed2 and NCI/ADR-RES-EGFP cell
lines. (A) Representative fluorescence images of OVCAR-8-DsRed2 (pseudo
color orange) and NCI/ADR-RES-EGFP (pseudo color green) cells. Scale bar:
200 pm. (B) Western blotting confirmed the overexpression of P-gp in the NCI/
ADR-RES-EGFP cell line. (C) The number of OVCAR-8-DsRed2 and NCI/ADR-
RES-EGFP cells was measured after 7 days of culture at different seeding den-
sities ranging from 1 x 10* to 2 x 10°. (D) The growth curves of OVCAR-8-
DsRed2 cells, NCI/ADR-RES-EGFP cells, and their mixture at 1:1 ratio. The
cell seeding density was fixed at 5 x 10* cells per 35-mm dish. Results are
expressed as mean + standard error of the mean.
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monitored over one week in 35-mm Petri dishes at different cell seeding
densities ranging from 10,000 to 200,000 cells. The growth curves were
generated by quantifying the total cell number using the automated cell
counter (Fig. 1C). Cell growth was faster in OVCAR-8-DsRed2 than in
NCI/ADR-RES-EGFP as described previously [36]. Additionally, cells
plated at a density greater than 50,000 plateaued upon reaching con-
fluency. Prior to reaching confluency, the cell number of
OVCAR-8-DsRed2 was roughly 3 times higher than that of
NCI/ADR-RES-EGFP cells following one week of culture. The seeding
density of 50,000 cells per 35-mm dish was chosen for further co-culture
experiments of OVCAR-8-DsRed2 and NCI/ADR-RES-EGFP (Fig. 1D).
After one week of culture, the 1:1 ratio mixed cell population (Fig. 1D,
pink solid square) had a total of 2.1+0.2 million cells, which lies be-
tween the monocultures of OVCAR-8-DsRed2 (4.2+0.1 million cells)
and NCI/ADR-RES-EGFP (1.440.1 million cells).

The sensitive population dominates the co-culture in the absence of
treatment

Monitoring population dynamics in a co-culture system is necessary
for understanding the consequences of heterogeneous cancer evolution.
Here, we quantify the population ratio of OVCAR-8-DsRed2 and NCI/
ADR-RES-EGFP in co-culture using fluorescence-activated cell sorting
(FACS) throughout a two-week culture period. Fig. 2A shows the dy-
namic evolution of the resistant and sensitive subpopulations in co-
culture. The sensitive variant OVCAR-8-DsRed2 quickly begins domi-
nating the population within days of culture and is at around 95% of the
population by two weeks. These changes in ratio become statistically
significant in as early as five days (Fig. 2B). After one week of co-culture,
there were approximately 4.8 times more OVCAR-8-DsRed2 cells than
NCI/ADR-RES-EGFP cells. This number increased to about 20 times
more OVCAR-8-DsRed2 cells by the end of the two-week culture.
Representative fluorescence images (Fig. 2C) also confirm that without
treatment, P-gp-negative OVCAR-8-DsRed2 cells (pseudocolor, orange)
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Fig. 2. Growth kinetics of OVCAR-8-DsRed2 and NCI/ADR-RES-EGFP co-cul-
tures. (A) Without treatment, OVCAR-8-DsRed2 cells dominated the culture and
drove NCI/ADR-RES-EGFP cells toward extinction. (B) Analysis of the popula-
tion ratio over time showed that the number of OVCAR-8-DsRed2 cells was
around 20 times that of NCI/ADR-RES-EGFP by day 14. Asterisks denote sig-
nificance compared to the day 1 population ratio (**p<0.01, ***p<0.001, one-
way ANOVA with Tukey’s multiple comparisons test). Results are expressed as
mean + standard error of the mean. (C) Representative fluorescence images of
the co-culture on days 3, 5, and 7 show the gradual overtaking of the NCI/ADR-
RES-EGFP cells by the OVCAR-8-DsRed2. Scale bar: 200 um. The succession of
pie charts corresponding to these microscope images depict the actual popu-
lation ratios. The size of the pie charts represents the total number of cells
normalized to day 1.
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dominate the culture and drive P-gp-positive NCI/ADR-RES-EGFP
(pseudocolor, green) cells to less than 22% at day 7.

Combination of olaparib and PDT is effective in reducing ovarian cancer
cell number

Next, we evaluated the effects of olaparib, PDT, and their combina-
tion on the number of cells in the co-culture model of OVCAR-8-DsRed2
and NCI/ADR-RES-EGFP. The treatments were performed for up to three
cycles, where each cycle lasted for two days (Fig. 3A). PDT was
accomplished by exploiting two kinds of photosensitizers, BPD and
(16:0)LysoPC-BPD, both of which exhibited similar photochemical
behavior as described previously [24]. The number and ratio of the
population subclones were determined using the automated cell counter
and FACS at the end of each treatment cycle, and at the end of the
drug-free culture. These data are shown in Figs. 3 and 4 for 25 uM and
10 uM of olaparib, respectively. These data uniquely provide not only
quantification of total cell number, but also the relative populations of
the sensitive OVCAR-8-DsRed2 (P-gp negative) and resistant
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Fig. 3. Combination of olaparib (25 uM) and photodynamic therapy (PDT) in a
co-culture model of ovarian cancer. (A) Co-cultures of OVCAR-8-DsRed2 and
NCI/ADR-RES-EGFP were treated with olaparib (25 uM), BPD or (16:0)LysoPC-
BPD (0.25 uM) with light (690 nm, 0.5 J/em?, 10 mW/cm?), and their com-
binations. The normalized numbers of OVCAR-8-DsRed2 and NCI/ADR-RES-
EGFP cells were reported after (B) 1 cycle, (C) 2 cycles, and (D) 3 cycles of
treatment. Results shown are the mean + standard error of the mean. Asterisks
denote significance compared to the no treatment group or amongst the indi-
cated groups at each time point (*p<0.05, **p<0.01, ***p<0.001, one-way
ANOVA with Tukey’s multiple comparisons test). “n.s.” indicates not signifi-
cant (p>0.05).



Y. Baglo et al.
A B
Schedule A (1 cycle)
OVCAR-8-DsRed2
1] B NCI/ADR-RES-EGFP
Schedule A .Wm ns.
L3 1 1 ] ]
Schedule B .WIIMWIIM _g
3
LT3 T3 1T 1 ] £
Schedule C ‘ f T T E
Day 0 1 2 3 4 5 6 7 E
o
] BPD or (16:0)LysoPC-BPD (0.25 uM) g
4

¢ Light (hv, 690 nm, 0.5 J/cm?, 10 mW/cm?)
Olaparib (10 uM)

c Schedule B (2 cycles) D
OVCAR-8-DsRed2
I NCI/ADR-RES-EGFP

Schedule C (3 cycles)
OVCAR-8-DsRed2
I NCI/ADR-RES-EGFP

Normalized cell number
Normalized cell number

Fig. 4. Combination of olaparib (10 uM) and photodynamic therapy (PDT) in a
co-culture model of ovarian cancer. (A) Co-cultures of OVCAR-8-DsRed2 and
NCI/ADR-RES-EGFP were treated with olaparib (10 uM), BPD or (16:0)LysoPC-
BPD (0.25 pM) with light (690 nm, 0.5 J/em?, 10 mW/cm?), and their com-
binations. The normalized numbers of OVCAR-8-DsRed2 and NCI/ADR-RES-
EGFP cells were reported after (B) 1 cycle, (C) 2 cycles, and (D) 3 cycles of
treatment. Results shown are the mean + standard error of the mean. Asterisks
denote significance compared to the no treatment group or amongst the indi-
cated groups at each time point (*p<0.05, **p<0.01, ***p<0.001, one-way
ANOVA with Tukey’s multiple comparisons test). “n.s.” indicates not signifi-
cant (p>0.05).

NCI/ADR-RES-EGFP (P-gp positive) cell lines. This demonstrates that
our co-culture system is an appropriate model to study the evolutionary
dynamics of P-gp expression in diverse ovarian cancer cell populations.

Fig. 3B shows that one cycle of 25 pM olaparib alone and BPD-based
PDT alone reduced the total cell number by roughly 50% and 30%,
respectively. On the other hand, one cycle of (16:0)LysoPC-BPD-based
PDT only decreased the total cell number by less than 20%, and it was
found not significantly different than the no treatment group (p>0.05).
These results are consistent with our earlier work, as we have previously
shown that (16:0)LysoPC-BPD-based PDT is up to 4 times less phototoxic
in cancer cells than BPD due, in part, to the reduced uptake of (16:0)
LysoPC-BPD by cells [24]. One cycle of 25 pM olaparib and BPD-PDT
significantly reduced the total cell number by ~70% compared to no
treatment (p<0.001). However, one cycle of combined olaparib and
(16:0)LysoPC-BPD-based PDT only lowered the total cell number by
~50% compared to no treatment (p<0.001). Further statistical analysis
shows that one cycle of combined olaparib and PDT (with either BPD or
(16:0)LysoPC-BPD) is not significantly superior to olaparib alone at 25
uM (p>0.05). These results motivated us to investigate multicycle
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treatments (Fig. 3C and 3D) and use a lower dose of olaparib at 10 pM
(Fig. 4).

This combinational effect becomes increasingly pronounced at later
treatment cycles. Two (Fig. 3C) and three (Fig. 3D) cycles of combined
olaparib (25 uM) and PDT (with either BPD or (16:0)LysoPC-BPD)
significantly reduced the total cell number by 80-90% (p<0.001).
However, these combinations are not significantly more effective than
olaparib at 25 uM (p>0.05). Using a lower olaparib dose of 10 uM, one
cycle and two cycles of combined olaparib and PDT using either
photosensitizer formulation only decreased the total cell number by
~38% and ~59%, respectively (Fig. 4B and 4C). Interestingly, three
cycles of low-dose olaparib treatment (10 uM) and BPD-based PDT
reduced the total cell number by ~90%, and this combination was found
to be significantly better than monotherapies at reducing overall cell
number (p<0.05, Fig. 4D). Similarly, three combination cycles of low
dose olaparib (10 uM) with (16:0)LysoPC-BPD-based PDT was found to
be effective, reducing the total cell number by ~84%.

Combination of olaparib and (16:0)LysoPC-BPD-based PDT mitigates
possible selection pressure

Despite providing large reductions in the total cell number, the
combination of olaparib and PDT was more effective in reducing the
number of OVCAR-8-DsRed2 cells than NCI/ADR-RES-EGFP cells. Flow
cytometry analysis showed that multiple cycles of olaparib, or PDT
alone, reduce the number of sensitive OVCAR-8-DsRed2 cells by
74-87%, but only kill fewer than 43% of resistant NCI/ADR-RES-EGFP
cells (Figs. 3 and 4). The combination of olaparib and BPD-based PDT
for two or three cycles killed nearly all (>95%) OVCAR-8-DsRed2 cells,
leaving behind the drug resistant cells to dominate the co-culture.
Interestingly, the multicycle combination of olaparib and (16:0)
LysoPC-BPD-based PDT did not completely eradicate the sensitive
OVCAR-8-DsRed2 cells. These observations motivated us to further
analyze the cell population ratios at different time points during the
combination treatment (Fig. 5A). The OVCAR-8-DsRed2/NCI/ADR-RES-
EGFP population ratio in the no treatment group steadily increases from
1 to ~5 over 7 days (Fig. 5B and 5C). In contrast, treatment with 10 pM
and 25 uM olaparib resulted in a significant reduction of the OVCAR-8-
DsRed2/NCI/ADR-RES-EGFP population ratio from 1 to 0.48 and 0.74,
respectively, over 7 days. The OVCAR-8-DsRed2/NCI/ADR-RES-EGFP
population ratio remained relatively steady between 1 and 1.67 after
one to three cycles PDT. Combination treatment with olaparib (10 or 25
uM) and BPD-PDT resulted in an average OVCAR-8-DsRed2/NCI/ADR-
RES-EGFP population ratio of 0.04 at day 7, demonstrating near-
complete dominance of the treatment resistant population. Interest-
ingly, (16:0)LysoPC-BPD-based PDT combined with olaparib resulted in
10-18-fold higher OVCAR-8-DsRed2/NCI/ADR-RES-EGFP population
ratios of 0.4-0.74 at day 7 compared to the combination with BPD-based
PDT and olaparib.

Clonogenic assays show the inhibition of clonogenic survival of human
ovarian cancer cells by the olaparib and PDT combination

To determine the long-term cytotoxic effects of olaparib (10 uM),
PDT, and their combination, we conducted clonogenic assays for each
cycle treatment (Fig. 6A-D). Figs. 6B-6D show the cytotoxicity of ola-
parib monotherapy increases in a treatment cycle-dependent manner.
One, two, and three cycles of olaparib reduced the number of ovarian
cancer colonies by 46%, 70%, and 75%, respectively. BPD-based PDT
alone also reduced the number of ovarian cancer colonies by 10-25%
after each treatment cycle. Additionally, one cycle of BPD-based PDT in
combination with olaparib significantly reduced the surviving fraction
by 33-52% compared to either monotherapy. However, after two or
three treatment cycles, the combination of BPD-based PDT and olaparib
did not significantly (p>0.05) improve outcomes compared to olaparib
alone. Similar to the results observed in Figs. 3 and 4, the clonogenic
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Fig. 5. Analysis of population ratio of OVCAR-8-DsRed2 over NCI/ADR-RES-
EGFP at days 0, 3, 5, and 7 (A) over three cycles of combination treatments
using PDT and (B) 25 uM of olaparib or (C) 10 uM of olaparib. Results shown
are the mean + standard error of the mean. Asterisks denote significance
compared to the population ratio at day 0 (*p<0.05, **p<0.01, ***p<0.001,
one-way ANOVA with Tukey’s multiple comparisons test). “n.s.” indicates not
significant (p>0.05).

assay showed that (16:0)LysoPC-BPD is less photo-cytotoxic than BPD
under the same light irradiation condition. The combination of (16:0)
LysoPC-BPD-based PDT and olaparib modestly inhibited the clonogenic
survival of ovarian cancer cells to 53%, 27% and, 19% after one, two,
and three treatment cycles, respectively, compared to the no treatment
control. While the combination of (16:0)LysoPC-BPD-based PDT and
olaparib did not outperform the combination of BPD-based PDT and
olaparib, we know based on Fig. 5 that the use of (16:0)LysoPC-BPD
could help reduce the selective advantage of resistant cells.

Combination of olaparib and PDT enhances DNA damage in human
ovarian cancer cells

To elucidate the cell death mechanisms of olaparib combined with
PDT, we examined the expression of p-H2AX and cleaved PARP in an
ovarian cancer co-culture model of OVCAR-8-DsRed2 and NCI/ADR-
RES-EGFP using western blots (Fig. 7A). Quantitative analysis showed
no significant changes in PARP expression after PDT (with either BPD or
(16:0)LysoPC-BPD), olaparib, or their combination treatments (Fig. 7B).
PARP cleavage was observed in the presence of olaparib, both alone and
in combination with BPD-based PDT or (16:0)LysoPC-BPD-based PDT
(Fig. 7C). The elevated levels of PARP cleavage in these three groups
were comparable, suggesting that olaparib dominated the PARP
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cleavage effects in the combination regimen. The expression of p-HyAX
in cancer cells significantly elevated in the combination regimen
compared to the no treatment and monotherapy controls (Fig. 7D). This
suggests that the combination of olaparib and PDT could induce a more
severe DNA injury in ovarian cancer cells than either treatment alone.

Discussion

High-grade serous ovarian cancer is the most lethal gynecologic
cancer [39]. Resistance to conventional agents, such as platinum- and
taxane-based chemotherapies, remains a key reason for the persistently
grim statistics. Increased expression of P-gp has been seen in drug
resistant ovarian cancer lines [40,41]. Several clinical studies have also
shown that P-gp is expressed in ovarian tumors treated with drugs that
are substrates of P-gp, but not in untreated tumors [42-44]. In 2014, the
Food and Drug Administration (FDA) first approved olaparib (LYN-
PARZA®) for the treatment of BRCA-mutated, advanced ovarian cancer,
and it was later approved for breast, pancreatic, and prostate cancers in
2018, 2019, and 2020, respectively. Other PARP inhibitors have also
received FDA-approval for the treatment of ovarian cancer (niraparib,
rucaparib) and prostate cancer (rucaparib). Olaparib and several other
PARP inhibitors are P-gp substrates [16]. However, the impact of mul-
ticycle olaparib therapy on P-gp expression in ovarian cancer remains
relatively unknown. Most clinical and pre-clinical studies of P-gp in
tumors still rely on static histopathological characterization, such as
immunohistochemistry and quantitative RT-PCR [4]. In the landscape of
cancer evolution [7,45], the need to frequently adjust treatment con-
ditions based on a tumor’s response to therapy mandates a conceptual
shift from “static characterization” techniques to “dynamic monitoring”
of tumor behavior. In vitro multi-fluorescent co-culture systems are ideal
models to study the population dynamics of sensitive and resistant
cancer cells as they evolve through disease progression and treatment
[36]. Using a dual-fluorescent co-culture model of human high-grade
serous ovarian cancer cells, we showed that sensitive cells (P-gp-neg-
ative) dominate the co-culture and drive resistant cancer cells
(P-gp-positive) toward extinction after 2 weeks of culture in the absence
of treatment (Fig. 2). Similar results were observed by Grolmusz and
colleagues in a 3D co-culture model of sensitive and resistant breast
cancer cells [46]. It has also been suggested that multidrug resistant
cancer cells require additional energy to maintain and synthesize P-gp
[47-49], thus likely trading-off the nonessential functions like prolif-
eration [50]. This significant energetic cost of resistance could poten-
tially explain why sensitive ovarian cancer cells (OVCAR-8-DsRed2)
have a higher proliferation rate than resistant cells (NCI/ADR-RE-
S-EGFP). Fig. 1 shows that, at the same initial seeding density, the
number of mono-cultured OVCAR-8-DsRed2 cells is ~3 times higher
than mono-cultured NCI/ADR-RES-EGFP after 7 days. In contrast, in the
co-culture model (Fig. 2), the number of OVCAR-8-DsRed2 cells is ~4.8
folds higher than that of NCI/ADR-RES-EGFP. This suggests that the
overtaking of NCI/ADR-RES-EGFP by OVCAR-8-DsRed2 in the
co-culture may be beyond their differences in doubling time. Consistent
with our findings, ovarian cancer cells overexpressing P-gp are typically
uncommon in pre-treatment advanced ovarian tumors [51-53].

Increased expression of P-gp has been observed in olaparib-resistant
cancer models. Using syngeneic mammary tumor mouse models, Rot-
tenberg et al. showed that Abcbla/1b, which encodes the mouse P-gp,
was increased up to 85-fold in over 70% of olaparib-resistant tumors
[54]. In their study, P-gp negative tumors responded initially to olaparib
but ultimately developed resistance to olaparib along with a 3.6-fold
increase in Abcb1b expression. Here, we found that exposure of human
ovarian cancer cells to olaparib therapy can trigger competitive escape,
where populations of sensitive cancer cells are destroyed, leaving behind
resistant cancer cells that overexpress P-gp (Figs. 3-5). It is important to
note that P-gp positivity in human ovarian cancer specimens can vary
from 7% to 93% [4]. Several clinical studies have found higher levels of
P-gp in ovarian tumors treated with drugs that are substrates of P-gp,
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Fig. 6. Combination treatment of olaparib and PDT inhibited
the clonogenic survival of human ovarian cancer cells. Co-
cultures of OVCAR-8-DsRed2 and NCI/ADR-RES-EGFP at 1:1
ratio were subjected to (i) No treatment, (ii) Olaparib (10 pM),
(iii) PDT (0.25 pM BPD with 690 nm light at 0.5 J/cm? and 10
mW/cmz), (iv) PDT (0.25 uM (16:0)LysoPC-BPD with 690 nm
light at 0.5 J/em? and 10 mW/cm?), and (v) combinations of
olaparib and PDT for 1-3 cycles. (A) Representative images are
shown from clonogenic assays for each cycle of treatment. Cells
were cultured for eight days post-treatment prior to crystal
violet staining. (B-D) Survival fraction (SF) of the clones,
shown as relative number of colonies, was calculated after each
cycle of treatment using the equation: Survival fraction
number of colonies formed after treatments/(number of cells
seeded x plating efficiency). Results shown are the mean +
standard error of the mean. Asterisks denote significance
compared to the no treatment group or amongst the indicated
groups at each time point (**p<0.01, ***p<0.001, one-way
ANOVA with Tukey’s multiple comparisons test). “m.s.”
dicates not significant (p>0.05).
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while others reported no differences in P-gp levels in treated versus
untreated ovarian tumors [4]. Similarly, some studies found no rela-
tionship between high P-gp levels and poor ovarian cancer patient
outcomes, while others reported a strong correlation between the two
[4]. These inconsistencies may be due to different cancer subtypes,
sample sizes, assays for characterization of P-gp, or chemotherapy set-
tings (e.g., adjuvant, neoadjuvant, first-line, etc.). Further studies of the
impact of olaparib therapy on P-gp levels in ovarian tumors as well as
their relationship with patient survival outcomes in large and
well-defined clinical trials are warranted.

Previous studies have shown that P-gp-expressing drug resistant
cancer cells exhibit a lower mitochondrial membrane potential
compared to drug sensitive cancer cells [49], and resistant cells could be
more susceptible to mitochondrial perturbations [18,20]. These studies
motivated us to investigate how clinically relevant BPD-based PDT, a
mitochondrial targeting modality [22-25], impacts the population dy-
namics of resistant and sensitive ovarian cancer cells in a co-culture
model. While olaparib decreased the population ratio of sensitive to
resistant ovarian cancer cells, 3 cycles of PDT alone effectively main-
tained the population ratio of sensitive to resistant ovarian cancer cells
at ~1. These results are consistent with our previous in vivo studies
showing that BPD-based photodynamic treatment did not select for
subpopulations of pancreatic cancer cells with CD44 and CXCR4 stem-
ness markers [33]. Intraperitoneal PDT is an ideal treatment for residual
ovarian cancer peritoneal carcinomatosis at laparotomy/laparoscopy
due to its superficial therapeutic effects (few millimeters to centimeters).
The clinical feasibility of intraperitoneal PDT for peritoneal carcino-
matosis at laparotomy has been demonstrated [55-57]. Additionally,

multicycle targeted PDT via intraperitoneal catheter has also been
shown to reduce ovarian tumor (OVCARS5) burden by 89% in mice [58].
Therefore, it is important to point out that, although not statistically
significant (P>0.05), we observed a slight decrease in the population
ratio between sensitive and resistant ovarian cancer cells by ~0.3 after 3
cycles of PDT. This suggests that PDT could potentially select for resis-
tant cancer cells after repeated applications. Primary cell cultures can be
maintained in vitro only for a limited period of time before reaching
confluency. In view of the clinical successes with daily olaparib therapy
[11,14] and promising preclinical outcomes with multicycle PDT [58,
59] for ovarian cancer, a longer-term study of the population dynamics
between sensitive and resistant ovarian cancer in vivo after multiple
cycles combined PDT and olaparib is needed and ongoing in the lab.

Nevertheless, the selection pressure imposed by 3 cycles of PDT on
ovarian cancer cells remains much lower than that of olaparib therapy.
In this study, the combination of olaparib and 3 cycles of BPD-PDT was
found to be the most toxic regimen, but also the biggest contributor to
MDR, leading to near complete dominance of resistant cells. Here, we
showed that replacing BPD with (16:0)LysoPC-BPD in the combination
setting mitigates MDR, similar to our previous finding [34]. In Figs. 3
and 4, as well as in our previous studies [24], we have shown that (16:0)
LysoPC-BPD is less phototoxic than BPD. This is in part due to the
reduced cellular uptake of (16:0)LysoPC-BPD compared to BPD [24].
Therefore, (16:0)LysoPC-BPD-PDT dosing could be further optimized in
future work to maximize phototoxicity and mitigate chemotherapy se-
lection pressures.

Poly(ADP-ribose) polymerase 1 (PARP1) is a 113 kDa nuclear
enzyme that is involved in DNA damage repair in cells, and plays an
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essential role in cell proliferation [12,13]. PARP1 consists of several
functional domains, including the DNA-binding domain that contains
three Zinc-finger related subdomains (ZnF 1, 2 and 3), the BRCT domain,
the WGR domain, and the catalytic domain that contains a helical sub-
domain (HD) and ADP-ribosyltransferase (ART) catalytic subdomain.
When PARP 1 is not bound to the damaged DNA, HD prevents the
binding of 3-NAD-+ to the ART binding site. When ZnF 1, 2 and 3 interact
with damaged DNA at single-strand DNA breaks, the remaining PARP1
protein domains assemble onto the PARP1/DNA nucleoprotein struc-
ture. This process inactivates the inhibitory function of HD, grants
productive p-NAD+ binding by the ART, drives the PARylation of PARP1
substrate proteins to mediate the recruitment of DNA repair effectors for
DNA repair, and eventually allows the damaged cell to survive. It is
well-established that BRCA-mutant cancer cells, which cannot effi-
ciently repair double-strand DNA breaks, are much more sensitive to
PARP inhibitors than the BRCA-wild type cells [60]. Here, we showed
that olaparib induces such synthetic lethality in BRCA-defective ovarian
cancer cells, increasing the expressions of PARP cleavage and
p-HaAX—an indicator of DNA damage (DNA double-strand breaks). We
also found that BPD-based PDT, besides targeting the mitochondria, can
induce DNA damage as shown by the increased levels of p-HyAX
expression. This observation agrees with another report showing that
BPD-based PDT can induce DNA fragmentation in the human promye-
locytic leukemia HL-60 cell line [61]. While we have shown that PDT
can be combined with olaparib to further enhance the DNA damage in
BRCA-mutant cancer cells, whether the PDT can re-sensitize BRCA-wild
type cancer cells to PARP inhibitors remains unknow and warrants
further investigation. It has been reported that P-gp inhibitors (e.g.,
verapamil and elacridar) can reverse resistance to PARP inhibitors (e.g.,

olaparib) in ovarian cancer cells [41]. Hence, another logical next step is
to investigate if co-treatment with PDT and P-gp inhibitors further po-
tentiates the anti-tumor activity of olaparib in the P-gp-overexpressing
cancer cells.

In summary, we introduce a new combination regimen of olaparib
and PDT for BRCA-mutated cancer. The use of a dual-fluorescent in vitro
co-culture model allowed us to better understand the evolutionary dy-
namics of resistant and sensitive cancer cells during the course of
treatment optimization. PDT not only potentiates the DNA-damaging
effects of olaparib but, with the lipidated photosensitizer, also may
offer a unique solution to mitigate the development of MDR. With an
increasing number of studies showing the feasibility and safety of
intraperitoneal PDT for treating locally disseminated cancers like
advanced stage ovarian cancer [55-57], the combination of intraperi-
toneal PDT and olaparib treatment merits further investigations in
mouse models and in the clinic.
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