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Abstract

A major objective in developing new treatment approaches for lethal tumors is to reduce toxicity
to normal tissues while maintaining therapeutic efficacy. Photodynamic therapy (PDT) provides a
mechanistically-distinct approach to treat tumors without the systemic toxicity of chemotherapy
drugs. PDT involves the light-based activation of a small molecule, a photosensitizer (PS), to
generate reactive molecular species (RMS) that are toxic to target tissue. Depending on the PS
localization, various cellular and subcellular components can be targeted, causing selective
photodamage. It has been shown that targeted lysosomal photodamage followed by, or
simultaneous with, mitochondrial photodamage using two different PS results in a considerable
enhancement in PDT efficacy. Here, two liposomal formulations of benzoporphyrin derivative
(BPD): 1. Visudyne (clinically-approved) and 2. an in-house formulation entrapping a lipid-
conjugate of BPD, are used in combination to direct PS localization to mitochondria, endoplasmic
reticulum and lysosomes, enabling simultaneous photodamage to all three organelles using a
single wavelength of light. Building on findings by our group, and others, this study demonstrates,
for the first time in a 3D model for ovarian cancer, that BPD-mediated photodestruction of
lysosomes and mitochondria/ ER significantly enhances PDT efficacy at lower light doses than
treatment with either PS formulation alone.

Graphical Abstract

A combination of Visudyne and a lipid-anchored liposomal formulation of benzoporphyrin
derivative enhances photodynamic therapy efficacy.
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Introduction

Photodynamic therapy (PDT) involves the activation of a photosensitizer (PS) with light of
an appropriate wavelength to generate cytotoxic reactive molecular species (RMS)(1-4). The
highly reactive nature of these RMS leads to damage within nanometers of the site of PS
photoactivation. Depending, in part, on PS localization and the light dose, a range of stromal
and sub-cellular sites can be targeted for photodestruction, eliciting various death modes that
have been investigated (2, 5-16). Common key targets in PDT include the following sub-
cellular organelles that are involved in energy production, protein trafficking and
degradation/recycling: 1.) Mitochondria - important bioenergetic, biosynthetic, and stress
sensing organelles (17, 18); 2.) The endoplasmic reticulum (ER) — the major site of protein
folding and trafficking in the cell, which can be disrupted under adverse microenvironmental
conditions such as oxidative stress and high metabolic demand, resulting in “ER stress” (19,
20); and lysosomes — acidic organelles that degrade and recycle cellular components, and are
involved in lysosomal-mediated cell death pathways (21).

PDT protocols that combine PS in order to enhance efficacy have been explored by our
groups and others (6, 11, 12, 22-30). These protocols exploit differences in the localization
properties, and mechanisms of action, of each agent to improve PDT efficiency. Among the
earliest reports (23) used a combination of (i) 5-ethylamino-9-diethylaminobenzo[a]
phenothiazinium chloride (EtNBS), to damage tumor cells directly with minimal effects on
vasculature, and (ii) benzoporphyrin derivative monoacid ring A (BPD-MA), with the intent
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to induce vascular occlusion as well as some cellular damage. The animal model used in this
study was a subcutaneous EMT-6 murine sarcoma syngeneic to BALB/c mice, treated when
the tumors reached a thickness of ~1cm. Two weeks after PDT, a dramatic (>90%) reduction
in tumor weight was observed only in mice treated with the combination protocol. Most
(76%) of the tumors in the combination PDT group were non-measurable. Activation of
EtNBS (652nm) followed by activation of BPD (690nm) was more effective than the reverse
sequence. This was the first demonstration of a PDT protocol using two PS to eradicate large
tumors in vivo. Importantly, treatment with either PS alone at twice the energy density and
twice the PS concentration produced either no significant reduction in tumor weight or
significant increase in treatment-related toxicities.

More recent studies have supported the benefits of PDT protocols combining rationally-
selected PS, and investigated the mechanisms involved in improved treatment response (11,
12, 24, 26, 27, 29-33). Low-level lysosomal photodamage with N-aspartyl chlorin e6
(NPe6) followed by, or concomitant with, mitochondrial photodamage using BPD,
significantly enhances PDT efficacy at lower light doses than with either PS alone (11, 12).
Additional studies have demonstrated that PDT with a combination of PS can alter
cytoskeletal components and influence death mechanisms (24, 29, 30).

Recently, simultaneous photodamage to lysosomes and mitochondria/ER using a single
wavelength of light was investigated in ovarian cancer cells in monolayer (27). This
simultaneous targeting of both the mitochondria/ER and the lysosomes was achieved by
combining two liposomal preparations: one entrapping BPD and one incorporating a
lipidated phosphocholine (lipid-anchored) variant of BPD (Figure 1A-B). It was found that
the entrapped BPD formulation led to subcellular accumulation in mitochondria/ER, as is
consistent with the Visudyne formulation and free BPD. The lipid-anchored BPD
formulation was confined to lysosomes and exhibited no evidence of time-dependent or
light-dependent relocalization. In treatment response studies, a synergistic enhancement of
PDT efficacy with simultaneous targeting of lysosomes and mitochondria using a single
wavelength of light was demonstrated in cells in monolayer. The current study demonstrates
the efficacy of simultaneously targeting lysosomes and mitochondria/ER using lipid-
anchored and entrapped liposomal preparations of BPD, respectively, in a 3D model for
ovarian cancer, which introduces barriers to agent delivery, illumination and efficacy that are
often deficient in monolayer cultures.

Materials and Methods

Cell line

Human ovarian carcinoma cells NIH:OVCARS5 (OVCARS) were obtained from Fox Chase
Cancer Center (Philadelphia, PA, USA). Cells were grown in RPMI 1640 medium
(Mediatech Inc., Herndon, Virginia, USA) supplemented with 10% (v/v) heat inactivated
FBS (GIBCO Life Technologies, Grand Island, New York, USA), 100 U/mL penicillin, and
100 pg/mL streptomycin. OVCARS cells were maintained as 2D monolayer in T75 flask at
37°C in a humidified incubator with 5% CO,. All the cells used in this study were tested for
Mycoplasma contamination using MycoAlert™ PLUS Kit (Lonza, LT07-710). Cell stocks
were replaced when the passage number exceeded 25.
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To generate OVCARS5-mCherry cells, wild-type OVCARS cells were transduced with
lentiviruses encoding an mCherry gene. Third generation mCherry transfer plasmid pLV-
mCherry (Addgene 36084), viral envelope plasmid pMD2.G (Addgene 12259), and viral
packaging plasmid psPAX2 (Addgene 122260) were mixed at a molar ratio of 2:1:1 and
transfected into Lenti-X™ 293T packaging cell line (TaKaRa Clontech, 632180) using X-
fect transfection reagent (TaKaRa Clontech, 631317) following manufacturer’s instruction.
Viral supernatant was harvested 48 hours post-transfection and concentrated using Lenti-
X™ Concentrator (TaKaRa Clontech, 631231). OVCARS cells were transduced with the
viral suspension at different multiplicity of infection (MOI) in the presence of 6 ug/ml
hexadimethrine bromide (polybrene, Sigma H9268). After 48 hours of transduction, cells
were sorted for mCherry fluorescence using FACSaria.

3D cell culture

3D OVCARS nodules were grown and maintained for 11 days on Growth Factor Reduced
(GFR) Matrigel (Corning 354230, lot # 7016289) beds. GFR Matrigel was thawed overnight
on ice. Matrigel beds were prepared by plating 250 uL of Matrigel solution on pre-chilled
24-well black-wall plate (Krystal 24 Well Microplate or Greiner Bio-One 24-well glass
bottom Sensoplate). Matrigel beds were polymerized by incubating at 37°C for 20-25
minutes. OVCAR5-mCherry cells grown in monolayer were washed with PBS and
trypsinized. Cells were counted and plated at a density of 10,000 cells/well in 1 mL of 2%
GFR Matrigel-containing complete growth medium as described previously (34). 3D
cultures were maintained at 37°C in an atmosphere of 5% CO,. The growth media was
replaced every 3 and 6/7 days.

Chemicals and supplies

All lipids 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocoline (16:0 Lyso PC), 1,2-
Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dioleoyl-3-trimethylammonium-
propane (chloride salt) (DOTAP), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethyleneglycol)-2000 (DSPE-mPEGygqg) Were obtained from Avanti Polar
Lipids, 4-(dimethylamino) pyridine (DMAP), N, N-Diisopropylethylamine (DIPEA) from
Sigma-Aldrich, and Methanol, Dichloromethane (DCM) and Chloroform were purchased
from Fisher scientific, and Verteporfin (Benzoporphyrin; BPD) was purchased from U.S.
Pharmacopeia.

Preparation and Characterization of Lipid-Anchored BPD, Respective Liposomes and

Visudyne

Benzoporphyrin derivative (BPD, verteporfin; mixed isomers, >94% purity) was used as
provided by the manufacturer. The photosensitizer BPD was anchored to the phospholipid 1-
palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (16:0 Lyso PC) using a previously
published method (27). Briefly, 16:0 Lyso PC (495.63 g/mol), BPD (718.79 g/mol), 1-
ethyl-3- (3dimethylaminopropyl) carbodiimide (EDC,155.24 g/mol), 4-(dimethylamino)
pyridine (DMAP,122.17 g/mol), and N,N-Diisopropylethylamine (DIPEA,129.24 g/mol)
were dissolved in anhydrous dichloromethane (DCM) in a molar ratio of 1:5:50:25:60 and
stirred at 2500rpm for 72 hours in the dark. The 16:0 lyso PC anchored BPD (16:0 BPD-PC)
was purified using preparative Thin Layer Chromatography (TLC) silica plate (Sigma-
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Aldrich), running on a mobile phase of 10% methanol in DCM. Finally, pure, 16:0 Lyso PC-
BPD was analyzed using matrix-assisted laser desorption/ionization (MALDI) using 2,5-
dihydroxybenzoic acid (DHB) as a matrix and the UV-Visible absorption spectrum (egg7nm
= 34,895 M~1.cm™1) was used to quantify the concentration of BPD equivalent. The purity
of the 16:0 Lyso PC-BPD conjugate was quantified by a high- performance liquid
chromatography HPLC using a mobile phase gradient of 95/5 water/acetonitrile (0.1% TFA)
to 5/95 water/acetonitrile (0.1% TFA) over 30 minutes. A 30-minute hold at 5/95 water/
acetonitrile (0.1% TFA) was then used to elute the 16:0 Lyso PC-BPD.

Cholesterol-free 16:0 lyso PC-BPD (lipid-anchored BPD) liposomes were prepared by the
thin film hydration technique under dark conditions and were designed to be moderately
cationic to promote cellular uptake (27). 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), 1,2-dioleayl-3-trimethylammonium-propane (DOTAP), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000 (DSPE-mPEGyqgqo)
were mixed at a mole % ratio of 89:7.9:3.1 and doped with 0.6 mol% of 16:0 Lyso PC-BPD.
Thin lipid films were formed by drying the lipid mixtures under gentle nitrogen gas flow and
storing under vacuum overnight. Thin lipid films were hydrated with PBS (without calcium
and magnesium) and were subjected to 5 freeze-thaw cycles consisting of 10 minutes
incubation at 42-45°C (in a darkened water bath), 30 seconds of vortexing and 5 minutes
incubation in ice. Multilamellar liposome vesicles of the above dispersion were sequentially
extruded 11 times through two polycarbonate extrusion membranes (Whatman;100nm)
using a mini-extruder system (Avanti Polar Lipids) and were dialyzed at 4°C, against PBS
for 24 hours, using a Float-A-Lyzer®G2 dialysis membrane (MWCO: 300kD).

Visudyne (Bausch + Lomb) is a clinical liposomal formulation of BPD consisting of egg
phosphatidylglycerol, dimyristoyl phosphatidylcholine, ascorbyl palmitate and butylated
hydroxytoluene. A clinical preparation of Visudyne was prepared by hydrating the
lyophilized cake in sterile PBS to an initial concentration of approximately 2 mg/ml. The
BPD equivalent concentration in the lipid-anchored BPD liposomes and Visudyne was
quantified using absorption spectrophotometry (egg7nm = 34,895 M~1.cm™1). Hydrodynamic
diameters and ¢-potentials of liposome were measured using a Zetasizer Nano ZS Dynamic
Light Scattering Instrument (Malvern Instruments, Ltd., Houston, TX).

PDT Protocols

PDT efficacy was evaluated using Visudyne reconstituted in sterile PBS, lipid-anchored
BPD liposomes in PBS (27), or a combination of the two agents. Based on previously
published studies (27, 35-37), 3D cultures were incubated with 1 uM BPD equivalent at
37°C for either 1.5 hours (Visudyne) or 24 hours (lipid-anchored). For the combination
treatment, the lipid-anchored BPD liposomes were added on day six post-plating. Following
incubation for 24 hours, the medium containing lipid-anchored BPD was aspirated and
replaced with medium containing Visudyne and incubated for additional 1.5 hours. Sham
medium changes were done in controls and treatment groups using the individual
formulations (Visudyne or lipid-anchored BPD liposomes). Prior to light irradiation, PS-
containing media was aspirated and replaced with fresh complete growth medium. The wells
were then irradiated using a 690nm diode laser (Model 7404, Intense Inc., North Brunswick,
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NJ) at an irradiance of 50 mW/cm2. Energy densities ranging from 0-60 J/ cm? were
evaluated. Treatment response was evaluated on day 11.

Evaluation of Treatment Response

Results were evaluated by measuring mCherry fluorescence emitted from live cells. On day
11, mCherry fluorescence was used to quantify live tumor area on the Operetta CLS High
Content Image Analysis System (Perkin Elmer) (Excitation: 530-560 nm; Emission: 570-
650 nm). Images were acquired using a 5X air objective (0.16 N.A.) in a 2-by-2 mosaic-
format (512x512 pixels each with 10% overlap) in 10-14 z-stacks with 50 um step size
while maintaining the temperature at 37°C with 5% CO». For image analysis, the Harmony
4.6 software (Perkin Elmer) was used. Image mosaics were stitched together for each plane
and then multiple z-plane images were transformed into a 2-dimensional ‘maximum
intensity projection’ (MIP) to get a global image for each well. Thresholding for mCherry
fluorescence was done based on the ‘no treatment control’ to determine the ‘live tumor
area’. Tumor areas in the treated groups were normalized to respective no treatment controls.

In order to verify mCherry fluorescence as a reporter of treatment response, we conducted
experiments in monolayer with OVCARS5 wild-type and mCherry expressing cells. PDT was
performed using the same protocol for both wild-type and mCherry and viability was
assessed by MTT assay (Figure 3A). We created a panel of images depicting mCherry
response to PDT (Figure 3B). Viability data corresponds to mCherry PDT response
evaluated by both MTT and Harmony 4.6 image analysis (Figure 3C-D).

Statistical Analysis

Results

One-way analysis of variance (ANOVA) was followed by Dunnett’s multiple comparison
test using GraphPad Prism 7. Statistically significantly different groups were labeled
corresponding to the p values. Treatment groups were internally normalized to respective no
treatment controls, and results are reported as median + 95% confidence interval (Cl). All
graphs represent data acquired from at least 3 independent experiments in triplicate for each

group.

Formulation of stable lipid-anchored BPD liposomes and Visudyne

The 16:0 Lyso PC-BPD conjugate (lipid-anchored BPD) was prepared using Steglich
esterification and was confirmed to exhibit one significant peak at 1194.838 m/z using
MALDI spectral analysis. The purity of the 16:0 Lyso PC-BPD conjugate was found to be
98.39% at a retention time of 36.25 minutes. Mildly cationic DPPC liposomes entrapping
the 16:0 Lyso PC-BPD conjugate were prepared as described to promote endo-lysosomal
uptake. Dynamic light scattering determined that the liposomes had a mean hydrodynamic
diameter of 106.1 + 0.515 nm and a polydispersity index of 0.063 + 0.001 (mean + S.D.). ¢-
potential measurements of the lipid-anchored BPD liposomes verified their moderately
cationic charge at 12.57 = 1.3 mV (mean + S.D.). Visudyne was prepared by reconstitution
in sterile PBS as described in the Methods section. Mean hydrodynamic diameter,
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polydispersity index and ¢-potential measurements of Visudyne formulation are 524.8nm +
547.5,0.877 £ 0.217 and 0.155 mV+ 0.210, respectively (mean + S.D.) (Figure 1C).

Figure 1 is a diagrammatic representation of Visudyne (A) entrapping the hydrophobic BPD
PS molecules in a conventional egg phosphatidylglycerol based liposome and the
moderately cationic, PEG coated lipid-anchored BPD liposomes (B) formed of DPPC, with
a table characterizing the purity and molecular weight of the PS molecules, in addition to the
G potential, polydispersity index, and mean hydrodynamic diameter of the formulations (C).

Evaluation of Visudyne PDT efficacy in wild-type and mCherry-OVCARS5 cells by imaging

and by MTT

OVCARS5 cells expressing mCherry were sorted by FACS and were collected for use in
subsequent experiments. Fluorescence was confirmed in mCherry expressing cells by
imaging, whereas the wild-type cells were dark both in 2D (Figure 2A) and 3D cultures
(Figure 2B) using the same acquisition parameters.

PDT dose response in wild-type and mCherry OVCARS cells was evaluated in monolayer
(Figure 3) by fluorescence (Figures 3C and 3D) and by MTT assay (Figure 3E). Response to
Visudyne PDT in mCherry OVCARS cells is not significantly different from wild-type
OVCARS cells (Figure 3A). A dose-dependent decrease in mCherry fluorescence was
observed (Figures 3C and 3D), and showed a similar trend to PDT efficacy evaluated by the
more conventional MTT assay (Figure 3E).

PDT with combination Visudyne and a lipid-anchored BPD liposome significantly
enhances efficacy relative to individual therapies in a 3D tumor model

To evaluate the efficacy of Visudyne PDT alone, 3D cultures were incubated with 1.0 pM
BPD equivalent for 90 minutes, on day 7 post-plating. Following the incubation period, the
medium was aspirated and replaced with fresh culture medium. Based on previous studies
(27, 35-37), the tumors were irradiated with energy densities ranging from 0.5 to 10 J/cm?
at an irradiance of 50 mW/cm?2. Consistent with historical results in wild-type OVCAR5 3D
cultures (35-37), a PDT dose product of 5 pM * J/cm? (1.0 uM BPD x 5 J/cm?) reduced the
fraction tumor area to 0.56 (95% CI1 = 0.72, 0.33, p<0.0001). No significant reduction in
fraction tumor area was seen at 0.5 J/cm? (1.09, 95% CI = 1.14, 1.00) or at 2.5 J/cm? (0.97,
95% CI = 1.17, 0.83). A modest significant increase in tumor area was observed at 1.0 J/cm?
(1.13,95% CI = 1.21, 1.07, p<0.05). At the highest energy density evaluated for Visudyne
PDT in this model (10 J/cm?), a significant reduction in fraction tumor area was observed
(0.25, 95% CI = 0.30, 0.07, p<0.0001). Fraction tumor area in the light only (10 J/cm?) and
BPD only groups were not significantly different from no treatment controls.

A similar protocol was followed to determine PDT efficacy using the lipid-anchored BPD
liposome in 3D cultures (Figure 5). Based on previously published data (27), a longer
incubation period (24 hours) and substantially higher energy densities (10 — 60 J/cm? at 50
mW/cm?2) were used for these experiments, compared to all other experiments in this study.
To keep the day of light irradiation consistent, 1.0uM BPD equivalent of lipid-anchored
BPD liposome was added to the 3D cultures on day 6 post-plating (Figure 5A). The medium
containing lipid-anchored BPD liposomes was aspirated after 24 hours and replaced with
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fresh complete medium immediately before light irradiation (Figures 5B-D). The medium
changes were staggered to adjust for the long irradiation times. As shown in the panel of
representative mCherry fluorescence images (Figure 5B) and the corresponding plot (Figure
5C), PDT with lipid-anchored BPD liposomes resulted in no significant reduction in fraction
tumor area at energy densities ranging from 10 J/cm? (the highest dose used in the Visudyne
PDT experiments) to 40 J/cmZ2. A significant but modest reduction in fraction tumor area
was seen at an energy density of 50 J/cm? (0.82, CI = 0.86, 0.64, p<0.001). A 20% increase
in the light dose (to 60 J/cm?) produced only a small improvement in efficacy (median
fraction tumor area 0.74, Cl = 0.82, 0.55, p<0.0001). No significant toxicity was observed
with the lipid-anchored BPD liposomes alone (0 J/cm?), relative to no treatment controls.

Previous studies have demonstrated the benefits of combining PS in order to enhance PDT
efficacy (6, 11, 12, 22-30) including a recent article that showed PDT with a combination of
liposomes entrapping native BPD and liposomes entrapping lipid-anchored BPD
significantly enhances efficacy relative to either formulation alone in monolayer culture
(27). Based on these findings, the present study sought to evaluate the therapeutic benefit of
combining a clinical formulation of BPD, Visudyne, and lipid-anchored BPD liposomes to
enhance PDT efficacy in a 3D model. Based on previous publications (6, 11, 12, 22-30) and
the dose-response curves of the individual PS formulations established in the present study,
the range of light doses used for the combination protocol was 1.0 — 5.0 J/cm? at 50
mW/cm? (Figure 6). For the combination experiments, 1.0 uM BPD equivalent of lipid-
anchored BPD liposome and 1.0 uM BPD equivalent of Visudyne were incubated
sequentially. Specifically, the medium containing lipid-anchored BPD liposomes (1 uM BPD
equivalent) was added to the 3D cultures on day 6 and then aspirated 24 hours later.
Visudyne-containing medium (1 uM BPD equivalent) was then added for 90 minutes on day
7 (Figure 6A). Simultaneous incubation of lipid-anchored BPD and Visudyne, where
Visudyne-containing media was added to cells without prior removal of the lipid-anchored
formulation, was also evaluated in only two independent experiments in triplicate, with
similar results (data not shown). Prior to light irradiation, the PS was removed and replaced
with fresh complete growth medium. The representative mCherry fluorescence images in
Figure 6B and the corresponding plot in Figure 6D show that PDT with a combination of
Visudyne and lipid-anchored BPD liposomes significantly enhances treatment response
relative to either PS formulation alone (Figures 4 and 5). Using energy densities comparable
to, or substantially lower than, those used for the individual PS formulations, a significant
reduction in fraction tumor area was observed in all wells that received PDT with the
combination of Visudyne and lipid-anchored BPD liposomes. At light doses of 1 and 1.5
Jlem?, reduction in fraction tumor area was significant, albeit highly variable, (median
fraction tumor area: 0.54, Cl = 1.02, 0.33 and 0.10, CI = 0.74, 0.08, respectively, p<0.0001).
This variability in response decreased with increasing light dose and the median fraction
tumor area following PDT with the combination of Visudyne and lipid-anchored BPD
liposomes was reduced to 0.03 (CI = 0.06, 0.03, p<0.0001) at an energy density of 5 J/cm?.
A PDT dose product of 5 uM * J/cm? (2 uM BPD equivalent administered x 2.5 J/cm?) with
the combination protocol reduced median fraction tumor area to 0.09 (Cl = 0.23, 0.05,
p<0.0001). A comparable dose product with Visudyne PDT (1 uM BPD equivalent
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administered x 5 J/cm?2) (Figure 4D) resulted in a median fraction tumor area of 0.56 (CI =
0.23,0.72, 0.33).

Table 1 shows the PDT dose-product that resulted in a 20% reduction in median tumor area
(LD5g) following PDT with either Visudyne (1 uM BPD equivalent administered), lipid-
anchored BPD liposomes (1 uM BPD equivalent administered), or the combination of lipid-
anchored BPD liposomes and Visudyne (2 UM BPD equivalent administered). Using
Visudyne as the only photosensitizing agent, a dose product of 3.6 uM * J/cm? was required
to achieve a 20% reduction in tumor area. A dose product of 48.5 pM * J/cm? was required
to reduce tumor area by 20% using lipid-anchored BPD liposomes as the photosensitizing
agent. Using a combination of Visudyne and lipid-anchored BPD, a dose-product of 1.5 uM
* Jjem? resulted in a 20% reduction in tumor area.

Discussion and Conclusion

Among the factors that govern selective toxicity from PDT are the spatial confinement of
light, site of PS localization, and the short distances over which the RMS remain active (1, 3,
38). Above a critical photodynamic threshold dose, the RMS-induced damage leads to cell
death. In the context of therapies for cancer, rational targeting of multiple tumor
compartments or sub-cellular sites have been shown to enhance photodynamic efficacy (6,
11, 12, 22-30). Among the preferential sites of localization of the FDA-approved
formulation of BPD used in the present study are the mitochondria and ER (1, 3, 38).
Activation by light of the liposomal formulation of BPD (Visudyne) causes photodynamic
disruption of the mitochondrial membrane, which triggers the release of cytochrome ¢, a
potent initiator of cell death (38—41). Recent studies (11, 25, 26) have shown that prior or
simultaneous photodamage to lysosomes using NPe6 significantly increases the effect of
mitochondrial-targeted PDT. Possible mechanisms for this observation include the release of
calcium ions from lysosomes following low-level photodamage. The resulting increase in
calcium ions in the cytosol initiates a calpain-mediated cleavage of ATGS5, an autophagy-
related protein, to a truncated, pro-apoptotic form that promotes death upon damage to
mitochondria/ER (27, 42, 43). Lysosomal photodamage can also trigger the release of
cathepsins, that subsequently cleave the protein Bid into a truncated form, t-Bid, which
translocates to the mitochondrial membrane and promotes apoptosis (12, 33, 44). The
relevance of these (or other) mechanisms to the enhanced PDT response observed in the
present study in 3D ovarian cancer nodules using Visudyne and lipid-anchored BPD
formulations, remains to be characterized. Studies by Villanueva and colleagues have
explored the effects of PDT with two PS such as ZnPc and TMPyP, which localize to the
Golgi apparatus and lysosomes, respectively. The combination was highly effective and was
shown to modulate cell death mechanisms and to influence cytoskeletal rearrangement,
relative to PDT with the individual PS (24, 29, 30, 45).

One of the earliest studies describing the therapeutic benefits of a two-photosensitizer
sequential PDT protocol was by Cincotta et al in 1996 (23), using BPD and EtNBS with the
intention to target vascular and cellular tumor compartments. Interestingly, no vascular
effects were observed at the PS-light interval and light doses used for BPD-PDT.
Nonetheless, the tumor eradication effect of the combination PDT protocol in large sarcomas
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in vivo (1 cm thick) was greater than predicted for the activating wavelengths of light (650—
700nm), suggesting mechanistic cooperation between the two PS.

A recent study from our group (27) used two liposomal formulations to modulate the sub-
cellular localization of BPD and target non-overlapping sub-cellular sites: 1.) a liposomal
formulation of native BPD to target mitochondria/ER and 2.) a liposomal formulation of
lipid-anchored BPD to target lysosomes. The positive charge on the lipid-anchored BPD
liposome helps the liposomes associate with the outer surface of the cell membrane in order
to be ultimately internalized via the endocytic pathway. It is well established in the literature
that cationic, PEG coated liposomes are more efficiently endocytosed than neutral or anionic
liposomes(46). Following endocytosis, the intact lipid-anchored BPD liposome is trafficked
via endosomes that mature into lysosomes. The PS, being conjugated to a non-switchable
phospholipid, remains anchored to the liposome during this process and eventually ends up
trapped in lysosomes, thereby modulating (and expanding) the sub-cellular localization of
BPD. Our prior work has demonstrated that this BPD anchoring behavior is unique from
BPD formulated in the clinical preparation Visudyne, whereby the PS rapidly leaches out of
the formulation in the presence of serum-containing media (47). The rapid dissociation of
BPD from Visudyne is therefore responsible for the mitochondria/ER subcellular
localization, as is typical of native BPD. An important advancement in this protocol is the
use of a single wavelength of light to activate BPD while broadening the scope of
photodamage from mitochondria/ER to also include lysosomes.

The current study evaluates the efficacy of this combination PDT protocol in a 3D model
that restores aspects of tumor architecture and microenvironmental cues that are not present
in monolayer cultures and can influence response to therapy (e.g. gradients of nutrients and
oxygen that create regions of hypoxia)(48-51). The use of mCherry as a fluorescent reporter
in 3D culture confers advantages in imaging and analysis, given its relatively long emission
wavelength and photostability (52). Our data evaluating PDT dose response using mCherry
fluorescence, and by MTT, reported comparable levels of lethality (Figure 3). External dyes
for fluorescence imaging may limited by the penetration of both the light and of the dye
molecules in 3D nodules, which can impact their utility in the evaluation of cell viability.
mCherry is advantageous in this respect because it is expressed by all cells in the nodule,
making it a potentially useful fluorescence reporter in treatment response studies in 3D
tumor nodules. Key follow-up studies using this model will include evaluating the effects of
various dosing schedules and multiple cycles of PDT with each of the PS formulations alone
and in combination with each other. The impact of each of these sensitization strategies on
tumor reduction, on their own or in combination with conventional therapeutic agents, will
likely be important areas of focus for follow-up studies.

Evaluating the efficacy of using Visudyne and lipid-anchored BPD liposomes for a
combination PDT protocol in animal models will be an important next step to determining
the feasibility of this therapeutic approach beyond the current in vitro findings.
Consequences of this approach with respect to death modes that are triggered in vivo as a
result of photodamage to mitochondria, ER, and/or lysosomes are important to consider. One
such death pathway that has been reported in previous studies, termed paraptosis, is
associated with the formation of an extensive network of cytosolic vacuoles (27, 43), and
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requires further characterization, particularly in vivo. Modulation of death modes using a
combination photosensitization approach has implications not only for developing more
effective PDT regimens, but also for rationally-designed combinations treatments involving
conventional agents such as chemotherapy and targeted biologics. PDT with a single PS has
been shown to reverse chemoresistance, to synergize with conventional therapies, and to
overcome compensatory pathways in tumors (35, 36, 53-58). The potential benefits of a
dual sensitization regimen within this broader therapeutic framework merits consideration
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Figure 1. Structure of Visudyne and lipid-anchored BPD liposome.
A) BPD (Verteporfin, inset) PS is associated with the lipid bilayer of the liposome. BPD

dissociates from the liposome upon entering the cell. B) The lipid-anchored BPD liposome
formulation has a moderately cationic surface and is coated with 3% PEG. BPD is
conjugated to a lipid in the bilayer of the liposome (inset). C) Characterization table of
Visudyne and lipid-anchored BPD liposome. Molecular weight, C potential, polydispersity
index, and hydrodynamic diameter are reported for each formulation. Purity is reported for
the lipid-anchored BPD molecule only; the purity of BPD in the clinical Visudyne
formulation is of clinical grade as used by the manufacturer.

Note: Figures are not drawn to scale.
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Figure 2. Schematic showing the mechanistic rationale for targeted PDT using Visudyne in
combination with lipid-anchored BPD to enhance killing in monolayer and 3D Cultures of
OVCARS5 mCherry and wild-type cells.

A) Comparison of fluorescence and morphology of OVCARS wild-type (top row) and
mCherry (bottom row) cells grown in 2D. Cells were stained with DAPI (blue) and imaged
for brightfield (grey) and mCherry fluorescence (orange). Scale bar: 50 pm. B) In the 3D
culture model, OVCARS cells form nodules in growth medium on a Matrigel bed in each
well of a 24-well plate. Brightfield and fluorescence images of OVCARS wild-type and
mCherry grown in 3D are shown. Scale bar: 500 um. C) mechanism of dual PS-mediated
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phototoxicity: lipid-anchored BPD liposome is taken up by the cell membrane forming an
endosome, which matures into a lysosome. The free BPD from Visudyne enters the cell and
localizes primarily to the mitochondria and partially to the endoplasmic reticulum. When
irradiated with a single wavelength of light, the low-level lysosomal photodamage enhances
mitochondrial-related cell death pathways upon initiation of mitochondrial photodamage.
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Figure 3. Efficacy of Visudyne PDT evaluated by mCherry fluorescence and by MTT in

monolayer culture.

A) Response to Visudyne PDT is not significantly different between mCherry cells and
OVCARS wild-type cells. Results were evaluated by MTT and treatment groups were
normalized to respective no treatment controls. B) Experimental timeline to evaluate
OVCARS5 PDT response by MTT assay and image analysis in monolayer. C) Fluorescence
images showing a dose-dependent decrease in mCherry signal (Scale bar: 200 um), which is
plotted in (D). E) PDT response in mCherry OVCARS cells evaluated by MTT.
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Figure 4. Visudyne-PDT: experimental timeline and results.
A) Eleven-day timeline for PDT experiments using Visudyne. OVCAR5-mCherry cells were

plated on Matrigel on day O in ImL of 2% GFR-Matrigel in RPMI complete growth
medium, followed by a medium change on day 4 with 2% GFR-Matrigel in RPMI complete
growth medium. Visudyne (BPD equivalent concentration of 1.0 uM) in RPMI complete
growth medium (no 2% GFR-Matrigel) was added to each appropriate well, and incubated
for 90 minutes before being replaced with fresh complete growth medium (with 2% GFR-
Matrigel) and irradiated with a 690nm light at an irradiance of 50mW/cm?2. Cultures were
imaged for mCherry fluorescence four days later, on day 11. B) A panel of representative
images shows decreasing mCherry fluorescence with increasing PDT dose (scalebar: 500
um), and the corresponding dose-response plot in (C). All data were internally normalized to
respective no treatment controls, as indicated by the dashed line. Groups that are statistically
significant from no treatment are labeled (*: p< 0.05, ***: p< 0.001, ****: p< 0.0001). All
values are reported as median + 95% CI. The table in (D) summarizes energy density (in
Jlem?2), PDT dose product (in um*J/cm?), median fraction of tumor area remaining after
treatment, and upper and lower 95% confidence intervals of the median. The PDT dose
product is the energy density (in J/cm?) multiplied by the concentration of PS administered
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(UM) (in this case 1uM). All groups, except no treatment and light only, received Visudyne
(1.0 uM BPD-equivalent).
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Figure 5. Lipid-anchored BPD liposome-PDT: experimental timeline and results.
A) Eleven-day timeline for experiments with lipid-anchored BPD liposome as the PS. On

day 6, 1.0uM BPD equivalent of the formulation in growth medium was added to treatment
wells and incubated for 24 hours. The PS-containing medium was removed and replaced
with fresh medium, then treatment groups were irradiated on day 7. Imaging of mCherry
fluorescence was performed on day 11. B) Image panel depicting mCherry fluorescence of
3D cultures treated with PDT with lipid-anchored BPD liposome. Scalebar: 500um. C)

Dose-response curve of results normalized to the no treatment control. Groups that are

statistically different from no treatment were labeled according to p values. ( ***; p< 0.001,
****: p< 0.0001). All values are reported as median + 95% CI and are summarized in D).
Results table for lipid-anchored BPD liposome PDT. Median fraction tumor area with upper
and lower 95% ClI are reported. Because the PS concentration is 1uM, the PDT dose product
(LM*J/cm?) is equal to the energy density (J/cm?2). All groups received the lipid-anchored
BPD liposome, including the 0 J/cm? group, to evaluate the toxicity of the formulation on its

own.
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Lipid-Anchored BPD Liposome & Visudyne Combination
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Figure 6: Combination Visudyne and lipid-anchored BPD liposome-PDT: experimental timeline
and results.
A) Eleven-day timeline for PS combination experiments. 1.0uM of lipid-anchored BPS

liposome was added to each treatment well on day 6 and incubated for 24 hours. PS-
containing medium was removed on day 7, followed by the addition of 1uM Visudyne for 90
minutes. Irradiation was still performed on day 7 and plates were imaged on day 11. B)
Panel of images of 3D cultures treated with lipid-anchored BPD liposome & Visudyne
combination, at various energy densities. The images show mCherry fluorescence. C) Dose-
response curve of PS combination experiments. Graph shows the energy density given (in
Jlem?2) vs. median fraction tumor area, which was normalized to the no treatment control
group. Groups that were statistically different from no treatment were labeled according to p
values. (****: p < 0.0001). D) Table quantifies PDT response. In the lipid-anchored BPD +
Visudyne combination, the total PS concentration is 2uM, which is represented in the PDT
dose product. All groups received both Visudyne and lipid-anchored BPD liposome,
including the 0 J/cm? group, to evaluate the toxicity of the combination alone.
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Table 1:

LDoq for each PS formulation and their combination (Visudyne, lipid-anchored BPD, and lipid-anchored BPD
+ Visudyne).

LDy, (PDT Dose Product, uM*J/cm?)

Visudyne 3.6

Lipid-Anchored BPD Liposome 485

Lipid-Anchored BPD Liposome & Visudyne | 1.5

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Values in the table represent the PDT dose product that results in a 20% decrease in viability, in pM*J/cmZ.
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