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ABSTRACT

Photodynamic therapy (PDT) is a tumor treatment modality in which a tumor-
localized photosensitizer is excited with light, which results in local production
of reactive oxygen species, destruction of tumor vasculature, tumor hypoxia,
tumor cell death, and induction of an anti-tumor immune response. However,
pre-existing tumor hypoxia may desensitize tumors to PDT by activating the
hypoxia-inducible factor 1 (HIF-1) survival pathway. Therefore, we hypothesized
that inhibition of HIF-1 with acriflavine (ACF) would exacerbate cell death in
human epidermoid carcinoma (A431) cells. PDT of A431 tumor cells was per-
formed using newly developed and optimized PEGylated cationic liposomes
containing the photosensitizer zinc phthalocyanine (ZnPC). Molecular docking
revealed that ACF binds to the dimerization domain of HIF-1a, and confocal
microscopy confirmed translocation of ACF from the cytosol to the nucleus
under hypoxia. HIF-1 was stabilized in hypoxic, but not normoxic, A431 cells
following PDT. Inhibition of HIF-1 with ACF increased the extent of PDT-induced
cell death under hypoxic conditions and reduced the expression of the HIF-1
target genes VEGE, PTGS2, and EDN1. Moreover, co-encapsulation of ACF in the
aqueous core of ZnPC-containing liposomes yielded an adjuvant effect on PDT
efficacy that was comparable to non-encapsulated ACE. In conclusion, HIF-1
contributes to A431 tumor cell survival following PDT with liposomal ZnPC.
Inhibition of HIF-1 with free or liposomal ACF improves PDT efficacy.
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1 Introduction

Photodynamic therapy (PDT) is a non-to-minimally
invasive treatment modality approved for the treatment
of various types of solid tumors. The therapy involves
administration of a photosensitizer that accumulates
in the tumor tissue and subsequent irradiation of the
photosensitizer-replete tumor with laser light that
excites the photosensitizer. The excited photosensitizer
interacts with molecular oxygen (O,) and produces
singlet oxygen ('O,) and/or superoxide (O;-) through
type II and type I photochemical reactions, respec-
tively [1]. These reactive oxygen species (ROS) induce
oxidative damage that leads to the death of tumor
cells and cells that comprise the tumor vasculature.
These events culminate in vascular shutdown, hypoxia
and hyponutrition in the tumor tissue, and an anti-
tumor immune response [2]. PDT is successfully used
in the treatment of a variety of tumors, although
bladder cancers and nasopharyngeal carcinomas have
been reported to respond relatively poorly to this
treatment [3, 4].

An improvement in PDT efficacy may be achieved
by selecting a photosensitizer with better physico-
chemical properties in combination with improved
tumor targeting. Metallated phthalocyanines, such as
zinc phthalocyanine (ZnPC), possess several important
advantages over currently approved photosensitizers.
In particular, ZnPC absorbs light at a longer wavelength
(674 nm) and has a substantially higher molar extinc-
tion coefficient (2.74 x 10° M'-cm™) than conventional
photosensitizers [5, 6]. However, ZnPC is highly
hydrophobic (logP of ~8) and therefore must be
employed in conjunction with a biologically compatible
photosensitizer delivery system. ZnPC retains its
photophysical and photochemical properties in
liposomes [7, 8] and liposomal encapsulation enables
the delivery of high amounts of ZnPC to tumor cells
[6]. Another advantage of liposomes is that their lipid
bilayer can be compositionally modified for a specific
pharmacokinetic purpose, including targeting [9].
For these reasons, we have previously developed a
neutrally charged ZnPC-containing liposomal formula-
tion designed for passive targeting towards the tumor
stroma [7] via the enhanced permeability and reten-
tion effect [10]. Although this modality was effective
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in vitro, induction of damage to tumor stroma and
perivascular tumor cells may not account for complete
tumor eradication in vivo. Therefore, in addition to
directing photosensitizers to tumor cells, targeting
them to the tumor vascular endothelium poses an
interesting alternative or supplementary treatment,
which can be achieved with cationic liposomes [11-13].
The development and application of such liposomes
for PDT may result in more effective shutdown of the
tumor vasculature, more severe tumor hypoxia, and,
as a result, improved therapeutic outcome [6].

However, the ability of tumor cells to survive hypoxic
conditions due to the stimulating effect of preexisting
tumor hypoxia may reduce tumoricidal efficacy of
PDT [14]. Preexisting tumor hypoxia and constitutive
activation of the hypoxia-inducible factor 1 transcription
factor (HIF-1) occur when the tumor growth rate
exceeds the rate of neoangiogenesis (Fig. 1) [15, 16].
Moreover, HIF-1 activation has been associated with
resistance to chemo- and radiotherapy [17, 18]. With
respect to PDT, HIF-1 activity was found to be
increased following irradiation in a variety of in vitro
and in vivo models [19-23]. Additionally, HIF-1 has
been associated with resistance to PDT in vitro [24]
and in esophageal cancer patients [25]. Inhibition of
HIF-1 activity and downstream survival signaling may
therefore improve therapeutic efficacy of PDT.

Since hypoxia is a preexisting condition in most
tumors and because induction of HIF-1 by hypoxia
triggers a plethora of survival mechanisms, HIF-1 has
been targeted for pharmacological intervention in
cancer therapy [26]. The mechanism of HIF-1 activa-
tion under normal physiological conditions and
during PDT is summarized in Fig. 1. Under normoxic
conditions, HIF-1a is constantly degraded via O,-
dependent hydroxylation of the Pro402 and Pro564
residues by prolyl-hydroxylases (PHDs) and/or of the
Asn803 residue by the factor inhibiting HIF (FIH) [27].
Hydroxylated HIF-1a binds to the Von Hippel-Lindau
tumor suppressor protein (VHL) that promotes com-
plexation with the E3 ubiquitin ligase (E3UL) and
subsequent polyubiquitination (Ub) and proteasomal
degradation [28, 29]. Hypoxia diminishes the extent
of HIF-1a hydroxylation by PHDs and FIH and leads
to its stabilization and nuclear translocation [30]. An
alternative route to HIF-1 activation is through ROS
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Figure 1 The HIF-1 signaling pathway in normoxia and hypoxia and the pharmacodynamics of ACF. Under normoxic conditions,
HIF-1a is constantly hydroxylated by PHDs and FIH, leading to VHL- and E3UL-dependent ubiquitination (Ub) and proteasomal
degradation. After PDT, vascular shutdown causes tumor tissue hypoxia that abrogates HIF-la hydroxylation by PHD and FIH.
Consequently, HIF-1a translocates to the nucleus and dimerizes with HIF-1p. The active HIF-1 dimer binds DNA at hypoxia-responsive
elements and induces transcription of genes required for angiogenesis, survival, and glycolysis. ACF, which is readily taken up by tumor
cells in vivo [81], blocks HIF-1a/HIF-1f dimerization by binding to HIF-1a at its PAS dimerization domain, thereby reducing tumorigenicity

of cancer cells [36].

that inhibit enzymatic activity of PHDs and FIH via
oxidation of the redox-sensitive Fe(Il) in the catalytic
center [31, 32]. Following translocation to the nucleus,
HIF-1ae dimerizes with HIF-1B to bind DNA at the
hypoxia-responsive elements in the promoter regions
of many genes [33] that encode proteins involved in
glycolysis, angiogenesis, survival, and apoptosis [15-17,
34, 35]. Inhibition of HIF-1 in PDT-treated tumor cells
may therefore increase therapeutic efficacy.

In light of the prominent role of HIF-1 in the survival
of tumor cells in hypoxic environments, this study
aimed to determine whether inhibition of HIF-1 with
acriflavine (ACF) during PDT with liposomal ZnPC
can improve PDT outcome in vitro. ACF is a specific
inhibitor of HIF-1 that prevents HIF-la/HIF-1p
dimerization by binding to the dimerization domain of
HIF-1a [36]. For these purposes, ZnPC-encapsulating
cationic liposomes were developed that can be

specifically targeted to both the tumor vasculature
[11, 12] and the tumor cells (this study). Thus, this
formulation should concomitantly induce vascular
shutdown, tumor hypoxia, and tumor cell death. The
ultimate goal of this study was to design a PDT
platform that would comprise a so-called fourth-
generation photosensitizer (i.e., a second-generation
photosensitizer (e.g., ZnPC) encapsulated in a photo-
sensitizer delivery system (e.g., liposomes) with co-
encapsulated inhibitors of survival pathways (e.g.,
ACF)). This photosensitizer delivery system will serve
three main purposes, namely: (1) to damage the tumor
endothelium and induce vascular shutdown and tumor
hypoxia, (2) to kill tumor cells, and (3) to inhibit tumor
cell survival pathways to prevent post-treatment tumor
recovery. Accordingly, the cytotoxic effects of ACF
in combination with PDT with ZnPC-encapsulating
cationic liposomes were assessed in human epidermal
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squamous cell carcinoma (A431) cells that represent
a tumor type amenable for clinical treatment with
PDT. Moreover, in vitro proof-of-concept studies with
ZnPC + ACF-encapsulating cationic liposomes (i.e.,
the envisaged fourth-generation photosensitizer) were
conducted in A431 cells. We showed that the ZnPC-
liposomes are taken up by both endothelial and tumor
cells, which leads to their enhanced susceptibility
to PDT. Moreover, we demonstrated that both non-
encapsulated and liposome-co-encapsulated ACF exerts
an adjuvant effect on ZnPC-PDT efficacy in hypoxic
tumor cells by reducing the expression of HIF-1 target
genes. These results collectively validate the preclinical
utility of this fourth-generation photosensitizer modality
for cancer therapy.

2 Experimental
21 Chemicals, lipids, reagents, and antibodies

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
1-palmitoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)
amino]hexanoyl]-sn-glycero-3-phosphocholine (NBD-
PC), and 3p-[N-(N',N"-dimethylaminoethane)-carbamoyl]
cholesterol (DC-chol) were purchased from Avanti
Polar Lipids (Alabaster, AL). L-a-phosphatidylethano-
lamine, distearoyl methoxypolyethylene glycol con-
jugate (DSPE-PEG, average PEG molecular mass of
2,000 amu), ZnPC (97% purity), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), fibronectin,
sodium chloride (NaCl), Triton X-100, cholesterol,
chloroform, Nile Red, paraformaldehyde, sucrose,
bovine serum albumin (BSA), Tween 20, CoCl,, ACF,
sulforhodamine B (SRB), trichloroacetic acid, TRIS,
tirapazamine (TPZ), and pyridine were obtained from
Sigma-Aldrich (St. Louis, MO). Tris-HCl and DMSO
were acquired from Merck KgaA (Darmstadt, Germany).
Methanol and ethanol were obtained from Biosolve
(Valkenswaard, the Netherlands). Water-soluble tetra-
zolium-1 (WST) and RNAse A were purchased from
Roche Applied Science (Basel, Switzerland). Mouse
anti-human HIF-1a antibodies (clone 54/HIF-1a)
were from BD Transduction Laboratories (Franklin
Lakes, NJ), mouse anti-human p-actin antibodies
(AC-74) were from Sigma-Aldrich, and mouse anti-
human phospho-H2AX-AlexaFluor647 antibodies
were from Cell Signaling Technology (Danvers, MA).
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Horseradish peroxidase-labeled polyclonal goat-anti-
mouse IgG; secondary antibodies were from Dako
Cytomation (Glostrup, Denmark). Sephadex G50 fine
was from GE Healthcare (Piscataway, NJ).

All (derivatized) lipids were dissolved in chloroform,
purged with nitrogen gas, and stored at —20 °C.
Phospholipid stock concentrations were determined
by the inorganic phosphate assay modified from
Ref. [37]. ZnPC was dissolved in pyridine to a con-
centration of 178 uM and stored at room temperature
(RT) in the dark. ACF was dissolved in methanol up to
a stock concentration of 1 mM and TPZ was dissolved
in DMSO to a stock concentration of 10 mM. CoCl,
was dissolved in MilliQQ water to a concentration of
50 mM and filter-sterilized (0.2 pum, Corning, Corning,
NY). The physiological buffer (10 mM HEPES, 0.88%
(w/v) NaCl, pH = 7.4, 0.292 osmol/kg) was prepared
in MilliQ. Nile Red was dissolved in DMSO to a
concentration of 5 mM.

2.2 Absorption and fluorescence spectroscopy

Absorption spectroscopy was performed using a
Lambda Bio spectrophotometer (Perkin Elmer, Waltham,
MA). Fluorescence excitation and emission spectra of
ACF were recorded on a Cary Eclipse fluorescence
spectrometer (Varian, Palo Alto, CA).

2.3 Preparation and characterization of liposomes

Liposomes composed of DPPC:DC-chol:cholesterol:
DSPE-PEG (66:25:5:4 molar ratio, unless indicated
otherwise) and ZnPC (ZnPC:lipid molar ratio of 0.003)
were prepared by the lipid film hydration technique
as described in Refs. [7] and [38]. The hydrated lipid
film was bath-sonicated (60 °C) and the resulting ca-
tionic liposomes (referred to as endothelium-targeting
liposomes, ETLs) were stored under nitrogen gas
at 4°C in the dark. The size and polydispersity of
ZnPC-ETLs were characterized by photon correlation
spectroscopy (Zetasizer 3000, Malvern Instruments,
Malvern, Worcestershire, UK) using settings reported
previously in Ref. [7]. Typically, ZnPC-ETLs had a
diameter of 185.9+8.3 nm, a polydispersity index
(PDI) of 0.214 + 0.05, and a C-potential of 3.9 + 1.2 mV.
The lipid concentrations of the liposomal preparations
were determined as described in section 2.1 and cor-
rected for the (DC-)chol content based on predefined
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molar ratios. Final lipid concentrations are given
throughout the manuscript. At a constant ZnPC:lipid
ratio of 0.003, the final ZnPC concentration is equal to
0.003 x the final lipid concentration.

To investigate intraliposomal localization of ZnPC,
ZnPC-encapsulating DPPC liposomes were prepared
as described above and 0.1 mol% of Rho-PE was incor-
porated at the expense of DPPC. Due to the absence of
PEGylation, liposomes tend to fuse directly after sonica-
tion and consequently increase in size. This enables
their imaging by confocal fluorescence microscopy
that was performed as described in section 2.14.

ACF-containing ZnPC-ETLs (ACF-ZnPC-ETLs) or
ETLs without ZnPC (ACF-ETLs) were prepared by
mixing ACF with lipids at predefined ratios and
following the same preparation steps as described for
ZnPC-ETLs. Non-encapsulated ACF was removed by
size-exclusion chromatography. For this, 2.5 mL syringes
were loaded with Sephadex G50 fine (GE Life Sciences,
Pittsburg, PA) that was equilibrated for >4 h in the
physiological buffer (4 °C). The column was dried by
centrifugation (900 x g, 2 min, 4 °C). The liposomes
were loaded onto the column (500 yL loading volume)
and eluted by centrifugation (800 x g, 8 min, 4 °C). To
determine encapsulation efficiency, 100 uL of the
liposomal suspensions was lysed in 900 pL methanol:
water (1:1 v/v) containing 0.1% Triton X-100. Then, the
phospholipid content was determined as described in
section 2.1 and the ACF content was measured by
spectrofluorometry. Fluorescence emission spectra
of the ACF-containing solution and ACF standards
prepared in the same solvent was measured at A, =
415 nm and A, = 425470 nm. The ACF concentration
was derived by plotting the area under the emission
curve and solving the second-order polynomial fit of
the standard curve (range: 040 uM).

For the liposomal stability assays, liposomes were
prepared as described above and purged with N, or
O, as indicated. The suspensions were stored in the
dark at 4 °C. ZnPC absorption spectra were recorded in
triplicate every 7 days to confirm the chemical integrity
of ZnPC.

2.4 Oxidation assays

Generation of ROS in vitro during irradiation of
ZnPC-ETLs was measured with the oxidation-sensitive
fluorogenic probe 2',7'-dichlorodihydrofluorescein
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(DCFH,), which is oxidized to 2',7'-dichlorofluorescein
(DCF) in the presence of ROS. DCFH, was prepared
from DCFH,-diacetate as described previously in Ref.
[39]. The final concentration of DCFH, in DMSO was
3.6 mM. The DCFH: oxidation assay was performed
as described previously in Ref. [7]. In short, 1,186 pL
of physiological buffer was added to a quartz cuvette
containing a magnetic stirrer, after which time-based
acquisition of DCF emission (Ae = 500 = 5 nm, Aep =
525 + 5nm, 20 °C, constant stirring) was started in
a spectrofluorometer. After initiation of time-based
acquisition, 12 uL of (ZnPC-)ETLs (final lipid con-
centration in the cuvette: 50 uM), and 2 uL of DCFH>
(final concentration in the cuvette: 6 pM) were added
to the cuvette at 1-min intervals. At ¢ = 3 min, the
cuvette was irradiated for 2 min with a 671-nm solid-
state diode laser (CNI Laser, Changchun, China) at a
light intensity of 500 mW. Time-based acquisition of
DCF fluorescence emission was stopped at ¢ = 6 min.
The average fluorescence intensity during the last
minute was corrected for the average fluorescence
intensity during the third minute (background
fluorescence).

The oxidation of tryptophan (Trp) residues in BSA
was determined as a measure of protein oxidation as
described previously in Ref. [7]. The BSA oxidation
assay solution consisted of 0.1% BSA, 0.88% NaCl,
and 10 mM HEPES (pH = 7.4). An assay solution
volume of 1,080 uL was added to a quartz cuvette
with a magnetic stirrer. The fluorescence intensity of
Trp was monitored using time-based acquisition in
a spectrofluorometer at A, = 288 + 5nm, A, = 340
5nm, and 20 °C under constant stirring. At t = 1 min,
60 uL of the (ZnPC-)ETL solution was added to the
cuvette. At + = 2 min, the cuvette was irradiated for
2 min with a 671-nm laser with a power output of
500 mW. Time-based acquisition was stopped at t =
5 min. The average fluorescence intensity at ¢ = 5 min
was corrected for background fluorescence (¢t =2 min).

2.5 Cell culture

A431 cells were cultured under standard conditions
(humidified atmosphere containing 95% air and
5% CO,, 37°C) in phenol red-containing Dulbecco’s
modified Eagle’s medium (DMEM, Gibco/Life Techno-
logies, Gaithersburg, MD) supplemented with 4 mM
L-glutamine, 10% fetal bovine serum (FBS, Gibco),
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and penicillin/streptomycin (Lonza, Basel, Switzerland,
50 U/mL each). The cells were subcultured once a
week at a 1:25 ratio and seeded in 24- or 6-well plates
(Corning) at a density of 2 x 10° cells/mL and 500 pL
medium/well (24-well plates) or 1.5 mL/well (6-well
plates).

Cells were maintained at standard normoxic (95%
air, 5% CO,, 37 °C) or at hypoxic culture conditions
(<1% Oy, 5% CO,, 37 °C using a gas mixture of 95%
nitrogen, 5% CO, (Linde Gas, Schiedam, the Nether-
lands)). Hypoxic culture conditions were achieved
in a custom-built air-tight plastic incubator (11.6 in. x
9.1 in. x 5.4 in.) comprising a gas inlet, a gas outlet
connected to a bubble trap, a temperature regulation
system (silicone tubing), closed loop system connected
to a dual temperature circulator (model TLC 3, Tamson
Instruments, Bleiswijk, the Netherlands), a metal grid
for placement of the multiwell plate, wetted gauze
in a petri dish to obtain 99% humidity, and a 2-in.
computer fan secured to the metal grid for homogenous
gas distribution. The O, fraction in the chamber was
measured with an Odalog gas monitor (App-Tek
International, Brendale, Australia). The temperature
inside the incubator was continuously monitored using
a wireless thermometer (Oregon Scientific, Tualatin,
Oregon).

2.6 Liposome uptake assays

Fluorescently labeled liposomal formulations were
prepared for the uptake assays, in which 4% NBD-PC
replaced DPPC. A431 cells were seeded as described
in section 2.5 and grown to subconfluence overnight.
Cells received fresh, serum-free medium in which
100 uM (final lipid concentration) NBD-ETLs were
suspended. Cells were incubated for 24 h and washed
three times with 1 mL of phosphate-buffered saline
(PBS). NBD fluorescence was measured using a BioTek
multiplate reader (BioTek, Winooski, VT) at A, =460 +
40 nm, and A., = 520 + 20 nm. Data were corrected
for background fluorescence (control cells).

For the ACF-ETLs, cells were seeded and grown
to confluence as described in section 2.5. Uptake of
0-500 uM ACF-ETLs was determined following 12 h
of incubation in the dark under standard culture con-
ditions. Subsequently, cells were washed twice with
1 mL of PBS, after which 300 uL of PBS was added to
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each well. ACF fluorescence was measured using the
same settings as described above for NBD. Following
fluorescence spectroscopy, cells were fixed in ice-cold
trichloroacetic acid and total protein levels were
determined using the sulforhodamine B method
(described in section 2.8).

2.7 Photodynamic therapy

Prior to PDT, the culture medium was removed and
cells were washed once with 1 mL of PBS (RT). Cells
received fresh, serum-free medium supplemented
with ZnPC-ETLs at concentrations indicated separately
in the Results section. The cells were incubated for
1 h at standard culture conditions, washed twice with
1 mL of PBS (RT), and supplemented with fresh serum-
and phenol red-free medium. Subsequently, PDT was
performed at RT with a 671-nm solid state diode laser
(CNI Laser) at a power of 500 mW. The spot size and
duration of irradiation were adjusted to the surface
of a single well (1.9 cm?, 57 s) or a 6-well plate (9.5 cm?,
285 s) to achieve a cumulative radiant exposure of
15 J/cm?.

Cells were treated by PDT as follows. On day 0, cells
were seeded as described in section 2.5 and allocated
to the control group (CTRL), ACF group (ACF pre-
conditioning only), PDT group (PDT only), or ACF +
PDT group (ACF preconditioning followed by PDT).
On day 1, cells received serum-free medium (CTRL
and PDT groups) or serum-free medium containing
3 uM ACE. On day 2, the medium was removed and
cells received fresh, serum-free culture medium (CTRL
and ACF groups) or serum-free medium containing
10 uM ZnPC-ETLs (final lipid concentration, PDT
and PDT + ACF groups). Cells were incubated with
ZnPC-ETLs for 1h at standard culture conditions
and irradiated as described above. Subsequently, cells
were kept at standard culture conditions for 4 h, i.e.,
at normoxia. Alternatively, cells were photosensitized
with 5 uM ZnPC-ETLs for 1h, irradiated, and sub-
sequently maintained for 4 h under hypoxic culture
conditions to mimic vascular shutdown conditions
post-PDT.

2.8 Cell viability assays

Cell viability was determined using the water-soluble
tetrazolium-1 (WST-1) method as described in Ref. [7].
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Where indicated, cell viability was assayed using
the SRB protein assay as described in Ref. [40]. SRB
absorption was read at 564 nm and corrected for
absorbance at 690 nm (reference wavelength) using a
multi-well plate reader (BioTek).

2.9 Immunoblotting

A431 cells were seeded in 6-well plates (section 2.5).
After 24 h, cells were incubated with 10 uM ZnPC-
ETLs (final lipid concentration) and treated with PDT
(section 2.7). At predefined time points after PDT,
cells were placed on ice and immediately lysed in the
ice-cold Laemmli buffer (for composition, see Cold
Spring Harbor recipes for 2 x Laemmli buffer) sup-
plemented with a protease inhibitor cocktail (1 tablet
per 5 mL buffer, Roche Applied Science). As a positive
control for HIF-1a stabilization, cells were incubated
with 500 uM CoCl, for 20 h prior to lysis [24]. The
lysates were passed ten times through a 25-gauge needle
(BD Biosciences, San Jose, CA) to mechanically shear
DNA. Next, samples were incubated at 95 °C for 10 min
and centrifuged at 13,000 x g for 15 min at 4 °C. Proteins
(30 pg) were separated on 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) precast
gels (50 uL slot volume, Bio-Rad Laboratories, Hercules,
CA) for 90 min at 125 V. Subsequently, the gels were
blotted onto PVDF membranes (Millipore, Billerica,
MA) that had been primed in methanol for 10 min.

Table 1 Primer pairs sequences used for gRT-PCR

Blotting was performed for 1 h at 330 V at 4 °C. Protein
membranes were blocked for 1 h in Tris-buffered saline
(TBS, 20 mM Tris-HCl, 150 mM NaCl, pH = 7.5) with
0.2% Tween 20 (TBST) supplemented with 5% dried
milk powder (Protifar, Nutricia, Cuijk, the Netherlands).
Next, the membranes were incubated with antibodies
(anti-HIF-1ax 1:500, anti-p-actin 1:4,000) for 16 h at 4 °C
on a rocker, washed four times in TBST, and incubated
with secondary antibodies (goat- anti-mouse, 1:1,000)
for 1 h at RT. Membranes were washed three times
in TBST and twice in TBS. Detection of (3-actin was
performed with an enhanced chemiluminescence (ECL)
kit (Thermo Scientific), while detection of HIF-1«
was performed with the ECL plus reagent (Thermo
Scientific) on an ImageQuant LAS 3000 luminometer
(GE Healthcare).

210 Quantitative reverse transcriptase polymerase
chain reaction (QRT-PCR)

RNA extraction from cells seeded in 6-well plates was
performed by lysing cells in 0.5 mL TRIzol according
to the manufacturer’s protocol (Life Technologies).
RNA was quantified with a Nanodrop 2000 UV-VIS
spectrophotometer (Thermo Scientific) and checked
for genomic DNA contamination (A260/A280 ratio =
1.80). Reverse transcription of 1 ug of total RNA was
performed using oligo-dT primer and the forward
primer of S18 rRNA (Table 1). cDNA was synthesized

Gene Forward primer sequence Reverse primer sequence
HIF14 GCGCGAACGACAAGAAAAAGA CCAGAAGTTTCCTCACACGC
BCL2 TTTGTGGAACTGTACGGCCC CAGCCTGCAGCTTTGTTTCA
BECNI ATCTGCGAGAGACACCATCC TGTCACCATCCAGGAACTCA
BIRCS AGGACCACCGCATCTCTACA TGTTCCTCTATGGGGTCGTCA
EDNI GGGCTGAAGGATCGCTTTGA GCGCCTAAGACTGCTGTTTC
HK1 CGCAGCTCCTGGCCTATTAC CATGATTCACTTGCACCCGC
HMOX1 AGGGAATTCTCTTGGCTGGC GCTGCCACATTAGGGTGTCT
HSPAS GGCATCGACCTGGGGACCAC TCATTCCACGTGCGGCCGAT
LDHA GACGTCAGCATAGCTGTTCCA GCAAGTTCATCTGCCAAGTCC
PDHA GGAGGCCGGCATCAACC TTAGCAGCACCATCGCCATA
PGK1 CCCTCGTTGACCGAATCACC CAGCAGCCTTAATCCTCTGGTT
PKM?2 GGGTTCGGAGGTTTGATG ACGGCGGTGGCTTCTGT
PTGS?2 GGCCATGGGGTGGACTTAAA CCCCACAGCAAACCGTAGAT
SERPINEI ATGCCCTCTACTTCAACGGC TTCCAGTGGCTGATGAGCTG
VEGF CCACACCATCACCATCGACA CTAATCTTCCGGGCTCGGTG
S18 rRNA TTCGGAACTGAGGCCATGAT CGAACCTCCGACTTTCGTTCT
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using a Superscript reverse transcriptase kit according
to the manufacturer’s protocol (Roche). Primers
(Biolegio, Nijmegen, The Netherlands) for each target
gene were designed using the NCBI primer design
tool (Table 1). qRT-PCR was performed with Sensifast
SYBR green (Bioline, London, UK) on 25 ng of cDNA
using primers at a final concentration of 500 nM in a
reaction volume of 10 pL. The qRT-PCR run program
comprised 3 min at 95 °C, 45 cycles of 1 s at 94°C, 7 s
at 65 °C, and 10 s at 72 °C, followed by melting curve
analysis (65-97 °C in 60s, 4 °C ) (LightCycler 480,
Roche). Each primer pair in Table 1 was designed
to allow transcript variant amplification and passed
several quality checks (PCR efficiency (typically >80%),
single-amplicon melting curve, and correct amplicon
size). Data analysis was performed using LinReg
as described in Ref. [41]. A log: transformation was
performed in order to obtain absolute fold-differences
in expression levels of the genes of interest.

211 Molecular docking

The X-ray structure of the ligand-bound Per-Arnt-
Sim (PAS) domain was retrieved from the Protein Data
Bank (http://www.rcsb.org). The search yielded the
following structure/ligand combinations: 3F10/2XY,
3H7W/018, 3H82/020, and 4GHI/0X3. Molecular
docking calculations were carried out using the
AutoDock Vina software [42]. Ligand structures were
optimized using the Dreiding force field [43] imple-
mented in the Molconvert software (Chemaxon,
Budapest, Hungary). Gasteiger partial charges [44]
were calculated on ligand atoms. Polar hydrogen
atoms were added to the protein and Gasteiger partial
charges were calculated using AutoDock Tools. Water
molecules and heteroatoms were removed from the
structures. Simulation boxes were centered on the
originally crystallized ligands. A 20 A x 20 A x 20 A
simulation box was used in each docking calculation
with an exhaustiveness option of 8 (average accuracy).

A new term was introduced into the AutoDock
Vina scoring function that enables the addition of a
distance-dependent restrain for a given interaction
between a ligand atom type and a specific protein
atom. The AutoDock Vina source code was modified
accordingly and an executable file was generated
using gcc. The restrain was defined as a hydrogen bond
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donor atom type of the ligand and the NH backbone
atom of the critical residue, being minimized at
-5 kcal/mol. The restrained bonding distance had a
cut-off value of 4 A.

Re-docking experiments on the retrieved PAS
domain/ligand structures were performed to assess
the predictive power of the general scoring function
implemented in AutoDock Vina. The experimental
complex geometry could be fully reproduced with the
docking calculations using the general scoring function.
Thus, no further refinement of the scoring function
was implemented.

212 Caspase 3/7 activity

Cells were seeded and subjected to PDT as described
in section 2.5 and 2.7, respectively. Following PDT, cells
were cultured in 200 pL of serum- and phenol-red free
medium and maintained at either normoxic or hypoxic
conditions for 3.5 h post-treatment. Subsequently, 25 pL
of the Caspase-Glo assay reagent (Promega, Madison,
WI) was added and cells were incubated for 30 min
at standard culture conditions. Luminescence was
read on a Synergy HT multiplate reader (BioTek) at
560 + 20 nm and a signal integration time of 1 s. Data
was obtained from 5 measurements and corrected for
background luminescence.

2.13 Extracellular lactate determination

Extracellular lactate levels were studied by using the
EDGE blood lactate analyzer (Apex Biotechnology,
Hsinchu, Taiwan). Lactate concentrations were deter-
mined using a standard curve of lactate in phenol
red-free DMEM and corrected for the average protein
content/group to adjust for the toxicity of the treatment.

214 Confocal laser scanning microscopy

All cells and ZnPC-containing DPPC liposomes were
imaged on a Leica SP8 laser scanning confocal micro-
scopy system (Leica Microsystems, Wetzlar, Germany).

Intracellular localization of ACF and occurrence of
DNA damage were investigated before and after PDT
using confocal laser scanning microscopy. Microscope
cover slips (24 mm x 40 mm, VWR, Lutterworth, UK)
were placed in 6-well plates and coated with (5 x 10%)%
(w/v) fibronectin in 1 mL of sterile 0.9% NaCl solution
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(Fresenius Kabi, Bad Homburg, Germany) for 2 h at
37 °C prior to cell seeding. The fibronectin-containing
solution was removed and the cells were seeded onto
the cover slips (densities specified in section 2.5) and
incubated overnight.

For the ZnPC uptake experiment, cells were incubated
for 4h with 100 uM ETLs in which ZnPC was
encapsulated at a ZnPC:lipid ratio of 0.024. Cells were
subsequently incubated with 50 nM Mitotracker Red
(MTR, Life Technologies, Carlsbad, CA) for 30 min
at standard culture conditions. After incubation, cells
were washed with 1 mL of PBS (RT) and fixed in 4%
paraformaldehyde/0.2% sucrose for 5 min, after which
the coverslips were mounted on microscope slides
using the Vectashield mounting medium (Vector
Laboratories, Burlingame, CA).

For the ACF uptake experiment, cells were subjected
to PDT (section 2.7) and subsequently incubated with
3 uM ACEF for 4 h at normoxic or hypoxic conditions
as indicated. After incubation, cells were washed with
1 mL of PBS (RT) and fixed in 4% paraformaldehyde/
0.2% sucrose for 5 min. After fixation, cells were
washed with 1 mL of PBS (RT). Nile Red staining was
performed with 1 uM Nile Red in PBS for 60 s. Cells
were washed three times with 1 mL PBS and mounted
on microscope slides using the Vectashield mounting
medium.

For DNA damage assessment, cells were per-
meabilized after fixation by 5-min incubation in 1 mL
PBS containing 0.1% Trion X-100 (RT). Cells were
washed with 1 mL of PBS (RT), after which they were
incubated with mouse-anti-human phospho-H2AX-
AlexaFluor647 at a 1:100 dilution in 0.5% BSA and
0.15% glycine in PBS (staining buffer) for 16 h at 4 °C.
Cells were washed three times with the staining buffer
and subsequently mounted on microscope slides using
Vectashield mounting medium with 4’,6-diamidino-
2-phenylindole (DAPI) (Vector Laboratories). Slides
were dried for 1 h and sealed with nail polish.

To determine intraliposomal ZnPC localization,
ZnPC-encapsulating liposomes were prepared as
described in section 2.3. Next, 9.5 uL of Vectashield
mounting medium was placed on a microscope
slide and 0.5 uL of 200 uM (final lipid concentration)
liposome suspension was resuspended in the moun-
ting medium. A coverslip was placed on top of the
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microscope slide that was sealed with nail polish.

Fluorescence was measured at A, = 405 nm, A, =
415-480 nm for DAPI, A =470 nm, A, = 480-550 nm
for ACF, A, =540 nm, A.,, = 550-650 nm for Nile Red,
Aex =540 nm, A, = 550-580 nm for Rho-PE, A, = 660 nm,
Aem = 670-750 nm for phospho-H2AX, and A, = 670 nm,
Aem = 680-730 nm for ZnPC. All experiments were
performed using the same laser and microscope
hardware settings. The mean phospho-H2AX fluores-
cence intensity per cell within each treatment group
were analyzed with Image] (National Institutes of
Health, Bethesda, MD). To generate a positive control
for DNA damage, cells were subjected to a similar
treatment as the ACF group, but ACF was replaced
with TPZ, a DNA-oxidizing agent, at a final concentra-
tion of 50 uM.

215 Statistical analysis

Data were analyzed using the GraphPad Prism software
(GraphPad Software, San Diego, CA). Data were initially
checked for normality using the Kolmogorov-Smirnov
test. Normally distributed data sets were analyzed
with either the Student’s t-test or one-way ANOVA
followed by a Tukey’s post hoc test, if appropriate.
All data are reported as mean * standard deviation.
In the figures, significant intergroup differences are
indicated with (*), differences between treated groups
versus the untreated (CTRL) group are indicated with
(#), and differences between normoxic and hypoxic
data are indicated with ($). The level of significance
of differences is indicated by a single (P < 0.05),
double (P < 0.01), triple (P < 0.005), or quadruple sign
(P <0.001).

3 Results and discussion
3.1 Characterization of ZnPC-ETLs

Several studies have shown the ability of cationic
liposomes to target tumor vasculature [13, 45, 46].
PEGylation is essential in order to prevent uptake
of these liposomes by non-target cells, bestow long-
circulating capacity, and minimize adverse events
in vivo caused by toxicity of cationic lipids (reviewed
in Ref. [11]). Although liposomes that contain ZnPC
have been developed by us [7] and others [47, 48],
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photosensitizer-containing cationic liposomes have
been rarely used in conjunction with cancer treatment
by PDT [49]. Consequently, a cationic liposomal
formulation for the delivery of ZnPC to tumor cells in
vitro and the tumor vasculature in vivo, which has been
developed previously [7], was investigated further in
the present study.

In the first set of experiments, the effects of cationic

Nano Res. 2016, 9(6): 1639-1662

photodynamic efficiency of encapsulated ZnPC were
investigated. Liposomes with a higher DC-chol content
exhibited a higher C-potential (Fig. 2(a)), which could
be reduced by inclusion of 4 mol% DSPE-PEG in the
lipid bilayer (Figs. 2(a) and 2(b)). Increasing the DSPE-
PEG content beyond 4 mol% did not further reduce
the C-potential of liposomes that contained 30 mol%
DC-chol (Fig. 2(b)). The effect of DC-chol inclusion

lipid DC-chol on the liposome characteristics and  on PDT efficacy of co-encapsulated ZnPC is
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Figure 2 (a) The effect of increasing concentrations of DC-chol and PEGylation on the {-potential of ETLs as measured by electrophoretic
light scattering. The basic composition of liposomes without DSPE-PEG (black squares) was DPPC:cholesterol (70:30), in which the
indicated molar proportion (mol%) of DC-chol was included at the expense of cholesterol. The basic composition of liposomes with
DSPE-PEG (gray dots) was DPPC:cholesterol:DSPE-PEG (66:30:4), in which the indicated mol% of DC-chol was included at the
expense of cholesterol. (b) The effect of DSPE-PEG content on the {-potential of ETLs composed of DPPC:DC-chol (70:30), where the
indicated mol% of DSPE-PEG was included at the expense of DPPC. The depicted results represent the mean of 3 measurements in
which the {-potential was measured 5 times for 20 s. Statistical analysis was performed using the unpaired Student’s #-test, asterisks
indicate P < 0.05. (c) Traces of DCF fluorescence emission intensity are depicted for liposomes with increasing DC-chol content. Liposomes
were composed of DPPC:cholesterol:DSPE-PEG (66:30:4, black line), DPPC:cholesterol:DC-chol: DSPE-PEG (66:20:10:4, red line),
DPPC:cholesterol:DC-chol:DSPE-PEG (66:10:20:4, blue line), or DPPC:DC-chol:DSPE-PEG (66:30:4, green line). During time-based
acquisition, DCFH, was added to the cuvette at # = —1 min and the liposomes were added at £ = 0 min. Laser irradiation of the cuvette
(500 mW, 671 nm) was performed at = 1-3 min (semi-opaque red rectangle). (d) Traces of BSA fluorescence emission intensity are
depicted for liposomes with increasing DC-chol content. Liposomes were composed of DPPC:cholesterol: DSPE-PEG (66:30:4, black line),
DPPC:cholesterol:DC-chol: DSPE-PEG (66:20:10:4, red line), DPPC:cholesterol:DC-chol: DSPE-PEG (66:10:20:4, blue line), or DPPC:DC-
chol:DSPE-PEG (66:30:4, green line). During time-based acquisition, the BSA assay solution was added at ¢ = —1 min, liposomes were
added at £ = 0 min, and the cuvette was irradiated (500 mW, 671 nm) at # = 1-3 min (semi-opaque red rectangle). Traces were normalized to
the mean fluorescence intensity at # = 0—1 min. (e) The stability of ZnPC-ETLs (DPPC:cholesterol:DC-chol:DSPE-PEG, 66:5:25:4,
ZnPC:lipid ratio, 0.003) as measured by the absorption at 671 nm (ZnPC Q-band maximum) during a period of 56 days (N = 3 per time
point). (f) Confocal laser scanning microscopy of ZnPC-encapsulating DPPC liposomes in which 0.1 mol% Rho-PE was added at the
expense of DPPC. Rho-PE is depicted in green. ZnPC is depicted in red. All images were obtained using a 63x oil immersion objective
and digital zoom.
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summarized in Fig. 2(c), which shows that the DCFH,
oxidation levels were higher in DC-chol-containing
liposomes than in DC-chol-lacking liposomes. Notably,
the increase in DCFH, oxidation did not depend on the
concentration of DC-chol. Oxidation of Trp in BSA by
ZnPC-containing liposomes, which led to abrogation of
Trp fluorescence, occurred in a DC-chol concentration-
dependent fashion (Fig. 2(d)). Although these results
may be interpreted as increased photodynamic efficacy,
they may also reflect an increased interaction between
anionic DCFH, and BSA with the cationic liposomes.
Nevertheless, such interaction may hold biological
significance due to intra- and extracellular abundance
of anionic protein residues (e.g., Asp, Glu) and anionic
membrane constituents (e.g., phosphatidylserine) in
an in vivo setting [45, 50, 51]. Taken together, the results
demonstrated that photodynamic activity of ZnPC-
ETLs was not negatively affected by DC-chol.

To determine the stability of ZnPC in ZnPC-ETLs
with respect to its physicochemical properties, oxidation
of ZnPC was investigated in ZnPC-ETLs (0.003 ZnPC:
lipid ratio, 25% DC-chol, 4% DSPE-PEG) by measuring
the intensity of its absorption maximum at 671 nm as
a function of time and oxygen tension. Accordingly,
ZnPC-ETLs were purged with either N, gas or O,
gas prior to storage. The results presented in Fig. 2(e)
show that the spectral properties (i.e., chemical
structure) of ZnPC remained unchanged throughout
the experiment, regardless of O, presence. ZnPC-ETLs
are therefore stable over a period of 56 days in terms
of ZnPC structural integrity, which is required for
ROS generation.

Given that ZnPC is hydrophobic (logP~8), it is
assumed that it is readily incorporated into the lipid
bilayer during the preparation procedure. To confirm
this hypothesis, giant unilamellar vesicles were pre-
pared using the standard ZnPC-ETL formulation
containing 0.5 mol% Rho-PE, but without PEGylation.
Subsequently, the liposomes were imaged with confocal
fluorescence microscopy and colocalization of ZnPC
with fluorescently labeled lipids was revealed (Fig. 2(f)).

3.2 Uptake of ZnPC-containing cationic liposomes
To determine the most suitable lipid composition of

the ETLs with respect to uptake, 4 different liposomal
formulations were prepared, characterized, and tested.
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Figure 3(a) provides an overview of the composition,
size, polydispersity indices, and C-potentials of these
liposomal preparations. Whereas DC-chol-lacking
liposomes sterically stabilized with 4% DSPE-PEG
(formulation 1) had a relatively neutral C-potential of
0.9 = 0.2 mV, inclusion of 25% DC-chol in the absence
of DSPE-PEG conferred a considerably more positive
C-potential on the liposomes (formulation 2, 29 +
1.4 mV). However, the C-potential was reduced upon
co-incorporating 4% DSPE-PEG into the lipid bilayer
(formulation 3, 3.9 +1.2 mV). Further reduction in
the C-potential was achieved after inclusion of 10%
DSPE-PEG (formulation 4, 1.1 + 0.3 mV).

Uptake of ZnPC-ETLs by human cholangiocarcinoma
(Sk-Chal) cells has been previously demonstrated by
flow cytometry, which proved that cationic liposomes
are taken up more intensively than neutral liposomes
(formulation 1), despite inclusion of DSPE-PEG and
thus a relatively lower C-potential [7] compared to that
in non-PEGylated liposomes (formulation 2). In this
study, the uptake of the neutrally charged PEGylated
liposomes (formulation 1), cationic non-PEGylated
liposomes (formulation 2), cationic PEGylated lipo-
somes (formulation 3), and cationic highly PEGylated
liposomes (formulation 4) was tested in A431 cells.
Formulations 2 and 3 were taken up by A431 cells in
larger amounts than formulation 1 (Fig. 3(b)). Increasing
the DSPE-PEG content to 10% (formulation 4) reduced
cellular uptake despite the presence of 25% DC-chol.
Thus, the balance between cationic lipid content and
the extent of PEGylation is essential for liposomal
uptake kinetics. All subsequent experiments with
ZnPC-ETLs were therefore performed with formulation
3 (hereafter abbreviated as “ZnPC-ETLs”), given its
high uptake efficiency, steric stability due to the
presence of PEG, and lower C-potential that minimizes
adverse events in vivo [11].

The intracellular localization of a photosensitizer
determines its mechanism of action in terms of PDT
efficacy and the mode of cell death [37]. Therefore,
the intracellular fate of ETL-delivered ZnPC was
investigated in A431 cells. In accordance with the
lipophilicity of ZnPC (Fig. 2(f)), A431 cells displayed
intense ZnPC fluorescence emanating from the
cytoplasmic membranes (Fig. 3(c)). ZnPC localized at
distinct intracellular foci that were not mitochondria,
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Figure 3 (a) Liposome characteristics of four liposomal formulations that were used for uptake analysis. (b) Uptake of NBD-labeled
liposomes as a function of DC-chol and DSPE-PEG content. NBD fluorescence was measured after 24 h of incubation under standard
culture conditions (N = 9). (c) Confocal laser scanning microscopy of A431 cells incubated for 1 h with ZnPC-ETLs (formulation 3,
ZnPC:lipid ratio of 0.024, ZnPC fluorescence in red), counterstained with DAPI (blue) and MitoTracker Red (MTR, green). Images
were obtained using a 63% oil immersion objective and digital zoom.

suggesting redistribution of ZnPC across organellar
membranes following internalization of the liposomes.

3.3 Dark toxicity and PDT efficacy of ZnPC-ETLs

Prior to assessing the effects of PDT on HIF-1 activation,
cytotoxicity of PDT with ZnPC-ETLs was determined.
There was no cytotoxicity of ZnPC-ETLs up to a final
lipid concentration of 50 uM measured after a 24-h
incubation period in the absence of light (Fig. 4(a)).
PDT (15]/cm?) resulted in a ZnPC concentration-
dependent decrease in relative cell viability after 24 h
of normoxic incubation (Fig. 4(b)). However, HIF-1
stabilization did not occur when cells were kept
under normoxic conditions after PDT (data not shown).
Thus, photochemical production of ROS and the short
period of hypoxia induced by the conversion of O, to
ROS are therefore not sufficient to stabilize HIF-1a.
Consequently, the experiments were also performed
under hypoxic culture conditions to mimic vascular
shutdown following PDT.

Under hypoxic conditions, A431 cells were more
susceptible to PDT-induced cell death, as evidenced

®

TSINGHUA
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by almost the same extent of cell death observed at a
photosensitizer concentration that was <50% the
concentration used in the normoxia groups (Fig. 4(b)).
Approximately 50% cell death was achieved with 10
and 5 uM ZnPC-ETLs under normoxic and hypoxic
conditions, respectively. Subsequent experiments
regarding involvement of HIF-1 in the PDT response
were therefore conducted using these final lipid
concentrations.

3.4 Persistent HIF-1« stabilization desensitizes A431
cells to PDT

Ji et al. showed that CoCl, treatment could desensitize
Het1A esophageal tumor cells to PDT via upregulation
of HIF-1 [24]. To investigate whether this phenomenon
also occurs in A431 cells, susceptibility of A431 to
PDT was determined after 24-h preconditioning with
500 uM CoCl,. Cells were subjected to PDT with
10 uM ZnPC-ETLs (final lipid concentration), after
which viability was measured at 4 h post-PDT (N = 12).
CoC(l, preconditioning significantly (P < 0.001) reduced
PDT efficacy in A431 cells (Fig. 4(c)). Cells that were not
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Figure 4 (a) Dark toxicity of ZnPC-ETLs after 24 h of incubation at the indicated concentrations (N = 9). (b) Viability of A431 cells
subjected to PDT with increasing concentrations of ZnPC-ETLs. Viability was determined 24 h after PDT, during which cells were kept
under either normoxic (gray bars) or hypoxic conditions (white bars) (N = 6). (c) Viability of A431 cells that were preconditioned with
500 uM CoCl, for 24 h under normoxic conditions and subsequently treated with PDT (10 uM ZnPC-ETLs). Viability was determined
4 h post-PDT (N = 12). (d) HIF-1 protein levels as determined by immunoblotting. Cells were incubated for 24 h with 500 uM CoCl, as
a positive control for HIF-1a stabilization. Cells were placed in hypoxic culture conditions for up to 240 min after undergoing no
treatment (CTRL) or PDT (PDT, 10 uM ZnPC-ETLs, final lipid concentration). -actin was used as a loading control. (¢) qRT-PCR
analysis of pertinent HIF-1-regulated genes after 4 h of hypoxic incubation (gray bars) or after PDT + 4 h of hypoxic incubation (white
bars). Data (N = 3) are plotted relative to mRNA levels in untreated normoxic cells.

preconditioned with CoCl, exhibited a post-PDT
viability of 36.6 + 6.0%, whereas cells that were
preconditioned with CoCl, had a post-PDT viability of
75.4 + 14.9%. This was most likely the result of CoCl,-
induced HIF-1 and HO-1 overexpression [24, 46, 47].

3.5 PDT exacerbates HIF-1 signaling

HIF-1a stabilization did not occur under normoxic
conditions (results not shown), which may be explained
by a short half-life of HIF-1a under normoxic con-
ditions (~5-8 min, as reported in Ref. [48]). Under
hypoxic conditions and in the absence of PDT,
HIF-1a expression stabilized from 30 min onwards.
HIF-1a stabilization was more pronounced following
PDT under hypoxic conditions, whereby the extent
of stabilization was proportional to the duration of
hypoxia (Fig. 4(d)). The delay in the onset of hypoxic
incubation and stabilization of HIF-la was most
likely caused by a gradual depletion of residual O, in

the culture medium [49].

Several studies have investigated expression and
activation of HIF-1 in the context of PDT. In wvitro,
chemically induced HIF-1 activation correlated positively
with increased tumor cell survival post-PDT [24].
However, HIF-1 stabilization can occur in an oxygen-
independent manner [19] and the degree of HIF-1
activation differs between cell lines [20]. In vivo, PDT
has been shown to induce HIF-1a stabilization and
elevate vascular endothelial growth factor (VEGF)
protein levels in a murine model of Kaposi’s sarcoma
[22]. In order to establish whether PDT has an auxiliary
effect on HIF-1 activation in comparison to hypoxia
alone in A431 cells, the expression of pertinent and
frequently used reporter genes for HIF-1 activity
[17, 34, 52-54] was determined. As shown in Fig. 4(e),
the most prominent effects of PDT on HIF-1 target
genes included higher expression of prostaglandin
synthase 2 (PTGS2, COX-2), heme oxygenase 1
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(HMOX1, HO-1), and VEGF receptor, reduced down-
regulation of endothelin 1 (EDN1), and a decrease in
the expression of HIF1A and b-cell lymphoma 2 (BCL2).
The fold change in expression levels of survivin
(BIRC5) and pyruvate kinase muscle 2 (PKM2) was <1.

The findings concerning changes in HIF-1 expression
in A431 cells were in agreement with the previously
discussed in vitro [19,20,24] and in wvivo studies
[21-23, 55]. The in vivo studies demonstrated that
HIF-1 was stabilized in hypoxic tumor tissues as a
result of vascular shutdown following PDT, which
led to an increase in mRNA levels of HIF1A, VEGF,
and PTGS2 [55].

3.6 ACF binds to the dimerization domain of HIF-1a

Inhibition of the function of proteins that are produced
downstream of HIF-1 signaling was associated with
increased PDT efficacy. For example, inhibition of
VEGF with bevacizumab was shown to improve PDT
outcome [22]. The same trend has been observed in
experiments with BA mouse mammary carcinomas,
which exhibited HIF-1a stabilization and increased
levels of survival and VEGF protein expression
following PDT [21, 23]. Moreover, tumor growth rate
and overall survival of PDT-treated CNE2 xenografts
in mice could be increased by blocking tyrosine kinase
receptors [55], to which VEGF receptor belongs.
These data attest that the HIF-1 signaling axis is an
important regulator of PDT consequences. However,
rather than inhibiting the downstream products of
HIF-1, inhibition of HIF-1 itself is pharmacologically
more sensible in terms of an optimal adjuvant effect
on PDT efficacy because such a manipulation would
simultaneously block all signaling pathways down.
stream of HIF-1.

Specific inhibition of HIF-1 by ACF has been pre-
viously attributed to its binding to the PAS domain of
HIF-1a and subsequent prevention of HIF-1a/HIF-1(3
dimerization. To corroborate those findings and to
determine which residues are involved in ACF/HIF-1a
complex formation, molecular docking of ACF to the
HIF-1a PAS domain was performed. It should be noted
that docking of ACF to the PAS domain of HIF-1
resulted in favorable binding only in the case of the
3H7W crystal structure [56], which can be explained by
minute differences in side chain conformations of the
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crystal structures. ACF and the binding site possessed
excellent shape complementarity as revealed in the
docking simulation (Fig. 5). The ligand of 3H7W in the
original study was an aniline derivative with no specific
hydrogen bonding capacity, indicating that shape
complementarity is essential to accommodate planar
molecules in case of this narrow, closed binding site.
As illustrated in Fig.5, the main driving force for
complex formation is a m-m interaction with the
aromatic pocket formed by Phe244, His248, Phe254,
Tyr281, His293, and Tyr307 of the binding site. In
addition, the amino group of ACF is in a hydrogen
bond with Tyr306, potentially indicating the presence
of a strong interaction.

3.7 ACEF exacerbates tumor cell death in vitro

To determine the most suitable concentration of ACF
for a combined treatment, concentration-dependent
uptake and toxicity of ACF were assessed. Uptake
was measured by utilizing the intrinsic fluorescent
properties of ACF as depicted in Fig. 6(a). ACF uptake
followed a linear pattern up to a concentration of
4 uM (Fig. 6(b)). The toxicity of ACF was determined
during a 24-h incubation period under either normoxic
or hypoxic conditions. ACF became slightly toxic at

Figure 5 Orientation of ACF (cyan) in the PAS domain of HIF-1a
(B3H7W crystal structure, gray) and its interaction with specific
amino acid residues in the binding site. ACF binds to the PAS
domain via a m—7 interaction with the aromatic pocket formed by
Phe244, His248, Phe254, Tyr281, His293, and Tyr307. Bonding
is strengthened by a hydrogen bond between ACF amino group
and Tyr306 (not shown).
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Figure 6 (a) Excitation (black line) and emission (gray line) characteristics of ACF in water. (b) The uptake of ACF was determined
using fluorescence spectroscopy. Uptake was determined after 24 h of incubation at normoxic culture conditions. Data were normalized
to protein content (N = 3). (c) Toxicity of ACF was determined after 24 and 48 h of either normoxic (black lines) or hypoxic culture
conditions (gray lines). All data were normalized to the values measured in cells that were exposed to an equal volume of DMSO
(N=3). (d) PDT and neoadjuvant ACF treatment efficacy were tested after 4 h of normoxic incubation (gray bars) or hypoxic incubation
(white bars) post-treatment (N = 6). (e) Relative caspase 3 and 7 activity was determined after PDT and 4 h of post-treatment incubation
under normoxic (gray bars), or hypoxic conditions (white bars) (N = 6). (f) Levels of lactate excreted into the medium were determined
in 24 h post-treatment after incubation under normoxic (gray bars) or hypoxic (white bars) conditions (N = 6).

concentrations of >3 uM under normoxic conditions,
with a 29% decrease in cell viability at 5 uM (Fig. 6(c)).
Under hypoxic conditions, ACF decreased viability
by ~40% at concentrations of >1 uM, but there was no
further impact on viability of higher concentrations
of ACF (Fig. 6(c)). Based on these data, ACF was used
in further experiments at a concentration of 3 uM.
Next, the neoadjuvant potential of ACF was
investigated in terms of PDT efficacy. First, cells were
preconditioned for 24 h with 3 uM ACEF, treated by
PDT with 10 uM ZnPC-ETLs, and kept under normoxic
conditions. It was found that ACF alone did not induce
any toxicity in A431 cells and did not impart an
additional effect when used in conjunction with PDT
(Fig. 6(d)). However, under hypoxic conditions, the
extent of A431 cell death in the ACF + PDT group was
more extensive than in the ACF group, indicating
that ACF exerted an adjuvant effect on PDT efficacy

(Fig. 6(d)).

To determine whether toxicity imparted by different
treatments was mediated by apoptosis, the activity
of caspases 3 and 7 was measured 4 h after each
treatment. Under normoxic conditions, A431 cells did
not exhibit a significant increase in apoptotic signaling
following ACF treatment. After PDT, caspase 3/7 activity
in treated cells was twice as high compared to control
cells (Fig. 6(e)). Furthermore, a combined exposure to
ACF and PDT resulted in 4-fold higher caspase 3/7
activity. Surprisingly, the adjuvant effect of ACF on
PDT-induced apoptosis was abrogated in hypoxic
A431 cells, indicating that the mechanisms of post-PDT
cell death are dependent on ambient oxygen tension.

These results are in favor of the hypothesis that the
beneficial effect of ACF on PDT outcome most likely
stemmed from the downstream effects of HIF-1a
antagonism. One of the major functions of HIF-1 is
stimulation of glycolysis over oxidative phosphory-
lation. In order to assess whether glycolysis was
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upregulated in A431 cells by hypoxia, exacerbated by
PDT, and inhibited by ACF, excretion of lactate was
investigated. Lactate excretion by hypoxic cells was
significantly higher than that by normoxic cells in all
treatment groups (Fig. 6(f)). The combined application
of ACF and PDT significantly lowered the extent of
lactate production under normoxic conditions (gray
bars). Under hypoxic conditions (white bars), the
extent of lactate excretion was only affected by ACF
but not by PDT alone or in combination with ACFE.
These results warrant further investigation regarding
the role of glycolysis in the response to PDT.

Taken altogether, there was a significant increase in
PDT efficacy when A431 cells were pretreated with
ACF and subjected to post-therapeutic hypoxia.
Although PDT induced cell death primarily through
apoptosis, as shown by increased caspase 3/7 activity,
the adjuvant effect of ACF on PDT efficacy did not
correlate with that parameter, indicating that cells died
via an alternative mechanism. In a previous study
by Tennant et al., it was demonstrated that inhibition
of HIF-1 activation by reactivation of PHDs with
a-ketoglutarate under hypoxic conditions resulted in
a metabolic catastrophe in HCT116 human colon
carcinoma cells that was characterized by reduced
glucose uptake, lowered lactate production, and a loss
of plasma membrane functionality (i.e., programmed
necrosis) [57]. Since A431 cells exposed to a combined
treatment with ACF and PDT exhibited a similar
pattern of reduced lactate production and increased
caspase 3/7-independent cell death, our data corroborate
the previous findings and suggest that A431 cells
subjected to ACF + PDT perish as a result of a metabolic
catastrophe with a necrotic phenotype. However, it
should be noted that the hypoxia-induced increase
in lactate production was hardly affected by PDT,
implying that the HIF-1-induced metabolic switch from
oxidative phosphorylation to glycolysis may not be an
acute mechanism of cell survival following PDT.

3.8 ACF uptake and intracellular localization

Since ACF was readily taken up by A431 cells, uptake
and intracellular localization of ACF were investigated
with confocal laser scanning microscopy to determine
its intracellular fate before and after PDT. ACF was
imaged by utilizing its intrinsic fluorescent properties

Nano Res. 2016, 9(6): 1639-1662

(Fig. 6(a)). Nile Red, a lipophilic fluorogenic dye, was
used to stain the membrane of paraformaldehyde-
fixed cells and organelles. To observe intracellular
ACF translocation as a result of PDT and/or altered
oxygen tension, ACF was added to cells during hypoxic
incubation and/or after PDT. Confocal images (Fig. 7)
show that ACF did not abundantly localize to the
endoplasmic reticulum (ER) and/or Golgi apparatus,
given that the ACF fluorescence intensity was low
in the perinuclear areas with intense Nile Red
fluorescence. ACF fluorescence was not observed in
defined intracellular foci, suggesting that ACF did
not preferentially accumulate in mitochondria or
lysosomes.

In the absence of PDT, cells displayed normal
morphology and ACF localized in the cytoplasm and
nucleus (Figs. 7(a) and 7(c)). PDT-treated cells cultured
under normoxic conditions exhibited shrinkage and
blebbing after the treatment (Fig. 7(b)). ACF fluorescence
was substantially increased, particularly in the nuclei.
Under hypoxic conditions, there were no profound
effects of ACF on the intracellular localization and
morphology of the cells. PDT-treated cells that were
kept under hypoxic conditions displayed a similar
degree of shrinkage and blebbing, but a reduced ACF
fluorescence intensity (Fig. 7(d)).

3.9 ACF reduces expression of angiogenesis- and
survival-associated genes

To investigate whether the increase in PDT efficacy
caused by adjuvant ACF was indeed attributable to
inhibition of HIF-1, the expression levels of a variety
of HIF-1 target genes were determined using qRT-
PCR after hypoxic incubation only (CTRL) or after
concomitant exposures to ACF, PDT, or the combined
ACF + PDT treatment. Genes were clustered according
to the relation of their products to angiogenesis,
glycolysis, or survival (Fig. 8). A numerical representa-
tion of the data is provided in Table 2. PDT strongly
induced expression of PTGS2, VEGF, and HMOX1 (also
shown in Fig. 4(e)). ACF alone and in combination
with PDT reduced the extent of PITGS2 and VEGF
expression. This observation provides important clues
to the mechanisms of enhanced cytotoxicity of ACF +
PDT, since the protein products of both genes have
been shown to stimulate tumor cell survival post-PDT
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Normoxia CTRL

Normoxia PDT

Hypoxia CTRL

Overlay

Hypoxia PDT

Figure 7 The intracellular localization of ACF was determined in A431 cells using confocal microscopy. Cells were treated as
indicated ((a)—(d)) and placed under either normoxic or hypoxic culture conditions in the presence of 3 pM ACF for 4 h. Cells were
fixed and counterstained with the lipophilic dye Nile Red (red), which stains all intracellular membranes. All images were taken with a

63% oil immersion lens and digital zoom.

[55, 58-60]. HMOX1 was also induced by hypoxia
and PDT, but its expression was unaltered following
ACF pretreatment, suggesting that its expression
was modulated by an unknown HIF-1-independent
mechanism (e.g., by nuclear factor E2-related factor 2
(NRF2) [61]). BIRCS, the gene that encodes survivin—a
protein that regulates survival of cancer cells [62] —was
found to be downregulated after hypoxia and PDT,
but upregulated when the cells were pretreated with
ACF. Accordingly, ACF-induced upregulation of
survivin may counteract the neoadjuvant efficacy of

this HIF-1a inhibitor. In the angiogenesis gene cluster,
it is interesting to note that EDNT mRNA levels were
reduced after hypoxia and PDT, yet strongly upre-
gulated following ACF and ACF + PDT treatments.
EDNI is a putative gene target of activated HIF-1
that induces proliferation by binding to the EDN-1-
associated receptor (ETAR), which, in turn, activates
[-catenin and induces expression of CCNDI1, the
cyclin D1 gene. EDNT1 also stimulates cell survival by
promoting nuclear factor kB activity and subsequent
upregulation of BCL2 and BIRC5, as well as by
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Figure 8 Heat map of gene expression patterns in A431 cells
analyzed 0, 2, or 4 h post-treatment under hypoxic conditions. The
plotted data represent the log,-transformed fold changes of each
data point in relation to control (CTRL) values measured at 0 h in
normoxic conditions. Upregulated and downregulated genes are
depicted in red and green, respectively.

Table 2

ACF/PDT/ACF + PDT-treated cells as a function of time after PDT

Nano Res. 2016, 9(6): 1639-1662

stimulating COX-2 activity. Consequently, EDNI
excreted from tumor cells stimulates angiogenesis,
proliferation, and survival (for a detailed review about
the signaling events downstream of EDN1, see Ref.
[63]). In contrast with the previous, an increase in EDN1
expression after ACF treatment, especially following
its combined administration with PDT, may indicate
that HIF-1 inhibits expression of this gene rather than
imparting a stimulating effect. EDN1 expression may be
potentially triggered by PDT via alternative signaling
pathways, namely through JUN and FOS transcription
factors [63]. Notably, EDN1 expression was found to
be strongly upregulated upon ER stress [64]. PDT-
induced EDN1 upregulation was apparently offset
in A431 cells, but ACF-mediated ER stress may have
materialized as discussed above.

Most other genes were either slightly up- or
downregulated in a treatment-independent fashion.
In addition to hypoxia and PDT (Fig. 4(e)), exposure
to ACF or to ACF + PDT did not affect expression of
glycolysis genes. However, the expression levels of
these genes may be influenced by the presence of
glucose in the culture medium, which distinguishes
this experimental setting from the in vivo situation,

Mean + SD log,-transformed fold-change in mRNA levels of established HIF-1 target genes in control cells or

CTRL ACF PDT ACF +PDT
Gene
0Oh 2h 4h 0h 2h 4h 0h 2h 4h 0h 2h 4h
HIFIA  000+£0.09 0.58+045 0.12+0.31 -047+042 -1.38+0.37 -048+028 041+0.39 028+0.21 -0.88+0.27 0.54+0.43 -0.20 = 0.39 —0.42 +0.62
EDNI  0.00£041 -2.00+£0.33 -1.51+£0.13 1.57+028 2.72+£128 2.62+1.19 0554125 -0.58+0.01 -0.38+0.23 1.10£0.18 2.65+0.25 2.63+0.34
SERPINE1 0.00+1.18 0.15+0.12 0.00+£0.31 -1.65+0.39 -0.08+0.93 -0.82+0.12 -1.33+0.78 -0.30+0.15 0.08+0.36 -2.30+0.03 -0.83+0.15 -0.71+0.23
VEGF 000039 -027+0.54 0.67+038 0.85+0.18 124+056 125+040 128+0.50 1.13+£0.31 2.16+£0.55 -046+0.65 0.77+0.41 0.95+0.57
HK1 0.00£1.04 0.27+040 0.00+0.50 —1.25+0.64 —0.65+0.87 0.21+0.66 —0.34+0.57 —0.71 £0.48 —0.05+0.16 —1.06 £ 0.51 —0.48 +0.19 —0.40+0.21
LDHA  0.00+038 0.26+0.68 0.18+0.06 -0.80+0.71 -0.18+£0.53 -0.40+0.40 —0.47£0.15 -1.03+ 0.06 0.02+0.66 —0.68 £0.34 -1.04+ 0.19 0.60+0.20
PDHA  0.00+£042 022+080 040+046 074+047 130+£081 0.65+£0.08 048+022 043+0.18 059+031 031+0.18 -0.15+£0.07 0.79+0.25
PGKI  000£036 0.13+£0.53 0.15+£0.65 039+021 0.15+£043 -0.51+£0.84 1.06+030 1.11+0.12 0.13£0.76 1.77+0.86 1.11+0.82 0.79+0.60
PKM2  0.00£029 -021+0.40 0.00+042 -024+037 0.66+0.81 091+0.82 -043+044 -0.65+045 0.07+0.28 041£0.15 -0.27+0.52 -0.07+£0.35
BCL2  0.00+021 -049+021 0.71+0.14 -0.76+0.57 -034+0.81 1.14+£0.54 0.48+0.30 -0.54+0.47 -0.76+0.12 -1.14£0.80 -0.70 + 1.15 —0.06 + 0.63
BECNI  0.00+0.50 -0.90+0.07 023+0.17 1.04+028 1.54+031 2.53+0.63 0.18+0.36 -0.30+037 0.55+0.18 -0.33+£0.40 0.84+029 0.60+0.23
BIRC5  0.00+£042 -0.07+0.65 0.05+£036 0.62+021 187+0.14 1.68+0.88 0.10+0.77 -1.12+0.58 -0.53+£0.22 0.74+0.18 043+0.55 0.84+049
HMOXI  0.00£0.19 126+048 055+0.16 094+041 2.15+135 1.08+0.68 0.62+090 0.63+0.11 2.04+£1.10 075+041 1.04+028 1.85+0.04
HSPA5  0.00+0.81 -0.64+£049 027+0.12 2.23+0.61 -1.33+£0.78 —-1.34£044 -1.11 £ 1.04 -0.98+0.22 0.10£0.13 -3.25+0.12 -2.05+0.52 -1.98+0.24
PTGS2  0.00+048 099+0.33 121+0.10 1.74+0.11 2.98+0.82 -1.07+020 1.10£0.50 4244097 4.10+0.53 -0.53+0.62 3.14+£0.40 2.72+0.24
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where vascular shutdown is expected to induce a state
of tumor hyponutrition [65]. Nonetheless, the glycolysis
gene expression data corroborate the lactate excretion
results and support the notion that the facilitation
of a metabolic switch to anaerobic glycolysis does not
underlie the cytoprotective effect of HIF-1 activation
in vitro.

In summary, our data on the effects of PDT and
combined action of PDT and hypoxia corroborate
the pro-survival role of HIF-1 after PDT. PDT led to
transcriptional upregulation of VEGF, PTGS2, and
HMOX1 genes, whose protein products, VEGF, COX-2,
and HO-1, have been implicated in the regulation of
tumor cell survival after PDT [22, 23, 59-61, 66-73].
Accordingly, HIF-1 inhibition by ACF exerted an
adjuvant effect on PDT and subsequent hypoxia and

CTRL normoxia ACF normoxia

(@)

(b)

(e) CTRL hypoxia (f) ACF hypoxia

(9)

©
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reduced expression of VEGF and PTGS2, accentuating a
pharmacological value of this HIF-1 inhibitor for PDT.

3.10 ACE PDT, and hypoxia do not induce DNA
damage

Many anticancer agents exert chemotherapeutic effects
by inducing DNA damage, which signals the p53
tumor suppressor protein to induce cell cycle arrest
and apoptosis [74, 75]. Since p53 can affect HIF-1
activation [76] and ACF was prominently present in
the nucleus (Fig.7), we investigated whether ACF
induced DNA damage under any of the experimental
conditions. Cells were stained for the presence of DNA
double-strand breaks using the epigenetic marker
phospho-H2AX [77]. The results suggest that there
was preexisting DNA damage in A431 cells (Fig. 9(a)),

PDT normoxia (d) ACF + PDT normoxia

PDT hypoxia (h) ACF + PDT hypoxia

. ] ; i
(I) DNA damage normoxia i (J) DNA damage hypoxia i

X ? 6 x 0

ﬁ E ﬁ ;.3 20

TS s

28 2f

2z gz

1] "

55 L 55 1

. é & _

S 5 S 3 i

- - % ) i}

—
. = | — _
N £ & & A A A
& Ke S . kY & & & O ¥ 9 &
e XS

Figure 9 (a)—(h) Analysis of DNA damage in A431 cells after CTRL treatment ((a) and (e)) and treatments with ACF ((b) and (f)),
PDT ((c) and (g)), and ACF + PDT ((d) and (h)). Cells were kept for 4 h under normoxic ((a)—(d)) or hypoxic conditions ((e)—(h)) post-
treatment. Cells were stained with DAPI (nuclei, blue) and phospho-H2AX (DNA double-strand breaks, red). (i) and (j) Box-whisker
plots of the mean phospho-H2AX fluorescence intensity per cell within each treatment group. (i) represents cells kept under normoxic
conditions after PDT, (j) represents cells that were kept under hypoxic conditions after PDT. Cells treated for 24 h with TPZ were
included as positive control. Data represent the mean values of 6 observations.
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which was not exacerbated by any of the experimental
conditions (Figs. 9(b)-9(d)), regardless of oxygen tension
(Figs. 9(e)-9(h)). Preexisting DNA damage confirms
the fact that A431 cells largely lack the functional p53
protein [78, 79], an assumption also corroborated by
the absence of fragmented nuclei. Quantitative analysis
of the degree of DNA damage is presented in Figs. 9(i)
and 9(j). As a positive control for DNA damage, cells
were incubated for 24 h with TPZ, a DNA-damaging
agent that becomes more active under hypoxic con-
ditions [80]. In conclusion, ACF does not induce DNA
damage despite its nuclear localization.

3.11 Co-encapsulation of ACF into ZnPC-ETLs leads
to augmented cell death after PDT

In a final set of experiments, we determined whether
liposomal co-encapsulation of both ACF and ZnPC
into a single formulation was feasible and whether such
preparation could enhance PDT efficacy in comparison
to the effect of liposomes without ACF. ACF-ZnPC-ETLs
were prepared at increasing ACF:lipid concentrations

Nano Res. 2016, 9(6): 1639-1662

and a constant ZnPC:lipid concentration, as shown in
Fig. 10(a). ACF-ZnPC-ETLs entrapped 3.31% of ACF
on average, resulting in encapsulation efficiencies
of 0.46%, 6.02%, and 3.45% for formulations 2
(ACEF:lipid ratio 0.001), 3 (ACF:lipid ratio 0.01), and 4
(ACF:lipid ratio 0.1), respectively. The ZnPC enca-
psulation efficiency was 100% for all formulations,
which is in agreement with Broekgaarden et al. [7],
and indicates that ZnPC is not extracted from the
liposomes during the liposomal preparation procedure
(which includes size exclusion chromatography). The
liposomes were stable in terms of size and PDI
during a period of 14 days.

Following 12-h exposure of cells to ACF-ETLs (total
lipid concentration of 500 uM), only formulation 4
displayed mild toxicity (Fig. 10(b)), which was in
agreement with the results in Fig. 6(c) (~5 uM of free
ACF was mildly toxic to cells). As expected,
intracellular ACF levels reached a maximum when cells
were incubated with formulation 4 (Fig. 10(c), green
line). When liposomes containing both ZnPC and

(a) Liposome characterization and stability
Formulation Composition ZnPC:lipid ZnPC encaps  ACF:lipid ACF encaps Size PDI Size PDI Size PDI
ratio effic (%) ratio effic (%) t=0days t=0days f=7days f=7days t=14days t=14days
1 DPPC:DC-chol:chol:DSPE-PEG 0.003 100 0.00 0 14.1¢ 0218+ 109.1 % 0215% 109.1 & 0.201
(66:25:5:4) 2.0 0.034 23 0.014 1.1 0.037
2 DPPC:DC-chol:chol:DSPE-PEG 0.003 100 462 % 10-° 0.46 116.0 £ 0228+ 114.9 % 0210+ 126+ 0.227 +
(66:25:5:4) + 0.01 mM ACF 16 0.020 19 0.017 1.1 0.023
3 DPPC:DC-chol:chol:DSPE-PEG 0.003 100 6.02 x 10~ 6.02 172+¢ 0.206 + 1781 0176 % 114.8 % 0.019+
(66:25:5:4) + 0.1 mM ACF 1.7 0.039 1.7 0.021 1.0 0.028
4 DPPC:DC-chol:chol:DSPE-PEG 0.003 100 3.45 % 10-? 345 114.3 + 0.242 & 115.1 % 0.224 & 1120% 0.241 %
(66:25:5:4) + 1 mM ACF 1.7 0.035 1.2 0.013 22 0.040
(b) ACF-ETL toxicity (C) ACF-ETL uptake (d) ACF-ZnPC-ETL PDT efficacy
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Figure 10 (a) Physical properties and stability of ACF-ZnPC-ETLs. (b) Dark toxicity of 500 uM ACF-ETLs in A431 cells following
12-h incubation under standard culture conditions. Data represent the mean + SD of 2 observations. (c) Normalized intracellular ACF
fluorescence intensity values following 12-h incubation with ACF-ETLs. ACF fluorescence was corrected for the protein content (SRB
method). Data represent the mean + SD of 2 observations. (d) PDT efficacy of ZnPC-ACF-ETLs was determined in A431 cells that
were incubated for 24 h with liposomes and subsequently treated with PDT. After 24 h of post-PDT incubation under normoxic (gray
bars) or hypoxic culture conditions (white bars), viability was determined with the SRB method. Data were normalized to the parameters
of viability of formulation 1, which did not contain ACF. Data represent the mean £+ SD of 6 observations.
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ACF were used for PDT and cells were incubated
under normoxic conditions, there was no significant
adjuvant effect of ACF on the PDT efficacy (Fig. 10(d),
gray bars). When cells were incubated under hypoxic
conditions after PDT, however, a synergistic effect of
ACF was observed with respect to PDT efficacy
(Fig. 10(d), white bars). It should be noted that these
effects were only visible at 24 h post-PDT following
24-h incubation with ACF. The adjuvant effect of ACF
was not observed when shorter intervals between
PDT and cell death analysis (4 h) were used or when
incubation times were shorter (1 h) (data not shown).
These results corroborated the findings illustrated in
Fig. 6(d), that the most potent adjuvant effect of ACF
was observed when cells were incubated under
hypoxic conditions following PDT. Taken together,
these results demonstrated that co-encapsulation of
ACF into ZnPC-ETLs for drug delivery is technically
feasible and that this preparation can enhance tumor
cell killing efficacy of PDT by inhibiting the propensity
of cells to adapt to hypoxic circumstances.

4 Conclusion

Given that activation of HIF-1 by PDT has been well
documented and since overexpression of HIF-1 has
been associated with decreased susceptibility of
tumors and tumor cells to PDT, this study aimed to
determine the in vitro effect of a combined exposure
to PDT and ACF a drug that inhibits HIF-1. The
results of this study are clearly in favor of such a
combination therapy since inhibition of HIF-1 with
ACF in cultured A431 cells significantly increased
PDT efficacy. Moreover, co-encapsulation of ACF
and ZnPC into a single liposomal formulation was
practically feasible and this preparation also augmented
PDT efficacy. Further in vivo investigations on the
(neo)adjuvant potential of ACF during PDT are
warranted to extrapolate these findings in the context
of vascular shutdown, hypoxia, hyponutrition, as well
as changes in angiogenic signaling and the tumor
microenvironment. Since HIF-1 is constitutively active
in most—if not all—tumors and has been associated
with therapy resistance, this study further underscores
the potential of ACF in cancer therapy.
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