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Aims of Study

Photochemical internalization (PCI) is a novel drug delivery method currently evalu-
ated for clinical use in cancer therapy. It is based on the highly potent reactive oxygen
species (ROS)-induction from TPCS,,-PDT. PCI, hence, mediates the release of drugs
sequestered in endocytic vesicles including endosomes and lysosomes. The method
has so far been showing promising results circumventing cancer drug resistance both in
vitro and in vivo, and in patients. Little is, however, known about TPCS,,’s own suscep-
tibility to resistance, and how it applies in PDT and PCL
The work presented in this thesis therefore had the following objectives:

e Study TPCS,,-PDT sensitivity

— Study intrinsic and acquired resistance mechanisms
- Impact of repeated chemotherapy

o Investigate PCI sensitivity

— PCI in TPCS,,-PDT-resistant cells
— The role of ROS scavengers

— Utilization of resistance-induced markers
e Target PCI towards CD133 expression on therapy-resistant cancer stem cells

— A proof-of-principle study of a CD133 targeted immunotoxin with a chemical
linker

— Produce and characterize a recombinant CD133-targeted immunotoxin, and
investigate its potential with PCI
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Chapter 1

Cancer and Adaption to New
Conditions

Normal cells follow regulations for growth and survival in order to maintain normal
tissue homoeostasis. They exhibit several checkpoints and control systems that ensure
a normal cell survival and death balance. Cancers, however, arise from violations of
these regulations (Alberts et al., 2004), which may allow them to continue their uncon-
trolled division, metastasize to other tissue and resisting treatment. In a world wide
perspective, most common are cancers of the lung (1.69 million deaths world wide),
liver (788 000), colorectal (774 000), stomach (754 000) and breast (571 000) (WHO, Can-
cer Fact sheet, February 2017). This makes cancer the second leading cause of death, after
heart diseases, worldwide (2015).

Hanahan and Weinberg proposed six hallmarks that are associated with the trans-
formation of normal cells to cancer cells; The Hallmarks of Cancer (Hanahan et al., 2000).
They include the overriding of growth and proliferation signals, invasion and metas-
tasis to other tissue, unlimited replication, developing blood vessels and resisting cell
death. In addition, a deregulated metabolism and the ability to evade the immune sys-
tem have subsequently been included as emerging hallmarks (Hanahan et al., 2011).
These are important characteristics for the cancer cells to adapt to different conditions
and become resistant to treatment. Acquisition of the hallmarks highly depend on alter-
ations in the genome of the cells. Genomic instability can, hence, be considered superior
to the hallmarks of cancer (Fig. 1.1).

Surgery, chemo- and radiotherapy are currently the three most important options
for treatment of cancer (https:/ /www.cancer.gov/about-cancer/treatment/types Date
entered: 26. April 2017). Together with immunotherapy, which with recent advances
(Snook et al., 2013) is emerging as a pillar in cancer therapy for melanoma (Sanlorenzo
et al., 2014) and lung cancer (Anagnostou et al., 2015), they constitute the cornerstones
in cancer therapy. Chemo- and radiotherapy are usually given at cycles, giving healthy
cells time to recover from adverse effects. The aim is to minimize adverse effects while
yet induce sufficient damage to the cancer. A consequence of the widely applied repet-
itive treatments, is the development of drug resistance, which comprises one of the
biggest challenges in cancer therapy. Additionally, about one half of cancers are intrin-
sically resistant to treatment (Pinedo, 2007). Efforts are therefore put into developing
treatment strategies that more precisely identify and target cancer cells. Strategies have
included hormonal or targeted therapy, acting on e.g. intracellular signal pathways or
gene expression modulators for blocking or turning off growth signals or angiogenesis,
cell death pathways or the delivery of toxins to the cancer cells. Drug groups used in
targeted therapy include e.g. monoclonal antibodies (mAbs), small molecular inhibitors
(like tyrosine kinase inhibitor (TKI)s) (https://www.cancer.gov/about-cancer/treatm
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FIGURE 1.1: The Hallmarks of Cancer

Properties associated with transformation of normal cells to cancer cells
based on the reviews from (Hanahan et al., 2000) and (Hanahan et al., 2011).

ent/types/targeted-therapies/), and antibody-drug-conjugate (ADC)s and immuno-
toxin (IT)s.

Despite these advances in cancer therapy, several challenges remain. For example,
targeted therapy requires identification of molecular targets which are mainly expressed
or mainly active in cancer cells so that healthy tissue is not affected. Moreover, a more
controlled immune response is endeavoured in immunotherapy, as runaway responses
still may cause autoimmune damage to normal tissue (https://www.cancer.gov/resea
rch/areas/treatment/#challenges Date entered: 28. April 2017). There is, therefore, a
need for clinically relevant strategies to which cancer cells cannot adapt.
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Chapter 2

Photochemical Internalization for
Treatment of Cancer

2.1 Photochemical Internalization (PCI)

Berg and co-workers proposed in 1999 an idea of using photochemical treatment for
tissue-specific transfer of drugs into drug-resistant cells (Berg et al., 1999). The method,
reported to as PCI, is based on photosensitizers that are activated specifically in the
membrane of endo-/lysosomes. The photochemical treatment leads to peroxidation of
lipids and other biomolecules damaging these membranes so that the vesicle content
may leak out to the cell cytosol (Fig. 2.1) (Berg et al., 2011). This opened the possibility
to enhance the effect of several types of drugs that were otherwise sequestered and
degraded in lysosomes (Berg et al., 2005; Selbo et al., 2006; Weyergang et al., 2006; Berg
et al., 2010; Berstad et al., 2012; Weyergang et al., 2015). The principle depends on the
endocytic trafficking pathways of drugs and the action of photochemical treatment, the
latter also being used separately in PDT for treatment of non-malignant and malignant
conditions.

2.1.1 Intracellular Trafficking Dynamics

Endocytosis is an active process in all nucleated cells, and is based on membrane invagi-
nation for the transport and degradation of molecules into the cell (Grant et al., 2009).
The process involves the formation of vesicles that fuse with specific compartments
(early endosomes) within the cell, forming multivesicular bodies (late endosomes). The
late endosomes may route endocytosed material to the lysosomes which then break it
down to new building material by means of hydrolytic enzymes.

Endocytosis can be subdivided into several modes of internalization. These include
clathrin-mediated and clathrin-independent endocytosis, caveolae, macropinocytosis
and phagocytosis (Maxfield et al., 2004). Clathrin- and caveolin-mediated endocyto-
sis involve the receptor-binding of a ligand in clathrin- and caveolin-rich pits of the
cell membrane. The pits are associated with receptor-mediated endocytosis of different
growth factors and antibodies, and form vesicles with a size of <200 nm (clathrin-rich
vesicles) and 60-80 nm (caveolin-rich vesicles) in diameter (McMahon et al., 2011; Parton
et al., 2013). Macropinocytosis involves formation of larger vesicles (0.2-5 ym in diam-
eter (Lim et al., 2011)) and does not require receptor binding. The process is, hence,
non-specific. Phagocytosis resembles in many ways the process of macropinocytosis,
but internalize particles larger than 0.5 ym in diameter (Freeman et al., 2014).

Early endosomes receive vesicles for the recycle of receptors to the surface, and sort-
ing of endocytosed material to the late endosomes. The endosomes are slightly acidic
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Endo-/lysosomal degradation: A drug is taken up by endocytosis and is

transported to a lysosome for degradation. PCI: A drug is taken up by

endocytosis and accumulates in endo-/lysosomal vesicles together with

the amphiphilic photosensitizer. ~Activation of the photosensitizer by

light induces generation of reactive oxygen species disrupting the endo-

/lysosomal membranes. This leads to the release of the sequestered drug
so that it can reach its intracellular target.
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(pH 5-6) (Mellman et al., 1986), and are believed to mediate the final delivery of mate-
rial to the lysosomes (Grant et al., 2009). The main function of the lysosomes is to break
down material into simple compounds that can be used as new building-material, in
addition to cell signaling, energy metabolism and plasma membrane repair (Settembre
etal., 2013). The important degradation enzymes function optimally in the acidic milieu
(pH 4.6-5.0) (Mellman et al., 1986).

2.1.2 Photodynamic Therapy (PDT)

For the release of drugs that are entrapped in endo-/lysosomes, the PCI technology
utilizes photochemical toxicity based on the principle of PDT. PDT involves three indi-
vidual non-toxic components; a photosensitizer, oxygen and light. A photosensitizer is
a chemical compound that can be promoted to an excited state upon absorption of light,
and transfer its energy to oxygen or another substrate, forming ROS, of which singlet
oxygen is the most important (Agostinis et al., 2011).

PDT is a selective treatment for cancer, not only due to the confined light expo-
sure of the target area, but also due to the preferential accumulation of the photosen-
sitizer in tumor tissue (Bossu et al., 1997; Berg et al., 2011). Although this mechanism
is not fully understood, some properties including leaky vasculature, poor lymphatic
drainage (Bugelski et al., 1981) and the photosensitizers” affinity for LDL and subse-
quent delivery to LDL receptors in tumor tissue (Kessel, 1986) may contribute to this
selection.

Photochemical treatment is recognized as non-invasive and minimally toxic because
of the localized effect initiated by light, and can be dated back to 1400 BC, where the
plant Psoralea corylifolia was used for treatment of the skin-condition vitiligo (Moan et
al., 2003). The first attempts to apply PDT on tumors was performed in the early 1900
by von Tappeiner et al. who recognized that oxygen was required for the photodynamic
effect (von Tappeiner, 1904). The investigation of photochemical treatment in clinical
oncology trials was provided by Dougherty in 1978 (Dougherty et al., 1978), and today
PDT is approved worldwide as a treatment of several conditions, including cancers of
the skin (non-melanoma), bladder, brain, esophagus, lung, bile duct and ovary (Agos-
tinis et al., 2011). PDT is additionally under clinical evaluation for the treatment of
cancers of liver, colon, pancreas, prostate, sarcoma, cutaneous T-cell lymphoma and
breast.

Photosensitizers for PCI

The first photosensitizers investigated for PCI included TPPS,,, TPPS, and AlPcS,,
(Berg et al., 1991; Berg et al., 1989). These are amphiphilic (TPPS,, and AlPcS,,) or an-
ionic (TPPS;) non-patented structures with adjacent SOs groups (pKa = 3.9 (Lilletvedt
et al., 2011)) kept deprotonated on the intra-luminal side of the endo-/lysosomes. This
let them retain their position in the endo/lysosomal membrane while being activated
by visible light. The blue light absorption and very low red light absorption properties
of TPPS,, and TPPS, restrict, however, their activation only to thin-layer tissues, while
AlIPcS,, in general is limited by batch to batch production variations holding back their
clinical potentials (Berg et al., 1989).

TPCS,, was specifically developed for deep tissue light-activation by modifying the
porphyrin-structure of TPPS,, (Berg et al., 2011). The reduction of one of the double
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bonds in the aromatic ring system yielded the chlorin-structure exhibiting a slightly dif-
ferent conformation not being aromatic throughout the ring-system. This resulted in
increased light absorption in the red region of the visible spectrum allowing photosen-
sitizer activation down to the sub-cutaneous tissue level (Agostinis et al., 2011).

Photosensitizer Reactions and Reactive Oxygen Species

The most active photosensitizers for clinical use include the porphyrins and their tetra-
pyrrolic analogues, which are activated by red light (600-800 nm) (Rapozzi et al., 2015).
Although longer wavelengths can penetrate deeper, wavelengths exceeding 800 nm
provide low excited state energy and will, hence, not be able to excite oxygen to its
singlet state.

Photosensitizer activation can happen by two different mechanisms; type I or type I
reactions as shown in Fig. 2.2, which can lead to changes of membrane fluidity, perme-
ability and protein functionality (Broekgaarden et al., 2015). A photosensitizer’s suscep-
tibility to a type I or Il reaction is dependent on the type of photosensitizer, the available
substrate and oxygen (Castano et al., 2004), while the degree of damage mainly depends
on photosensitizer localization, dose and oxygen availability (Dougherty et al., 1998).
In a type Il reaction, the excited triplet state photosensitizer transfers energy directly to
oxygen, forming singlet oxygen ('Oz). The formation of singlet oxygen is considered
the most important reaction in PDT and PCI as it may react very efficiently with un-
saturated carbon double bonds and may form organic hydroperoxides. Amino acids,
fatty acids and cholesterol are, hence, readily affected. The lifetime of 'O, has been es-
timated to be <0.04 ys, resulting in an action-radius of <0.02 (Moan et al., 1991). Other
reports indicate, however, that the lifetime and action-radius may be longer (Skovsen
et al., 2005; Baier et al., 2005).

Type I reactions can produce different kinds of ROS by transferring a proton or an
electron to bio-substrates forming a radical anion or radical cation. In the presence of
oxygen, the oxidized form of the photosensitizer or the substrate add to oxygen. In
this process, superoxide radical anion (O; ) can be generated. O, is not very active
in biological systems (Castano et al., 2004), but may further react directly with other
substrates or act as the precursor for other ROS, e.g. hydrogen peroxide (H,O, by the
process of "dismutation" by superoxide dismutase (SOD)) or hydroxyl radical (OH' by a
Fenton reaction) (Castano et al., 2004). OH' can initiate a chain reaction with the subse-
quent damage to fatty acids and other lipids forming e.g. lipid peroxides (Castano et al.,
2004). Lipid peroxides exhibit longer half lives than 10, (Girotti, 1998), and may, hence,
contribute in mediating secondary damage (Broekgaarden et al., 2015).

Photochemically Induced Toxicity

Due to the short half-life of singlet oxygen, the primary localization of photosensitiz-
ers determines the initial subcellular damage upon their activation (Moan et al., 1991).
It is the physicochemical properties of photosensitizers that mainly affect their local-
ization in cells; hydrophobic photosensitizers may diffuse across plasma membranes
and relocate to other intracellular membranes, while photosensitizers that are positively
charged and hydrophobic can localize in the mitochondria (Rapozzi et al., 2015). Photo-
sensitizers relevant for PCI, that are less hydrophobic with up to two negative charges
(amphiphilic) that are not protonated, are taken up by endocytosis. In addition to the
toxicity mediated by the different drugs being released by PCI, activated photosensi-
tizers may in general mediate their toxicity through direct damage to different vital
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components of the cancer cells, initiating different cell death pathways such as necrosis,
apoptosis and autophagy (Moor, 2000; Piette et al., 2003; Kessel et al., 2010; Broekgaar-
den et al., 2015; Agostinis et al., 2011; Bacellar et al., 2015). In addition to direct tumor
cell damage, PDT can also mediate its effect by targeting the tumor associated vascula-
ture (Chen et al., 2006). Due to increased photosensitizer uptake in endothelial cells, PCI
has been suggested as a vascular damaging technology for cancer eradication (Vikdal
et al., 2013).

Apoptosis, Necrosis and Autophagy Apoptosis may be triggered by both extracel-
lular and intracellular stress signals. Photosensitizers localizing to mitochondria are,
hence, examples of initiators of the apoptotic cell death pathway upon light exposure
(Hamblin et al., 2008). Although PDT using photosensitizers that localize to endosomes
and lysosomes may initiate apoptosis by cathepsin and cytochrome c release (Berg et al.,
1994; Reiners et al., 2002), high PDT doses tend, in general, to shift the balance towards
a necrotic cell death (Kessel et al., 2007, Hamblin et al., 2013). Likewise, excessive ROS
production is associated with necrosis signaling (Agostinis et al., 2011).

Autophagy is another pathway which can be activated by ROS-based cancer ther-
apy, including PDT (Dewaele et al., 2010; Agostinis et al., 2011). It is a regulated process
that disassembles and recycles dysfunctional components within a cell, generally ac-
tivated by nutrient deprivation but also by cellular damage. The process is divided
into different mechanisms which all have in common to transfer damaged components
into lysosomes. Photosensitizers damaging the lysosomes may therefore compromise
the completion of autophagy, subsequently potentiating photocytotoxicity in apoptosis-
dependent cells (Agostinis et al., 2011). Autophagy may, depending on the circum-
stances, act both as a pro-survival and pro-death mechanism (Dolmans et al., 2003;
Kessel et al., 2007; Agostinis et al., 2011; Mroz et al., 2011; Jeon, 2012), but has in general
been associated with enhanced survival upon PDT yielding low levels of photodamage.
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Growth and Proliferation Signaling While efficient cell death is observed when the
PDT dose is high, low PDT doses may also mediate growth inhibition, e.g. by arresting
cells in the G2/M phase of the cell cycle, which Piette et al. linked to damage to micro-
tubules mediated by hypericin-PDT (Piette et al., 2003). Microtubuli-damage has also
been reported for endo/-lysosomal photosensitizers (Berg et al., 1997), and suggested
as targets for photochemical therapy of cancer.

Growth factors (or mitogens) also play a role for cell proliferation. One example is epi-
dermal growth factor (EGF) which, upon binding to epidermal growth factor receptor
(EGFR), leads to Ras and Raf activation which subsequently activate the MAPK/ERK
signaling pathway. The MAPK/ERK pathway (also known as the Ras-Raf-MEK-ERK
pathway) regulates proliferation, differentiation, motility and survival by the signal
from a surface receptor to the DNA of the cell. The mitogen-activated protein kinase
(MAPK) family constitute the p38MAPK, the c-Jun N-terminal protein kinase (JNK) and
extracellular signal-regulated kinase (ERK), all of which have been shown to be readily
activated by ROS (Dolado et al., 2007). In (Klotz et al., 1998) it was shown that PDT using
5-aminolevulinic acid (ALA) activated J]NK and p38MAPK. These pathways, in addition
to ERK, were found to protect cells from cell death after hypericin- and Photofrin-PDT
by (Assefa et al., 1999; Tong et al., 2002). The ERK-pathway was, however, not acti-
vated in (Klotz et al., 1998), while both ERK and p38MAPK were activated (and JNK-
activation found cell line dependent) after TPPS,, in (Weyergang et al., 2008b). In the
work of Weyergang et al. p38MAPK was identified as a death signal, while JNK was
identified as a signal for survival (Weyergang et al., 2008b).

PDT has also been shown to be involved in the expression and regulation of EGFR.
E.g. Pc4-PDT has been reported both to inhibit the protein expression, but also to acti-
vate EGFR (Ahmad et al., 2001), while TPPS,,-PDT has been reported to attenuate its
activation (Weyergang et al., 2008a).

2.1.3 Drugs and Toxins for PCI

In 1999 Berg et al. demonstrated that molecules that do not readily penetrate the plasma
membrane, but rather are entrapped in endocytic vesicles (endosomes and lysosomes),
are ideal drugs for the use in PCI-combination (Berg et al., 1999). Ideally, the molecules
should only exert toxicity when translocated to the cell cytosol and not possess any
mechanism for cytosolic translocation without PCIL. One family of such molecules in-
clude the type I-ribosome inactivating protein (RIP)s produced by plants.

Ribosome Inactivating Proteins

RIPs originating from plants exert N-glycosidase activity against the 60S ribosomal sub-
unit in eukaryotic cells, by removing a specific adenin, A4324, of the 285 rRNA (Endo
et al., 1988; Barbieri et al., 1993), thereby halting irreversibly the protein synthesis of the
cell. Toxicity induced by RIPs is, however, reported to not only involve inhibition of
protein synthesis, but also the capability to induce DNA fragmentation and apoptosis
(Polito et al., 2013).

The RIPs are divided into two types depending on the presence of a translocation
domain. The type I-RIPs include gelonin, saporin, PAP, momordin and trichosanthin
(Walsh et al., 2013). They contain a catalytic A chain, but are by far less toxic than the
type II-RIPs that additionally contain both a binding chain (B chain) and a translocation
domain (II domain), which provide them with substantial higher toxicity and make
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them unsuitable for PCI. PCI of type I-RIP toxins have shown promising in vitro and in
vivo results because of their entrapment in endo-/lysosomes (Selbo et al., 2000; Selbo
et al., 2001; Selbo et al., 2006; Norum et al., 2009).

Many receptors are involved in receptor mediated endocytosis triggered by binding
of aligand. The receptors can then be transported within the cell and fuse with Golgi for
recycling, or to a lysosome for degradation (Pastan et al., 1983). Overexpression of some
receptors involved in control of growth and proliferation (e.g. EGFR, VEGFR and can-
cer stem cell (CSC) receptors) is correlated with cancer aggressiveness and invasiveness
(Hirsch et al., 2003; Sok et al., 2006; Rimawi et al., 2010; Li et al., 2014). Surface recep-
tors have, hence, brought attention as targets for several treatment strategies involving
mADbs, ADCs and ITs which can trigger or inhibit receptor mediated signaling or deliver
a drug/toxin payload to the cancer cells. Since PCI can deliver drugs and toxins lacking
a translocation domain, the technology has been potentiated by introducing targeting
moieties to the type I-RIPs. This has efficiently and specifically increased the delivery
of EGF- (Weyergang et al., 2006; Berstad et al., 2015), VEGF- (Weyergang et al., 2014),
HER2- (Berstad et al., 2012), CD133- (Stratford et al., 2013; Bostad et al., 2013; Bostad
et al., 2015), CD44- (Bostad et al., 2014) and EpCAM-targeting (Lund et al., 2014; Selbo
et al., 2015) gelonin- and saporin-based ITs in several in vitro and in vivo models.

The ADCs and ITs have, traditionally, been based on chemically conjugated struc-
tures of antibodies or ligands to drugs and toxins, resulting in large and immunogenic
products. These have been associated with a risk of payload dissociation before reach-
ing the targets (Alewine et al., 2015). Today, recombinant technology allows the pro-
duction of smaller ITs based on e.g. scFv antibody fragments and the enzymatically
active domains of the toxins, eliminating many of the challenges associated with the
chemically conjugated products. For example, they provide higher specificities, better
stabilities and smaller sizes, hence rendering them less immunogenic and more tissue
permeable (Shan et al., 2013). Denileukin diftitox is currently the only recombinant
IT approved in the clinic. This drug is not suited for PCI due to its capability of cell
translocation. It targets IL-2R for treatment of cutaneous T-cell lymphoma, but has been
associated with development of off-targets effects (Pai et al., 2003; Rappa et al., 2015).

Chemotherapy

Drugs that are weak bases may also entrap in late endosomes and lysosomes because
of protonation in the acidic milieu. One example is the anthracyclin doxorubicin which
works by stopping the process of replication by stabilizing the topoisomerase II complex
preventing the DNA double helix from being resealed. Doxorubicin could therefore
with great success be delivered to the doxorubicin-resistant MCF7/ADR cells by use of
the PCI technique (Lou et al., 2006). Bleomycin is another chemotherapeutic. It is a wa-
ter soluble glycopeptidic antibiotic which cause single-and double-strand DNA breaks,
resembling the damage by ionizing radiation. The sensitivity to bleomycin is, however,
highly variable due to the limited penetration through the plasma membrane, but was
demonstrated to induce synergistic inhibition of tumor growth by the PCI technology
(Berg et al., 2005).

To this date, one clinical trial has been completed (NCT00993512) showing tolerable
and promising effects of PCI of bleomycin in a Phase I clinical study (Sultan et al., 2016).
Recently, PCI was also investigated for the delivery of gemcitabine in locally advanced
cholangiocarcinomas (NCT01900158) where tolerability also was concluded. The pho-
tosensitizer was recently granted an orphan-drug-designation. Because of its potential
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to also activate the immune system through delivery of antigens, PCI is currently also
investigated for use as a vaccine-therapy for cancer indications (Hakerud et al., 2015;
Otterhaug et al., 2016).
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Chapter 3

Treatment Challenges in Chemotherapy
and PDT

3.1 General Cancer Therapy Resistance

General resistance mechanisms may be complex involving drug efflux and inactivation,
drug-target alteration and cell death inhibition (Gottesman, 2002; Gottesman et al., 2006;
Housman et al., 2014) (Fig. 3.1). The resistance can be divided into two main categories;
intrinsic and acquired resistance, where intrinsic resistance indicates pre-existing factors
mediating resistance before receiving any treatment, and acquired resistance develop
during the course of treatment through mutations or adaptive responses (Holohan et
al., 2013).

3.1.1 Drug Efflux Pumps

One of the most commonly described resistance mechanisms to cancer treatment, is
the efflux of drugs by certain transporters (Schinkel et al., 2003). One important fam-
ily of transporters is the ATP-binding cassette (ABC) transporter family, which has
been shown to be associated with multidrug resistance (MDR) (Fletcher et al., 2010).
The family comprise seven subfamilies designated A to G on the basis of their se-
quence, driven by ATP. They are endogenously responsible for the transport of lipids
and metabolic products across the membranes, but also the efflux of xenobiotics includ-
ing drugs (Fletcher et al., 2010).

Plasma membrane glycoprotein (Pgp) (ABCB1) was the first ABC transporter de-
tected in cancers exerting resistance to chemically unrelated chemostatics (Juliano et al.,
1976). It is encoded by the MDR1« gene, and has been shown to be expressed in many
different cancer types, in addition to normal tissue (Cordon-Cardo et al., 1990). Chemo-
statics effluxed by Pgp are generally weakly amphiphatic and lipid-soluble (Sharom,
2011), suggesting that photosensitizers also may be potential substrates. Kessel et al.
showed that doxorubicin-induced overexpression of Pgp impaired the cellular accumu-
lation of a cationic photosensitizer (copper benzochlorin iminium salt) (Kessel et al.,
1994), but that affinity to Pgp in general was dependent on photosensitizer structure
(Kessel et al., 1992). Although some photosensitizers have been shown to exhibit some
affinity to Pgp, only negligible effects on accumulation levels have been detected. Also,
cell lines induced by repeated PDT have not been shown to increase the expression of
Pgp, and the forced induction of similar photosensitizer accumulation levels in the case
of chemo-induced Pgp overexpressing cells, has not always translated into similar toxi-
cities (Casas et al., 2011).
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FIGURE 3.1: General Resistance Mechanisms

Summary of superior anti-cancer drug resistance mechanisms based on
(Gottesman et al., 2006).

Another group of the ABC transporter family is the half-transporters including the
MDR associated breast cancer resistance protein (BCRP), also referred to as ABCG2.
ABCG2 exhibits high affinity for hydrophilic organic anions, particularly sulfates in ad-
dition to glutathione (GSH) (Mao et al., 2015). Pheophorbide A (PhA) and PpIX, among
some other photosensitizers, have been identified as substrates of ABCG2 (Jonker et al.,
2002; Robey et al., 2005; Morgan et al., 2010; Selbo et al., 2012). PCI-relevant photosen-
sitizers have, however, not been shown to be affected by this transporter (Selbo et al.,
2012), (Paper I) and (Paper II).

3.1.2 Inactivation of Drugs
Compartmentalization

Intracellular compartmentalization and degradation of molecules represents an impor-
tant resistance mechanism with specific implication for drugs that do not cross the cell
membrane, and is the main target in PCI. Advanced cancers are highly dependent on
the function of lysosomes (Piao et al., 2015) as the lysosomal degradative enzymes (e.g.
cathepsins and cysteine proteases) may regulate angiogenesis and invasion (Gocheva
et al., 2006). Cancer progression and metastasis are therefore associated with changes in
lysosomal compartments, including lysosomal size, cellular distribution, and lysosomal
enzyme activity (Piao et al., 2015).

Little is known about the implication of alteration in the lysosomal biogenesis for
the PCI technology, but studies indicate that it is of some importance. Caruso et al.
and Nilsson et al. reported that lysosomes of different cell lines, but also individual
lysosomes within a cell, may differ in their susceptibility to damage and subsequent
survival by the photosensitizer NPe6 (Caruso et al., 2004) and oxidative stress (Nilsson
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et al., 1997), respectively. Cathepsins were implicated as regulators of this lysosomal
fragility (Caruso et al., 2004).

ROS Scavengers

The ROS scavenging system is well known to antagonize ROS induced by PDT and
other ROS-generating therapies. It includes the SODs, the glutathione peroxidase (GPx)s,
catalase and lipoamide dehydrogenase (Casas et al., 2011).

The SODs compromise the enzymes that catalyze the dismutation of superoxide into
oxygen and hydrogen peroxide, utilizing Cu?*, Zn**, Mn*" and Fe®* as cofactors. They
are divided in three subtypes, SOD1, 2 and 3, which primarily locate in the cytoplasm,
mitochondria and extracellularly, respectively. Several studies have shown the protec-
tive role from SOD on the primary effect from PDT, demonstrated by decreased anti-
tumor effect and reduced tissue swelling upon SOD inhibition (Hamblin et al., 2008;
Agostinis et al., 2011).

Catalase is the main H,O, detoxifying enzyme, as its scavenging activity is one of
the highest known (Casas et al., 2006). Its role in PDT is, however, not well known due
to that the majority of studies have investigated the role of exogenous catalase, and not
the enzyme produced by cancer cells (Casas et al., 2006).

The GSH system, regarded as a secondary ROS scavenging mechanism, includes
GSH, glutathione reductase (GR), glutathione S-transferase (MRP) (GST), and GPx, sum-
merized in Fig. 3.2. GSH is synthesized by GSH synthetase catalyzing the condensation
of y-glutamylcysteine and glycine. Eight isoforms of GPx have in total been identified
in humans; GPx1-8. Among them, GPx1 in the cytoplasm is the most abundant and
mainly localizes in the cytoplasm, while e.g. GPx4 is found in the cellular membrane.
All the GPxs have in common that they reduce hydrogen peroxide into water by the
redox reaction of GSH (Equation 3.1). GSSG can subsequently be recycled by GR back
to GSH (Equation 3.2). Expression of GPx has in general been associated with redox
reactions with lipid hydroperoxides, protecting cancer cells from PDT (Hamblin et al.,
2008). Likewise, GSH depletion by GSH synthetase-inhibition or genetic modification
potentiates the anti-tumor activity of PDT, while the increase of GSH is associated with
a decrease in such toxicity (Hamblin et al., 2008; Agostinis et al., 2011).

2GSH + HyOy — GSSG + 2H50 (3.1)

GSSG + NADPH + H" — 2GSH + NADP* (3.2)

GSH is not only oxidized in the redox reaction by GPx, but can also be conjugated
directly to xenobiotics by GST (Casas et al., 2006). This subsequently forms GS-X prod-
ucts which can be expelled by a GS-X efflux pump, also called multispecific canalicular
organic anion transporter (MRP) (MOAT).

3.2 Cancer Stem Cells

3.2.1 Definition of the Cancer Stem Cells and the Cancer Stem Cell
Hypothesis

The cancer cells within a tumor have traditionally been described as a homogeneous
cell population, and tumor progression has been explained by the stochastic evolution
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model where all cells within a tumor have tumor-initiating potential. Many advanced
tumors are, however, very heterogeneous, exhibiting sub-populations with distinct dif-
ferentiation, proliferation, vascularity and invasiveness (Hanahan et al., 2011). More
recently, such aggressive cancers were attributed to the presence of a subclass of cells,
termed cancer stem cells (CSC)s. CSCs are defined by their ability to self-renew, differ-
entiate and to initiate new tumors, and, hence, be partly responsible for the relapses in
the clinic. The CSC theory has gained wide acceptance over the last years.

3.2.2 Cancer Stem Cells in Different Cancers

CSCs were first reported in acute myeolid leukemia, as CD34+/CD38- cells (Bonnet et
al., 1997). Later they were identified in solid tumors including breast (Al-Hajj et al.,
2003), brain (Singh et al., 2003) and colon (Ricci-Vitiani et al., 2007). With time, several
tissue-specific markers for CSCs have been identified including e.g. EpCAM+, CD133+,
CD166+, CD44+, CD24+ (colorectal), EpCAM+, CD44+, CD24- (breast), CD133+ (brain),
and EpCAM+, CD44+, CD24+ (pancreatic), in addition to drug efflux pumps like ABCG2
(Dragu et al., 2015). These markers are also present on normal cells. Therefore, also
sphere forming capacity in serum-free medium or soft agar is used for in vitro identifi-
cation of CSCs (Dragu et al., 2015). However, only in vivo assays can reveal the tumori-
genic potential.

3.2.3 Targeting of Cancer Stem Cells

CSCs may show a slow rate of division, and may even be present in a quiescent state
(Schulenburg et al., 2006). They exhibit overexpression of drug-efflux pumps and are
in general therapy resistant (Colak et al., 2014). Traditional cancer therapy, like chemo-
and radiotherapy, hence, result in treatment failure and tumor relapse (Fig. 3.3). There-
fore, there has been a focus on strategies targeting the specific surface markers and to
inhibit cell signal pathways which are characteristic for the CSCs. CD133, CD44, CD24,
EpCAM, CD34 and CD47 are among the markers that have received most attention, in
addition to targeting of the drug-efflux pumps. Important signal cascades include the
Notch (Hassan et al., 2013), Hedgehog (Huang et al., 2012), Wnt/ 3-catenin (Cai et al.,
2012), PI3BK/ Akt (Li et al., 2011) and NF-xB (Zhou et al., 2008) pathways, shown to be
important factors in CSCs.

Similarities between normal stem- and progenitor cells and CSCs render, however,
CSC targeted therapy potentially damaging to healthy tissue. The localization of CSCs
in low oxygenated and low vascularized areas, also contribute to preventing efficient
delivery of therapy.
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Cancer stem cells are believed to constitute a significant proportion of a
tumor. Conventional therapy may leave the CSCs behind leading to tumor
regrowth. CSC targeted therapy may eliminate the whole tumor.
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Chapter 4

Experimental Conditions

4.1 Cell Lines

The human breast cancer cell lines MA11, MDA-MB-231 and MCF-7 were studied to
investigate acquired PhA- and TPCS,,-PDT-resistance (Paper I). The MA11 cell line has
previously been shown to overexpress ABCG2 and to efflux the photosensitizer PhA but
not the PCI-photosensitizer (Selbo et al., 2012). MDA-MB-231, which is triple negative
and hence often used as a model for chemotherapy, and MCF-7, which is estrogen- and
progesterone receptor positive and often used as a model for hormone therapy, were
used as additional cell lines.

To study if doxorubicin-resistance induces cross-resistance to TPCS,,-PDT and PCI
of recombinant gelonin (rGelonin) (Paper II), the MES-SA and MES-SA/Dx5 uterine
soft tissue sarcoma cell lines were used, of which the latter is resistant to doxorubicin.
They have previously been studied for cross-resistance to PDT using the in vitro relevant
PCI-photosensitizer TPPS,, (Selbo et al., 2006). The MES-SA /Dx5 cells were originally
developed and described by Harker et al. in 1985 (Harker et al., 1985), and confirmed
in Paper II and (Selbo et al., 2006) to retain the doxorubicin resistance.

Pancreatic cancer is a highly aggressive condition with one of the poorest prognosis
of all cancers (Ansari et al.,, 2016). It is mainly treated by surgery with adjuvant 5-
fluorouracil (5-FU) - a pyrimidine analog that inhibits thymidylate synthase, and/or
gemcitabine (Hartley et al., 2015). The Panc03.27 cell line was used as a model to study
the effect of TPCS,,-PDT and PCI after induction of 5-FU-resistance (Paper III). Three
subclones of Panc03.27 resistant to 5-FU and two untreated control clones were chosen
and named B1L, B1Q and B1V, and Nt and Nw, respectively. The 5-FU resistant cells
were kept resistant by supplementing the cultivation media with 1 pg/ml 5-FU until
48 hours prior to experiments. All the resistant clones showed an overexpression of
CD105, that we exploited for CD105-saporin targeting by PCL

The uterine and vulvar soft tissue sarcoma cell lines MES-SA and SK-LMS-1 were
used to study the effects of TPCS,,-PDT and PCI of bleomycin in pheno- and geno-
typically different cell lines (Paper IV). MES-SA exhibits an epithelial phenotype very
similar to carcinomas, and the P53-mutated SK-LMS-1 exhibits the typical mesenchymal
phenotype.

Aggressive, therapy resistant subpopulations of cells in a tumor has been associ-
ated with the presence of CSCs. CD133 is an important CSC marker, and is found gly-
cosylated in the colorectal adenocarcinoma WiDr, breast cancer MDA-MB-231 and the
melanoma cell line FEMX-1, hence being a target for the immunotoxin AC133-saporin
(Paper V). The CD133 negative MCF-7 cell line was used as a negative control, although
other work describes this cell line differently dependent on which CD133 antibody is
used for detection (Blancas-Mosqueda, 2012). This may be related to several epitopes
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of CD133 recognized both on the extracellular and intracellular part of CD133 (Bidling-
maier et al., 2008).

To study photochemical delivery of the CD133-targeting recombinant IT scFvCD133/-
rGelonin (clone 7), the CD133 positive colorectal adenocarcinoma HT29 and WiDr cell
lines were used, in addition to the CD133 (clone 7) negative / low-expression murine fi-
brosarcoma NIH/3T3, human glioblastoma U87, breast cancer MDA-MB-231 and MCF-
7 cell lines. Spontaneous conversion of CD133 expression between CD133 positive and
negative cells may be a challenge, as reported by Feng et al. (Feng et al., 2012). Our
FACS sorted CD133-high and -low HT29 cells were confirmed to preserve the CD133
status when investigated for CD133 specificity by PCI of scFvCD133/rGelonin.

4.2 PDT and PCI

The PCI-photosensitizer TPCS,, (Fimaporfin) (PCI Biotech) absorbs light at several wave-
lengths, but most efficiently in the blue and red spectrum (430 nm and 652 nm, respec-
tively) (Berg et al., 2011). Even though blue light cannot propagate deeper than 1-2
mm in tissue (Agostinis et al., 2011), it exerts high energy and is excellent for in vitro
experiments. Illumination of cells was performed using the LumiSource lamp from
PCI Biotech with an Emax at 435 nm. The irradiance varied less than 10% among
the illumination area, and had an effect range [9.6-13.5] mW/cm? (See each respective
manuscript). To ensure stable irradiance, the lamp was turned on 15 min prior to treat-
ment.

All experiments with photosensitizers were, other than when illuminated, performed
in subdued light. Drugs and toxins were administered either together with the photo-
sensitizer, or added to the experiment during the chase period. The wash and chase
period was introduced to remove the photosensitizer away from the plama membrane
so that TPCS,, was preferentially located in the membrane of the endo-/lysosomes.

4.3 Selection of PDT-Resistant Cells

PDT resistant cells were selected by four different strategies in this thesis. In Paper I
human breast cancer cells were treated repeatedly with TPCS,,-PDT. A similar TPCS,,
concentration and incubation time was used for three different cell lines (0.4-0.5 pg/ml
at 3 min light exposure). At each treatment, all surviving cells were kept and retreated
in total 3 times during 3 weeks. The doses used, resulted in a >90% cell kill in two of
three cell lines (MA11 and MDA-MB-231), while one cell line was less affected (MCE-7).
In Paper II a doxorubicin resistant sub-cell line selected from the MES-SA cell line was
used. The MES-SA /Dx5 cells were originally developed by Harker et al. after increasing
doxorubicin doses in the MES-SA cell line to a final concentration of 5x10~7 M, using
similar growth criteria as for the MES-SA cells. The advantage of selecting resistant
populations as a strategy is that the selected cells may resemble the "real" conditions
within a tumor.

The 5-FU resistant cells of Paper III were, in contrast, selected by clonal selection. A
disadvantage of this strategy is that such clones in general are not representative for the
entire resistant population. Therefore, three individual clones were selected through
limited dilution after creation of stable, proliferating 5-FU resistant cells (Lund et al,,
2015).
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The cell lines of Paper IV were chosen based on their diverse morphology despite
both being soft tissue sarcomas. They exhibited an intrinsic slightly different sensitivity
to PDT and PCI. In Paper V and Paper VI cancer cell lines were categorized based on
their expression of AC133 or CD133. The CD133 marker was used for CD133+ and
CD133- cell isolation in Paper VI. This marker has previously been associated with PDT
resistance (Bostad et al., 2013).

4.4 Viability Assays

Cellular viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra
zolium bromide (MTT) assay. The assay does not differentiate viable cells from dying
cells at early time points after treatment as it only measures the mitochondrial activity
of the cells, but has been shown to correlate well with the clonogenic assay when used
at least 48 hours after PDT in our group (Selbo et al., 2006). The MTT assay is, however,
challenging when addressing chemotherapy- or PCI-induced cell death when cytostatic
drugs are involved. These drugs require relatively long action durations before an effect
can be measured. Clonal experiments were therefore used when appropriate.

Neither the MTT assay or clonogenic assay discriminate between the mode of death
or if cells have reached growth arrest. Apoptosis and necrosis was therefore studied by
TUNEL- and cell permeabilization (based on propidium iodide) assays on flow cytom-
etry, respectively.

To study the proliferation rate of cells, the IncuCyte proliferation assay was used.
The assay is based on percentage from cell confluence and is reliable for the determi-
nation of the exponential growth phase. Proliferation assays were used for the deter-
mination of seeding densities and to study the photochemically induced effects on cell
proliferation.

4.5 ROS Formation

Relative ROS formation was addressed by studying the cell permeable agent 2’,7’-Dichl
orofluorescin diacetate (DCFH-DA) (Sigma), which upon deacetylation inside the cells,
converts to DCFH. DCFH is rapidly oxidized to highly fluorescent DCF by the reaction
with ROS. The fluorescence intensity is proportional to the ROS levels in the cell cytosol
and was measured either by plate reading or flow cytometry (section 4.6). The accumu-
lated ROS upon 1 hour was chosen to study immediate effects of the treatments. When
flow cytometry was used, only live cells were analyzed, as dying cells are associated
with unreliable results. The assay does therefore not include potential ROS formation
in these cells, although it is expected that dying cells, indeed, are dying because of the
ROS formation. Although DCFH-DA is most widely used for the detection of HyO,,
several one-electron-oxidizing species may oxidize DCFH to DCEF, including OH' and
NO,. An intermediate radical of DCF (DCF') may further react with O, to form O, sub-
sequently generating H,O, leading to amplification of the fluorescence signal intensity
(Kalyanaraman et al., 2012).
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4.6 Flow Cytometry and Fluorescence Microscopy

Flow cytometry is a laser-based method employed in cell counting, bio-marker detec-
tion and cell sorting. The method allows simultaneous multiparametic analysis, and
can be performed on both live and fixed cells upon immunostaining or use of fluores-
cent markers. The method can be used for analyses of a high number of cells and many
different dyes.

Immunostaining of live cells will typically reveal the presence of surface proteins
and was in this thesis used for the identification of the CD133 and CD105 surface re-
ceptors. Cells subjected to drug incubation, e.g. with TPCS,, or agents for detection of
ROS (DCFH-DA) were also analysed by flow cytometry. Internal controls, either gated
based on barcoding stains or TPCS,,, were used for increased reliability, in addition
to live/dead markers, either based on forward and side scattering parameters or on
live/dead dyes.

Fixation and permeabilization allows for detection of intracellular targets, and was
used for the identification of YH2AX associated with DNA strand breaks and dUTP
nicks associated with DNA fragmentation in apoptotic cells. The method was also used
for the relative quantification of immunotoxin based on immunodetection post fixation.

Even if flow cytometry is a highly precise method, it does not reveal the intracellular
localization of drugs and stains. For this reason phase contrast, fluorescence and elec-
tron microscopy was used, as it can visualise both the inside and outside of cells with
great magnification. The method can be used to e.g. study co-localization of different
dyes, which is not possible with flow cytometry.

4.7 Signal Normalization

When comparing signals, either from viability assays or protein expression assays, there
is a need of an internal control for the ability to compare different cell lines and individ-
ual experiments. For the viability assays, non-treated (NT) cells were used as internal
control and hence normalized to 100%. All other treatments were normalized relative
to this.

For protein expression assays, such as Western blotting and immunodetection, sig-
nals were normalized to untreated controls. If proteins exhibited decreasing phospho-
rylation, the signals were normalized to the total expression of the respective protein
(both phosphorylated and non-phosphorylated). If proteins were gaining phosphoryla-
tion, signals were normalized against phosphorylated proteins within the experiments.

Flow cytometry data were either presented as signal intensities per cell or as intensi-
ties relative to cell protein when cell lines exhibited differences in their protein content.
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Paper I

Development of resistance to photodynamic therapy (PDT)
in human breast cancer cells is photosensitizer-dependent:
Possible mechanisms and approaches for overcoming PDT-
resistance

Authors

Cathrine Elisabeth Olsen, Anette Weyergang, Victoria Tudor Edwards, Kristian Berg,
Andreas Brech, Sabine Weisheit, Anders Hogset and Pal Kristian Selbo

Main findings

This paper provides new knowledge demonstrating that repeating treatment with TPCS,,-
PDT induces acquired and persistent resistance to PDT, using the breast cancer cell line
model MA11. Resistance was also obtained in the breast cancer cell line MDA-MB-231
while not the MCF-7 cell line. It was also found that three cycles or more of PDT us-
ing another photosensitizer, PhA, induced persistent resistance that was attributed to
a selection of cells with intrinsically high expression of the ABCG2 drug-transporter
responsible for efflux of PhA. The resistance to TPCS,,-PDT was not conferred by al-
tered TPCS,, accumulation. No difference in ROS scavenging or cross-resistance to
doxorubicin or radiotherapy could be found between the TPCS,,-PDT resistant and
non-resistant cells. Instead, TPCS,,-PDT resistant cells (MA11/TR) were growing more
rapidly and overexpressed EGFR and ERK1/2, and exhibited a stronger STAT-3 ac-
tivation after TPCS,,-PDT compared to the maternal MA11 cells. The most interest-
ing finding was, however, the highly dysregulated p38MAPK activity with the subse-
quent lack of MAPKAPK-2 (MK2) phosphorylation upon TPCS,,-PDT treatment. Sim-
ilar p38MAPK-results were obtained in MDA-MB-231 breast cancer cells of which we
also managed to evoke PDT resistance, but the p38MAPK signal pathway was only
found to mediate cell death in the MA11 cells. As also discussed in Paper II, the mech-
anism of resistance to PDT did not affect sensitivity to TPCS,,-PCI. Targeting EGFR
overexpression by PCI of EGF-saporin in the resistant MA11/TR cells showed that PCI
circumvents the resistance mechanisms to PDT, and resulted in a synergistic decrease
in cell viability of both TPCS,,-PDT resistant and sensitive cells.

Submitted manuscript
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Paper 11

Circumvention of resistance to photodynamic therapy in
doxorubicin-resistant sarcoma by photochemical internal-
ization of gelonin.

Authors

Cathrine Elisabeth Olsen, Pdl Kristian Selbo, Kristian Berg, Anette Weyergang

Main findings

The aim of this paper was to explore the mechanisms of cross-resistance to TPCS,,-PDT
induced by resistance to the chemotherapeutical agent doxorubicin in the uterine sar-
coma cell line MES-SA /Dx5 originally developed from the MES-SA cells (Harker et al.,
1985). The resistance to doxorubicin has previously been shown to involve upregulation
of the drug-efflux pump Pgp, which we confirmed by Pgp inhibition that lowered the vi-
ability after doxorubicin treatment. Cross-resistance to clinically relevant TPCS,,-PDT
was demonstrated in line with a previous finding of cross-resistance to TPPS,,-PDT.
No difference in accumulation of TPCS,, was found between the cell lines, excluding
an altered endocytosis/exocytosis rate or alterations in drug transporters. Compared
to the MES-SA cells, the MES-SA/Dx5 cells were, however, found to express higher
levels of the gluathione peroxidase (GPx)1 and GPx4 enzymes, which are ROS scav-
engers involved in detoxification of lipid hydroperoxides. In line with this, a lower
level of PDT- and doxorubicin-induced ROS was detected in the MES-SA /Dx5 cells
and accompanied with lower sensitivity to ionizing radiation. On protein level, an
abrogated p38MAPK - MK2 (MAPKAPK-2) signaling was revealed, inhibiting initia-
tion of TPCS,,-PDT-induced cell death in the MES-SA /Dx5 cell line. Instead, inhibition
of p38MAPK by SB203580 revealed that p38 activation is a death signal after TPCS,,-
PDT in the MES-SA cells. Endo-/lysosomal release of rGelonin by PCI induced more
apoptosis-independent death in MES-SA /Dx5 cells despite the resistance to ROS, and
was hypothesized to circumvent ROS resistance because TPCS,, is not in direct proxim-
ity to GPx1 and 4 when damaging endosomes and lysosomes in PCI. It was suggested
that PCI may be a strategy for treatment of multidrug-resistant cancers.

Published
Free Radical, Biology and Medicine 65 (2013) 1300-1309 (Olsen et al., 2013)
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Paper III

5-FU resistant EMT-like pancreatic cancer cells are hyper-
sensitive to photochemical internalization of the novel endoglin-
targeting immunotoxin CD105-saporin

Authors

Kaja Lund, Cathrine Elisabeth Olsen, Judith Jing Wen Wong, Petter Angell Olsen, An-
ders Hogset, Stefan Krauss and Pal Kristian Selbo

Main findings

Here we show that three 5-FU resistant sub-clones of the wild type pancreatic cancer cell
line Panc03.27, overexpress Endoglin (CD105). CD105 is a membrane receptor overex-
pressed by the proliferating tumor neovasculature and is under clinical evaluation as
a therapeutic target in different solid tumours. In the present work we have used PCI
to enhance cytosolic release of a novel immunotoxin, anti-CD105-saporin, to target and
kill 5-FU-resistant and epithelial-to-mysenchymal-like pancreatic cancer cells that over-
express CD105. Treatment with CD105-saporin alone significantly reduced the viability
of the CD105-expressing 5-FU resistant pancreatic cancer cells, whereas little effect was
seen in the CD105-negative non-resistant parental cancer cell lines. Strikingly, PCI of
nanomolar levels of CD105-saporin nearly eradicated the 5-FU resistant cell popula-
tion. In addition, the 5-FU resistant cell lines displayed hypersensitivity to PDT, despite
a higher level of ROS-quenching machinery (increased expression of superoxide dismu-
tase (SOD)1 and SOD2, and increased dependency of glutathione (GSH)). The increased
sensitivity to PDT was linked to increased uptake of TPCS,,, altered lysosomal distri-
bution and increased expression of the lysosomal marker LAMP-1 in the 5-FU resistant
cells. We show that inhibition of autophagy, either using chloroquine or PDT, increased
the sensitivity to 5-FU in the resistant cells, indicating that acquisition of 5-FU resistance
can be linked to alterations in the autophagosomal/lysosomal process in these cells and
supporting the notion that alterations in autophagosomal/lysosomal pathways can be
linked to acquisition of chemoresistance.

Manuscript



36
Paper IV

Impact of Genotypic and Phentypic Differences in Sarcoma
models on the Outcome of Photochemical Internalization
(PCI) of Bleomycin

Authors

Cathrine Elisabeth Olsen, Simen Sellevold, Theodossis Theodossiou, Sebastian Patzke
and Kristian Berg

Main findings

In this paper we studied TPCS,,-PDT and PCI of bleomycin in two soft tissue sarcomas;
the vulvar leiomyosarcoma SK-LMS-1 cell line that exhibits a P53 mutation rendering
them unable to activate p53-mediated apoptosis, and the P53 competent uterine sar-
coma MES-SA cell line. Both cell lines were found intrinsically resistant to low-dose
bleomycin, while SK-LMS-1 additionally possessed a slightly lower sensitivity to PDT.
The SK-LMS-1 cells expressed higher levels of SOD and GPx enzymes compared to
the MES-SA cells. PCI increased the toxicity and amount of DNA damage induced by
bleomycin in both cell lines, but was found most effective in the MES-SA cells. Glu-
tathione was found to potentiate the DNA damage in the MES-SA cells, which is in line
with the suggested reactivation of bleomycin-Fe(III) to bleomycin-Fe(Il) potentiating its
action. No such effect was observed in the SK-LMS-1 cells. Depletion of glutathione
increased the toxicity from PDT in both cell lines. The MES-SA cells entered apoptosis
and cell cycle arrest upon PDT and PCI, in line with their functional P53 gene upon PCI
of bleomycin. The SK-LMS-1 cells did not enter apoptosis to the same degree as the
MES-SA cells. Taken together, PCI of bleomycin induces DNA damage that, dependent
on cell line, may be potentiated by glutathione.

Submitted manuscript
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Paper V

Light-controlled endosomal escape of the novel CD133-targeting
immunotoxin AC133-saporin by photochemical internaliza-
tion - A minimally invasive cancer stem cell-targeting strat-

cgy
Authors

Monica Bostad, Cathrine Elisabeth Olsen, Qian Peng, Kristian Berg, Anders Hogset
and Pal Kristian Selbo.

Main findings

The aim of this study was to use PCI for the delivery of the CD133 targeting IT AC133-
saporin. It was demonstrated that AC133-saporin co-localizes with the PCI-photosensitizer
TPCS,,, which upon light exposure induced cytosolic release of AC133-saporin. PCI of
picomolar levels of AC133-saporin blocked cell proliferation and induced inhibition of
cell viability and colony forming ability, whereas no cytotoxicity was obtained in the
absence of light. Efficient targeting was in addition demonstrated in stem-cell-like and
aggressive cancer cells, whereas no enhanced targeting was obtained in CD133-negative
cells. PCI of AC133-saporin induced necrosis as the main death response, and resulted
in S phase arrest and reduced LC3-II conversion in the presence of the autophagy in-
hibitor bafilomycin Al, indicating a termination of the autophagic flux. PCI of the
CD133 targeted IT was also demonstrated in vivo. After only one systemic injection
of AC133-saporin and TPCS,,, a strong anti-tumor response was observed. However,
no cure was obtained, which layed the foundation of developing a smaller recombinant
CD133-targeting toxin with presumably better tumor-penetrating capacity (Paper VI).

Published
Journal of Controlled Release 206 (2015) 37-48 (Bostad et al., 2015)
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Paper VI

Design, characterization and evaluation of a novel CD133-
targeting recombinant immunotoxin scFvCD133/rGelonin
for use in combination with the endosomal escape method
photochemical internalization

Authors

Cathrine Elisabeth Olsen, Lawrence Cheung, Anette Weyergang, Kristian Berg, Daniel
Vallera, Michael Rosenblum and Pal Kristian Selbo

Main findings

The aim of the study was to design, develop and explore a novel recombinant IT for
the specific targeting of CD133. In this work, the scFv unit of anti-CD133 (clone 7),
was, recombinantly fused to the RIP gelonin by the stable and flexible 218 amino acid
linker in E. Coli bacteria, and purified by immobilized metal affinity chromatography
(IMAC) based on histidine retention. Total yield of the resulting scFvCD133/rGelonin
IT was calculated to be 1200 microgram immunotoxin per 10 L bacteria, with a final
concentration of 1.8 microM of purified material. The ribosome inactivating property
was tested in a cell free system and showed >100-fold loss of activity compared to
rGelonin. Nanomolar levels of the IT exhibited, however, a 90% ribosome inhibitory
effect. Despite the loss of activity, PCI of the scFvCD133/rGelonin induced log-fold
effects on viability after only 2-4 hours incubation in the PCI protocol. By increasing
light doses, PCI of 10 nM reduced the viability down to less than 1%, and exceeded
the specificity of rGelonin. The recombinant IT did also show a superior binding to the
cell membrane of CD133 positive cells over CD133 negative. Surprisingly, PCI of the IT
exceeded the toxicity of PCI of rGelonin also in CD133 receptor negative/low cell lines.
To study if the effect could be cell line dependent, 5% of the lowest and 5% of the high-
est CD133 expressing cells in a receptor positive cell line were sorted. The sensitivity
to PCI of scFvCD133/rGelonin was, however, not found significantly different between
the sorted cells. This implies that minor levels of CD133 is sufficient to achieve cytotoxic
effects after PCI of scFvCD133/rGelonin.
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Chapter 5

TPCS-,-PDT and Resistance

PCl is a method developed to increase sensitivity to drugs that are sequestered and may
be degraded in the lysosomal compartments of cancer cells. The method is mediated by
the localized action of TPCS,,-PDT on the endo-/lysosomal membranes subsequently
releasing the drugs before they are degraded. In this respect, PCI can be regarded
as a method for circumvention of resistance. There is, however, a lack of knowledge
about if and how resistance may develop against TPCS,,-PDT and, hence, what im-
pact it may have on the effect of PCI. PCI has been investigated as a delivery method
in several drug-resistant cancer cell lines (Lou et al., 2006; Selbo et al., 2010; Bostad et
al., 2013; Weyergang et al., 2015), but only a few attempts have been made to inves-
tigate its own susceptibility to resistance (Selbo et al., 2006; Selbo et al., 2012). This
chapter gives an overview of acquisition of altered sensitivity to TPCS,,-PDT, and as-
sociated mechanisms regarding photosensitizer accumulation, detoxification, cell death
and growth/proliferation inhibition.

5.1 Acquired PDT Resistance and PDT Hypersensitivity

Clinical PDT is usually conducted once or twice to achieve a successful result. Although
development of clinical PDT-resistance is not well documented (Fiechter et al., 2012; Gi-
laberte et al., 2014; Bardazzi et al., 2015) it is of high importance that Paper I showed that
only three treatment repetitions induce resistance to TPCS,,- or PhA-PDT in two differ-
ent breast cancer cell lines (MA11 (Fig. 5.1) and MDA-MB-231) selected by population
selection. Acquired PDT-resistance is not limited to breast cancer. Singh et al. showed
that also colon adenocarcinoma (HT29) and bladder carcinoma (HT1376) acquire re-
sistance after repeated in vitro PDT (Singh et al., 2001), and Casas et al. and Mayhew
et al. isolated PDT-resistant murine adenocarcinoma clones and radiotherapy-induced
tibroblast (RIF)-1 cell populations, respectively (Casas et al., 2006; Mayhew et al., 2001).

The TPCS,,-PDT resistance in MA11 and MDA-MB-231 was acquired by treating the
cells with relative high PDT-doses resulting in >90% kill after first exposure. While this
is similar to the doses used by Singh et al. and Casas et al. for the induction of PDT-
resistance, Paper I, however, showed that the less PDT-sensitive MCF-7 cell line did not
acquire resistance to TPCS,,-PDT upon repeated treatment. This demonstrates that not
all cell lines are susceptible to development of TPCS,,-PDT resistance or that the level
of cell kill may be important for the selection of resistant sub-populations. HT1376 and
SK-N-MC cells isolated by Sing et al. did in line with this not develop resistance to
AlPc4- and Photofrin-, and Photofrin-, Nile Blue- and AIPcS4-PDT, respectively (Singh
et al., 2001). These cell lines demonstrated different levels of intrinsic resistance.

More than 8 cycles of PDT had to be used by Singh et al. before 1.5-2.81-fold increased
survival was confirmed in the resistant cells compared to the maternal cells, while Casas
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FIGURE 5.1: PDT resistance in MA11 cells

More than 3-fold increased survival after TPCS,,-PDT MA11/TR cells
upon induction of resistance. The data are the average of triplicates from a
representative experiment (Error bars: S.D.), * = p<0.001 (Paper I).

et al. treated cells at 13 cycles. Fifteen cycles were used by Mayhew et al. for the iso-
lation of cells exhibiting 5.7-7.1-fold increase in resistance. The resistant MA11/TR and
MDA-MB-231/TR cells were in comparison >3-fold less sensitive to TPCS,,-PDT than
their maternal cells after 3 cycles when compared at the same light dose, and the LD5
and LDy, were >3-fold and close to 2-fold increased, respectively. Such fold-resistance
index can, however, be difficult to define, as several parameters such as photosensitizer
concentration, incubation time, localization and light dose may be different in different
PDT protocols. This was illustrated by Mayhew et al. who demonstrated the 5.7-7.1-fold
increased PDT-resistance with a fixed light dose and increasing photosensitizer concen-
tration, but showed that the resistance was reduced to 1.7-1.8-fold with increasing light
dose and fixed photosensitizer concentration (Mayhew et al., 2001). LDs, or LDy, (pho-
tosensitizer concentration and light dose) are, however, mainly used for comparison
between cell lines (Zamarroén et al., 2015).

The first observation of PDT resistance was reported in 1991 by Luna and Gomer
which showed that RIFs had generated in vitro resistance to Photofrin II-PDT (Luna et
al., 1991). This demonstrates that PDT resistance can develop before any PDT treatment
has been applied, subsequently also demonstrated in vivo (Singh et al., 1991), hence
suggesting clinical implications. Selbo et al. also demonstrated that the doxorubicin-
induced human uterine sarcoma cell line MES-SA /Dx5 had developed resistance to
TPPS,,-PDT (Selbo et al., 2006), and in Paper II we showed that this cross-resistance
also applies for TPCS,,-PDT.

Repeated chemotherapy or radiotherapy is often the first line treatment for malig-
nant tumors, hence, rendering development of resistance and cross-resistance a poten-
tial prevalent phenomenon. The MES-SA /Dx5 cell line, originally developed by Harker
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et al. (Harker et al., 1985), has for example been reported cross-resistant to several differ-
ent chemotherapies (daunorubicin, dactinomycin, mitoxantrone, colchicine, vincristine,
vinblastine, etoposide, mitomycin C and melphalan) (Wesolowska et al., 2005; Ambud-
kar et al., 2003; Sharom, 2008; Zilfou et al., 1995; Consoli et al., 1997), in addition to radio-
therapy (as demonstrated in Paper II). Fortunately, in most cases no cross-resistance be-
tween chemotherapy and PDT has been reported (Casas et al., 2011). Demonstrations of
cross-resistance include, however, the chemo-resistant P388/ADR (Kessel et al., 1994),
CHO-MDR (DiProspero et al., 1997) and MCF-7/ADR (Wang et al., 2016) cell lines, ex-
hibiting resistance to copper benzochlorin iminium salt, Photofrin- and Ce6-PDT, re-
spectively. Interestingly, Paper I showed that the TPCS,,-PDT-resistance in MA11/TR
did not confer resistance to doxorubicin or radiotherapy, suggesting that TPCS,,-PDT
resistance not always is mediated by the same mechanism. However, while certain
cancer cell sub-populations have been reported to undergo epigenetic changes and ac-
quire transient resistance (Sharma et al., 2010), the resistance to TPCS,,-PDT both in the
MA11/TR and MES-SA /Dx5 cells in Paper I and Paper II were found persistent (more
than 20 passages).

Chemotherapy-resistance (e.g. resistance to doxorubicin) has not only been reported
to induce cross-resistance, but also to increase sensitivity to PDT (hypersensitivity), e.g. to
meta-tetrahydroxy-phenyl-chlorin (m-THPC)-PDT in doxorubicin resistant breast can-
cer (MCF-7/DXR) cells (Teiten et al., 2001). Similar to this, Paper III revealed that 5-FU-
resistance may confer hypersensitivity to TPCS,,-PDT, demonstrated in the pancreas
adenocarcinoma Panc03.27 sub-cell lines (B1L, B1Q and B1V). Similar results were re-
cently obtained in a clinical study where pretreatment with 5-FU increased the efficacy
of PDT in actinic keratosis (Nissen et al., 2017). Interestingly, TPCS,,-PDT pretreatment
of the B1L, B1Q and B1V sub-cell lines did also confer increased sensitivity to 5-FU in
Paper III, suggesting that TPCS,,-PDT influences on the resistance mechanism to 5-FU.

5.2 Mechanisms affecting Sensitivity to TPCS,,-PDT

Some general resistance mechanisms to PDT have been suggested and discussed as sim-
ilar to mechanisms conferring resistance to conventional cancer drugs, e.g. efflux, inac-
tivation, target alterations and repair of damage (Casas et al., 2011). It can therefore be
hypothesized that specific resistance mechanisms may be shared among cross-resistant
drugs. This has, indeed, been confirmed for all the chemotherapeutics subjected to
cross-resistance in the MES-SA /Dx5 cell line described in section 5.1. The main targets
are, however, very different between doxorubicin and TPCS,,-PDT; doxorubicin acts
directly on the DNA while TPCS,, exerts its action on endo-/lysosomes. Both treat-
ments share, however, the capability of generating ROS as part of their mechanism of
action, indicating that the cross-resistance may be associated with adaption to excess
ROS. However, as acquired resistance to TPCS,,-PDT did not induce cross-resistance to
doxorubicin in the MA11/TR cell line of Paper I, there are likely several mechanisms
conferring alterations in sensitivity to TPCS,,-PDT.

5.2.1 Photosensitizer Accumulation

Accumulation studies in Paper I and Paper II showed that there were no difference
in TPCS,, uptake/efflux between the MES-SA and MA11 cell lines and their resistant
counterparts MES-SA /Dx5 and MA11/TR. It was, accordingly, recently reported that
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amphiphilic photosensitizers, such as TPPS,, and TPCS,, are not substrates of the ABC
transporter ABCG2 (Selbo et al., 2012), which has been discussed to be conferred by
the amphiphilic character of these photosensitizers possessing low ABCG2 affinities.
In Paper II, doxorubicin resistance in MES-SA /Dx5 induced cross-resistance to TPCS,,-
PDT. Although upregulation of Pgp was identified as the resistance mechanism towards
chemotherapy in this cell line, in line with previous reports (Ambudkar et al., 2003;
Sharom, 2008; Zilfou et al., 1995; Consoli et al., 1997), Pgp inhibition did not increase
the toxicity induced by TPCS,,-PDT, demonstrating that TPCS,, is not a Pgp substrate.

Due to the localization and anchoring of TPCS,, in the cell membrane, the intracellu-
lar accumulation is mainly mediated by an endocytic process. In Paper III, accumulation
studies demonstrated a time- and concentration-dependent uptake of TPCS,, in the ma-
ternal and TPCS,,-PDT hypersensitive Panc03.27 cells. Interestingly, it was shown that
the hypersensitive cells exhibited a 1.6-fold increased TPCS,, accumulation compared
to the maternal cells, and that they were larger by volume. Similar results have also been
observed after induction of resistance to 5-FU (Trigueros-Motos et al., 2012), Photofrin
II-PDT- (Luna et al., 1991) and ALA-PDT (Casas et al., 2006) in breast cancer, RIFs and
adenocarcinoma cells, respectively. As cells increase in size, their surface area, and thus
the ability to take up the photosensitizer, does not increase to the same degree as their
volume (Fig. 5.2). Therefore, as was calculated based on volume- and area-equations,
the increase in cell volume (which was observed in the 5-FU resistant cells of Paper III)
translated into an increase in surface area by 51%. This demonstrated that the 1.6-fold
increased accumulation of TPCS,, was, at least partly, due to their increased surface
area.

Paper IV also addressed TPCS,, accumulation. At the PDT timepoint (18 hours incu-
bation + 4 hours chase), 3.3 times more TPCS,, was measured per cell in the SK-LMS-1
cell line compared to the MES-SA cells. Similar to Paper III it was found that the SK-
LMS-1 cells were larger by volume (3.7 times, addressed by protein measurements),
hence, accumulating slightly less TPCS,, than the MES-SA cells when corrected for pro-
tein content. When further estimating the surface area of SK-LMS-1 (>11 times larger
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than in MES-SA based on area calculations), the accumulation of TPCS,, in the SK-LMS-
1 cells is >3 times lower than expected.

The accumulation data from Paper IV do not explain how the change in accumula-
tion is mediated. Factors that may be of importance include different endocytosis rates
and cell membrane composition, e.g. presence of LDL receptors, previously demon-
strated to affect the binding affinity of photosensitizers (Kessel, 1986; Kascakova et al.,
2008). Membrane composition was not investigated in this work, but should be in-
cluded when investigating the potential of TPCS,, in PDT and PCIL.

5.2.2 ROS Detoxification

TPCS,, in combination with light is an efficient ROS inducer, as shown by the high ROS
generation shortly after PDT. As described in section 3.1.2, ROS generation depends
on oxygen availability, but to the greatest extent on the presence of the photosensitizer.
It is, accordingly, expected that cells accumulating high levels of TPCS,, may generate
more ROS than other cells.

Cells exhibit properties that may protect them from excess ROS, e.g. the ROS scav-
engers SOD and GPx. The cells of Paper Il and Paper IV which accumulated the highest
levels of TPCS,, (per cell), also expressed the highest levels of ROS scavenging enzymes.
The ROS scavengers in the 5-FU resistant cells of Paper III did, however, not seem to
detoxify the excess ROS to an adequate extent, and were hypersensitive to TPCS,,-PDT.
The cells were, nevertheless, highly dependent on the presence of GSH which decreased
the sensitivity to TPCS,,-PDT.

The specific role of GSH for intrinsic PDT resistance was recently investigated by us
(Theodossiou et al., 2017), where we demonstrated that GSH may exhibit different roles
depending on cell line; either being utilized in a redox reaction by GPx for the reduction
of oxygenated products, or being involved in GST-mediated conjugation of GSH to the
photosensitizer or photo-oxidized products. In the study, the intrinsically hypericin-
PDT resistant MCF-7 cell line was found to overexpress GPx when compared to MDA-
MB-231, which instead overexpressed GSTP1 relevant for efflux of photo-oxidized prod-
ucts. The impact of total GSH depletion, hence, affected both cell lines, but in different
manners. It can, hence, be concluded that the importance of GSH is dependent on cell
line, which also seems to be the case in Paper III and Paper IV.

In Paper II it was suggested that TPCS,,-PDT-resistant MES-SA /Dx5 cells detoxi-
tied PDT-induced ROS by their increased expression of GPx1 and GPx4 upon acquiring
resistance to doxorubicin. mRNA level and activity of ROS detoxifying enzymes has,
in line with this, also been reported in other doxorubicin resistant cell lines such as
K562/DOX and SKVLB (Kalinina et al., 2006). Accordingly, resistance to other ROS-
inducing agents has also mediated increased antioxidant capacity (Deavall et al., 2012;
Trachootham et al., 2009). As further shown in Paper II, doxorubicin treatment yielded
less ROS generation in the MES-SA /Dx5 cells, indicating that the ROS scavenging en-
zymes confer the doxorubicin resistance. ROS detoxification can, however, not be iden-
tified as a prevalent resistance mechanism against TPCS,,-PDT-induced toxicity, as the
PDT-resistant MA11 /TR cells of Paper I did not exhibit less ROS or more ROS-detoxifying
enzymes than the sensitive maternal cells.

Taken together, ROS scavengers contribute to the mechanisms conferring resistance
mechanism to TPCS,,-PDT. The role seems, however, different in different cell lines.
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5.2.3 TPCS,, Localization, Cell Death and Signaling

As described above, PCI induces cytosolic delivery of a drug/toxin, which on its own
lacks a mode of efficient translocation. The localized effect of PDT on endo-/lysosomal
membranes is therefore decisive for the PCI method. Lysosomal photosensitizers may,
nevertheless, also relocate to other membranes upon the primary activation (e.g. to en-
doplasmic reticulum (ER) (Berg et al., 1991; Rodal et al., 1998)). Cell death may therefore,
to a great extent, also be mediated by secondary effects (Wood et al., 1997) and, hence,
be initiated by different intracellular signaling pathways.

Apoptosis

Activated photosensitizers damaging lysosomes have been suggested to have the ability
to activate the apoptotic pathway through release of cathepsins and subsequent activa-
tion of the caspase cascade (Berg et al., 1997; Berg et al., 2010). In Paper I and Paper V it
was, however, shown that TPCS,,-PDT did not activate the caspases to a significant ex-
tent, but rather cleaved the caspase-substrate PARP independently of the caspases. This
is in line with previous reports showing that cathepsins themselves can cleave PARP in
a caspase independent manner (Gobeil et al., 2001) and that PDT with hexaminolevuli-
nate (HAL) may initiate caspase independent apoptosis (Furre et al., 2006). Cells can
survive a moderate release of cathepsins because of cathepsin inhibitors intrinsically
present in the cytosol (Berg et al., 1994). Inhibition of cathepsins was of interest found
as the mechanism of resistance in ATX-s10-PDT-resistant MCF-7c3 cells (Ichinose et al.,
2006).

Neither Paper IV nor Paper V demonstrated TPCS,,-PDT-induced apoptosis to the
same degree as expected based on MTT viability measurements. Paper I additionally
showed that TPCS,,-PDT mediated an equal distribution of apoptotic and necrotic cells
in the dead fraction of the TPCS,,-PDT-resistant and sensitive MA11 breast cancer cell
lines. It can therefore be suggested that the main death mechanism induced by TPCS,,-
PDT is not mediated by apoptosis, and, hence, that reduced susceptibility to apoptosis-
mediated cell death is not a prevalent resistance mechanism to TPCS,,-PDT.

Autophagy

Paper I, Paper III and Paper V showed that TPCS,,-PDT increases the accumulation of
the autophagy marker LC3 II, which in general is associated with LC3 conversion (LC3 I
to LC3 II) indicating the initiation of autophagy. During the autophagic flux, lysosomes
fuse with autophagosomes and subsequently degrade LC3 II localized on the inside of
the autophagosomes. Agents which inhibit this fusion are therefore used as autophagy
inhibitors and to reveal the total amount of LC3 II before it gets degraded. Examples of
such agents include chloroquine and bafilomycin Al.

Interestingly, as TPCS,, localizes to and damages the endo-/lysosomes upon acti-
vation, it is possible that TPCS,,-PDT may compromise the fusion of lysosomes and
autophagsomes (Fig. 5.3), as previously described for PDT using other lysosomal pho-
tosensitizers (Agostinis et al., 2011). It is, hence, expected that TPCS,,-PDT, in a simi-
lar manner as the autophagy inhibitors, would increase the LC3 II accumulation. Our
results therefore suggested that TPCS,,-PDT could act as an inhibitor of autophagy
and, hence, implicate on the treatment outcome of drugs subjected to resistance by au-
tophagy. Not surprisingly, Paper III showed that both chloroquine and TPCS,,-PDT
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FIGURE 5.3: Possible Inhibition of autophagy by TPCS,,-PDT

TPCS,,-PDT may damage the lysosomes, resulting in the inhibition of au-
tophagosome - lysosome fusion.

independently resensitized the Panc03.27R cell lines to 5-FU, likely through the inhibi-
tion of autophagic flux.

The 5-FU-resistant pancreatic cells in Paper Il also exhibited altered endo-/lysosomal
sizes and numbers, and were as described above hypersensitive to TPCS,,-PDT. The
results of Paper III are comparable to the results reported by Teiten et al. who demon-
strated that doxorubicin resistant MCF-7/DXR cells exhibited a different intracellular
m-THPC distribution pattern than their maternal cells and were hypersensitive to m-
THPC-PDT (Teiten et al., 2001). It is difficult to address whether hypersensitivity to
PDT is directly mediated by alterations in the lysosomal biogenesis, but as photosensi-
tizer localization in general is considered as an important parameter in PDT-mediated
toxicity, lysosomal distribution should warrant more investigation.

Cell Cycle Arrest

Hanahan et al. describe the evading of cell death as a cancer hallmark (Hanahan et
al., 2000). Such ability has been related to cell cycle arrest where the cells may repair
their damage before continuing their DNA replication. Paper IV showed, indeed, the
arrest of MES-SA cells in G2/M phase upon TPCS,,-PDT. According to indications that
microtubuli are targets of PCl-relevant photosensitizers (Berg et al., 1997), it is likely
that the G2/M arrest in MES-SA cells (Paper IV) can be linked to TPCS,,-PDT-induced
microtubuli-damage. Piette et al., indeed, demonstrated that hypericin co-localizes with
microtubuli and suggested that damage to microtubuli is an inducer of G2/M arrest
(Piette et al., 2003). No G2/M arrest was, however, observed in the SK-LMS-1 cell line,
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perhaps related to their mutated P53 gene which may impair with mechanisms of cell
cycle arrest, although multiple pathways may regulate the G2/M transition. Although
a G2/M arrest was demonstrated after TPCS,,-PDT in Paper I, no difference between
TPCS,,-PDT-sensitive and resistant MA11 cells was observed, indicating that G2/M
arrest is not associated with the PDT-resistance in this model. TPCS,,-PDT seems there-
fore to induce G2/M arrest dependent on cell line, and cannot be completely ruled out
as a mechanism of TPCS,,-PDT resistance.

ERK and p38MAPK

A few studies have reported on increased cell proliferation (Wolf et al., 1997; Varma et
al., 2000; Maydan et al., 2006) and alterations in the MAPK/ERK pathway (Klotz et al.,
1998; Tong et al., 2002) upon repeated PDT treatment, including TPPS,,-PDT (Weyer-
gang et al., 2008a; Weyergang et al., 2008b). In line with this, we showed that the breast
cancer cell line MA11/TR in Paper I increased its proliferation capacity and expression
of the growth related EGFR and ERK1/2 proteins upon the induction of acquired resis-
tance to TPCS,,-PDT. EGFR has, interestingly, previously been reported to be a target of
TPPS,,-PDT (Weyergang et al., 2007) and shown to be downregulated or deactivated by
Pc4- or ALA-PDT (Ahmad et al., 2001; Tsai et al., 2009). EGFR was, however, not found
to be significantly downregulated upon TPCS,,-PDT in the MA11 or MA11/TR cells,
although the upregulation of EGFR in untreated MA11/TR may seem as some sort of
compensatory mechanism.

While ERK1/2 was found equally deactivated in the MA11 and MA11/TR cells rel-
ative to total ERK1/2 upon TPCS,,-PDT, the transcription activator STAT-3 was found
downregulated after PDT in both cell lines, but, interestingly, regained a higher level
of phosphorylation in the MA11/TR cells after the initial dephosphorylation. This is in
line with the increased EGFR expression and a possible increased stimuli by EGF.

In two of the papers in this thesis, p38MAPK was investigated after TPCS,,-PDT
(Paper I and Paper II). In both papers it was found that p38MAPK was phosphory-
lated rapidly after TPCS,,-PDT, in line with Weyergang et al.’s previous observations
involving TPPS,, (Weyergang et al., 2008b). Interestingly, TPCS,,-PDT resistant cells ei-
ther exhibited a high and prolonged p38MAPK phosphorylation (as the MA11/TR and
MDA-MB-231/TR cells in Paper I) or a low phosphorylation (MES-SA /Dx5 in Paper
IT). In both cases the downstream activation of MK2 was abrogated in the resistant cell
lines.

The work of Weyergang et al. showed that TPPS,,-PDT was an inducer of p38MAPK-
mediated cell death (Weyergang et al., 2008b), while in Paper II p38MAPK was recog-
nized as a death signal only in the PDT-sensitive MES-SA cells. Further, Paper I iden-
tified p38MAPK as a death inducer only in the TPCS,,-PDT sensitive MA11 cell line,
while not in the MDA-MB-231 cell line. However, in the PDT-resistant MA11/TR and
MDA-MB-231/TR cell lines” activation of MK2 was blocked, consistent with the abro-
gated p38MAPK phosphorylation. No effect was, accordingly, gained by the inhibition
of p38MAPK, and p38MAPK could, hence, not be recognized as a death signal in these
cells. The results show, nevertheless, that p38MAPK is involved in the development of
TPCS,,-PDT resistance, but that it is of different importance for TPCS,,-PDT-mediated
cell death.
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Chapter 6

PCI and Cirumvention of Resistance

All the papers of the thesis showed that TPCS,,-PDT-resistance did not affect the sen-
sitivity to PCI. Chemotherapeutics and targeted and non-targeted toxins were, hence,
with great success delivered by the PCI method to all the different PDT-resistant cell
lines. In the following sections mechanisms of how PCI may circumvent the TPCS,,-
PDT resistance are discussed.

6.1 TPCS,, Localization

The amphiphilic stucture is the most important feature of TPCS,, for being used in PCI.
This way it mediates the specific endo-/lysosome-directed generation of ROS, as de-
scribed above. TPCS,, showed, indeed, localization to endo-/lysosomes independently
of PDT sensitivity, when addressed in Paper I, Paper II, Paper III and Paper V. Even
when the TPCS,, distribution pattern changed upon induction of 5-FU-resistance in
Paper III, TPCS,, was still found co-localized with lysosomal markers, hence able to ini-
tiate the endo-/lysosomal rupture required for the PCI effect. The rupture was demon-
strated by the observations of absent or weaker LysoTracker staining after TPCS,, acti-
vation.

In addition to alterations in size and number of lysosomes, other changes to the
lysosomal biogenesis have also been reported in chemotherapy-resistant cells. Impor-
tant for the PCI method, they include alkalization of the lysosomal pH in some MDR
cancers (Larsen et al., 2000). However, as alkalized pH increases the deprotonation of
the SO5 groups of TPCS,,, its anchoring to the endo-/lysosomal membranes should be
turther increased, thereby, if possible increasing the specificity of TPCS,, for endocytic
vesicles. This may explain the increased effect of PCI observed in MDR cancers (Selbo
et al., 2006) and (Paper II).

6.2 Reactive Oxygen Species

6.2.1 ROS Scavengers

Paper II showed that prolonged doxorubicin exposure was the reason for the elevated
levels of ROS scavengers in the MES-SA /DxS5 cell line, and suggested that the ROS scav-
engers protected the cells against PDT-induced ROS e.g. in the cytosol and ER. Regard-
ing PCI, the localization of the ROS scavengers is of high importance, as the primary
ROS produced from the photosensitizer is short-lived (Moan et al., 1991) and located
to the endo-/lysosomes. The ROS scavengers identified in Paper II (GPx1 and GPx4)
are, importantly, not localized to the endo-/lysosomes, but reported to be expressed
in the cytosol, mitochondria, nucleus and ER (Brigelius-Flohé et al., 2013; Liang et al.,
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2009). The increased GPx1 and GPx4 expression in the MES-SA /Dx5 cells was therefore
suggested to be able to inhibit the TPCS,,-PDT-mediated toxicity without decreasing
the efficacy of PCI. In this way, PCI was believed to circumvent the resistance towards
TPCS,,-induced ROS.

In Paper I1I, increased expression of SOD1 and SOD2 was detected in the 5-FU re-
sistant cell lines. SOD1 and SOD2 are localized to the cytoplasm and mitochondria,
respectively, and it is therefore expected that PCI is unaffected by this protection mech-
anism. As the cells, however, were hypersensitive to both PDT and PCI, it is likely that
the ROS protection instead was surpassed by the increased TPCS,, accumulation. The
hypersensitive cells were, nevertheless, more dependent on the presence of GSH for sur-
vival upon PDT than the maternal cells, suggesting that the ROS scavenging machinery
in general contributes to some protection against PDT.

The SK-LMS-1 cells of Paper IV also expressed more ROS scavengers (SOD2 and
GPx1) than the MES-SA cells, and the sensitivity to PCI of bleomycin and the DNA
damage were lower in the SK-LMS-1 cells when compared to MES-SA. As GPx1 has
been shown to be located in the cytosol, mitochondria and nucleus (Miranda et al.,
2009), the expression of GPx1 and inverse correlation with double strand DNA breaks
upon PCI of bleomycin may indicate that GPx1 attenuates the level of double strand
breaks in the SK-LMS-1 cells, as discussed in Paper IV and (Jerome-Morais et al., 2013).
The role of GPx1 is, however, not fully understood.

Taken together, the results demonstrate that ROS scavengers may confer resistance
to TPCS,,-induced ROS. However, because PCl-induced ROS-generation is in close
vicinity to the endo-/lysosomal membranes, which are not the main localization of the
ROS scavengers, PCI may be able to release sequestered drugs and toxins circumvent-
ing PDT resistance. Importantly, the PCI toxicity further depends on what drug is being
released.

6.2.2 The Dual Role of Glutathione for DNA Damage

As described in section 5.2.2 GSH may exhibit different roles with implication for sensi-
tivity to PDT, but as the GPxs are not localized to the endo-/lysosomes, the role of GSH
for the effect of PCl is not expected to be mediated by the redox reaction of GSH by GPx.
Instead, when using PCI for the delivery of bleomycin in Paper IV, it was shown that
GSH may affect the PCI efficacy in a different manner:

Bleomycin is a glycopeptide antibiotic that mainly acts by inducing DNA strand
breaks (Dorr, 1992). This action is to a high extent dependent on bleomycin’s cytosolic
translocation, but is limited due to bleomycin’s hydrophilic structure and big size (Berg
et al., 2005). Bleomycin-resistance in Paper IV was shown to be conferred by endo-
/lysosomal entrapment, and was circumvented by PCI-induced bleomycin-release. The
subsequent DNA damage by bleomycin increased with increasing PCI-light dose, and
affected the MES-SA cells by the most.

If getting in close vicinity to the DNA, the action of bleomycin has been reported
to depend on presence of metal ions, electron reductants and oxygen for the efficient
production of ROS causing DNA strand breaks (Chen et al., 2005). Hypoxic regions
may therefore be less sensitive to bleomycin treatment. The dependency of GSH as an
electron reductant was demonstrated by a decrease in DNA damage upon GSH deple-
tion (Fig. 6.1), but the depletion only had an influence in MES-SA cells regarding PCIL.
Interestingly, this was the cell line gaining highest DNA damage from PCI of bleomycin.
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FIGURE 6.1: Redox Reactions by Ferric and Ferrous Bleomycin

The redox reaction of HoO to OH™ and OH' by ferrous bleomycin (Fe(II)-
BLM), and the subsequent reduction of ferric bleomycin by GSH oxidation.
The redox reaction can be inhibited by inhibition of GSH synthetase.

Taken together the results show that, despite that GSH may contribute to a lower
sensitivity to TPCS,,-PDT (and probably not affecting the endo-/lysosomal escape of
drugs in PCI), it may be important for the activity of the drug that is released by PCl e.g.
bleomycin. Therefore, instead of being irrelevant for PCI, GSH may instead increase the
PCI-mediated toxicity, here shown by the increase of DNA damage.

6.3 Utilization of Resistance-induced Markers in PCI

In Paper I an increased expression of EGFR was demonstrated in the TPCS,,-PDT re-
sistant MA11/TR cells, associated with an increased proliferation capacity. EGFR may,
indeed, be an interesting target in cancer therapy as it may be a marker for aggressive
tumors. Additionally, binding of a ligand to EGFR may induce alterations in its traf-
ticking pattern towards an accelerated and enhanced lysosomal targeting (Wiley, 2003).
This makes EGFR an especially interesting target in PCI. EGF-based ITs such as EGF-
saporin and EGF-gelonin have, accordingly, been delivered by the PCI method by great
success (Weyergang et al., 2006; Selbo et al., 2012; Berstad et al., 2015).

Compared to the toxicity mediated by PDT, the PDT-resistant MA11/TR cells in
Paper I were found 3-fold more sensitive to PCI of EGF-saporin as compared to the
maternal MA11 cell line when measured at the same PDT/PCI dose. As previously
demonstrated by Selbo et al., PCI of EGF-saporin efficiently surpasses the toxicity medi-
ated by PCI of non-targeted saporin (Selbo et al., 2012), indicating receptor dependence.
This was demonstrated in the MA11 cells, which express EGFR, but yet less than the
MA11/TR cell line as shown in Paper I. Although a substantial toxicity was mediated
by PCI of EGF-saporin when compared to PDT, Paper I did not show a stronger toxi-
city from PCI of EGF-saporin in the MA11/TR cells when directly compared to PCI of
EGF-saporin in the MA11 cells. This may indicate that it may not be the level, but rather
the presence, of EGFR expression being the important factor for targeted toxicity in the
MA11 and MA11/TR cells, and that the sensitivity may be further complicated by dif-
ferent sensitivities to PDT or to the toxin part of the IT. Similar results were discussed
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in Paper VI, where it was shown that PCI of scFvCD133/rGelonin surpassed the toxi-
city from PCI of rGelonin in cell lines suggested to express very low levels of CD133.
Although not detected by our methods, all the cell lines in Paper VI have been reported
to express CD133 to some extent in the literature (U87 (Wang et al., 2015), MDA-MB-231
(Paper V) and (Liu et al., 2012), MCF-7 (Blancas-Mosqueda, 2012), and NIH/3T3 (Prod-
uct Datasheet CD133 Antibody NBP2-44249, Novusbio)). Similar results were obtained
by Bostad et al. in the BxPc cell line (Bostad et al., 2013), reported to express CD133 in
<1% of the cell population (Hermann et al., 2017).

CD133 expression is controlled by the levels of cholesterol in the cell membrane (Cor-
beil et al., 2001; Corbeil et al., 2010). Therefore, as amino acids, fatty acids and choles-
terol are the main targets of singlet oxygen generated by the photochemical reactions
from PCI, PCI of CD133-targeting ITs can be considered as highly advantageous. It
is, hence, likely that PCI mediates a synergistic effect to the release of CD133-targeting
ITs compared to other receptor-targeting toxins. This, in particular, was suggested to
compensate for loss of IT RIP-activity compared to rGelonin, as discussed in Paper VI.

Sensitivity to ITs may also be dependent on other parameters, as e.g. shown in the
work of Bull-Hansen et al. Correction for toxin sensitivity was decisive for the corre-
lation between HER2 expression and sensitivity to PCI of a HER2-targeting IT (Bull-
Hansen et al., 2015).

In Paper III, PCI of the CD105-targeting IT CD105-saporin mediated profound toxic-
ity to the 5-FU resistant cells which overexpressed CD105. Although the PCI-mediated
toxicity was highly associated with this overexpression, it is not unlikely that the in-
creased accumulation of TPCS,, and the altered lysosomal distribution in the 5-FU re-
sistant cells to some extent may contribute to their increased sensitivity to PDT and PCI.

Certain surface receptors (e.g. EGFR and HER2) have been associated with receptor
mutations linked to therapy resistance towards e.g. gefitinib (Kobayashi et al., 2005),
Herceptin (Anido et al., 2006) and trastuzumab (Mitra et al., 2009). Sometimes, muta-
tions have affected signal transduction (Lynch et al., 2004), while in other cases affected
epitope recognition (Okamoto et al., 1996). Normal signal transduction is, however, not
a prerequisite for the utilization in PCI, as long as receptor binding and subsequent en-
docytosis is retained. Compared to other targeted therapies, e.g. mAbs which depend
both on binding and the signal transduction, PCI may be a promising strategy even
when receptors have altered their signaling and subsequently conferred resistance to
other therapies. Receptor-targeting ITs together with a light-guided TPCS,,-activation
therefore suggest PCI as a promising strategy in resistant cancers.

6.4 PCI for Targeted Treatment of Cancer Stem Cells

Eradication of CSCs may be a prerequisite for complete tumor eradication as CSCs are
suggested to be the drivers of tumorigenesis within a tumor. Several challenges are,
however, associated with CSCs, e.g. that they can be quiescent and that they thrive un-
der hypoxic conditions making them potentially less sensitive to therapies depending
on oxygen (radiotherapy, PDT and some chemotherapeutics). CSCs have in addition
been reported to exhibit strong ROS scavenging systems, of which Diehn et al. dis-
cussed could contribute to their clonogenicity and radioresistance (Diehn et al., 2009).
The treatment challenges are further complicated by the expression of ABC efflux trans-
porters, e.g. ABCG2, further contributing to resistance to several different drugs (Mao
et al., 2015) and photosensitizers (Selbo et al., 2012).
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The TPCS,,-accumulation-studies by Selbo et al. (Selbo et al., 2012) and Paper I and
Paper II showed that TPCS,, is not a substrate of ABCG2. Further, because photosensi-
tizers can transfer energy directly to bio-substrates under low-oxygen conditions (Type
I'reaction) and PCI exhibits a capability to circumvent ROS-resistance, PCI using TPCS,,
is a promising delivery strategy in the therapy-resistant CSCs. Importantly, quiescent
cells also perform endocytosis (Bar-Sagi et al., 1986).

Many of the CSC associated markers described in the introduction of this thesis have
been suggested as potential treatment targets, but are often challenged by the expres-
sion on normal stem- and progenitor cells, making CSC-targeted therapy a potential
risk for healthy tissues. This thesis includes two papers with focus on PClI-based tar-
geting of the CSC marker CD133. CD133 is shown to be an independent prognostic
marker (Horst et al., 2008), and has been shown to have tumor-initiating capacity with
only 10 CD133"9" cells inoculated in mice (Bostad et al., 2013). In the latter study it
was also shown that the CD133"" cells expressing the AC133 epitope were resistant to
PDT. Beneficial for ITs targeting CD133 is that they only yield modest cytotoxic effects
on normal progenitor cells, related to their low CD133 expression compared to the ex-
pression on CSCs (Schmohl et al., 2016). The confined light-induced targeting by PCI
may, however, contribute to even less toxic effects on healthy tissue. In Paper V co-
localization of AC133-saporin and TPCS,, in endo-/lysosomes was demonstrated, and
PCI of picomolar levels of the IT blocked cell proliferation and induced cytosolic release
of AC133-saporin. The work suggested, however, that the chemically conjugated IT was
too large to be clinically relevant.

6.5 Recombinant Immunotoxins for Clinical PCI

Conventional ITs, based on chemical linkers, are perhaps mostly optimal for use in in
vitro-PCI as they possess large sizes and risk of payload dissociation before reaching
their targets. One hundred and ninety kDa have been set as the threshold for adequate
tumor penetration (Shan et al., 2013), but it is also important that the sizes exceed the
cut-off size for renal clearance (50-60 kDa) (Rennen et al., 2001). Non-specificity of ITs
have in general been associated with the development of vascular leak syndrome (VLS).

Saporin-based ITs have been used as model-drugs in several of the in vitro and in
vivo PCI studies. Compared to the toxicity of other type I-RIPs, e.g. gelonin, saporin is
rather toxic upon cellular internalization. The use of gelonin, being 5-10 times less toxic
than saporin, has, hence, been suggested as a better toxin payload for clinically relevant
ITs (French et al., 1995). As gelonin further is rigidly packed and relative inaccessible to
proteolytic cleavage (Rosenblum et al., 1995), it may be a better RIP for making ITs suit-
able for PCI. HuM195-Gelonin was the first IT used in a (non-PCI) clinical trial based
on rGelonin, chemically, linked to the humanized monoclonal CD33-targeting antibody
HuM195 (Pagliaro et al., 1998). HuM195-Gelonin has shown a favorable toxicity profile
(Borthakur et al., 2013), but the large size (190 kDa) renders it, however, on the border-
line for optimal tumor penetration (Scheinberg et al., 2004). The efficacy in the clinical
phase I study was, indeed, limited (Borthakur et al., 2013; Alewine et al., 2015). Other
smaller fusion constructs containing recombinant gelonin studied in vivo include e23-
L-rGel and C6.5-L-rGel ( 55 kDa), rGel/BLyS (136.5 kDa), VEGF121/rGel (84 kDa), as
described in (Lyu et al., 2012), in addition to rGel/EGF (Berstad et al., 2015) and MH3-
B1/rGel (Bull-Hansen et al., 2015) investigated for PCI delivery. All these fusion toxins
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qualify as candidates for clinical trials based on their size and expected toxicity and are
relevant for clinical PCL

In Paper VI a 58.97 kDa IT was constructed based on the scFv fragment of CD133 and
deglycosylated gelonin, produced by recombinant technology. The IT did, however, not
qualify as targeting regarding toxicity as its RIP activity was lost by more than 100-fold
compared to that of rGelonin. PCI mediated, nevertheless, profound toxicity compared
to PCI of rGelonin, and was shown to bind to and accumulate specifically in CD133+ cell
lines. PCI of the IT did, however, also mediate cell death to CD133- cells as discussed
above. CD133 receptor targeted recombinant gelonin-based ITs therefore warrant more
research on alternative constructs for further optimization and in vivo evaluations.
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Chapter 7

Conclusions

7.1 Summary

TPCS,,-PCI exploits endocytic sequestration and the principle of PDT for the deliv-
ery of drugs into cancer cells. This thesis provides insight into the susceptibility and
mechanisms behind development of resistance to PDT using TPCS,,. It was shown
that TPCS,, was susceptible to PDT-resistance induced both by cross-resistance from
chemotherapy and by repeated treatment with TPCS,,-PDT. Some cell lines were also
found intrinsically less sensitive to PDT. Resistance to TPCS,,-PDT was, however, not
found to induce cross-resistance to chemotherapy nor radiotherapy, and did not de-
crease the sensitivity to PCL.

Several mechanisms were found to confer PDT-resistance. These included an in-
creased EGFR related proliferation capacity and a dysregulated p38MAPK pathway at-
tenuating photochemical cell death, in addition to an increased ROS scavenging capac-
ity after TPCS,,-PDT. Increased ROS scavenging capacity did, however, not protect all
cell lines from toxicity from TPCS,,-PDT, suggesting that TPCS,,-PDT-resistance may
be controlled by a combination of several factors.

The resistance mechanisms to TPCS,,-PDT were, to the extent this thesis has inves-
tigated, not found to implicate cross-resistance to TPCS,,-PCI. This was suggested to be
because the resistance towards TPCS,,-PDT was developed against secondary effects
mediated by TPCS,,-PDT and not against the primary action on the endo-/lysosomes,
e.g. ROS scavengers located other places than in the endo-/lysosomal membranes. The
primary ROS generation and endo-/lysosomal release of sequestered drugs and tox-
ins could, hence, be delivered by the use of PCI to all PDT-sensitive and -resistant cell
lines. It was also suggested that TPCS,,-PDT may act as an inhibitor of autophagic flux
and hence be used to improve the efficacy of drugs degraded by the autophagosomal
pathway:.

Even though the ROS scavenger GSH was found to protect cells against TPCS,,-PDT,
it was shown that it could mediate increased DNA damage from PCI of the chemother-
apeutic bleomycin, likely due to GSH-mediated bleomycin reactivation. This showed
that resistance mechanisms to PDT sometimes may be utilized in PCI.

Resistance-induced markers were also investigated for utilization in PCI by the use
of targeting ITs. Both EGF- and CD105-targeting saporin-based ITs were found to me-
diate several-fold increased toxicities compared to PCI of the non-targeted toxins, and
circumvented resistance to TPCS,,-PDT. Recombinant technology was further used to
improve the clinical relevance of a CSC targeting IT based on anti-CD133 and gelonin.
Production of a recombinant scFvCD133- and gelonin-based IT yielded a clinically rele-
vant size and mediated cytotoxic responses better than that of rGelonin when delivered
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by the PCI method. Despite a profound loss in RIP activity, PCI of the IT also mediated
toxicity to CD133- cell lines.

7.2 Future Perspectives

The work of this thesis demonstrates the involvement of several mechanisms towards
development of resistance to TPCS,,-PDT. Although many resistance mechanisms were
identified, they were not found to affect the PCI method, demonstrating that PCI is a
reasonable approach to overcome PDT resistance.

The results show, however, that not all cell lines are prone to development of PDT
resistance, hence, more research should be put into investigating cell line differences,
which are also important for the search of prognostic markers for sensitivity to PDT. The
use of DNA microarrays to measure the expression level of genes would be a rational
first approach to understand the cell line-specific diversity.

The results propose that PCI has the potential to overcome clinical PDT resistance.
The next approach would, therefore, be to document that PCI can circumvent PDT re-
sistance in clinically relevant models. The first step would, hence, be to document the
development of TPCS,,-PDT resistance in vivo. This can be performed by either inoc-
ulating mice with PDT resistant cancer cells or treating tumors in cycles. The latter
method would resemble a clinical situation.

The PCI technology is optimized for drugs that are sequestered in endo-/lysosomes,
but as TPCS,,-PDT also may act as an inhibitor of autophagy, hence, its use should also
be investigated further in combination with drugs where autophagy is shown to be a
resistance/survival mechanism.

Further, overexpression of EGFR, CD105 and CD133, present intrinsically or as a
result of acquired resistance to PDT or chemotherapy, suggests that studies should
also be performed for further investigating the targeting potential of PCI in PDT- and
chemotherapy-resistant cancers. Although recombinant ITs were assumed to be ad-
vantageous over conventional ITs in this regard, they may benefit from construct- and
production-optimization. Focus should be laid on preserving RIP activity and improv-
ing selectivity.
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Abstract

Here we report on the induction of resistance to photodynamic therapy (PDT) in the ABCG2-
high human breast cancer cell line MAL11 after repetitive PDT, using either Pheophorbide A
(PhA) or di-sulphonated meso-tetraphenylchlorin (TPCS2a) as photosensitizer. Resistance to
PhA-PDT was associated with enhanced expression of the efflux pump ABCG2. TPCS2:-PDT-
resistance was neither found to correspond with lower TPCSzs-accumulation nor reduced
generation of reactive oxygen species (ROS). Cross-resistance to chemotherapy (doxorubicin) or
radiotherapy was not observed. TPCS2s-PDT-resistant cells acquired a higher proliferation
capacity and an enhanced expression of EGFR and ERK1/2. Activation of p38 MAPK was found
to be a death-signal in the MA11 cells post TPCS2.-PDT, contrasting the MA11/TR cells in
which PDT generated a sustained phosphorylation of p38 that had lost its death-mediated
signalling, and an abrogated activation of its downstream effector MAPKAPK2 (MK-2). No
difference in apoptosis, necrosis or autophagy responses was found between the treated cell lines.
Development of TPCS2.-PDT resistance in the MDA-MB-231 cell line was also established,
however, p38 MAPK did not play a role in the PDT-resistance. MCF-7 cells did not develop
TPCS2.-PDT-resistance. Photochemical internalisation (PCI) of 1 pM of EGF-saporin induced
equal strong cytotoxicity in both MA11 and MA11/TR cells. In conclusion, loss of p38 MAPK-
inducing death signalling is the main mechanism of resistance to TPCS2,-PDT in the MA11/TR
cell line. This work provides mechanistic knowledge of intrinsic and acquired PDT-resistance
which is dependent on choice of photosensitizer, and suggests PCI as a rational therapeutic

intervention for the elimination of PDT-resistant cells.

Keywords: Resistance, Reactive oxygen species, Breast cancer, Immunotoxin, Photodynamic



therapy, Photochemical internalization

Compounds: Fimaporfin (CID: 73211805 and 73211806); Pheophorbide A (CID: 5323510);
LysoTracker Green (CID: 15410444); 2',7'-Dichlorofluorescin diacetate (CID: 24894058);

Doxorubicin hydrochloride (CID: 24893465); SB 203580 (CID: 24899788)

1. Introduction

Intrinsic or acquired resistance to cancer therapies, including photodynamic therapy (PDT), is a
major cause of treatment failure and relapse [1]; [2]; [3]. Thus, identification of cellular resistance
mechanisms and development of novel strategies that overcome resistance is imperative for the

development of successful anti-cancer therapies.

PDT is approved worldwide as a treatment of several cancer types [4]. PDT is based on the
preferential accumulation of a nontoxic, light sensitive compound (photosensitizer) in the tumour
tissue, and a subsequent light excitation of the photosensitizer by an appropriate wavelength. This
leads to energy transfer from the photosensitizer to molecular oxygen (O,) or to other cellular
components, resulting in generation of cytotoxic concentration of reactive oxygen species (ROS),
of which singlet oxygen is the most abundant, resulting in peroxidation of vital cellular
components and initiation of cell death mechanisms such as apoptosis, necrosis or autophagy [4].
PDT depends on the presence of oxygen, and lack of cytotoxic responses in hypoxic regions of
the tumour is a major obstacle [4]. Moreover, intracellular antioxidants such as the glutathione

system, superoxide dismutase, catalase and lipoamide de-hydrogenase may detoxify PDT-



induced ROS, resulting in treatment resistance [4]; [5]. Prosurvival signalling have also been
shown to be important cytoprotective factors causing PDT resistance [2]; [6]; [7]; [8]; [9]; [10].
Of relevance for this study, several independent reports have also shown that repeated in vitro

PDT-treatments with different photosensitizers result in acquired resistance [3]; [11]; [12].

Photochemical internalization (PCI) is a minimally invasive intracellular drug delivery method
under clinical evaluation [13]. PCI is based on endosomal or lysosomal membrane- localization
of the photosensitizers TPCS;a (di-sulfonated meso-tetraphenyl chlorin or Fimaporfin), TPPSza
(di-sulfonated meso-tetraphenylporphine) or AlIPcS2, (di-sulfonated aluminium phtalocyanine)
and co-treatment with drugs that are sequestered and degraded in the same vesicles. By light-
controlled activation of the PCI-photosensitizer the membranes of these vesicles are ruptured, and
the entrapped drugs are released into the cell cytosol (endosomal escape) where they can exert
their effect [14]. PCI-induced circumvention of resistance to several clinically approved drugs
(e.g. bleomycin and doxorubicin) and model drugs (e.g. ribosome-inactivating protein (RIP)
toxins and immunotoxins) has been demonstrated [15]; [16]; [17]. We have in addition shown the
feasibility of using PCI as an efficient strategy to kill cancer cells by immunotoxins targeting

putative cancer stem cell (CSC) markers including CD133, CD44, CSPG4 and EpCAM [18].

A variety of clinical photosensitizers are substrates of the efflux pump ABCG2 (BCRP) [19];
[20], which may have therapeutic implications due to the overexpression of ABCG2 in drug-
resistant cancer stem cells (CSCs) [21]. PCI photosensitizers, including TPCSza, TPPS,, and
AIPcSz, are, however, not substrates of this marker [21]. In addition, we have also shown that

TPPS2s and TPCSga are not substrates of ABCB1/p-glycoprotein (Pgp)/MDR1 [16]; [17]. We



recently reported that the ABCG2-overexpressing human breast cancer cell line MA11 is
intrinsically resistant to Pheophorbide A (PhA)-PDT, in contrast to PDT with the non-ABCG2
substrate PCI photosensitizer TPCSza [21]. Altogether, these findings suggest that PCI-
photosensitizers are candidates for PCI-mediated targeting of multi drug resistant (MDR) and

CSCs.

We hypothesized that repeated cycles of PhA-PDT in MA11 will increase intrinsic PDT-
resistance due to selection of cells overexpressing ABCG2, while repeated cycles of TPCS2,-PDT
will not cause acquired resistance. Since TPCSza is under clinical evaluation as a photosensitizer
for PCl-enhanced drug delivery [13], we also aimed to elucidate death or survival responses after
TPCS2s-PDT in breast cancer cells. In this study, we demonstrate that three cycles with PhA-PDT
induce enhanced intrinsic PDT-resistance and, surprisingly, repeated cycles of TPCS2.-PDT
result in acquired PDT-resistance. While increased expression of ABCG2 was indicated as the
mechanism for acquired PhA-PDT-resistance, increased proliferation capacity and loss of death
signalling in the p38 MAPK pathway was indicated as the mechanisms for acquired TPCS2.-
PDT-resistance in the MA11 cells. Development of TPCS2.-PDT resistance in the MDA-MB-231
cell line also resulted in dysregulation of p38 MAPK signalling; however this was not found to
play a role for cytoprotection. On the other side MCF-7 cells did not develop resistance after
repeated TPCS,.-PDT. EGFR was found to be overexpressed in the TPCS2,-PDT resistant
MAL11/TR cells. PCI of the EGFR-targeting toxin EGF-saporin was equally efficient in MA11
and MA11/TR cells, and this put forward PCI-based drug delivery as a rational intervention to

overcome PDT-resistance.



2. MATERIALS AND METHODS

2.1. Cell lines and culturing

The MA11 human breast cancer cell line was originally obtained from Dr. Gunhild Ma&landsmo,
Department of Tumour Biology at Oslo University Hospital - Radiumhospitalet. Two PDT-
resistant sub-cell lines (not clones) of MA11, MA11/PAR and MA11/TR, were generated by 3
repeated cycles of PhA-PDT and TPCS2.-PDT, respectively. The oestrogen (+) and progesterone
(+) and HER2 (-) human breast cancer cell line MCF-7 (#HTB-22) and the triple negative
(oestrogen, progesterone and HER2 negative) human breast cancer cell line MDA-MB-231
(#HTB-26) were both purchased from ATCC (Manassas, VA, USA). One resistant sub-line of
MDA-MB-231, MDA-MB-231/TR, was generated after 3 repeated cycles of TPCS2,-PDT. The
cell lines were cultured in L-glutamine-containing RPMI-1640 medium (R8758, Sigma-Aldrich,
St. Louis, MO) supplemented with 10% foetal calf serum (FCS) (PAA Laboratories GmbH,
Pasching, Austria), 100 U/ml penicillin (Sigma-Aldrich) and 100 pg/ml streptomycin (Sigma-

Aldrich) and grown and incubated at 37°C in a humidified atmosphere containing 5% CO,.

2.2. Light source and photosensitizers

Illumination of cells was performed by using LumiSource ® (PCI Biotech AS, Oslo, Norway), a
lamp consisting of four 18-W Osram L 18/67 light tubes. The lamp delivers blue light (Emission
max =435 nm) with an output of 12.6 mW/cm? (1 min light exposure = 0.81 J/cm?). TPCSza Was
provided by PCI Biotech AS. TPCS2a (0.35 mg/ml in polysorbate 80, 2.8% mannitol, 50 mM

Tris, pH 8.5) stock solution was kept light protected at 4°C in aliquots (Stability of TPCS2a is >4

years). Pheophorbide A (PhA) was purchased from Frontier Scientific (Salt Lake City, UT, USA)
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and dissolved in 100% dimethyl sulfoxide (10 nM stock concentration). Aliquots were kept at -
20°C (Stability of PhA is >2 years). All work with the photosensitizers was performed under

subdued light.

2.3. PDT and development of the PDT-resistant sub-cell lines

Cells were seeded at a density of 5x10° MA11, 1.5x10° MDA-MB-231 or 1x10% MCF-7 cells per
well in 96-well plates (Nunc) (0.3 cm? per well) and left over night to attach. The cells were then
incubated with 0.5 pg/mL TPCS2a(MA11) and 0.4 pg/mL TPCS2a (MDA-MB-231 and MCF-7)
in cell culture medium for 18 hrs, and washed twice with PBS and further incubated with drug-
free medium for 4 hrs to remove membrane-bound TPCS,, prior to light exposure. Alternatively,
cells were incubated with 1 uM (0.59 pug/mL) Pheophorbide A (PhA) for 1 hr followed by 2
washes with PBS prior to light exposure in cell culture media as indicated. MA11/TR,
MA11/PAR, MDA-MB-231/TR and MCF7/NTR (NTR = not TPCS2.-PDT resistant after 3
cycles of PDT) were developed by treatment of naive cells with 3 min (2.43 J/cm?, inducing 90-
99% reduction of MA11 or MDA-MB-231 cell viability and 50% reduction of cell viability in
MCF-7 cells) of TPCS2.-PDT (designated /TR), or 0.5 min of PhA-PDT (designated /PAR) (0.4
Jlem?, inducing 90-99% reduction of MA11 viability) in cell culture flasks. Cells that survived
were re-exposed to PDT twice (totally 3 treatments in the course of 3 weeks). To allow the cells
to recover, PDT-induced cytotoxicity was assessed the following week at day 5-7 after the last

PDT cycle.

2.4. PCI

In the PCI protocol, cells were co-incubated with 0.5 pg/mL TPCS2, and 1 pM EGF-saporin for



18 hrs. Then cells were washed twice with PBS and incubated in drug-free medium for 4 hrs
before 1 min light exposure as described in the Figure legend. EGF-saporin was prepared as
described by Weyergang et al. by combining biotinylated EGF and streptavidin-saporin by non-

covalent binding in a 4:1 ratio [22].

2.5. Viability and cytotoxicity assays

Cells were seeded at a density of 5x10° (MA11, MA11/TR and MA11/PAR), 1.5x10° (MDA-
MB-231 and MDA-MB-231/TR) and 1x10% (MCF-7 and MCF7/NTR) per well in 96 well plates
(Nunc). Cell metabolic activity/viability was assayed by the 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) method

[16] at 24, 48 or 72 hrs after light exposure as indicated. For the clonogenic cell survival assay
[16] 1.5x10° (MA11 and MA11/TR) and 0.3x10° (MDA-MB-231/-TR and MCF7/NTR cells
were seeded per well in 6-well plates. The assay was performed 10-14 days post light exposure
by methylene blue staining. Real-time monitoring of cell confluency (proliferation) was
determined by the IncuCyte live cell imaging system IncuCyte ZOOM ® (Essen BioScience,
Hertfordshire, UK). Five thousand MA11 and MA11/TR cells were seeded in 96 well plates,
treated with PDT and analysed for proliferation by detection of cell confluency from 0 to 300 hrs
(12.5 days). Live cell phase contrast images were acquired every 3 hrs and processed by IncuCyte
Software Rev2. (Image resolution: 1.49 microns, image format: 1280x1024 pixels, field of view:

1.90x1.52 mm, magnification: 10x).

2.6. Intracellular localization of TPCS2a

MA11 and MA11/TR cells 5 x 10* were seeded on 0.17 (+/- 0.01)-mm-thick coverslips



(Assistent, Glaswarenfabrik Karl Hecht, Sondheim, Germany) in 4-well plates and allowed to
attach overnight. Then the cells were incubated with 0.5 pg/ml TPCS,, for 18 hrs, and washed
twice with PBS prior to 4 hrs incubation with drug-free medium. The coverslips were washed
with cold PBS with Ca?* and Mg?* and carefully inverted onto a microscope slide (Menzel-
Glaser, Gerhard Menzel, Braunschweig, Germany). Fluorescence microscopy was carried out
with a Zeiss Axioplan epi-fluorescence and phase-contrast microscope using 63 x magnification
with an oil immersion objective (Carl Zeiss AG, Oberkochen, Germany). The TPCSza
fluorescence was recorded with an AxioCamMR3 camera (Carl Zeiss) using a 395-440 nm band
pass excitation filter, a 460 nm dichroic mirror and a 620 nm long pass emission filter. Co-
localization of TPCS2a with LysoTracker Green (LTG) (Life Technologies, Carlsbad, CA, USA)
was investigated by fluorescence microscopy after incubation of 0.33 uM LTG for 30 min prior
to (co-localization) or after (lysosomal photodamage) PDT. For recording LTG fluorescence, a
470/40 nm band pass excitation filter, a 495 nm dichroic mirror and a 525/50 nm band pass

emission filter were used.

2.7. Flow Cytometry

Flow cytometry was performed by using an LSRII Flow Cytometer (Becton-Dickinson, San Jose,
CA), and data were processed by the FlowJo version 7.6.5 software (Treestar, OR), as
recommended by the Flow Cytometry Core Facility (Institute for Cancer Research, Oslo
University Hospital). Cells were treated as indicated and filtered through a 5 ml round-bottom
tube with a cell strainer cap (Becton-Dickinson) prior to flow cytometry. Details concerning cell
numbers are described in 2.8 (TPCS2a-accumulation study), 2.9 (ROS-detection study) and 2.16

(apoptosis and necrosis study).



2.8. Cellular accumulation of TPCSza

For quantification of TPCS2a accumulation in the MA11 cell lines, 2x10° cells were seeded per
well in 6-well plates (Nunc), and incubated with 0.5 pg/ml TPCS;a for 18 hrs. Then the cells
were washed twice with PBS prior to 4 hrs incubation with drug-free medium. Subsequently, the
cells were detached with trypsin, washed and analysed by flow cytometry. Live and single cells
were gated based on forward (FSC) and side (SSC) scattering parameters. TPCSza. was excited by
a 100 mW 407 nm laser, and fluorescence was collected through a 660/20 nm emission filter

combined with a 635 nm longpass dichroic filter.

2.9. Intracellular ROS detection

2 x 10° cells were seeded per well in 6 well plates and subjected to PDT as described above.
Immediately after light exposure, the cells were incubated with 0.1 mM 2°,7’-Dichlorofluorescin
diacetate (DCFH-DA) (Sigma-Aldrich). After 1 hr incubation, cells were detached with trypsin,
washed once in PBS, and subsequently analysed by flow cytometry to detect the fluorescent DCF
product which forms upon DCFH oxidation by ROS. DCF fluorescence was detected in live cells
by excitation with a 50 mW 488 nm laser, and collected through a 525/50 nm or a 530/30 nm

emission filter combined with a 505 nm longpass dichroic filter.

2.10. lonizing radiation therapy

Cells were seeded in 6-well plates (Nunc) to obtain 100, 200, 400 and 800 colonies for doses of
0, 2, 4 and 6 Gy, respectively. The plating efficiency of MA11 and MA11/TR cells is 15% (1 of
6.67 cells). Hence, e.g. to obtain 800 colonies in one well (800 x 6.67), 5336 cells were seeded

out. lonizing radiation was delivered by an X-ray generator (Faxitron CP160), Tucson, AZ, USA)
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(160 kV, 6.3 mA, dose rate 1 Gy/min). Relative colony-forming ability of the cells was measured
10 days after radiation. The plating efficiency (PE) and surviving fraction (SF) were calculated as

shown in Eq 1 PE = No of colonies formed from NT cells / No of cells seeded and Eq 2 SF =

No of colonies formed after treatment / (No of cells seeded x PE ), respectively.

2.11. Doxorubicin treatment

8 x 10° MA11 or MA11/TR cells were seeded per well in 96 well plates (Nunc) and left over
night for proper attachment prior to incubation with 3.3 -1000 nM doxorubicin (Doxorubicin

hydrochloride, Sigma-Aldrich) for 72 hrs before MTT analysis.

2.12. Immunodetection of proteins by Western blotting

Cells were lysed with 70 pl 1x Lane Marker Reducing Sample Buffer (Thermo Fischer Scientific,
Waltham, MA, USA), or lysis buffer containing 62.5 mM Tris-HCI, pH 6.8, 2% (w/v) SDS, 10%
glycerol, 50 mM dithiothreitol, 0.01% bromphenol blue, 1 mM NaF, and 20 mM B-glycerol
phosphate, added 10 ul/ml protease inhibitor cocktail (Sigma-Aldrich), 10 pl/ml phosphatase
inhibitor cocktail I (Sigma-Aldrich), 10 ul/ml phosphatase inhibitor cocktail 11 (Sigma-Aldrich),
1 mM phenylmethanesulfonyl fluoride and 1 mM Na,vo,. Due to the incompatibility of the
protein assay (DC protein assay, BioRad) and dithiothreitol, even cell lysate loading was instead
based on the nucleic acid concentration measured by absorption at 260 nm as previously reported
[23]. The samples were sonicated for 10-15 sec and heated (95°C for 5 min). Then samples were
subjected to gel electrophoresis on 4-20% precast gradient polyacrylamide gels (Bio-Rad) and

Western blotting by the Transblot Turbo system (Bio-Rad, Hercules, CA, USA) as recommended
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by the producers. Protein expression and activation was detected by antibody stains of western
blots as described in [17], using primary antibodies for phospho-p38 (#9216, 1:2000 dilution),
phospho-MAPKAPK-2 (Thr222) (#3316, 1:1000 dilution), LC3B (#2775, 1:1000 dilution),
EGFR (#2232, 1:1000 dilution), STAT-3 (#8719, 1:1000 dilution), phospho-STAT-3 (#9131,
1:1000 dilution), ERK1/2 (#9120, 1:1000 dilution), phospho-ERK1/2 (#9106, 1:2000 dilution),
GPx1 (sc-3206, 1:1000 dilution) and biotin (#7075) (Cell Signaling Technologies, Danvers, MA,
USA) and secondary HRP conjugated antibodies for rabbit (goat anti-rabbit 1gG, #7074) and
mouse (horse anti-mouse IgG, #7076) (Cell Signaling) in concentrations recommended by the
producers. In addition to nucleic acid measurements to ensure even loading of cell lysates as
described above, control of loading was performed by Ponceau S. staining (Sigma-Aldrich).
Quantification was performed by volume integrating measurements of the protein signals using

the Image Lab 4.1 Software (Bio-Rad).

2.13. Immunocytochemistry

Exponentially growing MA11 and MA11/TR cells were transferred by cytospin on glass slides
and fixed in acetone prior to immunocytochemical (ICC) detection of either EGFR or ABCG2.
Primary antibody against EGFR (clone H11, #M3563, 1:200) was purchased from Dako
(Glostrup, Denmark) and primary antibody against ABCG2 (clone BXP-21, #B7059, 1:100) was
purchased from Sigma-Aldrich. Primary antibodies were incubated for 1 hr in room temperature
prior to target retrieval and ICC staining by EnVision FLEX+, Mouse, High pH (#K8002, Dako)

at 1:50 dilution for 30 min at room temperature.

2.14. Inhibition of the p38 MAPK pathway

To study the impact of p38 MAPK activation on the PDT-induced viability response, 0.02 mM of
12



the p38 MAPK inhibitor SB203580 (Calbiochem, Merck, Darmstadt, Germany) was added to
cells 1 hr prior to and removed 1.5 hrs after PDT. We previously demonstrated that this
concentration and incubation time of SB203580 is non-toxic and block activation of p-38 or MK-
2 in different cancer cell lines [24, 25]. Cell viability was assessed by the MTT method 48 hrs

after light exposure.

2.15. ELISA assay

Apoptosis (addressed by p53, caspase-3, PARP and Bcl-2-associated death promotor (BAD)
detection), and growth signalling (addressed by Aktl, ERK1/2 (p44/p42) and S6 detection) was
analysed by using the PathScan ® Apoptosis (#7105) and Growth (#7239) Multi-Target
Sandwich ELISA Kits (Cell Signaling). Protein expression was detected according to the
producer’s protocol and related to the total protein concentration measured by the DC Protein
Assay (Bio-Rad, Hercules, CA, USA). 2.5 x 10° cells were seed out per well in 6-well plates and
incubated over-night prior to 18 hrs incubation with 0.5 pg/mL TPCSz.. Cells were then chased
in drug-free medium for 4 hrs and then exposed to 1.5 min of blue light exposure. Subsequently,
cells were harvested 10 min (for growth signalling analysis) and 20 hrs after (for apoptotic

signalling analysis) PDT.

2.16. Apoptosis, necrosis and cell cycle analysis

The TUNEL, and propidium iodide / thiazole orange (PI/TQO) based necrosis assays were used to
study apoptotic and necrotic responses 20 hrs after PDT, respectively. The TUNEL assay relies
on the identification of nicks present in fragmented DNA of apoptotic cells, identified by

deoxynucleotidyl transferase (TdT). TdT catalyses the addition of labelled dUTPs which can be
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detected by flow cytometry [26]. 2 x 10° cells were seeded per well in 6-well plates (Nunc) and
treated with PDT (1 and 5 min light exposure). Twenty hours post treatment, cells in the medium
and trypsinated cells were harvested together. Subsequently, cells were washed with PBS and
resuspended in either 400 pL ice cold methanol (drop wise while vortexing) for TUNEL assay, or
in PBS for necrosis assay. Methanol fixed cells were stored in -20-C for later analysis. Cells in
PBS were immediately incubated with thiazole orange (TO) (diluted 1:250) on ice for 5 min,
followed by propidium iodide (PI) (diluted 1:500) (both from the BD Cell Viability kit (Becton-
Dickinson, San Jose, CA)) immediately before flow cytometry analysis. Single cells were gated
based on SSC parameters, and fragments discriminated based on SSC and TO area. Necrotic cells
were further gated based on SSC and P1 area. TO and PI were excited by a 50 mW 488 nm and
40 mW 561 nm laser, respectively, and fluorescence collected through a 525/50 and 610/20 nm
emission filter, combined with 505 and 600 nm longpass dichroic filter. Methanol fixed cells
stored for TUNEL assay, were washed once with PBS, and added 35 pL TdT reaction mix (3.5
puL TdT Reaction Buffer, 2.1 uL 25 mM CoCl,, 0.35 pL Biotin-16-dUTP, 0.35 uL 10 mM DTT,
0.14 pL TdT enzyme, 28.58 pL ddH,O) (Roche) and left for 30 min incubation at 37-C. Then the
cells were washed twice with PBS and incubated with 50 pL streptavidin-Cy5 1:400 (GE
Healthcare) in 5% milk in PBS for 30 min at room temperature. Then the cells were washed once
with PBS and resuspended in 500 pL Hoechst 33258 (1.5 pg/mL) in PBS, and left overnight at
4-C before flow cytometry. The apoptotic fraction was gated based on Cy5 and Hoechst area. Cy5
and Hoechst 33258 were excited by a 40 mW 640 nm and 25 mW 405 nm or 100 mW 407 nm
laser, respectively, and fluorescence collected through a 670/14 (Cy5) and 450/50 (Hoechst
33258) nm emission filter. REH cells (acute lymphocytic leukaemia) harvested 24 hrs after

treatments with ionizing radiation (4 Gy) were used as positive control in the TUNEL
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experiments. Cell cycle analysis was performed on Hoechst 33258-stained cells from the TUNEL
experiment, based on Hoechst area, and analysed by using the Dean-Jett-Fox model to define cell

cycle distribution.

2.17. High-content microscopy for detection of LC3 puncta

4 x 10 MA11 or MA11/TR cells grown on coverslips were fixed in 10% neutral buffered
formalin (Sigma-Aldrich) for at least 20 min. After three washes in PBS cells were treated with
50 mM NH4ClI in PBS for 10 min to quench free aldehyde groups, and washed another three
times in PBS. Then cells were blocked and permeabilized for 1 hr in PBS containing 1% BSA
(Sigma-Aldrich) and 0.05% saponin, incubated with primary antibody rabbit anti-LC3 (MBL,
PMO036, detecting both LC3-1 and LC3-11) for 1 hr, washed three times in PBS/BSA/saponin,
incubated with secondary antibody Alexa488-donkey anti-rabbit (Jackson ImmunoResearch
Laboratories, 711-545-152) for 1 hr, washed three times in PBS and one time in water. The cells
were then mounted in Mowiol containing 1 pg/ml Hoechst 33342 (Sigma-Aldrich). Images were
obtained with an Olympus ScanR automated microscope system with an UPLSAPO 40x/0.95
objective. All images were taken with the same settings and the Olympus ScanR analysis
software was used to count the number of cells, calculate the percentage of cells with LC3 puncta
(granular fluorescence signal of autophagosomes) and the average number of LC3 puncta per

cell.

2.18. Electron microscopy
1.5 x 10° cells were seeded per well in 6 well plates and treated with TPCS2,-PDT (1 min /0.81

Jiem of light) as described above. At different time points post PDT the cells were fixed with 2%
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glutaraldehyde in 0.1 M cacodylate buffer and centrifuged after 10 min at room temperature at 10
000 rpm in a table top centrifuge. Postfixation was done in 1% Osmium (1 hr) followed by 30
min 0.1% tannic acid, 1% Na,SO, for 5 min for neutralization, and en bloc staining for 30 min in
4% uranyl acetate. After dehydration in graded ethanol series, cells were embedded in Epon and
polymerized for 48 hours. Ultrathin sections were cut by Leica Ultracut, transferred onto
formvar/carbon coated grids and observed at 80 kV in a Jeol JEM 1203 transmission electron
microscope. Images were recorded with a Morada digital camera and iTEM software (Olympus,

Muenster, Germany).

2.19. Statistical evaluations of data

To assess whether the means of the different treatment results were significantly different we used
the two-sided Student’s t test by Sigma Plot 12.5 if not otherwise stated. A significance level of
p<0.05 was considered as significant. When appropriate, significance was assessed by the two-

way ANOVA with Bonferroni correction as post-hoc tests.

3. RESULTS

3.1. Acquired resistance to PDT is cell line dependent

MAU11 cells challenged with > 3 cycles of PhA-PDT (designated MA11/PAR) were found highly
resistant to further treatment with PhA-PDT compared to the control naive MA11 cells (Fig. 1A).
Efflux of PhA by the ABCG2 transporter has previously been reported as a mechanism of

resistance to PhA-PDT [19]; [21]; [27]. Although the naive MAL11 cells have an intrinsically high

expression of ABCG2, the ICC analysis of ABCG2 revealed an enhanced expression of the drug
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efflux pump in MA11/PAR cells as compared to the MA11 cells (Fig. 1B). In addition, we
observed a shift towards enhanced plasma membrane expression of ABCG2 in the MA11/PAR
side population cells (this is the population of cells with lowest Hoechst 33343 fluorescence due
to ABCG2 efflux).

A single treatment of MA11 cells with TPCS2.-PDT resulted in a light dose-dose dependent
decrease of cell viability 24 hrs post light exposure, while development of resistance to TPCSza-
PDT (designated MA11/TR) was acquired after >3 treatment cycles of PDT (Fig. 1C). The light
dose needed to inactivate 50% of the MA11/TR cells viability (LDsp) was >3-fold higher
compared to that of the naive MA11 cells. In addition, the MA11 cells were found to be 3-fold
more sensitive (p=0.010) to TPCS,,-PDT compared to the MAL11/TR cells at a 2 min light dose.
In addition, we observed a distinct shoulder of the viability curve of the MA11/TR cells (Fig. 1C)
compared to the MAL11 cells, which suggests activation of cytoprotective pathway(s) in the PDT-
resistant cells. In fact, we observed a minor increase of MTT activity of the MA11/TR cell for the
two lowest light doses. These results were validated by three independent clonogenic assays (data
not shown).

Since TPCSzais a clinical relevant photosensitizer used in PCI, we decided to further elucidate
the cellular mechanisms of the TPCS2.-PDT-induced resistance in the MA11/TR cells. By
quantifying the dynamics of changes in the cell confluency after TPCS2.-PDT during a time
course of 12.5 days (300 h), the IncuCyte live-cell imaging system revealed a much higher
proliferation capacity of the MA11/TR cells compared to the MA11 cells (Fig.1D), based on
phase contrast micrographs acquired up to 300 hrs after PDT (Fig. 1E). Interestingly, it appears
that the MA11/TR cells that have grown to sub-confluence (300 h NT MA11/TR) have gained a

mesenchymal morphology (fibroblast-like structures) as compared to the MA11 cells (300 h NT
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MAZ11), which seems to grow closer and more dense (detailed images can be seen in archival data

set). However, it is difficult to see an obvious difference in morphology one day after seeding out

the cells. The MA11/TR cells remained to be PDT-resistant after 20 passages (6 weeks and >50
cell cycles) post the last PDT exposure indicating development of acquired and persistent PDT
resistance (data not shown).

By using the MTT-assay, a minor development of TPCS2.-PDT resistance was observed in the
MDA-MB-231 cell line (MDA-MB-231/TR) compared to naive MDA-MB-231 cells (Fig. 1F).
However, the clonogenic assay revealed a 4-fold (p=0.001) higher sensitivity of the MDA-MB-
231 cells to TPCS2e-PDT (at 2 min light exposure) as compared to the TPCS,,-PDT-resistant
MDA-MB-231/TR cells (Fig. 1G). LDgo of MDA-MB-231/TR was almost 2-fold increased
compared to that of MDA-MB-231. On the contrary, no induction of TPCS2.-PDT resistance in
the MCF7/NTR cell line was observed by use of the MTT-assay (Fig. 1F), and no significant

differences were found by the clonogenic assay (Fig. 1H).

3.2. Equal uptake and localization of TPCSz2a and ROS generation after TPCS2a-PDT

PDT, including TPCS,,-PDT, induces cell death due to excess generation of cytotoxic ROS
concentrations [4]; [17]; [28]. Hence, we assessed if there were any differences in intracellular
ROS formation post TPCS,,-PDT between the MA11 and MA11/TR cell lines. For both cell
lines, ROS-formation increased in a light dose-dependent fashion, however, no difference in
ROS-generation between the cell lines was observed 1 hr post treatment (Fig. 2A). In line with
this, the expression of the ROS scavenging protein glutathione peroxidase (GPx)1 was found

similar in MA11 and MA11/TR cells (data not shown).
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TPCS2ais neither a substrate of ABCG2 nor Pgp/MDRL [21]; [16]. Thus, we hypothesized that
the resistance to TPCS2,-PDT in the MAL11/TR cells could partly be due to a reduced endocytosis
or increased exocytosis rate of TPCS,,. Flow cytometry was utilized to evaluate difference in
intracellular accumulation of photoactive TPCSzain the MA11 and MAL11/TR cell lines.
However, no difference in relative TPCS,, fluorescence between the cell lines was observed (Fig.
2B) at the time point relevant to perform light exposure (18 hrs +4 hrs chase in drug free
medium).

Intracellular localization and fluorescence signals of TPCS,, at the time corresponding to PDT
were by epi-fluorescence microscopy found similar in both MA11 and MA11/TR (Fig. 2C). In
both cell lines, TPCSze-fluorescence puncta and co-localization with LTG was detected,
indicating localization of TPCS2a in endosomes and lysosomes. Upon TPCS2.-PDT, diffuse LTG
and TPCSa,-fluorescence was observed, demonstrating cytosolic release and similar degree of

photochemical destruction of endosomes and lysosomes.

3.3. Cell cycle distribution after TPCS2a-PDT in MA11 and MAL11/TR cells

We then addressed possible changes in cell cycle distribution between the cell lines after TPCS2,-
PDT. Twenty hours after treatment, it was found a light-dose dependent increase of G2/M phase
accumulation in both MA11 and MA11/TR. However, no significant difference in the cell cycle

distribution between the cell lines was observed (Fig. 3A and B).

3.4. Repeated TPCS2a-PDTdoes not induce cross-resistance to chemo- or radiotherapy

To evaluate potential development of therapy cross-resistance (chemo- or radiotherapy), MA11

and MA11/TR cells (that had been sub-cultured between 15-23 times) were treated with
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increasing concentrations of doxorubicin (Fig. 4A) or ionizing radiation (Fig. 4B). For both
treatment options, the cytotoxic response data did not reveal any difference between the cell lines,

indicating no cross-resistance to these therapies.

3.5. Apoptosis, necrosis and autophagy responses in MA11 and MA11/TR cells following
TPCS2a-PDT

Development of PDT-resistance may be manifested by a dysregulation of the mode of death
responses, e.g. the cancer cells gain cytoprotective pathway(s) that make them less prone to
undergo apoptosis [2]. Hence, to assess a potential difference in cytocidal responses we evaluated
the degree of apoptosis, necrosis and autophagy between MA11 and MA11/TR post TPCS,,-
PDT. TUNEL assay combined with PI/TO staining was used to identify the distribution of
apoptosis and necrosis, respectively, in the fraction of all dead cells (hormalized to 100%) 20 hrs
after TPCS2,-PDT (Fig. 5A). Non-treated cells displayed a low apoptotic subfraction which was
not significantly different between the cell lines. TPCS2.-PDT increased the apoptotic subfraction
significantly (p<0.05) to about 40% in both cell lines. ELISA assay (Fig. 5B and C) was further
used to detect key apoptotic proteins after TPCS2s-PDT; no significant changes in apoptotic
signalling involving p53, caspase-3 or poly ADP ribose polymerase (PARP) were revealed.
However, the expression of the Bcl-2-associated death promoter (BAD) was found 2.8-fold
higher (p = 0.022) in the untreated MA11 cells compared to the MA11/TR cells (Fig. 5B and C).
However, upon PDT the MA11/TR cells increased their expression of BAD by a factor of
approximately 3 (p =0.013), which is about at the same level of total BAD expression in the
PDT-treated MA11 cells. No significant difference in p-BAD was observed between the cell

lines.
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To study the initiation of autophagy, the numbers of cells with LC3 puncta were counted. Within
20 hrs after TPCS2,-PDT, approximately 55% (varying from 30 -80% between the individual
experiments) of the cells contained more than two LC3 puncta (Fig. 6A) with an average of about
8 puncta per cell (Fig. 6B) in both cell lines. Fluorescence micrographs (Fig. 6C) of untreated
MAL11 and MAL11/TR cells reveal that there is no clear difference in numbers of LC3 puncta, nor
diffuse (cytosolic) LC3 signals between the cell lines treated with TPCS2,-PDT 20 hrs post light

exposure.

The fusion process of the autophagosomes with lysosomes further depends on the conversion of
LC3-1to LC3-II. A strong conversion of LC3-1 to LC3-11 was observed on Western blot analysis
in both MA11 and MA11/TR cells 20 hrs post TPCS2,-PDT when compared to control cells,
indicating the initiation of a fusion response (Fig. 6D). No statistically significant differences of
LC3-I1 signal was found between MA11 and MA11/TR cells. No LC3 conversion could be
observed at earlier time points after PDT. Electron microscopy (Fig. 6E) revealed typical dense
multivesicular bodies (MVBSs) in both MA11 and MA11/TR cells after one and two hours after
PDT which were not found in controls. Four hours after TPCS2,-PDT most of the vesicles
displayed a dilated but still multivesicular morphology, as well as possibly fused MVBs. Twenty
hours after TPCS2.-PDT most endocytic structures regained dense MVB morphologies. A clear

identification of autophagic structures was not possible.

3.6. p38MAPK-mediated death signalling is lost in the TPCS2a-PDT-resistant MA11/TR cells

We have previously demonstrated that p38 MAPK induces a death signal after PDT with di-
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sulphonated meso-tetraphenylporphyrin (TPPS,,), a photosensitizer relevant for in vitro PCI [36].
Here we also reveal that TPCS,,-PDT of both MA11 and MA11/TR cells strongly enhance the
activation of p38 MAPK (phosphorylation on Thr180/Tyr182) immediately (5 min) after light
exposure (Fig. 7A). The phosphorylation of p38 MAPK was also found high at 2 hrs and
relatively high at 20 hrs post PDT in the resistant MA11/TR cells, compared to the MA11 cells.
Hence, TPCS2,-PDT induced substantially prolonged p38 MAPK activation in the MA11/TR
cells compared to the naive MA11 cells.

Pre-treatment with the p38 MAPK inhibitor SB203580, revealed a significant increase in MA11
survival upon 1 min TPCS2,-PDT (p<0.05) (Fig. 7B). The inhibitor was shown to abolish the
phosphorylation of the p38 downstream MAPK-activated protein kinase 2 (MK2) on Thr222,
indicating decreased activity of p38 MAPK (Fig. 7C). The Thr222 site is reported to be one of the
essential phosphorylation sites for MK2’s activity [29]. No significant effect on PDT-survival
could be detected in MA11/TR cells treated with SB203580 (Fig. 7D). In line with this, minor to
no phosphorylation of MK2 could be found in the MA11/TR cells after TPCS2,-PDT (Fig. 7C).
In contrast to the MA11 cells, no effect on cell survival by the p38 inhibitor SB203580 was
observed in the PDT-treated MDA-MB-231 (Fig. 7E) or MCF-7 cells (Fig. 7F), although a

similar lack of MK-2 phosphorylation was observed in the MDA-MB-231/TR cells (Fig. 7G).

3.7. Cytoprotective signalling in MA11 and MA11/TR cells after TPCS2a-PDT

ELISA analysis of proteins associated with growth and proliferation was carried out 5 min after
TPCS2:-PDT to determine potential early PDT-induced changes in expression between the MA11
and MA11/TR cells (Fig. 8A and B). Neither phosphorylation of Aktl, ERK1/2 (p44/p42) nor S6
were found different between the cell lines at this time point.
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The level of total ERK1/2 was also found lower in the non-treated MA11 cells (about half of
what could be found in the non-treated MA11/TR cells at the 20 hours harvest time point) (Fig.
8C). The relative phosphorylation status of ERK1/2 normalized to total ERK1/2 expression and
untreated cells, revealed an attenuation of ERK1/2 activity two hours after TPCS2.-PDT in both
cell lines (p<0.001) (Fig. 8D).

The expression of total STAT-3, which phosphorylation is regulated by Janus kinases in response
to cytokines and growth factors, was not found significantly affected by TPCS,.-PDT at any
harvest time point, and did not differ between the cell lines (Fig. 8E). The phosphorylation status
and hence activation showed, however, a significant dephosphorylation 5 min after PDT in both
cell lines (MA11, p =0.015 and MA11/TR, p<0.001) (Fig. 8F). Twenty hrs after TPCS2.-PDT of
the MA11 cells, the phosphorylation level of STAT-3 had returned to that of control cells. In
contrast, phosphorylation of STAT-3 in PDT-treated MAL11/TR cells was near 2-fold increased (p

=0.009) compared to untreated MA11/TR control cells.

3.8. PDT-resistant MA11/TR cells over-express EGFR and are sensitive for PCl-based targeting
with EGF-saporin

Western blot analyses of cell lysates of untreated naive MA11 cells revealed an initial low EGFR
expression compared to untreated MAL11/TR cells harvested 5 min after the PDT time point
(Approximately 6-fold lower than the expression found in MA11/TR, p =0.024) (Fig. 9A). At the
20 hrs time point, the untreated MA11 cells increased their EGFR expression significantly (p
=0.010) compared to the 5 min time point, however the EGFR expression was still lower (1.45-
fold, p =0.019) compared to the untreated MA11/TR cells. A higher expression of EGFR in the

MAT11/TR cells compared to the MA11 cells was confirmed by ICC (Fig. 9B).
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The overexpression of EGFR in the MA11/TR cells made us hypothesize that PCl-based EGFR-
targeting could be a rational strategy to eliminate these PDT-resistant cells. Indeed, targeting of
EGFR with TPCS,,-based PCI of 1 pM EGF-saporin was sufficient to induce a strong cytotoxic
response in both MA11 and MA11/TR cells compared to PDT or EGF-saporin alone (Fig. 9C).
For MA11/TR cells, PCI of EGF-saporin increased cell killing 2.8-fold over PDT alone at 2.5
min light exposure, compared to 1.9-fold increased cell killing in the MA11 cells at the same

light dose.

4. DISCUSSION

PDT can be curative in early stage tumours and some pre-malignant conditions. In contrast, for
thick lesions or advanced cancers, recurrence of tumour after PDT is a clinical challenge [4]. The
reason for recurrences after PDT is unclear, though limited light penetration in tumour tissue and
cytoprotective mechanisms have been reported to play important roles [30] [31]. Hence, repeated
PDT has been suggested and shown to improve the clinical outcome in different cancers [32];
[33]; [34] and pre-malignant conditions [35]; [36]. However, several independent laboratories
have demonstrated development of in vitro PDT-resistance [2]; [11]; [12]; [30], and clinically,
cytoprotective signalling including upregulation of phospho-ERK and EGFR in squamous cell
carcinoma (SSC) after methyl-3-aminolevulinic acid (MAL)-PDT [3]. Investigation of cancer cell
resistance mechanisms after PDT and repeated PDT is therefore important for the further

development and improvement of PDT.

Hence, in this study we aimed to identify mechanisms behind PDT-resistance in human breast

cancer cells that had been treated with several (n>3) rounds of PDT. We first selected the
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ABCG2-overexpressing cell line MA11 and treated the cells with PDT using two different
photosensitizers, PhA or TPCS,,, having completely different intracellular localization [21] and
being either a substrate or a non-substrate of the drug efflux pump ABCG2, respectively.
Previously we demonstrated that the MA11 cells are intrinsically resistant to PDT using the
photosensitizer PhA [21], which has been shown to be a substrate of the ABCG2 drug efflux
pump [19]; [21]. We recently demonstrated that it is possible to overcome the PhA-PDT
resistance of the MA11 cells by blocking ABCG2 activity with Fumitremorgin C and the
clinically relevant tyrosine kinase inhibitors imatinib and nilotinib [18]. Here we show that the
degree of resistance is further enhanced when the MA11 cells are challenged by multiple rounds
of PhA-PDT. We found that the PhA-PDT-resistant cells (MA11/PAR) expressed a higher
plasma membrane level of ABCG2 than the naive MAL11 cells, demonstrating that repeated PhA-
PDT of the MA11 cells results in a PDT-mediated selection of ABCG2-high cells. TPCSza is not
an ABCG2 substrate [21], rendering the MA11 cells sensitive to TPCS2.-PDT. Yet, here we show
that the MA11 cells acquired PDT-resistance upon challenge with >3 rounds of TPCS2.-PDT.

The TPCS,,-PDT resistant cells were designated MAL11/TR. In contrast to a recent study by

Kralova et al. [37], which demonstrated a shift in the localization of temoporfin (MTHPC or
Foscan) to lysosomes in PDT resistant cells, we did not observed any change in the intracellular
localization of the TPCSza between MA11 and MA11/TR cells. Since TPCSza is under clinical
evaluation for the use as a photosensitizer in PCI, we wanted to focus only on this photosensitizer
in details. In line with other independent reports [2, 38], we also here observed that PDT-resistant
MAL11/TR cells have a different morphology than the MA11 naive and PDT sensitive cells when
they reached sub-confluence or confluency. We do not have enough data or mechanistic

experiments supporting that the cells have undergone an activation of an EMT program, however,
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this should be further elucidated in future studies.

We have previously reported on cross-resistance to TPPSzs-and TPCS2a-PDT in the doxorubicin-
resistant sarcoma cell line MES-SA/Dx5 [16]; [17], which was correlated with ROS scavenging.
Surprisingly, the TPCS,,-PDT-resistant MA11/TR cells had no significant difference in ROS
generation compared to the naive MA11 cells post TPCS,.-PDT. In addition, neither cross-
resistance to doxorubicin nor ionizing radiation was established in the MA11/TR cells. In line
with this one of the most important antioxidant enzymes in humans, the ROS scavenger GPx1
[17]; [39], was found equally expressed by MA11 and MA11/TR cells (data not shown).
Altogether, these findings strongly suggest that the development of TPCS,,-PDT-resistance

observed in the MA11/TR cells does not involve an enhanced capacity to scavenge ROS.

A strong increase of phosphorylation (at Thr180 and Tyr182) of the stress responsive protein p38
MAPK immediately (~5min) after TPCS,,-PDT in both MA11 and MA11/TR was revealed,
consistent with our recent reports using other cell lines [17]; [40]; [41]. One of the most striking
observations in the present study is the highly increased activation of p38 MAPK after TPCS,,-
PDT in the MA11/TR cell line. Furthermore, inhibition of p38 MAPK activation with SB203580
did not have any impact on survival of the MA11/TR cells after TPCS,,-PDT. However,
SB203580 strongly enhanced the viability of PDT-treated MAL11 cells indicating that p38 MAPK
activation induces death signalling in the PDT-sensitive naive cells, in agreement with
observations in other models [40]. Hence, the present report suggests that the PDT-resistant
MAZ11/TR cells have lost their p38-mediated cell death signalling after TPCS2,-PDT, which is

most likely the central resistance mechanism observed in these cells. On the contrary, no effect
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on survival of p38 inhibition was found in MDA-MB-231 cells, although the resistant MDA-MB-
231/TR cells had strongly reduced ability to phosphorylate MK2 in response to TPCS2.-PDT. At
this stage we cannot explain this observation, however, in light of a recent study by Herranz et al.
[42], which identified MK2 as a specific target of mTOR-regulated translation and that we
previously demonstrated direct photodamage of mTOR (using another lysosomal localizing
photosensitizer AIPcS;.), may explain why the specific inhibition of p38 by SB203580 does not
influence survival of the MDA-MB-231 cells after TPCS2.-PDT. The MCF-7 cells, which
intrinsically shows low sensitivity to TPCSza -PDT was also not affected by SB203580. Our data
therefore indicate that breast cancer cells with acquired resistance to TPCS,.-PDT have a
dysregulated p38 MAPK activity, which has strongly reduced its ability to phosphorylate MK2 in
both MA11/TR and MDA-MB-231. However, the implication of the activation of p38 MAPK for
death signalling is cell line dependent. Together with p38 MAPK, MK2 is known to be involved
in cellular processes including stress and inflammatory responses, cell proliferation and survival
[43]. Activation of p38 may in addition cause mitotic arrest [44] which was indeed observed after
TPCS2:-PDT in the MA11 and MA11/TR cells, however, no difference in cell cycle distribution
was observed. Of high relevance to our study is the work of the Gaestel lab, which demonstrated
that MK2 knockout mice had enhanced stress resistance and survived bacterial LPS-induced
endotoxin shock because of a 90% reduction in the expression of TNF-a [45]. In addition,
Kopper et al. showed that inhibition or depletion of MK2 protected U20S sarcoma cells from
DNA damage-induced cell death after ultraviolet light or gemcitabine exposure [46]. Based on
this and new data revealed in this study, we suggest that loss of MK2 activity protect breast
cancer cells from ROS-induced cell death after PDT. To confirm this, further experiments with

direct knock out of MK2 in the MAL11 cells, should be performed in front of TPCS2.-PDT
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challenge.

The enhanced proliferation of the MA11/TR cells compared to the MA11 cells, indeed, indicates
a dysregulation of proliferation and/or survival signalling in this PDT-resistant cell line. This may
be attributed to the strongly enhanced expression of total EGFR and ERK1/2 observed in
untreated MAL11/TR cells at relative low cell confluence. This is in agreement with a study of
Gilaberte et al. which recently demonstrated that EGFR is upregulated in relapsed SSC tumours
of patients treated with MAL-PDT and in a SSC-13 sub-line that had developed PDT-resistance
after multiple treatments with MAL-PDT [3]. Of relevance, some observational clinical case
reports have shown that multiple PDT sessions may transform the tumour into a faster growing
condition [47]; [48]; [49]. In contrast, PDT-mediated inhibition of total and phosphorylated
EGFR expression immediately after treatment has been reported by us and others [50]; [51]; [52]
using different cell line models and photosensitizers. Moreover, immunoblotting after TPCS2a-
PDT revealed that the EGFR downstream proteins ERK1/2, which are protein-serine/threonine
Kinases that participate in the Ras-Raf-MEK-ERK signal transduction cascade, were
dephosphorylated in the MA11 and MA11/TR cells 2 hrs after treatment. The amount of total
ERK1/2 was, however, higher in the MA11/TR cells, coinciding with a higher proliferation rate
in the MA11/TR cells. Of relevance, p38 MAPK-induced G2/M arrest has been linked to de-
phosphorylation of ERK1/2 [53]. The MA11 and MA11/TR cell lines responded, however,
similarly to TPCS2.-PDT with respect to cell cycle distribution 20 hrs after TPCS2.-PDT; both
gained a distinct accumulation in G2/M phase, which has also been reported previously by others
using different photosensitizers e.g. Hypericin, AIPCS4 and TPPS, where the latter two localize

to endosomes and lysosomes [54]; [55]; [56]. Thus, increased EGFR and Erk expression may
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play an important role for the increased proliferation rate observed for the TPCS2.-PDT resistant
MA11/TR cells, and, in addition to the deregulated p38 MAPK signalling pathway, may partly

explain the enhanced survival after PDT.

The rupture of endosomal and lysosomal membranes after light activation of PCI-
photosensitizers as shown in Fig. 2C, is utilized to enhance the cytosolic delivery of several types
of macromolecular drugs (e.g. protein-based toxins and targeting toxins) and some
chemotherapeutics for cancer therapy [21]; [28]; [57]; [58]; [59]. Regardless of PDT sensitivity,
which may vary with accumulation, localization and/or death and survival signalling of treated
cancer cells, we have demonstrated that PCI of ribosomal inactivating toxins (e.g. saporin and
gelonin), of which only 1-10 molecules may be sufficient to kill a cell [60], with or without
targeting moieties (e.g. growth factors and antibodies), circumvent therapy resistance in a number
of cancer types [15]; [16]; [17]. Due to the elevated EGFR expression in the MA11/TR cells, we
hypothesized that these cells would be sensitive to PCI of an EGFR-targeting drug. Indeed, PCI
of 1 picomolar EGF-saporin decreased viability more in MA11/TR than in MA11 cells when
compared to their PDT-sensitivities, demonstrating that PCI of EGF-saporin overcomes the PDT-
resistance in the MA11/TR cells. This is consistent with what we have previously observed in
other cancer cell lines exhibiting different PDT sensitivities [17]. The PCI effect is dependent
both on the degree of target expression and photodamage of the lysosomal membrane. Hence,
despite the significant (p<0.01) lower PDT effect in the MA11/TR cells, these cells are more

sensitive to PCI of EGF-saporin due to a significant (p<0.02) higher expression level of EGFR

A TPCS2,-PDT-induced de-phosphorylation of STAT-3 was also detected by immunoblotting in
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both MA11 and MA11/TR cells at the Tyr705 site. These observations are in line with Liu et al.,
which reported on reduced STAT-3 and ERK1/2 phosphorylation upon 5-aminolevulinic acid (5-
ALA)-PDT [51]. Twenty hours after TPCS2.-PDT, the MA11/TR cells regained phosphorylation
of STAT-3 exceeding the phosphorylation of untreated cells, also in line with their higher

proliferation capacity compared to the naive MA11 cells after PDT.

Twenty hrs after TPCS2,-PDT the total distribution of cells undergoing apoptosis and necrosis
was not different between the MA11 and MAL11/TR cells. Moreover, ELISA performed
immediately after PDT did not reveal any significant changes and differences of cell death or
survival signalling responses, except a significant (p =0.022) 3-fold lower expression of the BAD
protein, which is a pro-apoptotic member of the Bcl-2 gene family, in the MA11/TR control cells
as compared to MA11 cells. However, in the resistant cells, TPCS2.-PDT generated a significant
3-fold increase (p =0.013) of BAD to the same level as the treated MA11 cells.

The pro-apoptotic activity of BAD is prevented by phosphorylation of Ser112 by the MAPK
pathway [61] and Ser136 by the PI3K-Akt pathway [62]. No significant change in phospho-BAD
level was, however, observed. Altogether, we could neither detect any change in degree of
apoptosis between the MA11 and the MA11/TR cells after TPCS2.-PDT, nor in apoptotic
signalling responses post PDT. However, the reduced expression of Bad in the MA11/TR control
cells may explain the enhanced viability and proliferation of these cells, and suggests the reduced

sensitivity to PDT as compared to the maternal MA11 cells.

TPCS22-PDT in MA11 and MA11/TR cells induced an increase of LC3 puncta and LC3-1to Il

conversion and this may indicate an autophagy induction. Despite an enlargement of
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multivesicular bodies (MVBs) and possibly an increase in MVB fusion profiles at 1- 4 hrs post
PDT, there was no clear evidence for an increased number of autophagosomes. However, the
accumulation of LC3-1l in MA11 and MA11/TR could indicate that the constitutive LC3-I1
turnover in the endo-/lysosomal pathway is reduced, possibly due to photochemical-induced
damage to the membranes of the lysosomes, which was indeed revealed by the LTG micrographs
post PDT. Interestingly, the ruptures of lysosomal membranes could indicate that LC3-11
containing autophagic membranes are not degraded due to failure to be incorporated in the
autolysosomal degradation pathway. However, we cannot rule out the possibility of increased

autophagic activity due to the PDT-treatment, but this needs to be studied in more detail.

In summary, here we demonstrate that development and mechanisms of PDT-resistance after
repeated cycles of PDT is both dependent on cell line and type of photosensitizer. The p38
MAPK signalling pathway is highly dysregulated in TPCS2,-PDT-resistant cells, of which the
MAL11/TR cells have lost the p38-mediated cell death response after PDT, while PDT-induced
death in MDA-MB-231/TR cells is independent of the p38 signalling. MA11/TR cells had a
higher basal expression of EGFR and ERK1/2, and a stronger activation of P-STAT-3 upon
TPCS2.-PDT, which may explain their enhanced proliferation capacity as compared to the naive
MA11 cells. Acquired TPCS2.-PDT-resistance did not result in development of cross-resistance
to chemo- or radiotherapy, and no difference in mode of death distribution (necrosis, apoptosis or
autophagy) after TPCS2a-PDT. Finally, TPCS2s-PCl-based targeting of EGFR overcome PDT-
resistance and PCI will therefore be further evaluated for the treatment of therapy-resistant,

aggressive and inoperable cancers.
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Figure Legends

Fig.1.

Development of PDT-resistance is both photosensitizer and cell line dependent. (A) Cell viability
of MA11 and MA11/PAR cells following Pheophorbide A-PDT (PhA concentration: 1 uM) with
increasing light dose measured by MTT. PDT-resistance was measured one week after the last
(third cycle of PDT and viability by MTT was assessed 24 hrs post light exposure. The data are
the mean of triplicates in one individual experiment, which is a representative result out of 4
independent experiments. (Error bars =S.D.). (B) Immunocytochemical staining of ABCG2 in

MA11 and MA11/PAR cells. The images are representative micrographs (out of 3 independent

experiments) of bulk cells (non-sorted cell population) or side population cells (Hoechst 33342IOW
FACS cells). Green arrows indicate enhanced ABCG2 expression on the plasma membrane of
MA11/TR side population cells as compared to MA11 bulk and side population cells. Scale bar:
20 pm. (C) Cellular viability (MTT, 24 hrs post light exposure) of MA11 and MA11/TR cells

following TPCS,,-PDT (0.5 pg/mL TPCSza) with increasing light doses. The data are the mean

of triplicates, which is a representative experiment out of more than three separate experiments (*
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= p<0.05, Error bars =S.D.). (D) Percentage cell confluence measured every 3 hrs for 300 hrs
after 1 min TPCS2.-PDT (0.5 pg/mL TPCS2a) of MA11 and MA11/TR by IncuCyte live cell
imaging system. The data are the mean of two individual experiments (Error bars =S.D.). (E)
Representative images of non-treated (NT) and PDT treated cells 0, 24, 72, 150 and 300 hrs after
1 min TPCS,,-PDT from the cell confluence experiment in (D) acquired with IncuCyte. (F)
Cellular viability (MTT, assessed 24 hrs post light exposure) of MDA-MB-231 and MDA-MB-
231/TR, and MCF-7 and MCF7/NTR (NTR = not TPCS2.-PDT resistant after 3 cycles of PDT)
following TPCS,,-PDT (0.4 pg/mL TPCS2a) with increasing light dose. The data are the mean of
four individual experiments (Error bars =S.D.). Clonal cell viability (assessed 10-14 days after
light exposure) of (G) MDA-MB-231 and MDA MB-231/TR cells, and (H) MCF-7 and MCF-
7INTR cells following TPCS,.-PDT with increasing light dose. The data are the mean of three

individual experiments (* =p<0.05, Error bars =S.D.).

Fig. 2.

No differences in TPCSza uptake, localization and PDT-induced endo-/lysosomal destruction and
ROS-generation in MA11 and MA11/TR cells. (A) Median DCF fluorescence (ROS formation) 1
hr after 1.5 and 5 min TPCS2.-PDT, measured by Flow Cytometry. The data are representative
for independent experiments. (B) Median fluorescence of TPCSz. after 18 hrs incubation + 4 hrs
chase in drug-free medium, measured by flow cytometry. The data are the mean of three
individual experiments normalized to MA11 cells (Error bars =S.D.). (C) Representative epi-
fluorescence microscopy images of cells incubated with TPCSafor 18 hrs and 0.33 uM
LysoTracker Green (LTG) for 30 min before (for evaluation of co-localization with TPCS2,) or

30 min after 1 min light exposure (PDT, to evaluate lysosomal photodamage). The experiments
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were reproduced and fluorescence microscopy images are representative data. Scale bar: 20 um.

Fig.3.

Cell cycle distribution of MA11 and MA11/TR cells before and after TPCS2.-PDT. (A) MA11
and MA11/TR cells are to the same degree arrested in the G2/M cell cycle post TPCS2a-PDT (0.5
png/mL TPCSza incubation for 18 hrs, prior to wash and 4 hrs chase in drug-free medium and light
exposure). Flow cytometry analysis of cell cycle distribution analysis of control cells (NT) and
cells harvested 20 hrs after 1 min of TPCS2.-PDT. DNA content is based on Hoechst 33258
signal. (B) Average values (%) for each cycle phase. The cell cycles are representative of three

individual experiments.

Fig. 4.

TPCSaa-resistant MA11/TR cells have neither acquired cross-resistance to chemo- nor
radiotherapy. (A) Relative viability/metabolic activity (MTT) following 72 hrs doxorubicin
treatment. The data are the mean of three individual experiments (Error bars =S.D.). (B) Clonal
cell viability following increasing doses of ionizing radiation. The data are the mean of three

individual experiments (Error bars =S.D.).

Fig. 5.

Distribution of dead cells undergoing apoptosis or necrosis. (A) Median distribution of apoptotic
and necrotic cells (normalized to total 100%) undergoing apoptosis (measured by TUNEL assay)
and necrosis (measured by Pl and TO staining) upon 1 and 5 min TPCS2,-PDT measured by flow
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cytometry. The data are the mean of three individual experiments (Error bars =S.D.). Relative
expression, as determined by ELISA, of apoptosis-associated proteins in MA11 (B) and
MAL11/TR (C) cells harvested 20 hrs after 1.5 min TPCS2,-PDT. The data are normalized to total
protein content as measured by the DC Protein Assay, and are the mean of three individual

experiments (Error bars = S.D.).

Fig.6.

Increased LC3-1 to Il conversion 20 hrs post TPCS2.-PDT does not result in formation of
autophagosomes. Percentage of cells with >2 LC3 puncta (A), and the number of LC3 puncta per
cell (B) after 1.5 min TPCS,,-PDT resulting in 25-35% (MA11) and for 15-20% (MA11/TR)
viable cell metabolism (0.35 pg/mL TPCS.a.). The data are the average of two individual
experiments of the mean of 4 x 10* cells seeded on 3 cover slips per cell line. (Error bars =S.D.)
Significance was assessed by the two-way ANOVA with Bonferroni correction using prism (*
=p<0.001). Abbreviations in figure: Cntrl = non-treated control; TPCS2a = photosensitizer only;
PDT = photosensitizer + light. (C) Representative LC3 puncta fluorescence (green) micrographs
of untreated MA11 and MA11/TR cells and cells treated with TPCS2a-PDT 20 hrs post light
exposure (same condition as for A and B). Blue fluorescence: nucleus stained with Hoechst
33342. (D) Western blot of LC3-1 to —I1 conversion 20 hrs after 1 min TPCS,,-PDT (0.5 pg/mL
TPCS2,, resulting in approximately the same degree of reduction in viability as in A and B). The
blot is representative for more than three individual experiments. Loading was controlled by
equal DNA application (measured by DNA absorbance), and Ponceau S. stain of the membranes.
N.S.= no statistical difference in LC3 signals between MA11 and MA11/TR cells. (E)

Representative electron micrographs of untreated (NT) and PDT treated MA11 and MA11/TR 1,
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2, 4 and 20 hrs after 1 min TPCS,,-PDT. The micrographs for the 1-2 hrs time-points are

representative from at least two individual experiments. Multivescicular bodies (MVBs) are

marked with black arrows.

Fig. 7.

TPCS2.-PDT resistant breast cancer cells have dysregulated p38MAPK signalling, but loss of its
death signalling pathway is cell line dependent. (A) Representative Western blot of phospho-p38
(p-p38) from MA11 and MA11/TR cells from three individual experiments harvested at 5 min, 2
and 20 hrs after 1 min TPCS2,-PDT. (B) Cell viability measured by MTT (48 hrs post light
exposure) of MA11 cells treated with TPCS2.-PDT and 20 pM of the p38 inhibitor SB203580,
which was added to the cells 1 hr before light exposure and removed 1.5 hr after TPCS2,-PDT.
The data are representative of three individual experiments (Error bars = S.D.). Significance was
assessed by the paired t-test of the mean from these three experiments (*1 min PDT: p<0.05) (C)
Western blot of p-MK2 on Thr222 from MA11 and MA11/TR cells two hrs after 1 min TPCSaa-
PDT with and without combination with 20 uM p38 inhibitor SB203580. The blot is a
representative experiment of three individual experiments. (D) MA11/TR viability as in (B). The
data are the mean of three individual experiments (Error bars =S.D.). Cell viability measured by
MTT of (E) MDA-MB-231, and (F) MCF-7 cells treated with TPCS2.-PDT and the combination
with 20 uM of the p38 inhibitor SB203580. The data are the mean of three individual
experiments (Error bars =S.D.). (G) Western blot of phospho-MK2 (P-MK2) in MDA-MB-231
and MDA-MB-231/TR cells harvested at 2 and 24 hrs after 1 min TPCS2,-PDT with the
combination of 20 uM p38 inhibitor SB203580. The blot is representative from three individual

experiments. All the loadings were controlled by Ponceau S. stains.
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Fig. 8.

Enhanced activation of ERK1/2 and STAT-3 post TPCS2.-PDT in MAL11/TR cells. Relative
expression of growth-associated proteins in MA11 (A) and MA11/TR. (B) cells harvested 5 min
after 1.5 min TPCS2.-PDT. The data are normalized to total protein content as measured by the
DC Protein Assay, and are the mean of two individual experiments (Error bars =S.D.). Western
blots of (C) ERK1/2, (D) phospho-ERK1/2, (E) STAT-3 and (F) phospho-STAT-3 of cells
harvested at increasing time points after 1 min TPCS2.-PDT together with untreated control cells
(NT). WBs are representative of three individual experiments. Quantification of total proteins
were normalized to the NT (20 hrs) sample, and the phosphoproteins to the respective total
proteins at each harvest time point. Even protein loading across lanes was visually confirmed by

Ponceau S. stain.

Fig.9.

Photochemical internalization of EGF-saporin overcomes PDT-resistance in the EGFR
overexpressing MA11/TR cells. (A) Representative Western blot of EGFR of cells harvested at
increasing time points after 1 min TPCS2a-PDT (0.5 ug/mL TPCS2,) together with untreated
control cells (NT). Quantification is based on band densitometry and normalized to the NT
sample at the 20 hrs time point. The data are the mean of three individual blots (Error bars =
S.D.). Even protein loading across lanes was visually confirmed by Ponceau S. stain. (B)
Representative immunocytochemical (ICC) staining of EGFR in MA11 and MA11/TR cells. The

nuclei were counter stained with hematoxylin (blue). (C) Assessment of cytotoxic responses
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(metabolic activity/viability assessed by MTT) 72 hrs after TPCS2a-PCI of 1 pM EGF-saporin
versus PDT in MAL11 cells and MA11/TR cells (TPCSza concentration: 0.5 pug/mL). The data
points are the average of two independent experiments. A third experiment with higher drug
doses gave higher cytotoxic responses however, replicated the same trend. P-values (p<0.01)
inserted show statistical significant differences in PDT-responses between MA11 and MA11/TR

cells. Error bars: S.D.
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ABSTRACT

The low curative response to current treatment regimens for most soft tissue sarcomas indicates a
strong need for alternative treatment strategies and predictive markers for treatment outcome.
PCI (photochemical internalization) is a novel treatment strategy to translocate drugs into cytosol
that otherwise would have been degraded in lysosomes. Two highly geno-and phenotypically
different uterine and vulvar leiomyosarcoma cell lines, MES-SA and SK-LMS-1, were treated
with bleomycin activated by PCI. The MES-SA cells were much more sensitive to PCI of
bleomycin than the SK-LMS-1 cells and the treatment induced a 7-8 fold higher increase in DNA
double-strand breaks at the same dose of light. A 3-fold higher induction of apoptosis and
stronger activation of Bax and p21 was also measured in the P53WT MES-SA cells, compared to
the P53mut SK-LMS-1 cells. The basal formation of reactive oxygen species (ROS) was 3-fold
higher in SK-LMS-1 cells than in the MES-SA cells and SK-LMS-1 expressed glutathione
peroxidase 1 (GPx1) and more superoxide dismutase 2 (SOD2) than the MES-SA cells.
Glutathione depletion with the glutathione synthetase inhibitor buthionine sulfoximine increased
the cytotoxic effect of the photochemical treatment (PDT) most strongly in the SK-LMS-1 cells,
and reduced PCI-induced H2AX activation in the MES-SA cells, but not in the SK-LMS-1 cells.
The results indicate PCI of bleomycin as a potential novel treatment strategy for soft tissue
sarcomas, with antioxidant enzymes, in particular GPx1, and the P53 status as potential

predictive markers for response to PCI of bleomycin.

Keywords: photochemical internalization; photodynamic; sarcoma; bleomycin; YH2AX;

resistance; reactive oxygen species; glutathione



INTRODUCTION

Soft tissue sarcomas constitute a rare group of cancers among solid cancers. They are
generally difficult to treat, and surgery remains the first line treatment, often supplemented by
radiation therapy. Surgery does, however, bear the risk of contamination of healthy tissue,
leading to cases of tumour recurrence. Radiotherapy improves local control after surgery (1) and
chemotherapy increases survival in a metastatic setting (2), but most important are adequate
surgical margins. Surgery of high grade sarcomas has often been combined with cytostatics such
as doxorubicin and ifosfamide in hope of improving long term survival. The long term results
are, however, still not convincing, and adjuvant chemotherapy remains a subject of debate. Thus,
there is a need for new treatment strategies to improve the survival rate and reduce the need for

debilitating surgery to obtain local control.

Photochemical internalization (PCI) is a novel treatment modality that may be considered for
treatment of soft tissue sarcomas. PCI is a technology where a drug accumulated in endocytic
vesicles becomes released into cell cytosol due to photodynamic destruction of the endosome
membranes. The PCI technology is based on an amphiphilic photosensitizer, such as TPCS,,,
which localizes to endosomal membranes, and upon light activation at the appropriate
wavelength, generates reactive oxygen species (ROS) that rupture the membrane of the
endosomes releasing the entrapped drug. A phase I clinical trial, including one sarcoma patient,
showed highly promising results, and 13 out of 16 patients showed complete (11) or partial (2)
response 28 days after treatment (3). The highly heterogeneous phenotypic and genotypic
characteristics of soft tissue sarcomas even within the same subgroup, result in different
responses to radio-and chemotherapy (4). It is therefore of great importance to reveal the
phenotypic and genotypic characteristics of soft tissue sarcomas that may predict the response to

PCI.

Soft tissue sarcomas are classified into over 40 subgroups, according to their histological
appearance. With a puresmooth-muscle differentiation, leiomyosarcomas are among the most
common soft tissue sarcomas. Leiomyosarcomas are a heterogeneous group of tumours with a
range of molecular expression profiles and P53 status (4). They may arise in any location, but
occur most often in the retroperitoneum and pelvis, and in large vessels or extremities (5). The

most important prognostic factors are tumour localization and size, and 5 year survival rates,



overall, are 50-60% (2). MES-SA (6) and SK-LMS-1 (7) are two heterogeneous uterine-and
vulvar leiomyosar-coma cell lines, respectively, exhibiting dissimilar phenotypic and genotypic
characteristics (8). MES-SA cells express pS3WT , HER2, pAKT, c-Met, but no PTEN or EGFR.
In contrast, SK-LMS-1 cells express p53mut, do not express HER2, but express PTEN, EGFR,
pAKT and c-Met (9-11). On this basis these cell lines appeared ideal to reveal differences in
sensitivity to PCI treatment and to initiate studies of predictive markers for treatment response. In
this study PCI was utilized to translocate bleomycin into the cells since bleomycin is a poorly
internalized chemotherapeutic that has been used in clinical PCI trials. The results indicate that
the MES-SA cells are more sensitive to PCI of bleomycin than the SK-LMS-1 and provide

insight into the mechanistic causes for this difference in cell sensitivity.



MATERIALS AND METHODS

Cell lines and culturing

The human uterine sarcoma cell line MES-SA (ATTC CRL-1976) and human vulvar
leiomyosarcoma cell line SK-LMS-1 (ATCC HTB-88) were obtained from the American Type
Culture Collection (LGC Standards AB, Boras, Sweden) and subcultered 2-3 times a week in
McCoy’s 5a medium (Sigma-Aldrich, St. Louis, MO, USA) and DMEM (Sigma-Aldrich),
respectively, supplied with 10% fetal calf serum (FCS; PAA Laboratories, Pasching, Austria),
100 U/mL penicillin (Sigma-Aldrich), and 100 pg/mL streptomycin (Sigma-Aldrich).
Detachment of the cells for subcultivation was performed at 37°C with 0.25% (w/v) trypsin-0.53
mM EDTA solution (Sigma-Aldrich). The cells were kept at 37°C in a humidified tissue culture
incubator with 5% CO2.

Cell growth densities

MES-SA cells (2x10°, 4x10° and 6x10°) and SK-LMS-1 cells (0.75x10°, 1.25x10° and

1.75X105) were seeded in 6 well plates. After cellular attachment the plates were analysed in the
IncuCyte ZOOM (Essen BioScience, Hertfordshire, UK) by measurement of plate confluence
over 90 hrs. Phase contrast high definition images were acquired every 3 hrs. The data were
subjected to morphological processing, due to the dissimilar cellular morphology of the two cell

lines.

Live cell microscopy

For live cell microscopy cells were seeded (3000 cells/cmz) in ibiTreat p-culture 8-well slides
(Ibidi, Munich, DE), allowed to attach overnight and imaged using a Cell Observer microscope
system (Carl Zeiss; Jena, DE) equipped with a 20x/0.8 PlanApo Phase 2 lens, an AxioCam MRm
camera, a temperature controlled XL-chamber, a temperature, humidity and CO, controlled stage
incubator, a motorized coded X,Y-stage, and a Definite Focus system. Cells were imaged for 20
hrs at 10 min intervals in 2x2-fields with 10% overlap and image tiles aligned using the MosaiX-
module (AxioVision 4.2; Carl Zeiss). For documentation of gross growth morphology cells were
seeded in 6-well plates (Nunc), grown to near confluence and imaged in 5x5 fields with 10%
overlap using a 10x/0.25 Phase 1 N-Achroplan lense. Image tiles were aligned using the MosaiX-

module (AxioVision 4.2; Carl Zeiss).



Light source

[Nlumination of cells was performed by using LumiSource ® (PCI Biotech AS, Lysaker,
Norway), a lamp consisting of four 18-W Osram L 18/67 light tubes. The lamp delivers blue

light (Emax =435 nm) with an output of 13.5 mW/cm’. The irradiance of the lamp varies <10 %

across the illumination area (45 x 17 cm).

PDT and PCI treatment

Two hundred thousand cells were allowed to attach in 6-well plates (Nunc) over night, and
then incubated with 0.2 pg/mL TPCS,, (PCI Biotech, Lysaker) for 18 hrs. Cells were then
washed twice with PBS, and either incubated with 0.3 IU/ml bleomycin (Bleomycin, Baxter AS,
Oslo) for 4 hrs prior to illumination. The cells were then illuminated with blue light (435 nm)

using the LumiSource ® (PCI Biotech AS) lamp.

Assessment of cell viability

Assessment of cell viability was addressed by clonal cell survival and the MTT assay. Based
on plating efficacy, an appropriate number of cells was seeded to obtain approximately 100
colonies in 6-well-plates. Cells were treated as described above, and colonies counted manually
after fixation in ethanol and methylene blue staining 10 to 14 days after treatment. The MTT
assay was performed by incubation with 0.4 mg/ml MTT (Sigma-Aldrich) for 4 hrs. The medium
was then removed, and the formazan crystals were dissolved in DMSO (Sigma-Aldrich).
Absorbance was read at 570 nm using a PowerWave XS2 microplate spectrophotometer

(BioTek, Winooski, VT, USA).

Intracellular TPCS,, accumulation and ROS formation

For addressing TPCS,, accumulation, 3x10° cells were seeded in 6-well plates, allowed to
attach, and incu-bated with 0.2 pg/mL TPCS,, for 18-20 hrs. Then the cells were washed twice
in PBS, and incubated in drug free medium for 4 hrs. Cells were analyzed by flow cytometry as
described below. Relative ROS formation was addressed by studying the cell permeable agent
2’,7’-Dichlorodihydrofluorescin diacetate (DCFH-DA) (Sigma), which upon deacetylation in the
cells, converts to non-fluorescent DCFH. DCFH is rapidly oxidized to highly fluorescent DCF by
ROS. The fluorescence intensity is proportional to the ROS levels in the cell cytosol. Three

hundred thousand cells were seeded in 6-well plates, allowed to attach, and incubated with 0.2



ug/mL TPCS,, for 18-20 hrs. Then the cells were washed twice with PBS, and incubated with
0.3 IU/mL bleomycin or drug free medium for 4 hrs. Immediately after illumination, cells were
washed once with PBS, detached with trypsin and resuspended in medium. After 30 min cells
were incubated with 0.1 mM DCFH-DA in medium for 1 hr, and analyzed by flow cytometry.
Cells were analyzed based on forward and side scattering (area) to gate live cells, and side scatter
(area and width) to gate singlets. Fluorescence analyses were performed in LSRII flow
cytometers (Becton-Dickinson, San Jose, CA, USA). TPCS,, was excited by either a 405 nm
laser (25 mW) or a 407 nm laser (100 mW) and collected through a 660/20 nm emission filter
combined with either a 505 nm or 635 nm longpass dichroic filter, respectively. DCF was excited
by a 488 nm laser (50 mW), and collected through a 530/30nm or a 525/50 nm emission filter

combined with a 505 nm dichroic filter.

Cell protein content

To compare cell protein contents, the DC Protein Assay (BioRad, Hercules, CA, USA) was

used as described by the producer. Cell lysates were obtained by lysing 2x10° cells with 100 ul
0.1 M NaOH.

Western blotting

Cells were treated as described above, and harvested at 4 hrs and 20 hrs after treatment by
washing the cells with PBS, and placing the plates on ice. Then the cells were lysed with RIPA
buffer (added 10 pl/ml Protease Inhibitor Cocktail (Sigma-Aldrich), 10 pl/ml Phosphatase
Inhibitor Coctail I and II (Sigma-Aldrich), 10 pul/ml 2 M B-glycerol phosphate, 5 ul/ml 10 mM
Na3VO04, 5 pl/ml 200 mM PMSF and 5 pl/ml 200 nM NaF)) or Lane Marker Sample Buffer

(Thermo Scientific), sonicated for 10-15 sec and heated (95°C for 5 min) before the lysates were
applied on 4-20% Mini-PROTEAN ® TGX™ 15 well Gels (BioRad) together with Precision

Plus Protein KaleidoscopeTM Standard (BioRad) and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (200 V, 30 min). Then proteins were blotted
(100 V, 2 hrs) onto methanol-activated polyvinylidene difluoride (PVDF) transfer membranes
(Amersham Hybond-P, GE Healthcare). The Transblot Turbo system was also used, as
recommended by the producer. The membranes were washed in tris-buffered saline with 0.1 %
tween 20 (TTBS) and blocked in 5% milk for 1 hr at room temperature. Then, the membranes
were washed in TTBS and incubated with antibodies against p21 #sc-397, GPx4 #50497 and
SOD2 #5¢30080 (1:200) (Santa Cruz) or Bax #2772 (Cell Signaling) (1:1000) in 5% bovine
serum albumin (BSA), GPx1 #3206 and SOD1 #4266(Cell Signaling) (1:1000) in 5% milk over



night at 4°C. The membranes were then washed thrice in TTBS and incubated with secondary
antibodies against rabbit #7074 (1:1000) or mouse #7076 (1:1000) (Cell Signaling) in 5% milk at
room temperature. The membranes were further washed thrice in TTBS before incubation with
SuperSignal West Dura Chemiluminescent Substrate (Thermo Scientific) and luminescence
measured with ChemiDoc (BioRad). Loading was controlled by anti-y-tubulin antibody; clone
GTU-88 #7T 6557 (Sigma-Aldrich) or incubating the membranes with Ponceau S. Stain (Sigma-
Aldrich).

Cell cycle analysis, assessment of H2AX phosphorylation and apoptosis (TUNEL assay)

After treatment, cells were detached with trypsin, washed in PBS, and resuspended in 500 pL ice
cold methanol and stored at -20°C. Methanol fixed cells were washed once with PBS, and added
35 puL TdT reaction mix (3.5 pL TdT Reaction Buffer, 2.1 pL 25 mM CoCl2, 0.35 pL Biotin-16-
dUTP, 0.35 uL. 10 mM DTT, 0.14 uL TdT enzyme, 28.58 uL. ddH20) (Roche) and incubated for
30 min at 37°C. Then the cells were washed once with PBS, and incubated with 50 puL of
primary antibody mix (mouse a-yH2AX 1:500 (Millipore) in 5% milk in PBS) for 30 min at
room temperature. Then the cells were washed once with PBS, and incubated with 50 pl
secondary antibody mix (goat a-rabbit-PE 1:50 (Invitrogen), rabbit a-mouse-FITC (Dako) and
streptavidin-Cy5 1:400 (GE Healthcare) in 5% milk in PBS) for 30 min at room temperature.
Then the cells were washed once with PBS and resuspended in 500 pL Hoechst 33258 (1.5
ug/mL) in PBS, and incubated overnight at 4°C. Analysis was performed in an LSRII (Becton-
Dickinson, San Jose, CA, USA). PE, FITC and Cy5 were excited by 561 nm (40 mW), 488 nm
(50 mW) and 640 nm (40 mW) lasers, and collected through 582/15 nm, 525/50 nm and 670/14
nm emission filters, the former combined with 570 nm and 505 nm longpass dichroic filters,
respectively. Single cells were gated either based on side scatter (area and width) or on side
scatter (area) and Hoechst (width). Cell cycle analysis was performed by FlowJo Software (Tree
Star Inc, Ashland, Oregon, U.S.A.) on Hoechst 33258-stained cells, based on Hoechst area, and
analyzed by fitting the Dean-Jett-Fox model to define cell cycle distribution.

Metabolic analysis

Fifteen thousand cells were inoculated onto special 96 well plates for the XF‘96 Seahorse
metabolic analyzer. The cells were incubated overnight in their normal media at 37°C, 5% CO2
humidified atmosphere. One hour prior to the experiments, the cells were placed on Seahorse
Assay media supplemented either with 2 mM pyruvate, 10 mM glucose and 2 mM L-glutamine

or 2 mM L-glutamine but no pyruvate and glucose. The cells were incubated for 1 hr in a 37°C
8



humidified atmosphere (non CO,) and then assayed for their oxygen consumption rate (OCR)

and lactate induced extracellular acidification rate (ECAR) as per standard XF96 protocols. The
cells were assayed in four conditions: I) basal, II) injection of 1 uM oligomycin, III) injection of

1 uM FCCP, and IV) 1 uM Antramycin-A and Rotenone. These conditions are described by

XF°96 manufacturers as the mitostress assay.

Statistical evaluations of data

To evaluate significance the t-test (student’s t-test) was used if not otherwise stated. The cell
cycle distributions were statistically analyzed by two-tailed paired t-tests. Results were
considered significant when p<0.05. The statistical analyses were performed by the software

SigmaPlot 12.5 (Systat Software, Inc., San Jose, CA, USA)



RESULTS

Different cell growth patterns between uterine and vulvar leiomyosarcomas, but no difference in
growth rates

Cell growth assessed by the IncuCyte ZOOM is shown in Fig. 1, and revealed insignificant
overall growth rate differences between the cell lines. The calculated doubling times were
31.3+1.2 (S.D.) and 32.2+1.4 (S.D.) hrs for the MES-SA and SK-LMS-1 cells, respectively. The
cell density curves were used to calculate the appropriate number of cells to seed in each
experiment, based on the experiment duration and plate type, to maintain optimal growth
conditions. Live cell microscopy showed, however, phenotypic differences in growth pattern,
migration and the formation and appearance of colonies of the two cell lines (Fig. 1C and D, and
Suppl. Video 1). The MES-SA cells appear round, only rarely found with pseudopods and
express low mobility and form dense colonies. In contrast, the SK-LMS-1 cell appear flat with
long pseudopods and high mobility. Accordingly, the MES-SA and SK-LMS-1 cells form dense

and scattered colonies, respectively.

Insignificant differences in sensitivity to bleomycin

Therapeutic effects of increasing doses of bleomycin were addressed by clonal cell viability,
as described in Material and Methods (Fig. 2A). The cells were treated with bleomycin for 4 hrs.
The clonal cell viability decreased with increasing doses of bleomycin for both cell lines. The
LDs values were found similar (2.75 IU/ml) for both cell lines as calculated by the exponential

decay formulas.

PCl increases the therapeutic effect of bleomycin

Studies on response to TPCS,, and light (photodynamic therapy (PDT)) showed that the
TPCS,,-treated MES-SA cells were slightly more sensitive to light than the SK-LMS-1 cells
(Fig. 2B). In both cell lines PCI of bleomycin reduced the cell viability in a synergistic manner
(Fig. 2C and D). However, the MES-SA cells were found more sensitive to increasing doses of

bleomycin in cells treated with PCI than the SK-LMS-1 cells.

PCI of bleomycin increases DNA double strand breaks

Bleomycin exerts cytotoxic effects by induction of DNA strand breaks, including double-
strand breaks (12). A major increase in DNA double strand breaks addressed by measurements of
YH2AX was found when MES-SA cells were treated with PCI of bleomycin (Fig. 3). The
YH2AX staining was increased more than 20-fold 1 hr after PCI of bleomycin, while only a 3-4

10



fold increase was seen in the SK-LMS-1 cells. In both cell lines bleomycin alone or PDT induced
no increase in YH2AX staining. The analyses of YH2AX staining by flow cytometry were
confirmed by fluorescence microscopy which showed that the staining was nuclear and appeared
almost homogenous in the PCI of bleomycin treated MES-SA cells and less intense and more

punctuate in the SK-LMS-1 cells (Fig. 4).

The YH2AX staining of untreated G2/M phase cells was approximately 2-fold higher than in
G1 cells of both cell lines, reflecting the doubling of the DNA content of cells in G2/M phase
(Fig. 3C and D). However, the YH2AX staining was similarly strong in both cell cycle phases 1
hr after PCI of bleomycin. The YH2AX staining was found decreasing with time after treatment
in both cell lines, but was still high 44 hrs after treatment in MES-SA cells (Fig. 3A and B). The
repair kinetics appear similar after high (300 sec) and low doses (90 sec) of light, indicating that
the repair mechanisms are not influenced by the photochemical treatment (data not shown).
Interestingly, the YH2AX staining appeared to decline slightly faster in G1 cells than in the G2/M
cell population in both cell lines (Fig. 3C and D). Twenty hours after PCI of bleomycin treatment
of MES-SA cells the yYH2AX staining in G1 cells had declined to 17.7+11.2% (n=5) of that at 1
hr after treatment while in the G2/M population YH2AX declined to 30+ 8.0% (n=5). The
difference in rate of reduction of YH2AX staining had a one-tailed p-value =0.0381, and a two-
tailed p-value =0.0763.

The untreated SK-LMS-1 cells exhibited a 3-4-fold higher YH2AX staining than the MES-SA
cells (Fig. 3). This is, however, partly reflecting the approximately 2-fold higher DNA content in
the SK-LMS-1 cells (data not shown).

The differences in cellular response to PDT and PCI of bleomycin as described above may be
due to differences in cellular uptake of photosensitizer, differences in rate of ROS formation,
cellular protection mechanisms against ROS or differences in expression of oncogenic signals.
The following are attempts to reveal the mechanistic parameters of importance for the differences

in response to PDT and PCI of bleomycin between MES-SA and SK-LMS-1 cells.

Cellular uptake of TPCS,,

Studies of TPCS,, accumulation, at a time point corresponding to the time of light exposure of
TPCS,, -sensitized cells, revealed that the SK-LMS-1 cells accumulated more photosensitizer
than the MES-SA cells (Fig. 5A). The median fluorescence after subtracting the background
fluorescence, in the SK-LMS-1 cells was found to be 3.3+0.15(S.E.)-fold higher than in the
MES-SA cells. However, the SK-LMS-1 cells are larger than the MES-SA cells. The protein

11



content was 3.7+0.28(S.E.)-fold higher per cell in SK-LMS-1 cells (data not shown). Thus, the
accumulation of TPCS,, was 12% lower per cell volume in the SK-LMS-1 cells than in the

MES-SA cells.

ROS generation in MES-SA and SK-LMS-1 cells after treatment

ROS formation was studied after the various treatments (Fig. 5B and C). In both cell lines all
photochemical treatments induced detectable increases in ROS. The increase in ROS-formation
after normalization to the control levels was higher per cell in the MES-SA cells than in the SK-
LMS-1 cells (B). The increase in ROS-formation was close to proportional to the light doses in
the MES-SA cells, while doubling of the light dose caused only an approximately 60% increase
in ROS formation in the SK-LMS-1 cells. Treatment of PCI of bleomycin did not induce any
additional ROS formation compared to PDT.

The ROS assay is based on flow cytometric single cell analyses. ROS formation in untreated
cells was 12.5-fold 6.5 (S.E.) higher in SK-LMS-1 cells than in the MES-SA cells. Taking into
account the absolute relative formation of ROS per mg protein it appears that the generation of
ROS is 3.3-fold higher in untreated SK-LMS-1 cells than in the MES-SA cells (Fig. 5C), and the
total ROS formation in the PDT/PCI of bleomycin treated cells is approximately twice as high in
the SK-LMS-1 cells as in the MES-SA cells (range 1.8-2.6-fold).

SK-LMS-1 cells exhibit higher expression levels of superoxide dismutase and glutathione
peroxidase than MES-SA cells

The enzymes superoxide dismutase (SOD) and glutathione peroxidase (GPx) are essential in
detoxification of ROS generated by the cells and by treatment-induced ROS. The basal levels of
mitochondrial SOD2 generally involved in catalysing the dismutation of superoxide radical into
H202, was found to be more strongly expressed in the SK-LMS-1 cell line compared to MES-
SA cells, while cytosolic and peroxisomal SOD1 was found equally expressed in both cell lines
(Fig. 6A). Cytosolic GPx1 was found expressed only in the SK-LMS-1 cell line, while GPx4
hardly was detectable in either of the cell lines.
The impact of GSH on cell survival and double-strand breaks after PDT and PCI of bleomycin

Glutathione (GSH) is a strong antioxidant as well as substrate for GPx enzymes.
Measurements of the basal levels of GSH showed an approximately 50% higher level in MES-
SA cells than in the SK-LMS-1 cells (Fig. 6B). Treatment with L-Buthionine-S,R-Sulfoximine
(BSO), which is an inhibitor of y-glutamylcystein synthetase, lead to a >80% decreased GSH
level in both cell lines after treatment with 50 uM BSO for 24 hrs (Fig. 6B). BSO induced an

12



incubation time-dependent toxicity that excluded utilization of the clonogenicity assay. The
highest non-toxic concentration of BSO was initially determined (72 hrs treatment at 50 uM for
MES-SA and 100 uM for SK-LMS-1) by the MTT assay (Fig. 6C and D). Both cell lines were
found more sensitive to PDT in the presence of BSO, but the effect appeared much stronger in
the SK-LMS-1 cells (Fig. 6E and F). The cytotoxicity of PCI of bleomycin is usually analyzed by
clonogenic cell viability assay due to the slow response to bleomycin. Three days of incubation
was found too short to detect a significant synergistic effect of PCI of bleomycin in the MTT
assay and the impact of BSO on the cytotoxicity of PCI of bleomycin could therefore not be
detected.

GSH and GPx activities have been shown to influence chromosomal DNA damage and repair
in cells treated with ionizing radiation and bleomycin (13, 14). In MES-SA cells treated with PCI
of bleomycin the YH2AX staining was lowered by 46% (0.54+0.24) as seen by a slightly reduced
peak value and a longer tail towards low YH2AX staining by pretreatment with BSO, while BSO
treatment had no apparent effect in the SK-LMS-1 cells (0.98+0.25 of that in the absence of
BSO, Fig. 7). BSO had no detectable effect on YH2AX staining in either cell line treated with
bleomycin only or PDT.

Treatment-induced effects on cell cycle regulations and induction of apoptosis

The cell cycle distribution in response to PDT and PCI of bleomycin was studied by flow
cytometry of Hoechst stained methanol fixed cells. A two-fold increase of MES-SA cells in
G2/M phase was seen 20 hrs after treatment with PCI and PDT with 150 sec of light (p < 0.03,
Fig. 8). Concurrently, PDT reduced the fraction of cells in S phase by almost 50% (p=0,064) and
less by means of PCI (PDT vs PCI, p < 0,05). In SK-LMS-1 cells subjected to PDT the G2/M
fraction was lower by 40 % compared to untreated control cells 20 hrs after treatment (p < 0.01),
while after PCI of bleomycin the cell cycle distribution was only slightly modified with a 25%
increase in the G2M phase (p = 0.06). Bleomycin treatment resulted in no statistically significant

effect in either cell line.

MES-SA cells express wild type p53 while p53 is mutated in SK-LMS-1 cells (11, 15). This
difference may influence on the cell cycle regulation and induction of apoptosis. Apoptosis,
addressed by identification of DNA fragmentation (TUNEL assay,) showed that neither PDT nor
PCI of bleomycin induced apoptosis 1 hr after treatment. Twenty hours after PDT and PCI of
bleomycin, apoptosis appeared in both cell lines (Fig. 9A and B). There were no differences in

the apoptotic fraction between the cells treated with PDT and PCI of bleomycin, but the
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apoptotic fraction was 3-fold higher in MES-SA cells than in SK-LMS-1 cells. Additionally,
when PDT and PCI of bleomycin light doses were increased (from 150 sec to 300 sec of light) in
the MES-SA cell line, an increase in DNA fragmentation with time was observed (data not
shown). The highest doses tested at the latest time points after treatment revealed approximately
30% apoptosis (300 sec of light, 44 hrs after irradiation, data not shown) in the MES-SA cell

line.

The apoptotic fraction did not change between 20 and 44 hrs after illumination (Fig. 9B). In
the procedure for analysis of apoptosis, floating cells are collected together with the cells bound
to the substratum. It has previously been shown that apoptotic cells floating in the medium after
PDT with a structurally similar photosensitizer (TPPS,,) remain detectable in the medium for
more than 60 hrs after illumination (16). In accordance with the cell line differences in induction
of apoptosis after PCI, Bax was induced 20 hrs after illumination in the MES-SA cells, but not in
the SK-LMS-1 cells (Fig. 9C). Activation of the p53 downstream protein p21 was also seen after
PCI of bleomycin, but only in the MES-SA cells, in accordance with the p53 status. However, no

activation of Bax or p21 was seen after PDT in either cell line.

Metabolic activity characteristics of MES-SA and SK-LMS-1 cells

The reduced dependency on oxidative phosphorylation and enhanced use of glycolysis have
been described as characteristic for cancer cells (17). Recent studies indicate that increased
utilization of glycolysis correlates not only with survival benefits in a hypoxic environment but
also increased drug resistance (18). Addressing the mitochondrial respiration showed that the
SK-LMS-1 cells consumed oxygen at approximately the same rate (OCR/min) as the MES-SA
cells when corrected for the difference in cell protein (3.7 : 1) (Fig. 10A). When removing the
glucose and pyruvate from the media, the basal respiration levels slightly increased for both cell
lines, but the maximum respiration capacity upon FCCP administration remained the same (Fig.

10B).

When, however, the glycolytic profiles of the two cell lines were assessed, MES-SA cells
were found to demon-strate an approximately 2.5-fold higher glycolytic activity (ECAR/min)
than SK-LMS-1 cells when corrected for cell volume (Fig. 10C). ATP synthase inhibition, by
adding 1 uM oligomycin, only slightly increased the glycolytic activity in both cell lines, without
much affecting the ratio of the respective activities before oligomycin administration. When
removing glucose and pyruvate from the medium, the glycolytic activity in the cell two lines was

in general lowered (Fig. 10D), with the MES-SA cells being mostly affected by the glucose and
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pyruvate absence. This resulted in a profound decrease of the gap between the glycolytic

activities of the two cell lines.
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DISCUSSION

In the present study the two pheno- and genotypically diverging soft tissue sarcoma cell lines
MES-SA and SK-LMS-1 have been evaluated for treatment response to PCI of bleomycin. The
MES-SA cells were found slightly more sensitive to PDT and substantially more sensitive to PCI
of bleomycin than the SK-LMS-1 cells. The cell line difference in treatment response is related
to the observation that PCI of bleomycin induced more double-strand breaks and apoptosis in
MES-SA cells than in SK-LMS-1 cells. The GSH-based protection mechanisms appear also to be
involved in the sensitivity to PCI of bleomycin and PDT.

The induction of DNA double strand breaks as measured by phosphorylation of the histone
H2AX (YH2AX) was seen in both cell lines after PCI of bleomycin although much stronger, e.g.
7-8-fold at 150 sec of light, in the MES-SA cells than in the SK-LMS-1 cells. Bleomycin alone
induced hardly any double-strand breaks, confirming that PCI induces the translocation and
activation of bleomycin in the nucleus. The biological consequences of the double-strand breaks
are the main cause of the bleomycin- and ionizing radiation-induced tumour necrosis (19). The
difference in PCI of bleomycin-induced cytotoxicity between the two evaluated cell lines may
therefore to a high extent be related to the formation of double strand breaks and/or differences in

the efficiency of the corresponding repair mechanisms.

Bleomycin is regarded as a radiomimetic and the effects on cells by bleomycin and ionizing
radiation are highly similar. Glutathione is a radioprotector and depletion of glutathione by
inhibiting the enzyme y-glutamylcysteine synthetase with BSO increases cellular radiosensitivity
and increases the formation of radiation-induced chromosomal aberrations (20). This is in
contrast to the attenuation of H2AX activation found after PCI of bleomycin in BSO treated
MES-SA cells. However, it has been reported that glutathione can reactivate oxidized bleomycin
so that it can undergo repeated cycles of chromosome cleavage (21, 22). It was unfortunately not
possible to evaluate the impact of glutathione depletion on the cytotoxicity induced by PCI of
bleomycin. The importance of glutathione to protect against ROS, mainly singlet oxygen,
induced by the photochemical treatment was, however, substantial and in accordance with
previous reports (23). The stronger sensitizing effect of BSO in the SK-LMS-1 than the MES-SA
cells correlates well with the expression of GPx1 only found in the SK-LMS-1 cells. The
sensitizing effect of BSO in the MES-SA cells may be due to a direct antioxidant effect of
glutathione or the conjugation of glutathione to photooxidized biomolecules by glutathione-S-

transferase followed by detoxification through expulsion from the cells (24). Altogether, these
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results indicate that glutathione is an important factor in cellular response to PDT and PCI of

bleomycin.

The basal level of double-strand breaks is higher by a factor of 2 corrected for the amount of
DNA per cell, in the SK-LMS-1 than in the MES-SA cells. Darzynkiewicz and coworkers have
shown that ROS generated by metabolic activity may lead to formation of double-strand breaks,
indicating a higher rate of basal ROS formation in the SK-LMS-1 than in the MES-SA cells (25,
26). This is also in accordance with the 3-fold higher ROS formation detected in untreated SK-
LMS-1 cells than in the MES-SA cells. The elevated ROS formation observed in cancer cells is
largely due to a defective mitochondrial electron transport chain (27) leading to activation of
antioxidant enzymes such as SOD and GPx (28). The SK-LMS-1, but not the MES-SA, cells
express GPx1 and SOD2 while both cell lines express SOD1 and almost no GPx4. It is thus
tempting to speculate that an elevated rate of ROS formation stimulates expression of GPx1 and
SOD2 in the SK-LMS-1 cells. The expression of GPx1 and SOD2 is expected to provide
improved protection against ROS generating treatment modalities such as PDT, bleomycin and

PCI of bleomycin.

PCI of bleomcyin induced a more than 20-fold increase in YH2AX staining in the MES-SA
cells compared to the 3-fold increase in SK-LMS-1 cells. GPx1, that was found expressed in SK-
LMS-1 cells, has been shown to be located in cytosol and the mitochondria, but also in the
nucleus (29). In contrast, SOD2, that also was found mainly expressed in the SK-LMS-1 cells,
has not been found to be located in the nucleus and is expected to influence on the dismutation of
O-- to H,0O; in the mitochondria, but is not likely to be involved in quenching bleomycin-induced
double-strand breaks. Thus, the dissimilar expression of GPx1 and inverse correlation with
double-strand breaks may indicate that GPx1 attenuates the level of double-strand breaks. This is
in accordance with the reduced YH2AX staining of bleomycin-treated colon cancer cells
pretreated with selenium, enhancing GPx1 activity 5-8 fold (14). However, GPx1 transfection of
GPx1-negative MCF-7 cells enhanced YH2AX staining after bleomycin treatment and reduced
the cytotoxicity while the selenium pretreatment had no effect on survival of the colon cancer
cells (14). The influence of GPx1 on H2AX activation and cell survival is therefore not fully

understood.

The repair kinetics of DNA double-strand breaks appeared to not depend on the light dose
used in PCI of bleomycin-treatment. However, the results indicate that the repair in G1 phase of

the cell cycle is faster than in the G2/M phase. The repair of double-strand breaks in G1 is based
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on non-homologues end joining (NHEJ), while the repair in S and G2/M phase is based on
homologues recombination (HR) (30). The current results thus indicate that double-strand breaks
induced in G1 are more rapidly repaired by the NHEJ mechanism than cells in later stages of the
cell cycle. Studies based on knock-out mutant cells with defective NHEJ repair mechanisms
become hypersensitive to ionizing radiation when treated in G1 (31, 32). Similarly, HR knock-
out cells become hypersensitive when treated in the S-G2/M phase (31). Dysfunctional DNA
repair mechanisms may influence sensitivity to PCI of bleomycin and contribute to predict
treatment response. E.g. deficiency in DNA-PK, a downstream kinase in the repair of double-
strand breaks by the NHEJ pathway, influences sensitivity to ionizing radiation (33, 34). Similar

results have not been reported after treatment with bleomycin.

MES-SA cells are known to express wild type p53. The p53 downstream proteins p21 and
Bax were not activated by PDT in the MES-SA cells, but strongly activated by PCI of
bleomycin. Interestingly, PDT induced a similar induction of apoptosis as PCI of bleomycin
without induction of Bax, indicating that the pathways for induction of apoptosis by PDT and
bleomycin are different. Bleomycin alone has previously been shown to induce Bax and reduce
Bcl-2 expression, induce cytochrome C release and caspase 8/9/3 activation (35). PDT has also
been shown to induce apoptosis, which includes enhanced Bax expression (36) utilizing non-
lysosomal photosensitizers (37). However, lysosomal rupture by PDT with the photosensitizer
Pc13 was followed by mitochondrial disruption, cytochrome C release and caspase activation,
but did not increase Bax expression. Instead Bax was shown to translocate from cytosol to the
mitochondria (38). Similarly, Bax was found to be translocated from cytosol to mitochondria
without a concomitant enhanced expression of Bax in ASTC-a-1 lung adenocarcinoma cells
treated with the lysosomally located photosensitizer NPe6 and light (39). Thus, current literature
indicates that PDT based on lysosomally located photosensitizers induces release of cathepsins
into the cytosol causing cleavage of Bid to t-Bid. This further causes mitochondrial release of
cytochrome C supported by translocation (but not enhanced expression) of Bax to the

mitochondria (40, 41).

The activation of apoptosis in MES-SA cells and to a much lower extent in SK-LMS-1 cells is
expected to be related to p53 status and may contribute to the higher sensitivity of MES-SA cells
to PCI of bleomcyin than the SK-LMS-1 cells. However, the fraction of cells entering apoptosis
as measured by the TUNEL assay is relatively low. The induction of apoptosis by lysosomally
located photosensitizers appears generally less pronounced than with photosensitizers located in
other compartments and may instead induce a stonger autophagic response (37). As pointed out
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above, the release of cathepsins into the cytosol is regarded as the main apoptosis pathway after
PDT with lysosomally located photosensitizers (40, 41). The expression of cathepsin activity
after such PDT has, however, been shown to be relatively low due to cytosolic cathepsin
inhibitors (stefins), high sensitivity of cathepsins to PDT and only partial rupture of the
lysosomal fraction (42). Without these protection mechanisms the PCI technology would not

have been able to rupture endocytic vesicles without inducing complete cell death.

The similar levels of apoptosis induction after PDT and PCI up to 44 hrs after treatment may
indicate that activation of bleomcyin by PCI does not result in an increased induction of
apoptosis. However, our experience with PCl-induced bleomcyin activation shows that the
cytotoxic effects of bleomycin are relatively slow. This is seen by the need for clonogenicity
assays to reveal the full treatment effect of PCI of bleomycin as compared to PDT. Viability
assays such as MTT performed 2 days after light exposure reveal little or no effect of the PCI-
activated bleomycin. This is also in accordance with the lack of enhanced ROS formation in PCI
of bleomycin-treated cells as compared to the PDT response despite the well documented ROS
formation by bleomycin treatment (12). Therefore, we cannot rule out that bleomycin-induced
apoptosis is a significant downstream cause of the strong cytotoxic effect of PCI of bleomycin in

MES-SA cells initiated by DNA double-strand breaks.

The loss of p53 has been postulated to lead to a metabolic switch, also named the Warburg
effect, as p53 is thought to suppress glycolytic activity and promote oxidative phosphorylation
(43). In this respect it was expected that the glycolytic activity would dominate in the SK-LMS-1
cells, but surprisingly the glycolytic activity was found highest in the MES-SA cells. The
glycolytic activity was however almost non-responsive to the respiratory inhibitor oligomycin
meaning that during oligomycin inhibition the cells’ ATP requirements were met by glycolysis.
Given the fact that the two cell lines exhibited similar OCR profiles, the MES-SA cells appear to
express a profile closer to Warburg metabolism than the SK-LMS-1 cells. It should be pointed
out that the Warburg effect correlates with drug resistance and should be taken into account when

searching for predictive markers for treatment response (43).

In conclusion, the uterine MES-SA cells responded slightly more to PDT than the vulvar soft
tissue sarcoma SK-LMS-1 cells. In contrast, the MES-SA cells were substantially more sensitive
than the SK-LMS-1 cells to PCI of bleomycin which correlates well with the 7-8-fold higher rate
of double-strand breaks formation as measured by YH2AX staining. One may hypothesize that

SK-LMS-1 have more leaky mitochondria since express a similar respiratory activity, but a 3 —
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fold higher rate of ROS formation, resulting in increased expression of GPx1 and SOD2. The
expression of these antioxidant enzymes correlates with the attenuated induction of double-strand
breaks in the SK-LMS-1 as well as the strongly enhanced PDT sensitivity in glutathione depleted
cells. Expression of GPx1 and the P53 status should be considered as predicitive markers of

response to PCI of bleomycin.

20



ACKNOWLEDGEMENTS

The project was supported by South-Eastern Norway Regional Health Authority (C.E.O), The
Norwegian Cancer Society (S.P.), European Commission MSCA IF (T.A.T), The Norwegian
Radium Hospital Research Foundation (S.S) and Simon Fougner Hartmanns Familiefond. We
would like to thank Dr. Kirsti Landsverk, Dr. Trond Stokke and M.Sc. Idun Dale Rein of the
Core Facility for Flow Cytometry for excellent help and discussion. We would also thank Ellen
Skarpen for useful interpretation of initial microscopy data, Roman Generalov for initial
bleomycin dose-response experiments, and Ane Sofie Viset Fremstedal for contribution to PCI

experiments, Western blot preparation and analysis, and flow cytometry sample preparation.

21



FIGURE LEGENDS

Fig. 1

Cell confluence in percent at increasing time after seeding of 200 000, 400 000 and 600 000
cells (MES-SA, Fig. A) and 75 000, 125 000 and 175 000 cells in 6-well plates (SK-LMS-1, Fig.
B). Cell confluence was calculated from images obtained by the IncuCyte ZOOM (Essen
BioScience) from 16 individual areas in the wells every 3 hrs (Error bars =S.D.). Representative
images of live MES-SA (C) and SK-LMS-1 (D) cells obtained by live cell Microscopy in 1 -
Slide 8 well ibiTreat Microscopy Chambers.

Fig. 2
Clonal cell viability of MES-SA and SK-LMS-1 cells treated with bleomycin and PCI of

bleomycin: (A) Cell treated with increasing concentrations of bleomycin for 4 hrs. The curves are

fit to exponential decay curves for MES-SA cells following the equation f(x) =22 X e 4+ 57 x

0.92x

(r2 =0.998) and for the SK-LMS-1 cells following f'(x) =86 x e— " + 14 X

0.23x 0.059x

+22 Xe

0.040x
e—

e

(r2 =0.998) where x is the bleomycin dose; (B) The cells were treated with PDT,
bleomycin (0.3 IU/ml) or PCI of bleomycin with 90 or 180 sec of light as indicated on the figure
and described in the Materials & Methods; (C) and (D) MES-SA and SK-LMS-1 cells were
treated with PDT and PCI with increasing doses of bleomycin and light as indicated in the figure.
All the other experiments with bleomycin are based on using 0.3 IU/ml bleomycin and are
therefore indicated with a thickened line. The data are the mean of 3 individual experiments.
Error bars =S.E.
Fig. 3

H2AX activation by PCI of bleomycin: Median YH2AX was analyzed in untreated (NT) cells
and cells treated with either 0.3 IU/ml bleomycin (BLM) for 4 hrs, TPCS,, without light (PS) for
18 hrs, PS+BLM without light, 150 sec PDT and PCI of 0.31U/ml bleomycin (MES-SA (A) and
SK-LMS-1 (B)). Cells were harvested 1 and 20 hrs (and MES-SA 44 hrs) after PDT/PCI. The
data are the average of one (PS and PS+BLM) and at least four individual PDT/PCI experiments,
and are normalized to the median of NT cells at each harvest time point (Error bars =S.E.). PS
and PS+BLM were not measured at the 44 hrs timepoint. Merged representative flow cytometry
dot plots of YH2AX vs Hoechst staining are also shown for the 1 hr time point, with separate
histograms of Hoechst A and YH2AX staining.

YH2AX status of Gl and G2/M cells 1 and 20 hrs (and MES-SA 44 hrs) after PCI of
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bleomycin and 150 sec light in MES-SA (C) and SK-LMS-1 (D) cells, representative from the
data in (A) and (B).

Fig. 4

YH2AX staining of MES-SA and SK-LMS-1 cells treated with PCI of bleomycin: Epi-
fluorescence microscopy images of untreated (NT) cells and cells harvested 1 hr after 150 sec
PCI, subsequently subjected to methanol-fixation. DAPI shows nuclear staining, FITC shows
YH2AX-staining, DIC shows phase contrast, while Merge shows the overlayed DAPI-and FITC-
micrographs. The experiment was performed once to confirm the localization of the YH2AX
staining.
Fig. 5

(A) Relative TPCS,, accumulation at the time point for PDT/PCI. The data are representative
from three individual experiments. (B) Relative ROS generation per cell after treatment as
indicated in the figure. The data are the mean of three individual experiments normalized to
untreated (NT) cells of both cell lines. (C) Absolute relative ROS generation per mg cell protein
normalized to the untreated (NT) MES-SA cells. (Error bars =S.E.).

Fig. 6

(A) Western blots of SOD1, SOD2, GPx1 and GPx4 with respective y-tubulin blots in SK-
LMS-1 (SK) and MES-SA (M) cells. (B) GSH content (nmol) per pg cell protein in untreated
cells (NT) and cells treated with 50 and 500 uM BSO for 20 hrs. The data are the mean of two
individual experiments (Error bars =S.E.). (C) and (D) MTT of MES-SA and SK-LMS-1 cells
subjected to 24, 48 and 72 hrs incubation with increasing concentrations of BSO. The data are
the triplicates from one experiment (Error bars =S.D.). (E) and (F) MTT of MES-SA and SK-
LMS-1 cells 48 hrs after PDT with and without co-incubation with 50 uM and 100 uM BSO,
respectively. The data are triplicates from a representative experiment out of three and two

individual experiments, respectively. (Error bars =S.D.).

Fig. 7

Representative dot plots of YH2AX vs Hoechst staining in untreated cells (NT) and cells
treated with bleomycin (BLM), 150 sec PDT or 150 sec PCI of bleomycin, with and without the
combination of 50 or 100 uM BSO present throughout the experiment. Cells fixed in methanol 1
hr after PDT/PCI. The data is one representative experiment out of three or more individual

experiments.
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Fig. 8

Cell cycle of non-apoptotic cells harvested 20 hrs after bleomycin (BLM), PDT or PCI
exposed to 150 sec of light. The figures in (A) are representative for responses to treatments as
indicated in the figure. In (B) the cell cycle distribution in controls and treated cells are shown
based on analyses as described in Materials & Methods. Bars, SD (n=5 for MES-SA cells, n=4
for SK-LMS-1 cells.

Fig. 9

Induction of apoptosis after PDT and PCI treatment: (A) Dot plot of cells stained by the
TUNEL-assay, indicating apoptosis, based on flow cytometry of untreated (NT) cells and cells
treated as in Fig. 8. The data is representative from 4 and 5 individual experiments. (B) The
quantification of apoptotis as in (A), after treatments as indicated in the figure. Error bars =S.E.
PS and PS +BLM without light were not measured at the 44 hrs timepoint. (C) Western blots of
Bax and p21 measured 20 hrs and 4 hrs, respectively, after 90 and 150 sec PDT or PCI,

representative of three individual experiments.

Fig. 10

Metabolic characterization of MES-SA and SK-LMS-1 cells: Relative oxygen consumption

rate per minute (OCR/min) per cell and relative extracellular acidification rate (ECAR/min) per

15 000 cells seeded in 96 well plates, measured by the SeaHorse XE® Analyzer with (A and C)
and without (B and D) the presence of glucose and pyruvate in the media. (A and C) is the
average of the means from four individual experiments (Error bars =S.E.). (B and D) is the
average of the means from two independent experiments (Error bars =S.E.). The arrows show the
addition of 1 uM oligomycin, 1 uM FCCP and 1 uM antimycin A and 1 uM rotenone. The scales

have been adjusted to provide a direct correlation of the metabolic activity per mg of cell protein.

Suppl.video
Live MES-SA and SK-LMS-1 cells imaged every 10" min in a time course of 23 hrs. The

images are combined showing approx 45 min time-duration per sec video.
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