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“Would you tell me, please, which way I ought to go from here?" [asked Alice].

“That depends a good deal on where you want to get to," said the Cat.

"I don't much care where --" said Alice. "Then it doesn't matter which way you go," said
the Cat. " so long as I get SOMEWHERE," Alice added as an explanation.

'Oh, you're sure to do that,” said the Cat, "if you only walk long enough.”

(‘Alice in Wonderland” by Lewis Carroll)
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1 Introduction

1.1 Photodynamic Therapy — Principle

Photodynamic therapy (PDT) is used in the treatment of diseases involving
abnormal cells as encountered typically in various forms of hyperproliferation
issued from cancerous or neo-angiogenic growth. Primarily, organ surfaces are
accessible, but interstitial usage is gaining increasing interest (Huang et al. 2008,
Wilson et al. 2008).

Other potential applications of PDT include inactivation of microorganisms for
example in blood products (Wainwrigth 2000) or dental caries (Nagata et al. 2012).
Bacteria and viruses as well as fungi (Calzavara-Pinton et al. 2005) or eukaryotic
parasites (Jori et al. 2006) have been targeted. Moreover, PDT may also be
beneficial in the treatment of acne vulgaris, chronic wounds (Jori et al. 2006) or

atherosclerosis (Waksman et al. 2008).

ey
A

Figure 1 General formula of phthalocyanines. Substituents on the outer rings and different
central metal ions lead to a family of substances that have been used in
photodynamic therapy. (From: Phthalocyanines, Sigma-Aldrich Product Directory)

The therapy is based on the administration of a dye, the photosensitizer (PS),
which is internalized, ideally in a selective way, by the abnormal cells. Subsequent
irradiation with light of a dye-specific wavelength leads to excitation of the

photosensitizer molecule. The latter, upon returning to the ground state, transmits
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its energy to other intracellular entities (type | reaction) or to oxygen (type Il
reaction), thus leading to serious deterioration of cell homoeostasis.

Singlet Triplet
1 § Intersystem
S, 1 i Crossing
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Radicals
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+0,

' » Fluorescence —

Figure 2 Representation of reactions a photosensitizer (PS) can undergo:

(a) Forms of energy transfer during activation and inactivation
(Jablonski diagram), and
(b) Possible interactions with other species leading to the formation

of radicals or singlet oxygen 'o, ( After Triesscheijn et al. 2006 ).

Photosensitizers such as phthalocyanines (Figure 1) are typically characterized by
a large conjugated ring system with a maximum light absorption in the visible
domain. Due to their molecular characteristics, (1) they usually fluoresce and (2)
the more common but very unstable singlet excited state (*PS*) can convert to the
more long-living triplet state (3PS*). The (relatively) long life-span of the latter
increases the probability that it can interact with other molecules in its surrounding.
Besides this, excitation/activation of intracellular species depends on the

localization of the photosensitizer and its chemical surrounding. Reactive oxygen
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species (ROS), particularly singlet oxygen, have been shown to participate
(Almeida et al. 2004).

Figure 2.a illustrates schematically the forms of energy-transfer that can be
encountered with a typical photosensitizer:

1. Absorption of energy (light).

2. Possible decay with energy-emission in form of fluorescence: This is used
in the so-called '‘photodynamic diagnostics' (PDD) to detect the cells that have
internalized the photosensitizer (and to delimit e.g. a tumor in vivo).

3. Transformation to the more long-living triplet form (intersystem crossing):
The latter (*PS*) transfers its energy to other molecules or to oxygen (Figure 2.b),

which is the basic reaction in photodynamic therapy.

Internal conversion and phosphorescence, although possible, are of no concern in

the context of PDT; the energy released is dissipated and lost.

application of
Tumor photosensitizer o
and specific irradiation
. with light
accumulation
in tumor tissue
1 2 3

formation tumor tissue photosensitizer

of singlet destroyed by is excreted
oxygen singlet oxygen
4 5 6
Figure 3 Schematic representation of the principle of photodynamic therapy.

( After: Deutsches Medizin-Netz )
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The general principle of PDT in medical applications with systemic administration

of the photosensitizer and local irradiation is shown in Figure 3.

Selectivity, and thus low overall toxicity of the method, is achieved through the
selectivity of the photosensitizer's uptake by the abnormal cells, as well as by the
dose and wavelength (in the visible range) of the irradiation, usually applied only
locally.

Malignant tumors often take up any photosensitizer more readily than normal cells;
this selectivity is usually not specific but due to the higher metabolic activity of the
tumorous cells or to a defective cell membrane barrier (Brown et al. 2004).

Further selectivity can in some cases be obtained (1) by topical application of the
photosensitizer (instead of the more common systemic), for example in the case of
skin diseases [Marcus et al. 2002) or internal cavities (e.g. the bladder); and/or (2)
by enhancing the selectivity of cellular uptake. To date, coupling the
photosensitizer to transferrin (the receptors of which are overexpressed on the
surface of tumor cells) (e.g. Derycke et al. 2004), to antibodies (van Dongen et al.
2004) or other peptides (Schmitt et al. 2012) has been performed with some
success. Modulating hydrophilicity and/or molecular size of the photosensitizer can
be achieved either by modifying the ring substituents (e.g. with sulfonate groups or
aliphatic side chains) (Allen et al. 2002) or by binding to macromolecules such as
polyethylene glycol or polyvinylalcohol (Brasseur et al. 1999). Besides selective
targeting against the tumor cells themselves, attempts have been made to direct
PDT in vivo against tumor vasculature (Chen et al. 2006). And last but not least,
nanoparticles are being used as delivery system for the photosensitizer (Tacelosky
et al. 2012, Jia et al. 2012).

Clinical applications of PDT cover a broad spectrum of malignant as well as non-
malignant affectations and include:
- In dermatology: Cancers (review: Marmur et al. 2004), psoriasis and vitiligo.
- In internal medicine, otorhinolaryngology, urology and gynecology:
Various cancers and precancerous affectations (reviews e.g. Simone et al. 2011,
Soergel et al. 2008, Upile et al. 2011, Yavari et al. 2011).
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- In ophthalmology: Age related macula degeneration (AMD) (review: Verteporfin
Roundtable 2005).

In clinical application, advantages of PDT over other forms of tumor therapy are its
little invasiveness causing only restricted acute impairment such as local burning.
This, together with the ease of handling, allows treatment in an outpatient setting
(Triesscheijn et al. 2006, Vogl et al. 2004). To be mentioned also are (Brown et al.
2004, Hopper 2000, Triesscheijn et al. 2006): low systemic toxicity (mostly a time
limited photosensitization of the skin (Harrod-Kim 2006) ); sparing of the tissue
architecture in the treated area, thereby limiting scarring; no significant cumulative
adverse effects upon repetitive application; no systemic immunosuppression; no
direct mutagenicity or teratogenicity because nuclei and DNA of cells are usually
not reached by the photosensitizer (Buytaert et al. 2007); and last but not least its
affordability. Furthermore, PDT has in preclinical experiments been shown to
enhance the host's immune response against the PDT-targeted neoplasia — a
possible issue for anti-tumor vaccination (Castano et al. 2006, Gollnick et al. 2002,
van Duijnhoven et al. 2003). Even if, in the case of malignancies, patients' survival
IS not necessarily prolonged, impairment due to tumor-caused obstruction, such as
dyspnea, dysphagia or cholestasis, can be relieved and quality of life thereby
improved (Brown et al. 2004, Hopper 2000, Moghissi 2004), which is still an issue,
considering that patients admitted to clinical studies for PDT are often inoperable
or else not suited for other classical treatments. Thus, PDT is believed to be a

valuable tool in palliative medicine.

In internal medicine, neoplasiae on the surface of hollow organs, with little depth
into the surrounding tissue, have typically been addressed by PDT research.
Unlike radiotherapy, even big surfaces, such as the inner bladder or mesothelia
(Du et al. 2010), as well as precancerous affectations can be treated without
excessive systemic toxicity or adverse reactions (Hopper 2000). Moreover, with
growing expertise in the use of interstitial irradiation devices, the confinement to
organ surfaces can be overcome, and three-dimensional tumors of inner organs
are becoming accessible. Amongst others, investigations are aimed at primary
tumors or metastases of the liver (Kujundzic et al. 2007, Vogl et al. 2004) or the

pancreas (Bown et al. 2002, Fan et al. 2007). The irradiation device can be placed
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interstitially in the tumor and, owing to its missing side effects, irradiation can be
repeated as required.
Last but not least, combination of PDT with surgery as well as radio- or

chemotherapy is possible.

Thus, several applications of PDT with various sensitizers have in the last years
been approved for clinical use by health agencies throughout the world or are in
clinical trials (Brown et al. 2004, Filonenko et al. 2008, Juzeniene et al. 2007,
Miller et al. 2007, Triesscheijn et al. 2006, Trushina et al. 2008).

1.2 Lasers as Light Source for PDT

Irradiation of the photosensitizer for PDT in clinical applications is classically
performed with a laser (Alexiades-Armenakas 2006, Harrod-Kim 2006). One
important advantage compared to other light sources is the monochromaticity of its
light: the irradiation wavelength is chosen to be the most efficiently absorbed by
the photosensitizer, hereby avoiding ineffective light contributing to total irradiation
dose, which would be susceptible to damage the tissue in a non-specific way.

Furthermore, coherence (one phase in time and space), collimation

(light propagation parallel in space), high achievable power-density (or irradiance),
as well as the possibility to couple the source to optical fiber systems and specific
applicators in order to access internal organs or even the interstitium (Figure 4)
are properties that render the laser the most convenient light source for clinical
applications. Especially diode lasers offer the advantage to be still more compact

and cheaper.

In clinical applications where the lesion to be treated is three-dimensional, the
tissue penetration of both, the drug and the light, is determinant for the
effectiveness of the method, as are light absorption and scattering properties of
the tissue. Typically, care has to be taken to avoid for example the promotion of
cell growth or cell migration under conditions of low light dose or dysfunctional
vasculature at a tumor edge, which has been reported as disastrous side effect by
some authors (Chen et al. 2006). In cell culture experiments, we usually
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circumvent such inhomogeneity by working with adherent monolayer cells, where
all cells in a dish are, in principle, submitted to identical conditions of incubation

and irradiation.

spheric
cylindric
Laser [0 D
plane
interstitial
Figure 4 Schematic representation of the possibilities to apply laser light to tissue.

( From Stepp 2003, Copyright Urban & Vogel GmbH )

1.3 Modes of Cell Death — Apoptosis and Necrosis

Wider medical application of PDT is still impaired by missing possibilities to
thoroughly control specific effects in the targeted cells. The mechanisms by which
PDT induces cell death have been object of extensive studies as reviewed by
Oleinick (Oleinick et al. 2002), Almeida (Almeida et al. 2004) or Juzeniene
(Juzeniene et al. 2000).

In vivo, besides direct cell damage, PDT can lead to the destruction of tumor
vasculature (Chen et al. 2006) and activation of non-specific immune responses
(Huang et al. 2008):

PDT-induced direct cell damage has been reported to proceed via different
pathways (Almeida et al. 2004, Buytaert et al. 2007, Nowis et al. 2005): While

-7-



Introduction

frequently necrotic cell death is occurring, characteristic features of the so-called
programmed cell death or apoptosis have been observed.

In apoptosis, certain stimuli can incite cells to start a cascade of transformations
that result in DNA fragmentation and finally lead to cell death (Figure 5). This has
been shown to take place in physiological processes involving organ remodeling,

such as embryonic development.

MNucleus

Blebs

Cell shrinkage

Mucleus fragmenting (karyorrhexis)

Apoptotic body
Phagocyte engulfs
apoptotic bodies
Figure 5 Schematic lllustration of apoptotic cell death. ( From Farmer 2006 )

In vivo, the possibility to kill cells specifically by this means has the advantage of
being well organized: Cells are not disrupted; hence, there is no inflammation by

leakage of intracellular material to the interstitium (Hug 1998). On the other hand,

-8-
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this mode of cell death requires a functioning genetic program that is sensitive to
mutations as are frequently encountered in cancers: Cells might thus be or get
resistant to apoptosis (Hug 1998, Terada et al. 2003) and/or to PDT (Singh et al.
2001):

Caspases play a key role in the initiation of apoptosis (Hug et al. 1999). Fourteen
enzymes of this family, having in common a cysteine residue in their active center
and specifically cutting peptides after an aspartate residue, are known in
mammalian cells (Chauvier et al. 2007). They are usually present in form of pro-
caspases that can be activated by proteolytic cleavage either by other enzymes or
auto-catalytically. Furthermore, they are divided into two groups according to their
position in the caspase cascade: the so-called initiators and the effectors.

Three distinct pathways are known to activate this cascade:

- In the extrinsic pathway, extracellular signals can be transmitted via a
membranous death receptor, e.g. CD 95 (also known as Apo-1 or Fas), acting on
caspase 8 in the first place.

- The intrinsic pathway is usually considered to be initiated via mitochondrial
damage, leading to loss of mitochondrial membrane potential and release of
cytochrome c¢ from the mitochondrial intermembranous space to the cytosol, where
it contributes, together with the protein Apaf-1, to the formation of the so-called
apoptosome that activates caspase 9.

The transcription factor p53 can interfere at this level by preventing a heat-shock-
protein, Hsp70, to bind Apaf-1, thus being pro-apoptotic. Another protein, bcl-2
(B-cell lymphoma rearrangement protein), prevents apoptosis by inhibiting leakage
of mitochondrial proteins into the cytosol (Green et al. 1998).

- A third pathway, induced by stress, leads to calcium release from the
endoplasmic reticulum and consecutively to the activation of caspase 12.

Either pathway finally leads to the activation of caspase 3 that has many
substrates, like PARP (Poly-Adenosyl Ribose Phosphatase), an enzyme

necessary for DNA repair. Late signs of apoptosis are DNA-laddering.

Upon PDT (cf. Figure 6) both, the intrinsic pathway with apoptosome formation as

well as the extrinsic pathway through cell-death receptors have been observed
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Photdsentiiizer

5 AN &

Figure 6 Major molecular events leading to cell death in cells treated with photodynamic therapy (PDT). The
two major apoptotic pathways, the death receptor-mediated, extrinsic pathway, and the
mitochondria-mediated, intrinsic pathway are presented. The diagram summarizes the results
obtained in different tumor models using various sensitizers. ( From Almeida et al. 2004 , reprinted
with permission from Elsevier ): The extrinsic pathway can be influenced by interaction of the
irradiated photosensitizer (PS) with the transmembrane receptor FAS, leading to its clustering
independently of the specific ligand FAS-L, and subsequent binding of FADD-protein and activation
of caspase 8. The latter can also be directly activated by the PS. The intrinsic pathway involves
pertubation of the mitochondrial transmembrane potential ¥, formation of pores (MPTP) and
leakage of mitochondrial proteins, e.g. cytochrome c (cyt c), Smac or AlF. Several Bcl-2-familiy
proteins, such as Bak, Bax, Bad, Bcl-xL and Bcl-2, are succeptible of interfering at this level.
Interaction of both pathways via caspase 8-induced cleavage of the protein BID or interference with
calcium-levels has been shown. Cytochrome c release to the cytosol induces apoptosome
formation around the Apaf-1-protein and subsequent activation of the caspase cascade (caspases
9,3,6and 7).

-10 -
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(Miller et al. 2007, Almeida et al. 2004). The path followed depends on the
photosensitizer used, its concentration, the localization of its intracellular
photoactivation, the cell type and its protein endowment as well as on the

irradiation mode (dose and irradiance).

Extensive attention has been given to the presence of the above-mentioned
proteins known to interfere in tumor growth or apoptosis induction such as the
tumor suppressor protein p53, caspases or members of the bcl-2-family (including
Bak and Bax). These proteins are typically mutated in tumor cells (e.g. 50% of
cancers exhibit mutated p53 (Harrod-Kim 2006)). Thus, the outcome of
treatments like PDT, interfering with cell processes involving these proteins, can
be expected to depend on the mutation status of the latter. Astonishingly,
experiments provided evidence that, although their presence may favor a certain
cell death pathway, the overall PDT-induced cell-killing does not seem to depend
on them (Miller et al. 2007). Lately too, besides the mentioned proteins,
mitochondrial phospholipids were found as possible early targets of PDT (Miller et
al. 2007).

Among the proteins susceptible of interfering with apoptosis and relevant in tumor
biology, p53 and bcl-2 have been mentioned here because the cell lines used in

this work differ in the expression of these proteins.

Besides, not only apoptosis versus necrosis but intermediate pathways have since
been described as possible modes of cell death: A mechanism referred to as
paraptosis was characterized by Sperandio (Sperandio et al. 2000), which,
although lacking several specific features of apoptosis, is genetically controlled;
that is, it does require transcription and translation, and it seems to be caspase 9
dependent. On the other hand, this paraptosis involves neither DNA-fragmentation
nor chromatin-condensation, nor does the formation of apoptotic bodies occur.
Typically, it can bear some morphologic characteristics of necrosis, such as
cytoplasmic vacuoles and swelling of mitochondria. And, unlike apoptosis, TUNEL
assay (which is used to quantify apoptosis) is negative, and caspase-inhibitors or

Bcl-xL, known to inhibit apoptosis, do not block this mode of cell death.

-11 -
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Last but not least, autophagy is a new-found mechanism by which a cell can
recycle dysfunctional organelles while it can lead to cell death if ultimately the
repair fails. Kessel (Kessel et al. 2007) found features of autophagy leading either
to cell death or photodamage repair following PDT. It depends on functioning

lysosomes and occurs independently of apoptosis.

1.4 This Work

Our group has been working on the photobiological properties of different
photosensitizers (Kinzler et al. 2007, Kress et al. 2003, Ruck et al. 2003) and on
their use in photodynamic therapy (Orth et al. 2000, Pfaffel-Schubart et al. 2006)
or diagnosis (Malik et al. 2000). The present work is aimed at establishing a cell
culture model for further investigation of the photobiological effects of
tetrasulfonated aluminum phthalocyanine (AlIPcS4) that had been assayed already
before in cooperation with Russian researchers (Edinak et al. 1996).
Hepatocellular carcinoma cell (HCC) cultures were chosen (1) because the results
might potentially be transferable to an in vivo model of a still difficult to treat
neoplasia and (2) because three different cell lines were easily available for
comparison purpose. Indeed, the three cell lines used differ, amongst others, in
the expression of p53 and bcl-2 (cf. ‘Material and Methods' and 'Results'), proteins
which are, as has been mentioned above, potential interferers in apoptosis.

As photosensitizer our group originally used Photosens, a preparation obtained by
courtesy from the General Physics Institute of the Russian Academy of Sciences
(Moscow), which was said to be chlorine-free AlPcS, (N. Akgun, personal
communication). Later on, we purchased it from Frontier Scientific (Lancashire,
UK), where a much less expensive chloride form was regularly available too. In the

following work, we will compare both substances.

Initially, phthalocyanines, such as AIPcS,, gained some interest as alternatives to
the then mostly used porphyrins (of which porfimer sodium was the first
photosensitizer to be approved for clinical use in 1993 (Triesscheijn et al. 2006) )
because of their typical light absorption maximum above 650 nm, which makes
them useful in the PDT of living tissue that is relatively transmissive to light at this
wavelength (Pushpan et al. 2002). Naphthalocyanines absorbing light around

-12 -
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770nm have even been investigated for the treatment of pigmented melanomas.
Moreover, due to their central metal atom, aluminum-, zinc- or silicon-
phthalocyanines have a high singlet oxygen generating efficiency, a prerequisite
for PDT. Furthermore, the long wavelength fluorescence exhibited makes this
group of photosensitizers convenient for microscopic studies and co-analyzing of
other fluorochromes the fluorescence maxima of which are commonly at shorter
wavelengths.

While zinc- and silicon-phthalocyanines (Pc4) underwent clinical phase I/11 trials in
Switzerland respectively in the USA (Miller et al. 2007, Pushpan et al. 2002),
AlPcS, itself, besides for experimental purposes (Almeida et al. 2004), has been
used in the PDT of different neoplasiae in Russia, where it was first approved for
clinical use in 1994 under the name Photosens (Sokolov et al. 1996, Filonenko et
al. 2008, Trushina et al. 2008).

Various degrees of sulfonation of the phthalocyanine basic cycle allow to modulate
its hydrophilicity. Several other derivatives have been synthesized and
investigated, e.g. polymer-conjugates to enhance water solubility (Brasseur et al.
1999), AlPc encapsulated in (transferrin-conjugated) liposomes (Derycke et al.
2004), substituted with alkyl or peptide chains to modulate lipophilicity (Allen et al.
2002, Ke et al. 2012) or else coupled to monoclonal antibodies (Vrouenraets et al.

2001) to improve tumor-selectivity.

An interesting new application has recently been described by Norum (Norum et
al. 2009), who used AIPcS, to promote photochemical internalization of bleomycin,
a chemotherapeutic, in tumor cells. Furthermore, aluminum phthalocyanine has
also proved effectiveness against Leishmania species, parasitic protozoae that
cause severe systemic infections in humans still defying medicamentous treatment
(Dutta et al. 2005).

To briefly outline the presented work, first toxicity of the photosensitizer alone was
assessed as a function of concentration. As mentioned, two forms of AlPc, the
chloride and the chlorine free form, were compared. Then, phototoxicity of AlPc,
that is PDT, was investigated, again as function of concentration, but also in

dependence of irradiation conditions.

-13-
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These experiments were conducted with the help of a viability assay quantifying
the amount of neutral red uptake (‘Neutral Red Assay’).

The responses of two viability assays based on different metabolic processes,
neutral red uptake versus MTT transformation (‘MTT Test’, MTT = 3-(4,5-Di-
methylthiazol-2-yl)-2,5-diphenyl-tetrazolium Bromide ), were then compared in a
time course after PDT.

Localization of the photosensitizer was characterized in vital cells by laser
scanning microscopy after co-incubation with organelle specific fluorochromes,
and effects of PDT were visualized by optical and electron microscopy.

We explored the possibilities of surveying cells during dye-uptake or photodynamic
therapy with our newly acquired LSM 510 meta (Zeiss).

Furthermore, the influence of caspase inhibitors and of different anti-oxidants or
radical scavengers was assayed in the context of AIPcS4-PDT.

Cytochrome c release from mitochondrial intermembranous space being a
characteristic step in mitochondria involving apoptosis, this was assayed by
Western Blotting technique under PDT conditions, using a commercial kit that will
be detailed further in 'Materials and Methods'. The physiological function of the
proteins involved as well as the principle of the method is subject of the following
section (1.5).

For comparison purpose, another cell line was submitted to the evaluation of
cytochrome c release upon a specific trigger: We used murine L929 cells in
parental (L929 Par) form as well as transfected with Apo-1 (L929 Apo):

Exposition of the transfected cells, expressing Apo-1, with agonistic anti-Apo-1
antibody leads to aggregation of the Apo-1 in the cell membrane that in turn

launches the extrinsic caspase cascade (Green et al. 1998).
The following two sections describe the biochemical background for experimental

settings, namely monitoring of mitochondrial cytochrome c release and the use of

caspase inhibitors that are indispensable for the results' interpretation.
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1.5 Cytochrome ¢ and COX4 in Mitochondria

As has been stated earlier, mitochondria are typically affected by apoptosis
induction in the intrinsic pathway: Increase of outer membrane permeability by
pore proteins leads to loss of membrane potential and of molecules usually found

in the space between the inner and the outer mitochondrial membranes.

This can be monitored by the following method: Cells under investigation are
destroyed mechanically, and their mitochondria and cytosol separated
(fractionation). Then, a typical soluble mitochondrial protein, here cytochrome c, is
detected in both fractions. If cytochrome ¢ can be detected in the cytosol, this
means, it has been released ex ante from the mitochondria. Because this can be
caused also by severe mechanical damage, another mitochondrial protein, that
usually remains in the mitochondrial membrane even after permeability transition,

COX4, is monitored in parallel, to discern apoptotic effects from artifacts.

The physiological in vivo functions of both proteins considered in our Kit,
cytochrome ¢, and COX4, the control protein, are outlined here, referring to
Saraste (Saraste 1999): Cytochrome c is a water-soluble hemoprotein, found in
the space between the inner and the outer mitochondrial membrane. It donates
electrons to the complex IV of the cytochrome ¢ oxidase (COX4), which is, for its
part, located in the mitochondrial inner membrane, and in turn generates a
transmembrane proton gradient. Figure 7 depicts the whole protein complex
involved in oxidative phosphorylation with the cytochrome ¢ and the subunits of
cytochrome c oxidase.

During mitochondria-involving apoptosis, the mitochondrial outer membrane
becomes permeable, allowing cytochrome c to diffuse into the cytosol, while the
membrane-bound COX 4 remains in the mitochondria.

Release of cytochrome ¢ from the mitochondrial intermembrane space to the
cytosol does not by itself impair mitochondrial function: Waterhouse (Waterhouse
et al. 2001) report persistence of the mitochondrial transmembrane potential and
survival of the cells, provided that in particular (1) cytochrome c is not allowed to
diffuse out of the cell, and (2) induction of the caspase cascade provoking

apoptosis is prevented.
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Figure 7 The enzymes of the mitochondrial inner membrane involved in oxidative

phosphorylation: NADH-dehydrogenase (DH), succinate dehydrogenase (SDH),
cytochrome bcl, and cytochrome oxidase (COX) form the electron transfer chain to
0,. With the exception of SDH, these enzymes translocate protons across the
membrane. The proton gradient is used by ATP synthase to make ATP. ( From
Saraste, Science 283: 1488-1493 (1999), reprinted with permission from AAAS )

1.6 Caspase Inhibitors — General Considerations

For assessing how caspases are involved in the process of cell damage after
PDT, cells were treated with two broad spectrum caspase inhibitors prior to PDT:
z-VAD-fmk and boc-D-fmk (cf. 'Material & Methods").

Both inhibitors, acting as pseudosubstrates, contain a peptide part (D = Asp,
respectively VAD = Val-Ala-Asp), that is specifically recognized by the active
centre of caspases, combined with a fluoromethylketone (fmk) group reacting
covalently (and thus irreversibly) with the caspases' cysteine (Chauvier et al.
2007). Furthermore, a benzoyloxycarbonyl- (z-) or a t-butoxycarbonyl- (boc-)
group renders the inhibitor irreversible by preventing unspecific cleavage at the N-

terminal end.
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Figure 8 Caspase inhibitors z-VAD-fmk (a) and boc-D-fmk (b).

( From: EMD Millipore Chemicals, product information )

Linkage to the fmk-group as well as the O-methylation of the Asp side chain also
enhances cell permeability that is poor for the unsubstituted peptidic inhibitor alone
(Ekert et al. 1999, Chauvier et al. 2007).

The formulae of both caspase inhibitors are depicted in Figure 8.
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2 Materials and Methods

2.1 General

Table 1 (a) and (b) list the reagents and tubes used for the different procedures
described herein. Reagents used solely for Western blotting are itemized later
(Table 3).

Furthermore were used:

- Double distilled water (ddw) as provided by the laboratory.

- Sterile double distilled water obtained by autoclaving the latter.

- 1xPBS prepared by adding 50 ml 10x PBS to 450 ml sterile ddw.

Adjusting the pH:

When the pH of solutions had to be adjusted, this was done with a pH-meter
pH 537 equipped with a glass pH-electrode SenTix 61 (WTW GmbH / Germany).

Table 1 (a) Tubes and their characteristics. PP: polypropylene, PS: polysterene.

Tubes Material Volume Provider
[ml]
1.5ml PP 1.5 Eppendorf
10ml PS PS 10 Greiner
15ml PP PP 15 Nunc
50ml PP PP 50 Greiner
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Table 1 (b) Reagents and their characteristics. (cf. Table 3 for Western reagents.)
(1) AOx: anti-oxidant or radical scavenger; cell: cell culture; dye: stains or
color markers. LSM: laser scanning microscopy. MW: molecular weight;
PBS: phosphate buffered saline.
. MW o Used
Substance Provider Cat.# Characteristics
[9/mol] for (1)
Ascorbic acid Merck 176.13 AOX
Acetic acid 100% Merck 1.00063 | 60.05 1.05g/ml dye
Dimethylsulfoxide (DMSO) Sigma D-2650 | 78.13 1.10g/ml LSM
Dulb 's Modified Eagl
u ecco.s oced =agie Gibco 31885-023 cell
Medium (DMEM)
Ethanol, denatured Laboratory 46.07 0.79 g/ml
EDTA (Versen) solution Biochrom L2113 1% w/v in PBS cell
) Biochrom - -S0115
Fetal bovine serum (FCS) . cell
Gibco - - 10270-106
Hydrochloric acid, min 37% | Riedel-de-Haen| 30721 | 36.46 1.19g/ml
N-Acetyl-L-Cysteine (NAC) Sigma A-8199 | 163.2 AOX
Neutral Red (NR) Biochrom L 6313 0.3% wlv dye
10x PBS Lite TéChm'Ogies’ 14200-067 sterile, without Ca®*, Mg**
GibcoBRL
Penicillin/Streptomycin (P/S) | Biochrom A 2213 10000 U/10'000 pg/ml cell
Pyrrolidinedithiocarbamate i
_ Sigma P-8765 | 164.3 AOX
(PDTC), ammonium salt
RPMI 1640 Medium Gibco 21875-034 cell
Sodium ascorbate Fluka 11140 |198.11 AOXx
Sodium hydroxyde pellets Merck 1.06482 | 40.00
NaOH solution, min. 32% Merck 40.00 1.35g/ml
Trypan Blue solution Biochrom L 6323 0.5 % wlv in 0.9 % NaCl dye
Trypsin solution Biochrom L 2133 2.5% w/vin PBS cell
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2.2 Cell Culture

2.2.1 Cell Lines

Cells utilized for this work were human hepatocarcinoma cells Hep3b (ATCC#
HB-8064), HepG2 (ATCC# HB-8065) and HuH7 (provided by the Department of
Experimental Anesthesiology; origin of the cells cf. Nakabayashi 1982).

Besides being carcinoma cells, i.e. of those that are potential targets of PDT in
vivo, these three cell lines give the opportunity to compare cells with different

protein expression pattern while originating from the same tissue.

Amongst others, the cell lines considered differ in the expression of p53: Thus,
HepG2 are reported to be p53 wild type, whereas Hep3b are p53 negative and
HuH7 are p53 mutated (Hug et al. 1997).

Concerning bcl-2, another protein susceptible of interfering in apoptotic pathways,
data in literature is quite inconsistent concerning its presence in the afore

mentioned HCCs. This will be dealt with further in the discussion.

2.2.2 Cell Handling

Cells were grown in Nunc (Denmark) cell culture flasks (growth surface: 75 mm?,
called hereafter 'big; or 25mm? called 'small) using RMPI 1640 Medium
supplemented with 50ml (10%) Fetal Bovine Serum (FCS) and 5ml
Penicillin/ Streptomycin (P/S) per 500 ml medium. Medium volume was 6ml in
small, respectively 16 ml in big flasks. Cultures were maintained in a humidified
atmosphere at 37 °C and 5% CO, in a Heraeus 6000 incubator.

All manipulations with these cells were done under sterile conditions, working on a
laminar flow bench (Biohit), with sterile reagents. Solutions, if not purchased in a
sterile form, were sterilized by vapor sterilization or filtering over 0.2 um (Sartorius
Minisart single use sterile syringe filter, Cat.# 16543 ).

Exception was made when cell growth was not to be assessed afterwards.

For removal of the adherent cells from the flasks, a trypsin/EDTA (T/E) solution
was used, containing 0.125% of each, prepared from the Biochrom stock solutions
by dilution in 1x PBS.
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Cells were re-seeded in new flasks when confluent. For this purpose, medium was
removed, 1 ml (small) respectively 2 ml (big flask) of T/E were added, and the flask
left in the incubator for a few minutes until cells would go into suspension upon
gentle clapping of the flask. 4ml (small) respectively 8 ml (big flask) of fresh
medium were added to stop the action of trypsin, cell suspension was pipetted
several times through a one-milliliter pipette to avoid clumping of the cells, then the
cell suspension was diluted about tenfold, depending on initial density, and
introduced in a new flask.

For experiments, cells were cultured in 4 -, 24 - or 6 - well plates. Characteristics of
these plates are given in Table 2. Unless otherwise mentioned, cells were seeded
with an initial density of 100 - 200 cells/mm? and allowed to grow for two days prior

to further treatment.

2.2.3 Cell Quantification

To control cell density, counting of the cells at a proper dilution was performed with
a Neubauer counting chamber (Brand, Germany).

For use with the Laser Scanning Microscope (cf. Chapter 2.12), cells were grown
in 4-well plates, each well of which had been tipped with a breamed round cover
slide of 10mm diameter (Merck Eurolab 631 9490) or on 75x25mm? vapor
sterilized microscope slides (Marienfeld/Germany) placed in Quadriperm plates
(cf. Table 2).

Table 2 Plates used: Surface, volume, T/E-volume; each per well.
T/E: trypsine/ EDTA - solution.

surface/well | medium/well | T/E per well Provider
[mm?] [ml] [ul]
4-well 190 0.5 100 Nunc
6-well 960 2.5 200 Becton-Dickinson
Petri dish 960 2.5 200 Nunc
24 -well 200 0.8 100 Nunc
Quadriperm 2180 5 n.a. Vivascience
96 -well 32 0.1 n.a. Greiner
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2.3 Cell Growth Curve

Cell growth was assessed by seeding the cells in Petri dishes with a specified
initial density (100 cells/mm?) and hand counting cells at specified times. Special
care was taken to achieve quantitative flaking and homogeneous resuspension.
Cell densities in the dishes were calculated taking into account the applied dilution.
At every time point two Petri dishes were appraised. Medium was exchanged in all

dishes every two to three days.

A preliminary experiment evaluated cell recovery after seeding: Cells were seeded

with a known density and hand counted two days later.

For further experiments cell counting by hand as described here was replaced by
the use of viability assays which allow to process the cells faster when many
samples are to be analyzed at the same time. The procedure as well as the

validation of these assays is the theme of the following chapter.
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2.4 Viability Assays

Cell viability was quantified with the Neutral Red (NR) Assay and/or the MTT Test
two days after accomplishment of the treatment that was to be assayed, unless
otherwise mentioned. If the medium contained any reagents other then the ones
used for common cell culture, it was exchanged with fresh one prior to the addition
of the assay's reagent, in order to avoid possible interferences.

For these assays, cells were cultured and treated in 4-well plates when irradiation
was involved and in 4-well or 24-well plates when not irradiated during the
procedure.

Correlations were made, using untreated cells, between results obtained by the
assays and seeded cell densities respectively hand-counted cell numbers, in order
to assure linearity of the methods and to optimize the quantity of reagent (NR or
MTT) necessary.

Hand-counting was performed on appropriately diluted cell suspensions, obtained
by treatment of the adherent cells with T/E (0.1 ml/well) followed by addition of
fresh medium (0.4 ml/well), with a Neubauer chamber (Brand, Germany). Special
care was taken to achieve gquantitative flaking.

Specific experimental conditions for each assay (NR and MTT respectively) are
described hereafter. Common treatment at the end and evaluation are explicated

below for both.

2.4.1 Neutral Red Assay

The Neutral Red (NR) Assay was obtained as Gamma Kit from Biochrom (Cat.#
D-7004) and the assay was performed as described bellow.
When the Gamma Kit was not available anymore, the solutions were homemade
in the following way:
Neutral Red Solution
4.5g NaCl and 5ml 0.3% w/v NR (Biochrom Cat.# L 6313) were completed
to 500 ml with ddw after adjusting the pH to 7.4 with NaOH solution.
Thus, final concentration was 0.03% NR in 0.9 % NaCl.
The solution was stored at 4°C and protected from light. It was filtered over
a folded paper filter (Schleicher&Schuell Cat.# 10 311 647) when crystals
precipitated, and discarded when its color changed.
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Washing Solution
1x PBS (prepared from commercial 10x PBS)
Lysis Solution
Mixture of the following:
500 ml ethanol (denatured), 500 ml ddw and 10 ml acetic acid 100 %.

500 pul of NR solution were added to the medium of each well and incubated for
1-4hin the incubator. (Incubation time was kept constant for samples that were to
be compared). The liquid was then removed, the cells carefully washed with 100 pl
washing solution and then lysed with 100 pl lysis solution. (Volumes are given per
well.) The plates were left on a shaker for 10 min at RT, then the solution from

every well was transferred to a 96 - well plate and quantified (cf. 2.4.3).

2.4.2 MTT Assay

The MTT Assay was purchased as Alpha Kit from Biochrom (Cat.# D-7002) and
the assay was performed as follows.

50 ul of MTT solution were added to each well and incubated for 2-4h in the
incubator (time being constant for samples to be compared). The liquid was then
removed and the plates allowed to dry for 30 min at 37 °C. 25 ul of SDS-solution
per well were added followed by 100 pl of lysis solution (containing isopropanol). It
was desisted from washing because early experiments showed that the cells
tended to be removed from their support through this procedure, leading to
irreproducible results.

Plates were shaken for 5 min prior to transfer of 100 ul of each well onto a 96 - well
plate. If color density was very high, volume of lysis solution was increased and/or
volume transferred to the 96-well plate was reduced. In these cases, optical

density was corrected for the volume.

2.4.3 Photometry for Viability Assays

The solutions on 96 - well plates were analyzed by the following procedure:

Optical densities were measured in a microplate luminometer (Lucy 1, Anthos
Instruments / Austria) at 570 nm and 690 nm for specific and unspecific absorption
respectively. Data were transferred to Excel and further evaluated.
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Empty wells of the 96 - well plates were measured under the same conditions to
verify the blank values.

Results obtained were evaluated and compared as values of optical densities
(O.D.) or relative optical densities in percent of the control values (% of ctrl).
Unless otherwise mentioned, control values were obtained from ‘untreated’ cells,
l.e. cultured in medium with FCS and P/S; change of medium was performed at
the same intervals as for the treated cells.

For several wells treated in the same way, values obtained were characterized by
the median and the median absolute difference (MAD) if there were less than thirty
values. If there were more, the mean and the standard deviation were used for
characterization.

For some experiments, time course of optical densities was observed after PDT
for either test. In these cases, particular care was taken to incubate with the dyes
for a constant short time. The time of every point was defined to be the middle

time of incubation.
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2.5 Photodynamic Therapy (PDT)

2.5.1 The Photosensitizer

For PDT, cells are incubated with a dye, called the photosensitizer, during a
certain time and then submitted to light of a wavelength specific for the
photosensitizer, usually close to the absorption maximum of the Ilatter.
Concentration of the photosensitizer and duration of incubation on the one hand,
irradiance of the light [W /m?] and duration of irradiation (the product of both giving
the overall dose of irradiation, or radiant exposure He in [J/m?]) on the other hand,

are the parameters to be controlled.

One of several regional
isomers shown

Figure 9 Molecular structure of the photosensitizer aluminum phthalocyanine tetrasulfonate
chloride, AlPcS,.Cl (Formula weight: 895.21 g /mol)

( Figure from Frontier Scientific online catalogue )

In our case, PDT was performed using tetrasulfonated aluminum phthalocyanine
(AIPcS,, hereafter abbreviated AlPc; Figure 9) purchased from Frontier Scientific
(Lancashire, UK). Originally, our group used Photosens, a preparation obtained by
courtesy from the General Physics Institute of the Russian Academy of Sciences
(Moscow), which was said to be free of chlorine. Such a substance could be
specially synthesized by Frontier Scientific upon request, but it is far more
expensive than the catalogue product containing a chlorine ligand (Cat.#
AlPcS-834, FW 895.21g/mol). Therefore, both substances (from Frontier

Scientific) were compared anent their dark and photo-toxicity on the cell lines used
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(cf. 'Results’). Besides toxicity, absorption and fluorescence spectra of both
substances were recorded as described hereafter.

Note: For ease of writing, we will refer to the photosensitizer as AlPc throughout
the chapters Material & Methods and Results, thereby meaning the tetrasulfonated

form which was the only one used.

2.5.2 AlPc - Absorption and Fluorescence Spectra

Absorption spectra of both, AlPc-Cl and AlPc-OH, were recorded with a Kontron

Uvikon 810 spectrometer, using ddw as reference.

Fluorescence spectra of both AlPc-compounds were recorded at two different
concentrations (in the mM and pM range respectively) using the laser scanning
microscope LSM 410 (Zeiss), with the 633nm line of a helium-neon-laser as
excitation source and a grid adapted on the detector side for wavelength
resolution.

Fluorescence spectra were smoothed by an automated procedure, which defines
the fluorescence value at a certain wavelength as the mean of the fluorescence

values measured at the following five wavelengths.

To compare the spectra, absorbances respectively fluorescence intensities were

normalized to the highest maximum value.

2.5.3 AlPc Stock Solutions

For use in cell experiments, solutions of AlPc were prepared by dissolving a
weighted amount in ddw at a concentration of 1-5mg/ml (approximately 1-5mM)
and sterile filtered over 0.2 um (Sartorius Minisart single use sterile syringe filter,
Cat.# 16543). Higher concentrations showed to be in the region of solubility limits.
The stock solution was stored at -20 °C.

Because (1) the hydration of the substance significantly varies from one batch to
the other; (2) the solution has to be filtered; and (3) no formula weight is provided
by the manufacturer for the chlorine free compound, the concentrations of the
stock solutions were standardized by measuring the optical density at 675 nm
(Kontron Uvikon 810) of a diluted solution (approximately 1-5uM) prepared
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thereof using ddw as reference. With the help of a molar extinction coefficient of
170'000 L /mol/cm, given in the literature (Darwent et al. 1982), the concentration

of the stock solution was determined (see 'Results’ for further details).

2.5.4 Cells' Incubation with the Photosensitizer

From the stock solution, the appropriate amount was added to the culture medium
of the cells and incubated for at least 24 h. It had been shown previously that after
this time the intracellular concentration was stable (N. Akgin, personal commu-
nication).

The medium was then removed, cells were washed twice with medium and
supplied with fresh medium (containing only FCS and P/S).

All cells treated with AlPc were protected from light (besides controlled irradiation
for PDT) by keeping the flasks or the plates wrapped in aluminum foil, and by
working under dimmed light throughout the procedures following incubation with

the photosensitizer.

Dark toxicity was evaluated with the help of NR Assay two days later.

2.5.5 Photodynamic Therapy - Procedure

For PDT, the cells were submitted to light of 676 nm provided by a diode laser
(Applied Optronics Corp.) equipped with an optical fiber. The irradiance at the end
of the latter was measured with the help of a power meter (TPM-310 from
Gentec/Canada). The size of the spot was adjusted to the size of the well to be
irradiated (190 mm? for 4-well plates, 960 mm? for 6-well plates) and the total
power emitted was adjusted to 190 respectively 960 mW to yield an irradiance of
1 mW /mm? (=100 mW /cm?) that was used for all experiments unless otherwise
mentioned. Irradiation was performed during various times to submit the cells to

different light doses (radiant exposure, He [J/cm?]).

Some experiments served to evaluate the effect of different irradiances with equal

overall doses.
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When the cells had been incubated with a dye, in particular the photosensitizer,
the colored supernatant was removed and the cells washed twice before adding
fresh medium, thus avoiding uncontrollable absorption of irradiation by additives in
the medium.

Furthermore, to cut off scattering of light from one well of the plate to the others,
2 ml of trypane blue solution (with an absorption maximum at 607 nm) were filled in
the space between the wells during irradiation. This solution was obtained by
diluting a commercial stock solution, 0.5% w/v in physiological saline (Biochrom

Cat.# L 6323), threefold in 1x PBS. It was removed from the plates after irradiation.
Following irradiation, the plates were returned to the incubator, and NR and/or

MTT Assay was carried out two days later, or further processing was undertaken

as explained in the corresponding sections.
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2.6 Cytochrome c Release from Mitochondria

2.6.1 Procedure

In order to assess cytochrome c release from mitochondria after PDT as an early
sign of apoptosis, mitochondrial and cytosolic fractions of cells were separated
with the help of the ApoAlert Cell Fractionation Kit (Clontech Cat.# K2016-1). The
kit provides (1) a 1x washing buffer, to be diluted with ddw from a tenfold
concentrate, and (2) a fractionation buffer, the latter being completed with 1 ul DTT
and 2 pl protease inhibitor per milliliter buffer to form the so-called fractionation
buffer mixture.

After separation, both fractions are analyzed by Western Blotting with the help of a
cytochrome c specific antibody. To control the proper separation of the fractions,
they are also assessed with a COX 4 -specific antibody, that recognizes a protein
(namely the subunit 4 of the cytochrome ¢ oxidase) remaining in the mitochondria
even when the cells undergo apoptosis.

For performing this assay, cells were left to grow in 6-well plates until almost
confluent, then subjected to the desired treatment. Cells were collected from five
6 - well plates by removing the medium, adding 0.2 ml of T/E, incubating at 37 °C
for a few minutes, adding 0.8 ml medium and helping suspending the cells with a
cell scraper (Nunc) (Volumes given per well). Contact time with T/E was kept to a
minimum in order to avoid artifacts by this treatment. From then on, cell
suspensions as well as all reagent solutions were kept on ice or at 4 °C.

Cells were collected in a 50ml PP centrifuge tube (Greiner), submitted to
centrifugation for 5min at 600 g (Heraeus Omnifuge 2.0RS), the supernatant was
removed and the pellet re-suspended in 1 ml of 1x washing buffer, centrifuged
again at the same conditions, the supernatant removed and the cells re-
suspended in 0.8 ml of fractionation buffer mixture (see above for preparation).
The suspension was left on ice for 10 min, then homogenized with the help of a
7ml Dounce tissue grinder (Fisher Scientific Cat.# B 245 050 80), using sixty
passes with the tight pestle. The suspension was transferred to a 1.5ml tube
(Eppendorf 3810X) and centrifuged for 10 min at 700g (Heraeus Bifuge stratos).
The supernatant was transferred to a new Eppendorf tube, while the pellet was

discarded. The supernatant was centrifuged for 25 min at 10'000 g, to separate the
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supernatant cytosolic fraction, which was transferred to a fresh Eppendorf tube,
and the pellet corresponding to the mitochondrial fraction, which was resuspended
in 0.1 ml of the fractionation buffer mixture for storage.

The obtained fractions were kept at -20°C until further analysis by gel

electrophoresis and Western blotting; then thawing was performed at 4°C.

Cytochrome c release was compared for cells (1) untreated; (2) treated with AlPc
alone; and (3) submitted to PDT; exact conditions will be detailed with the results.
Cells not irradiated were cultured in the usual cell culture flasks as described,
instead of 6-well plates, for greater ease of handling. Two to three flasks of
75 mm? were used for one sample.

Cells incubated with AIPc were washed twice with 10 ml 1x PBS prior to treatment
with the ApoAlert Kit.

Cells submitted to PDT were left at 37 °C for 15 min after irradiation. Then isolation

according to the ApoAlert Kit was undertaken.
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Table 3 Reagents used for protein analysis (protein quantification, gel electrophoresis,
Ponceau S staining, Western blotting and immunodetection). MW molecular weight
MW
Substance Provider Cat.# |[g/mol] Characteristic
Bicinchoninic acid (BCA) Sigma B-9643
Bromophenol blue, Na-salt Roth Ab12.1 691.9
Copper sulfate solution Sigma C-2284 4% w/v
Dimethylsulfoxide (DMSO) Fluka 41648 78.13 1.10g/ml
Ethylenediamine tetraacetic acid,
disodium salt, dihydrate (EDTA) Fluka 03677 | 372.24
Glycerin J.T. Baker 7044 92.10
Glycine Sigma G-6388 | 75.07
HEPES Biochrom L 1613 1 M, pH-buffer 7-8
Hydrochloric acid, 2 37% Riedel-de-Haen 30721 36.46 1.19g/ml
2-Mercaptoethanol Roth 4227.1 | 78.13 1.12g/ml
Methanol Merck 1.06009. | 32.04 0.79g/ml
Ponceau S Merck 1.14275
Protease Inhibitor Cocktail Sigma P-8340
Skim Milk Powder Fluka 70166 n.a.
Sodium chloride Fluka 71379 58.44
Sodium dodecylsulfate (SDS) Fluka 71725 | 288.38
Sodium hydroxide pellets Merck 1.06482 | 40.00
NaOH solution, 232% Merck 40.00 1.35g/ml
Trichloroacetic acid (TCA) Merck 1.00807
Tris-Base Roth 5429.3 | 121.14 pH 10-12
Tris-HCI 157.60 pH 2-4
Triton X-100 Sigma T-8787
Tween-20 Merck 1.09280.
Bovine Serum Albumin (BSA) Sigma P-0914 1 mg/mlin 0.15 M NaCl
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2.7 Western Blotting

The substances used for Western analysis of proteins are listed in Table 3.

2.7.1 Determining Protein Concentration

Protein concentration was determined in each sample with the help of the Biuret
reaction, by photometric detection of the formed copper(l) using bicinchoninic acid
(BCA) according to the Sigma procedure TPRO-562.

For this assay, all reagents as well as the samples were kept on ice prior the final
incubation.

Standard protein solutions were prepared using the BSA standard (1 mg/ml)
according to the Table 4. They were kept at -20°C for further use.

Table 5 gives the composition of the lysis buffer mixture (Ibm).

Aliquots of the samples to be assayed were diluted 25-fold in ddw to a total
volume of 50 pl.

Reagent solution was prepared by mixing the BCA and the copper(ll) sulfate
solutions at a ratio of 50:1 .

1 ml of this reagent was added to each 50 pl sample (samples and standards).

The mixtures were allowed to incubate at 37 °C for 30 min; then optical densities

were measured at 562 nm (Kontron Uvikon 810) with ddw as reference.

Table 4 Preparation of protein standards. Ibm: lysis buffer mixture (cf. Table 5); ddw:

double distilled water; BSA: bovine serum albumine.

Std | endconc. lbm ddw BSA m(Prot.) | m /50 pl
# [Hg /ml] (] (] (] [Hg] (o]
P1 0 20 480 0 0 0
P2 100 20 430 50 50 5
P3 200 20 380 100 100 10
P4 300 20 330 150 150 15
P5 400 20 280 200 200 20
P6 500 20 230 250 250 25
P7 600 20 180 300 300 30
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Table 5 Lysis buffer mixture (Ibm).

Vol. of stock-conc. pH endconc.
[ul] [M] [mM]
200 Hepes 1 7.4 20
300 NacCl 5 150
100 EDTA 0.5 7.5 (NaOH) 5
1000 glycerin 100% 10%
100 | Triton X-100 100% 1%

The mixture was completed to a final volume of 10 ml with double distilled water (8.3 ml). Of this
lysis buffer, 1ml aliquots were kept at -20 °C. Prior to use, 20 pl/ml protease inhibitor cocktail

(Sigma) were added to yield the final lysis buffer mixture (Ibm), 20 pl of which were added to each

protein standard solution (cf. Table 4).

A linear regression curve was calculated from the standards, and the concen-
tration of each sample was determined with its help. Figure 10 exemplifies a
calibration curve obtained as described.

If the samples’ concentration values were not in the range of the regression curve,
the procedure was repeated with an appropriate dilution of the samples, total

volume always being adjusted to 50 pl.

Calibration of Protein Concentration
1200
1000 e
E g0 .
g -
2 600 —
~ > +  Standard solution
o 400 —5
O oo 1 Regression
O T T T !
0 200 400 600 800
Protein Concentration [ug/ml]

Figure 10 Calibration of Protein Concentration according to the Sigma procedure TPRO-562
(cf. text). Linear regression vyields: slope 1.17 ml/ug, y-axis intercept 257,

correlation coefficient r > 0.9965. (O.D. = optical density)
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Material and Methods

Solutions and buffers were prepared according to the following protocols:

(1) Stock solutions (in ddw)

(a) SDS 10 % (w/v)
(b) EDTA  0.5M, pH8.0

(c) NaCl 5M
(d) Tris-HCI 1M, pH7.5

(e) Tris-HCI 1.5M, pH6.8

10 g for 100 ml solution
18.61g +2g NaOH pellets, for 100 ml solution;

pH adjusted with NaOH or HCI

146.1 g for 500 ml solution.
60.57 g of Tris-Base for 500 ml solution,
pH adjusted with 37 % HCI
18.17 g of Tris-Base for 100 ml solution;
pH adjusted with 37 % HCI

Solutions (b) - (e) were autoclaved before further use and kept in sterile vessels.

(2) Loading buffer (2x LoadB) was prepared to be diluted twofold with a sample.

stock volume | final conc.

[ml] for load (1x)
SDS 10% 10% 2 1.60 %
Tris-HCI, pH 6.8 1.5M 1.66 0.20 M
EDTA, pH8.0 0.5M 0.01 0.40 mM
Glycerin 100 % 2 16.03 %

Bromophenol blue few grains n.a.

total Volume 5.67 (12.47ml) *

Mercaptoethanol 100 % 0.57 10 %

* after addition of mercaptoethanol and sample.

Aliquots of 200 ul were kept at -20°C before addition of mercaptoethanol.

latter was added just before usage.
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(3) Running buffer (RunB) was prepared to be diluted tenfold with ddw before

use for gel electrophoresis.

stock m [g] 1x conc.
Tris-Base solid 15.14 25 mM
Glycine solid 72.07 192 mM
SDS 10 % (W/v) 50 ml 0.1 %
total Volume 500 ml

The volume was filled up with ddw, and the final solution kept at RT.

(4) Transfer buffer (TransfB)

stock m [g] conc.
Tris-Base solid 2.9 48 mM
Glycine solid 1.45 39 mM
SDS 10 % (wiv) 1.85ml 0.037 %
Methanol 100 % 100ml 20 %
total Volume 500 ml

The volume was adjusted with ddw. The buffer was kept at RT and used without

further additions for blotting.

(5) TBS, TBST and blocking buffer (BlockB)

10x TBS buffer:

stock V [ml] |10x conc.
Tris-HCI IM,pH7.5 500 0.5 M
NaCl 5M 300 1.5 M
ddw
total Volume 1000

From this, 1x TBST buffer was prepared by tenfold dilution in ddw and addition of
Tween-20 at a ratio of 0.25ml per 500ml. The final blocking buffer was then
obtained by adding skimmed milk powder to 1x TBST buffer at a ratio of 12.5g per
250 ml (5 %).

While TBS and TBST buffers were kept at RT, blocking buffer was kept at 4°C.
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2.7.3 Protein Gel Electrophoresis

For gel electrophoresis the following pre-cast gels were used:
10-20 % Tris-glycine acrylamide gels,
cassette size 10x 10 cm?, thickness 1.0 mm, 12 wells
(Zaxis, Hudson, USA, Cat.# 110-1020T212)

The electrophoresis chamber was from Owl Separation Systems (Portsmouth,
USA).

Samples were thawed at 4°C. The volume containing 10ug of protein (as
determined by the BCA assay) was added to the same amount of 2x LoadB. If the
total volume obtained was less than 3 pl, more 2x LoadB was added for greater
ease of manipulation. The samples, in firmly closed Eppendorf tubes (to avoid
evaporation), were heated to 95 °C on an Eppendorf Thermomixer for 5min, then
immediately put on ice.

The gel was mounted in the chamber which was then filled with running buffer.
The wells of the gel were rinsed with running buffer prior to loading the samples.
As size standard the wide range Sigma Color Marker (Cat.# C-3437) was used to
run aside the samples during electrophoresis. 10 ul of this standard marker were
loaded in a separate well.

Care was taken to perform electrophoresis of the cytosolic and mitochondrial
fractions of each sample on the same gel for comparison.

Electrophoresis power supply (Consort E835)

Running conditions for one (two) gels:
80V 15(30) mA until penetration of the samples in the gel.
100V 35(70) mA for the separation.

Electrophoresis was stopped when the bromophenol blue added to the samples
(in the 2x LoadB) was seen to have reached the end of the gel.

Gels were then removed from their support and kept for the blotting following
immediately.
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2.7.4 Blotting

Semi-dry blotting was performed with a semi-dry blotting chamber from Owil
Separation Systems (Portsmouth, USA). All materials were soaked with transfer
buffer. On the (negative) bottom platter electrode three 10 x 10 cm? pieces of filter
paper (Whartman /England, Cat.# 1001 917) were placed, upon which was laid
the gel and a 10x10cm? piece of nitrocellulose membrane (Hybond ECL
RPN 203 D, Amersham Pharmacia). On top of these followed three more pieces of
filter paper. Air was removed by impregnating every layer with transfer buffer and
then rolling a glass bar over the layers of paper in several directions. The chamber
was closed with the cover containing the (positive) top electrode.

Transfer of the proteins was performed with the help of an electrophoresis power
supply (Consort E835), applying 3V and 80 mA (for one gel) during 1.5h.

The blotting membrane was retrieved, briefly washed with ddw and assessed for

protein loading with Ponceau S staining as follows.

2.7.5 Ponceau S Staining

In order to verify successful electrophoresis and blotting of the proteins, the
proteins on the blotting membrane were reversibly stained with Ponceau S.

A solution of Ponceau S in trichloroacetic acid (TCA) was prepared by dissolving
Ponceau S and TCA in ddw to a final concentration of 0.2% w/v Ponceau S and
3% w/v of TCA. This solution was kept at 4 °C when not in use.

The blotting membrane was shaken in this solution for 10 - 20 min after washing in
several changes of ddw to remove the transfer buffer, then again in ddw to remove
excess of dye until the protein bands appeared.

Documentation of the protein loading was done by photocopying the stained
membrane. The bands of the size marker were marked with a pen.

To remove the Ponceau S staining, the membrane was shaken in basic Tris
solution (approximate pH9-10) until decolorized and washed in several changes
of ddw.
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2.7.6 Immunostaining for Cytochrome ¢ and COX4

After blotting (and staining/decolorizing with Ponceau S) or after stripping (cf.
2.7.7), the membrane was transferred into blocking buffer and shaken for 30 min
at RT.

The primary antibody was incubated overnight at 4 °C:

For cytochrome c, the rabbit antibody (provided with the ApoAlert Kit) was used at
a concentration of 100 pl in 10 ml blocking buffer (1:100).

For COX4, the murine antibody (provided with the ApoAlert Kit) was used at a
concentration of 20 pl in 10 ml blocking buffer (1:500).

Solutions of primary antibodies were kept at 4 °C to be reused up to four times.
After incubation with the primary antibody, the membrane was washed twice in
blocking buffer (15 min at RT), then transferred for 1 h at RT into the corresponding
HRP-marked secondary antibody solution (goat anti-rabbit, Santa Cruz Cat.#
sc-2004 or goat anti-mouse, Santa Cruz sc-2005; concentration 4 ul in 20ml of
blocking buffer, i.e. 1:5'000).

Finally, the membrane was washed twice 15 min at RT in blocking buffer.

Substrates for the bioluminescent reaction of the HRP were added in form of the
ECL solutions 1 and 2 (Amersham Pharmacia, ECL Western Blotting Detection
Reagents, RPN 2106): For one membrane of ca. 7x5cm?, 2ml of each solution
(recommended: 60 ul/cm?) were mixed and then dropped on the membrane lying
on a cling-film until fully covered. The membrane was left for 1 min, then the
substrate solution was drained and the membrane wrapped in a new piece of
cling-film avoiding air pockets. The wrapped membrane was introduced in an
X-ray film cassette (Hypercassette 18 x 24 cm?, Amersham Pharmacia Cat.# RPN
11642) and covered with an autoradiography film (Hyperfilm ECL 18x24cm?,
Amersham Pharmacia Cat.# RPN 2103K). Exposition time had to be optimized
and was noted. The film was developed thereafter by an automated process. All
manipulations involving the film prior to development were done in the absence of

light or under red light.

The molecular weights of cytochrome ¢ and COX 4 are 15 and 17 kD respectively.
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Because of problems encountered with the detection of COX4 (cf. 'Results’),
proteins from a different cell line, the L929, were used as 'positive control'.
Properties of the L929 are detailed in the next section.

Cytosolic and mitochondrial proteins of these cells were separated with the
ApoAlert Cell Fractionation Kit as described. The mitochondrial fraction was used

as positive control for COX 4.

2.7.7 Stripping

For further marking with different antibodies, the membrane was stripped
according to the following procedure carried out at RT:
The membrane was shaken in 0.2M NaOH solution for 5min, then in ddw for

another 5min and finally blocked again for 30 min in blocking buffer.
Membranes were kept in blocking buffer at 4 °C between the procedures. Stripping

and reuse of one membrane with different antibodies was allowed for up to three

times.
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2.8 L929 Cells and anti-Apo-1

For other investigations on PDT in our laboratory, we had been using the murine
fibroblasts L929 (ATCC# CCL-1) in parental form (L929 Par), as well as
transfected with Apo-1 (L929 Apo). As mentioned above, these cells served to
compare their behavior to the cell fractionation procedure described, and, in
particular, as 'positive control’ for the detection of COX 4.

Incubation of the transfected cells, expressing Apo-1, with the agonistic anti-Apo-1
antibody (1pg/ml in the presence of 10ng/ml protein A as cross-linker, (H. Hug,
personal communication) ) leads to aggregation of the receptor in the cell
membrane that in turn launches apoptosis via the extrinsic caspase cascade (Hug
1998). Mitochondrial cytochrome c release has been reported to be a down-
stream event in this pathway (Green et al. 1998).

The incubation with the antibody will hereafter be termed ‘induction’.

Cytosolic and mitochondrial proteins of the parental as well as the transfected
cells, w/o or after induction, were separated with the ApoAlert Cell Fractionation
Kit as described. Besides studying the results of the fractionation and the effect of
anti-Apo-1 induction, the mitochondrial fraction turned out to be a useful positive
control for COX 4.
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2.9 Caspase Inhibitors (C.1.)

2.9.1 Characteristics of the Inhibitors

For assessing how caspases are involved in the process of cell damage after
PDT, cells were treated with two broad spectrum caspase inhibitors prior to PDT.
The following characteristics are reported for them by the provider:
- Caspase Inhibitor I (C.1.1) (Calbiochem Cat.# 627610)

z-VAD-fmk, MW 467.5 g/mol

A cell-permeable, irreversible inhibitor of caspases 1, 3, 4 and 7.
- Caspase Inhibitor Il (C.1.3) (Calbiochem Cat.# 218745)

boc-D-fmk, MW 263.3 g/mol

A cell-permeable, irreversible broad spectrum caspase inhibitor; said to be

more efficient than Caspase Inhibitor | (D'Mello et al. 1998).

2.9.2 Procedure

Both inhibitors are supplied as 1 mg of solid. They were dissolved in DMSO to give
a stock solution of 25 mM. These stock solutions were kept at -20 °C. Experimental
conditions were adapted from D'Mello (D'Mello et al. 1998) concerning

concentrations and incubation times.

First, toxicity of the inhibitors was assessed. Cells seeded according to the
protocol described were subjected to different concentrations (25, 50 or 100 uM) of
either inhibitor for two days. The medium was then exchanged with fresh one and
NR Assay performed.

Then, combined toxicity of the inhibitor in the presence of AlIPc was assessed. For
this purpose, cells were incubated two days after seeding with 400 uM AlPc-CI for
24 h, then washed and the medium replaced. Then, either inhibitor was added to a
final concentration of 100 uM. After two days, exchange of medium and NR Assay
were performed as described.

Phototoxicity of the inhibitors was tested by incubating the cells with 100 uM of
either inhibitor for 12 h and then irradiating with 100 mW /cm?, 50s (i.e. 5J/cm?) as
described. After two days, exchange of medium and NR Assay were performed as

described.
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The conditions for preliminary toxicity tests were chosen to be more strenuous
than those used for PDT; so that, under PDT conditions, effects of inherent toxicity

would be in any case lesser.

Effect of PDT on HuH7 cells was compared in the absence and in the presence of
either inhibitor. For this purpose, cells were processed as described before (AlPc
100 pM, 24 h; He 5J/cm?). Caspase inhibitor was added 15 min prior to irradiation,
after washing of the cells. Two days after irradiation, NR Assay was performed as

described.
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2.10 Antioxidants and Radical Scavengers

Several substances were tested for a potential protective or enhancing effect with
PDT by means of their reductive and/or radical scavenging properties. They will be
referred to as 'antioxidants' hereafter. These substances were pyrrolidine dithio-
carbamate (PDTC), N-acetyl-cysteine (NAC) and ascorbate. The latter was used
as free acid (ascorbic acid) or as sodium salt (sodium ascorbate).

First cytotoxicity of these compounds was assessed. For this purpose cells were
incubated with different concentrations of the antioxidant after two days of growth.
Stock solutions were 10 mM in ddw, filtered over 2 um for sterilization, added in the
appropriate amount to the cell culture medium. Incubation was carried out over at
least 24 h, then the cells were washed twice and allowed to grow in fresh medium
for another two days. Viability of the cells was then assessed by NR assay.
Concentrations that were non toxic under these conditions were used for
assessing concomitant toxicity of the antioxidants with AIPc or with irradiation.
AlPc was co-incubated with the antioxidant at a concentration of 100 pM.
Irradiation was performed after replacing the antioxidant and/or AlIPc containing
medium with fresh one. Irradiation conditions were 100mW/cm? 50s (i.e.
5J/cm?). Viability was assessed after two days with the NR assay.

Concentrations shown to be non toxic under these conditions were then used to
observe an eventual effect on PDT. AIPc concentration was 100 uM for 24 h, then
irradiation with 100 mW /cm?, 50 s was performed. Viability according to NR assay
was tested two days later. As in the preliminary experiments, antioxidants were
incubated concomitantly with AlPc.
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2.11 Electron Microscopy

2.11.1 Transmission Electron Microscopy (TEM)

Following PDT (according to the procedure described before with AlPc 24h
100 pM and He 1J/cm? HuH7 cells harvested 15 respectively 30 min post PDT),
cellular morphology was examined by transmission electron microscopy. The cells
were fixed in the culture dishes (4-well plate) with 2% glutaraldehyde/2%
formaldehyde in 0.1 M cacodylate buffer and embedded in epoxy resin. Semi-thin
sections for light microscopy were stained with the Richardson fast stain.

Ultrathin sections for electron microscopy were stained with uranyl acetate and
lead citrate.

2.11.2 Scanning Electron Microscopy (SEM)

From HuH7 cells submitted to PDT as above, the cytokeratine skeleton was
prepared according to the method described by Beil (Beil et al. 2003) to be imaged
by high resolution scanning electron microscopy (Hitachi S-5200 in-lens SEM,;
Tokyo, Japan): After a pre-fixation extraction with 2.2% polyethylene glycol,
followed by actin depletion with gelsolin, cells were fixed with 2% glutaraldehyde
in 0.1 M cacodylate buffer, gradually dehydrated in alcohol, then stained with
uranyl acetate, subjected to critical point drying and finally coated with 3nm of

platinum.

For both EM techniques, samples of untreated cells were obtained for comparison
following the same protocol as for the PDT-treated cells.
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2.12 Laser Scanning Microscopy (LSM)

2.12.1 The Microscope System

For localizing and studying morphological changes after PDT, confocal laser
scanning microscopy with the LSM 510 meta system (Zeiss) was used, to observe
the living cells submitted to specific treatments. Figure 11 illustrates the main

components of the microscope with the excitation and detection devices.

1. Optical fibers
2. Motorized collimators
3. Beam combiner
4. Main dichroic beam splitter
5. Scanning mirrors
6. Scanning lens
7. Objective lens
8. Specimen
9. Secondary dichroic beam splitters
10. Confocal pinhole
11. Emission filters
12. Photomultiplier (PMT)
13. Meta detector
14. neutral density filter
15. Monitor diode
16. Fiber out
Figure 11 Scheme of the LSM 510 meta system (from Zeiss Product Information).

For explanation cf. text.

The specimen down left (8) is illuminated by the incoming laser light from the
middle right (1), that is scanned over it linewise with the help of the scanning

mirrors (5) and scanning lens (6). Several lasers of different wavelengths are
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available for selective excitation of the dyes and/or markers present in the
sample.

The pathway for the detection of the transmission image (conventional optical
microscopy) is not shown in the scheme. Fluorescence is detected by sending
back the emitted light that is scanned from the specimen through the scanning
lens (6), then separating it from the incoming light through the main dichroic beam
splitter (4) and dividing it through several secondary beam splitters (9) into regions
of defined wavelengths that can be further adapted to the wavelength bands of
interest by bandpass filters (11), before being detected by the photomultipliers
(12).

The pinholes (10), that are the main device for assuring confocality, have to be
closed as much as possible (which is restricted by the necessary sensitivity) and
precisely positioned in the horizontal plane to allow the most selective detection of
the fluorescence emitted by the region of the incoming light's focus in the
specimen. This enables three dimensional imaging of the specimen by scanning
the position of the focus through the vertical direction. A maximum of vertical
resolution versus sensitivity is achieved when the pinholes are approximately the
size of the axial Airy disc (projected on the confocal aperture) which depends on
the objective's numerical aperture and on the considered wavelength (Sheppard et
al. 1997, Zeiss product information).

Another important parameter influencing confocality is the spherical aberration due
to oil-glass-water refraction at the interfaces between the objective and the

specimen. This can be circumvented by the use of water-immersion objectives.

The meta system (13), containing thirty-two photomultipliers covering a range of
340 nm, besides being necessary for detection with spectral resolution (that is
recording a whole spectrum from every point scanned), allows an individualized
detection in a certain wavelength region (up to eight regions) and may hence be
complementary to the photomultipliers combined with the emission band- (BP) or

longpass (LP) filters (11,12) which serve as fixed, invariable band detectors.
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2.12.2 Modes of Detection

The LSM 510 meta system allows several detection modes with the above
mentioned setting:

(1.a.) In the channel mode (ChMo), the specimen is irradiated by the chosen
lasers and light returning is detected in several wavelength bands, each of which
is assigned to a specific fluorochrome and is represented in its own color. The
image thus represents the distribution of the fluorochromes in the specimen.
Crosstalk, i.e. fluorescence of one substance in a wavelength region assigned to
another, is a limiting factor for this mode.

(1.b.) In the multitrack mode, the conditions of irradiation and detection can to
some extent be varied from one scanned line of the specimen to the next. Again,
each color in the resulting image represents one wavelength band or substance,
with the advantage that crosstalk may be reduced.

(2) The meta or lambda mode (LaMo) records at every point, line by line, of the
specimen, the whole visible spectrum (or a predefined part of it), giving the
emission intensities at every wavelength (more precisely: wavelength bands of
11 nm). Every point of the resulting image therefore contains the sum of the
spectra of the substances fluorescing at that point. The information can be
represented in form of a stack of intensity pictures of the specimen at the
wavelengths considered (A-stack).

Further processing of this information then allows in particular:

(a) Extracting a wavelength band (e.g. the emission maximum of a fluorochrome)
and assigning it a channel and a corresponding color.

(b) Extracting known spectra of specific substances from the image (linear
unmixing, LIUMX): The intensity of the spectrum can then be represented in its
own color, imaging the substance to which it belongs.

(c) Extracting a defined number of spectra calculated from points of high light
intensities at a certain wavelength (ACE = Automated Component Extraction). The
result is very similar to that in (b) although the compounds may not necessarily be
well defined.

Usually the extraction procedures significantly reduce the spatial resolution.

Moreover, time series and scans in vertical direction (resulting in z-stacks) do

further enlarge the possibilities of imaging a given specimen.
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Reduction of background noise, and thus resolution enhancement, can be
achieved by scanning the same specimen several times and creating a mean
image of all the scans. Limitations however are imposed by photobleaching of the
fluorochromes and if the specimen is not an inert system but for instance a living

cell, susceptible to change during the scanning.

2.12.3 General Experimental Conditions

Optical microscopy of the living cells mounted on appropriate glass slides was
performed with a 63x oil or water immersion objective with a numerical aperture of
1.4 and 1.2 respectively. LSM settings were chosen according to the fluoro-
chromes used in order to achieve maximal sensitivity with best spacial and
spectral resolution. Special care was taken to avoid crosstalk, i.e. detection of
fluorescence of one compound in a wavelength domain attributed to another. In
the mostly utilized channel mode (ChMo), this implies the use of different
excitation wavelengths (i.e. lasers lines) and detection in narrow wavelength
domains (through bandpass filters) that are far apart. Typically, a photosensitizer
like AlPc with a fluorescence in the far red upon excitation with red light readily
combines with fluorochromes excited by a blue laser and fluorescing in the blue or
green region.

The next section describes more in detail the fluorochromes used and their LSM-

relevant spectral characteristics.

The pinholes were set between 100 and 150 um; in some cases with very bright
fluorescence, they could be reduced to about 50 um. This is the range where the
resulting vertical resolution is equal in size to the Airy disc (about 400nm) that
defines the best achievable axial resolution based on the optical properties of the

microscope.

2.12.4 Fluorochromes and Fluorophores

Table 6 gives the LSM-relevant spectral characteristics of the fluorochromes and
fluorophores used, according to the supplier's specifications (Molecular Probes
Handbook).

A few remarks are to be made concerning these substances:
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Fluo-3 is introduced in the cells in form of the acetoxymethyl (AM) ester
which is cell permeant but not fluorescent. It is hydrolyzed to the free acid by
intracellular esterases and consequently trapped inside the cells. The latter
fluoresces in the presence of calcium ions (Kyq = 390nM, fluorescence increase
about hundredfold). Alternatively, it can be hydrolysed in vitro, by NaOH for
example, to assess spectra of the solution.

LysoTracker Green Br; is fluorescent in acid environment. Spectra of the

solution were recorded in acidified aqueous environment.
The MitoTracker Red CMXRos exists in a reduced form, CM-H,XRos that is

not fluorescent. It can be oxidized in active mitochondria to the fluorescent form,
and hence serve as an indicator of functioning mitochondria.
Neutral Red was tested as a lysosomal marker too, although it is not a

commonly used fluorochrome.

Stock solutions of the fluorophores (Molecular Probes / Life Technologies GmbH,
Darmstadt) were prepared as advised by the manufacturer and stored at 4 °C,
shielded from light. Volumes added to the medium for cells' incubation and
incubation times were adapted to obtain the desired staining with a sufficient
intensity. Cell medium was kept to a minimum during incubation to minimize the

volumes needed.

From every fluorochrome aqueous solutions were prepared to measure the
fluorescence spectra with the meta detector of the LSM.

Fluo-3-AM was first hydrolysed to the free Fluo-3 by addition of equimolar
guantities of NaOH, the final solution was buffered with HEPES and an excess
amount of calcium chloride was added.

The solution of LysoTracker Green Br, was acidified by adjunction of diluted HCI.
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Table 6 Data related to the fluorochromes used for Laser Scanning Microscopy (Molecular Probes Handbook).
Fluorochrome Abs.max Ex Em.max Em Type Molecular Probes MW Solution
[nm] [nm] [nm] [nm] Cat.# [g/mol] in
650-710 _ - L
AlPcS, 675 633 680 PS Frontier Scientific | (895.22) ddw
643-717
Fluo-3 (+Ca) 503 488 525 500-550 | calcium Indicator F-1242 DMSO
MitoTracker Red 565-615
o TTacker e 578 543 599 Mitochondria M-7512 531.52 DMSO
CMX Ros 557-621
MitoTracker Red CM- i
toTracker ke 578 543 599 acve M-7513 497.08 DMSO
H>XRos (oxidized) Mitochondria
488 LP 505
LysoTracker Green Br, 532 545 Lysosomes L-7542 DMSO
514 535-590
525-621 .
Neutral Red 530 514 640 Lysosomes Biochrom 0.9% NacCl
LP 560
Rhodamine 123 508 488 529 500-550 | Mitochondria Sigma R 8004 380.8 ddw

Formula weight
Note: Abs.max refers to the maximum of the absorption spectrum, while Ex gives the wavelength actually used to observe fluorescence, which is usually imposed
by the laser available or other fluorochromes concomitantly used. Accordingly, Em refers to the band of wavelengths actually detected, the maximal fluorescence
occurring at the value given as Em.max.
LP: long pass (filter); PS: Photosensitizer; MW: molecular weight; ddw: double distilled water, DMSO: Dimethylsulfoxide.
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2.12.5 Preparation of the Cells and Processes Studied

For use with the Laser Scanning Microscope, cells were grown in 4 -well plates,
each well of which had been tipped with a breamed round cover slide of 10 mm
diameter (Merck Eurolab 631 9490), or on 75 x 25 mm? vapor sterilized microscope
slides (Marienfeld /Germany) in Quadriperm plates (cf. Table 2).

Just before imaging, the slides were removed from the medium, washed with
isotonic sodium chloride solution or PBS, covered with another slide to prevent
drying and mounted on the LSM specimen support.

Still, with this probing, viability and, more importantly, metabolic stability of the
cells was limited by drying, depletion of CO, and excess of oxygen, as well as by
low temperature. At the time when these experiments were conducted, no flow-
through chamber, gas supply or warming device had been adapted to our LSM
system. Therefore, imaging, and in particular online monitoring, was restricted to
about half an hour after retrieving the cells from the incubator.

To prevent drying, cells could be mounted on the slides fixed together with
Vaseline that would allow a larger volume of liquid and prolong the possible

observation time.

Photosensitizer uptake was monitored by incubating cells with 100 uM AlPc for
various defined durations, then washing the cells and analyzing by LSM.
Automated optimization of the detection parameters allowed using the detector
gain as indirect quantification parameter of AlPc fluorescence intensity.

In another experimental setting, the cells mounted on the slides for LSM were
incubated with small volumes of 100 uM AlPc containing medium and observed
online for up to 20 min. Care was taken to close the pinhole as much as possible
to reduce the detection of the medium's fluorescence by high confocality, even if
this would impair detection of low (early) cellular AlPc uptake.

Morphology of cells and intracellular distribution patterns of AlPc were then
compared for cells before and after PDT (He 5J/cm?) and with specific organelle

markers. Details of experimental conditions will be described with the results.
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3 Results

Note: In the following, the term 'treatment of cells' applies to every adjunction
made to the cells' medium besides FCS and P/S; i.e. in particular, addition of
photosensitizer, caspase inhibitor, antioxidants etc., with or without subsequent

irradiation.

3.1 Preliminary Experiments

- Cell Growth and Viability Assays

Normal cell growth was assessed by establishing growth curves of each cell line.
Figure 12 depicts the increase of cell density as function of time after seeding with

a seeding cell density of 100 cells /mm?.

HCCs - Growth Curves
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E 3000 *HepG2 }
0
E AHep3b
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0 mﬁ_g m T E 8£ g T T T
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Time after seeding [h]
Figure 12 Growth curve of the human hepatocellular carcinoma cell lines (HCC)

HuH7, HepG2 and Hep3b: Cell density as function of time after seeding (t).
All cell lines. Cell density at t=0 is the seeding density. The vertical bar

delimits the time range used for the subsequent experiments.
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Thus, exponential growth started about 50 h and continued for at least up to 150 h
after seeding. Cell densities at that time were in the order of 1000 cells/mm?
Growth rates of three cells lines differed markedly, HuH7 cells being the fastest
and Hep3b the slowest.

At higher densities or after longer times, growth curves deviate from exponential.
Nutriment depletion is one factor contributing to flattening of the curves, while
reduced cell adhesion to the vial probably accounts for curve irregularities,
because of irreproducible cell loss during exchange of medium.

Considering this, the general procedure for the subsequent experiments was set
as follows: Cells were incubated with the photosensitizer two days after seeding,
left for one day, then irradiated and left again for two days before evaluation of

toxicity, yielding a total time of 120 h after seeding.

Recovery of cells through hand-counting shortly after seeding was evaluated
(Figure 13) and proved to be reasonably accurate for cell densities less than
50'000 /well.

Recovery of Seeded Cells
250000 &
| 1
= * HuH7
£ 200000 % HepG2
=]
9 A Hep3b i
'E 150000 —Diagonal
©
= }
> 100000 L
2
L} X
3 50000 A X
(&) A
0 %
0 50000 100000 150000 200000
Celis/well at seeding (calculated)
Figure 13 Recovery of seeded cells as determined by hand-counting. All cell lines.

The diagonal bar represents (theoretical) 100 % recovery.
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It should be noted that, as has been described in the literature (Ball et al. 2001),
after PDT, cells are more difficult to detach from the culture dishes. Therefore,
guantitative flaking is most important. The use of viability assays for quantification

of PDT effects circumvents this problem.

Still, the most important reason for replacing cell quantification through hand-
counting (HC) by viability assays using neutral red and/or MTT was the possibility
to analyze more samples in less time.

In preliminary experiments, proportionality between cell numbers, as determined
by hand-counting, and MTT conversion, as measured by optical density (O.D.) of
the supernatant of lysed cells, was demonstrated for the three cell lines used
(Figure 14.a). The same correlation was demonstrated using Neutral Red when
the amount of NR solution added was sufficiently high, i.e. more than 500 ul/well
(data not shown).

Furthermore, O.D. from MTT conversion was in good linear correlation to the O.D.
from NR uptake (Figure 14.b).

Hence, the O.D. (NR or MTT) could be used as a measure of cell density, while
correlating NR uptake or MTT transformation of untreated cells with the one of
treated cells would be a measure of the treatment’s toxicity.

Because cell densities and/or incubation times with NR or MTT might slightly vary
from one experiment to another, O.D. values are usually given as percentage of
the O.D. of non-treated cells grown in parallel [% of ctrl].

Toxicity (either dark- or photo-toxicity) of a treatment was evaluated by means of
neutral red (NR) uptake reduction after two days of growth in normal medium. It
was assumed that after this time, cells were either living or dead, but not otherwise

impaired in NR uptake by the preceding treatment.
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Correlation: Hand-count cells - MTT test
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Figure 14

Comparison of hand counting and viabillity assays NR and MTT for cell
quantification; all three cell lines:

€) O.D.(MTT) = f(cell density) [cells/well]. All cell lines.

Cell density was determined by hand counting.

(b) O.D.(MTT) = f(O.D.(NR)). All cell lines.

The straight lines are the corresponding linear regression curves, without the point
marked by an open rhomb. O.D.: optical density. NR: Neutral Red,

MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
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3.2 Characterizing AlPc and
Comparing AlPc-Cl and AlPc-OH

3.2.1 Photometric Characterization of AlPc-Cl and -OH

Two forms of AIPc were compared as described in ‘Methods’: one (AlIPc-Cl) bears
a chlorine ligand, whereas in the ‘free' form (AlPc-OH) the chlorine is replaced by a
hydroxide group.

The solids of these two compounds differ in color, the chloride being greenish, the
free form rather turquoise. In dilute solution both turn turquoise, which indicates
that the chlorine ligand might be lost upon solubilization.

To evaluate if significant differences would have to be taken into account while
working with either compound, absorption as well as fluorescence spectra were
recorded for both. These show to be identical for dilute solutions (Figure 15). It
was therefore concluded that both compounds are very similar; in particular their
molar extinction coefficient was assumed to be the same, and it was used to
standardize the concentration of the stock solutions.

At higher concentrations, the fluorescence maximum of AlPc is gradually red-
shifted. This has been described by Juzenas (Juzenas et al. 2004) and attributed

to inner filter effects.

Note: The seemingly higher background noise in the fluorescence of the more
concentrated solutions (Figure 15.b, spectra for AlPc in millimolar range) is due to
a high attenuation needed during the measurement and subsequent mathematical
amplification of the spectrum to normalize the values for greater ease of

comparison.
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Absorption Spectra of AlPc
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Figure 15 (a) Absorption Spectra of AlPc-Cl and -OH.
(b) Fluorescence Spectra of AlPc-Cl and -OH. Excitation 633 nm.
Absorbance and fluorescence intensities are normalized to the respective

maximum value. (AIPc-CI / -OH = aluminum phthalocyanine chloride / free)
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3.2.2 Quantification of AlPc

Absorption maximum of both compounds (AlPc-OH and -CI) was at 675nm, so
that photometric quantification was performed at this wavelength using the molar
extinction coefficient of 170'000 L/mol/cm given by Darwent (Darwent et al. 1982).
They determined this extinction coefficient for a substance that is a mixture of di-,
tri- and tetrasulfonated derivatives with an average of three sulfonic groups per
molecule. However, the absorption spectrum given by the authors is very similar to
the one of our compound. Therefore, the extinction coefficient was supposed to be
at least very close. Furthermore, it was assumed to be the same for the chlorine
free and the chlorine containing compound, regarding that the absorption as well

as the fluorescence spectra of diluted solutions from either were virtually identical.
As described below, the two compounds did not significantly differ as to their dark
or photo-toxicity under these conditions. This was the case for all three cell lines

investigated (Figure 18).

These findings justified the further experiments to be carried out with the chlorine
containing AlPc (AlPc-Cl) unless otherwise mentioned.

3.2.3 PDT with AlPc

Irradiation of cells pretreated with AIPc was performed at 676 nm as described in
‘Methods’. Because this is very close to the absorption maximum of the
photosensitizer, the photodynamic yield should be close to maximum too.

On the other hand, other substances added to the cells, especially other
fluorochromes, can be expected to be little susceptible to excitation by such a long
wavelength, meaning that the phototoxicity of these should be negligible.
Nevertheless, addition to the cells of any other substance, besides AlPc, was
avoided prior to PDT,; or if this was not possible, phototoxicity of the substance

was tested separately.
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3.2.4 AlPc in Laser Scanning Microscopy

The laser of the LSM 410 and 510 meta systems with the emission wavelength
closest to the absorption maximum of AlPc is the He Ne laser with a line at
633 nm. Excitation at this wavelength produces a strong fluorescence with a
maximum at 676 nm (Figure 15.b). Very concentrated solutions (>3.5mM) show a
shift in the spectrum to 683 nm, that disappears upon dilution.

Most fluorochromes used for cellular diagnostic have their absorbance and
fluorescence maxima at shorter wavelengths and therefore are not excited by the
633 nm laser.

On the other hand, laser of shorter wavelengths do cause AlPc to fluoresce but to
a lower extent (data not shown.) This is of no relevance for separate imaging if, on
the detection side, the detection channels can discriminate properly the wave-
length bands (cf. Chapter 3.10 for further considerations).

3.2.5 Dark Toxicity of AlPc-Cl and -OH

Cells were incubated with AlIPc for 24h as described under ‘Methods’.
Concentrations used were between 1 uM and 1 mM. All three cell lines showed a
very low toxicity up to 500 uM (Figure 16). As pictured later (Figure 22) results
were similar for NR and MTT assay.

There was no significant difference between AlPc-Cl and AlPc-OH.

There was no significant difference between the three hepatoma cell lines either,

with the exception of Hep3b that seems to be slightly more sensitive.
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Results

Neutral Red (NR) response after aluminum phthalocyanine (AlPc) incubation: Dark

toxicity of AlPc as function of its concentration; comparison of AlPc-Cl and
AlPc-OH. Median of absolute differences: MAD < 10 %.
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3.2.6 Phototoxicity of AlPc-Cl and -OH

AlPc is phototoxic to all three cell lines investigated in a concentration and
irradiation dose dependent manner (Figure 17). There is no significant difference
between the three cell lines nor between AlPc-Cl and AlPc-OH (Figure 18).

For further experiments, we chose such conditions of AlPc concentrations and
irradiation doses that were surely yielding a high percentage of cell killing. This
renders the results more reproducible and slight changes in experimental
conditions are less likely to produce noticeable effects on the outcome. The
implications of this procedure will be discussed in more details in the following

chapter.
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and irradiation dose: Radiant exposures H, are 0, 0.5, 2 and 5 J/cm?. Evaluation
with Neutral Red (NR) Assay. (O.D.: optical density. ctrl: control.)
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Comparison of dark and photo-toxicity of aluminum phthalocyanine forms AlPc-ClI

and AIPc-OH. Radiant exposure 5 J/cm?. Evaluation with Neutral Red (NR) Assay.

PDT: photodynamic therapy. Median of absolute differences: MAD < 10 %.
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3.2.7 Dependence of PDT-Toxicity on Irradiance

As some experiments had to be done with lower irradiance (power per surface
[W/cm?]), influence of the latter on HuH7 cells was tested with constant overall
radiant exposure (5J/cm?). It has been reported (Moor et al. 1997) that this can
influence PDT efficiency, but in our case no significant difference was observed in
the range tested (Figure 19).
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Figure 19 Comparison of two irradiances anent their toxicity to photodynamic therapy PDT.

Aluminum phthalocyanine (AlPc) 100uM 1d, radiant exposure He 5J/cm?. HUH7
cells. Evaluation with Neutral Red (NR) Assay.
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3.3 PDT Effect in Dependence on

Time of Incubation after Cell Seeding

AlPc (100 uM, 1d) was added to HuH7 cells at different times after seeding, in the

range between zero hours (incubation with seeding) and eight days. No significant

difference in PDT-toxicity (He 5J/cm?) could be observed in the range between

one and four days (Figure 20). When more time elapsed between seeding and

incubation/irradiation, PDT seemed to be less efficient. As will be discussed later

in more detail, this might be due to the fact that higher cell densities prevent

consistent monolayers in the cell dishes, leading to less efficient irradiation of the

underlying cells.
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Figure 20

Toxicity of photodynamic therapy (PDT) with aluminum phthalocyanine (AIPc) as
depending on time after seeding.

HuH7 cells. AlPc 100 uM 1d, radiant exposure He 5 Jlem?.

Evaluation with Neutral Red (NR) Assay.
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3.4 PDT Effect in Dependence on

Duration of AIPc Incubation

AlPc (100 uM) was added to Hep3b cells two days after seeding for time periods
ranging from 2min to 20h. PDT toxicity increased (i.e. cell survival decreased)
with AIPc incubation duration up to about five hours, then remained steady or even
decreased slightly (Figure 21). Thus, there seems to be a maximum of PDT
efficacy at intermediate incubation durations. This effect is reproducible for all the

irradiation doses tested.

Another striking phenomenon is very clearly observed here: At short incubation
times (2-15min) combined with low irradiation doses (0.5-1J/cm?), there is a
slight increase in cell viability relative to the control, untreated cells. In the detail
graph for the time range from O to 1.6 hours (Figure 21.b), an experiment
conducted under seemingly the same conditions (open symbols) shows that this
effect does not occur regularly, although it was observed in several different
experiments involving low AlIPc concentrations and low irradiation doses (data not

shown).
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on duration of incubation (AlPc 100 uM) and irradiation. Hep3b cells. Evaluation

with Neutral Red (NR) Assay after 2 d.
(a) Whole time range (0-20 h).
(b) Detail of (a) in the range 0-1.6 h. The open symboals refer to a different

experiment for comparison (cf. text).
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3.5 Assaying PDT Effects with Viability Assays

3.5.1 Comparing the Viability Assays NR and MTT

Although NR assay is a rapid and reproducible means of evaluating cell survival,
NR uptake might not be a yes or no response considering that lysosomal function
could be impaired without the cells being dead.

To further validate the results obtained with the NR assay, they were compared
with those obtained by the MTT test, which is based upon a different cellular
mechanism. It was presumed that a good correlation between both assays would

prove the reliability of either method.

To emphasize briefly the differences between both assays: The NR assay relies
on the uptake of NR in lysosomes that need a low pH in order to do so, which
normally is the case solely in living cells. The cells are then lysed, so that the NR
taken up is released in order to be quantified via the optical density (O.D.) of the
supernatant.

In the MTT test, a yellow compound is taken up by living cells and converted to a
violet product by a mitochondrial dehydrogenase (requiring functioning
mitochondria). For the assay, this product too is released through cell lysis and
measured via O.D. in the supernatant.

Table 7 summarizes the differences between both methods.

The question is whether the NR assay, meaning the lysosomal function, or the
MTT test, meaning the mitochondrial enzyme, can be (reversibly) impaired without
the cell being dead; and, on the other hand, whether the mitochondrial enzyme

can still be functional while the cell is already dead.

Implications and consequences of the two approaches will be further discussed

together with other results.
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Table 7 Comparison of NR and MTT viability assays.
Neutral Red (NR) Assay MTT Test
phenazine based dye Me,-thiazol-2-yl-Phy-tetrazolium bromide

transformed by mitochondrial

active uptake by lysosomes _
dehydrogenase into formazan

dependent on low pH dependent on enzymatic activity

3.5.2 Dark and Phototoxicity of AIPc — Comparing NR and MTT

When cells were submitted to AlPc or PDT in the usual way, the viability assays
NR and MTT gave virtually the same response, although the MTT test indicated a

slightly lower relative cell survival following PDT (Figure 22).
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Comparison of Neutral Red (NR) and MTT response 48 h after treatment with respect to dark- (AlPc)

and photo- (PDT) toxicity of aluminum phthalocyanine AlIPc. Median of absolute differences:
MAD<10%. (MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide)
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3.5.3 Time Course of Neutral Red and MTT Response after PDT

It has to be stressed that these viability assays, performed two days after
treatment, do not allow to distinguish between slower overall growth of the cells
and death of some cells with normal growth of the others; nor give information
about the kinetics of cell killing after the applied treatment.

Still, we considered that comparison of both assays might give some insight in cell
death pathways. For this reason, 'toxicity', as evaluated with the viability assays,

was assessed as function of time after treatment (cf. ‘Methods’).

It could be shown (Figure 23) that following PDT, both assays react in a
significantly different way; the NR uptake being impaired as soon as one hour after
PDT, whereas the MTT test was not affected at such an early time. Not until about
40 h post-irradiation would both assays yield concordant results. This is the time
frame of the results mentioned before, determining the toxicity after two days.

This finding could indicate that lysosomes are the primary target of AIPc-PDT in
these cells and thus maybe also the intracellular region of accumulation, while

mitochondria are affected only later.

In the case of HepG2 cells, the dotted lines refer to an experiment where
evidently, for an unknown reason, PDT was not effective in the usual way: Shortly
after irradiation, the Neutral Red response was strongly reduced as expected but
recovered rapidly in the following hours, while the MTT response was practically
unimpaired. The experiment concerned was carried out as a couple with (1) AlPc
100 uM followed by He 1 J/cm? that was more effective in reducing NR and MTT
response than (2) AlPc 10 uM followed by He 2 J/cm?. It is interesting to remark,
and would perhaps merit further studying, that obviously lysosomal Neutral Red

uptake can be reversibly inhibited.
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Figure 23 Time course of NR (A) and MTT (W) response after photodynamic therapy (PDT).

Aluminum phthalocyanine AIPc 10 or 100 pM 20-40 h, radiant exposure He 2 or 1Jd/em?

The lines correspond to individual experiments. For HepG2 cells the dotted lines are

commented in the text.
MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium Bromide

NR: Neutral Red;
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Cells treated with AlPc alone showed in some cases a slight reduction in NR
uptake shortly after the incubation with the photosensitizer that would recover in
about the first ten hours, the cells then behaving as the ones not treated at all
(data not shown). This again indicates that NR uptake might be reversibly impaired
by AIPc and could be an indication of lysosomal accumulation of this
photosensitizer too.

As mentioned, besides the missing response in one experiment with HepG2 cells,

the observations described apply indifferently to all three cell lines although the
results seem least disparate with HuH7 cells.
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3.6 Electron Microscopy

Electron microscopic features of HuH7 cells were compared between cells
untreated and cells 15 respectively 30 min after PDT. Cells were prepared as
described for analyses by conventional transmission electron microscopy
(Figure 24 a-b) as well as for scanning electron microscopy to visualize the

cytokeratine skeleton (Figure 24.c.).

PDT treatment leads to the formation of large vacuoles as soon as 15min after
PDT. This pattern does not significantly change between 15 and 30 min but the
cytoplasm seems to become more homogeneous with time. This finding is in
accordance to optical microscopic imaging showing vacuole formation too (cf.
Figure 35).

The cytoskeleton seems to be affected by PDT in the same interval. Already

15min after irradiation and even more after 30min a clustering around the

filaments can be observed.
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Electron microscopy (EM) images of HuH7 cells following photodynamic
therapy (PDT).

(a) Transmission EM 1x: w/o PDT (control), 15min and 30min post-PDT,
(b) Transmission EM, 100x: w/o PDT (control), 15min and 30min post-PDT,
(c) Scanning EM: w/o PDT (control), 15min and 30min post-PDT.
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3.7 Mitochondrial Cytochrome ¢ Release

3.7.1 PDT-Induced Cytochrome c Release from HCCs

Mitochondrial cytochrome c release was used as potential indicator of apoptosis:
The following cell treatments were compared: untreated cells; cells treated with
AlPc alone; and cells submitted to PDT (i.e. AlPc followed by irradiation).

Figure 25 a-c shows Western blottings of the cytosolic (¢) and the mitochondrial
(m) fractions of every sample of all three cell lines prepared as described in
‘Methods’. Cells were collected 15min after irradiation when PDT was to be

assessed.

Proper separation of the mitochondrial from the cytosolic fraction was proved by
the black and white pattern of cytochrome c distribution between both fractions in
the control cells with respect to HuH7 and HepG2 cells. Under the same
conditions however, untreated Hep3b cells presented cytochrome c in the
cytosolic fractions too, just as did L929 cells, transfected or not, that were used to
compare the behavior of another cell line under the mentioned fractionation
procedure. For the latter, no noticeable cytochrome c release could be detected
upon induction with anti-Apo-1 antibody (Figure 26).

Cytochrome c distribution in cells treated with AlPc (100 uM, 2d) alone was the
same as observed in the controls.

For all three HCC cell lines, PDT (AIPc 100 uM 2d, He 5J/cm?) induced a distinct
increase of cytochrome c in the cytosolic fractions when compared to the controls.
This indicates loss of mitochondrial cytochrome ¢ due to PDT. In the range
between 1 and 5 J/cm? no quantitative difference in the effect could be detected

for HUH7 or HepG2 cells (Western not shown).

It is interesting to remark that the observed cytochrome c release occurs as soon
as 15min after PDT while the mitochondrial enzyme on which relies the MTT test
was virtually unimpaired for at least one hour more. Waterhouse (Waterhouse et
al. 2001) already reported that, even after cytochrome c release, mitochondrial
function and in particular the transmembrane potential can be maintained,

meanwhile the cytosolic cytochrome c¢ being used for the electron transport chains.
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Western blot of cytochrome ¢ (Cyt c) release from mitochondria (m) to
cytosol (c) in cells: (a) HUH7, (b) HepG2, (c) Hep3b (and L929 Apo) cells.

Lanes: 1 Control

2 Aluminum phthalocyanine (AlPc) 100 uM, 2d
3-5 AlPc 100 uM 2d, He 5J/cm?, 15 min post PDT

k L929 Apo cells, control (cf. Figure 26)
PDT: photodynamic therapy. He: radiant exposure
COX4: Cytochrome c oxydase 4.
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3.7.2 The Control Protein COX 4

As mentioned in "Material and Methods", the kit used for these experiments
includes a 'negative control: Mitochondrial as well as cytosolic samples are
assessed for the presence of cytochrome c oxidase subunit 4 (COX4). Unlike
cytochrome ¢, COX4 is not released from the mitochondria during apoptosis; only
severe mitochondrial damage, as occurring during necrosis, or possibly through
artifacts during sampling, results in cytosolic COX4. Therefore, in principle,
probing for cytochrome ¢ and COX4 allows to differentiate between apoptotic cells
and necrotic or otherwise damaged cells; damage meaning destruction of

mitochondria during processing the cells.

Here, detection of COX4 was not possible in all but one sample tested (Figure
25.c.), although the mitochondrial fraction of another cell line, the murine
fibroblasts L929 (transfected or not with Apo-1), probed under identical conditions,
showed to be mostly positive (Figure 26). The latter was subsequently used as
positive control to check the efficiency of the used reagents.

On request, the manufacturer confirmed that the COX4 antibody provided in the
kit we used is supposed to recognize, among others, the human as well as the

murine protein.

Although for the above given reasons, COX4 is a valuable parameter to control
cell processing, most available detection kits for cytochrome ¢ do not comprise
such an option. Publications mainly rely on the results obtained for cytochrome c
(e.g. Ali et al. 2002), so that we renounced here to investigate further the reason
why we could not detect the COX 4 in hepatocellular carcinoma cells.

-79-



Results

kDa ¢

!
66 oo o

- - o4 Cytc

6.5

29

- — — COX 4

Figure 26 Western blot of cytochrome ¢ (Cyt c) and cytochrome ¢ oxydase COX4
after cell fractionation in parental (Par) L929 and L929 Apo transfected
cells. Induction with anti-Apo-1 antibody. c¢ = cytosol, m = mitochondria.

Lanes: 1 L929 Apo, control
2 L929 Apo, induction
3 L929 Par, control

4 L929 Par, induction

-80 -



Results

3.8 AIPc-PDT in the Presence of Caspase Inhibitors

Two caspase inhibitors, acting on a broad range of caspases, were used to assess
the possibility to prevent cell killing in AlPc-PDT by inhibiting the action of
caspases. If this was possible, it would be an indication of caspases being
involved in the underlying mechanism of cell dying, and hence, an indication of

apoptosis induction.

3.8.1 Caspase Inhibitors — Dark, Concomitant and Photo-Toxicity

As caspase inhibitors have been reported to be cytotoxic themselves, dark toxicity
as well as phototoxicity (5J/cm?) and combined toxicity with AIPc (24 h, 400 uM)
were assessed for all cell lines. Results are shown here for HuH7 cells (Figure 27);
no significant difference was observed when probing the two other cell lines (data

not shown).

Both caspase inhibitors seem to be slightly toxic at concentrations of 100 uM (cell
survival about 80% of control), while at lower doses boc-D-fmk (C.I.3) leads to
slightly lower survival rates than z-VAD-fmk (C.I.1) (Figure 27.a).

There was no significant additional toxicity of either caspase inhibitor upon

irradiation or concomitantly with AlPc (Figure 27.b and c).

D'Mello (D'Mello et al. 1998) used 15min incubation with boc-D-fmk (C.1.3)
25-100 uM, and z-VAD-fmk (C.I.1) 50-100 uM, to yield a 90 and 65 % protection
against apoptosis respectively. They reported the protection to be effective for up
to two days and boc-D-fmk to be slightly more efficient than z-VAD-fmk. Thus,

conditions used herein are in the range of those used by the reference.
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Figure 27 Evaluation of caspase inhibitors' (C.l.) toxicity on HuUH7 cells.

(a) Darktoxicity of caspase inhibitors z-VAD-fmk (1) and boc-D-fmk (llI).
(Concentrations as indicated for 2 d, then Neutral Red Assay (NR))

(b) Concomitant toxicity of caspase inhibitors | and Il with AlPc.
(aluminum phthalocyanine AlPc 400 uM 24 h, C.I. 100 pM 2 d, then NR))

(c) Phototoxicity of caspase inhibitors z-VAD (I) and boc-D (l11).
(concentration 100 uM 12 h, radiant exposure He 5 J/cm?, NR after 2 d)
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3.8.2 PDT in the Presence of Caspase Inhibitor

HuH7 cells were submitted to PDT (AlPc 100 uM 24 h, He 5J/cm?) in the presence
of either caspase inhibitor, added 15 min prior to irradiation, after retrieval of AlPc

from the medium. Results are presented in Figure 28.

While the effect of PDT under these conditions is not noticeably modified by the
presence of z-VAD-fmk (C.1.1) up to a concentration of 100 uM, there seems to be
a little protective effect by D-boc-fmk (C.1.3), that is concentration dependent in the
range tested (O.R. 1.3-1.7). Cell survival upon PDT can thus be increased from
3 to 5% in the presence of D-boc-fmk. In accordance to the results reported by
D'Mello (D'Mello et al. 1998), D-boc-fmk is more efficient as protector but the high
protection yielded in their experiments (60-95%) was by far not achieved in our

case.
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Figure 28 Effect of caspase inhibitors | and Il (concentration as indicated in [uM]) on

photodynamic therapy (PDT) with aluminum phthalocyanine (AlPc). HuH7 cells,
AIPc 100 pM 24 h, radiant exposure He 5J/cm? caspase inhibitor added 15 min
prior irradiation, Neutral Red (NR) Assay after 2d. The lower graph shows the

PDT-results at a larger scale. O.D.: optical density.
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3.9 Antioxidants

Several substances, susceptible to interfere with initial production of reactive
oxygen species or free radicals, were used to treat cells submitted to PDT. These
antioxidants were: N-acetyl cysteine (NAC), pyrrolidine dithiocarbamate (PDTC)
and ascorbate. The latter was used as free acid (ascorbic acid) and as sodium salt
(sodium ascorbate) to evaluate the effect of pH.

As described for the investigation of caspase inhibitors in the previous chapter,
dark toxicity of the compounds alone as well as combined toxicity with AlPc
(100 uM, 24 h) or irradiation (5J/cm?) was evaluated with the Neutral Red Assay.
Concentrations of the antioxidants were in the range 0-1 mM.

NAC as well as both forms of ascorbate showed no significant toxicity on either
cell line neither alone nor combined with AlPc or irradiation (data not shown).

For PDTC, results varied largely: In some experiments PDTC did not seem to be
toxic up to 100 uM, whereas in others 5 uM did suffice to kill 80 % of the cells. This
was independent of the cell line treated. We concluded that the experimental
conditions did not allow us a sufficient control of PDTC concentration, possibly
because the compound is not stable in solution or not fit for our procedure of

sterile filtering. This was not investigated further.

An influence of NAC or either form of ascorbate on PDT could not be
demonstrated for any of the three HCC cell lines (data not shown).

As these compounds did not seem to have any noticeable effect on the PDT

treatment we were investigating, no further experiments were made with them.
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3.10Laser Scanning Microscopy

3.10.1 General Considerations and Probing the Fluorochromes

Figure 29 shows the fluorescence spectra of the fluorophores utilized hereafter, as
well as the fluorescence spectrum of AlPc-Cl as recorded from adequately

prepared solutions with the meta-detector of the LSM 510.

400 500 EIIZIEI 700

Figure 29 Fluorescence spectra of: (from left to right): Rh123 and Fluo-3, LysoTracker
Green Br,, MitoTracker CMX Ros, Neutral Red (NR), Aluminum phthalocyanine.
(The indentation at 630nm in the broad NR-spectrum is due to the exclusion of the

633nm laser from the detectors.)

As can be seen, Rhodaminel23 and Fluo-3 cannot be discriminated by their
spectra. Several other spectra overlap to an extent that makes them inappropriate
for use with the channel detection mode, where a bandpass filter defines a certain
region of the visible spectrum that is detected by one photomultiplier (PMT).

These fluorophores can eventually be differentiated in two ways: Either by
combining the conventional channel mode (ChMo) with the multi-track mode; or by
using the spectral mode (LaMo) of the meta system with online or offline extraction
of the fluorophore-specific spectra (online fingerprinting or linear unmix):

The multi-track mode allows recording the fluorescence image line-wise under

different conditions. For instance, the first line can be excited with the laser for one
fluorophore with detection in the wavelength region specific for that one, while
every second line is recorded in the band specific for the second fluorophore after
excitation with the corresponding laser.

This multi-track mode is not useful, however, when both dyes emit significantly

upon excitation with the same laser. In this case, extraction of the spectra is the
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sole possibility to discern both fluorophores. The fluorescence image is recorded
by the meta detector with spectral resolution, i.e. an intensity image every 11 nm
(or further apart) is obtained. From the resulting lambda-stack a spectrum of every
image pixel can be extracted. Regions where surely only either fluorophore is
present can be used to define the spectrum of this species and extract it in the
overall image (linear unmix). Alternatively, there is an automated extraction of
components (ACE) mode, by which a defined number of spectra is extracted from
the lambda-stack. Every spectrum (i.e. every compound) can then be represented

in a different color.

Note: In order to enhance clarity of the LSM images, transmission pictures of the

cells are not included considering that they do not give additional information.

3.10.2 Monitoring the Uptake and Localization of AlPc

The uptake of AIPc by the cells is very rapid. Typical intracellular fluorescence
increase can be observed as early as 2min after addition of AlPc (Figure 30.b).
The concentration seems to be increasing for about 5h as can be seen by the
decrease of the detector gain (D.G.) when using the 'find’ function for optimizing
the recording (Figure 30.a). Besides fluorescence intensity, which is thus indirectly
monitored by the automated regulation of the detector gain, the density of

fluorescent dots per cell does increase with time too (Figure 30 b-g).
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Figure 30.a Uptake of aluminum phthalocyanine (AlIPc) in Hep3b cells over time monitored by

laser scanning microscopic imaging:

Decrease of Detector Gain (D.G.) (optimized by 'find’) with increase of AlPc

incubation duration. (Non-linear time scale.)
(For the corresponding fluorescence images cf. Figure 30 b-g below.)
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(b) AlPc 2min (c) AlPc 15min

(d) AlPc 48min (e) AlPc 5.5h

(f) AlPc 21h (g) AlPc 46h

Figure 30 Uptake of aluminum phthalocyanine (AlIPc) in Hep3b cells over time, Detector Gain
optimized by 'find' as shown in Figure 30.a.
Fluorescence images after (b) 2 min, (c) 15 min, (d) 48 min, (e) 5.5 h,
(f) 20.5 h, and (g) 46 h of incubation with AIPc 100uM.
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As mentioned before, in the observed time range, sensitivity to 676 nm light (i.e.
phototoxicity or PDT efficiency) increases with incubation duration (cf. Figure 21).
In different experiments, the AlPc distribution shows a granular versus a diffuse
cytosolic pattern which does not depend solely on the duration of incubation with
the photosensitizer. We suspect the phase of cell growth to play a role, because
the distribution seems to be towards the more diffuse pattern in older culture
plates. When addition of AlPc is done early after seeding, the AlPc-fluorescence is
granular, similar to a lysosomal staining (Figure 31 a-b), while a diffuse
cytoplasmic pattern is overlaid when time between seeding and AlPc-addition is
longer (Figure 31.c).

Following PDT, the AlIPc fluorescence pattern did not show such remarkable

differences from one experiment to another (Figure 35 c-d).

Cellular uptake of AlPc could also be monitored online with the LSM by incubating
Hep3b cells with AlPc-containing medium and scanning the specimen at a
predetermined position with an almost closed pinhole to achieve the highest
possible vertical resolution and minimize the fluorescence of the surrounding
solution (Figure 32). Different cells were scanned for the image series to avoid

bleaching or photo reaction through repeated irradiation.

As little as 10 min incubation with AlPc was sufficient to observe a granular pattern
of AlPc fluorescence appear in the peripheral regions of the incubated cells. This
would increase with time in number and intensity, while after longer incubation
duration a more diffuse cytosolic AlPc fluorescence outlining the cells could be
observed additionally. It should be noted that detection sensitivity in this method is
restricted because of the high surrounding fluorescence of the incubation medium,
but the LSM images show clearly that there is a concentration process taking

place during the uptake.
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Figure 31

Different intracellular aluminum phthalocyanine (AlPc) distribution pattern
after incubation with 100 uM at various times after seeding:

a. AlPc 100uM, 2min incubation, 14 h after seeding; granular pattern,

b. AlIPc 100uM, 20.5h incubation, 14 h after seeding; granular pattern,

c. AlPc 100 uM, 2 h incubation, 3 d after seeding; granular + diffuse pattern.
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Hep3b in 100uhd APcSACMedium (Smin) . AIPCS{CI-Medium {10min)
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Hep3b in 100uM AlPcS4CMedium {(15min)

(©) (d)

Figure 32 Laser scanning microscopic online monitoring of aluminum phthalocyanine
(AIPc) (100 uM) uptake in Hep3b cells. Time series:
(a) 6 min, (b) 20 min, (c) 15 min, (d) 20 min after addition of AlPc.

The granular pattern of AlPc strongly resembles fluorescence distribution of the
lysosomal marker LysoTracker Green Br, (Figure 33.a), whereas it is not co-
localized with Rhodamine 123 (Figure 33.b) or MitoTracker Red CMX Ros (data
not shown).
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(a) 1h AlPc 100 uMm 3h LysoTracker 50 nM

(b) 1d AIPc 100 uMm 30 min Rhodamine 123 40uM

Figure 33.a/b Comparison of fluorescence pattern and colocalization of aluminum
phthalocyanine (AlPc) with
(a) LysoTracker Green Br, (3 h, 50 nM), Hep3b cells
(b) Rhodamine 123 (30 min, 40 uM), HUH7 cells
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(c) AlPc versus LysoTracker (d) AlPc versus Rhodamine 123

Figure 33.c/d Colocalization of aluminum phthalocyanine (AlPc) (Ch3-T1) with
(c) lysosomal marker LysoTracker (ChS2-T1)
(d) mitochondrial marker Rhodamine 123 (Ch2-T1)

Semiquantitative representation of the degree of colocalization can be automated
by the LSM 510 software for any fluorescence image recorded in the channel
mode and is shown for the couples AlPc/LysoTracker and AlPc/Rhodamine 123
in Figure 33 c and d. Although for Rhodamine 123 the different localization of both
fluorochromes is quite evident, often the sensitivity of this representation is
restrained because of low overall fluorescence intensities (lower with increasing
confocality, i.e. vertical resolution). That is the case here with the data for the
LysoTracker: the distribution is quite distinct from that for Rhodamine but the

fluorescence intensities are too low to give evidence for colocalization.

Attempts to colocalize AIPc with NR (2 h, 0.02 %) failed, because NR leads to a
diffuse cytosolic fluorescence while the lysosomes do not fluoresce at all, although
in visual mode, they appear as deep red vacuoles (Figure 34). Indeed,
fluorescence of NR seems to be quenched in lysosomes either by high
concentration or by conditions inherent to these organelles (e.g. pH). Singh (Singh
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et al. 1998) reported an unusual solvatochromism, i.e. important changes in
absorption and fluorescence spectra, depending on solvent properties, that might
account for our findings.

No further experiments were undertaken to find adequate experimental conditions,

although it might be interesting to follow NR staining and fluorescence post-PDT.

@ (b)

Figure 34 Neutral Red (2 h, 0.02 %) in HepG2 cells:
(a) Diffuse cytoplasmic fluorescence exempting lysosomes,
(b) Deeply stained lysosomes in transmission image.

3.10.3 Monitoring PDT in AlPc-Incubated Cells

Upon irradiation (here: 676 nm, 100mW /cm?, 20s, i.e. 2J/cm?), the pattern of
AlPc-fluorescence changes distinctly to a diffuse cytosolic distribution with dark
'holes', probably vacuoles, as soon as 5 min after PDT (Figure 35.c-d).

-05 -



Results

(a) (b)
(©) (d)

Figure 35 Comparison of aluminum phthalocyanine fluorescence pattern before (a,b)

and after (c,d) PDT. The images (a) and (b) are the same as in Figure 31
(a) and (c).

Mitochondrial fluorescence (Figure 36.d) seems to become somehow more diffuse
in the same time but the changes are much less dramatic than for the
photosensitizer itself, again an indication for lysosomal damage being an early
effect of AIPc-PDT.
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before PDT after

(a) Hep3b cells, 3.d after seeding

(b) 24h AlPc 100uM

Figure 36.a/b Comparison of fluorescence pattern before (left) and after (right) PDT.
(a) Hep3b cells, 3 d after seeding.
(b) aluminum phthalocyanine (AlPc) 100 uM, 24 h
cf Figure 36.b/c for pattern of lysosomal and mitochondrial tracker.

PDT = photodynamic therapy.
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before PDT after

(c) 20 min Fluo-3 AM 1uM

(d) 15 min MitoTracker Red CMX Ros 100 nM 30 min Rh 123 40 uM

Figure 36.c/d Comparison of fluorescence pattern before (left) and after (right) PDT.
(© calcium indicator Fluo-3 AM 1M, 20 min
(d) MitoTracker (100 nM, 15 min) respectively Rh123 (40 uM, 30 min)
cf. Figure 36.b for pattern of AlPc. PDT = photodynamic therapy.

Fluorescence of the calcium indicator Fluo-3 seems to increase upon PDT (Figure
36.c), but other experiments showed that this indicator was very sensitive to
incubation conditions and probably cell physiology too. Long incubation times
and/or high concentrations lead to a granular fluorescence pattern (Figure 37) that
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colocalizes partly with LysoTracker. It can be assumed that after a long incubation,
Fluo-3 reaches intracellular compartments with high calcium content. Finally,
imaging of Fluo-3 by LSM is impaired by rapid bleaching of the fluorochrome.

To further investigate the possibilities of Fluo-3 calcium monitoring under PDT

conditions will therefore be object of future studies.

Figure 37 Fluorescence pattern of calcium indicator Fluo-3 after incubation at high

concentration. Hep3b cells, 30 min Fluo-3 5 uM.

The post-PDT changes in AlPc fluorescence pattern (Figure 35 and Figure 36.b)
correlate very well with the findings in electron microscopy (cf. Figure 24), both
showing cytoplasmic vacuoles as result of PDT. Moreover, the fluorescence image
after PDT is somewhat the negative of the one before PDT: The strongly
fluorescent dots (possibly lysosomes) in faintly stained cytosol become unstained
vacuoles in a diffusely fluorescent cytosol. The nuclei, where obviously AlPc does

not accede to, are in any case not involved in the process.
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Cells submitted to photodynamic therapy may die for different reasons. The mode
of dying does (1) affect in vivo secondary reactions of the organism towards the
applied treatment; and (2) might offer a target for exogenous interference. It is
therefore of undeniable interest to know by which death pathway the cells will
proceed, and how this can eventually be influenced.

PDT has been reported to cause necrotic or apoptotic cell death or else to involve
autophagy. While necrosis leads to leakage of cell content into the environment,
which can provoke inflammation reactions in vivo, apoptosis does usually keep the
cell membrane intact. It can start from different points. Roughly, an upstream
signal induces further reactions in the cells, inducing the caspase cascade that
usually ends in the active caspase 3. The latter cleaves, among others, PARP and
provokes degradation of DNA into pieces that appear of regular length in gel
electrophoresis, leading to a characteristic pattern known as "laddering” of the
DNA. This is a late sign of apoptosis. Early signs of apoptosis depend on the
pathway pursued:

The so-called intrinsic or mitochondrial pathway affects the mitochondria at an
early stage. Starting with loss of the mitochondrial membrane potential and the
permeability transition, this pathway proceeds via release of cytochrome c from
the mitochondrial intermembrane space to the cytosol, and formation of the
apoptosome, to the activation of caspase 9 that in turn activates caspase 3.

The extrinsic pathway involves transmembrane receptors that, via binding of
‘death signal ligands’ like CD 95 or TNF, form a death domain in the interior of the
cell that further activates cytosolic initiator caspases 8 and 10 and later caspase 3.
Eventually, yet another apoptotic pathway comprises calcium release from the
endoplasmic reticulum and activation of caspase 12. All of these have been
observed upon PDT (Almeida et al. 2004).

As has been mentioned in the introduction, besides the 'classical' distinction
between apoptosis and necrosis, further research has in the mean time revealed
other forms of cell death (Sperandio et al. 2000), the features of which have some

commonalities with either apoptosis or necrosis, while quite distinct with regard to
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other important features. Inhibition or expression of single proteins can switch the
pathway followed by cell.

Photosensitizers are capable of generating reactive oxygen species (ROS) upon
activation by light. These substances then react with surrounding molecules,
depending on the localization of the photosensitizer, or in other words, on its
hydrophilicity. Hydrophilic photosensitizers tend to accumulate in the cytosol or the
mitochondria, while one would expect to find hydrophobic photosensitizers

preferentially in membranous compartments.

Here, we investigated in the context of AIPcS4-PDT on carcinoma cells, reactions
pertaining to the mitochondrial pathway (cytochrome c release, MTT Test) as well
as lysosomal damage (Neutral Red Assay). With regard to caspase activation,
caspase inhibitors were assayed, while potential antioxidants respectively radical
scavengers could have given a hint on the involvement of reactive oxygen species
or other radicals.

Localization of the photosensitizer and morphology changes during treatments
were observed with microscopic techniques to complement with the above

experiments.

Three different hepatocarcinoma cell lines, initially issued from three patients with
hepatoma, were compared. These cells have been reported to differ in their
expression of p53 (cf. Material & Methods) and bcl-2, two proteins susceptible of
interfering in apoptotic pathways.

PDT has been reported to cause up-regulation of p53 expression but, on the other
hand, the cell death upon PDT-treatment does not seem to depend on p53
(Almeida et al. 2004); in particular, even cancer cells that might be resistant to
DNA-damaging agents such as radiation or chemotherapy due to mutation or
absence of p53 have been reported to undergo apoptosis upon PDT (Harrod-Kim
2006).
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Concerning bcl-2, the photodamage of which is provoked by some
photosensitizers and promotes apoptosis (Miller et al. 2007), while there is no
report about the bcl-2 gene, authors have, as shown in the by far not exhaustive
Table 8, quite some different opinions about the level of bcl-2 expression in HCCs.

Table 8 Some references reporting on the protein bcl-2 status of hepatocellular

carcinoma cells. (n.e. = not expressing)

Reference Hep3b HepG2 HuH7
Takehara 2001 n.e. n.e. n.e.
Takeda 2001 n.e.
Mazzocca 2003 increased expression may be induced
Huang 1998 lacking expressing lacking
Takahashi 1999 no constitutive expression
Seki 1999 40-70% of cells expressing
Lamboley 2000 high levels expressed
Luo 1999 n.e.

A reason for these rather diverging findings may be the different conditions in
which the cells are being held. As obviously only protein expression has been
investigated, nothing is said about the presence, absence or mutation of the
corresponding gene. Moreover, the different assertions concerning the protein
expression seem to suggest that the genetic information is intact, while conditions
in which the cells are kept lead to varying protein constitution.

Takahashi (Takahashi et al. 1999) showed that another cell line usually expressing
bcl-2 underwent apoptosis when the expression was prevented, while HepG2,
lacking the bcl-2 protein according to their findings, obviously does not need it for

survival. The authors assume that other proteins may have taken over its function.

Another comment should be dedicated to the procedure used for surveying
mitochondrial cytochrome c release. As has been described previously, the first
step is rupturing the cells and separating mitochondrial and cytosolic fractions.
Then, the respective fractions are probed separately for the presence of

cytochrome ¢ by Western blotting and detection with specific antibodies. Results
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obtained are essentially qualitative (presence or absence of cytochrome c in a
fraction) or semi-quantitative (comparison of the relative sizes of the autoradio-
graphy dots when the gel has been charged with equal amounts of protein).

Misinterpretation can result if, while processing the cells, organelles are disrupted
and mitochondrial proteins leak into the cytosol. To discern such artifacts from
apoptotic cytochrome c release, the kit used includes probing of COX 4, a protein
that remains in the mitochondria following apoptosis but not if mitochondria are
mechanically damaged. Unfortunately, we had to abandon this concept because,
for reasons that remain unknown, we failed to detect COX 4 in our HCCs (although
it was found in our L929 cells). We did not investigate further this problem,
considering that in the literature, although cytochrome c release has been

detected using the same principle, the necessity for such a control is not reported.

To recapitulate the obtained results, first it should be noted that the cell lines used
did mostly not differ significantly in their behavior to any tested procedure,
although, as described, they differ in the expression of several apoptosis relevant
proteins. (Single experiments with differing results have been described in the
preceding chapter.) According to Takahashi (Takahashi et al. 1999), cells might
replace the function of a missing protein (like bcl-2 in HepG2 cells) by others. This
suggests that comparing the three hepatoma cell lines on the basis of just a few
apoptosis related proteins might be rather futile, particularly if their protein

endowment is subject to variations as those mentioned above for bcl-2.

The photosensitizer of interest, AIPcS,, is rapidly taken up by the cells, probably

by an active concentration process as highly fluorescent granules can be observed
at the cell edges as soon as two minutes after starting the incubation. After
prolonged incubation, the cytosol seems to be penetrated with increasing
concentrations too. The granules show a cytoplasmic distribution pattern similar to
lysosomal markers while being quite distinct from the fluorescent pattern obtained
with mitochondrial markers.

In parallel with increasing uptake of AIPcS, (because of higher applied
concentration or prolonged incubation time) PDT efficiency increases. While

higher concentrations yield higher cell killing until almost 100 %, at a given AIPcS,
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concentration PDT efficiency reaches a maximum after about five hours of
incubation to remain constant or even decrease slightly afterwards.

He (He et al. 1998) suggested that such comportment might be due to an
intracellular redistribution of the photosensitizer over time. Indeed, in different
experiments, we observed various distributions of AlPcS, fluorescence (granular
versus diffuse), which do not depend solely on the duration of incubation with the
photosensitizer. We suspect the phase of cell growth to play a role, because the
distribution seems to be towards the more diffuse pattern in older culture plates.
When addition of AIPcS, is done early after seeding, the AlPcS,-fluorescence is
granular, similar to a lysosomal staining (Figure 31.a-b), while a diffuse
cytoplasmic pattern is overlaid when time between seeding and AlPcS,-addition is
longer (Figure 31.c).

Following PDT, the AlPcS, fluorescence pattern did not show such remarkable

differences from one experiment to another (Figure 35.c-d).

Laser scanning microscopy could possibly assess this phenomenon more in detail
by studying whole cells under different conditions of cell culture and incubation
times. While it is possible to scan the cells in vertical direction (z-stack) to get
information about the whole cell volume, here we restrained most imaging to the
vertical level of the best transmission image, which means loss of maybe relevant

information.

It should be noted, that the level of the photosensitizer's accumulation in a cellular
compartment does not necessarily mean that this compartment is at the origin of
the major toxic effect of PDT. Thus it could be for instance, that PDT damage
starts from cytosolic AIPcS, while the highest concentration of the photosensitizer

is found in lysosomes.

PDT induced cell killing in a range of AIPcS, concentrations and irradiation doses
that were not toxic either alone, which is the typical prerequisite for this
treatment / therapy.

The efficiency of response could be modulated over a range of cell survival from

100 to 10 % by modifying AIPcS,4 concentration and/or irradiation dose. Because in
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the domain of low cell killing, small changes in AlIPcS, concentration or in
irradiation dose are susceptible of inducing significant changes in survival
response, reproducible results are potentially difficult to obtain. Therefore the
experiments were carried out under conditions where only about 20 % of the cells
survived. In some cases, two couples of AIPcS,; concentration / irradiation dose

were used for comparison.

Under these conditions the following results were obtained:
PDT promotes a very early mitochondrial cytochrome c release.

Caspase inhibitor D-boc-fmk can protect a small percentage of cells from being
killed, while z-VAD-fmk does not.

Comparison of the two viability assays (NR and MTT) in their response after PDT

seems to indicate early damage of lysosomes followed only later by impairment of
the mitochondrial enzyme necessary for the MTT Test. The latter occurs about at
least an hour later than the observed cytochrome c release, thus confirming the
findings of Waterhouse (Waterhouse et al. 2001], that mitochondrial cytochrome c
release does not by itself suffice to destroy mitochondrial functions.

Optical _microscopy, besides indicating an accumulation of AIPcS,; in the

lysosomes, and to a lower extent, in the cytosol (but not in the mitochondria),
showed an early modification of intracellular AIPcS, distribution following PDT, that
could be explained with the formation of vacuoles starting from lysosomes filled

with AlPcS,;. These were observed in electron microscopy too. Mitochondrial

morphology and their cytoplasmic distribution do not seem to be affected
immediately in fluorescence microscopy, although in electron microscopy
mitochondria appear swollen. Morphology of the cells after PDT was not typical for
apoptosis (e.g. no blebbing).

To summarize, no clear evidence for apoptosis was obtained in the experiments
conducted herein. If the cells die by necrosis, it is on the other hand not surprising
that all three cell lines investigated behave in the same way.

Mitochondrial cytochrome ¢ release has been described as occurring after

sublethal cell damage (Waterhouse et al. 2001, Oleinick et al. 2002] or during
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necrotic cell death too (Green et al. 1998, Samali et al. 1999], meaning that these
findings are not contradictory.

Lysosomes seem to be very early targets of AIPcS,4-PDT as indicated by the very
early reduction of NR uptake as well as cell morphology in optical and electron
microscopy featuring large vacuoles depleted of photosensitizer.

Prior to PDT, these organelles seem to be the primary accumulation site of AIPcS,

together with a more diffuse cytosolic distribution.

As already explained, PDT conditions were quite drastic; less severe treatments
might be necessary to allow the cells to die by a programmed cell death. The little
protection conveyed to the cells by boc-D-fmk might be a measure of the fraction
of cells undergoing apoptosis.

For investigations of cell death mechanisms under milder strains, PDT efficiency
would have to be constantly assessed in parallel to assure steady experimental
conditions.

Throughout the experiments performed, we suspected some influence of cell cycle
status on the results. Synchronizing the cell cycle prior treatment might be a way
to ensure all cells in a probe are submitted to PDT under the same cell-inherent

conditions.

As has been stated, the described PDT effects occur very early, e.g. vacuole
formation is observed by electron microscopy as soon as 15min after irradiation.
This means that mechanistic studies and the corresponding securing of the cells
needed for probing (e.g. for the cytochrome c fractionation kit) have to be
conducted in the range of minutes following irradiation. On the other hand, this
finding too is in favor of a necrotic cell death mode, as apoptotic processes have

been reported to take in the range of hours to be completed.

It seems reasonable to conclude that in hepatocellular carcinoma cells, AlPcS,
accumulates in lysosomes from where it is released upon PDT in a destroying
process occurring in minutes. Under the conditions used herein, following this

treatment, the cells die by a necrotic process, although accompanied by

- 106 -



Discussion

mitochondrial cytochrome c release, a condition that might well be modulated by
less stringent irradiation doses.

Thus, this work served to describe some effects of photodynamic therapy with
tetrasulfonated aluminum phthalocyanine in hepatocellular carcinoma cell culture
and showed the feasibility of some techniques as well as their limits in the context
of this PDT-model.

Further experiments should characterize the cells with respect to their proteins
relevant for certain cell death pathways, and then aim at modulating PDT
conditions and investigating very early processes under different conditions of
incubation and irradiation. Control and inhibition of specific caspases as well as
monitoring of cell organelle function can help elucidate further the processes
encountered. Typically, the laser scanning microscope equipped with a cell
incubation device should be a valuable tool for online monitoring of PDT and
possibly selecting cells presenting specific morphological or fluorescence pattern
changes for further (e.g. molecular) probing. With the availability of fluorescent
proteins that can be expressed by the cells, there is still much scope left.
Moreover, (scanning) electron microscopy studies could be developed further with

the help of specific markers.

On the long term, the applicability of photodynamic therapy will perhaps depend
less on the mode of cell death the targeted cell finally undergoes but on the
possibility to engender reproducible and controllable effects. Therefore the

underlying mechanisms are still worth further investigation.
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S Summary

The object of the present work was photodynamic treatment (PDT) of three
different human hepatocellular carcinoma cell lines with the photosensitizer

tetrasulfonated aluminum phthalocyanine (AIPcS,).

Two different commercially available forms of AIPcS, were compared. Dark as well
as photo-toxicity of the photosensitizer were assayed as function of concentration,
irradiation dose (radiant exposure) and irradiance. Influence of duration of cell
growth and incubation time with the photosensitizer was evaluated.

To assess cellular mechanisms involved in the observed cell death, response of
neutral red and MTT (3-(4,5-Di-methylthiazol-2-yl)-2,5-diphenyl-tetrazolium
Bromide ) assay were investigated, as well as the influence of caspase inhibitors
and various anti-oxidants respectively radical scavengers. As potential indicator
of apoptosis cytochrome c release from mitochondria was monitored.

Furthermore, possibilities to acquire information about photosensitizer uptake and
reactions taking place in PDT with the help of laser scanning microscopy and

specific fluorochromes as well as with other microscopic techniques were studied.

PDT with AIPcS, led to dying of hepatocellular carcinoma cells in vitro that was
concentration and dose dependent but independent of the form of AlPcS, used or
of the cell line considered. AlPcS, was shown to be readily taken up by the cells
and accumulated in a lysosome like intracellular pattern, while upon irradiation
AlPcS;-depleted vacuoles are formed. Lysosomal as well as mitochondrial
damage was demonstrated in different techniques although the sequence of the
observed events was not precisely established. One broad-spectrum caspase
inhibitor seemed to provide a little protection, while no effect could be assigned to

the anti-oxidants or radical scavengers tested.

It was concluded that AlIPcS4-PDT on hepatocellular carcinoma cells probably
induces necrotic cell death, although there is some evidence that apoptotic or
other forms of organized cell death could account for a part of the treatment's
effects, the ratio between both being possibly a target to modulation by varying

experimental conditions.
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Summary

Because major effects of PDT occur in minutes following irradiation, further
experiments should aim at elucidating these effects with rapid techniques. Laser
scanning microscopy, which can monitor appropriate indicators even during

irradiation, may be a valuable tool in this context.
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