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Abstract

Abstract

Photodynamic therapy (PDT) is a treatment for a range of malignant and benign lesions
using light activated photosensitising drugs in the presence of molecular oxygen. PDT
causes tissue damage by a combination of processes involving the production of
reactive oxygen species (in particular singlet oxygen). Since the PDT cytotoxic effect
depends on oxygen, monitoring of tissue oxygenation during PDT is important for

understanding the basic physiological mechanisms and dosimetry of PDT.

This thesis describes the use of non-invasive, optical techniques based on visible light
reflectance spectroscopy for the measurement of oxy- to deoxyhaemoglobin ratio or
haemoglobin oxygen saturation (HbSat). HbSat was monitored at tissue sites receiving
different light dose during aluminium disulphonated phthalocyanine (AlS,Pc) PDT.
Results are presented on real time PDT-induced changes in HbSat in normal tissue (rat
liver) and experimental tumours, and its correlation with the final biological effect
under different light regimes, including fractionated light delivery. It was found to some
extent that changes in HbSat could indicate whether the tissue would be necrotic after

PDT and it was concluded that online physiological dosimetry is feasible for PDT.

The evaluation of a new photosensitiser for PDT called palladium-bacteriopheophorbide
(WSTO09) has been carried out in normal and tumour tissue in vivo. WST09 was found
to exert a strong PDT effect but was active only shortly after administration. WST09
produced substantial necrosis in colonic tumours whilst only causing a small amount of

damage to the normal colon under certain conditions indicating a degree of selectivity.

Combinatidn therapy with PDT for enhancing the extent of PDT-induced damage has
been investigated in vivo by using the photochemical internalisation (PCI) technique
and Type 1 mechanism enhanced phototoxicity with indole acetic acid (IAA). PCI of
gelonin using AlS,Pc PDT in vivo after systemic administration of gelonin was shown
to enhance the effect of PDT in normal liver. The use of PDT and IAA did not result in

a synergistic response.
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1.1 General Introduction

1.1 General Introduction

Photodynamic Therapy (PDT) is a minimally invasive technique which can be used to
produce localised tissue necrosis for the treatment of malignant and non-malignant
disease. PDT is a non-thermal photochemical process, requiring the administration of a
photosensitising agent either systemically or topically which is then activated by
exposure to low power visible light of a specific wavelength to produce cytotoxic
species in the presence of molecular oxygen [Dougherty et al., 1998]. The three
fundamental components of PDT are oxygen, a photosensitiser and visible light
[Bonnett and Berenbaum, 1989]. Illumination of the target organ after
photosensitisation generally involves the use of a laser which is coupled to an optical
fibre to focus the light onto the treatment site. These sites can be accessed directly by

surface illumination or interstitially and at endoscopy or during surgery.

PDT has shown some success in the treatment of malignant, pre-malignant and other
medical conditions. Examples of pre-malignant conditions of interest include mucosal
dysplasia of the oral cavity, Barrett’s oesophagus associated with high-grade dysplasia,
and carcinoma-in-situ of the lung and bladder. Early gastrointestinal cancers, lung
cancer, skin, and brain tumours have all been treated by PDT [Stewart et al., 1998].
PDT has been used successfully in the palliation of long term advanced cancer patients
who could not be treated with surgery because of the advanced nature of the disease or

the general condition of the patient [Hopper, 2000].

Non-malignant conditions that have been treated by PDT also show great diversity. For
example these include the prevention of arterial restenosis after angioplasty,
endometrial ablation, age related macular degeneration and a many dermatological

conditions such as psoriasis and acne [Okunaka and Kato, 1999].

There are four photosensitisers that have received approval by regulatory authorities to
date these are Photofrin (porfimer sodium), Levulan (ALA, 5-aminolaevulinic acid) and
Verteporfin (BPD, benzoporphyrin derivative), Foscan (temoporfin, mTHPC, meta-
tetrahydroxyphenyl chlorin).
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The first photosensitiser to receive approval by the regulatory authorities was porfimer
sodium, which is known as a first generation photosensitiser. It is licensed for use in the
oesophagus, lung, stomach, cervix and bladder. It has an activation wavelength of 630
nm so it has a limited depth of effect to 0.5 cm. Porfimer Sodium has the limitation of

cutaneous photosensitivity for several weeks after administration.

A unique example of a PDT agent is 5-aminolaevulinic acid (ALA), which is a naturally
occurring precursor in the haem biosynthesis pathway. When it is administered
exogenously, the pathway becomes overloaded and this causes a temporary build up of
protoporphyrin IX (PPIX). The PPIX can be utilised as the photosensitiser for PDT
Which is activated usually in the red using 635 nm light but it can also be activated in
the green and even the blue region. PPIX which is left after PDT is metabolised
normally and therefore there is only a very short period of skin photosensitivity (1-2
days) [Kennedy and Pottier, 1992]. ALA induced PPIX photosensitisation has been
used to treat basal-cell carcinoma and basal-cell naevus syndrome where depth of

treatment effect is small (<0.2 cm) [Hopper, 2000].

There are a number of second generation synthetic photosensitisers being studied these
include the chlorins, texaphyrins, purpurins and the phthalocynanines [Stewart et al.,
1998;Bonnett et al., 1990]. They have overall improved properties compared to the first
generation photosensitisers such as a longer wavelength of activation, so increasing the
depth of effect. Some have shorter periods of photosensitivity and better tumour

selectivity.

The second generation bacteriochlorin photosensitiser, metatetrahydroxyphenyl
bacteriochlorin (m-THPBC), which absorbs light at 740 nm, is being used in phase I
studies for the treatment of colorectal liver metastases. Another example of a
photosensitiser in this group is palladium bacteriopheoporbide (WST09) that has a long
activation wavelength of 763 nm and is only photochemically active for a few hours.
This photosensitiser is being used in a phase I trial on treatment of prostate cancer.
Lutetium texaphyrin which absorbs strongly at 732 nm has been investigated in patients
with unresectable or metastatic cancers of the skin and subcutaneous tissue. Lutetium

texaphyrin has skin photosensitivity that lasts for less than 72 hours. The
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phthalocyanines which are activated in the region of 670 nm have cutaneous
photosensitivity of a couple of weeks. The aluminium disulphonated phthalocyanine
(AlIS;Pc) and WSTO09 are the two main photosensitisers that are investigated in this

thesis.

There are an ever-increasing number of photosensitisers coming into the field of PDT
and it has become evident that by harnessing their distinctive properties the efficiency
of PDT can be improved. However the photosensitiser is not the only component of
PDT since oxygen and light are also essential for the photochemical reaction to occur
[Henderson and Dougherty, 1992]. Understanding the biological mechanism of PDT
becomes increasingly important as clinical applications become reality and it is likely
that we will be able to design treatment parameters, such as the type of photosensitiser

and the depth of treatment for the particular disease type [Pogue et al., 2002].

PDT causes tissue damage by a combination of processes involving the production of
reactive oxygen species (in particular singlet oxygen), which vary considerably
depending on the photosensitiser being used. Tumour models in animal studies have
provided evidence to suggest that there are three main mechanisms at play for
photodynamic tissue destruction from the production of singlet oxygen species. Firstly,
PDT may damage cells directly causing acute cellular apoptosis and/or necrosis [Luo
and Kessel, 1997;Mason, 1999]; secondly, PDT may cause severe changes in the
vasculature of the tissue affecting the blood supply either by vessel constriction, platelet
aggregation, and/or fibrin plugging leading to blood stasis [Star et al., 1986;Ben Hur
and Orenstein, 1991;Yamamoto et al., 1999;Wieman et al., 1988]. Shortly after the end
of light delivery the third process has been noted, where vasoactive lipids, fluid and
macromolecular leakage from the treated cells can occur, inducing an inflammatory

response and oedema to the tissue [Fingar et al., 1992b].

The response to PDT is reliant on the irradiation protocol, where the drug to light
interval, light dose and power has been investigated to give an improved efficacy to the
treatment outcome. The nature of the tumour or normal tissue being treated and the
availability of pre-existing oxygen [Freitas, 1985;Herzog et al., 1994] must all be taken

into consideration when deciding on an irradiation protocol to maximise efficacy of the
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treatment [Okunaka and Kato, 1999;Ochsner, 1997;Pass, 1993;Oleinick and Evans,
1998].

Since the cytotoxic effect relies on the presence of molecular oxygen, monitoring of
tissue oxygenation both during and after PDT is important for understanding the basic
physiological mechanisms and dosimetry of PDT [Fingar et al., 1999;Chen et al.,
1996a] Furthermore, it is known that the tumour destruction can be limited by the
amount of available oxygen [Henderson and Fingar, 1987;Henderson and Fingar, 1989].
Both photochemical consumption and microvascular shutdown can lead to depletion of

molecular oxygen during PDT. These processes are discussed in more detail below.

Tissue oxygenation can be reduced to levels insufficient for any further tumour
destruction [Sitnik et al., 1998;Henderson et al., 2000]. Therefore, in order to prevent a
significant reduction in available oxygen levels, online real time monitoring could be

useful during treatment.

There are several methods available for tissue oxygen monitoring of which most are
invasive and have major drawbacks. Tissue pO, has been measured using oxygen
microelectrode to investigate PDT induced oxygenation changes during Photoftin, 5-
aminolaevulinic acid, and Verteporfin PDT in vivo [Curnow et al., 2000;Pogue et al.,
2001] and more recently electron paramagnetic resonance oximetry has been used to
follow long term changes in tumour tissue oxygenation in response to Verteporfin and
ALA-PpIX PDT [Ben Hur and Orenstein, 1991;Pogue et al., 2002]. Previously PATCPP
(palladium meso-tetracarboxylphenyl porphine) has been used as a systemically
administered oxygen indicator where applied phosphorescence lifetime spectroscopy
was then used to monitor changes in liver oxygen levels in response to PDT with 5-
aminolaevulinic acid as the photosensitising agent [Mcllroy et al., 1998]. Non-invasive,
optical techniques based on reflectance spectroscopy for the measurement of oxygen
saturation by fibre-optic measurement of the oxy- to deoxyhaemoglobin ratio are

suitable alternatives and these are investigated in the experimental section of this thesis.

Combination therapy for photodynamic therapy involves using another treatment

modality to improve the overall outcome that would be attained by using one method
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alone. Many treatment modalities have been combined with PDT with favourable
results: the earliest combination to be used was localised microwave hyperthermia plus
PDT [Waldow and Dougherty, 1984]. Two téchniques, namely using the novel method
of photochemical internalisation (PCI) [Selbo et al., 2000b] and by using bioreductive
plant auxin, indole-3-acetic acid, [Folkes and Wardman, 2003], are investigated in the
experimental section of this thesis.
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1.2 Background

Light has been used for therapeutic treatments for at least three thousand years [Wilson,
2002;Hopper, 2000], where ancient civilisations used light to treat various diseases
including psoriasis, rickets, vitiligo and skin cancer [Rechtman et al., 2002], but it was
only in the last century that photodynamic therapy (PDT) was developed. In 1900, a
German medical student, Oscar Raab, discovered that certain wavelengths of light
[Bonnett and Berenbaum, 1989] were lethal to infusoria, including the species
Paramecium in the presence of acridine dye. He found that with the acridine dye present
in the dark, and light alone, there was no toxicity to the bacteria [Girotti, 1998]. The
supervisor of Raab was Professor Hermann von Tappeiner and along with his co-
workers they further investigated this phenomenon. In 1904 Tappeiner and Jodlbauer
discovered that oxygen was essential for this mechanism to occur. They used the term
“Photodynamische Wirkung”, or photodynamic action, to describe a new oxygen-
dependent photosensitised reaction in biological systems [Spikes, 1991;Sharman et al.,
1999].

The action of photodynamic therapy was first thought to have been harnessed by Niels
Finsen in 1901, when he discovered that by using light from an arc lamp it was possible
to treat a tubercular condition of the skin known as lupus vulgaris and in 1903 he won
the Nobel Prize for his work. He also found that red-light exposure prevents the
formation and discharge of smallpox pustules and can be used to treat this disease
[Niedre et al., 2002]. In 1905 Jesionek and Von Tappeiner reported the first attempts of
photodynamic action on tumour irradiation. They used a topical application of eosin on
skin cancer and then exposed these areas to sunlight. Scherer isolated haematoporphyrin
(Hp) in 1884 but the first observations of the photosensitising properties were not made
until 1908 by Hausmann who used Hp to kill cultures of the protozoa Paramaecia.
Meyer-Betz in 1913 intravenously injected himself with 200 mg/kg of Hp and then
exposed himself to bright sunlight. This resulted in the development of erythema,
oedema and pain in the areas exposed. It is thought that this was the first evidence to
show that PDT is able to damage normal tissue.
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In the early 1930s Kautsky and de Bruijn suggested that photoinactivation was mediated
through the production of a reactive oxygen molecule that was formed from the energy
transfer between the excited photosensitiser to the ground state oxygen. This hypothesis
was confirmed 30 years later when Foote and co-workers demonstrated that singlet

oxygen was the active product of these sensitised photoreactions [Foote, 1968].

Then much later in the late 1960s to early 1970s, the first photodynamic experiments in
man were published describing its use in the treatment and diagnosis of cancer, where a
case of recurrent, ulcerating breast cancer in a patient was treated using a acetic-
sulphuric acid derived porphyrin, haematoporphyrin derivative (HpD) in 1967 [Lipson
et al., 1967]; followed by carcinoma of the bladder in 1975 [Kelly et al., 1975]. Two
years later PDT which then was still known as photoradiation therapy was used to treat
cutaneous and subcutaneous metastasises of cancers of the breast, colon, prostate,
~ squamous cell, basal cell and endometrium again using Hp derivative [Dougherty et al.,
1978]. After these two reports PDT was examined extensively with the predominant use
of HpD as the photosensitiser. However the first trials for PDT were not established
until 1987, where a partly purified form of HpD was used, Photofrin® (PF), where they
compared the efficacy of PDT with that of other forms of therapy for bladder,
oesophageal, and lung cancers [Dougherty et al., 1998;Marcus and Dugan, 1992].

Since then tumours in nearly all anatomical sites have been treated by PDT with the
majority of them showing a varying degree of response. Patients with breast cancer,
gynaecological tumours, intraocular tumours, brain tumours, head and neck tumours,
colorectal cancer, cutaneous malignancies, intraperitoneal tumours, mesothelioma,
cholangiocarcinoma, pancreatic cancer and prostate cancer have all been subsequently
treated with PDT, with varying success. The efficacy of PDT has been limited due the
specificity and potency of the photosensitisers, and more profoundly because PDT has
been used for palliative care for advanced stage disease rather than for overall cure in
the majority of studies. In these cases where advanced stage disease has been treated the
local effect usually does not alter the outcome of a systemic disease [Hasan et al., 2000].
The development of newer photosensitisers and methodology to localise the
photosensitiser along with improved treatment protocol and dosimetry should advance

the efficacy of future PDT treatments [McBride, 2002].
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1.3 Photochemistry of Photodynamic Therapy

The photodynamic reaction requires a photoactive substance (photosensitiser) to absorb
light (photon) of a specific wavelength transforming the photosensitiser from its ground
state into an excited triplet state via a short lived excited singlet state [Henderson and
Dougherty, 1992].

On illumination the photosensitiser is activated from a stable electronic ground state

(So) to the lowest excited singlet state (S1"), shown in equation 1.

1). So+hv—=> S, absorption

S," is short lived, less than 1 ps and undergoes intersystem crossing to form the longer-

lived, metastable triplet state (S), as shown in equation 2.

2). 8= s intersystem crossing

The efficiency of this reaction is defined by the probability of the triplet state formation
per photon absorbed (¢r triplet state quantum yield). This is 0.2-0.7 for most
photosensitisers [Moan et al., 1998]. Ideally for PDT the ¢y should be one, however
other processes are involved when transforming the excited singlet state of the
photosensitiser, these include fluorescence (quantum yield 0.01-0.2), internal

conversion and fluorescence quenching (see equations 3 to 5) [MacRobert et al., 1989].

3). S;"= So+hv fluorescence
4). Sf > Sy + heat internal conversion
5). S\ +tM—> So+M fluorescence quenching
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1.3 Photochemistry of Photodynamic Therapy

The excited triplet state can undergo two types of reactions. Figure 1 shows a schematic

diagram summarising these reactions.

SINGLE STATE \
PHOTOSENSITISER Photobleaching
N TRIPLET STATE — G PHOTOPRODUCT
PHOTOSENSITISER

Absorption | | Fluorescence Type I / \YYPC It

Radicals + reactive  Singlet

RED > oxygen species Oxygen
LIGHT l l
v
GROUND STATE TISSUE D GE

PHOTOSENSITISER \+02‘
Photobleaching

Figure 1 A schematic diagram summarising the reactions involved in the mechanism of

PHOTOPRODUCT

photodynamic therapy.

The first reaction that can occur is that the excited triplet state can react with a substrate
molecule (RH), and transfer a hydrogen atom, an electron, to form 'radicals, which can
further interact with oxygen to produce reactive oxygen species (ROS). This reaction is

known as the Type I reaction, as shown by the equations below [Briviba et al., 1997].

‘S+RH—> S +RH"+ (‘O;) = oxidized products
’S+RH—> SH+R + (‘0;) = oxidized products

3$+0,~ ST+0,

From the Type I reaction the majority of the resulting radical or radical ions (semi-
oxidised substrate and semi-reduced photosensitiser) react with oxygen and generate
highly reactive oxygen intermediates (H,O, and OH) that are strong oxidisers of most

cell biomolecules [Ochsner, 1997]. Superoxide radical anions can also be produced
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directly by the transfer of an election from a photosensitiser triplet state to ground state
oxygen as shown by the equations above. Alternatively, the triplet state can transfer its
energy directly to oxygen to form singlet oxygen, a highly reactive oxygen species; this

is known as the Type II reaction.

Singlet oxygen has very strong oxidative properties and it reacts with electron rich
regions of many biomolecules such as unsaturated fatty acids, cholesterol, and indole

moiety of amino acids [Girotti, 2001].

3$4+0,= S+ '0,

'0, + R—> peroxidation of lipids, guanine, histidine, tryptophan

The above equations show the Type II mechanism of photodynamic reaction involving
singlet oxygen [MacRobert et al., 1989]. The reactive oxygen species produced are
highly reactive and therefore have a very short half-life which limits their direct effect
only to cellular components that are proximal to the area of the reactive oxygen species
production. The half-life of singlet oxygen is <0.04 us, and therefore, the radius of the
action of singlet oxygen is <0.2 um [Moan and Berg, 1991]. The diameter of human
cells ranges from 10 to 100 um so it is thought that only subcellular sites of the primary
singlet oxygen formation that correspond to the intercellular photosensitiser localisation

can be accessed and so damaged by these free radicals.

Type I and II reactions can occur simultaneously, and the balance between these
reactions is dependent on the type of photosensitiser used, the concentration of the
substrate and oxygen, as well as the affinity of the photosensitisers for the substrate. It
should also be noted that photosensitisers will fluoresce and this photosensitiser
fluorescence has been used to locate and quantify photosensitisers in tissues and it is

also under investigation as a diagnostic tool [Stepp et al., 1998].
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The involvement of oxygen in the both type I and II reactions can limit the PDT effect if
there are anoxic areas within the tissue, as it has been shown that oxygen is essential for
the photodynamic reaction [Bown et al., 1986;Moan and Sommer, 1985]. In vivo studies
have shown that tissue hypoxia, by clamping the blood supply, abolished the PDT
effects of porphyrins [Gomer et al., 1984]. Cyanine dyes however are the exception and
have shown evidence of having oxygen-independent mechanisms of action [Henderson

and Dougherty, 1992].

The photochemical process that is generally thought to produce the most significant
PDT damage is through the production of singlet oxygen, the Type II reaction [Stewart
et al, 1998]. However, the extent of the photo-damage is multifactorial and is
dependent on the type of photosensitiser, its intracellular and extracellular localisation,
the total amount of drug administered, the total light dose and fluence rate, oxygen
availability and the drug to light interval. All of these factors are independent and
significantly alter the PDT response. In the succeeding chapters, these aspects will be

discussed.
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1.4 Physiological Mechanisms involved in Photodynamic Therapy

1.4.1 Introduction

The concept of PDT has been around for a very long time but the understanding of the
physiological mechanisms that occur during PDT and how they can be used to improve
PDT were not thoroughly investigated until the early 1980s where studies examined the

effect of PDT on normal tissue as well as malignant tissue.

During PDT it is believed that the generation of reactive oxygen species (ROS)
damages cellular organelles [Henderson and Dougherty, 1992;Ketabchi et al.,
1998;Dougherty et al., 1998;0Ochsner, 1997]. This damage triggers a cascade of events,
some of which are biochemical, genetic and/or molecular, which in turn all result in cell

death.

Both necrosis and apoptosis play a role in PDT mediated cell death, and it is important
that these mechanisms are understood so that they can be incorporated into the
treatment regime for the enhancement of therapeutic outcomes. It has been suggested
that with certain cell lines and certain sensitisers, the mode of death can be shifted from
an apoptotic to a necrotic response as a function of the PDT dose [Luo and Kessel,
1997]. If this is the case then PDT dose can be altered according to the desired effect of
the treatment.

Tumour models in animal studies have given evidence that there are three main
mechanisms in which PDT kills cells: firstly, PDT may directly damage cells by the
production of free radical oxygen. Secondly, PDT may cause changes in the vasculature
of the tissue affecting blood supply by blood stasis, vascular leakage or vessel collapse.
Thirdly, PDT may cause a release of cytokines and other molecules from the treated
cells, which in turn produce an inflammatory response and oedema to the tissue

[Oleinick and Evans, 1998].

The mechanism of the PDT response on the tissue is without doubt reliant on the
irradiation protocol. The drug light interval, the delivery of light, the photosensitiser
employed, the nature of the tumour or normal tissue being treated and the availability of
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oxygen must all be taken into consideration [Oleinick and Evans, 1998;Pass,
1993;Ochsner, 1997].

The biological effect of PDT is very complex and the current data from experimental
studies is confusing and often contradictory. The effect of PDT on normal tissue is
equally as important as safe eradication of cancer, so it is therefore essential to
understand how adjacent normal tissue responds to PDT. The PDT effect on a colonic
tumour and the surrounding normal colon will be discussed in the relevant chapter of
this thesis, which summarises the response of the surrounding normal tissue adjacent to

cancer.

1.4.2 In Vitro Targets and Sites of Action of PDT

In complex environments such as cells and tissues, the subcellular localisation of the
photosensitiser is important for effective photochemistry to occur. In PDT the
photochemical processes are accompanied by absorption of visible light causing
photodamage to subcellular organelles and biomolecules triggering cell death. The
involvement of apoptosis and necrosis during the PDT response has been suggested by
many studies [Pass, 1993;Oleinick and Evans, 1998;Dougherty et al., 1998;Ochsner,
1997]. Therefore, the localisation of photosensitisers within the cell is an important
element in the PDT mechanism, which in turn initiates apoptosis or necrosis of cells.
The way in which the photosensitisers are taken up into the cell, the intracellular
transport, can also determine the cellular mechanism of PDT response. This is mainly
dependent on the physicochemical properties of the photosensitiser but this may be
altered by specific delivery vehicles and the modifying the status of the cell itself [Ortel
et al., 1998]

Photosensitisers can be hydrophilic or hydrophobic in nature, depending on their type
and number of charges, the charge to mass ratio, and the type and number of ring and
core subunits. These points determine entry into the cell with the mechanism being by
diffusion or endocytosis and therefore their positioning within the cell itself [Oleinick
and Evans, 1998]. Aggregated and hydrophilic dyes are usually taken up into cells by

endocytosis or pinocytosis. They then build up in lysosomes or endosomes from which
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they can be further released into the cytoplasm and/or the nucleus upon illumination,
due to the photodynamically increased permeability of the lysosomal membranes
[Dougherty et al., 1998;Boyle and Dolphin, 1996]. Lipophilic agents like HpD or zinc
phthalocyanine directly penetrate the plasma membrane [Berg and Moan, 1997], and
usually bind to and then subsequently damage all cell membranes [Henderson and
Dougherty, 1992]. For lysosomal photosensitisers the mode of cell death is dominated
by necrosis, possibly due to the release of lysosomal enzymes and other toxic moieties.
It is also possible that relocalisation of lysosomal photosensitisers to the mitochondria
within the first few seconds of illumination may lead to increased phototoxicity [Wood
et al., 1997].

Hydrophilic photosensitisers can cause cell destruction by the release of lysosomal
hydrolytic enzymes and they seem to generate a less efficient PDT effect in terms of
quantum yield of cell inactivation. The quantum yield of cell inactivation is defined as
1/N of the number (N) of photons per unit area which are able to cause photo-damage in
50 % of the cells. Lipophilic agents can give a quantum yield of cell inactivation at a ten
times higher level even when the hydrophilic and lipophilic agents in question have a
similar singlet oxygen yield [Moan and Berg, 1991]. It is thought that the higher yield
of cell inactivation for lipophilic agents results from their superior membrane

localisation.

Evidence suggests that in general, hydrophobic photosensitisers cause direct
interactions with cells by triggering apoptosis and water soluble sensitisers kill cells in
an indirect method by damaging blood vessels and interrupting the supply of oxygen
and other essential nutrients, [Milanesi et al., 1990;Rosenthal et al., 1986]. However,
this is not always the case: as an example, the disulphonated zinc (II)-phthalocyanine
which is water soluble, acts directly on cells and causes necrotic cell death [Fingar et al.,

1993].

Lysosomes and microtubules
Lysosomes can be damaged directly by PDT however the overall role of their
photodestruction for cell photo-inactivation is unclear. PDT with nile blue derivatives

which are primarily localised in the lysosomes of cells have been shown to cause
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extensive damage to the lysosomes. The degree of the lysosomal destruction was not
" however correlated to the extent of phototoxicity produced [Lin et al., 1991;Lin et al.,
1993]. 1t is thought that photochemical inactivation of cells with lysosomally located
photosensitisers may be caused either by the release of lysosomal hydrolases or by the
release of the photosensitiser from the lysosomes during light exposure followed by
photochemical damage to other extra-lysosomal targets, or caused by a fraction of the
photosensitiser extra-lysosomally located before light exposure or a combination of the

phototoxic pathways as shown in Figure 2.
A B
‘_ light >

OO.

HEA PS HE; l
/<- light” Y

T\ /T /
Cell death
Figure 2 A schematic diagram summarising the possible pathways to photochemical
killing by lysosomal-localised photosensitisers. The grey circles indicate lysosomes
containing hydrolytic enzymes (HE) and photosensitisers (PS). Upon light exposure the
lysosomes may rupture (A and B) with PS and active (HE4 in A) or inactivated (HE; in
B) enzymes released to the cytosol. The cells are subsequently killed by either hydrolytic
enzymes (A) or PDT released photosensitiser (B) attacking extralysosomal targets (T).

Alternatively cells may be killed by photoactivation of extralysosomal photosensitisers
(C) (adapted from [Berg and Moan, 1997]).

Microtubules are the cytoskeletal elements involved in cell mitosis and inhibitors of
microtubule function are conventionally used in the treatment of cancer, for example

vincristine. Vincristine has been used in conjunction with the photosensitiser meso-
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tetra(di-adjacent-sulphonatophenyl) porphine (TPPS,,) and a synergism was seen with
this combination [Ma et al., 1996].

The main component of microtubules is the free form of tubulin and it was shown that
the polymerisation of this was inhibited following photodynamic therapy with the
photosensitiser tetraphenylporphine tetrasulphonate, a water soluble photosensitiser
with the affinity to tubulin [Winkelman et al., 1993]. The effect of photodynamic
therapy with this photosensitiser is an accumulation of cells in mitosis and subsequent
cell death [Berg et al., 1990]. Photodynamic therapy with the photosensitiser HpD
caused the formation of giant cells that was thought to be due to microtubule
depolymerisation [Bellnier and Lin, 1984]. The formation of micronuclei associated
with microtubule inhibition has been observed with aluminium phthalocyanine
tetrasulphonate (AlPcS;), S-ALA and meso-tetra (4N-methylpyridyl)porphine (TMPyP)
[Hahn et al., 1996;Fiedler et al., 1996;Villanueva and Jori, 1993].

Mitochondria

Mitochondria are the cells' power sources. They are distinct organelles with two
membranes. Usually they are rod-shaped, however they can be round. The outer
membrane limits the organelle. The inner membrane is thrown into folds or shelves that
project inward. Many hydrophobic photosensitisers localise in the mitochondrial
membranes and exert their primary action there. In particular porphyrins have been
shown to have a high affinity for the peripheral benzodiazepine receptor [Verma et al.,
1998], this is a protein localised in the outer mitochondrial membrane. Kessel and co-
workers have shown that photosensitisers that localise in the mitochondria are very
rapid inducers of apoptosis, in contrast to the photosensitisers that localised in the
lysosomes or the plasma membrane, but not the mitochondrial membranes [Kessel et

al., 1997;Kessel and Luo, 1999].

The first mode of photodynamic therapy with a photosensitiser that is located in the
mitochondrial membranes is that cytochrome c is released into the cytosol of the treated
cells, as has been shown with benzoporphyrin derivate (BPD) and silicon
phthalocyanine (Pc4) [Granville et al., 1998;Vames et al., 1999]. The loss of

mitochondrial membrane potential, caused by the opening of the mitochondrial
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permeability transition pore can lead to Ca* release and this might also play a role in
" the loss of cytochrome ¢ [Kessel and Luo, 1999;Green and Reed, 1998]. The
importance of the loss of cytochrome ¢ was noted when an inhibition of respiration after
photodynamic therapy with Pc4 could be reversed with the addition of exogenous
cytochrome ¢ [Vamnes et al., 1999].

These subtle effects to the mitochondrial membrane can lead to necrosis through
deficient ATP production, but also to apoptosis by activation of the caspase pathway
[Ochsner, 1997].

Nucleus

The majority of commonly used photosensitisers have not been found to accumulate
inside the cell nuclei. However it is possible that the photosensitiser can bind to the
nuclear membrane and affect deoxyribonucleic acid (DNA) located close by [Oleinick

and Evans, 1998].

Porphyrin photosensitisation has been seen to induce single-strand breaks, alkali-labile
lesions or sister chromatid exchange in DNA [Moan et al., 1989]. Ramakrishnan and
colleagues (1989) have shown that in L5178 mouse lymphoma cells treated with
chloroaluminium phthalocyanine, sensitivity to PDT with red light could be correlated
with the formation of DNA crosslinks, and also with the number of DNA strand breaks
observed [Ramakrishnan et al., 1989]. Many other studies have similarly correlated the
effects of PDT with the formation of DNA crosslinks though using different cell lines
and experimental systems [Bordin et al., 1994;Hartley et al., 1994;Lee et al., 1994].

Other types of DNA damage have also been described following PDT, for example two
purpurins have been used as photosensitisers whilst treating NT2 cells with PDT, and it
was shown that the phototoxicity was closely correlated with the degree of inhibition of
DNA synthesis [Kessel, 1989]. The extensive loss of DNA has also been seen, for
example, L5178 cells treated with Photofrin and chloroaluminium phthalocyanine were
shown to have lost not only the entire TK allele but also the nearby GK gene [Deahl et
al., 1993]. The incidence of photosensitisation induced mutagenicity does appear to be

lower in comparison with the alterations produced by ionising radiation and UV
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exposure [Gomer et al.,, 1983]. However it is thought that the mutagenicity of PDT
varies greatly with the target gene and the cell line [Oleinick and Evans, 1998]. The
extensive genetic variation in the human genome indicates that human cells may vary
greatly in their mutability from individual to individual, and therefore more studies will

be necessary to determine the real mutagenic potential of PDT in humans.

1.4.3 Cell death response to PDT: apoptosis versus necrosis

Apoptosis in Photodynamic Therapy

Apoptosis is described as programmed cell death or cell suicide, which affects an
individual cell. In normal circumstances apoptosis occurs due to programmed tissue
remodelling, cell turnover, DNA damage or because of conflicting growth signals.

Apoptosis requires messenger ribonucleic acid (mRNA) and protein synthesis to occur.

The involvement of apoptosis during PDT was first demonstrated by Agarwal et a/ in
1991, where during chloroaluminium phthalocyanine PDT of mouse lymphoma
L5178Y cells rapid apoptosis was observed as evidence by DNA fragmentation
[Agarwal et al., 1991]. Since then many studies have been carried out in vitro observing
apoptosis caused by PDT. Using various photosensitiser with more recent studies
looking at methylene blue (MB), Foscan, ALA and phthalocyanine [Noodt et al.,
1998;Marchal et al., 2004;Kuzelova et al., 2004;Usuda et al., 2003]. In vivo apoptotic
cells have also been seen in biopsies of PDT treated murine skin papillomas and human

skin tumours [Oleinick and Evans, 1998].

The universal mode of cell death following PDT will not necessarily be apoptosis,
necrosis can also occur [Agarwal et al., 1991]. The factors that cause PDT induced
apoptotic cell death are not completely understood, but there are many examples in
which the ability of PDT exposed cells to initiate the apoptotic process differs
depending on the cell line used in the study, the importance of the timing of drug to
light delivery, the nature of the photosensitiser and its subcellular localisation and the

availability of oxygen [Pass, 1993;0Oleinick and Evans, 1998;Ochsner, 1997].

Three carcinoma cell lines were exposed to equal toxic doses of PDT with Photofrin
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resulting in apoptosis in two of the cell lines but not in the third [He et al., 1994]. The
induction of apoptosis in response to PDT varies between different cell types and it is
thought that a probable reason for this is that the expression of specific genes
controlling apoptosis is likely to vary considerably, for example the gene p-53, which
has the most evidence of its involvement in apoptosis, seems not to be involved in the

regulation of the form of PDT induced cell kill [Oleinick and Evans, 1998].

V79 Chinese hamster fibroblast responses were compared with WiDr human colon
adenocarcinoma cells to equally toxic doses of PDT with ALA. The fraction of cells
with fragmented DNA were quantified using TUNEL assay and flow cytometry, and
they showed evidence for a dose and time dependent increase in the apoptotic fraction
in PDT-treated V79 cells, with a maximum of 75-85 % of the cells in apoptosis by 3-4
hours after a dose that resulted in 85 % overall cell death. In contrast, under similar
conditions resulting in similar levels of overall cell death, no evidence for apoptosis was

found in the WiDr cells [Noodt et al., 1996].

Subcellular localisation of the photosensitiser has a strong influence on whether and to
what extent cells undergo apoptosis in response to photoactivation. Most
photosensitisers for PDT bind to mitochondria, lysosomes, and other intracellular
membranes. Cell membrane and mitochondrial rupture and microtubule structure
disruption [Stockert et al., 1996] have also been observed during PDT and in turn these
can initiate apoptosis. For example after PDT in A-Mel-3 melanoma cells treated with
Photofrin [Leunig et al., 1994] mitochondria swelling was seen. Kessel and Luo, looked
at a series of photosensitisers in L1210 leukaemia and other cells and demonstrated that
photosensitisers that bind to mitochondria induce apoptosis upon photo-irradiation,
where as those that bind to the plasma membrane or lysosomes, but not mitochondria,
kill cells less efficiently and by a non-apoptotic mechanism [Kessel and Luo,

1998;Kessel et al., 1997;Luo and Kessel, 1997].

The Bcl-2 family of proteins are important controls over apoptosis. Some, like Bcl-2
and Bcl-xL, are anti-apoptotic, while others, like Bax and Bad, promote apoptosis
[Oleinick et al., 2002]. A role for Bcl-2 in suppressing PDT-induced apoptosis was first

shown in 1996 [He et al., 1996], where CHO cells over-expressing human Bcl-2 were
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found to be more resistant to apoptosis and to loss of clonogenicity caused by Pc 4
sensitised PDT than were the companion cells expressing only endogenous hamster Bcl-
2. Many studies have continued to examine the role of the Bcl-2 family in PDT
response but the critical question of the relevance of these proteins to human tumour

response to PDT needs considerable additional data from clinical studies.

Necrosis in Photodynamic Therapy

Necrosis results when cell membranes or other vital units within the cell are so badly
damaged that the cells can no longer sustain essential function and the cell dies. An
example of necrosis of cells caused by PDT is where the photosensitising agent
haematoporphyrin derivative (Photogem) was used to evaluate the cell death of uterine
cancer cell lines (CaSki, HT3, HeLa, and SKOV-3) and mice transplanted with TC-1
lung cancer cells [Ahn et al., 2004]. It was found that due to the disruption of intact cell
membranes necrotic cell death resulted in these cell lines. Necrosis of tissue by PDT is
a result of production of free radicals, which may by one mechanism damage cell
membranes to induce the release of vasoactive mediators which in turn cause blood
stasis due to vascular damage and finally resulting in necrosis of the tissue [Ochsner,

1997]. Figure 3 shows a theory of the processes involved in the necrosis during PDT.

Photodynamic Therapy
Generation of reactive oxygen species

v

Cellular Reactions
Nucleic acid breakdown, modulations in repair enzymes and proteins,
oxidative disintegration of cellul branes, d in intracellular ATP and pH

v

Acute Inflammatory Reactions and Release of Biomolecules
Increase in intracellular Ca**, activation of phospholipase C, release of IP3 and DAG

v

Release and Effects of Generated Eicosanoids
Release of arachidonic acid and associated events
&

Release of other mediators
Release of histamine and cytokines such as [L-1, [L-2, GM-CSF and TNF-a

v

Vascular Damage and Blood Flow Static
Hypoxia and nutritional deprivation

v

Figure 3 Mechanisms of necrotic processes involved during PDT [Ochsner, 1997]
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The mechanism of tumour necrosis photosensitised by liposome-delivered zinc (II)
) phthalocyanine (Zn-Pc) has been studied in mice bearing a transplanted MS-2
fibrosarcoma by ultrastructural studies using transmission electron microscopy. At 24
hours after PDT the tumour tissue was almost entirely necrotic, with the primary target

- involving the cytoplasmic membranes [Milanesi et al., 1990].

1.4.4 Indirect PDT responses

Indirect PDT responses are due to signal transduction pathways activated by PDT. PDT
activates many signalling reactions that have been categorised in response to other
oxidative stresses or physiological stimuli [Oleinick and Evans, 1998]. It is obvious that
PDT causes the release of a variety of lipid and inorganic second messengers, as well as
the release of calcium ions from intracellular stores. These agents can stimulate an
immunological or vascular response which induces cgll death indirectly and these are

discussed in further detail in the succeeding paragraphs.

Immunological Effects

Studies carried out in the late 1980s and early 1990s have reported infiltration of
lymphocytes, leucocytes, cytokines [Nseyo, 1992] and macrophages [Evans et al.,
1990;Korbelik and Krosl, 1994] into the PDT treated tissue, which is an indication of
the activation of the immune response. This activation is thought to play a role in PDT-
induced destruction of tumours [Dougherty et al., 1998;Korbelik and Dougherty, 1999].
High concentrations of interleukin (IL)-183, IL-2, and tumour necrosis factor-a (TNF-a)
in the urine of patients treated with PDT for bladder cancer have also been found
[Nseyo et al., 1990]. It is not well understood what role the release of these cytokines
play in PDT. Gollnick et al, in 1997 carried out a study which was aimed at trying to
understand the mechanisms responsible for PDT-induced potentiation of antitumour
immunity [Gollnick et al., 1997]. In this study they demonstrated in a Balb/C mouse
model that PDT delivered to normal and tumour tissue in vivo causes marked changes in
expression of cytokines IL-6 and IL-10, but not TNF-« . Differences in the nature and
intensity of the inflammatory response between normal and cancerous tissue could

contribute to the selectivity of PDT-induced tissue damage.
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In 1996, Wil de Vree and colleagues also reported that PDT activated neutrophil
) accumulation, which slowed tumour growth. In the same study they also showed that by
causing a depletion of neutrophils in tumour bearing mice there was a decrease in the

PDT-mediated effect on tumour growth [de Vree et al., 1996].

By exploiting the immune system by selective photo-destruction of suppressor T cells
using monoclonal antibody-HP conjugate there was also an increased tumour regression

in treated mice compared with control mice [Steele et al., 1988].

Long term PDT effects on tumour growth in normal Balb/C and immunodeficient mice
were compared when using Photofrin as the photosensitiser. Tumour recurrence
occurred more frequently in the immunocompromised mice compared to the
immunocompetent Balb/C mice. However when the immunodeficient mice received a
bone-marrow transplant from the immunocompetent Balb/C mice the effect was
reversed. These results indicated that even though the immediate PDT response in the
short term gave very similar responses in the long term the immune response is required

to aid the elimination of the surviving cells [Korbelik, 1996].

Tumour specific immunity has also been expressed in mice where the tumour-cell lysate
that was isolated following PDT with Photofrin could be used to vaccinate mice against
the development of further tumours. Studies with PDT treated tumour cell lysate could
have the potential to be used as a systemic immune therapy [Gollnick et al., 2002].

Macrophage (TNF-a production) involvement in the PDT induced immune response has
been investigated more recently [Korbelik and Krosl, 1994;Korbelik and Dougherty,
1999;Korbelik et al., 1997], where it is supported by studies that show that tumour
associated macrophages accumulate up to 9 times the Photofrin levels present in tumour
cells. This enhanced accumulation within the macrophages was brought about through
the association of the photosensitiser with low density lipoproteins (LDL) [Hamblin and
Newman, 1994]. Macrophages release factors such as TNF-o, that may mediate
phototoxicity, an indirect mechanism of macrophage mediated cytotoxicity in PDT that
has also been suggested [Korbelik and Krosl, 1994]. In this hypothesis, during PDT,

damage is caused releasing exposed lipid fragments. These fragments are then

43



1.4 Physiological Mechanisms involved in PDT

recognised as targets by the macrophages. Subsequent phagocytosis is then responsible

for tumour cell cytotoxicity.

In addition to the above evidence of immune stimulation by PDT, immune suppression
has also been reported following PDT with Photofrin [Lynch et al., 1989]. In this study
it was shown that contact hypersensitivity was suppressed in mice by peritoneal PDT. It
was thought that PDT induces resident macrophages to produce and secrete cytokines
such as interleukin-1 and prostaglandins, which inhibit the generation of contact

hypersensitivity response.

Vascular Effects

The viability of tumour cells depends on the amount of nutrients that are received from
the blood vessels. Therefore the tumour’s ability to maintain and grow new blood
vessels is dependent upon growth factors produced by the tumour itself and surrounding

normal cells [Carmeliet and Jain, 2000;Jain and Carmeliet, 2001].

The tissue vasculature has been shown to be a major target for PDT [Selman et al.,
1984;Bremner et al., 1992;Wieman et al., 1988]. PDT induced damage to blood vessel,
can cause occlusion or a reduction in blood flow that could cause tissue hypoxia and
anoxia to varying degrees [Chen et al., 1996a;Busch et al., 2002;Fingar and Henderson,
1987]. Severe tissue hypoxia is expected to induce tissue necrosis as shown in Figure 3
[Ochsner, 1997]. There are several mechanisms that have been observed that cause
vascular shutdown during PDT, these include the role of endothelial cells and platelet
aggregation, causing fibrin plugging resulting in occlusions, and this has been seen in

Mono-; -aspartyl chlorin-e-6 (Npe-6) PDT in mice skin [McMabhon et al., 1994].

Wieman et al, in 1988, used a laser Doppler velocimeter to determine the changes in
blood flow in normal and tumour tissue throughout dihaematoporphyrin ether (DHE)
PDT. They found that in both nermal and tumour vessels the blood flow was
dramatically reduced during PDT with little recovery up to 25 minutes after PDT
[Wieman et al., 1988]. Studies such as these support the idea that tissue hypoxia will
occur during PDT due to reduced blood flow.
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Under typical protocols, vascular damage is considered to be one of the dominant
" mechanisms of tumour death in vivo for most photosensitisers being investigated
clinically. Vascular damage is believed to be initiated by the release of factors such as
eicosanoids, in particular thromboxane [Fingar et al., 1990], histamines, and TNF-«
[Evans et al., 1990]. The vascular PDT response seen macroscopically is characterised
by acute erythema, oedema, blanching and sometimes, necrosis. Microscopically the
treated tissue vasculature is characterised by endothelial cell damage [Henderson and
Dougherty, 1992], platelet aggregation [Schmidt-Erfurth et al., 1994;Michels and
Schmidt-Erfurth, 2003] vasoconstriction, and haemorrhage.

The production of free radicals such as nitric oxide (NO) during PDT also plays an
important role in the response of vasculature to PDT [Henderson et al., 1999]. NO free
radical production has been found to reduce vessel diameter, and hence reduced blood
flow, and modulate vessel permeability in rodents [Fukumura et al., 1997]. Therefore

enhancing the damaging properties of NO may improve the overall effect of PDT.

In all cases of PDT, once the blood flow is restored reperfusion can occur and this
results in further damage to the PDT treated tissue known as ischaemia-reperfusion
(I/R) injury. I/R injury can occur when tissues are reperfused after a period of ischaemia
[McCord, 1986]. It is known as a potent instigator of the inflammatory response and so
it is responsible for severe tissue damage in a variety of common pathological
conditions, such as stroke, myocardial infarction, pulmonary and haemorrhagic shock,
acute kidney and liver failure, and organ transplant rejection [Hernandez et al.,

1987;Zimmerman and Granger, 1994;De Greef et al., 1998].

Tissue ischaemia is associated with the conversion of xanthine oxidase (XO), while in
parallel hypoxanthine accumulates because of the breakdown of ATP [Parks et al.,
1988;Zimmerman and Granger, 1994]. When oxygen is reintroduced in to an ischaemic
area of tissue the oxygen enables- XO to induce the formation of xanthine from
hypoxanthine, which releases a concentrated level of reactive oxygen species, primarily
superoxide anion [Parks et al., 1988]. There is also the further production of hydroxyl
radicals which in turn may cause damage to membranes, inactivate enzymes, and

mutagenesis [Hammond and Hess, 1985].
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The oxidative stress caused by I/R at the vascular endothelium level promotes
complement activation. This brings about a series of inflammatory events concluding in
a massive invasion of the activated neutrophils and other inflammatory cells into the
previously ischaemic area [Hernandez et al., 1987;De Greef et al., 1998;Kilgore et al.,
1999].

Few studies have been carried out to determine whether reperfusion injury occurs
during PDT; however during ALA PDT reperfusion injury has been shown to be
involved in the mechanism of PDT damage in the normal rat colon [Curnow et al.,
1999]. In 2000, Korbelik and colleagues also found indications that /R injury may play
a role in the response of tumours to Photofrin PDT. The blood flow tended to drop
initially and then recover after PDT and this follows a sequence consistent with /R
injury. By administering superoxide dismutase (SOD) immediately post-PDT a decrease
in tumour cure rate was seen indicting the involvement of superoxide in the anti-tumour

effect [Korbelik et al., 2000].
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Chapter 2 Photosensitisers for Photodynamic Therapy
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2.1 Introduction

The key function of a photosensitiser is to be able sensitise the formation of cytotoxic
species through light absorption. A photosensitiser should ideally be non-toxic,
biochemically stable for long periods of time, be retained selectively in the target tissue
relative to the surrounding normal tissue, to have a high triplet state quantum yield and
to absorb at red or near infra red (NIR) wavelengths [MacRobert et al., 1989].
Cutaneous skin phototoxicity should ideally be measured in hours or days not weeks or

months [Allison et al., 2004].

There is much controversy about the effectiveness of the accumulation of a
photosensitiser in neoplastic tissue relative to normal tissue in PDT (generally 3:1 for
extra-cranial tumours but up to 50:1 for brain tumours). The degree of selectivity is
dependent on the photosensitiser, the normal tissue, and for example in the laboratory
situation the animal tumour model being investigated. The reasons for observed
preferential accumulation in tumour tissue compared to normal tissue are not fully
understood, and typically there is inadequate selectivity to produce cancer eradication
without any damage to the surrounding normal tissues and neighbouring organs [Bown,
1990]. It is thought that possible differences in the neoplastic cells such as greater
proliferative rates, poorer lymphatic damage within the tumour, or leaky vasculature
could reduce the pharmacokinetic rate of the photosensitiser in the tumour compared to
the normal tissue [Moore et al., 1997]. The distribution of activating light between

normal and tumour tissue could also attribute to selectivity of PDT.

There are many photosensitisers that are under preclinical development at the present
time, and several of these will be discussed. Clinical photosensitising agents should
ideally have no dark toxicity otherwise it could be possible to argue that
chemotherapeutic agents could be used instead. Further metabolism of the
photosensitiser should not create new toxic by-products. The photosensitiser should
have strong absorption in the red part of the visible spectrum, which ensures good
penetration of light into the tissue. The photosensitiser can be administered
intravenously to the patient and time is needed for the accumulation to equilibrate (3-96

hours depending on the photosensitiser) before light delivery. This time is called the
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drug-light interval (DLI). Figure 4 shows examples of some of photosensitisers

* available in the visible and near infrared spectral regions.

Compound Nnm Drug Light Diseases treated

(eM'em™) dose dose

/mg/kg /J em?

Haematoporphyrin 628 (3.0x10°) [ 1.5-5 75 -250 Early stage oesophagus,
(Porfimer Sodium, HpD- bladder, lung, cervix,
Photofrin-Photosan, stomach and mouth cancers.
Visudyne) Palliative in later stages
Metatetrahydroxyphenylc | 652 (3.5 x 10%) | 0.15 5-20 Head, neck,  prostate,
hlorin pancreas, lung, brain, biliary
(mTHPC -Temoporphin- tract and mouth cancers.
Foscan)
ALA-PpIX (Metvix-ALA | 635 (5 x 10°) 30-60 50-1000 Barrett’s oesophagus,
methyl ester) oesophageal dysplasia, skin,

stomach, colon, bladder and
mouth cancers. Various
non-malignant  conditions
e.g. acne

Aluminium disulphonated | 675 (2.0 x 10°) | 0.5-1.0 50-200 Brain, colon, bladder, and

phthalocyanine (AlS,Pc, pancreatic  cancers  (in
Photosens) Russia). Head and neck

cancers in animal studies

only.
Palladium 763 (8.6 x 10%) | 2.0-5.0 50-200 Prostate cancer. Range of
Bacteriopheophorbide normal tissue in animals.
(WST09)
Hydroxyiminoethylidene | 675 (5 x 10°) 2.0-12.0 1-90 Chorodial
Tetramethylporphyrin Neovascularisation and
sodium salt (ATX-S10Na experimental tumours and
(1)) normal tissue in animals.

Figure 4 Properties of several photosensitisers. Extinction coefficient € at Nis shown.
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There are three classes of photosensitising agents for PDT, first, second and third
generation. These generations of photosensitising agents will be discussed along with

the available light sources for PDT.

2.2 First Generation Photosensitiser: Haematoporphyrin Derivative

Haematoporphyrin derivative (HpD) together with its commercial variants Photofrin
and Photosan are known as first generation photosensitisers. These were the most
commonly used photosensitising agents for clinical PDT until recently as new agents
have become available with more favourable characteristics. HpD is actually a
proprictary of combination of monomers, dimers and oligomers derived from chemical
manipulation of haematoporphyrin [Dougherty, 1985]. Photofrin and Photosan are
examples of the commercially available HpD and these consist of the most active

biologically, oligomeric fraction (named Fraction D) of HpD [Berenbaum et al., 1982].

Photofrin has an activation wavelength of 630 nm so it has a relatively limited depth of
effect [Hopper, 2000]. The extinction coefficient (measured in ¢/M'cm™) is moderate
(3.0 x 10%) in comparison to other photosensitising agents. Photofrin also has the
limitation of cutaneous photosensitivity for several weeks after administration

[Dougherty et al., 1998].

However, HpD has been used in the treatment of locally recurrent tumours of the
perianal skin, rectum and anus [Loh et al.,, 1994;Runfola et al., 2000] and head and
neck. Promising result have been seen with brain tumours [Kostron et al., 1996;Popovic
et al,, 1996]. High response rates to early and late stage endobronchial disease are
obtained [Moghissi and Dixon, 2003;Kato et al., 2003], as are positive responses to
Barrett’s oesophagus and obstructing oesophageal lesions [Overholt et al., 2003].
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2.3 Second Generation Photosensitisers

In the early 1980°s new synthetic photosensitising agents were formulated to improve
on the existing properties of HpD. An important attribute to the design of such
compounds was that they should be made of a single substance so that the dose response
relationship could be easily interpreted. Other properties required were that they should
have reduced toxicity, increased stability, and a high quantum yield of singlet oxygen.

These new compounds which have been called, second generation photosensitisers,
have shorter periods of photosensitivity, longer activation wavelengths in some cases
and some evidence of better tumour selectivity than HpD. The compounds that have
been most actively investigated are the chlorins (Meta Tetrahydroxyphenyl Chlorin),
porphyrins (5-Aminolaevulinic Acid; Hydroxyiminoethylidene Tetramethylporphyrin
sodium salt), phthalocyanines (Aluminium Disulphonated Phthalocyanine), and

bacteriochlorophyll derivatives (Palladium Bacteriopheophorbide).

Meta-Tetrahydroxyphenyl Chlorin (nTHPC)

Meta-Tetrahydroxyphenyl Chlorin (mTHPC), was developed at Queen Mary College,
London by Bonnett [Bonnett et al., 1989;Bonnett and Martinez, 2002] and it is one of
the most powerful photosensitising agents used for photodynamic therapy. It has a
number of interesting clinical characteristics that have brought it to the forefront of
newer photosensitisers [Berenbaum et al., 1986;Glanzmann et al., 1998]. It is a single,
chemically pure and stable chlorin, with a strong absorption at 652 nm. However it
induces a residual photosensitivity of about 2-4 weeks [Hopper, 2000]. As mTHPC i1s
highly phototoxic it only requires a low dose of light (5-20 J) compared to HpD which
needs a much higher light dose (75-250 J), see Figure 4.

The pharmacokinetics and biodistribution of mTHPC appear to be complex and
discrepancies have been seen between studies in both animals and humans. In a murine
colorectal tumour model, the blood concentration of radiolabelled mTHPC fell rapidly,
and subsequently showed to diffuse slowly from tissue with a half life of approximately
10 days [Whelpton et al., 1995]. A similar initial decrease in plasma mTHPC
concentration was observed in 20 human patients, where the photosensitiser was found

to be quickly eliminated from the plasma with a half life of 30 hours [Glanzmann et al.,
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1998]. However, it was also seen in patients that after an initial rapid decrease in plasma
mTHPC concentration with the lowest point being reached at 45 minutes, an increase
was seen and this reached a maximum at 10 hours after injection [Glanzmann et al.,
1998]. This rise in plasma mTHPC was also seen in another human pharmacokinetic
study where the plasma drug level reached a peak at 24 hours after drug administration
with complete clearance from the blood by 8 to 10 days, a half life of 45.4 hours [Ronn
et al., 1997].

The pharmacokinetics of radio-labelled (C'*) mTHPC was correlated to PDT response
in fibrosarcoma tumours, implanted into BDIX rats. The plasma pharmacokinetics of m-
THPC was seen as having three half-lives of 0.46, 6.91 and 82.5 hours. Similarly the
mTHPC PDT efficacy in the tumours over the same time course seemed to exhibit two
peaks of activity (2 and 24 h), and these were seen in terms of tumour growth delay
with the peak at 24 hours post-injection correlating to the maximum tumour
concentration. Investigation on tumour cells isolated from mTHPC treated tumours
suggested that the peak PDT activity at 2 hours represents an effect on the vasculature
while the peak at 24 h shows a more direct response. These results indicate that the in
vivo PDT effect of m-THPC occurs via several mechanisms [Jones et al., 2003]. The
cellular uptake of mTHPC is facilitated by its high lipid solubility, and it can easily
penetrate across the cell plasma membrane and distribute freely in the cytoplasm. This
has been demonstrated by fluorescence microscopy [Peng et al., 1995;Ma et al., 1994].
In tissue mTHPC is strongly taken up by the liver, which appears also to be the major

elimination pathway of the unchanged photosensitiser, via bile [Ronn et al., 1997].

Clinically, mTHPC PDT has been used for a wide variety of tumours, with particularly
promising results achieved for the treatment of head and neck malignancies [Lou et al.,
2003]. Successfully eradicated early gastric cancers in a small group of inoperable

patients has been reported without any serious complications [Ell, 1998].

5-Aminolaevulinic Acid (ALA)
Protoporphyrin IX (PPIX) is an endogenously produced porphyrin and it is a metabolite
of haem biosynthesis induced by aminolaevulinic acid (ALA), see Figure 5. ALA was

not used as a photosensitising agent until 1979 when Malik and Djaldetti carried out the
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first in vitro experiment on erythroleukaemic cells [Malik and Djaldetti, 1979].
Mammalian cells synthesise ALA from glycine and succinyl CO-A under the catalyse
of ALA synthetase which is located in mostly in the matrix of the mitochondria
[McKinney and Ades, 1990]. It is possible through administering endogenous ALA, to
develop an accumulation of PPIX, however this is short lived. This accumulation occurs
due to the relatively slow final step of the pathway that causes the chelation of iron to

PPIX to form haem, Figure 5.

There are several benefits from administration of ALA induced PPIX as photosensitiser,
this being that the accumulation of PPIX is rapidly cleared from the body, so prolonged
photosensitivity is not seen like with other photosensitisers. ALA-PpIX localises in
cells, where it is synthesised, rather than in the vasculature. However, ALA PDT can
cause changes to the vasculature [Curnow and Bown, 2002] and blood flow [Palsson et
al., 2003].

SUCCINYL-CoA + GLYCINE
ive Feedback Inhibition ALA
Synthase
i v
" [AMINOLAEVULINIC ACID],
ﬁcnzuu;
o
HAEM
ALA
Dehydratase
Ferrochelatase | + Fe*" v
Vingt [PORPHOBILINOGEN],
CH3 Vinyl Porphobilinogen
Deaminase
PREUROPORPHYRINOGEN
s H Uroparphyrinogen
Propi Propi 11t Symthase
PROTOPORPHYRIN IX UROPORPHYRINOGEN 111
P Uroporphvrinogen
’owg;'mmﬂ Decarboxylase
PROTOPORPHYRINOGEN IX «— COPROPORPHYRINOGEN 111
Coproporpnrinogen
Il Oxidase
Mitochondrion / .
Cytosol

Figure 5 Mechanism of Protoporphyrin IX accumulation from the haem biosynthesis
pathway induced by aminolaevulinic acid (ALA).
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ALA induced PDT in normal tissue reaches to the depth of 1-2 mm, and is activated by
the wavelength of light at 635 nm. Clinical studies have shown ALA induced PDT to be
effective on neural tumours [Obwegeser et al., 1998], in the oral cavity [Fan et al,,
1996] and it has been widely used in dermatological applications because of the skin’s
accessibility to light treatment and the availability of a preparation of ALA for topical
use [Kennedy and Pottier, 1992;Orenstein et al., 1997;Gerscher et al., 2000].

Patients with Barrett’s oesophagus precancerous dysplasia and early oesophageal
carcinomas are being efficiently treated with oral ALA-based PDT [Bown and Lovat,
2000]. In this application the specific characteristic of PPIX accumulation is higher in
the epithelium than in the underlying muscle seems to help prevent strictures that are a

complication of PDT with Photofrin [Gossner, 2002].

Clinical trials are on going to improve the overall efficacy of treating Barrett’s
oesophagus by examining variations in drug dose and light dosimetry to optimise
treatment conditions. It was recently reported that low dose (30 mg/kg) of oral ALA
PDT appears to be safe and effective in the treatment of Barrett’s oesophagus and side
effects were reduced [Kelty et al., 2004].

Hydroxyiminoethylidene Tetramethylporphyrin sodium salt (ATX-S10Na (1))
Hydroxyiminoethylidene Tetramethylporphyrin sodium salt (ATX-S10Na (II)), is a
hydrophilic chlorin photosensitiser, and its chemical structure is shown in Figure 6.
ATX-S10Na (II) has a maximum absorption at 670 nm, with a high absorption
coefficient of 18500, which is larger than that of porfimer sodium (3000 at 630 nm)
[Mori et al., 2000b].
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2NaAspO € CO Asp2Na

Figure 6 Chemical structure of ATX-S10Na (II).

ATX-S10Na (II) has a long triplet state, which can be a great advantage in the efficient
generation of singlet oxygen [Yamaguchi et al., 2004]. ATX-S10Na (II) has been shown
to be readily eliminated from tissue within a 48 hour period after injection [Nakajima et
al., 1998]. This characteristic of rapid clearance of ATX-S10 has been harnessed to aid
the treatment of choroidal neovascularisation (CNV) in age-related macular
degeneration (AMD) in experimental animal models [Huang et al., 2004;Kanai et al.,
2000;0bana et al., 1999;0bana et al., 2001;Gohto et al., 1998]. The results are
promising and they suggest that CNV occlusion may be obtained with limited damage
on the retinal pigment epithelial cells if laser irradiation is performed immediately after
injection of ATX-S10Na (II), before it is taken up by retinal pigment epithelial cells
[Huang et al., 2004].

Several studies have demonstrated that ATX-S10Na (II) is selectively accumulated in
tumour tissues in experimental animal models [Tajiri et al., 1997;Mori et al., 2000b]. It
was thought that ATX-S10Na (II) may bind to LDL, and the LDL receptor-mediated

endocytic pathway as a mechanism of tumour cell specific accumulation. However, it
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was shown that ATX-S10Na (II) had a low affinity to bind to LDL and this indicated
that the LDL receptor-mediated endocytic pathway may play only a minor role in the
uptake of ATX-S10Na (II). Intracellular ATX-S10Na (II) has been shown to distribute
not only to lysosomes, but also to many organelles [Mori et al., 2000a]. Pathways
activated by ATX-S10Na (II) PDT due to disturbances in mitochondrial transmembrane
potential are thought to cause apoptosis, although primary damage has been shown to be
to the lysosomes. Evidence of this was shown in vitro following PDT to human

malignant melanoma cells [Ichimura et al., 2003].

Aluminium Disulphonated Phthalocyanine (AlS,Pc)

Aluminium disulphonated phthalocyanine is a purified exogenous phthalocyanine
photosensitiser with many advantages over previously used HpD [Spikes, 1986]. It is
water-soluble and it has good fluorescence properties, which enables study of its
pharmacokinetics. AlS,;Pc is a potent photosensitiser with excellent absorption at 675
nm, and it induces little skin photosensitivity in ambient light [Tralau et al., 1989].
Phthalocyanines were first shown to photosensitise the killing of mammalian cell lines
in culture in 1986. Ben-Hur and Rosenthal have reported studies on Chinese hamster
fibroblasts V-79, using chloroaluminium phthalocyanine, tetrosulphonated
phthalocyanine and its metal chelates [Rosenthal et al., 1986;Ben Hur and Rosenthal,
1986]. Aluminium sulphonated phthalocyanine (AISPc) was used with two murine cell
lines N1H/3T3 (‘normal fibroblast line’) and UV-2237 (a ‘transformed’ fibrosarcoma
line) to study cell killing and uptake of AISPc. Both lines behaved similarly and those
sensitised with AISPc were killed more rapidly than those treated with a similar dose of
HpD [Chan et al., 1986]. AISPc has also shown to be a more effective photosensitiser
than HpD for the treatment of liver and subcutaneously transplanted fibrosarcoma in the

rat [Bown et al., 1986;Tralau et al., 1987].
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Figure 7 Schematic representation of the chemical structure of aluminium
disulphonated phthalocyanine (with adjacent sulphonated groups) and its distribution
within cell membranes.

In the sulphonated aluminium phthalocyanine series, tumour inactivation increases by
order of magnitude in the series AlS4Pc to AlS;Pc to AIS,Pc to AlS,Pc (where the S,
refers to the number of sulphonic acid groups on the peripheral benzenoid positions
[Chan et al., 1990;Boyle et al., 1992]. The AlS4Pc is thought to be too hydrophilic,
where as the AlIS;Pc, with adjacent or ‘cis’ sulphonation, is amphiphilic and its expected

position within cell membranes can be seen in Figure 7.

The distribution of phthalocyanines has been widely investigated, between tumour and
normal tissue [Barr et al., 1990b;Barr et al., 1991;Chatlani et al., 1992;Tralau et al.,
1987]. Between different cell layers within tissue [Barr et al., 1987b;Chatlani et al.,
1991], and the pharmacokinetics of different phthalocyanines [Chan et al., 1990].

Despite great interest in phthalocyanines, only a limited published clinical literature
exists. Photosens, a sulphonated aluminium phthalocyanine has had clinical success in a
number of cutaneous and endobronchial lesions, and excellent clinical results have been
reported [Uspenskii et al., 2000]. Photosens has also been used to treat tumours of the
head and neck, including the lip, pharynx, larynx and tongue [Sokolov et al.,
1995;Stranadko et al., 2001].

Due to the diverse photosensitising nature of AlIS,Pc, and the existing experience of
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using this photosensitiser experimentally at the National Medical Laser Centre [Bedwell
et al., 1990;Chan et al., 1990;Mcllroy et al., 1998;Chang et al., 1997;Chatlani et al.,
1992;Chatlani et al., 1991;Barr et al., 1990a;Bown et al., 1986] it was chosen for use in

the experimental chapters 6, 7 and 9 of this thesis.

Palladium Bacteriopheophorbide (WST09)

A novel lipophilic second generation photosensitiser is  palladium-
bacteriopheophorbide, WSTO09 (Tookad; Negma-Lerads, Toussus-Le-Nobel, France).
WSTO09 is a pure palladium substituted bacteriochlorophyll derivative. It has maximum
absorption in the near-infrared at 763 nm with a high extinction coefficient of
approximately € = 10° mol/ecm in chloroform [Scherz et al., 1999]. WSTO09 has
extremely fast pharmacokinetics, and has shown to clear rapidly, less than 1 hour, from
the circulation [Tremblay et al., 2003]). Previous in vivo PDT studies using WSTO09 as
the photosensitising agent to treat rodent tumours showed successful results [Zilberstein

et al., 2001;Schreiber et al., 2002;Borle et al., 2003].

Recent reports have shown that WST09 PDT can produce necrosis in the normal canine
prostate with the diameter of the lesions up to a maximum of approximately 3 cm [Chen
et al., 2002d]. WST09 PDT has also been shown to produce more extensive necrosis in
chemically-induced cancers in the hamster cheek pouch than in the adjacent normal

tissue [Borle et al., 2003].

WSTO09 has been described as an antivascular photosensitising agent, where the PDT
induced cell necrosis is caused by occlusion of the tumour blood supply [Zilberstein et
al., 2001]. One other photosensitiser has been described in this way, hypericin, where
results strongly suggest that targeting the tumour vasculature by applying short drug
light interval PDT might be a promising way to eradication of solid tumours [Chen et
al., 2002b]. Vascular damage has also been described in PDT treated tumours with other
photosensitisers, such as synthetic porphycene [Abels et al., 1997}, HpD [Chaudhuri et
al., 1987], AlS;Pc [Woodhams et al., 2004], Verteporfin [Chen et al., 2003],
dihaematoporphyrin ether [Reed et al., 1989b] and ALA-PpIX [Svanberg et al., 1996].
However, it is not the primary target of clinically applied PDT protocols in oncology.

Furthermore, there have been indications with the photosensitiser Photofrin (HpD) that
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causing vessel occlusion could actually reduced treatment efficacy because of oxygen

deprivation [van Geel et al., 1994].

However, the strong vascular response of WST09 PDT does not seem to limit its PDT
effect. For example, using WST09 PDT to treat malignant M2R melanotic melanoma
xenografts on nude CD1, produced a success rate of cure of over 80 % where a drug
light interval of only several minutes was used [Zilberstein et al., 2001]. By using a very
short drug light interval it would be possible to administer the photosensitiser and

deliver the light dose in one treatment session, clinically this is very advantageous.

Currently, WST09 PDT is being evaluated in Phase VI clinical trials for the treatment
of patients who have recurred with local disease following radical radiation therapy for

prostate cancer in Toronto, Canada.

There is, as yet, little quantitative or qualitative evidence of the effect of PDT with
WSTO09 on a hollow organ like the colon. In Chapter 8, a study is presented that looks at
the effect of varying the drug dose, drug light interval and light dose on the PDT result
with WSTO09 in the normal rat colon. The manner in which these PDT lesions heal in the

normal colon was also investigated.

2.4 Third Generation Photosensitisers

Third generation photosensitisers comprise a new group of photosensitisers with
specifically tailored properties and several ideas have been put forward as to what
properties would be required and what would be feasible in their design. It is known
that the longer the wavelength of the exciting light, the greater the depth of tissue
penetration, but the energy of the photosensitiser triplet state will become too low to
form singlet oxygen. To get around this problem the third generation photosensitiser
might have efficient two-photon absorption at a new infra-red wavelength e.g. 900 nm.
Such a photosensitiser would be able to generate singlet oxygen from its triplet excited
state even though infrared exciting light was being used [Bhawalkar et al., 1997;Goyan
and Cramb, 2000].
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Another characteristic that third generation photosensitisers could have that would be
highly advantageous is the specificity of the photosensitiser to the tumour cells to help
reduce photo-damage to neighbouring healthy tissue. A way to achieve this might be to
use monoclonal antibodies (MAbs) to carry the photosensitiser to the tumour. Tumour
cells have different surface antigens to normal cells, and it is possible to raise MAbs
that specifically recognise these antigens. This has been named, photoimmunotherapy
(PIT), and aims at the selective delivery of photosensitisers to the tumour [van Dongen
et al., 2004].

Plasma lipoproteins, namely LDLs play a key role in the delivery of photosensitisers to
tumour cells in photodynamic therapy and they have been proposed to enhance the
delivery of hydrophobic photosensitisers to malignant tissue since tumour cells have
been shown to have increased numbers of LDL receptors [Allison et al., 1994]. The idea
of low-density lipoprotein complexed photosensitisers to aid the transport of
photosensitisers into tumour cells has been explored using several LDL complexed
photosensitisers. Examples of these include haematoporphyrin-LDL complex, Zn-
phthalocyanine-LDL complex [Polo et al., 2002] and benzoporphyrin derivative-LDL
complex [Allison et al., 1994]. The properties of these photosensitiser-LDL complexes
are still under investigation but there is evidence to show that the utilisation of this

delivery system may provide improvements in PDT in clinical practice.

2.5 Lasers for photodynamic therapy

Historically, large and complex lasers have been used to deliver light for PDT
treatment. At the present time there is a wide range of coherent and non-coherent light
sources that can be used depending on the chosen photosensitiser and the application of
the PDT. PDT depends on localised light delivery, when the target tissue is illuminated
by light, either directly or via an optical fibre. The efficiency of PDT is limited however
by the penetration of light into the tissue, and depending on the photosensitiser and the
wavelength used, this can limit the treatment to superficial lesions only [Profio and

Doiron, 1987].
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The laser is an acronym for light amplification by stimulated emission of radiation, and
combines several characteristics that are beneficial over non-coherent light sources, in
particular lamps. These being that a laser provides a powerful monochromatic source of
light, meaning that all the light is of one specific wavelength and this in turn can reduce
the time necessary to deliver the total light dose. As the laser light is monochromatic,
the correct laser has to be chosen to match the often narrow absorption band of the
photosensitiser, see Figure 8. Lasers are the only possible light source that can be
coupled to an optical fibre to delivery light at a sufficient power for PDT, so that access
to tissues through endoscopes or needles is possible. However, more recently, ultra
bright light emitting diodes (LEDs) have come onto the market and it would be possible
to couple these to optical fibre. Such light delivery systems are becoming available

commercially.

In the past, argon lasers, metal vapour lasers and pumping dye lasers were the initial
choice for PDT but more recently for clinical PDT, diode lasers are most commonly
used, as they are extremely compact and therefore easily portable. Diode lasers can
either be run in continuous wave mode or to be pulsed (picosecond to millisecond).

They are usually air-cooled, with a bandwidth of 6 nm [Brancaleon and Moseley, 2002].
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Copper vapour laser 511 nm

Laser Photosensitiser Approximated
Penetration Depth (cm)
Diode laser 760 nm Naphthalocyanines 750-780 nm | 1.8-2.0 cm
Alexandrite Lasers 700-860 | Pd Pheophorbide 763 nm
nm mTHBC 740 nm
Ti:Sapphire Lasers 690-1100 | Lu-Texaphyrin 732 nm
nm
Diode Lasers 670 nm Benzoporphyrin derivative 690
SHG Nd:YAG 660 nm nm
Diode Lasers 652 nm (Zn, Al)-Phthalocyanine 674 | 1.6 cm
Krypton Ion 647 nm nm
Diode Lasers 635 nm Photoprotoporphyrin 670 nm
Diode Lasers 630 nm ATXS10 670 nm
Methylene Blue 665 nm
N-aspartyl chlorin €6 664 nm
mTHPC 652 nm 14 cm
ALA (PpIX) 635 nm
HpD 630 nm 1.2cm
Nile Blue 629 nm
Tuneable dye lasers with R6G | Hypericin 590 nm 0.6 cm
maximum 590 nm
Copper vapour laser 578 nm | Rose Bengal 559 nm 0.4-0.6 cm
Krypton Ion laser 568 nm Hypericin 550 nm
Argon Ion Laser 514 nm m-THPC 514 nm 0.4 cm

Figure 8 Examples of photosensitisers and laser light sources available in the visible
and near infrared spectral regions (from MacRobert A.J. and Theodossiou T. personal

communication).

Regardless of the type of laser used, the light produced is usually coupled to an optical
fibre. The core of the fibres is variable but commonly between 200-600 um depending

on the treatment volume or surface area.
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Light distribution can be adapted to the target tissue make-up, for example to allow
uniform illumination of a lumen or tumour by the modification of the optical fibre
[Benson, Jr., 1985;Carruth, 1986], by using multiple fibres [Bolin et al., 1987;Lee et al,,
1999] or with light scattering devices such a microlenses applicators for skin PDT
[Kubler et al., 1999], light diffusers of different shapes [Hirschberg et al., 1999}, and
light scattering media [Van Staveren et al., 1997].
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Chapter 3 Monitoring Photodynamic Therapy
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3.1 PDT Dosimetry

3.1.1 Introduction

Photodynamic therapy dosimetry has been defined primarily by the concentration of
photosensitising agent, the propagation of visible light in tissue and the drug to light
time interval [Potter et al., 1987;Patterson et al., 1987]. Although these three key factors
have been used historically as the main dosimetric parameters of PDT, this is an over-
simplified approach, as there are many additional factors that may influence the actual
effective dose delivered to any particular lesion. PDT dosimetry is becoming
increasingly complicated as more factors are identified which influence the

effectiveness of the treatment.

These additional factors include the subject to subject variation of the uptake of the
photosensitiser [Braichotte et al., 1995b;Braichotte et al., 1996;Braichotte et al., 1995a];
the optical properties of the target tissue, which determine the light penetration and
distribution within the target volume of tissue [Braichotte et al., 1995b]; the variability
in tissue oxygenation which affects the photodynamic reaction [Stone et al., 1993];
changes in light penetration during irradiation due to PDT-induced blood flow changes
[Chen et al., 1997;van Geel et al., 1994]; photosensitisers with large molar extinction
coefficients can cause a ‘self shielding’ effect by absorbing the light and therefore
limiting light penetration into the target tissue; photobleaching, which has been seen
with many photosensitisers during irradiation which in turn reduces the concentration of
the photosensitiser in the tissue [Dougherty et al., 1998]; and the photochemical
depletion of molecular oxygen during light irradiation regimens that use high fluence
levels leading to a reduced photodynamic effect [Foster et al., 1991;Foster and Gao,
1992].

Therefore there is a distinctive gap between current clinical protocols for photodynamic
therapy and a complete description of the biological and photophysical changes that are
occurring throughout the actual PDT treatment. The further development of PDT may
be inhibited by the limited dosimetric tools that are currently used, especially when
optimising and standardising protocols for the many new photosensitisers that are
coming into this field.
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The three fundamental variables in photodynamic therapy are light, the photosensitiser
and oxygen. From Figure 9 it can be seen that for each of these there are various
possible measurements within these groups that could be made and used as dosimetric
tools [Wilson et al., 1997].

Light bl : +-0O.
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Distribution 6 () Self shielding
Administered (mg kg™!)

Fluence rate (mW cm-3?) /——\
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Photosensitiser

dosimetric ======== -» #emm=aaaa [ntrinsic
parameters tissue
sensitivity
Photochemical Photochemical
depletion T depletl on
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Intrinsic

Micro-distnibution (oxic-anoxi c-hypoxic)
Diffusion rate
Vascular status (tissue response)

Figure 9 A diagram illustrating the interdependency of the different dosimetry factors
that are involved in the photodynamic therapy response of the tissue in vivo. From
[Wilson et al., 1997].

When defining clinical protocols for PDT, it is usually considered that the light dose,
the photosensitiser, and oxygen are independent treatment variables. However in Figure
9 it is apparent that these factors are interlinked and therefore are affected by each other.
The possible combinations in which these factors could affect each other include the
effect of light on the photosensitiser, the photosensitiser on light, effect of light and
photosensitiser on tissue oxygenation, and the effect of tissue blood oxygenation and
blood content on light and photosensitiser. It is important to recognise these interactions

for the future development of dosimetric tools for PDT.
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Effect of photosensitiser on light

Second generation photosensitisers have high extinction coefficients at the specific
treatment wavelength, and therefore the absorption due to the photosensitiser itself adds
to the intrinsic tissue absorption and so reduces the penetration of the light into the
target tissue volume. This is known as the shielding effect [Wilson and Patterson,
1986]. The shielding effect may be partially reduced by the photobleaching of the
photosensitiser, so that the light and the photosensitiser have a complex interaction
during light illumination, which is not dependent on the initial values of photosensitiser
and light dose administered. Photobleaching may allow light to penetrate further into
the tissue hence reducing the shielding effect. There is a situation however where by
administering more than the initial dose of photosensitiser and light would not alter the
effectiveness of PDT and this is caused by photochemical depletion of oxygen within

the target tissue volume. In this case the oxygen becomes the limiting factor.

Effect of light and photosensitiser on tissue oxygenation

It has been shown both experimentally and theoretically that if the concentration of the
photosensitiser and light fluence rate are at sufficient levels, photochemical depletion of
tissue oxygen can occur [Foster et al., 1991]. If oxygen is the limiting factor in a
particular PDT system the extent to which it is limiting depends on how well the tissue
is perfused and on the oxygen diffusion rate from the capillaries. The tissue oxygenation
can be dramatically reduced during treatment because of acute vascular shutdown but
the severity of this affect is dependent on the photosensitiser used and the light fluence
employed, and also the drug to light interval [Fingar, 1996]. It is thought to be possible
to influence the effect of tissue oxygenation by allowing the tissue to perfuse and
therefore re-oxygenate the tissue during dark intervals between fractions of light
delivery to the target tissue but still allowing the same total fluence of light to be given

[Curnow et al., 2000;Curnow and Bown, 2002].

Effect of tissue blood oxygenation and blood content on light and photosensitiser

The photobleaching of the photosensitiser may be oxygen dependent; therefore the rate
of photobleaching can change if the tissue oxygenation alters either due to
photochemical consumption or to changes in blood flow. An altered tissue blood

volume can also affect the light penetration, by increasing or decreasing the absorption
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due to haemoglobin and its level of saturation [Wilson et al., 1985;Solonenko et al.,
2002].

There are many ways in which the primary dose parameters affect, and are affected by
each other and by the response of the tissue during the PDT treatment. The ideal method
for PDT dosimetry would be to measure each parameter directly and independently
throughout PDT and to use the information to ascertain a resultant dose level by
combining these using a model of how the photodynamic response depends on these
variables. This approach has been referred to as explicit dosimetry, since each variable
is measured explicitly. The second way in which these variables have been referred to is
implicit dosimetry and this is where a variable implicitly incorporates other dose

parameters, while not necessarily measuring any of them directly, e.g. photobleaching.

The different types of dosimetry, explicit and implicit, are to be discussed further in this
chapter along with two other potential alternative forms of PDT dosimetry: a). direct
measurement dosimetry that incorporates a measurement of the principal cytotoxic
agent, singlet oxygen; b). a technique that considers the anticipated tissue response to
the treatment as the endpoint, by monitoring the physiological tissue response to PDT.
The four types of dosimetry approaches to be considered are explicit, implicit, direct

and response.

3.1.2 Explicit Dosimetry

Explicit dosimetry is the most commonly used approach for PDT to date. The simplest
method of explicit dosimetry involves measuring the average photosensitiser
concentration in or around the target tissue just prior to light delivery and the light
fluence at points within or around the target volume. This method incorporates the
predetermined photosensitiser and delivered light dose, as well as the patient-to-patient
variability in photosensitiser pharmacokinetics and tissue optical properties. Techniques
have been developed to measure these variables both invasively and non-invasively

[Star, 1995].

Explicit dosimetry replies on the assumption that the level of photosensitiser and light
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