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Summary

Oesophageal malignancies are one of the leading causes of death in the Western
World. The incidence of these diseases is currently on the rise alternative but
powerful therapies are being developed against them, an example of these is
photodynamic therapy (PDT) which is an emerging treatment against
oesophageal cancer. However, it is still a long way from being widely used as
an alternative to the more conventional therapies. The most commonly used
photosensitisers are based on porphyrins and their derivatives yet those in
clinical use still show many side effects and issues such as prolonged patient

phototoxicity.

In order to test a broad range of potential new photosensitisers a novel single
step assay approach to screen a library of PDT compounds was developed in two
relevant oesophageal cancer cell lines (OE21 and SKGT-4); the HCS data was
evaluated and validated by performing comparative studies using a conventional
colorimetric assay (MTT). Utilizing high content screening and analysis (HCS)
technologies several robust cellular parameters were identified, which were used
to determine the phototoxic effects of porphyrin compounds that have been
developed as potential anticancer agents directed against oesophageal
carcinoma. To demonstrate the proof-of-principle of this approach a study using
five porphyrin based compounds was performed utilizing OE21 cells. The
measurable outputs from these early studies were then evaluated by performing
a pilot screen using a set of 22 compounds. The results were evaluated and
validated by performing comparative studies using a colorimetric assay (MTS)
in three oesophageal cell lines (OE21, SKGT-4 and OE33). The studies

demonstrated that the HCS assay offers significant advantages over and above



the currently used methods (directly related to the intracellular presence of the
compounds by analysis of their integrated intensity and area within the cells). A
high correlation was found between the HCS and MTT data. However, the HCS
approach provides additional information that allows a better understanding of
the behaviour of these compounds when interacting at the cellular level. This is
the first step towards an automated high-throughput screening of photosensitiser
drug candidates and the beginnings of an integrated and comprehensive
quantitative structure action relationship (QSAR) study for photosensitiser

libraries.

Using HCS technologies and MTT a library of glycosylated porphyrins
(glycoporphyrins) was evaluated for their photodynamic therapy activity against
the oesophageal squamous-cell carcinoma cell line OE21 in vitro. It was found
that all compounds tested were taken up by the cells but showed no phototoxicity
under the conditions tested; this was most likely due to the fact that these
molecules did not generate sufficient amounts of singlet oxygen to damage the

cells at a significant extent.

A third library of porphryins linked to the anti-inflammatory ibuprofen was also
tested, these compounds showed no phototoxicity or accumulation in the cells.
Yet, these molecules highlighted one of the major limitations of the HCA assay
where the fluorescent compounds were measured by the automated imaging
system as being inside by the cells, however, they were simply precipitated onto

the outside of the cells tested.

A fourth library of phosphoporphyrins was tested using the newly developed

HCA method; this showed that only two of the five compounds showed any




cytotoxicity yet offered no extra therapeutic effect when compared to the

clinically approved Temoporfin.

In connection with our interest in PDT of oesophageal malignancies and with
recent advance on the generation of three dimensional structures in a laboratory
setting, a new spheroid generating medium Happy Cell® was used to cultivate
oesophageal 3D spheroids in vitro and these were used to screen porphyrins as

PDT agents.

We were able to consistently generate spheroids using OE21 and OE33 cells. In
addition an inactivation protocol, using the provided inactivation solution, was
optimized while sustaining optimal cell viability. Four different photosensitisers
were also tested revealing that the spheroids, were more resistant to the action of
PDT. We were also able to establish a protocol to fix these spheroids for long
term preservation and further staining for imaging using high content and/or

confocal systems.

Leading from our established HCS assay, two small libraries of small molecules
were assessed as potential fluorophores for use in HCS analysis, phenanthroline
derivatives and their europium" and zinc! complexes. Phenanthroline-based
small molecules appear to localize in the endoplasmic reticulum and their
potential as fluorescent probes was evaluated. The materials were quickly taken
up by living cells and showed remarkable cytotoxicity towards cancer cells.
Novel europium' and zinc" complexes were shown to be stable in cell culture
media and first images were taken after a 20 min incubation time at a very low

concentration range (0.7-1.6 uM).
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CHAPTER ONE:
Introduction

1.1 Photodynamic therapy

Photodynamic therapy (PDT) is a form of treatment against cancer and other
non-malignant diseases [1, 2]. It involves the administration of a photoactivable
compound that, when excited by light at a specific wavelength and in the
presence of oxygen, results in the production of highly reactive oxygen species,
such as, singlet oxygen ('02) [1]. This 'O oxidizes several biomolecules and is
therefore responsible for the cell death that ensues from these types of
treatments. The compounds most commonly used as potosensitisers (PS) are
those based on porphyrins (and their derivatives) [1]. PDT is a perfect example
of the successes of basic research translated into clinical practise [1].

Light has been used for thousands of years to treat disease, the ancient Egyptians,
Chinese and Indians used psolarens and light to treat illnesses like leucoderma
(vitiligo) and psoriasis [1, 3, 4]. But it was not until the beginning of the 20"
century that the Western scientific community learned about the connection
between light, photoactivable compounds and the treatment of disease [4]. Oscar
Raab, a medical student working under Hermann von Tappeiner [4-6], reported
the lethal effect of acridine red and light in the paramecium Infusoria [3]. In this
accidental discovery Raab was able to prove that the lethal effect of acridine red
plus light was greater than when acridine red or light were applied separately to
the paramecia [4].

In 1903, von Tappeiner and Jesioneck reported the first results of PDT for the
treatment of skin cancer, using eosin as a PS [1, 6]. Other important landmarks

in the story of PDT in western medicine include:
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— Hausman reported the photobiological effects of porphyrins in 1908 [1]

— Dr. Meyer-Betz reported the first injection a porphyrins into humans

(himself) [1] with extraordinary consequences in 1912 [1].
In the mid 1970’s Dr. Tom Dobherty initiated what would be the “rebirth” of the
scientific interest in PDT [1]. In the same year Kelly ef al. reported the cure of
bladder cancer in mice by PDT [7]. Today, PDT is a well-established, simple,
cost effective and efficient therapy used in the clinic for the treatment of some
cancers (solid tumours), pre-cancerous lesions, and other non-malignant
afflictions such as age related macular degeneration [1] and acne [8].
PDT, in the context of cancer treatment, is based on the application (injection in
the case of solid internal tumours, topical application in the case of skin
malignancies or external tumours) of a PS; time is then allowed to pass in order
for the PS to accumulate in the neoplastic tissue and the site is then irradiated
with light (preferably in the red region, due to its deeper penetration into
tissues[9] ) and cell death ensues (Fig. 1.1.1 and 1.1.2), sparing adjacent healthy

tissues [10].

Injection of Photosensitiser Activation of Selective destruction
photosensitiser accumulates in photosensitiser of tumor
tumor site with light

Figure 1.1.1 Basic principles of photodynamic therapy in patients bearing solid
oesophageal tumours.
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Fig. 1.1.2 Major intracellular cellular events that occur during and after PDT.

At amolecular level, there are two mechanisms responsible for cell death during
PRI

- Type Ireactions (Fig. 1.1.3 and 1.1.4) “are characterized by a dependence
on the target — substrate concentration” [12]. These occur when the
excited PS transfers an electron directly to an organic substrate resulting
in an oxidised substrate and reduced PS, it can then react with superoxide
radicals to produce superoxide anions which can then create the highly
reactive hydroxyl radical (Fig. 1.1.4) [11, 13]. These reactions are most
common if the photoreaction is occurring in a hypoxic environment [12,
13] and all lead to the destruction of cells.

- Type II reactions (Fig. 1.1.3 and 1.1.4) “are characterized by a
dependence on oxygen concentration” [12]. Even though these types of
reactions are most commonly associated with the production of 'O, other
compounds in the triplet state may be involved in the photoreaction (Fig.

1.1.2 and 1.3.4) [11, 13]. Nitric oxide and vitamin A are just two
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examples [12]. Both these mechanisms cause oxidative damage to key
molecules within the cell leading to irreversible cellular damage

ultimately resulting in cell death by necrosis and/or apoptosis (Fig. 1.1.2).

Oxygen
Reactive
Activated Oxygen Oxidative Injury
drug species to Cells
CELL
DEATH
Photosensitiser Oxygen
Type |
Photoreactions
5 Intersystems
rossing Type Il
gl 3p Photoreactions
@l &
2 i 7 Q?
=] 7z
21 Y
s . /‘\O"Q
photons === 1p, 1 V£ * 1p, ‘0,

Figure 1.1.3 Graphic representation of the macromolecular and molecular
mode of action of PDT.
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Type | reactions
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Type |l reactions
3p* +30,— 1P + 10,
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Figure 1.1.4 Different types of reactions that may occur during treatment
with PDT [12]. 1P" — photosensitiser in singlet groun state; S — substrate;
’P* — photosensitiser in triplet excited state; P~ — reduced photosensitiser;
S" — oxidized substrate; O, — molecular oxygen; O — superoxide anion;
02" — superoxide radicals; P* — oxidized photosensitiser; 02 — triplet
ground state oxygen; 'O> — singlet excited state oxygen; S(O) — oxygen
adduct of a substrate.

Singlet oxygen (highly reactive species) is the main cytotoxic agent produced
during PDT [12]. When the oxygen concentration is reduced from 5% (the
concentration in normal tissue) to 1%, the PDT effect is halved [11]. This
suggests that type Il reactions must be predominant [12] during PDT treatments;
however, type I photoreactions still occur [1]. The relative contributions of these
in real biological systems strongly depend on the concentration of molecular
oxygen and the concentration and reactivity of other oxidizing compounds,
among many other factors; in fact, it is very likely that the contributions of type
I and II photoreactions can change during the time of the photochemical process
[1].

The short lifetime of singlet oxygen (reduced from 3 ps in water to
approximately 100 ns in biological environments [14, 15]) explains why PDT
damage occurs close to cell and tissue regions of high photosensitiser
concentrations and why PDT has a low genotoxic potential [11].

The success of PDT in cancer treatment relies on the selective uptake of the PS

by tumour tissue [16] due, primarily, to the increased permeability of the tumour
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vasculature [16] and a higher retention of the drug by the tumour tissue due to
its increased proliferative capacities and altered cellular metabolism [16].

PDT is a local rather than systemic treatment [17] so it is suitable only for
localized solid tumours, following the application of the photosensitiser (Fig.
1.1.1), it is necessary to wait for the PS to localize in the tumour tissue and this
area is subsequently irradiated (Fig. 1.1.1), leading to a localized photoreaction
that results in the destruction of tumours [17]. There are many other manners of
delivering PS agents to sites of tumour growth, including, inserting PS drugs in
specific nano-carriers such as targeted liposomal structures [18, 19] and
polymeric pro-drug delivery platforms that can be designed to activate only
when having reached the tumour itself [20].

Even though singlet oxygen is highly reactive has a rather low diffusion (0.2
um) [17] hence tissue damage is severely limited by the depth of penetration of
the light used during treatment. However, PDT also severely damages tumours
vasculature leading to further destruction of the tumour by depriving the tumoral
tissue of oxygen and nutrients as well as eliciting a crucial immune response
(Fig. 1.1.5) [17, 21]. This anti-angiogenic facet of PDT translates into a higher
efficacy of treatment of solid tumours as it provides a parallel way of inducing

tumour destruction (Fig. 1.1.5).
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Figure 1.1.5 Schematic representation of the main mechanisms of cell death and
inflamatory effects following PDT.

Cell death associated molecules
Damage associated molecular pattern molecules
Tumor associated antigens

Induction of systemic ||

Unlike most of the anti-cancer treatments PDT treatment it is known to result in
a mixture of apoptotic and necrotic cells [22] (Table 1.1.1). In fact is it thought
that the resulting necrotic cells leaking their highly antigenic contents (for
example heat shock proteins) onto adjacent intracellular spaces elicit an immune

response critical for the successful treatment of tumours using this therapy [22].
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Table 1.1.1 Major cell death mechanism activated by PDT, affected organelles
and major biochemical events.

Antitumor PDT Organelles Processes

mechanisms

Mitochondria
Apoptosis
* Release of Cytochrome C
* Bcl-2 damage

Direct Cell Damage
Cytoplasm

* NFkB damage

Endoplasmatic reticulum
Autophagy

* Beclin 1
* mTOR activation

Cell membrane Necrosis
disintegration

Local depletion of oxygen Apoptosis

Vascular damage

and nutrients Necrosis

Autophagy

Activation of immune &%) (M WYIN Granzyme
response mediated
apoptosis

The most common immune response to PDT is thought to be mediated by an
acute inflammatory response responsible for the complete destruction of the
tumour (Fig. 1.1.5) [23].

A large infiltration of leukocytes to the PDT treated site caused by the release of
immune stimuli is followed by an organised response by the immune system

causing further tumour destruction [24]. In fact, it is the later that actively
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identifies and eliminates tumour cells even in remote locations. This immune
action is thought to be responsible for long term tumour control [24, 25]; here it
is known that hours after the PDT treatment an acute immune response is
responsible for further tumour destruction, however, a subsequent adaptive
immunity provides a long term, sustainable immune commitment against tumour
regrowth [24, 25]. Animal experiments suggest that mice with compromised
immune systems tend to have a reoccurrence of the tumours while mice with
healthy immune systems remains tumour free following PDT treatment [22].
Unlike traditional therapies (surgery and chemotherapy), also spares adjacent
healthy tissues; it can also be administered in an outpatient setting (as it is
minimally invasive [26]), allowing the patient to undergo re-treatment with no
cumulative toxicity. There is also no evidence that tumours become resistant to
this course of treatment meaning that multiple interventions with PDT would
lead to similar results to those obtained in previous treatments [17].

PDT offers many advantages over traditional cancer treatments; however, the
most significant are: low mutagenic potential, low system toxicity and tumour
destruction is more selective 1, 9].

PDT today remains a novel form of treatment with many side effects. The
currently used photosensitisers still have prolonged leaving the patient light

sensitive for many weeks following injection and even illumination.

1.2 PDT and oesophageal cancer

Oesophageal cancer is the second leading cause of death by cancer in Ireland
[27, 28] with an incidence of 8.7% in 2012 [29]. A special point of interest is
Barrett’s oesophagus, the precursor lesion to oesophageal adenocarcinoma [30].

Barrett’s oesophagus is a complication of gastroesophageal reflux disease
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(GERD) [31] where the continuous and prolonged action of refluxed stomach
acid and chronic inflammation [32] turn the normal squamous epithelium into a
pre-malignant metaplastic columnar epithelium [33]. It is characterised by
widespread and continuous epigenetic methylation especially in tumour
suppressor genes [34]. However, only 5-10% of patients with GERD go on to
develop full adenocarcinoma meaning that genetic makeup plays a central role
in the development of oesophageal adenocarcinoma [34].

Nonetheless, it is a well-known fact that pre-existent conditions such as Barrett’s
oesophagus severely increases the risk of development of oesophageal
adenocarcinoma [35]; has been estimated that Barrett’s sufferers have a 30 to
125 fold increased chance of developing oesophageal malignancies [34].
Oesophageal cancer is a malignancy of the oesophagus that is clinically
characterised by dysphagia and weight loss [36] it is also considered a highly
deadly illness mainly due to the fact that diagnosis usually occurs late into the
progress of the disease [36, 37] with a mortality of 7.2% of patients in Ireland
[29]; 5 year survival rate remains between 15% to 25% [36, 38]. It is also thought
to have one of the highest malignancy potential of all tumours [39]. The
mortality is so high that oesophageal cancer is the 7" source of cancer related
deaths worldwide [37, 40].

Before the 1970’s this malignancy was considered rare, however, an exponential
increase in its incidence coincided with changes in lifestyle and diet of
westernised populations with high intake of dietary fats, smoking, drinking and
a low exercise regime [41, 42]. Overweight middle age white males with high
dietary fat and alcohol intake allied to a low exercise regime are at the top of the

risk factors for this disease [41].
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There are two main types of oesophageal cancer:
Oesophageal squamous cell carcinoma:
- the most common of the two types of cancer [36]
- characterised by a rapid proliferation of squamous cells in the upper
oesophagus [36]
Oesophageal adenocarcinoma (Barrett's metaplasia):
- incidence on the rise in the UK, Australia, USA and Ireland [28, 36];
the incidence of adenocarcinoma has surpassed that of squamous cell
carcinoma in the USA [36] and in Ireland [28§]
- characterised by a rapid proliferation of highly secretory gland cells
in the lower oesophagus [43].
Although surgery (oesophagectomy) is currently considered to be the “gold
standard” [38] such interventions are invasive, expensive; they involve a hard
and long recovery period; also many advanced cases of oesophageal cancer are

not always eligible to undergo such therapies [44].

PDT represents a potential step in the treatment of these and related cancers and
is currently only used as palliative treatment to reduce dysphagia [37]. A recent
study in a cohort of United Kingdom patients suggests that patients that had
undergone palliative treatment with Temoporfin-PDT for head and neck
carcinomas showed an excellent response when compared to equivalent
palliative chemotherapy or surgery; but also, surprisingly, 16% showed
remission of the cancer in sifu unlike traditional palliative treatments [10]. In
addition, Temoporfin-PDT was found to be more cost-effective than surgery and
chemotherapy [10]. It is known that patients with head and neck malignancies

often develop tumours lower in the gastro intestinal track [45, 46], hence this
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study could have a direct correlation on the treatment of primary oesophageal

malignancies.

1.3 Photosensitisers

In PDT the irradiation of a photosensitizer sets off chemical reactions that
produce transient cytotoxic compounds [47]. In theory, any molecule that goes
into a triplet state, when absorbing light at a specific wavelength and able to
transfer its energy to ground state Oz, could be used in PDT. However, several
factors limit the number and types of molecules that can be used as PS. Namely,
toxicity of compounds, specificity for unhealthy tissues, retention of the drug in
the desired tissues, rate of photobleaching [47], just to name a few.

Ideally, a PS should be non-toxic, water soluble, with a high quantum yield of
singlet oxygen, selectively retained, in high concentrations, in the target tissue
and readily cleared from the body (mainly the skin) in order to avoid continued
photosensitivity [12].

Light penetration is weak in living tissue and tends be dispersed by endogenous
chemical species like melanin, haemoglobin and water [11], so the therapeutic
window of light in living tissue lies between 600 nm and 1300 nm. This means
that any PS should absorb at the highest possible wavelength in the light
spectrum (i.e. red/infrared) [11]. On the other hand, PS have to have the ability
to undergo an intersystem crossing to a triplet state [48] and photons above the
830 nm barrier do not carry enough energy for this conversion to occur [11]. An
ideal PS should have a high extinction coefficient in the 600-800 nm range,
where light penetration into tissue is maximal, and where the photons still have

enough energy to lead to the formation of 'O, [49].
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Figure 1.3.1 Graphic representation of the absorption profile of Temoporfin (red)
in methanol [50]. Temoporfin is a clinically approved second generation
porphyrin photosensitizer.

Most commonly, photosensitizers are porphyrin derivatives due to, not only,
their high absorption in the red - near infrared region of the light spectrum (Fig.
1.3.1) but also they are naturally occurring compounds that can be chemically
synthesised and modified using “simple” chemical synthetic approaches.

In the 1970’s when hematoporphyrin (Hp) was used as a photosensitiser drug,
the need to purify Hp led to the addition of sulphuric and acetic acid during a
purification step [11]. This led to the formation of hematoporphyrin derivative
(HpD) [11] which is still used today as a PS (Table 1.3.1). These first generation
photosensitisers were crude mixtures of compounds that exhibited several
drawbacks such as a low absorbance at the near infrared region, prolongued

photosensitivity, low purity and prolonged photosensitivity to patients [11, 49].
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This led to the development of second and third generation photosensitisers [11,
49].

Second generation PS include porphyrins, phthalocyanines, naphthalocyanines,
benzoporphyrins, bacteriochlorins, chlorins, just to mention a few [11, 49].
These compounds can be obtained through chemical synthetic methods yielding
chemically pure drugs that absorb between 650 to 800 nm in the light spectrum
(these are ideal wavelengths in terms of tissue penetration) [49]. They are very
effective generators of singlet oxygen and reduce time of patient photosensitivity
[49], Both 5,10,15,20-tetra(m-hydroxyphenyl)chlorin (mTHPC — Temoporfin)
and benzoporphyrin derivative monoacid (BPD-MA) Visudyne are second
generation photosensitisers and have been given regulatory approval for clinical
use (Table 1.2) [11].

Second generation photosensitisers coupled to carrier systems are now being
evaluated as potential “third generation” photosensitisers, these are thought to
accumulate more selectively in tumours [49], reducing even more the time for
which the patient presents photosensitivity and could potentially reduce the
amount of drug given to the patient. Novel carrier systems such as monoclonal
antibodies, liposomes, antibody fragments and nanoparticles are now under

study [11].
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Table 1.2 Photosensitisers for photodynamic therapy, diseases treated and their
status of approval [1, 17, 51-65]

Activation
PS Commercial Indication wavelength
name (nm)

mTHPC Temoporfin

Verteporfin
Ameluz
5-ALA- Metvix
methyl
Photofrin

BPD-MA Verteporphin

mTHPC Temoporfin

HpD Photofrin

Purlytin

texaphyrin
Phthalocy Pc4
anide-4

AlPcS Photosan
Taporphin Talaporfin
sodl um

TOOKAD
Bactu 10-
pheophorb
ide
5-ALA- Hervix

methyl
ester

Head and neck
cancers
Age-related
macular
degeneration
Actinic keratosis
Actinic keratosis;
basal cell
carcinoma
Oesophageal
dysplasia and
early cancers

Basal cell
carcinoma (BCC)
BCC; prostate
and pancreatic
cancer

Brain tumours
Cutaneous
metastatic breast
cancer; BCC;
Kaposi’s
sarcoma; prostate
cancer

Cervical, prostate
and brain cancers
Various cancers

Head and neck
cancers
Various solid
tumours
Prostate cancer

Diagnosis of
bladder cancer

689

635
635

630

652

630
664

132

670

670

664

763

~ 400
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1.4 Light sources

The first light sources used for PDT were conventional lamps that produced a
high amount of heat and did not generate coherent light; coloured filters were
used to select narrower wavelengths [6].

In December 1995, the Food and Drug Administration (FDA) approved
Photofrin (porfimer sodium) [66] for treatment of oesophageal cancer in the
United States. The 630 nm light used to activate the PS was to be delivered by
fibre optics coupled to a 630 nm emitting laser [26]. In Europe the European
Medicines Agency (EMEA) approved the use of Temoporfin (mTHPC) in
October 2001 for the treatment of advanced head and neck carcinomas [67]. This
PS is activated using fibre optics coupled to a 652 nm emitting laser [26]. One
of the facts that prevent the widespread use of PDT is the historical lack of
advances in visible light delivery technology and respective emitting devices
[26]. Today technology has advanced to a point where light delivery devices are
small and have been simplified [26]. However, the fact that most light sources
for PDT are laser-based means that health professionals involved in these types
of therapy must be formally trained not only in the safe use of laser light but it
also involves training in proper dosimetric delivery of light [26]. It also means
that the light sources remain expensive and impractical [26].

The choice of light source depends on the desired depth of tissue penetration [6,
68], the location of the tumour, the light dose to be delivered and the type of
photosensitiser to be activated [47]. An important factor to take into account
when choosing an appropriate light delivery system is the optical penetration
depth (OPD), this is defined as the depth at which light attenuate 37% of its
initial value [47]. For example, at 630 nm, brain tissue has an OPD 0.8 mm while

bladder tissue has an OPD of 4mm at the same wavelength [47].
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The depth of penetration of light increases near the red and infrared region of the
light spectrum [6], however, the specific wavelength used when treating a patient
has to be chosen according to the maximum absorbance of the administered PS
in order for production of a maximal yield of singlet oxygen [6]. There are only
a handful of approved light delivery systems for PDT and these are summarized
in Table 1.4.1.

The most common used light sources in clinical PDT are lasers not only because
these can be used to deliver monochromatic light but also because this type of
light can be easily channelled through specialized delivery systems such as
optical fibre cables and other adapted delivery devices depending on the site to
be illuminated [69, 70].

Laser systems are large and expensive but they are increasingly being replaced
by new generation laser systems (for example diode lasers) and even non-laser
systems which are much smaller, cheaper and safer [26, 47].

Non-laser light sources (such as LED systems) counteract the need to use
expensive equipment, few security features are necessary, there is no need to
couple to a fiberoptics system allowing a larger area to be illuminated in a single
application and no specific training has to be provided to health professionals
[47]. These novel systems not only result in an equivalent effect to that of a laser
system but can also be used with a wider spectrum of PS [5].

In photodynamic therapy, the light delivered to the lesion site is characterised by
both dose (the energy of the light applied to a certain area) and fluence rate (the
power of the light applied to a certain area) [ 71]; these have a profound influence
on the effectiveness of PDT [72]. This influence is such that the concept of PDT

dose had to be introduced; this is defined as the number of photons, per gram of
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tissue, absorbed by the photosensitiser taking into account the photobleaching of
the drug during treatment [70].

In clinical practise it is widely accepted that for an optimum PDT effect light
delivery must be of low fluence and high dose as this allows for oxygen levels
in the target tissue to readily recover [21, 73].

Clinical protocols of illumination vary according to the type of condition to be
treated, the photosensitiser used and the target area (size of lesion, cancer, etc
and location in the body). For example, mTHPC can be administered to patients
bearing superficial oesophageal tumours and tumour site in then illuminated with
green light (dose 100 J/cm?) with little to no side effects (such as fistulas or
stenosis), the use of windowed balloons may also reduce oesophageal stricture
[37, 74, 75]. Some recent studies also suggest that a pulsed/fractioned light

delivery would increase the effectiveness of PDT [68, 76-78].
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Table 1.4.1 Commercially available laser systems available for PDT, their
spectral characteristics and associated delivery methods.

Wavelength Bandw Fluence Pulse Light
(s) nm idth rate duration delivery
Argon 488 and Monoc 0.5-1 Continuo Direct
laser 514.5 hromati W/em? us wave /optical
e (CW) fibre

Dye laser 500-700 5-10 10-200 Ccw Direct
pumped (dye nm mW/cm? /optical
by argon dependent) fibre
laser
Metal UV or Monoc Upto 10 10ps- Direct
vapour visible hromati W/em? 50ns /optical
«Jaser (metal c quasi-cw fibre
dependent)
Dye laser 500-750 5-10 10-500 10ps- Direct
pumped (dye nm mW/cm? 50ns /optical
by metal dependant) quasi-cw fibre
vapour
laser
Solid 1064, 532, Monoc Upto 10 10ps- Direct
state 355, 266 (for hromati W/cm? 30ns /optical
laser Nd:Yag) ¢ quasi-cw fibre
Dye laser 400-750 5-10 10-500 10ps- Direct
pumped (dye nm mW/cm? 30ns /optical
by solid dependent) quasi-cw fibre
state
laser
Solid 250-2000 Monoc Uptol 10ps- Direct
state hromati W/em? 30ns /optical
optical c fibre
paramet
ric
oscillator
Semicon 600-950 Monoc Up to CwW Optical
ductor hromati 700 fibre
diode G mW/cm?

lasers

1.5 High content technology

High Content Analysis (HCA) is a convergence between cell based assays, high
resolution fluorescent imaging, automation and advanced image analysis by
analysis software [79]. It has been widely adopted by pharmaceutical industry
and some academic centres for the validation of potential drugs [80] and to

elucidate the mechanisms of drug action at a cellular and subcellular level.
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It is a powerful method that allows the simultaneous detection of multiple
biological pathways, the pre-clinical toxicological evaluation of drugs and can
even be used (when coupled to an automated system) to screen for the effects of
thousands of potential drugs within a relatively short amount of time. This
experimental methodology is denominated high content screening (HCS) [80].
It is particularly valuable during early drug development, and provides a large-
scale biological platform with significant potential for automation and
miniaturization [81]. HCS links various independent fields from synthetic
chemistry to biology through toxicology (Fig. 1.5.1) and from computational
sciences to advance microscopy [82]. HCS has received much interest in the last
decade hence new “rules” for the use and development of relevant assays have

been established (Fig. 1.5.1).
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Assay Development

A)
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HCS ) Follow up _Validation
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Cell —— > Response
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Platting treatment capture/storage
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Requirements for HCS:
- robust signal
- reproducible response
- high throughput
- easy troubleshooting

Figure 1.5.1 Summary of the two main strategies in the development of a HCS
assay using potential toxic compounds. (a) “Lead generation. A lead generation
strategy must be developed for primary and secondary assays for the
confirmation of HCS actives, hit assessment, lead validation and lead
optimization. (b) Cell-based assay development. Additional challenges to the
development and implementation of cell-based screens beyond those associated
with biochemical HCS formats™ [82].

HCS is based on the use of fluorescent labelled cells that are photographed using
automated microscopes [83]. These images are then analysed using automated

image analysis software allowing the quantification of several phenotypic

characteristics of the assay cells [83]; this technique generates an enormous
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amount of data that needs to be filtered through in order to obtain biologically
relevant information [83]. In order to overcome this obstacle, data mining
techniques have been developed linking biology to computer technologies.
HCS is not only a robust technique but also very versatile as many types of
assays can be performed using the same platform, from toxicology to validation
of targets, to RNAI1 experiments. The assay scientists also have available a broad
range of cellular platforms (Table 1.5.1) from microscopy slides to 394 well
plates.

HCS owes its generalised acceptance and progress not only to its versatility but
also to the fact phenotypic screens have yielded many commercially successful
drugs in the past decade [84, 85]. More powerful tools in the field of automated
fluorescent imaging and a strong commercial interested from leading
pharmaceutical companies also allowed for the rapid dissemination of HCS
worldwide. Theyalso sparked major advances on the technological side with
ever more powerful hardware (Table 1.5.1) as well as an ever increasing array
of commercially available fluorophores [86] such as Hoechst (a bis-bezydine

blue fluorescent dye used to stain DNA) [87].
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Table 1.5.1 List of commercially available HCS platforms, associated optics and

Company

BD Biosciences

GE Healthcare

Intelligent
Imaging
Innovations

Leica
Microsystems

Molecular
Devices

Perkin Elmer

Thermo
Scientific

TTP LabTech

image analysis software offered.

Brand name

ImageStream
Markll
BD Pathway 855

BD Pathway 435

IN Cell Analyzer
2200
IN Cell Analyzer
6000
3i VIVO

3i VIVO 2 Photon
3i EVEREST
31 Marianas
TES'SPS

ImageXpressULTR
A

ImageXpress®
Velos
ImageXpressMICR
(0]

Scan”R

Opera
Operetta

Cellomics
ArrayScan XTI
ArrayScan™
Infinity High
Content Reader
Celllnsight™ NXT

Acumen eX3

Cellavista

Light
source

Laser/Lamp

Lamp

Lamp

Lamp
Laser

Lamp
Lamp
Lamp
Lamp
Laser

Laser
Laser
Lamp
Lamp

Laser
Lamp
Lamp

Lamp

Lamp
Laser

Lamp

Wide field

Wide field/Confocal

Wide field/Confocal

Wide field

Wide field/Confocal

Wide field/Confocal
Wide field/Confocal
Widefield
Wide field
Confocal

Confocal

Wide field

Wide field

Wide field

Confocal
Wide field/Confocal
Wide field/Confocal

Wide field/Confocal

Wide field/Confocal
Wide field

Wide field

Image
analysis
software

INSPIRE

BD Pathway
software
suite

BD Pathway
software
suite
In Cell
Investigator

SlideBook™
software.

Leica HCS A
software

MetaXpress

Scan”R scan
analyser
Acapella

BioApplicati
ons

Cellavista
Software
Workstation

41



HCS in the field of toxicology has mainly been applied in the prediction of
hepatic toxicity of large libraries of compounds [88, 89]; however, novel
phenotypic based toxicity screens have been increasingly used by pharma and
academia alike [85, 90, 91].

The study of the in vitro interactions of any naturally fluorescent molecule with
cells, such as porphyrins and their derivatives, poses many difficulties. In the

field of PDT assessment and development the most prominent are:

- when working with photoactive compounds, most experimental
manipulations of living cellular material need to be carried out under
special illumination conditions (natural light activates these

compounds and prematurely produce cellular damage)

- the fact that these compounds have been designed to convert light
energy into cytotoxic free radicals translates into easy

photodegradation in the presence of any light [92, 93]

- by their very nature these compounds have an intrinsic fluorescence
over a broad range of excitation and emission wavelengths [94]. This
turns analysis of these chemicals with techniques based on

fluorescence analysis with various chromophores challenging.

Traditionally a large number of methodologies are used for the drug evaluation,
among these are:

MTT assay - This is an indirect method widely used to measure cell health,
viability and growth. It is based on the principle that viable cells are able to
metabolically reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide into its insoluble form formazan inducing a colour change (from yellow
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to purple); results are read as a measurement of absorbance [95-99]. Though a
much used technique in the evaluation of the effect of various toxicants in cells,
indirectly measuring toxicant efficacy, it does have some shortcomings. For
example, it needs an incubation period prior to a stop and solubilisation step
before reading which not only destroys the cells, adding unnecessary time which
1s detrimental to high throughput screens, but also makes it impossible to further
analyse the cells. It also offers a single readout and for other parameters such as
drug uptake further experiments are needed. MTS is equivalent to MTT but it

does not require the solubilisation step [100].

BrdU - Indirectly measures drug efficacy; it is based on the principle that 5-
bromo-2’-deoxyuridine will be incorporated into genomic DNA during synthesis
in dividing cells. An anti-BrdU antibody is then added and absorbance is
detected [98, 101]. This technique, though effective, has its drawbacks, it uses
an antibody which often needs optimization; it is expensive and adds several
steps to the process. It also involves a denaturing step which could negatively

affect the cells in study. Again, this is a single output assay.

Flow cytometry - This widely used technique is based on the evaluation of
fluorescent labelled cells, previously stained with dyes that elucidate
biologically relevant events. It can be used to determine events such as toxicity
[102], apoptotic events [103] and DNA content among many other parameters.
There are, however, downsides to this technique, in adherent cell lines
trypsinization needs to be performed before use, this can cause cell damage
and/or inadvertent uptake of the compounds. It also adds an extra step; cellular
response and uptake in the same cells cannot be compared nor related. In

addition retrieval of cells post analysis is improbable.
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Trypan blue exclusion - This method is based on the premise that living cells are
able to actively exclude trypan blue from the cytoplasm, while dead or dying
cells are permeable to the dye. Results are read in a microscope by a technician
or an automated cell counter. Though very effective, the human element may
induce error. It is difficult to quantify and must be performed in live cells [104,
105]. The time needed to count the cells may lead to cell death not related to the
action of the tested drugs. Automation of this technique is difficult and, in the
case of adherent cells, involves a trypsinization step that involves more manual
handling of the cells and may induce further error in the results and loss of cells

due to processing rather than drug action.

Neutral comet assay - This electrophoresis assay detects the fragmentation of
DNA resulting from drug action [106]. It involves the lysis of whole cells which
is time consuming and although informative of apoptosis in a population of cells
would be hard to automate and unsuitable for a high throughput primary screen.
Neutral red assay — assessing cell proliferation through the incorporation of
neutral red by viable cells, the dye is then extracted and absorbance read at 540
nm [99]. Though simple in nature this assay still has many limitations such as
the limited potential for automation, errors related to drugs that affect lysosomal
function (may render false positives), and the fact that the dye must be extracted
from the lysosomes would add an unnecessary work load. With these issues and
its single output result, this technique would not be suitable for a large high
throughput primary screen. [107, 108]

Raman — This vibrational spectroscopy can be used to detect toxicity by
evaluating known molecules involved in toxicological reactions in cells, such as

cytochrome c that is released from mitochondria during cellular photodamage
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[99]. This method is manual and lengthy with need for a highly skilled and
trained operator; it does not give any information on the drug itself, hence
changes detected may not be the result of drug action. It is not automatable hence
it would be unsuitable for a large primary screen.

Confocal imaging — Based on the optical evaluation of cells, this is a technique
can be used to determine the localization of fluorescent compounds and dyes in
the cell and even specific subcellular compartments in conjunction with known,
commercial dyes, to show localization [109] and uptake [110]. It is mostly
manual, with little possibility of automation and only evaluates, at most, a few
cells at a time. Though useful this technique is difficult to integrate a high
throughput primary screen not only due to the manual nature of the assay but
also the limited image analysis potential [109-111].

HCA has many advantages over the more traditional approaches. For example,
it can be used as a one-step assay to screen a library of PDT compounds as its
output may include parameters related to the effect of the PS on cells but also
offers parameters related to the intracellular presence of the drug itself. However,
all of the above mentioned techniques pose issues when it comes to screening

large libraries of compounds (Table 1.5.2).
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Table 1.5.2 Summary of various methods traditionally used for determining
efficacy of compounds in in vitro tests
Method Suitable for a
large primary
screen

HCA

MTT

BrdU

Flow cytometry

Trypan blue

exclusion

Neutral comet

high throughput, automatable, fast,
multiple outputs allows for spatial
distribution of macro molecules

overnight incubation needed before
reading, single output, destructive

needs antibody, requires denaturation
step, lengthy

needs trypsinization, optimization
needed, no drug parameters

manual, lengthy, automation not
viable

needs lysis of cells, single output, no

assay drug parameters
Neutral red read at 540nm (maximum absorbance
assay of our porphyrins)
Raman labour intensive, single output, low
spectroscopy throughput

Confocal

low throughput, not automatable

imaging

When determining toxicity. HCA is an ideal assay to screen a library of PDT
compounds as its output may include parameters that relate directly to the
potential PS (due to their inherent fluorescence) in the cells such as intensity and
area occupied. It also allows for the study of live cells and results are obtained
in intact cells [81, 112]. The use of HCA techniques in a screening setting has
evolved into its own field, high content screening (HCS) [80, 81, 112]. This
technique allows for the simultaneous detection of multiple biological pathways
and the pre-clinical toxicological evaluation of pharmaceutical drugs. /n vitro
estimation of toxicity using HCS in cell lines has been used in recent years,
particularly in predicting hepatic toxicity [88], but also to assess toxicity of

anticancer agents [113].
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Both HCA and HCS are, in essence, very simple methods [80]. Based on in vitro
evaluation of potentially therapeutic compounds [80], they enable simultaneous
measurement of multiple features of cellular phenotype that are relevant to
therapeutic and toxic activities of those compounds.

This works aims to setup and validate a semi-automated high content screening
method for the assessment of toxicity of photodynamic porphyrins as possible

PDT agents.

1.6 3D tumour models and their relevance in the field of

development of new therapeutics

Solid tumours are complex tissues that are not easily grown in a laboratory
setting; however, and greatly due to the advances in commercially available and
easy-to-use technologies (Table 1.6.1), spheroids and other tumour mimics are
increasingly being used in in vitro analyses. These tissue analogues can be
analysed by a variety of technologies from MTT to high content imaging and
analysis.

Most in vitro tissue evaluations are done in either cell monolayers or, if the cells
are non-adherent, tests are performed in cell suspensions. However, the fact
remains that cells in a three dimensional (3D) architecture behave fundamentally
differently to cells cultured in monolayers [114]. Laboratory evaluations have as
a central principle that cell culture conditions and behaviours reflect those in
whole organisms, organs or tumours [115]. Yet, it is imperative, particularly in
tumour biology, that the tumoural microenvironment generated in the presence

of solid three dimensional structures is replicated in a laboratory setting; hence,
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the generation of 3D tumour like structures in vitro has been a prolific field [114-
118].

The basic principle behind the generation of 3D cell cultures is that if cells
naturally grow in 3D structures, simulating this type of architecture in vitro will
yield more biologically and clinically relevant data. Cells that are grown as tissue
like structure will be in close contact with each other simulating the generation
of a specific microenvironment and the close cell to cell contact will provide a
more natural cellular profile affecting all intracellular processes [117, 119, 120].

Table 1.6.1 Examples of commercially available technologies for generating in
vitro 3D structures.

Company Trade name Type and material
Perfecta3D plates Hanging drops
3DBiomatrix
Perfecta3D scaffolds Hydrogel
Matrigel Laminin, collagen
Glycosan Biosystems Extracel Hyaluronic acid and collagen
GlobalCellSollutions/ GEM Magnetic alginate microcarrier
Hamilton
Trevigen Cultrex 3D Matrix BME, laminin, collagen
Sigma HydroMatrix Synthetic peptide hydrogel
MaxGel Human ECM
Qgel MT 3D Matrix PEG hydrogel
Synthecon Inc. BIOFELT PGA, PLLA, PLGA, custom
Biomerix 3D Scaffold  Polycarbonate polyurethane-urea
AlgiMatrix Alginate
ZellWerk Sponceram Ceramic
Amsbio Cultrex Basement Membrane Extracts
Alvetex Polystyrene
3DM Inc. PuraMatrix Peptide
Corning UltraWeb Polyamide
MicroTissues Inc. 3D Petri Dish Agarose
Biocroi Happy Cell Liquid scaffold
3D Insert PCL Polycaprolactone
3DBiotek B-TCP Disc B-Tricalcium phosphate
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There are many approaches to generating 3D tumoral structures in vitro (Table
1.6.1) from solid scaffolds to which cells are added [116, 117], novel plates that
allow cells to grow suspended in medium, where cells naturally aggregate into
spheroids (tumour like structures) [120] to new mediums that act as a scaffold
yet remain in a liquid state. These spheroids can be generated from a single cell
type (either from immortalised commercially available cell lines or isolated from
patient biopsies [121]) (Fig. 1.6.1 A) or they can be generated from two or more
cell types (Fig. 1.6.1 B), in this case cells can naturally or be chemically induced
to generate layers (Fig. 1.6.1 Bi) of defined structures (such as vessels) that can

be seen in vivo (Fig. 1.6.1 Bii).

A)
i
%
Monolayer Spheroids
B)
ii.
Monolayer Spheroids

Figure 1.6.1 Schematic representation of different types of spheroid
generation. A) A single population of cells will form a solid mass of cells.
B) A mixed population of cells can form two types of tumours where one of
the cell lines is internalized (i) or one of the cell lines turns into external
structures surrounding the tumour-like mass (i1).
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There are three characteristics which are central for the successful engineering
of 3D structures:

1. Co-localization of cells, followed by formation cell to cell interactions,
interchange of growth factors and other biologically relevant molecules
[122].

2. Production of an external cell matrix that provides not only a physical
scaffold but also regulates cellular functions [122].

3. Production of interstitial fluid containing, in its composition, the
necessary nutrients and biological effectors for tissue differentiation,
maturation, proliferation and regulation [122].

In drug development the pre-animal testing in these tumour like multicellular
structures plays a pivotal role as it is known that most cells growing in monolayer
form will be more susceptible to toxicants; both to potential therapeutic
compounds [118, 123] and vehicles of drug delivery.

It 1s known that cells in a three dimensional structure more closely resemble
natural solid tumours. Cell to cell adhesions, the extracellular matrices produced
in this type of architecture and hypoxic regions within the mass alter gene
expression inducing different metabolic pathways as well as altering nutrient
availability and waste removal from any region of the spheroids [118]. This leads
to a stratified architecture where the outer cells of the spheroid are in
proliferation followed by a layer of cells that lie in a more resting state while
regions in the centre tend to be necrotic due to hypoxia and waste accumulation
[118]. This heterogeneity closely resembles that found in solid tumours [124]

and gives rise to many of the issues associated with cancer. For example drug
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resistance, issues completely eliminating tumours and production of metastasis
[124].

In order for PDT to have the required effect, it requires a minimum amount of
oxygen to be present in tissues [125, 126]. In addition PDT treatments have, as
a consequence, the local depletion of oxygen [126]; this added constraint to this
therapeutic modality reflected on the fact that the effect of PDT in dysplastic
tissue is abolished when oxygen is absent [126] presenting a major challenge
when dealing with anoxic regions of tissue. Nonetheless PDT requires only a
small amount of oxygen to be present in order to exert its effect and in areas of
reduced oxygen the fluence rate of the light delivered must be adjusted in order
to maximise tumour destruction [127].

It has been implied that testing potential drugs in spheroids rather than
monolayers would have a more predictive value of toxicity in patients than tests
in monolayers [128]; however, the development of consistent 3D model for
implementation in high throughtput toxicity testing is yet to become reality [129-
181

Imaging these structures poses many issues as most microscopes have limited
ability to penetrate three dimensional complex structures. The most common
method of evaluation structures of this type would be fluorescent imaging either

in a fluorescent widefield or confocal microscope.

1.7 Luminescence bioprobes

Central to the technique of fluorescent imaging (and consequently HCS
technologies) lie a large range of molecules that are able to localize and
accumulate in specific locations whether intracellularly or in a specific tissue

and are fluorescent in nature [132]. These molecules are commonly used in many

51



biological fields from cancer research to more complex medical investigations
[132, 133}

Today fluorescence imaging is routinely used in laboratories and clinics around
the world since it is such a robust and versatile technique. It can be used in fixed
tissues/cells as well as in live tissues/cells, and in living organisms because it is
minimally invasive and its toxicity is minimal [133-135].

By definition a fluorophore is a molecule that absorbs light at a particular
wavelength temporarily exciting the molecule; light is then emitted a longer
wavelength when the molecule returns to its ground state, this is a phenomenon
known as Stoke’s shift [136, 137]. This emitted light can then be detected by a
microscope, spectrophotometer etc. in order to quantify a certain parameter
(localization, viability, among many others). There is a wide range of
commercially available fluorophores ranging from small synthetic molecules
[138] to naturally occurring compounds (such as porphyrins) to more complex
constructs such as antibodies labelled with fluorescent molecules (e.g. anti-Golgi
antibodies labelled with FITC) and cells or organisms labelled with GFP or other
genetically engineered fluorescent proteins [139] which are genetically inserted

.

into cells and expressed in vivo [139] (Fig.1.7.1).
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A) B)

Figure 1.7.1 Cell and organisms expressing fluorescence. A) Cells labelled with
Hoescht (blue nucleus), green phalloidin (F-actin) and red Temoporfin
(cytoplasm) [140]. B) Immunocytochemistry for transferrin receptor (red). F-
actin was stained with FITC-labelled phalloidin (green) and cell nuclei were
counterstained with Hoechst 33342 (blue) [141]. C) Mice expressing yellow
fluorescent protein (YFP) (top) and cyan fluorescent protein (CFP) (bottom)
[142]. D) Double therapeutic and diagnostic technique used to treat and remove
malignant gliomas, patient was injected with 5-ALA prior to surgery; during
surgery the tumour is illuminated allowing identification of the tumour (in red),
tumour is then removed by ablation with a laser that also activates the PDT effect
destroying any remaining tumoural cells [143].

Fluorophores in biological research have to fulfil two broad requirements,
they must consistently absorb light in a particular wavelength of the
spectrum as well as emit at a separate wavelength and they must target a
particular location in the cell or tissue [144]. They are so ubiquitous in
science that it is an ever expanding field with many commercially available

dyes, ranging from small molecules that bind to DNA (Table 1.7.1) to more

complex constructs such as phalloidin labelled with various fluorescent
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molecules (such as Alexa Fluor 488, 535, etc.), antibody fluorophore
complexes further target the fluorescent to specific locations in cells and

tissues; There are also many others in development [145, 146].

Table 1.7.1 Examples of commonly used DNA fluorescent probes [144].

Dye Name Excitation Emission Live / Fixed applications
(nm)
(nm)

Live and fixed cell based

assays

461 Fixed cell based assays

Propidium 625 Fixed, permeabilized,
iodide dead cell based assays

Draq 5 670 Fixed, permeabilized and
live cell based assays

Draq 7 694 Fixed, permeabilized,
dead cell based assays

TOTO3

In a laboratory setting fluorescent probes are commonly used to detect many

660 Fixed, permeabilized,
dead cell based assays

parameters including cell viability (propidium iodide and Draq7 are commonly
used in both microscopy and flow cytometry platforms) [147-151]; cell
morphology (fluorescent labelled phalloidin and paclitaxel constructs are used
to stain F-actin and tubulin respectively [152-155]). DNA alterations

(fluorescent microsatellite analysis can be used to easily quantify genome-wide
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DNA changes) [156, 157]. Fluorescent in situ hybridization (FISH) uses highly
specific complementary DNA or RNA sequences tagged directly with
fluorophores, antibodies or biotin to detect DNA abnormalities [ 158, 159]. These
are just a few examples of fluorescence being applied in a biological laboratory.
Many of these experimental protocols have been also adopted by clinical
laboratories, for example, a FISH approach is now used to diagnose unexplained
male infertility [160] and for the diagnosis of pre natal aneuploidies [161].
Intravenous fluorescein angiography is routinely used in a clinical setting; this
diagnostic tool uses sodium fluorescein to diagnose any problems related to the

vasculature of the retina [162].
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1.8 Aims and objectives
To setup and validate a semi automatous HCS method for the assessment of

toxicity of photodynamic porphyrins as possible PDT agents.

With this newly established assay we aim to assess a number of different
porphyrin libraries to test the consistency of the assay and from this primary
screen retrieve a number of hits, going further with these using other toxicity

tests.

Generate 3D spheroids using Happy Cell® and test a panel of porphyrins

comparing the results to 2D experiments.

Finally a panel of novel small fluorescent molecules will be evaluated for their
suitability for fluorescent labels in HCS and confocal technologies as well as

determining their, if any, toxic effects on cells.
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CHAPTER TWO:
Matenals and Methods

2.1 Cell lines

Four different types of cell lines were studied in order to represent a wide scope
of oesophageal malignancies:

* OE21 — Human oesophageal squamous carcinoma cell line also known
as JROECL21 [163, 164].

* OE33 — Human oesophageal adenocarcinoma cell line of the lower
oesophagus also known as JROECL33 [164, 165].

* SKGT-4 — Human oesophageal adenocarcinoma of Barret’s epithelium
of the distal oesophagus exhibiting minimal invasive potential [166].
A fourth cell normal oesophageal cell line was used in the studies for potential
bioprobes:

* HET-1A — immortalized normal oesophageal epithelium [167].
All cell lines were purchased from the European Collection of Cell Cultures

(ECACC).

2.2 Cell culture

The immortalized Human normal oesophageal epithelial cell line Het-1A [167]
was routinely cultured using an antibiotic free BEGM kit (Lonza, UK) in cell
culture flasks (Nunc, Denmark) and split 1:4 until 70-80 % confluency was
reached. Cell recovery was achieved using 0.25% Trypsin with 0.1% EDTA in
hanks balanced salt solution (Hyclone, USA) for two minutes at 37 °C and 5%
CO2 in humidified atmosphere. The trypsin was inactivated using a 1:1 0.1%
soybean trypsin inhibitor (Sigma, Germany). The culture medium was changed

every three days until confluency was obtained.
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All other cell lines were cultured in RPMI 1640 (Hyclone, USA), supplemented
with 10 % inactivated fetal bovine serum (Hyclone, USA) and 1 %
penicillin/streptomycin (Hyclone, USA). Cultures were routinely grown in cell
culture flasks (Nunc, Denmark) and split 1:8 until 70-80 % confluency was
reached. Cell recovery was achieved using 0.25% trypsin with 0.1% EDTA in
hanks buffered salt solution (Hyclone, USA) for three minutes at 37 °C and 5%
CO; in humidified atmosphere and the culture medium was changed every three

to four days until confluency was obtained.

2.3 High content screening assay development and screen of

porphyrin libraries

2.3.1 Treatments

For photodynamic treatment and uptake studies 3 x 10° OE21 cells per well were
plated in 96-well plates (Nunc, Denmark) and treated with either 3 uM, 2 uM, 1
uM, or 0.5 uM of Temoporfin solution in the dark for up to 24 hours at 37 °C
and 5% CO,. Control cells were treated with vehicle alone. The Temoporfin and
glycoporphyrin solutions were prepared by dissolving 5,10,15,20-tetrakis(3-
hydroxyphenyl)chlorin, synthesized following standard procedures [168], and
(5,10-di-B—glucose2,—porphyrinato)zinc(Il) in ethanol:propylene glycol = 3:2
(v/v) (Acros organics, USA). All other compounds tested were dissolved in
100% dimethyl sulfoxide (DMSO) (Acros organics, USA), at 2 uM and the
identified hits were then used to treat cells in the concentrations previously
discussed. The equivalent amounts of DMSO and of the ethanol and propylene
glycol mixture were also assessed for toxicity (up to a concentration of 0.48%
(v/v)). A final screen of 22 compounds dissolved in DMSO was performed in

OE21, SKGT-4 and OE33 cell lines using a single concentration of 2 uM. In this
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experiment OE33 and SKGT-4 were plated at a concentration of 6x10° cells per

well and OE21 were plated at a concentration of 3x10° cells per well.

The identified hits were then prepared fresh in DMSO at a concentration of

10mM and then tested at 24uM, 12uM, 6uM, 3uM, 2uM, 1uM and 0.5uM.

2.3.2 Illumination protocol

Following the removal of the treatment medium (medium with potential drug at
the desired concentrations) and addition of fresh, pre-heated, fully supplemented
RPMI the incubated plates were separated into two groups. Group 1 was
illuminated for two minutes using an illumination box, consisting of Luxeon
High Power LEDs (LXHL-BWO03) as light sources emitting white light with a
total fluence rate of 1.7 mW/cm™ [169]. Group 2 was kept in the dark under the
same conditions as group 1. The cells were allowed to recover for four hours in

the dark at 37 C and 5% COz in a humidified atmosphere.

2.3.3 Cell proliferation assay

Two plates (one illuminated and one non-illuminated) were used for a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [170]
(Promega, USA). Immediately, following illumination 15 pL of MTT dye was
added to each well and kept for four hours at 37 °C and 5% CO> in a humidified
atmosphere in the dark at which point 100 pL of the provided stop solution was
added to each well. The formazan crystals were allowed to dissolve overnight at
room temperature and absorbance was measured at 540 nm with a Wallac

Victor2 plate reader (Perkin Elmer, Singapore).

Final dose-response experiments were performed using the same plate setup but

analysis was done with a MTS kit (Promega, USA). These plates were allowed
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to recover for 20 h at which point 20ul of 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) dye ( mixed
with phenazine methosulfate (PMS) immediately prior to addition to the wells)
was added to each well. Plates were incubated for a further 4 h then immediately

read at 490 nm with a Biotek EL800 (BioTek, USA).

All development experiments were performed according the Fig. 2.3.1

Add medium with Remove medium/add
photosensitiser — fresh medium and

and incubate illuminate
Oesophageal cells
Add MTT dye Incubate for four hours

incubate for four Fix with PFA and stain
hours and stop P~ Cellular metrics:

_ - Nuclear area
W . Aquire images
i

- Cellular area

A

Image analysis

!

Photosensitiser uptake:
Relate drug concentration to cell Intensity

Leave at room 'temp overnight
and read at 540nm

Figure 2.3.1 Flow scheme of experimental protocol. Representing both MTT

assay methodology as well has HCS protocol (method development).

2.3.4 High content imaging and analysis

Following a four hour post illumination recovery, two plates (one illuminated
and one non-illuminated) were fixed with 4 % paraformaldehyde solution (PFA)
(Acros Organics, USA), pre-heated to 37° C for 15 minutes and further stained
with FITC-labeled phalloidin (Dyomics, Germany), an F-actin stain, and

Hoechst (Invitrogen, USA), a nuclear stain. Images were collected using the
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InCell 1000 high content system (GE Healthcare, USA). A total of ten fields per
well were imaged under 10x magnification using three separate filters to capture
the nucleus (blue, excitation 345 nm, emission 435nm), F-actin (green,
excitation 475 nm, emission, 535 nm) and Temoporfin (red, excitation 560 nm,
emission 700 nm). In order to obtain information about cell number a further
seven fields (covering the vast majority of the well) were obtained at 4x

magnification using a single blue filter, collecting nuclear fluorescence alone.

Image analysis was performed using the InCell 1000 image analyser using three
different algorithms according to the parameters needed. In order to determine
cell and nuclear area a morphology algorithm was used, while for photosensitiser
parameters a dual area object analysis algorithm was used and a multi target
analysis algorithm was used in a separate set of images (4x objective) in order

to determine cell number (Table 2.3.1).

Table 2.3.1 Description of parameters used in the image analysis performed
using the InCell investigator software.

Parameter Description
Area of identified cell nucleus

1/form factor Mean cell roundness index. Values range from 1 to
infinity where 1 is a perfect circle (elongation of cell)

Cell area Area of identified cell body

Cell number Number of identified cell nuclei

PS integrated Average fluorescence intensity of pixels within the
intensity cytoplasmic region of the red PS multiplied by the
area of identified red fluorescence

Area of identified intracellular red fluorescence
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The image analysis software detects cells nuclear area/cell number by nuclear
dye uptake with quantifications of cell morphologies and PS parameters
determined by F-actin stain and Temoporfin. Stain parameters such as
morphology and intensity of fluorescence were logged numerically for
individual cells in every field as well as averages for each field and well. All

development experiments were performed according to Fig. 2.3.1

2.4 Assay application to various porphyrin libraries

Different libraries were investigated. All compounds were dissolved in DMSO
to a 10 mM concentration. All concentrations tested were then prepared in fresh
complete RPMI in the various necessary concentrations and added to the cells;
all tests were performed according to one or more of the previously described

protocols.

2.5 3D experiments

2.5.1 Assessment of spheroid formation

OE21, SKGT-4 and OE33 cell lines were used to assess the potential to form
spheroids in RPMI Happy Cell (Biocroi, Ireland). Different concentrations of
cells (1.5x10%, 3x10%, 7.5x10* and 15x10* cells per well) were seeded into 96
well low adherence plates (Sarstedt, Germany) and left for up to 7 days.
Assessment of spheroid formation was done by visual inspection, images were
collected with an EVOS® FL digital fluorescence microscope (LifeSciences,

USA) with a 4% objective.
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2.5.2 Viability of spheroids following PDT

OE33 cells were plated into 96 well low adherence plates (Sarstedt, Germany)
at a concentration of 7.5x10* cells per well, in Happy Cell in parallel. The
spheroids were allowed to form and mature for 72 hours at 37 °C with 5% CO..
All cultures were treated with Temoporfin, a negative control and test
porphyrins. These compounds were made in fresh vehicle, as previously
described, to a concentration of SmM. These were added to the spheroid or
monolayer cultures in fresh Happy Cell or RPMI to yield a final concentration
of 12uM; vehicle controls were tested in parallel.

The various treatments were allowed to exert their effects for 24 hours. At 22
hours the Happy Cell was inactivated using 10pL of Inactivation Solution
(Biocroi, Ireland) per 100 uLL of Happy Cell and incubated for 2 h at 37 °C with
5% COa.

At this point most of the solution was removed from the wells; S0uL of solution
was left in each well insuring the majority of spheroids were left in the well for
further testing. 100uL of fresh RPMI or Happy Cell were added to each
respective well. Then, one plate was illuminated (according to the illumination
protocol previously described) and the other was kept in the dark.

The spheroids were allowed to recover for a total of 24 hours. At hour 20, 30uL
of MTS were added to each well, according to manufactures instructions. The
MTS developed for 4 hours and plates were read at 490 nm with a Biotek EL800

plate reader (BioTek, USA).

2.5.3 Fixation and further staining
Parallel treated plates were fixed in 2% PFA (Acros Organics, USA) for 24

hours, PFA was then removed and cells were washed with PBS and further
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stained with Hoechst (Invitrogen, USA). Spheroids were transferred to glass
bottom black walled plates (GE, USA) and evaluated in an LSM 700 Contocal
Laser Scanning Microscope (Carl Zeiss, UK) using a red laser (for porphyrin

uptake) and a blue laser (for Hoescht stain) at 63x oil immersion objective.

2.6 Assessment of small molecules as potential fluorophores

A 1 mM stock solution was prepared in DMSO for each compound. Dilutions
were carried out directly before starting the analyses. For cell stain imaging a
stock solution prepared in DMSO was diluted with phosphate buffer saline to
different concentrations. Buffer solutions prepared at the desired concentrations
were added directly to the cell culture. After adding compounds, cells were
incubated at 37 °C in 5 % CO; for 20 minutes to 24 hours. All tests were
performed in 3x10° cells per well of OE21 and 6x10° cells per well HET-1A

cells that were allowed to attach overnight prior to any tests.

2.6.1 Live cell testing

The cells were treated with fresh pre-heated medium containing various
concentrations of compounds and empty carrier was used as control. The cells
were allowed to take up the compounds for up 24 h at which point the medium
was removed and replaced with fresh pre-heated medium and fixed with 4%

paraformaldehyde. These cells were then analysed in the InCell 1000.

2.6.2 Fixed cell testing
Cells were fixed with 4% paraformaldehyde, washed twice with PBS and

incubated with various concentrations, in PBS, of the compounds for different
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times. The cells were then further stained with DraqS5 (Biostatus, United

Kingdom). These cells were then analysed in the InCell 1000 for fluorescence.

2.6.3 Confocal imaging

Cells were seeded into glass bottom sterile plates (GE Healthcare, USA) and
allowed to attach overnight. An ER tracker red probe (Invitrogen, USA) was
added to the cultures according to manufactures instructions and these were
either fixed with 4% paraformaldehyde (Acros Organics, USA) and analysed or
incubated live with the compounds then fixed and analysed in LSM 700

Confocal Laser Scanning Microscope (Carl Zeiss, UK).

2.7 Confocal image collection

Cells were seeded into glass bottom sterile plates (GE Healthcare, USA) and
allowed to attach overnight. All confocal images were collected using a LSM
700 confocal laser scanning microscope (Carl Zeiss, UK). Under a 63x oil

immersion objective.

2.8 Statistical analysis

Each experiment was repeated a minimum of three times and results were
normalized to untreated controls. Averages and standard error of the mean
(SEM) of each well were plotted using Graphpad Prism version 5.0 (GraphPad
Software, USA). Differences in the cell proliferation data were evaluated by
ANOVA analysis with Bonferroni comparison. Correlation between InCell and

MTT data was evaluated by Pearson correlation test with a 99 % confidence.
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Regressions (linear and non-linear) were fitted to the photosensitiser data
(intensity and area). All statistical analyses were performed using Graphpad
Prism version 5.0. Analysis of Variance (ANOVA) statistical analysis and T-
tests were performed when necessary with a 95% confidence interval using

Graphpad Prism 5 software (GraphPad Software Inc., USA).
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CHAPTER THREE:
Results and Discussion

3.1 In Cell 1000 experiments

The Incell 1000 system, in its core, has integrated a powerful fluorescent
microscope in order to collect and store images or experimental models, being
that of cells, tissues or complete organisms. Any naturally fluorescent molecule
could be assessed using this system; porphyrins, in particular with their

fluorescence (Fig. 3.1.1) should be easily imaged using this platform.
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Figure 3.3.1 Graphic representation of the emission profile of
Temoporfin in polyethelene glycol and ethanol at 2.5 x 10~ M [93].

Yet, and as a first step, it was necessary to verify if photosensitisers could be
used in the In Cell 1000 as a fluorescent marker. From Fig. 3.1.2 it is clear that
the fluorescent signal produced by Temoporfin is, in fact detected in the In Cell
1000. It can also be seen that if the concentration of Temoporfin is too high the

system is saturated e (Figure 3.1.2).
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Figure 3.1.2 Graphic representation of various concentrations of Temoporfin in
the In Cell 1000.

As temorporfin fluorescence could be measured using the InCell 1000 system,
development of a one-step fluorescent assay for the assessment of phototoxicity
and uptake parameters of porphyrins and possible photosensitisers could

continue.

3.2 High content screening assay development

Automated imaging has been available for the last 20 years and it has
significantly streamlined the process of in vitro drug screening in addition to
decreasing the time needed both for high quality image collection and analysis
[171, 172]. Naturally fluorescent drugs have, in the past, been evaluated by
fluorescent microscopy [173-176]. Hhowever, a phenotypic screen of toxicity in
cells using naturally fluorescent compounds has seldom been attempted due to
its inherent restrictions. Nonetheless, here the results obtained for a novel high

content assay developed using fluorescent drugs in OE21 cells, a human
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oesophageal squamous cell carcinoma cell line derived from a human carcinoma
and SKGT-4 cells, a human adenocarcinoma of the oesophagus derived from a

human adenocarcinoma caused by Barrett’s oesophagus are presented

3.2.1 Cell proliferation

MTT measures the proliferation of cultures through an estimation of
mitochondrial activity; this is achieved by the reduction of MTT into formazan.
The reduction is performed by the action of mitochondrial dehydrogenases in
metabolically active ceils; the amount of formazan produced is known to be
directly proportional to the mitochondrial enzymatic activity and, therefore, to
the number of proliferating cells in culture [177-180]. This assay has been
extensively used both to determine cell proliferation, viability and to determine
toxicity of potential therapeutic agents [181]. First, the effect of Temoporfin on
OE21 and SKGT-4 cells was tested with the MTT test in order to have a classical
toxicity result with a widely used technique. As shown in Fig. 3.2.1 there was a
decrease in cell viability upon plate illumination with increasing Temoporfin
concentrations both for OE21 and SKGT-4 cells. No dark or vehicle toxicity was
observed. In the case of OE21 cells the two way ANOVA analysis showed a
statistically significant difference between illuminated and non-illuminated data
where Temoporfin treated cells showed a statistically significant difference from
concentration 2 pM up. The same was observed for SKGT-4 cells. The same
statistical analysis showed that, for both cell lines, vehicle treated cultures
showed no such difference in the presence or absence of light. These results are

in accordance to the literature where Temoporfin alone or vehicle were shown
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to have no effect but Temoporfin treated cells in the presence of light showed

significant toxicity in a dose dependent manner [ 168, 182, 183].
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Figure 3.2.1.1 OE21 (A) and SKGT-4 cells (B) treated with increasing
concentrations of Temoporfin and with equivalent concentrations of vehicle
alone (A and B) (illuminated and non-illuminated) were assessed for toxicity
using a traditional cell proliferation assay (MTT). Data are representative of four
(OE21) and three (SKGT-4) independent experiments and values are expressed
in mean + SEM.

3.2.2 High content analysis

Next we used an HCA platform to analyse the morphological changes that occur
upon PDT treatment of OE21 and SKGT-4 cells. Cell death results in many
changes of cellular morphological characteristics and these may be used for
HCA analysis. Fig. 3.2.2.1 shows some examples of images collected using the
HCA platform of OE21 cells. Clearly, illumination in the presence of the

photosensitiser results in dramatic changes to the cells compared to the dark
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control. The severity of these physical cell deformations increased with the

Temoporfin concentration. Similar changes occurred in SKGT-4 cells (not

shown).

Untreated
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0.5uM
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Nucleus
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(red)

Superimposed

o,

Image i

Figure 3.2.2.1 Examples of images collected with the InCell imaging system for
the different treatments used with OE21 cells treated with 3uM Temoporfin for
24 hours before illumination and fixed at 4 four hours post illumination in 4%
paraformaldehyde.

Cells were labelled with Hoechst — nucleus (blue at 345 nm excitation, 435 nm
emissions), phalloidin —F-actin (green at 475 nm excitation and 535 nm
emission), mTHPC (red) was acquired at 560 nm excitation and 700 nm
emission. Images were acquired by an InCell analyser automated microscope
using a 10x objective (image size 0.897 mmx0.671 mm).[184]

The earliest phenotypic signs of cell toxicity are reflected by changes in nuclear
size, cell fragmentation, and significant changes in cell area and a cell shape
[185]. Other phenotypic changes include cell membrane breakdown, leakage of
cellular contents and increased numbers of cytosolic, lysosomal vesicles. Clearly

an automated approach to the quantification of these features can be useful

during a screen of large numbers of compounds by taking advantage of these




marked changes in cell morphology. Typically, changes in nuclear morphology
are amongst the first effects seen during cell death [80].

Results showed that the nuclear area in OE21 cells in fact reflects the
phototoxicity of Temoporfin (Fig. 3.2.2.2). Not only does nuclear area reflect
toxicity in a dose-dependent fashion (Fig. 3.2.2.2 A), where it is clear that
nuclear area was reduced with increasing concentrations of Temoporfin, but
itfollowed this trend in the same fashion as seen in the cell proliferation assay
(Fig. 3.2.2.2 B). The two way ANOVA analysis revealed that when comparing
dark nuclear area and illuminated nuclear area there was a significant difference
in the data up to, but not including, the 1 pM dose. On the other hand,
comparison of MTT in the dark with illuminated MTT data showed a significant

difference in the data up to, but not including, 1 uM of Temoporfin.
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Figure 3.2.2.2 Graphical representation of the nuclear area data generated using
the InCell image analysis in OE21 cells. Representation of the nuclear area with
increasing concentrations of Temoporfin and with equivalent concentrations of
vehicle in illuminated and dark cells (A). Data generated by MTT were
compared to InCell data (B). The data generated for illuminated cells were
compared in order to establish the degree of correlation (C). Data are
representative of four independent experiments and values are expressed in mean

+ SEM.

A comparison of MTT in the dark with nuclear area in the dark, showed no
statistically significant difference in the data at any of the concentrations tested.
However, a comparison of their illuminated counterparts indicated a significant
difference in the data at 3 uM. This difference was not observed at any other
concentration. In order to e<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>