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Abstract(
(
Photodynamic therapy (PDT) is a potential novel treatment for primary breast cancer. This
thesis presents results obtained from preclinical experimental studies and a Phase I/IIA, open
label, non-randomised, single site trial of photodynamic therapy for the treatment of primary
breast cancer.
The experimental in vitro study investigated the optimum dose required to effect cytotoxicity
using liposomal verteporfin-PDT in comparison with the chemotherapeutic and
immunomodulatory agent 5- azadeoxycytidine (5ADC) and the effect of the combination of
PDT with 5ADC in 4T1 mouse breast cancer cells. PDT treatment resulted in early cytotoxicity
while 5ADC treatment elicited delayed cytotoxic effects. Combination treatment was
synergistic under certain conditions.
Using an orthotopic 4T1 breast cancer mouse model local and distant effects of liposomal
verteporfin-PDT were demonstrated in comparison to 5ADC alone and in combination with this
agent. Well-demarcated PDT tumour damage with clear margins on histopathology assessment
occurred in PDT monotherapy and combination treatment. Flow cytometry and gene expression
analysis in PDT treated mice provided evidence for PDT mediated activation of innate
immunity.
Results of the first human clinical study investigating the effects of PDT in primary breast
cancer are presented. The primary aim, namely to identify the light dose required for 12 mm of
tumour necrosis (or a plateau of necrosis) assessed by histopathology, was achieved. Post-dose
MRI correlated with histopathology findings in treated tumours and in normal breast tissue. 12
patients with median follow-up of 39 months showed PDT was well tolerated, with no adverse
effects and comparable outcome to control populations. Tumour necrosis increased with
incremental increases in light dose, but some patients showed a poor response even at the
highest light dose. Poor response may be predicted by a low intra-tumoural expression of Ki67.
Results from these preclinical and clinical studies should determine the direction of future
investigations.
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Section A: Background and Introduction

1

1. Current And Emerging Practice in the Management of Primary
Breast Cancer in Breast Oncology
1.1 Introduction
Breast cancer is the most common cancer to affect women world-wide [1-5]. It has
been the leading cause of cancer in women in the United Kingdom (UK) since 1997
[5] affecting 1 in 8 women in their lifetime. The most recent incidence data shows
that up to 53,352 new cases are diagnosed in 2013 [1,2] with 11,714 deaths in 2012
in the UK, while 55,222 new cases were reported to cancer registries in year 2014/15
[6]. Worldwide breast cancer is the third most common cause of cancer death. There
are demographic variations in the incidence of breast cancer and the extent of disease
at presentation [7]. Breast cancer incidence increases with age, with most patients
presenting after the age of 50, post menopausal, with loco-regional spread. However
in the last 4 decades, there has been at increase in younger women presenting with
distant disease at diagnosis [7]. In the same period survival from breast cancer
improved by 20-30% between 1970 and 2000 [8,9] and conditional 5-year survival
rates have continued to improve. These changes have been attributed to the
combination of breast screening as, more cancers are diagnosed early and therefore
requiring less extensive surgical treatment, and increased use of adjuvant therapies
[10]. In addition the use of these adjuvant therapies influence tumour biology and
have contributed to the improvement in the survival of advanced breast cancers
primarily, by the decline of metastases in the first 5 years after diagnosis [10].
1.2 Diagnosis Of Breast Cancer
1.2.1 Triple Assessment
The definitive diagnosis of breast cancer is on the basis of proven histopathology
assessment however, the use of non-operative diagnostic procedures as a part of a
multi-disciplinary triple assessment is now the gold standard in breast cancer
diagnosis. Triple assessment comprising of clinical examination guided by the
history of presentation, imaging and confirmatory pathological assessment allows
accuracy of diagnosis, appropriate surgical planning and consideration of the
delivery of adjuvant therapies.
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1.2.2 Classification of diagnostic findings
Breast cancers are classified according to tumour size, involvement of regional
lymph nodes and presence of distant metastases. This known is as the TMN
classification, an internationally accepted method to determine the stage the extent of
disease. The purpose of TNM is to predict prognosis by correlating tumour
characteristics with retrospective analysis of survival data and aids treatment
planning by the multidisciplinary team of providers. The system of classification is
updated and revised periodically to reflect change in clinical practice and new
innovations in diagnostic tools. TNM classification currently used is summarized as
an appendix to this chapter.
1.3 Clinical Examination For The Diagnosis Of Breast Cancer
Clinical examination remains the foundation of breast cancer diagnosis on which
new advances in imaging and pathological techniques have added increased
refinement and improved management planning.
Examination is performed after obtaining verbal consent and comprises visual
inspection of both breasts and axillae in order to elicit evidence of clinical signs such
as skin dimpling, tethering and discoloration as well as establish if there is
asymmetry or scars present. This is followed by systematic palpation of the areas
comprising the surface anatomy of the breasts, axillae and regional lymph nodes.
This includes careful inspection of the nipple areola complex for the presence of
nipple discharge, retraction or the presence of a retro-areolar lump. Examination is
initially performed with the patient sitting up fully unclothed to the umbilicus and
then in a supine, semi-recumbent position. The procedure provides the opportunity
to characterize lumps that may be present in terms of their size, consistency and
relationship to surrounding structures and their likelihood of malignancy. The
sensitivity and specificity of clinical assessment of the breast and axillary lymph
nodes has been recently investigated [11]. Assessment of breast tumour size
demonstrated 80% sensitivity and 81% specificity when compared to histopathological assessment. However axillary lymph node examination was far less
sensitive but more readily identified differences between benign and malignant
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nodes;(sensitivity 30%, specificity 93%) [11]. Previously the accuracy of clinical
examination of the axilla for selecting patients for sentinel lymph node biopsy
showed that negative predictive values were low (59.6% if nodes were impalpable
and only 38.5% if palpable) [12]. However the positive predictive value of clinical
assessment of palpable nodes was 84.4% [12]. Clearly, a normal clinical examination
does not exclude the presence of a malignancy and these shortfalls are improved by
imaging.
1.4 Imaging modalities used in Diagnosis, Staging and Surveillance
Imaging is central to breast cancer management. Initial imaging investigations
performed as a part of triple assessment include digital mammography and
ultrasound with Magnetic Resonance Imaging (MRI) of both breasts used to evaluate
local extent of disease, evidence of contralateral tumours or as a second line
investigation for correlation. Staging investigations are performed to determine both
the extent of the primary lesion as well as the extent of spread loco-regionally and to
distant organs. These include nuclear medicine Whole Body bone scintography,
Computerised Tomography (CT) and Positron emission tomography (PET) scan. In
addition a combination of PET and CT images provide functional information related
to anatomical structures (PET/CT scan). Surveillance of the breast following
diagnosis can be performed using Mammography, ultrasound or MRI and is
dependent on which of these is the most suitable for individual tumour
characteristics, with minimal radiation dose and is cost effective. Surveillance of
loco-regional or distant metastatic spread following treatment is usually performed
using CT scan and whole body bone scan. Monitoring the effects of treatment e.g.
chemotherapy (see section) is usually performed using CT and MRI while endocrine
therapy is normally assessed with ultrasound of the breast lesion in primary treatment
(see section) with Dual X-ray Absorptiometry (DEXA) scan to measure bone
mineral density in both primary and adjuvant use.
1.4.1 Digital Mammography
Digital Mammography is the primary investigation of choice for both screening and
diagnostic examination for breast cancer. Low dose X-rays (3.4 mGy and 4.7mGy)
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are used to produce images are taken in two views (cranio-caudal and lateral/oblique)
and improves the detection rate of primary diagnosis and interval recurrence [13]. Its
advantages are that it is It is relatively inexpensive, well-tolerated, the imaging
quality is not operator dependent and can be double read allowing greater accuracy
of interpretation. Disadvantages of mammography are principally that it diagnostic
value diminishes in dense breast tissue and that it delivers a dose of radiation as part
of its operation. Patients below the age of 35 who breasts are typically dense are not
suitable for this modality and pregnancy is also a contra-indication. Introduction of
screening mammography (mammography in asymptomatic women) has lead to a
substantial increase in early cancer detection [14]. As result there is a greater demand
on surgical resources. However this has also lead to diagnosis of radiological
abnormalities, which would not result in clinical malignancy and if may occur in
9.7% and up to 30% of new cases [14,15]. At the same time it has resulted in a
modest reduction in the presentation of advanced breast cancer and delivered minor
improvements in terms of survival [14,15].
1.4.2

High Resolution Breast Ultrasound Use in Diagnosis

High-resolution ultrasound uses high resolution sound wave technology is an
extremely useful additional investigation to mammography; providing cross sectional
images of lesions, visualization of dense breast tissue and tumours that are occult to
mammography. It is well tolerated, not associated with a radiation dose and
relatively inexpensive [16]. Its disadvantages include that it is an operator dependent
dynamic modality, which requires considerable training to achieve competency,
while imaging can be recorded interpretation is primarily the responsibility of the
operator. Additionally some tumours may not be visible on ultrasound. Ultrasound is
used pre-operatively in wire localization and skin marking of impalpable tumours.
Intra-operatively it may provide a useful confirmation of the extent of the tumour for
planning the surgical incision. Patients treated non-operatively (e.g. primary
endocrine therapy or patients who are not medically unfit surgery) may be monitored
in terms of response or disease progression at frequent intervals using ultrasound.
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1.4.3

Dynamic Contrast Enhanced Magnetic Resonance Imaging (DCE
MRI)

MRI relies on a combination of pulses of radio-waves and a strong magnetic field to
polarize hydrogen atoms to produce a radio frequency which is detected and
converted into detailed anatomical picture. As biological systems are primarily
contain hydrogen atoms in water and fat, the differential nuclear spins result in road
map of the distribution of fat and water in the structure being assessed. Contrast
enhancement provides additional information regarding vascularity of lesions and the
pattern of enhancement and relative rate of washout of contrast is highly suggestive
of whether they are malignant or benign and this is summarized in APPENDIX II
[17]. DCE Breast MRI is more sensitive than mammography and ultrasound at
detecting invasive breast cancers with sensitivity at 95%, specificity of 75% and
negative predictive value of 95% [17,18]. It is particularly useful pre-operative tool
when there is discordance in size measurement greater than 10mm between the other
two modalities [19], in young, pre-menopausal women and in dense breast tissue
[19]. APPENDIX III summaries the indications for pre-operative breast MRI. It is
indicated investigation in the presence of lobular cancer [19] and suspected positive
axillary lymph nodes. Pre-malignant (non-invasive) lesions i.e. ductal carcinoma insitu does not demonstrate the enhancement patterns of invasive disease. Nevertheless
while specificity of pre-operative breast MRI compared to histopathology of DCIS is
only 40% [17,20] sensitivity is up to 80% [17, 21] It is not used as part of routine
triple assessment or screening investigations; this is because it is more expensive
than mammography and ultrasound, and in older, post –menopausal women, in
breast tissue of low density who comprise the majority of the screening population,
adds little additional information [19]. However it is indicated in surveillance, of
patients, known to have increased lifetime risk of breast cancer of 30% or more
where it detects more malignancies than the other modalities used alone [18,22]. This
includes patients who have BRCA1/2 genes, no known mutation in the presence of
calculated high life time risk and history of radiation exposure before the age of 30
years [18,23]. In high-risk groups a combination of all three modalities results in
high detection rate compared to age matched controls [18,24,25]. Furthermore
studies of this population group suggest that early detection by MRI improves
prognosis [18]. The main area controversy regarding it’s use as a pre-operative
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staging tool has been that while it has lead to increase in the mastectomy rate this is
not resulted in improved survival and there has been minimal improvement in the
rate of wider excision for incomplete excision of margins in breast conserving
surgery [18,23].
1.4.4 Whole body Bone scan
The most common distant site for metastasis from primary breast cancer is bones
[26][27] with median survival of patients with bony metastases being 2.1 to 6 years
[26] and morbidity associated with this may compromise the quality of life of
patients. Whole body bone scanning has been the investigation of choice for staging
for bone involvement and subsequent surveillance for breast cancer bony metastases
following chemotherapy and radiotherapy [28][29]. Whole bone scintigraphy is
commonly used to identify sites showing characteristic features of increased
osteoblastic, lytic or sclerotic activity suggestive of metastases with the aid of
radiopharmaceuticals [26]. Additional accuracy may be achieved by combining this
with cross sectional data from CT scanning or Single Photon emission computed
tomography

(SPECT)

providing

three

dimensional

imaging

which

aids

differentiation between benign and pathology particularly in the axial skeleton [30].
1.4.5 Computerised Axial Tomography (CT) scan
CT scanning utilizes multiple beams of x-rays collimated to narrow beams and
transmitted across multiple angles through the subject to a sodium iodide scintillation
detector in sequential slices [31]. The x-ray beams are moved through the slices by
motion of the x-ray tube travelling along the axis of the subject [31]. This motion is
known as translation. After translation the tube-detector unit is rotated by increments
of 1 degree through 360 degrees to obtain over a 1000 views. The data obtained from
this translate-rotate motion is reconstructed to produce a 2 dimensional gray scale
image [31]. Evolution of CT technology since their advent 45 years ago have
resulted in increasing fast scanners, demonstrating greater image clarity and are able
to detect soft tissue lesions as small as 10mm with multi-slice spiral scanners able to
detect lesions less than this. However CT imaging does not reliably distinguish
between benign and malignant lesions in the breast [32] and the radiation dose
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associated with CT breast scanning is much higher than digital mammography and is
associated with at least 23 times greater life-time risk of radiation related breast
cancer [33]. Therefore it plays no role in diagnosis of symptomatic patients or breast
cancer screening. It is used as a staging investigation to detect the presence of distant
metastases from breast cancer and not indicated for early stage asymptomatic breast
cancer [34].
1.4.6

Positron emission tomography (PET) and Fluoro-deoxy-glucose
(FDG) enhanced imaging

The use of F -18 Fluoro-2-deoxyglucose as a metabolic marker in combination with
positron emission tomography (PET) has enhanced the accuracy of CT staging and
surveillance for identification and assessment of bony metastases as well as facilitate
understanding of breast cancer molecular physiology [26][35]. Comparison with
whole body bone scanning has demonstrated better specificity [36] allowing earlier
and improved evaluation of treatment. Therapeutic response can also be semiquantitated because the serial uptake value (SUV) correlates directly with the
metabolic avidity of the lesions with poor prognosis cancers demonstrating higher
SUV max [37].
While this has resulted in improved specificity and sensitivity for detecting distant
metastases as well as providing physiological information, assessment of small
primary lesions and their loco-regional lymph node drainage requires better spatial
resolution than this technology currently provides. The first dedicated positron
emission mammography (PEM) machines that may overcome this issue are being
assessed [38]. Another area of investigation are novel radiopharmaceuticals targeting
receptors associated with breast cancer proliferation to provide imaging at a
molecular level which may allow further tumour characterization and tailoring of
treatment regimens in the future [39].
1.4.7

Dual Energy X-ray Absorptiometry (DEXA) scan

Dual energy X-rays performed at different energy levels and low radiation dose
(0.001mSiv), to establish the extent of absorption within specific parts of the
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skeleton, are known as DEXA scans. This modality allows a quantitative
measurement of bone density and is the gold standard of bone mineral density
(BMD) assessment [40]. The 2 areas that are scanned are the lumber spine (L2-L4)
and the proximal femur [40]. In the presence of significant depletion of BMD
increased proportion of trabecular bone at these sites result in greater likelihood of
fractures [40]. The proximal femur contains 30-50% trabecular bone while L2-L4
contains up to 80% trabecular bone [41]. The BMD is expressed as a density score
known as the T score. This score is derived from comparing the mean bone density
with that of a healthy adult aged 30 in terms of standard deviation (SD) from this
mean value. World Health Organization guidance regarding bone density scores
indicates a score within 1SD of the mean is considered to be normal. BMD between 1 and -2.5 SD is considered to be low bone mass while values below -2.5 is
diagnostic of osteoporosis [40].
Oestrogen is implicated in bone growth and maturation as well as an important in
bone metabolism and turn over [42]. Oestrogen deficiency results in increased bone
mineral reabsorption and increased bone turnover due to increase in osteoclast
activity [42]. This is also associated with increase in interleukin 6 (IL6) production.
Conversely Hormone replacement therapy (HRT) reverses this process if estrogen
deficiency is present however elevated oestrogen levels did not have any additional
benefit [42]. The primary use of DEXA scanning is to provide a baseline for BMD
prior to endocrine therapy (Section 1.9), as both chemotherapy and endocrine
therapy are associated accelerated bone mineral loss. Chemotherapy agents that
induce ovarian failure lead to reduction in bone density and in some cases
osteoporosis [43][41]. Specifically the lumber spine has been shown to be
susceptible to reduction in BMD in premenopausal and postmenopausal women even
in the presence of calcium and vitamin D supplementation thought to be due to
higher turn over rate of trabecular bone [41]. Therefore DEXA is a useful tool to
establish baseline measurements of bone density prior to treatment as well as a useful
monitoring tool for adverse effects in terms of a fall bone density as a consequence
of treatment [42]. DEXA is also used to monitor patients receiving endocrine therapy
using aromatase inhibitors, which are associated with BMD reduction due to their
effect of lowering oestrogen production [44] [45]. Trends of reduction of BMD may
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be identified early by DEXA so that remedial therapy or treatment to offset further
decline can be instituted.
1.5 Pathological Evaluation of the Breast
Tissue confirmation of breast cancer by histopathology following light microscopy
evaluation is the most important of the triple assessment investigations. Diagnosis is
made by assessment of the origin of the abnormal cells e.g. ductal or lobular and
presence of invasion of the basement membrane from a breast core biopsy specimen.
Subjective assessment of cell morphology and the degree of differentiation of cells in
their resemblance to normal ductal or lobular breast tissue, is also assessed and
expressed as the grade of the breast cancer. Grade 1 represents well differentiated
tumour cells, that are similar to normal cell morphology while grade 3 are poorly
differentiated cells that have distinctly different appearance to normal cells. Further
investigations of the characteristics of the tumour cells are also performed to direct
appropriate treatment as a part of routine practice. These include immunehistochemistry evaluation of oestrogen, progesterone and HER-2 receptor status and
the rate of proliferation. In addition classification of tumour subtypes [46] with
regard to differences of gene expression are also currently used to refine diagnosis,
direct treatment and predict prognosis.

1.5.1. Breast Cancer Subtype Classification
Breast cancer can now be divided into 4 subgroups according to the outcome of these
additional investigations as first described at the 12th St. Gallen international breast
cancer conference consensus in 2011; Luminal A and Luminal B tumours (both
oestrogen receptor positive, with luminal B demonstrating higher proliferation rate
and worse prognosis), HER 2 subtype (positive for the HER2 receptor with
additional copies of the HER2 gene present), which are usually high grade with
demonstration of increased proliferation and the Basal-like tumour subtype which
have are triple negative receptor status (negative for oestrogen, progesterone and
HER- 2 receptors) high proliferation rate and poorest prognosis [46]. The details of
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subtype classification are summarized in Table 1. In clinical practice sub-type
evaluation is not carried out routinely as first line investigation.
1.5.2

Immunohistochemistry based investigations

Oestrogen is known to facilitate growth of breast cancers and Oestrogen receptor
(ER) status has long been established as a marker of prognosis of breast cancers and
routinely tested [47]. Oestrogen receptors can be classified into those present in the
intracellular (nucleus and endoplasmic reticulum) and membrane based receptors.
Oestrogen receptor subtypes has been identified as alpha (ESR1) and beta (ESR 2)
[48]. Clinical studies also implicate Progestogens in breast cancer proliferation via
intra-cellular receptors [49]. However some in vitro studies suggests that some
progestogens also have an inhibitory role in proliferation of breast cancer cells with
variation in proliferation activity between different progestogens [49][50].
Furthermore recently nuclear factor kappa (RANK) and its ligand (RANKL), both
tumour necrosis factor (TNF) cytokines has been identified as being expressed in
breast cancer cells promoting proliferation and cell migration in vitro in response to
progestogens via a pathway not related to the PR receptor activation [51]; clinical
studies demonstrate that over expression of RANK is associated with tumour
aggressiveness. Increased RANK expression was also seen in tumors with less
differentiation, negative hormone receptor status larger size and had higher risk of
relapse and death. [51]. Therefore the mechanisms of the activity of progestogens in
human breast cancer require further investigation [49]. Immuno-histochemistry
(IHC) techniques have greatly increased the investigation accuracy, demonstrating
sensitivity and specificity [47]. Monoclonal antibodies are used to identify oestrogen
and progesterone receptors and this IHC technique has been accepted as the
investigation of choice for determining ER/PR status as it is safe, reliable and
inexpensive. The ER and PR score is positive if greater than 2 with a maximum score
of 8. Study of disease free survival in patients who received endocrine therapy with
or without chemotherapy has shown the ER score is predictive, with significantly
improved outcome for patients with ER score of 8 compared to ER score of 2 [47].
The Her2/neu receptor is also identified by IHC and its detection is established as a
standard investigation for all patients diagnosed with invasive breast cancer. Her2
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(ErbB2) a trans-membrane tyrosine kinase receptor associated with growth of breast
cancer and poor outcome in patients when it is overexpressed [52, 53]. Identification
of patients Her 2 receptor positive allows selective treatment of these patients with
humanized monoclonal antibodies e.g. Trastuzumab (Herceptin) and Pertuzumab
(Perjeta) as a part of systemic therapy adjuvant to chemotherapeutic agents [53].
Clinical studies have demonstrated that HER2 receptor targeted therapy improves
survival rates in breast cancer [53,54,55] (section 1.7).
Proliferation rate can also be measured using IHC; the Ki67 protein is expressed
specifically throughout the cell cycle associated with cell division (G1, S, G2, and
mitosis) [56]. The antigen is only detected within the nucleus at interphase, but by
mitosis most of the protein is observed to be on surface of the chromosomes [57].
However its absence from resting cells (G0), facilitates its use as a marker for
determining the growth fraction of a given cell population [56]. Antibodies against
the Ki67 protein are used routine practice as a diagnostic tool in many cancers [57].
In breast cancer its main utility is in the refinement of diagnosis for breast cancer
subtype and is not a first line investigation in all institutions. Ki67 antibody IHC
analysis has been shown to predict ipsilateral tumour recurrence, loco-regional
disease recurrence and metastases free survival in ER+ tumours and results in
improved prediction of prognosis when combined with other biomarkers [57].
1.5.3. Genetic analysis based investigations
Gene expression assays are currently used to refine diagnosis and predict response to
treatment as well as prognostic indicators. An example of this is the assessment for
the HER2 receptor. While HER2 status can be assessed with IHC, 2 other techniques
are also used in clinical practice; Fluorescent in situ hybridization (FISH) and Dual
in situ hybridization (DISH). Both are cytogenetic techniques that utilize ribose
nucleic acid (RNA) probes that bind to chromosomes genetic sequences that show
high degree of sequence complementarity for the HER2 receptor [58], and therefore
can determine both presence and amplification of the HER2 gene. A ratio calculated
using the total number of HER2 signals divided by the total number of Centromere17
signals to correct for polysomy 17 is used to determine the result. A positive result
indicating the presence of HER2 receptor and amplification of the HER2 gene is a
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ratio of 2 or more between HER2 signal and CEP 17 cells [59] with equivocal results
lying between ratios of 1.8- 2.2 [60].
FISH uses fluorescence microscopy to determine the chromosomal location of the
sequences and their frequency and specific expression of proteins in tissues can also
be assessed using this technique.

There is correlation between IHC and FISH

amplification results although there is some variable concordance in outcome
between these investigations [59]. Comparative studies of IHC and FISH have shown
that FISH was superior in terms of prediction of response rate and overall survival
following Herceptin™ therapy [59]. Dual in situ hybridization (DISH) utilizes
chromogenic HER2 and chromosome 17 probes and can be visualized by light
microscopy [60] and has been validated by a number of studies [61]. Both of these
techniques can be used to assess formalin-fixed paraffin embedded (FFPE)
specimens [60]. However evaluation of tissue morphology using FISH is challenging
because the fluorescence signal deteriorates rapidly so that long-term archiving of
slides is not possible [62].

In contrast DISH has the advantage over FISH as

specimens can be retained for archiving [60]. Comparison of these investigations
revealed that tumors classified as amplified, equivocal, or non-amplified, had a
concordance rate of 79- 98% [60, 61, 62]. However recently observations of large
cohorts suggest that DISH underestimated the HER2/ chromosome 17 ratio relative
to FISH [60] with a higher false negative rate

[60, 61]. At present first line

investigation continues to be IHC for determination of HER2 status, with equivocal
results subject to further assessment with FISH or DISH to confirm HER2 status and
amplification of the HER2 gene.
Another diagnostic test is PAM50, a polymerase chain reaction (qPCR) assay based
which tests the expression of 50 different breast cancer genes to assess breast cancer
subtype with high concordance to IHC has been also shown to better predict
prognosis and disease free survival following treatment compared to IHC [63].
Subtype profiling with PAM50 post treatment with Aromatase inhibitors has been
shown to improve identification of treatment resistant tumours [64].
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Prognostic investigations utilizing gene expression/ mutation profiling assays used in
clinical practice at present include BRCA1 and BRCA2 gene testing and Oncotype
DX™. BRCA1 and BRCA2 are tumour suppressor genes responsible for the
production of DNA repair proteins. Mutations of these genes causes impaired DNA
repair have been observed to lead to increased risk of development of breast and
ovarian malignancy. BRCA1/BRCA2 mutations are together responsible to up to
25% of hereditary breast cancers although [65] only 5-10% of all cancers are
attributable to these mutations [66]. The implication of carrying the BRCA1
mutation is 55-65 % increased risk of developing breast cancer by the age of 70
years of age [67]; BRCA2 mutation confers a 45% life-time risk of breast cancer
[68]. There is a 1: 2 chance of passing on the gene to offspring if diagnosed with
either of these mutations. Implication of a positive test result affects not only the
index patient in terms of future surveillance and prophylactic risk reducing surgery
but also their first-degree relatives for consideration of future risk assessment.
Testing is not performed routinely, reserved for patients identified by appropriate
assessment of risk factors, and always performed after genetic counseling. Gene
sequencing using Polymerase Chain Reaction (PCR) is the gold standard of
assessment [69]. Established screening methods are aimed at identifying coding
exons of BRCA1/2 because the most common mechanisms implicated in BRCA1/2
deactivation have been mutations that result in protein truncation [69]. However
there are other changes to genes have been identified in hereditary breast cancer and
newer techniques in sequencing using long range PCR are being investigated [69].
Another example of gene analysis utilized in clinical practice for prognostication is
the use of multigene signature assays [70]. Oncotype DX™ and Mammaprint™ are
two such commercially available genetic expression tests for the analysis of risk of
recurrence. Oncoype DX™ is a test that examines 21 genes in FFPE tissue by
reverse transcriptase PCR technology [70] to predict the risk of distant metastases
occurring within 10 years of diagnosis. The test facilitates selection of patients who
would have improved outcome from the addition of chemotherapy to endocrine
therapy. The target population is ER positive early stage breast cancer patients with
no regional lymph node involvement. Risk score greater than 31 out of 100 denotes
high risk with intermediate risk between 18 and 30 and a score less than 18 is
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deemed low risk. MamaprintTM a customized expression micro-array using fresh
frozen tissue, testing 70 genes to predict relapse within 10 years in node negative
patients regardless of oestrogen receptor status [70]. The result catagorises patients in
high and low risk of recurrence. MammaprintTM has been used to select patients for
adjuvant chemotherapy or endocrine therapy additional to surgery [70]. This
prognostication tool is derived from a cohort of patients under the age of 55 years
with tumours less than 5 cm therefore extrapolating prognostic results to patients
outside this criteria may reduce its predictive accuracy.Both of these investigations
are based on achieving a good clinical performance outcome. The combined effect
of these genes to enhance the potential to metastasize, evade the host immune
response and develop resistance to conventional therapy are assessed and have been
validated [71][72]. Recent investigations of genes that specifically increase the
expression of intrinsic metastatic potential may eventually result in better patient
selection for early systemic therapy and guide treatment options [71]. Table 2 shows
a summary of molecular investigations used for prognostication.
Further emerging uses of genetic analysis along with molecular techniques, has been
recently investigated for monitoring patients with metastatic breast cancer.
Measurement of circulating tumour cells (CTCs) and circulating cell free DNA and
tumour DNA (cfDNA and ctDNA) have shown promise as novel markers. The latter
technique has greater sensitivity compared to existing bio-markers (e.g. CA-15-3
with reported sensitivity of 60-70% versus 97% for ctDNA) [73]. An additional
advantage of using ctDNA as an indication of tumour burden is its specificity. The
fragments of DNA from tumours contain unique alterations in the genome. These
can be detected using advanced sequencing devices and tumour specific assays
designed to detect the ctDNA fragments. Comparison of the use of ctDNA, CTCs
with biomarker CA-15-3 has demonstrated that cDNA measurement has greatest
correlation with tumour burden and provided the earliest indication of response to
treatment [73].

CTCs and ctDNA has been assessed as potential prognostic

indicators for survival in triple negative breast cancers [74]. CTCs but not ctDNA
have been shown to be associated with overall survival and may predict time to
progression [74]. Both markers have potential for routine clinical use although larger
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studies will be needed as only small numbers of patients have been assessed in the
published series.
Breast cancer

Definition

Comments

ER and/or PR positive

This cut-point for Ki-67 was established by
comparison with PAM50 intrinsic subtyping
assay.

Sub –Type
Luminal A

HER2 negative

Luminal B

!Ki-67 low (<14%)

Local quality control of Ki-67 staining is
important [46].

ER and/or PR positive

Genetic markers of higher proliferation,
indicates poor prognosis in multiple genetic
assays. If reliable Ki-67 measurement is not
available alternative assessment of tumour
proliferation e.g. grade may be used to
distinguish between ‘Luminal A’ and
‘Luminal B (HER2 negative).

HER2 negative,
!Ki-67 high

Endocrine and anti-HER2 therapy may be
indicated [46].

HER2

HER2 over-expressed or
amplified
ER and PR absent

Basal – Like

ER and PR absent
HER2 negative

There is 80% overlap between ‘triple
negative’ and ‘basal-like’ subtype. Some
special subtypes previously included in triple
negative are associated with better prognosis.
Staining for basal keratins selects for true
basal-like tumours but insufficiently
reproducible for use as investigation tool
[46].

Table 1: Details of Breast Cancer Intrinsic Subtypes: St Gallen international breast cancer
conference 2011. [46]

16

Molecular

Technique

Scoring

Comments

qRT-PCR

0-17 low risk; 18- prognostic power of OncotypeDX

Assay
Oncotype DX

30
21 genes.

risk; greater than 31
high

FFPE tissue

intermediate equivalent
risk

recurrence

to

assessment

histopathology
including

a

of proliferation index e.g. Ki67. [72]
in

10

years

MammaPrint

Microarray

Gene

expression

fresh frozen tissue is difficult to

selects patients into obtain. MammaPrint derivation
70 genes.

either Low risk or of the prognostic signature is
High

PAM50

risk

of from a cohort of patients <55

Fresh frozen

recurrence

tissue

years

Microarray

0-40 low risk; 41- not developed to predict intrinsic
60

50 genes

in

10

[72]

intermediate; metastatic potential [71] therefore

61-100 high risk of good outcome score cannot be
recurrence in node

RNA from

years with tuours less than 5cm

linked to low risk of metastases.

–ve cancers.

FFPE tissue
0-40 low risk; 41100 high risk of
recurrence in node
+ve cancers

BRCA1

Gene

N/A

New techniques being developed

sequencing

to improve turn around time for
result [71]

BRCA2
FFPE tissue

Table 2: Comparison of Molecular Signature Assays used for Prognostication
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1.6. Pathological Evaluation of the Axilla
Lymph node status remains an important prognostic indicator for survival in breast
cancer although other prognostic markers recently gaining importance in directing
the adjuvant treatment pathway [75]. Patients diagnosed to have positive axillary
lymph nodes after clinical and radiological evaluation are usually treated with
axillary lymph node clearance and nodal status confirmed by histopathology
examination. Sentinel lymph node biopsy (SNB) has become the standard method
of assessment of node negative breast cancers (section 1.8), with delayed axillary
clearance reserved as a second procedure, performed only if SNB is positive 2-3
weeks after the first surgery. Economic implications in terms of bed occupancy and
duration of hospital stay [76], technical difficulties, being a more challenging
procedure and patient-related factors, including stress and exposure to a second
general anaesthesia have lead to the development a number of intra-operative
techniques for the evaluation of sentinel nodes. Most of these are now clinically
implemented with varying degrees of success to reduce second procedure rates
[77].
Intra-operative methods of assessment in use include frozen section, touch imprint
cytology, rapid immuno-cytochemistry and Molecular assay techniques utilizing
RT-PCR. Initially 2 commercial tests were available; Genesearch by ViridexTM
using Cytokeratin19 (CK19) and Mammaglobin as markers of metastases, and one
step- nucleic acid amplification (OSNA) using CK19 alone by SysmexTM. In
addition a further test known as MetasinTM has been developed [78, 79]. OSNA is
the now the molecular assay most commonly used intra-operatively.
1.6.1 Frozen Section
This technique involves sending the whole or part of the sentinel lymph node to the
pathologist who freezes the tissue. It is then sectioned at 6µm or less and
microscopically examined after being subjected to H&E staining. While protocols
for this method vary in the published studies a meta-analysis in 2011 of 47 studies
involving 13,062 patients [80] using this method showed that the overall sensitivity
was 60.6% with a specificity of 100%. However, frozen section (FS) had a much
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lower sensitivity in detecting micro-metastases and isolated tumour cells compared
macro-metastases and the difference was statistically significant (28.9% vs 80.3%
p<0.001). The authors concluded that this method lacked the accuracy required to
rule out micro-metastases. It has been demonstrated that sentinel lymph node
biopsies which only yield micro-metastases and isolated tumour cells are
nevertheless associated with a non sentinel node involvement rate of 20% [81] and
12% [82] respectively when axillary clearance is subsequently performed. Therefore,
sole use of this method would result in a small but not insignificant false negative
assessment. FS requires a dedicated team in pathology comprising a biomedical
scientist and pathologist available for assessment when required. In addition, it is
dependent on the skills and experience of the pathologist interpreting the section. All
of these factors make it an expensive option in terms of cost effectiveness.
1.6.2

Touch Imprint Cytology

Touch imprint cytology (TIC) or scrape cytology are performed by pressing or
scraping the cut surface of the sentinel lymph node onto a slide. This imprint is then
stained and examined. Meta- analysis of the published series performed by Tew et al
in 2005 [83], investigated 31 studies involving 4438 patients. This demonstrated
there was disparity in protocols, as well as intra-operative and histological technique.
Clear comparison and pooled interpretation of the studies therefore should be done
with caution. Nevertheless the estimate of overall sensitivity of TIC was 63% and
specificity 99%. Subsequently, other authors [84-88] have also demonstrated that
sensitivity varies not just with the specific technique used, but also depends on the
size of the metastasis; with low sensitivity in the presence of micrometastases
compared to standard histological examination (22% for micrometastases compared
to 81% for macro-metastases) [83]. The advantage of this technique over FS is that
it is less expensive and time consuming with no loss of tissue. However
interpretation of this technique requires experienced cyto-pathologists and if the
result is equivocal there is no clear guidance regarding subsequent management.
Moreover, lobular cancers are more difficult to identify using this technique due to
overlapping morphological features with lymphoid tissue. The use of immunocytochemical techniques used in conjunction with TIC has been shown to improve
the recognition of both of these entities but its use needs to be balanced against the
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additional time required to perform this test and the cost-effectiveness of
implementing this as part of intra-operative diagnosis.
1.6.3

Molecular Assay Techniques

Two types of molecular assays have been developed for intra-operative analysis.
Firstly, an intra-operative real-time quantitative Polymerase Chain Reaction (RTPCR) assay was developed commercially by GenesearchTM used dual m RNA
markers (CK19 and mammoglobin) [89]. For commercial reasons this assay was
withdrawn. However, an alternative assay called Metasin using the same m RNA
markers has recently been assessed in comparison to the GenesearchTM assay and
histology as the gold standard [79]. The sensitivity and specificity of Metasin
compared to Genesearch was 95% and 97% respectively. Metasin was concordant
with GenesearchTM in 148/154 lymph node homogenates and its positive predictive
value was 90% and negative predictive value 97% for both histology and
GenesearchTM [79]. This suggests that the Metasin assay is a viable replacement and
a valuable assay in intra-operative diagnosis of sentinel nodes. The other molecular
assay in use utilises One Step Nucleic acid Amplification (OSNA), developed by
Sysmex ,utilised CK19 alone as a marker. [90] OSNA is an established technique
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validated by a number of studies [90-98]. Combined analysis of these 9 studies
involving 3631 samples by Cserniet al in 2012 showed an overall sensitivity of
91.7%, specificity of 97%, accuracy of 96.1% and positive predictive value (PPV)
85.8% with negative predictive value (NPV) of 98.3% [81]. There was close
concordance between the studies. Following the publication of these studies, which
used half node analysis for validation of their results, most centres where this
technology is available carry out whole node analysis. OSNA remains the most
common molecular assay used as an intra-operative tool to detect the presence of
lymph node metastases. The high negative predictive value for OSNA compares
favourably with other methods of assessment and direct comparison between OSNA
and FS showed that OSNA detected more sentinel lymph node metastases
particularly micro-metastases [99]. This is because OSNA results reflect the status of
the whole processed lymph node, while both FS and TIC are based on the analysis of
the cut surface of the lymph node slices. These slices may be 1.5 to 2 mm thick and
the unexamined tissue may potentially harbour a metastatic or more commonly, a
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micro-metastatic deposit. OSNA has the advantage that it does not require
purification of m RNA [91] and therefore is a quicker method compared to RT-PCR.
The additional advantage is that it is an automated method requiring a trained lab
technician with a relatively quick turn- around time when the whole node is
processed.
While CK19 expression is high in most breast cancers the prevalence of CK19
negative cancers is estimated by studies to range between 1-3% in unselected series
[99]. Special sub-types of cancers as well as triple negatives and luminal A have
been reported to show a higher prevalence of CK19 negative cancers [101] while one
study has suggested that older patients may also show a higher prevalence [102]. The
potential risk of whole node analysis is that in a small proportion of patients may be
falsely reassured by a negative OSNA result and subsequently not receive
appropriate adjuvant therapy. Although lymph node status is not the only prognostic
indicator, and its importance has decreased in terms of prognostication and treatment
planning, identification of CK19 negative cancers pre-operatively may reduce the
risk of a false negative result and avoid under-treatment of loco-regional disease.
1.6.4

One Step Nucleic Acid Amplification (OSNA) and the prediction of
additional lymph nodal involvement

OSNA defines a positive result as greater than 250 mRNA copies/ µL of CK19 with
macro-metastases (++) defined by copies greater than 5000/µL and micro-metastases
(+) as 250 to 5000 copies/µL. The sentinel node was considered as negative when the
CK19 mRNA result was less than 250 copies/µL, isolated tumour cells are therefore
below set threshold for positivity. However these set parameters have resulted
increased number of axillary clearances being performed due to the tests increased
sensitivity to micro-metastases [103]. In order to remedy this new thresholds for
performing axillary clearance have been sought by investigating the relationship
between total tumour load (TTL) within the lymph nodes expressed as the total
number of copies of CK19 in positive lymph nodes and subsequent extent of axillary
tumour burden found on axillary clearance. Studies have shown that increasing
tumour load in the sentinel node appears to predict the likelihood of non- sentinel
node involvement based on CK19 copy number threshold values [104-112]. Several
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of the studies agree that mRNA copy number thresholds higher than those attributed
to a positive result by the manufacturer need to be considered as a threshold for ANC
[109,111,112,113]. Cut-off thresholds proposed for detecting more than 1 additional
non-sentinel node has been suggested to lie at 7,700 mRNA copy number (using
whole node analysis) [106] but this would result in a false negative rate of 17.4%. If
TTL is considered, a 15,000 mRNA copy number has also been suggested as
threshold for performing ANC [108]. While this has a high NPV (85.5%), there
would still be a substantial proportion of patients with axillary metastases who would
fall below this level.
An alternative approach would be to estimate risk probability at interval ranges of
TTL to determine low, intermediate and high-risk groups. A prospective study was
performed of patients having sentinel node biopsy prior to surgery as the primary
treatment at The Royal free London, NHS foundation trust between 2011 and 2015
[114][115]. The average number of nodes taken at SNB was 1.56 with a single
sentinel node identified and biopsied most frequently and up to 5 nodes maximally
with a total database of 802 nodes from 508 patients obtained for analysis [115].
Patients involved in clinical trials or those that had been given any treatment prior to
surgery were excluded. Nodes were analysed by both Histopathology and OSNA
using a half node analysis technique, with ANC performed if either or both modality
were positive. Patient age and tumour characteristics, including grade, tumour size,
ER/PR receptor and the presence of lymph-vascular invasion (LVI) were analysed.
The results showed that both TTL (p=0.003) and LVI (p=0.04) were related to
presence of non-sentinel node metastases in this cohort. A risk model was developed
using TTL and LVI and this allowed patients to be categorised into risk groups.
Application of model reduced the number of ANC to be performed with selection of
all patients for treatment based on individual patient risk probability. Figure 1 shows
the algorithm for treatment of risk groups determined by the model using LVI and
TTL with indicated treatment recommendations. This study requires validation
however suggests that future use of OSNA may be to provide a surrogate assessment
of axillary nodal status by SNB, with ANC performed in high-risk patients.
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Key: TTL – total tumour load; LVI –lympho-vascular invasion
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Figure 1: Algorithm for ANC based on model incorporating assessment of TTL and LVI.
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1.7 Surgical management of breast
The optimum surgical treatment for primary breast cancer is dictated by a number of
factors that encompass both satisfactory oncological clearance of all the malignant
and premalignant tissue, as well as achieving a surgical outcome that is aesthetically
acceptable to the patient. It is now more than 40 years since the advent of the first
trials that investigated the overall survival (OS), disease free survival (DS) and rate
of local recurrence (LR) of breast, following breast conserving surgery (BCS)
compared to mastectomy and simple mastectomy with radiotherapy versus Halsted
radical mastectomy [116][117]. The initial follow-up results of the National Surgical
Breast and Bowel Project (NSABP) B-04 and B-06 studies, European Organisation
of Research and Treatment Cancer (EORTC) study and the Danish Breast Cancer
Collaborative Group (DBCCG) study convincing demonstrated no difference in
survival between BCS and mastectomy or the incidence of distant metastases [118].
A higher local recurrence rate associated with BCS reduced when BCS was
combined radiotherapy [116]. Meta-analysis performed by the Early Breast Cancer
Trialist Group (EBCTG) combining data from most of these studies showed no
difference in survival at 10 years [118]. Subsequent publications demonstrating the
results of 25 years of follow up have confirmed these findings [119][120]. 74% of all
types recurrence occurred within the first 5 years following mastectomy, while for
BCS combined with radiotherapy 63% of all types recurrence within the same time
period [120]. If only local recurrence is considered 78% occurred with 5 years, with
15% occurring between 5-10 years and only 7% after 10 years following
mastectomy. In contrast 29% of local recurrence occurred in the first 5 years with
41% of cases between 5-10 and the remainder of cases occurring after 10 years for
BCS combined with radiotherapy [120].
It is important to note that current adjuvant treatment following surgery has resulted
in a significant reduction in both mortality and recurrence. Contemporary evidence
of surgical treatment and its outcome most recently assessed by Hwang et al was
published in 2013, demonstrated for the first time that BCS combined with
radiotherapy may have a survival advantage in some specific subgroups [121]. This
population study based in California (USA) of over 100,000 women compared BCS
combined with radiotherapy with mastectomy and BCS alone at 10 years follow up.
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The three treatment groups had similar age distribution of patients above and below
the age of 50. Hormone receptor status (HR), tumour subtype, size, grade and lymph
node status were also included as part of this assessment and were also similarly
matched. The results showed that OS was improved in all age groups treated with
BCS combined with radiotherapy with greatest benefit in terms of OS in patients
above 50 who were HR positive with T1 tumours with other groups showing small or
no increased benefit [121]. Lobular cancers were more likely to be treated with
mastectomy regardless of tumour size. Patients with HR negative and grade 3 status
were more likely to have mastectomy regardless of tumour subtype in the overall
population [121]. The authors acknowledged that some prognostic factors including
lymph vascular invasion and HER2 status were not included in the analysis.
Therefore for uni-focal tumours BCS combined with radiotherapy is preferred for
HR positive early breast cancers unless its position and relative size to breast size
(central tumours close to or involving the nipple, upper inner quadrant tumours and a
large tumour in a small breast) is prohibitive to a conservative approach. Other
contra-indications to BCS as primary treatment include extensive involvement of the
skin or muscle, requiring either neo-adjuvant chemotherapy/ endocrine therapy first,
or mastectomy as the preferred treatment option. Mastectomy has been preferred for
large tumours were BCS is would result in a poor cosmesis or very little remnant
breast tissue, for multifocal tumours, lobular cancer, high grade- HR negative
tumours, where there is evidence of extensive DCIS or if radiotherapy delivery is
difficult or contra-indicated. Despite the overwhelming scientific evidence from
clinical trials [118][119][120] and more recently general population study [121], that
BCS is the treatment of choice for most patients diagnosed with primary breast
cancer, in the last 5 years there has been an increasing trend for performing
mastectomy for breast cancer amenable to breast conservation [121]. Patients in age
groups less than 40 and those over 70 years were least likely to choose BCS if
tumours were less than 2cm; tumours greater than 2cm were more likely to be treated
with mastectomy with increasing age [121]. The reasons attributed to this
phenomenon are related to patient related factors such as anxiety of local recurrence,
which was shown to be slightly higher compared to mastectomy, the increase in
younger patients diagnosed with high grade breast cancer with loco-regional spread
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at presentation as well as recent innovations in reconstructive techniques (e.g. routine
use of silicone gel implants with artificial dermal matrix) and the availability of
onco-plastic trained surgeons at local centres which has expanded the treatment
options available.
1.7.1 Management of surgical margins in breast conserving surgery
Local recurrence (LR) can occur after surgical treatment with breast conserving
surgery (BCS) or mastectomy however is more common after BCS [122]. LR is
associated with reduced survival and is distressing for patients [m3]. It is therefore an
essential goal of BCS to achieve oncological clear margins so that recurrence risk is
minimized while preserving breast tissue and maintaining cosmesis. There is
ongoing debate on what constitutes clear margins. The margin is determined by
placing ink on the wide local excision surface and assessing the distance of tumour
cells from the ink microscopically [122]. Presence of tumour cells more than 1mm,
2mm and 5mm from the inked margin have all been considered as acceptable with no
majority opinion regarding this [122]. In order to improve the rate of complete
excision intra-operative techniques have been used [123]. Most of these are limited
by cost or are associated with increased operating time. Meta-analysis of these
techniques has been performed and although frozen section and imprint cytology
were found to be most accurate these are time and cost intensive [124]. Ultimately
clinical evidence presented so far is equivocal with LR rates no higher in any one of
these margins [122]. It should also be noted that a negative margin does not ensure
against the possibility of LR but facilitates adjuvant therapy to reduce the extent of
the risk. Improvement in LR has occurred over time, probably due improved
treatment regimens, suggesting that treatments that alters tumour biology and
reduces the rate of metastases have greater impact than the extent of surgical margins
[122]. The most recent update on guidelines regarding the recommended extent of
excision, reflect these findings. ‘no ink on tumour’ is now accepted as the standard
by the American Society of Surgical Oncology. While this has lead to a reduction in
the re-excision rate [125], the likelihood of residual tumour still remains using
current techniques of treatment. Novel treatments that result in margins that
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demonstrate complete ablation and exert effects that influence tumour biology will
be superior to surgical excision alone.
1.8 Surgical management of the axilla
Patients who have lymph nodes positive for metastases at triple assessment will
usually have axillary clearance as part of their surgical treatment. All patients where
the lymph node is equivocal or negative by triple assessment require further
assessment to determine if metastases are present. SNB is the first step towards
determining lymph node status with delayed axillary node clearance (ANC) as a
second procedure following identification of a positive node. Sentinel node biopsy is
usually performed after injecting radio-isotope technetium 99 a gamma emitter, in
the quadrant of the tumour 4 -24 hours prior to surgery. In addition peri- areolar subdermal injection of highly concentrated formulation of Methelene Blue dye known as
Patent Blue© immediately prior to surgical dissection, which is guided by localising
the strongest gamma signal using the gamma probe combined with the blue
colouring present in feeding lymphatics until they finally lead to the ‘hot and blue’
sentinel node. Sentinel node biopsy replaced axillary clearance as the procedure for
surgical diagnosis of nodes with uncertain status for more than a decade since
clinical trials demonstrated that SNB provided diagnostic equivalence without the
associated complication of axillary lymphoedema .
The next milestone in the management of the axilla occurred as a result of
ACOSOG Z0011 trial [126], and subsequently the IBCSG 23-01 study [127] which
have suggested that axillary lymph node clearance can be safely omitted in breast
cancer patients with small tumours and limited positive axillary nodes. The findings
from these studies have already changed surgical practice with fewer ANC being
performed if 2 or less positive nodes are present [128]. A scientifically based method
to underpin this decision-making would clearly be of benefit. The ASCO guidelines
regarding sentinel node biopsy were amended in March 2014[129] and endorsed by
the consensus guidance issued by The Association of Breast Surgeons UK in 2015.
Greater selectivity in offering patients axillary surgery is advocated and patients
undergoing breast conserving surgery with chest wall radiotherapy with 1 or 2
positive nodes are not recommended for ANC [129]. Larger tumours requiring
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mastectomy are recommended for ANC without SNB [129]. These guidelines do not
include the use of molecular assays to determine nodal status. However, they may
offer an ideal solution to improving selectivity for additional axillary treatment by
predicting risk of axillary involvement. Despite the criticisms of the trials [130] and
doubt remaining regarding its application to larger poor prognosis tumours, the
recent change in the ASCO guidelines [129] for performing ANC, endorse its
findings. Additionally a challenge to the established management of the axilla by
ANC has been raised by the EORTC AMAROS trial [131]. This has shown that
irradiation of the axilla following SNB demonstrated non-inferiority compared to
ANC; the POSNOC study may validate their findings [132]. These developments
suggest that in the future axillary surgery for most patients will be limited to SNB
with axillary clearance performed for the treatment of high disease burden. In this
setting, the recent investigations into the relationship between TTL and non-sentinel
nodal metastases provides the scientific rationale to support this change of practice,
adds degree of validated objectivity and provides a surrogate method of evaluation
previously provided by ANC.
1.9 Adjuvant treatments for Primary breast cancer
Additional treatment to surgery has been used to reduce the risk of local recurrence,
reduce the local extent of tumour mass to facilitate surgical excision as well as treat
loco-regional and distant disease burden in order to prolong survival. Adjuvant
therapies used in routine practice include systemic chemotherapy, radiotherapy and
endocrine therapy. The falling mortality rate over the last 20 years and improved
morbidity has occurred in parallel with improvements in systemic therapy regimens
[133], the routine use of Tamoxifen and subsequently aromatase inhibitors and the
advances in the delivery of radiotherapy.
1.9.1 Systemic Chemotherapy
The rationale for systemic chemotherapy is based on pre-clinical observations that
surgical excision of neoplastic tissue increases the production of growth factors that
promote the growth of loco-regional and distant micro-metastatic deposits
[133][134]. This may increase the risk of recurrence in patients where surgery can
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achieve a cure. The other advantage of systemic chemotherapy treatment is the
observation of higher response rate of primary breast cancers compared to metastatic
breast cancers suggesting that early treatment is likely to be effective because
tumours are more chemo-sensitive [134]. However trials have not shown any overall
survival benefit or disease free survival between primary systemic chemotherapy and
chemotherapy adjuvant to surgery although the former facilitates a ‘down-staging’ of
disease and breast conservation [133][135].
Therapeutic

agents

commonly

used

include

are

alkylating

agents

e.g

cyclophosphamide, anthracyclines (Adriamycin and Doxarubin), anti-metabolites
(e.g. Methotrexate, 5Fluoro-uricil) and the taxanes (Paclitaxel, Docitaxel). The use
of monoclonal antibodies Trastuzumab (Herceptin) and Pertuzumab (Perjeta) to
target tumours with overexpression of HER2/neu receptor in node positive or high
risk node negative patients has resulted in reduced recurrence. Furthermore
administration can be concurrent or sequential to other chemotherapeutic agents
[134].

Initial successful trials of thiopeta as adjuvant therapy [136], lead to

combination therapy regimens, the first such was CMF (Cyclophosphamide
combined with methotrexate and 5Flurouricil) that demonstrated a significantly
reduced recurrence risk and improved survival compared to local surgical treatment
alone [137][138]. Regimens incorporating anthracyclines and taxanes in combination
have also shown to improve survival [134][139][140]. High-risk groups such as
premenopausal node positive patients were identified to benefit at first; subsequently
moderate and low risk patients were also shown to have some benefit from treatment.
Systemic chemotherapy was recommended as an adjuvant treatment to the majority
of patients in clinical practice as a result [141]. However combination systemic
chemotherapy has been associated with cardiac toxicity and life threatening
neutropenia as well as transient reversible morbidity e.g. nausea, alopecia that is
distressing for patients. In addition chemotherapeutic agents damage DNA and
increase the risk of evolution of neoplastic cells to be selected for chemo-resistance
through a process of natural selection. Consideration of individual risk versus benefit
is now the major influence in clinical practice. In the last decade, investigation of
poly-chemotherapy treatment regimens and its effects, duration of treatment and
effects of dose density have lead to evidence based customized treatment [134].
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Current practice utilizes tools such as the web based Adjuvant!, which divides
chemotherapy regimens into first, second and third generation treatments based on
the results of clinical trials and predicts the extent of benefit for individual patients.
The advent of gene expression based molecular assays such as OncotypeDx and
Pam50 has facilitated the assessment of patients risk for the process of tailored
treatment. Table 3 shows a summary of commonly recommended chemotherapy
regimens [134].
Recurrence risk
category and
definition

Recommended for
regimens: ERpositive, HER2negative

Recommended for
regimens: ER/PRnegative, HER2negative

Recommended
regimens: HER2positive

Very low risk

No chemotherapy

No chemotherapy

No chemotherapy

Second generation
regimen if RS is high
(or consider if
intermediate)

Consider second
generation regimen

Consider weekly
paclitaxel + H

Second generation
regimen

Weekly paclitaxel
+ H or TCH

Node-Negative,
T1a

Low risk
Node-Negative,
T1b
Node-Negative,
T1c,

e.g. FEC100, FEC50,
AC X4 + TX4, CMF
X6

Moderate risk

Second or third
generation regimen if
RS intermediate-high

Node-Negative,

1+ Positive Nodes
or
T3

Third generation
regimen

AC-T + H or TCH
+/− P

e.g. DAC, FAC, ACT,
ACD

T2

High risk

e.g. FEC100, FEC50,
AC X4 + TX4, CMF X6

Third generation
regimen if RS
intermediate- high (or
4+ positive nodes
irrespective of RS) e.g.

Third generation
regimen

AC-T + H or TCH
+/− P

e.g. DAC, FAC, ACT,
ACD

Table 3: commonly recommended chemotherapy regimens [134].
Abbreviations:
TCH, Docetaxel, carboplatin, trastuzumab; FEC50, 5-flourouracil, epirubicin (50 mg/m2);
FEC100, 5-flourouracil, epirubicin (100 mg/m2) ; FAC, 5-flouroracil, doxorubicin,
cyclophosphamide; DAC, Docetaxel, doxorubicin, cyclophosphamide; T, Paclitaxel; AC,
Doxorubicin, cyclophosphamide; H, Trastuzumab; P, Pertuzumab; RS, Recurrence score.
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1.9.2 Radiotherapy
External beam radiotherapy is an essential adjuvant therapy to breast conservation
surgery for primary breast cancer treatment as discussed in section. 1.7. In addition
irradiation of chest wall, axilla and regional lymph nodes is performed in current
clinical practice following mastectomy or breast conserving surgery if there is risk of
local spread into the chest wall due the extent of tumour invasion or evidence of
loco-regional lymph node involvement. Consideration for radiotherapy is extended to
include patients high risk node negative disease e.g. patients with large tumours,
evidence of extra-nodal extension, lympho-vascular invasion, as well as young
patients and those with triple negatice breast cancers [142]. This practice is based on
the results of clinical trials and their follow up data spanning more than 20 years that
have demonstrated that radiotherapy reduces loco-regional and distant recurrence as
well as improving disease free survival following BCS or mastectomy, and after
adjuvant chemotherapy treatment [143][144][145]. Specifically benefited are patients
who have 4 or more positive nodes with some benefit for patient with between one to
three positive nodes [146]. Node negative patients did not demonstrate significant
benefit in terms of reduction in recurrence or DFS in these trials, however a sub
group of high-risk node negative patients did show improved outcome [147][148].
Patient selection in terms of risk versus benefit has been seen as particularly
important as morbidity and mortality associated with treatment has also been
assessed. Radiation related Cardiac toxicity, pneumonitis, lymphedema and
secondary malignancy have all been identified as adverse side effects from these
early trials [142]. Cardiac toxicity is related to damage to the long anterior
descending coronary artery (LAD) compromising blood supply to two thirds of the
cardiac muscle. Pneumonitis is a sub acute phenomenon related to radiation dose and
covers a spectrum of severity presenting weeks or months after treatment. However
recent trial data suggests that modern techniques such as deep inspiration breath hold
(DIBH) and the use of CT guided treatment planning have resulted in very low
numbers of patients affected by cardiac toxicity or pneumonitis from treatment [147].
Similarly assessment of sentinel node biopsy, the comparison of treatment with
either axillary clearance or radiotherapy revealed that radiotherapy was associated
with lower rates of lymphedema than axillary surgery [149]. Secondary malignancy
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following radiotherapy is now less likely as due to techniques such as accelerated
partial breast irradiation (APBI), which concentrates treatment to the site of the
tumour bed [142]. Other innovations still under investigation include proton therapy
[150] and intraoperative radiotherapy [151].
1.9.3 Endocrine therapy
Breast cancers that have receptors oestrogen and progesterone, are stimulated to
grow in their presence, with three quarters of breast cancer patients being estrogen
receptor positive. Current treatment targets oestrogen receptor blockade or disabling
Aromatase responsible for converting inactive Oestradiol to its metabolically active
form. Evidence from clinical trials has shown that oestrogen blockade by Tamoxifen
for 2 years reduced recurrence [152], that treatment for 5 years is more effective
[153] with 10 years extended treatment showing better results than sequential
treatment with aromatase inhibitors [154] has lead to extension of its use as an
adjuvant therapy. However post menopausal women were more effectively treated
with aromatase inhibitors than Tamoxifen [156] and high risk premenopausal women
had lower recurrence with ovarian suppression followed by an aromatase inhibitor
than treatment with Tamoxifen [155]. Additional considerations are the contraindications of Tamoxifen and Aromatase inhibitors as well as the side-effects of
these medications such as hot flashes and joint stiffness, that may be unacceptable to
the patient. This may result in declined or incomplete treatment even in the face of
increased risk of recurrence. Therefore treatment is determined by patient’s tumour
characteristics, risk assessment and ultimately the patient choice.

1.9.4 Concluding remarks
In this setting the role of novel technologies to treat all stages of breast cancer is
desirable because they allow greater options to be available for all patients but
particularly those who are not eligible for standard management. However current
conventional breast cancer treatment options are successful and set a high bar for
novel treatment strategies. In order to be accepted as suitable treatment they need to
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offer at least equal efficacy if not show additional advantages as well as less side
effects, when compared to the standard of care. PDT is one such treatment that will
be discussed in chapter 2.
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2. Photodynamic Therapy And Breast Cancer
2.1

Overview

Photodynamic therapy (PDT) is a treatment involving light and a light-activated
chemical substance (a photosensitiser), used in conjunction with molecular oxygen to
elicit cell death [1]. The basis of treatment is dependent on uptake of the
photosensitiser into malignant tissue following systemic or topical administration.
Only once the optimum tissue concentration is achieved, the malignant tissue can
then be exposed to visible light for a pre-determined time for the treatment to be
effective (see Fig.1).

Fig. 1. PDT –the process of treatment [101].
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In most cases the spectral output of the light source is matched to the absorption
spectrum of the photosensitiser in order to optimize the photosensitiser activation.
The calculation of the amount of energy delivered per second and the total time of
exposure determines the light dose, and this is measured in Joules. The absorption of
light by the photosensitiser elevates this photosensitiser molecule from its ground
state (S0) to an excited state (S1) (Fig.2). Subsequently the rapid transition from the
singlet S1 state to a long-lived triplet T1 excited state enables the photosensitiser to
transfer this energy (Type 2 mechanism) to an oxygen molecule transforming it to its
highly reactive singlet state [2], known as ‘singlet oxygen’. Fig. 2. Other reactive
oxygen species (ROS) such as hydroxyl radicals and superoxide anions may also be
produced via interaction of the triplet state with biomolecules (Type 1 mechanism).
The resulting oxidative cell damage promotes apoptosis- programmed cell death or
necrosis depending on the light treatment dose. Photo-oxidative damage is known to
occur to key molecules associated with the cell membrane function including aminoacid residues and cholesterol as well as intra-cellular structures including nucleic
acids, which control normal cellular activity and its relative state within the cell
cycle. A critical level of damage to these key structures usually triggers a cascade of
cellular events leading to apoptosis [3-13]. By this process PDT causes irreversible
damage to the cellular cytoskeleton and initiates cell apoptosis and tissue necrosis as
its primary effect. Recent investigations also suggest strongly that PDT may also
elicit an immune mediated response.
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.
Fig.2.:
The photochemical reaction that occurs in PDT: The Jablonski diagram below shows the
absorption of a photon of light by the PS leads to the elevation of the molecule from its ground
state S0 to an excited state S1. The PS transitions from its singlet state to a triplet state T1 before
returning to ground state. This results in the release of energy transfer to oxygen molecules
producing reactive oxygen species (Type I reaction) or singlet oxygen (Type II reaction) [101].
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2.2

History of PDT

The concept that light may be utilized in medical therapy is not new and in fact
history of its use documented in early ancient civilizations [1,11]. Its use in modern
medicine was seen over 100 years ago with the invention of the Finsen lamp, [12]
however the treatments were largely restricted to conditions affecting the skin due
autoimmune or infective causes. Contemporaries to Finsen were Raab , Jesionek and
Von Tappeiner who demonstrated that light combined with sensitizing agents and
oxygen could destroy cells.[3] In the early 1900s Von Tappeiner and Jesionek
successfully treated basal cell lesions. Later the term PDT was published in a text
book by Von Tappeiner and Jodlbauer [3]. Its initial use in cancer therapy for solid
organ tumours in Germany in the early 20th century, [3,13] allowed a better
understanding of the photosensitisers and what characteristics are responsible for
producing the unwanted side-effect of generalised light sensitivity. During the 1950s
and 1960s work to develop viable photosensitiser continued until Schwartz and
Lipson produced haematoporphyrin derivative (HpD) at the Mayo Clinic.[3]
However it was Thomas Dougherty who investigated HpD at Roswell Park cancer
centre, and conducted the first multi-centre clinical trials into its use in cancer
therapy in the 1970s and 1980s.[3] Eventually an active form of HpD was patented
as Photophrin, although it was not until the early 90s that they were approved first
for commercial use [1]. The first use for Photofrin was in the treatment of bladder
cancer. Later its use was extended to treat small cell lung cancer and squamous cell
carcinoma of the oesophagus [1]. Its uses in breast cancer so far, have been restricted
to metastases to the skin and the first reports of this occurred in the 90’s [3].
Simultaneously, another important advance, which has facilitated the application of
PDT, is the use of the laser . While PDT did not initially use lasers as the light source
for photoactivation, Argon ion pumped dye lasers were commonly used in early
studies as well as Nd:YAG lasers, but these have now been superseded by portable
diode lasers which have allowed greater portability of the equipment and simplified
its operation [3]. Furthermore the development of the optical fibre has in turn
allowed precise targeted treatment to be carried out. In the last 25 years advances in
molecular chemistry has allowed the development of new photosensitisers. In order
to address the problems of persistent side-effects, poor bioavailability and efficacy,
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further research has resulted in the emergence of second generation and third
generation photosensitisers [14-27].
2.3

Application of PDT: physics and photosensitisers

The key characteristics of laser light relevant to PDT are that it is monochromatic
(i.e. of a very narrow wave length) and can therefore be matched to the optimum
activation wavelength, is directional enabling its use with optical fibres, and can be
sufficiently intense at a reproducible power all of which facilitates targeted
treatment. Optimum wavelengths for tissue light transmission lie between 600800nm [2,3]. Across this range the major components of living tissue, namely water,
haemoglobin in blood and protein have low absorption allowing more efficient light
transmission through tissue (Fig.3). The successful use of PDT as a therapy is
dependent appropriately optimising the three modalities that lie at the heart of the
process: the light, photosensitiser and tissue oxygenation. The effectiveness of the
light used in PDT is dependant on the properties of the light source and the optical
properties of the tissue undergoing treatment.

The absorption, fluoresence and

excitation and concentration of a functioning photosensitizer are important, as is the
oxygen consumption that occurs as a result of PDT. Bleaching of the photosensitiser
absorption during treatment (photobleaching) caused by photooxidative reactions can
be a limiting factor and is [28]. Tissue oxygenation varies with the organ being
treated with more vascular organs receiving greater oxygenation however in a
healthy organ this is at an optimum level for the tissue type. In malignancy the
process of angiogenesis may result increased vascularity at the tumour site.
Therefore the location of treatment and disease process also influences the efficacy
of treatment [3,18].
2.4

Photosensitisers

Appreciation of the characteristics of photosensitisers, which ultimately enables
PDT to work as a viable treatment for cancer is the key to understanding this novel
therapy. Specifically they are able to absorb light in red/infrared part of the
electromagnetic spectrum (600-800nm) (Fig.4). In addition they usually demonstrate
a high quantum yield of singlet oxygen and other oxygen species related to high
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triplet formation producing cytotoxicity. The ideal characteristics, of the
photosensitiser include minimal dark toxicity (side-effects not related to
photoactivation), with rapid selective metabolism and/or clearance from healthy
tissue, until the optimum tissue concentration has been reached in the malignant
tissue, with minimal side effects [3].

ABSORPTION RANGE
WATER 400-700 nm

HAEMOGLOBIN 700-1000 nm

Fig. 3: Treatment spectrum for PDT [101].
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Fig 4: Penetration of light of various wavelengths through human tissue [101]. Wave
length of violet light (380-450nm) blue light (450-495nm) green light (495-570nm) and
red light (620-750nm). Red light has the greatest depth of penetration into tissue.

Commercially successful photosensitisers are compounds, which have a constant
composition with simple and stable drug formulation that can be mass produced via a
short, high yield manufacturing process and delivered through the intravenous route.
The reactive oxygen molecules and free radicals, which are produced only occur if
the cells are exposed to light in the presence of sufficient tissue concentration of the
photosensitiser. Ideally photosensitisers used for PDT in cancer therapy should have
preferential and prolonged retention within malignant tissue compared to healthy
tissue so that damage to healthy cells is negligible. One factor that might facilitate
this process is the leaky vasculature present in tumors combined with poorer
lymphatic drainage. Therefore, compared to normal tissue, tumors can preferentially
retain a larger concentration of the photosensitizer when it is administered
intravenously. The ideal light dose is one that it can effectively activate the
photosensitizer, causing cell death in the target tissue with no damage to healthy
tissue. In reality, however, true selectivity in the light dose is not achievable, and it is
instead the targeted delivery of light to known areas of disease using fiberoptic light
guides while avoiding healthy tissues (which are also photosensitive) that facilitates
effective treatment. In practice this cannot be achieved and selectivity is generally
only achieved via targeted illumination.
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It is important to note the structural characteristics of individual compounds have a
significant role in their suitability to act as a photosensitiser. Molecules
demonstrating a cyclical tetrapyrrolic structure are a good example of this. This
structure is the basis of a large family of naturally occurring biologically active
compounds The Porphyrins, which are involved in oxygen carriage as well as
photosynthesis. The structure of these compounds facilitates this ability; the porphine
framework is made up of 4 pyrrolic sub-units linked on opposing sides by methane
cross-bridges to create a conjugated planar macrocycle [1,12]. The initial group of
photosensitisers (HpD and Photophrin) developed, have been largely replaced by a
second generation of compounds [14,15]. They were specifically designed to have
minimal side-effects and overcome the undesirable qualities of their predecessors
and this has facilitated its use in cancer therapy. These are an extensive group of
compounds used in a wide range of therapeutic applications are beyond the remit of
this review. In terms of cancer therapy alone this includes 5-Aminolaevulinic acid
(ALA), which is metabolized to a porphyrin photosensitizer. Its esterified derivatives
[16,17], as well as methylated and benzyl derivatives already in commercial use in
cancer treatment [11,18].
Another family of compounds the phthal-cyanines, and their derivatives have been
investigated for their potential use in cancer therapy [19-21] as well as tools to
improve our understanding of how PDT exerts its effect. Exploration of this group of
third generation of photosensitisers continues; this includes investigation of novel
delivery systems to overcome poor solubility in metallo-tetrapyrrolic aggregates in
order to improve their effectiveness in treatment. [22,23]. An example of this is zinc
phthalocyannine, which has been used recently as a photosensitizer to investigate the
pathways of cell death in breast cancer cell lines exposed to PDT [24]. This
photosensitiser showed potential as therapeutic agent when delivered through
albumin nanospheres with good efficacy and no adverse effects in a murine model
[25].
Compounds used specifically in breast cancer (summarized in Table 1) for the
treatment of cutanous metastases include Visudyne™ (liposomal formulation of
verteporfin) a benzoporphorin derivative monoacid ring A (BPD-MA) [18,26,27].
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Advantages to using this agent in breast cancer therapy include the high tissue
penetration at its peak absorption at 690nm, with optimum concentration in
malignant tissue lasting between 30 to 150 minutes before being completely cleared
at 48 hours. Purlytin™ (tin etiopurpurin) , a chlorin photosensitiser has also been
investigated for use in the treatment of cutaneous metastases of breast cancer [28].
Its structure results in a stronger absorption of light at the 650-680nm range. Another
group of photosensitisers, The Texaphyrins have also been explored. The
Texaphrins, which are expanded porphyrins with a penta-aza core that facilitates
strong absorption of light in the 730-770nm range. As this is at the range of maximal
tissue transparency it would allow treatment to be carried at greater depth and on
larger tumours [1].

Lutex™ (Lutetium texaphyrin) has been assessed in the

treatment of breast cancer skin lesions [26]. In clinical trials texaphyrins have been
successfully used as radio sensitizers [3].
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Table&1:!Photosensitisers!(PS)!investigated!for!use!in!breast!cancer!treatment![101].!

PS#

Wave#length#

Time# to# PDT# after# Study#

Properties/uses/delivery#

dose#delivery#

Zinc#phthalo<

675#

12#hours#

cyannine#

ND

In<#vitro#Study#

2 #generation#PS#Liposomal#

on#murine#

preparation#administered#

breast#cancer#

intravenously.insoluble#in#

cell#lines##[24]#

water.Not#currently#used#in#
clinical#trials#

SnEt2#

660#

24#hours#

ND

Clinical#use#for#

2 #generation#PS.#

Treatment#of#

Intravenous#administration#

skin#

Used#in#Phase#II#clinical#trials#

metastases#

Localized#in#skin.#Used#in#

including#

clinical#treatment.#7<14#days#

breast#cancer#

post#administration#Photo<

[28]#

sensitivity#can#occur.#

Clinical#use#for#

2 #generation#PS#water#

lutetium#

Treatment#of#

soluble#agent#intravenous#

(Lutex)#

skin#

administration.#Used#in#

metastases#

phase#I#clinical#trial#for#

including#

prostate#cancer#and#

breast#

treatment#of#psoriasis.#Low#

cancer[26]#

incidence#of#photosensitivity#

Clinical#Trial#

1 #generation#PS#derivative#

for#the#

lipophilic#agent.#Intravenous#

treatment#of#

administration.##4<12#weeks#

breast#cancer#

Risk#of#Photosensitivity.##

<Purlytin#
#
#

Motexafin#

720#

3<24#hours#

#

Photophrin#II#

630#

48#hours#

skin#
metastases#
[90]#
#
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ND

st

PS#

Wave#length#

Time#to#PDT#after#

Study#

Properties/uses/delivery#

dose#delivery#

mono<L<

664<667#

nd

4#hours#

Clinical#trial#for# 2 #generation#PS#derivative#

aspartyl#

the#treatment#

intravenous#administration.#

chlorin#

of#breast#

Soluble#in#sodium#chloride#

cancer#skin#

solution.#Photosensitivity#

metastases#

risk#for#up#to#3#weeks.#

#

[88]#
#

meta<tetra#

652#

48<96#hours#

ND

Patient#series#

2 #generation#PS#are#

(hydroxyphen

treatment#of#

insoluble#in#aqueous#

yl)#chlorin#(m<

breast#cancer#

solution.#Intravenous#

THPC)#

metastases#

administration.#Used#in#

[89]#

treatment#of#head#and#neck,#

(FOSCAN)#

squamous#cell#carcinoma#
and#lung#cancers.2<6#weeks#
photosensitivity#risk.##

Verteporfin#

690#

1#hour#

Clinical#Trial#

ND

2 #generation#PS#

for#treatment#
(Visudyne)#
#

in#primary#

Liposomal#preparation.##

breast#cancer*#

Intravenous#administration#

used#in#murine#
breast#cancer#

Licensed#for#treatment#of#

models#

macular#degeneration.#Low#
incidence#of#photosensitivity#

[18,26,27]#
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Standard chemotheraputic agents such as anthracyclines and anthraquinones have
been examined with regard to their structural properties to assess their ability to act
as photosensitisers [29,30]. Specifically Mitoxantrone a type II topoisomerase
inhibitor have been investigated for their suitability as photosensitisers in order to
combine their cytotoxic effects with PDT but at a lower dose compared to standard
systemic chemotherapy treatment therefore incurring fewer side-effects. Additionally
this may allow treatment of drug and radiation resistant tumour cells. Anthracyclines
have characteristics which suggest their potential as photosensitisers [31,32].
However the effectiveness of Mitoxantrone is unclear. Montazerabadi et al
investigated its effects as a potential photosensitiser on breast cancer cell lines and
their results suggested it to be an efficient photosensitiser [31]. However other
studies are not as conclusive.
Secret et al in 2013 demonstrated that porous silicon nanoparticles can also be used
to covalently carry pophyrin related photosentisers into breast cancer cells to in order
to improve bioavailability for PDT treatment [33] and albumin based nanopheres and
liposomes [34] have successfully used for photosensitiser delivery However this has
yet to be translated beyond cell line and animal model based studies. One of the
difficulties identified with the use of nanospheres is that they are less successful at
carrying the photosensitiser at high doses and retaining them in their active state
[35]. The development of poly(N-isopropylacrylamide)- PNIPAM microgel for
encapsulation of photosensitisers may lead to improved efficacy [35].Nanoparticles
that are biodegradable including PNIPAM microgel stabilize photosensitizers as they
are able to provide protection against degradation by enzymes and the microenvironment in vivo. They are constructed to provide porous microstructures, which
allows oxygen diffusion, essential for PDT [35-38] Their structural similarity to
extracelluar matrix facilitates their interactions with cells. In additional another
advantageous feature is that these particles are temperature sensitive [37] and” forms
hydrogen bonds in the presence of water below 32°C. This is known as the lower
critical solution temperature (LCST). Above LCST, PNI¬PAM is hydrophobic [35].
These specific characteristics, allows hydrophilic photosensitisers to be uploaded at
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room temperature in the gel phase and sustained distribution within the body in at
physiological temperatures. This because at body temperature, the gel collapses,
facilitating diffusion of the photosensitizer [37]. Khanal et al in 2014 [35] used
PNIPAM to encapsulate, methylene blue, which was used as a photosensitiser
against a breast cancer cell line treated with PDT. Their results confirmed improved
efficacy could be achieved using this technique.
Other novel photosensitizer which are in development for targeted therapy include
the bacteriochlorophyll derivatives and its water-soluble derivative TOOKAD®
Soluble which remains distributed solely in the vascular bed and has fewer sideeffects than other photosensitisers of this group [39]. Its application, which results in
vascular occlusion following PDT has so far been limited clinically to use in the
treatment of prostate cancer. TOOKAD® Soluble may be of benefit in the treatment
of large breast tumours but this has not yet been investigated. In order to improve
PDT selectivity and to minimize destruction of normal breast tissue, various new
strategies have been developed which target specific characteristics unique to the
tumor and its vasculature. It had been established that selective tumor receptor tissue
factor (TF) expression is observed in almost all breast cancer tissues and that there is
an association between the concentration of plasma TF and TF expression in cancer
tissues [40]. Ligand-targeted photodynamic therapy (tPDT) by conjugating factor VII
(fVII) protein with the photosensitizer verteporfin has been investigated in order to
overcome the poor selectivity and to enhance the effect of non-targeted PDT for
cancer treatment [41]. The results show that this method of targeted PDT could
selectively kill TF-expressing breast cancer cells with no side-effects in cells which
did not express TF. It also resulted in improved effectiveness of PDT with a greater
degree of apoptosis and necrosis and inhibition of tumor growth in mice. Tumor cell
targeting factor VII targeted Sn(IV) chlorin e6 (SnCe6) PDT produced comparable
results [42]. However, there has not yet been a further extension of this technique
into a phase I clinical trial, but it represents the future for selective tumor treatment
with PDT.
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2.5

Mechanisms of PDT-induced Immune response
2.5.1

Cellular cytotoxicity mechanisms

Direct cytotoxic effects of PDT cause oxidative stress in the endoplasmic reticulum
and photo-oxidative damage to cells resulting in apoptosis and tumour necrosis
[43][44][45]. Extra-cellular release of intra-cellular proteins, known as damageassociated molecular patterns (DAMPs) typically occurs 1-4 hours after PDT [43].
Various DAMPs have been identified. Heat shock proteins (HSPs), calreticulin and
high mobility group box -1 (HMGB1) are examples of DAMPS, released/expressed
by dead and dying cells and potentiate immune cell activation, migration to the site
of cellular damage and phagocytosis of damaged cells which ultimately leads to
antigen presentation and T cell activation (Fig 5) [43]. PDT related oxidative stress
results in activation of transcription factors. Nuclear factor κB and activator protein 1
are examples of this [46,47]. PDT results in an acute inflammatory response
mediated by neutrophils, macrophages and other cellular components, which migrate
to the treated tumour site [43,48]. Neutrophils populations are first to increase and
this is facilitated by TNF-α a byproduct of PDT [43,49].

In addition to this

immediately post PDT myloid cells, monocytes, macrophages and mast cell
population are also observed to rise [49]. The end result of this process is the
activation of CD8+ T cells (Fig.5) [3].
While neutrophils are the first to increase in number and migrate in response to PDT
macrophages also have a significant role in potentiating the immune mediated effect
and are sensitive to changes to PDT dose. Macrophages are preferentially activated
by low dose PDT. Following PDT macrophages secrete lyso-phosphatidylcholine.
This protein is a substrate in a T and B cell enzymatic pathway that ultimately leads
to the production of Macrophage Activation factor (MAF) and resulting activated
macrophages demonstrate tumour specific cytotoxic activity [43]. Furthermore PDT
appears to enhance the phagocytic activity of macrophages facilitating their role in
removal of dead and dying cells from the treatment site [44]. T cell mediated antitumour activity is central to the efficacy of PDT in both the innate and adaptive
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responses [50-52]. Antigen presentation by neutrophils, macrophages and dendritic
cells to the T cell receptor via MHC class I protein results in CD8+ (cytotoxic) T cell
activation and tumour specific cytotoxicity. Alternatively MHC class II antigen
presentation by APCs results in CD4+ (helper) T cell activation (Fig.5). Further
dichotomy in T cell activity is demonstrated with CD4+ T helper 1 cells responsible
for activation of CD8+ cytotoxic T cells while CD4+ helper 2 cells causes B cells
proliferation and antibody class switching and activates macrophages [45].
2.5.2. Cytokine and complement derived cytotoxic mechanisms
PDT effects the complement system and cytokine production. [43,53,54]. Following
PDT pro-inflammatory cytokines levels are increased in order to amplify the
acquired immune response. C3 and C5a promotes neutrophila after PDT.IL-6 is
produced in large amounts and promotes megakaryotes and hemopoietic progentitor
cells production and T cell proliferation [43,51,55]. However not all cytokine
activation promotes its pro-inflammatory, anti tumour activity of PDT but excess
production results in reduced efficacy in some tumours. Figure.5 summaries the
interactive relationship between cellular and cytokine/complement derived activity in
response to PDT. Tumours may also activate the over production of cytokines in
order to induce immune suppression pathways. An example of this is found in the
4T1 murine breast cancer cell line where over expression of myloid cytokines occur
[56]. Investigation of this cell line by Du pré et al [56] revealed over expression of
mRNA specific for the myeloid cell chemokines MCP-1, KC, RANTES, MIP-1a and
MIP-1b, that may be responsible for myeloid cell infiltrations.
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Fig 5. Effects of PDT mediated inflammatory response and immune activation [101].
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2.5.3 Factors effecting PDT efficacy
Efficacy depends on the anatomical site [57], the type of Photosensitiser, its chemical
structure, and dose [43,58]. In Addition the treatment conditions, specifically low
power density or fluence rates causing less oxygen depletion [59] may result in
improved immune activation.
Sub lethal injury to tumour cells may lead to activation of survival pathways which
impact on the immune response and PDT efficacy. PDT related oxidative stress
results in activation of transcription factors in damaged but surviving cells via
complex and inter-connected routes which can for descriptive purposes be divided
into those that are triggered by oxidative stress and aim to combat its direct effects
(anti-oxidation mechanisms, hypoxia response, release of damaged proteins into the
cytoplasm and acute stress signals from dying cells) and activation of the proinflammatory and angiogenesis pathways all of which ultimately promote cell
survival [3]. The Nuclear factor κB (NFκB) pathway is of particular interest as it is
regulates the expression of genes that modulate the inflammatory response and
immune system function amongst other pathways. While severe oxidative stress
inhibits the activity of NF-κB this is the correct way of writing it promote cell death,
this pathway is activated by the production of ROS and hypoxia at lower severity
levels of cellular damage. Therefore the extent of PDT mediated cellular damage
determines either activation or repression of the pathway [60]. The fluence gradient
produced by scatter within the depth of tissues treated with PDT may result in
repression of NFκB at the target site but further away from the epicenter of treatment
partially damaged cell are likely to initiate the NFκB pathway to promote survival
[61][62]. However activation of genes that promote proliferation and survival also
activates an inflammatory response and cell mediated immune response by the same
pathway targeting the damaged tumour cells as described earlier. In addition proteins
activated or up regulated by the NFκB to prevent apoptosis of tumour cells in low
oxygen concentrations paradoxically also protect immune cells in the treated tumour
site [63]. An example of a gene responsible for modulation of apoptosis is the BCL2
gene and its product protein bcl-2, which acts by binding other proteins that regulate
the permeability of the mitochondrial outer membrane [64]. These are anti-apoptotic
group of genes that inhibits calcium dependent apoptosis, by binding to the inositol
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phosphate (IP3) receptor in the endoplasmic reticulum (ER) [64]. NF-κB pathway is
regulated by many inhibitory molecules, which bind to the NF-κB subunits. One
such molecule regulatory molecule is bcl-3 which is a protein that shuttles between
the cytoplasm and nucleus and binds to p52 sub-unit that activate NFκB [65]. Bcl-3
promotes apoptosis in the mammary gland and cross-talk occurs between STAT3
and NF-κB. Some studies suggest. Bcl-3 suppresses the metastatic progression of
primary breast cancer [66] while other investigations suggest that its role is to
increase metastatic spread [67] with inhibition of BCL3 gene expression reducing the
incidence of metastases in some murine breast cancer cell lines. Significantly Bcl-3p52 dimers have been shown to co-activate the BCL2 gene in MCF7AZ breast
cancer cells [68] and DNA damage in breast cancer cells results in up-regulation of
bcl-3 enhancing the suppression of tumour suppressor gene p53 [69][70]. It is
associated with de-regulation and over expression in a number of solid tumours with
breast cancer being the first to demonstrate this finding [71]. Both bcl-2 and bcl-3
have been used surrogate markers of NFκB activity and indirectly may be used
assess PDT efficacy and its effect on host immunity.A normal functioning host
immune system is a pre-requisite with immune-suppression reducing the success of
PDT treatment [43-45,72]. Reduced efficacy of anti-tumour activity may be related
several mechanisms. PDT mediated immune suppression occurs to counter autoimmune reactions [43-45,72]. One method is PDT induced production of VEGF
delays DC maturation, lead to T regulatory cell (Treg cell) mediated immune
suppression. Conversely Low levels of nitric oxide (NO) is produced by tumour cells
by Nitric oxide synthetase (NOS) in response to PDT as a cyto-protective defense
and appears to reduce the efficacy of PDT [73]. Therefore Cox inhibitors, which
block NO production improve PDT efficacy [73-75]. Furthermore NFkB is also
implicated in the regulation of COX-2 expression, important in PGE2 and
leukotriene production. Selective cox2 inhibition results in improved PDT efficacy
by reducing negative feedback regulation of this pathway.
2.6

PDT in combination immune modulatory agents

PDT mediated immune response, which extends to distant sites after local treatment
appear to dependent on multiple factors not all of which are known, and does not
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occur in all cases [43,75]. However studies that combined PDT and immunestimulatory agents have demonstrated local and distant immune responses
consistently [42,76]. Evidence has been presented that PDT combined with immunemodulatory agents can induce a sustained immune response and improve efficacy in
tumour cell destruction and stasis in tumour growth in a number of cancer mouse
models including breast cancer. [50,78-81]. Combination treatment caused an
increased neutrophil infiltration, improvement in tumor antigen presentation, greater
T-cell activation, suppressed expression of (Tregs) with effective rejection of tumor
re-challenge [45}. In some cases this was independent of the choice of
Photosensitiser [45,81]. Recently Xia et al [80] demonstrated that a combination of
PDT and immuno modulatory agent CpG oligodeoxynucleotide resulted in delay in
metastatic spread, prolonged survival and increased activation of CD8+ T cells.
Another treatment strategy used by Shams et al [81] is a 2 step treatment process in
combination with immune enhancement, with low PDT dose (immunogenic)
administered followed by high dose with variable anti- tumour efficacy in different
tumour cell lines. [81]. This treatment prolonged survival and delay in metastatic
spread. So Far these findings have yet to be translated into the clinical setting.
2.7

Adjuvant PDT

Alternative avenues of PDT treatment are also being explored through cell lines and
animal models. Specifically its role combined with adjuvant radiotherapy and
chemotherapy for the treatment of breast cancer and its sequelae. Photosensitisers
have the potential of acting as agents for combination therapy with PDT or
Radiotherapy. Some photosensitisers have been found to be useful as
radiosensitisers, with successful results in clinical trials for the treatment of
metastases in some cancers [16,81], but have not been used in the treatment of breast
cancer so far. However the concept of using PDT as an adjuvant to conventional
radiotherapy in breast cancer treatment continues to be of interest. The effects of
combined treatment with radiotherapy and PDT on breast cancer cell lines have been
investigated using indocyanine green as the photosensitiser and a low dose of
radiotherapy (4Gy) with encouraging results [83].
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PDT effects on normal bone in vivo had been studied [84] previously and showed
that normal healthy bone is very resistant to PDT effects so inadvertent exposure is
unlikely to cause necrosis. PDT in combination with radiotherapy to treat bone
metastases from breast cancer in an animal model has been studied recently [85].
Following radiotherapy alone the established spinal metastases were successfully
eliminated. However rats also subjected to PDT in combination with PDT also
showed some evidence of improved trabecular structure.

Quantitive H&E

examination suggests that PDT induced increased bone to marrow ratio mainly due
to the increased formation of newly formed woven bone and increase in osteiod
formation compared to rats treated with radiotherapy alone [85]. The authors
concluded that while they were unable assess if PDT elimated tumour cells in spinal
metastases the process of induced tissue injury resulted in an inflammatory response
as a part of healing. A further beneficial side-effect was that the PDT treated areas
showed reduced amounts of osteoclasts. Since radiotherapy usually causes an
increase in osteoclasts and bone resorption adjuvant treatment would reduce this
potentially harmful effect of radiotherapy. The less desirable effects of combined
therapy was that the cortical shell thickness of combined treatment areas were
significantly thinner, but this did not translate into observable measures of
mechanical bone weakness; in fact bone-mineral density and bone volume was
increased [84]. Crucially this study could not establish that PDT in an adjuvant
setting with radiotherapy improved the outcome of treatment for spinal metastases in
the short term. However in the long term some of the changes induced by PDT may
have resulted in improved recovery from treatment. Subsequently the same group
recently published their findings after evaluation of rat vertebrae 6 weeks after being
treated with PDT [85]. This randomised study demonstrated that PDT appeared to
improve vertebral integrity in combination with bisphosphonates or radiotherapy
suggesting its potential use in adjuvant treatment of spinal metastases [86].
Translation of this work into the clinical setting for breast cancer is awaited.
In the setting of adjuvant chemotherapy PDT also has potential applications.
Photosensitisers can be used in combination with chemotheraputic agents by
photochemical internalisation (PCI) [87-89]. Macromoelcular chemotheraputic
agents can endocytosed in to the cytosol by this method and then released in their
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active form by activation of the photosensitiser. This allows selective targeting of
tumour cells for two reasons. The photosensitiser is preferentially concentrated in
tumour cells rather than in the non-malignant tissue and it is photo-activation at the
illuminated area that results in endocytosis of the chemotheraputic agent e.g.
bleomycin used in conjunction with PS Disulfonated tetraphenyl chlorin (TPCS2a) to
successfully treat advanced solid tumours in the head and neck [88,89]. PDT and PCI
both rely on the presence of a photosensitizer and oxygen to elicit their effect. Both
result in cell death although PCI has been found to be more effective due to its
resistance to enzymatic degradation. Critical differences are that unlike PDT, PCI
does not cause cytotoxity per se with cytotoxic effects a direct effect of the agent
absorbed in to the cell [88]. In addition to date only PDT has been reported to be
associated with local and systemic immune responses. This is another area that
requires clinical research to validate the use of PCI in breast cancer. Liposomal PS
used in PDT such as Verteporfin represents the cusp between these two types of
photochemical processes.
2.8

PDT and clinical applications in breast cancer treatment

PDT has been investigated as a primary clinical treatment in a number of solid
tumours. Clinical trials in primary pancreatic and prostate cancer, and recently in the
treatment of head and neck tumours [90-92] have been successful. PDT was well
tolerated with few adverse effects. So far there has been no clinical trials
investigating its use in primary breast cancer. In fact the first clinical application for
this technology in breast cancer treatment was for skin metastases in chest wall
recurrence [93-95]. The initial series of 37 patients with breast carcinoma chest wall
recurrence treated with PDT by khan et al in 1993 [96] (Table 1) showed that this
was an effective treatment in selected patients although there was a variation in the
extent of response. Photophrin II was used as the photosensitiser in this light dose
escalation study to determine the minimal light dose at which there was an effective
response. The results showed that 5 patients achieved a complete response, 13
demonstrated partial responses and 19 showed no benefit [96]. The extent and type,
of recurrent disease, were strong determinants of the likelihood of response. Minimal
and nodular disease responded well to PDT; partial responses were seen in patients
with disease of moderate extent. A phase I study, evaluated mono-L-aspartyl chlorin
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e6 (Npe6) in a dose escalation study [94]. While there were no systemic adverse
effects, all patients experienced transient generalised skin photosensitivity and light
treatment caused immediate tissue blanching [94]. Marked necrosis of the tumor
mass was observed and regression of tumor occurred between 1-2 days post
treatment with formation of an eschar over the tumour site.

However re-

epithelialisation occurred under the eschar and complete healing occurred in 8-12
weeks. The study was also not selective for breast cancer recurrence as only 4 of the
11 patients in the study having cutaneous breast metastases. The authors found that
although tumour regression occurred 1 out of 3 patients its effect was incomplete.
Tumour re-growth occurred on the edges at the interphase between tumour and
normal skin. the optimum dose to control tumour re-growth was between 2.5 or 3.5
mg/kg combined with 100 J/cm2 of light energy with 6 of 9 of sites which showed
complete response, remaining tumor-free through 12 weeks observation [94]. Wyss
et al treated breast cancer chest wall recurrence in 7 patients with complete response
[97]. In this short series the photosensitizer meta-tetra (hydroxyphenyl) chlorin (mTHPC), was injected intravenously. Response to treatment did not differ when using
the 2 different drug dose protocols. Healing time depended mainly on the size of the
illumination field but not on the light dose. Similarly Cuenca et al found that PDT
was an effective treatment for the palliation of chest wall recurrence using
photophrin [96]. 500 separate cutaneous truncal lesions were treated in 14 patients
[96]. The follow up period ranged from 6 to 24 months. While all patients
demonstrated tumour necrosis and 9 out of 14 had complete responses and several
had regression of untreated lesions there was no effect on disease progression. Li et
al in 2011 combined PDT with immune therapy with a trial assessing safety and
efficacy of laser immunotherapy (LIT) for the treatment of metastastic breast cancer
[98]. All 10 patients who were enroled had either stage 3-4 disease and 8 patients
were suitable for final evaluation [98]. Only 1 patient had complete response; 4
patients had partial response, 2 maintained stable disease and 2 patients with disease
progression [98]. There was transient thermal injury in cases of prolonged duration,
was strongly associated with previous radiotherapy. However there were no serious
adverse effects or deaths due to this treatment. While the application of
immunotherapy to treat cancers is not new this study demonstrated that adjuvant
treatment with immunotherapy following PDT may improve its effectiveness and
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represents a viable future treatment of tumours at distant sites. It is worth noting that
treatment of skin metastases has shown variable success in both conventional and
novel treatment technologies due to disease resistance [99]. This may be related to
the evolution of tumour biology seen in metastatic spread with the most resistant
cells able to evade the host immune system. In addition systemic chemotherapy and
radiotherapy effectively selects for the evolution of resistant tumour cells by natural
selection. Therefore results of these studies should not be extrapolated to the
potential effects in primary treatment.
2.9 Conclusion
PDT in breast cancer is still at the most preliminary stages of research. However, its
low toxicity, repeatability and potential immunological effects suggest it to be
suitable as a treatment modality for breast cancer. Translating the advances made in
understanding the effects of PDT in the cell line based studies and animal models
into clinical practice, is the current challenge for this treatment. The scientific
evidence is mounting in favour of PDT as such a treatment modality. However so
far, it has only been in used treatment trials of cutaneous metastasis in a palliative
setting in patients with advanced disease. The next uncharted territory is whether
treatment of the primary breast cancer with PDT might result in a more effective
treatment strategy with minimal side effect and therefore better quality of life for the
patient. This is particularly pertinent as investigations into the immunomodulatory
effects of PDT suggest at least in animal models that it stimulates the host immune
system to facilitate tumour cell death and prevent tumour growth and spread [43-45]
. Further clinical research may perhaps lead to PDT being considered as a method of
vaccination against tumours [100]. This clearly would be of great advantage, as PDT
treatment in patients treated for primary breast cancer, would also result in acquired
immunity against the cancer at distant sites, for all metastases of the same tumour
cell clone [101]. Under these circumstances, its current position as a potential
complimentary adjuvant therapy would be extended to become a standard of care in
breast cancer treatment. Further research is required if PDT is to be used successfully
in primary breast cancer.
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3. Other Novel Therapies In The Treatment Of Breast Cancer
3.1 Introduction

There are several new technologies emerging for the treatment of breast cancer other
than PDT. However there are a few that have progressed beyond pre-clinical studies
into the clinical setting are considered as contenders for future breast cancer
treatments. High-intensity focused ultrasound (HIFU) and radiofrequency ablation
(RFA) are two of the most promising rivals to PDT. In addition Electrochemotherapy
(ECT) is a new technology that has been that has been assessed in a number of multicentred studies in the last 10 years and accepted into clinical practice in the UK in
2013 and is included as a rival technology to PDT.

3.2 High- intensity focused ultrasound (HIFU)

HIFU relies on the same technical principles as conventional ultrasound; however
unlike diagnostic ultrasound, the intensity of HIFU in the focal region is several
orders higher [1,2]. The technique induces coagulative necrosis caused by heat, with
giant cell reaction and chronic inflammation; the surrounding by HIFU in slowly
reabsorbed leaving fibrous connective tissue normal fatty tissue frequently shows
histological signs of fat necrosis. HIFU also appears to completely stop proliferation
of feeding tumour vessels critical for tumour growth and metastasis. Disruption of
the process of angiogenesis and can lead to tumour regression. Tissue necrosis
produced in its place. HIFU is associated with an immune response resulting in
apoptosis. In addition there is also a mechanical effect. The extent of tissue necrosis
is related to duration of treatment as well as how much the tissue is heated by the
sound waves [1]. Devices that have been used to treat breast tumours are
extracorporal, designed to treat subcutaneous tumours [1]. Both Ultrasound and MRI
scanning, can be used for treatment planning although MRI provides superior
definition of anatomical structures, can also be used during the procedure and allows
detection of temperature changes within the treated tissue, indirectly assessing the
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cytotoxicity after each treatment dose. However HIFU devices require specially
modified transducers to limit magnetic field distortion [1]. Other disadvantages
include poor assessment of damage to fat and of the treatment dose efficacy [1][3].

In vitro studies show that HIFU results in increases in heat shock protein HSP70 and
a rise in circulating T lymphocytes, but in contrast to PDT there is a greater ratio of
CD4þ to CD8þ T cells [2][4][5]. Although a number of clinical studies investigating
effects of HIFU in breast tissue have been reported by protagonists of this
technology [6], careful interrogation of these reveal that they are heterogenous in
terms of study design [1] and some focus only on its use in ablation of benign lesions
[7][8]. The first two clinical trials assessing its efficacy in breast cancer were
published more than a decade ago [9,10]; although HIFU treated patients had 5-year
disease-free survival of 95%, both studies were small with fewer than 50 patients in
total. Long-term effects of HIFU are unknown. Two patients in the studies had skin
full thickness burns is a significant adverse event in a relatively small cohort. Metaanalysis of HIFU treatment in published studies identified post treatment pain and
edema as common side-effects with skin burns occurring in a small minority [11].
However inability to assess margins by histopathology [11] is a critical limitation of
HIFU compared to standard treatment. Finally, in contrast to PDT, no evidence has
been presented that HIFU results in a sustained adaptive immune response although
initial immune-histochemistry from treated tissue of trial patients in one study
suggested loss of some metastatic and proliferative markers [12] there has been no
follow-up, survival or outcome data published subsequently from this cohort. The
most recent clinical trial of the use of HIFU in breast cancer in a cohort of 25
patients who then had conventional surgery two weeks later and followed for a short
median of twelve months was published in 2016 [13]. Histopathology of treated
tumours demonstrated coagulative necrosis with disruption and destruction of
vasculature. Evidence of an immune response was not presented. Early postoperative side effects included pain in 44% of the patients with 12% with mild fever
although burns were not reported in this cohort.
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3.3 Radiofrequency Ablation (RFA)

RFA is well-studied technology that uses thermal energy produced as a result of high
frequency alternating current producing cellular ionic agitation [14]. Coagulative
necrosis occurs because the there is a rise in tissue temperature above 100OC in the
epicenter of treatment with steep reduction in these effects small distances away
from the treatment zone [14]. Treatment dose can therefore be calculated to achieve a
predictable volume of tissue coagulation. A radiofrequency electrode combined with
computed tomography (CT) or ultrasound guidance has been to heat and coagulate
tissue and various tumours including early breast cancer [14][15]. In breast cancer
therapy electrodes are percutaneously with ultrasound guidance [14]. RFA mediated
cellular injury is initially characterized by inactivation of enzymes and protein
denaturation that contributes to cytotoxicity and coagulative necrosis [16]. Cell death
is also facilitated by damage to cell membrane structures resulting in alteration to
permeability so that increased intra-cellular fluid leads to cytolysis [16]. In addition
injury to the mitochondrial membrane, followed by irreversible changes to internal
mitochondrial structures is directly related to the extent of temperature rise [16].
Apoptosis is induced due to these changes and the dysfunction of DNA repair
enzymes, lysosomal release into the cytosol and vascular damage related ischaemia
[16]. Tumour cells have higher metabolic rates than normal tissue are therefore more
sensitive to these changes and are selectively treated as a result [16]. One caveat to
this is the treatment of tumours adjacent to large vessels is slightly less effective due
to the dissipation of heat away from the tissue. An inflammatory response in the
tissue surrounding the epicenter of treatment occurs with the increase in the level of
pro-inflammatory cytokines such as IL-6,IL-8 and TNF, chemokines and vascular
adhesion molecules. The presence of neutrophils and macrophages with B and T cell
activation specific to the RFA treated tissue have been demonstrated although these
observations are not specific to breast tissue [16][17][18]. Immune response related
to RFA in breast tissue has been studied, and serum levels of pro-inflammatory
cytokines were either increased or unchanged, with modest transient changes
[19,20]. In-vivo murine studies have shown that there is increased expression of HSP
thought to be critical in activation of the immune system, as well as T-cell activation
with proliferation of CD4þ and CD8þ populations and tumor-specific antibodies
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[19]. Furthermore, adaptive transfer has been demonstrated in vivo with tumour
specific immune cell population found at distant sites as in PDT [16][21]. This is
also seen in patients treated with RFA for hepatocellular carcinoma [22] however
similar data from breast cancer studies in lacking.

The first clinical study to investigate efficacy was performed in 1999 in 5 patients
[14] demonstrating complete cell death in the treated T3/4 tumours. Multiple studies
followed mainly targeting early breast cancers [15]. Review of clinical studies
consisting of patients using RFA to treat breast cancer has been performed recently;
this has shown that it has high efficacy [14][15]. The studies differ from each other
in study design but can be divided into two broad groups; those that followed RFA
treatment with surgical excision either immediately or delayed [23][24][25][26][27]
and studies in which primary treatment was RFA without surgical resection
[28][29][30][31]. In the first group complete ablation achieved ranged between 50100% and not all studies reported complication incidence, with variation in the types
of RFA electrode used, application time and the time surgical excision was
performed. In studies where there was no surgical resection there was variation in
other treatment used with some studies having no adjuvant treatment while others
continued with conventional treatment. Follow up periods also varied and ranged
between 18 months and 50 months. The results showed low recurrence rates in these
studies.

The results of these studies are difficult to interpret together because of their
heterogeneous inclusion criteria and the use of RFA as a primary or secondary
procedure and variation in methods of assessment in the individual studies. Burns
were the significant major complications, occurring in a small number of patients in
most of these studies although good cosmesis was reported in most patients [14][15].
However the major limitation is the inability to assess margins of the RFA treated
lesions, with complete cell death not ascertained by standard H&e staining [14]. This
is particularly significant as one of the side effects of treatment is that the RFA site
commonly has hard residual lump that is persists up to 60 months after treatment
[32]. Effectiveness of radiotherapy following RFA have not been investigated and
long term follow up for oncological outcome will be required before RFA can be
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considered as a treatment option [15]. Another consideration is the potential effect of
RFA on axillary lymph node staging by sentinel node biopsy (SNB) [33]. It has been
suggested that RFA may cause obstruction to the normal pattern of lymphatic flow
so that passage of radio-isotope and patent blue dye used in the procedure may fail to
identify the sentinel node. In practice in the clinical studies so far do not provide
evidence for this [34]. However larger studies will be necessary to fully assess the
effects on sentinel node identification. The recommendation for RFA is to perform
SNB prior to RFA [33].

3.4 Electrochemotherapy
Electrochemotherapy (ECT), a novel treatment, which so far has been used to treat
cutaneous metastases and not considered for the treatment of primary breast cancer.
However this established treatment could be readily used to treat early breast
cancers. Electrochemotherapy (ECT) combines administration of a low dose
chemotherapeutic agent that is non-permeable or poorly permeable with high
intensity electrical pulses of short duration delivered by needle electrodes to facilitate
targeted drug delivery into tumour cells [35]. Exposure of tumour cells to the pulses
of electrical fields in itself can cause apoptosis by the formation of nano-pores in the
cell membrane, a process known as electroporation [35][36][37]. Electroporation
was first demonstrated to occur in vitro after applying a high intensity electrical field
for a short duration [38]. This facilitated DNA transfection however its potential as a
drug delivery system was realized by Mir et al when Bleomycin a large poorly
soluble molecule was able to pass through into the intracellular compartment using
this technique [38]. Refinement of the equipment allowed ECT to be tested in vivo
without causing lethal cytotoxicity to large populations of cells [39]. These
investigations revealed further advantages; ECT resulted in a reduction in tumor
blood flow in two phases. A short-lived episode at pulse delivery resulting in a
‘vascular lock’ around the tumor cells that prevented washout of the cytotoxic agent
and further concentrated the cytotoxic agents in the tumor cells [40,41]. Additionally
disruption of the endothelial cytoskeleton and intracellular junctions lead to a change
in the configuration of the surface of the endothelium [35,41]. The impaired barrier
function and interstitial oedema that followed treatment decreased intravascular
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pressure and compromised blood flow. Repair of the endothelium is slow and a
reduction in blood flow in feeding tumor vessels in observed causing severe hypoxia
to the tumor cells evident several days after treatment with ECT [41]. Investigation
of potential chemotherapeutic agents that might be suitable for ECT has resulted in
identifying Bleomycin and Cisplatin as having the greatest potentiation of
cytotoxicity (300-700 fold and 80 fold respectively) at relatively low extracellular
concentrations [42]. These results have been confirmed in the clinical setting and the
ESOPE study in 2006 demonstrated that ECT was a safe, reliable and well-tolerated
therapy with high complete response rate [43]. Subsequent publications have
confirmed these findings [44][45][46] including from the first UK dedicated
electrochemotherapy service for breast cancer at the Royal free London [47] and
results are comparable as they followed the same protocol as the ESOPE study. The
recognized side effects of the treatment include hyperpigmentation of treated areas
but the extent and intensity is variable. Patients with tumour regression often have
less hyperpigmentation but this finding is not universal [35]. Breast cancer patients
are more likely experience post ECT pain compared to other treatment groups [35].
Review of post- operative pain showed that 74% of patients have little or no pain
immediately after treatment and in the immediate follow up period [48] In most
patients, pain was experienced as dull aching discomfort, typically appearing by 4-8
weeks after treatment and in most resolving by 12 weeks [48]. Prolonged post
treatment pain only occurs in a minority of patients, particularly in those with a
history of pain before treatment, treatment of the chest wall, previously irradiated
skin, tumour size greater than 3cm and extensive area of treatment [35]. Additionally
the potential for Bleomycin related lung fibrosis after multiple treatments has been
raised as a theoretical risk, although there are no published cases so far. The
observation of few toxic effects of treatment and repeatability of treatment has lead
to the successful establishment of ECT in clinical practice.
Efficacy of ECT and in the treatment of cutaneous breast cancer metastases has been
reviewed [49]. While there has been no formal comparison between conventional
primary treatments, (surgery, chemotherapy, radiotherapy or endocrine therapy) and
novel therapies including ECT and PDT, Spratt et al. [49] published a meta-analysis
of treatments for cutaneous metastases. Almost all the treated cases were melanoma
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and breast cancer. The results for objective response showed equivalence with
radiotherapy. Factors that may be predictive of response have been identified and are
summarized in Table 1. There has been no preclinical or clinical evidence that ECT
results in immune effects distant to the site of treatment although recent
investigations suggest local immune therapeutic effect may be responsible for the
benefits seen in clinical treatment; however investigation of the immune effects
induced by ECT in breast cancer are restricted to pre-clinical studies [53].

3.5 Conclusion
These novel technologies have are still in early stages of investigation for their
suitability as therapies for primary breast cancer. The evidence so far suggests that
while HIFU and RFA have been tested in the treatment of early primary breast
cancer the results are difficult to interpret. Both may have local and systemic
immune effects the clinical outcome is variable and both have unacceptable adverse
effects such as burns to the skin in treatment areas. Improvement in the mechanism
of delivery may overcome these problems in the future. Further investigations are
also needed to assess the effects on axillary staging and other adjuvant therapies
before they can be included as standard treatment. ECT in contrast has not yet been
tested in the treatment of primary breast cancer however it in now established as a
successful treatment of metastatic breast cancer in the skin. Clinical trials are
planned to investigate its role at an earlier stage of treatment and new needle
electrodes now available can be used at variable depth. In the future small superficial
breast cancer may be amenable to treatment by ECT. However there is no evidence
of any systemic benefit. PDT would be a successful treatment if it can deliver
treatment advantages seen in HIFU and RFA without the adverse effects seen in
these treatments and is potentially more beneficial than ECT because of systemic
immune effects.
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Tumor
/treatment
Characteristic
Size 3 cm or less

Prognostic
outcome

value

for Study
size (n)

P value [Reference]

Associated with CR and 125
LPFS
Size greater than Risk of prolonged post 125
3 cm
operative pain
ER
receptor Associated with CR
125
positive
Ki-67
Associated with CR
125

p <0.001
LPFS P= 0.008 [50]
P =0.008 [50]

Absence
visceral
metastases

125

P= 0.001 [50]

125

P=0.02 [52]

61*

P>0.05 [49]

of Associated with CR

Breast
cancer Associated with CR
subtype:
Luminal A *
Irradiated skin
No difference for CR

P=0.016 [50]
P=0.02 [50]

Current intensity Risk of post operative 120
> 5 Amps
pain

P< 0.0001 [48]

Irradiated skin

Risk of post operative 120
pain

P=0.014 [48]

Pre-existing pain

High risk of
operative pain

P<0.0001 [48]

Age over 70

Associated with CR

post 120
55 (28)**

Patients with poor May result in poor 55
performance
outcome for tumour
status at any age
response

P=0.023 [52]
P=0.048 [52]

* Breast cancer classification based on gene expression. Subtype luminal A is estrogen receptor (ER)–
positive. Luminal A cancers are low grade, tend to grow fairly slowly, and have the best prognosis; **
28 patients in this study had breast cancer skin metastases and age over 70.
Table 1:Characteristics that have been shown to effect outcome of ECT treatment
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4. Thesis Aims
This thesis is a study of the effects of photodynamic therapy (PDT) in primary breast
cancer. The three experimental sections include study of PDT in a mouse breast
cancer cell line in vitro and in an orthotopic mouse model as well as the effect of
PDT treatment human primary breast cancer as a part of a phase I/IIa clinical trial.
The first aim of the thesis was to evaluate the cytotoxic effects of PDT using
liposomal Verteporfin as the Photosensitiser (PS) with varying light dose and PS
concentrations on the 4T1 mouse breast cancer cell line in comparison with
chemotherapeutic and immune-modulatory agent 5 Aza-deoxy-cytidine (5ADC). A
further aim was to establish the optimum concentrations of PS and 5ADC required
for effective combination treatment using PDT and this agent in the in-vitro
experimental section.
The second aim of the thesis was to assess the local and distant effects of PDT using
liposomal Verteporfin as a PS in an orthotopic immune-competent breast cancer
mouse model using Balb/c mice inoculated with syngeneic 4T1 cells, in comparison
to treatment with 5ADC alone and in combination with this agent. Evaluation of
histopathology of the treatment site and distant organs was performed to evaluate
treatment effects. In addition, assessment of T cell populations from splenic tissue
and gene expression of markers of immune system activation were analyzed in the
breast tissue to assess distant effects.
The final aim of the thesis was to investigate the effects of PDT in primary breast
cancer in phase I/IIa clinical trial in order to identify the optimum light dose to
achieve 12 mm of tumour necrosis or a plateau of necrosis with incremental increase
in light dose. Secondary objectives of the clinical trial were to assess the effects seen
on MRI in comparison to histopathogy findings, as well as observations of effects in
normal breast tissue. Patient related factors and tumour characteristics were
examined to assess if this influenced treatment outcome. Pre and post treatment
effects on haemtaology profile, liver and renal function were also assessed. Adverse
effects of this treatment including PS related side-effects, adverse symptoms or
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complications following treatments were collected. Outcome of patients after
completion of breast cancer treatment was followed up. The results of these
observations would determine whether PDT is a safe effective treatment for primary
breast cancer and provide information for future clinical studies investigating its use.
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Section B: In-vitro and In-Vivo effects of Photodynamic
therapy alone and in combination with Chemotheraputic
agent 5 Aza -Deoxy-Cytidine in Murine 4T1 Breast cancer
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5. Cytotoxicity of PDT and 5aza-deoxy-cytidine on 4T1 cells in-vitro
5.1 Introduction
PDT treatment in cancer relies on the uptake of photosensitizer by tumour cells, their
sensitization, and its activation by light of a specific wavelength. As previously
described (chapter 2) PDT results in generation of reactive oxygen species (ROS).
These cause damage to the cell membranes tumour vasculature and activate
pathways that eventually lead to cell apoptosis, necrosis and activation of an immune
mediated response. This is primarily mediated by production of damage-associated
molecular patterns (DAMPs) that triggers migration of antigen presenting cell to the
site of cellular injury and results in phagocytosis of dead tumour cells and
subsequently antigen presentation. Tumour antigen specific CD8+T cell mediated
cytotoxicity results, and there is also activation of B cells. In the absence of an
immune mediated response or vasculature as is the case of cells in-vitro, the study of
effects of PDT in this setting is primarily to gain understanding of the mechanisms
and efficacy of apoptosis and necrosis caused directly by the generation of ROS and
the ensuing damage to cell membrane and intra-cellular structures in various cell
lines.
As previously discussed, the first photosensistiser used in cancer therapy was
Photophrin© and it continues to be used [1,2]. However second-generation
photosensitisers have the advantage of being pure compounds and do not induce the
same extent of photosensitivity; shorter duration of activity and formulations that
allow the compounds to be water-soluble are additional qualities facilitating clinical
use. Visudyne™ (vertepofin, Norvartis) a non-PEGylated liposomal formulation of
the photosensitiser benzoporphyrin derivative (BPD), was the first of a group of
photosenstisers which are termed as nano-theraputic drugs [3]. Liposomes are nanosized and allow drug delivery by simultaneously encapsulating hydrophilic and
lipophilic agents [3]. Verteporfin is suitable for use in breast cancer therapy due to its
liposomal formulation allowing improved drug delivery [4], absorption, permeability
and retention in tumour vasculature [4]. Activation of the photosensitser occurs using
near infra-red light peaking at wavelength 690 nm which is above the wavelength of
absorption of naturally occurring chromophores such as oxyhemoglobin [4,5].
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Pharmacokinetic data suggests that it reaches optimum tissue concentration at 60
minutes in humans although its half-life is short and optimum activity lasts for 30
minutes [5,6]. This is due to the rapid clearance of non-PEGylated liposomes by the
liver [7], and is clearly an advantage for targeted therapy and reduction of unwanted
side- effects. After 5-6 hours tissue concentrations decline rapidly and after 48 hours
it is completely eliminated via excretion in the bile and urinary tract. It is not
metabolized or store in the reticulo-endothelial system [5,6]. However no specific
data regarding its absorption in normal breast tissue or in breast cancer is currently
available, or whether the therapeutic concentrations at which it is currently licensed
for treating macular degeneration are appropriate for its use in treating breast cancer,
not indicated as a licensed use. In 4T1 murine models the reported time for laser
treatment has been 15 minutes after intravenous drug delivery due to the rapid
delivery to vasculature and target organs followed by metabolism and elimination
within 24 hours [8][9]. The effect of PDT using Visudyne™ has been studied in
cancer cell lines in vitro including murine breast cancer cell lines [8][9].
Investigations suggest, that combination therapy with agents that either cause
improved selectivity or targeting of sites of cellular damage result in improved
outcome. In addition lower doses of energy may be needed than when PDT is used
alone [8][9][10][11]. An example of this is seen when photosensitiser verteporfin is
conjugated factor VII (fVII) protein; a ligand for receptor tissue factor (TF) which is
a necessary component of angiogenic tumour vascular endothelial cells (VEC) and
other tumour cells including solid tumours such as breast cancer [10]. In-vitro
combination of factor VII protein with PDT resulted firstly greater selectivity; 90%
of VGEF stimulated HUVEC cells were killed but did not kill un-stimulated cells
while PDT alone resulted in un-selective killing [10]. The implication of this is
pathological vessels could be selectively targeted using fVII. Secondly combination
therapy decreased the IC50 of Verteporfin 3-4 fold [10]. With the advent of various
combination therapies of PDT with immune-modulation agents the need for a clear
understanding of their primary effects of these agents on cell lines is necessary
before dual therapeutic regimens can be implemented.
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One such agent 5-aza-deoxy-cytidine, was first synthesized in 1964 [12]. Based on
the nucleoside 2′-deoxycytidine, the main structural difference is that instead of
carbon in position 5 of cytosine there is nitrogen [12]. In cell culture it has been
shown to inhibit DNA methylation. In addition it also causes up-regulation of DNA
repair genes as well as genes that inhibit angiogenesis [13]. In leukaemic cells it has
been shown to reduce clonogenicity [12,14]. In solid tumours 5 aza-deoxy-cytidine
re-activates tumour suppressor genes that have been ‘switched off,’ due to DNA
methylation by cancer cells [12,15,16]. In breast cancer this potentially includes ER,
BRCA1, E Cadherin and TMS1, which are all known to undergo DNA methylation
[12,17]. Immune system side-effects include reduced responsiveness of natural killer
cells [18].
Pharmacokinetic investigation of this agent suggests that the chemical stability of
5aza-deoxy-cytidine is dependent on temperature and pH [19] favouring a pH neutral
environment (7.0 -7.4) and temperature 50C and below for storage with less that 1%
degradation in these condition. At room temperature it is moderately unstable with a
degradation half-life of 22 hours at neutral pH and at body temperature (370C) this
falls to 12 hours at neutral pH. This allows relatively reliable handling in vitro
conditions with maximal activity of the drug expected in the first 12 hours [19]. In
alkaline conditions and at elevated temperature the 5 aza- cytosine ring opens up to
form a reversible transitional compound N-(formylamidino)- N′-β-D-2deoxyribofuranosylurea (NFDU). It is the further degradation of this compound to
N′-β-D-2-deoxyribofuranosyl-3-guanylurea (DGU) that results in loss of
pharmacological activity [19]. Its solubility in water is occurs at concentrations of
0.125mg per millilitre (ml) and lower.
In vitro studies of the effects of 5-aza-doxy-cytidine have been conducted using
human and murine cancer cell lines [12][14][20][21][22]. Colony assays of a variety
of tumour cell lines demonstrate that it has cytotoxic activity against neoplatistic
cells [12]. Studies of cancer cell lines, which are subjected to exposure to this agent,
have shown considerable heterogeneity in terms of response and the half maximum
inhibitory (IC50) concentration [12]. For example 4 human breast cancer cell lines
treated with 5-aza-deoxy-cytidine; MDA-MB 435, Hs578T, MCF-7 and MDA-MB
231 and murine breast cancer cell line EMT6 all have shown different IC50
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concentrations [12][14][20][22]. There was variation within the human breast cancer
lines with MDA-MB 231 being the most susceptible with IC50 of 0.013µM at 48
hours while Hs578 and MCF-7 required 10 times the concentration to achieve IC50
with MDA-MB 435 requiring the highest concentration at 0.2 µM. In comparison
EMT-6 mouse breast cancer cell line had achieved IC50 at 18 hours at concentration
0.22 µM similar to MDA-MB435.This may be a reflection of the differences in their
mitotic rate and ability to recover from the toxic exposure. At low doses 5-azadeoxy-cytidine is believed to favour epigenetic activity while high doses are
associated with cytotoxicity [23]. In vivo this results reversing the effects of overexpression of some tumour proteins. Its clinical use in cancer therapy has been
restricted to the treatment of mylodysplastic syndrome (MDS) and acute myloid
leukaemia (AML) [24,25,26] although it is also used for the treatment of sickle cell
disease [27]. Investigation of its use in solid tumours is ongoing and its use in breast
cancer and in combination with PDT is the subject of this chapter.
The use of the 4T1 mouse mammary carcinoma in an orthotopic model, as surrogate
for human breast cancer is established and has facilitated investigation of PDT alone
and in combination with other agents to improve efficacy of treatment
[28][29][30][31]. It is characterized by early spontaneous metastases with spread to
organs also seen in human breast cancer [32]. Study of late stage breast cancer is
easily facilitated by modification this model [33][34]. Observations of this cell line
in vivo and in vitro suggest that its tumourgenicity, ability to metastasize are
preserved over 20 to 30 generations [33]. Study of specific types breast cancer, may
also be benefited by this model as its aggressiveness mirrors that seen in triple
negative breast cancer; successful novel treatment regimens in the 4T1 cell line may
unlock the door to clinically efficacious treatments in this group of patients [32].
Characteristics of the cell line in vivo have been elucidated [33][35][36] and may be
used in assessing efficacy of PDT treatment. Further discussion of in-vivo
characteristics are discussed in Chapter 6.
In vitro exposure of this cancer cell line to PDT as well as 5aza deoxy-cytidine
would provide greater understanding of its effects as well as allowing optimization of
conditions for treatment with PDT. To date no published studies have reported
specifically how 4T1 cells respond in vitro to 5-aza-deoxy-cytidine and the IC50 for
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this cell line. There are also no studies that have investigated the optimum conditions
for combining PDT with this immune-modulatory agent in the 4T1 cell line.
5.2 Methods And Materials
5.2.1 Study Design
4T1 cells were cultured in vitro and then 2000 cells were placed per well into 96 well
plates so that a total of 60 wells were plated and the cells were incubated for 24
hours. Firstly to investigate effects of 5-aza-deoxy-cytidine on 4T1 cells, increasing
concentration of 5-aza-deoxy-cytidine from 0.1µM to 1µM was added to separate
columns of wells along the plate with control columns untreated 4T1 colonies at each
end of the plate. Initially freshly prepared 5-aza-deoxy-cytidine was used to treated
the cells as well as previously prepared agent stored at 00C to assess the extent of
variation in toxicity.
The second part of the experiment was to determine the IC50 of this agent; this was
performed with cells exposed to the drug for 24 hours then washed to remove all of
the 5-aza-deoxy-cytidine and allowed to grow for a further 48 or 96 hours. Cell
viability was then assessed by MTT assay.
Once the IC50 was established after repeated trials of this process the third part of
this experiment was performed. This was to establish the lowest optimum light dose
and concentration of liposomal Verteporfin to achieve IC50 cell viability. 1 Joule and
2.5 Joules were selected as the test light doses. Once again 4T1 cells were cultured
and 2000 cells were placed per well in 96 well plates with a total of 60 wells plated.
Increasing concentrations of liposomal Verteporfin was added to separate columns of
wells with control untreated wells at each end of the plate. The plates were covered
with aluminium foil to minimize inadvertent photosensitisation. After 90 minutes
incubation the cell were washed to remove all liposomal Verteporfin from the
medium in the wells. The cells were exposed to either 1 Joule or 2.5 Joules of red
light using a red lamp attached to a light meter to monitor and standardise the light
dose delivered to each plate. Illumination was timed using a stop -watch to allow the
exact light dose to be delivered to the plate. Following illumination the plate was
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recovered with aluminium foil and placed in the incubator. At 48 or 96 hours of
further incubation cell viability was assessed with MTT assay.
Once IC50 of liposomal Verteporfin at 1 Joule and 2.5 Joules was established on
repetition of the experiment the final part of the experiment was to establish the
effect of combining 5aza-deoxy-cytidine with PDT on 4T1 cells. 2000 cells were
placed into each well of a 96 well plate so that a total of 60 wells were plated as
previously described. After 24 hours of incubation 4 columns of wells were treated
with the IC50 concentration of 5-aza-deoxy-cytidine and 2 were left untreated. The
plate was then incubated for a further 24 hours and then washed to remove the agent.
After this the 2 columns of wells previously untreated with 5-aza-deoxy-cytidine
were treated with liposomal Verteporfin as well 2 of the 4 columns, which received
drug treatment. Therefore 2 well columns were treated with combined therapy, 2
received drug alone and 2 were treated with PDT alone. After 90 minutes of
incubation the plate was washed and then illuminated as previously described. After
illumination the plates were incubated as previously described for 48 and 96 hours.
Three different concentration liposomal Verteporfin was used in separate plates and
all the plates were treated with 1 Joule light dose. This final experiment determined
the optimum concentration of Verteporfin combined with 5-aza-deoxy-cytidine that
resulted in the maximal response.
5.2.2 Cell Culture and Plating of 4T1 Cells
Unmodified 4T1 tumour cells were cultured in RPMI supplemented with 10% FBS
with antibiotic/anti-mycotic agents, from stock of cells of low passage stored in
liquid nitrogen in T75 corning culture flasks. Incubation was in a 37°C, 4% CO2
tissue culture incubator. Once the cells were 80-90% confluent they were trypsinised
using approximately 3mls of trypsin and placed back in the incubator for 2 minutes.
When all the cells were observed to be detached the trypsin was neutralised by
adding 7 mls of media (RPMI with 10% FBS and antibiotic agent). The cells were
transferred to a 50ml centrifuge tube and cell count performed. 20 µl of cells were
transferred to an sterile eppendorf® bijoux round bottomed tube and 20 µl trypan
blue® was added to this and mixed. Then 10 µl was drawn up by a 20 µl Gilsen
pipette and placed on a cell counter slide under a cover slip. The slide was then view
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by light microscopy at power 40. The cells in 4 large squares were counted and the
average was multiplied to estimate the number of cells present per 100 µl. Further
calculations were done to establish the volume of cell solution needed to plate 60
wells of a 96 well plate each with 2000 cells or 3,000 cells. This total volume of cells
was then transferred to a volume of media, so that the total plating volume was just
in excess of 600 µl if only one 96-well plate was used. The cell plating solution was
then was drawn up 100 µl at a time and placed into each well with 60 wells filled per
plate. The lid of the plate was carefully replaced and the plate put into a tissue
culture incubator at 370C at 4% CO2. The cells were observed 24 hours later by light
microscopy in order to evaluate their state of growth and colony formation.

5.2.3

Treatment with 5-Aza-Deoxy-Cytidine and reagents used

5aza-deoxy-cytidine was purchased from Sigma Aldrich Ltd in 10mg dry powder
form. The molar mass of this drug is 228.21g so that 10mg powder was dissolved in
a 50 ml centrifuge tube containing 40mls of sterile water to make a concentration of
0.25 mg/ml. This concentration is 1.1mM of the drug using the formula:
Mass (mg) in 1ml / Molar mass (g) x 1000 = mM concentration
The drug was difficult to dissolve and required repeated agitation over 2 minutes
before it was seen to dissolve. Once there were no visible particles of the drug the
solution was then immediately aliquotted in 1ml volumes to 7ml bijoux flat bottom
capped tubes which each then contained 1.1 mM of the drug. These were then placed
into a freezer at -150C. Each aliquot represented the stock solution of the drug to be
used in the experiments.
In order to prepare the test concentrations of the drug, the initial step was to first
make up an intermediate concentration of 50µM by adding 46 µl of the 1.1mM stock
solution to 954 µl of media (RPMI with 10% FBS with antibiotic), to have a total
volume of 1ml. This would allow sufficient intermediate solution to be available to
treat 60 wells of one 96 well plate.
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Using the intermediate solution the concentrations were made up for testing between
0.1 to 1µM. Initially intermediate solution from freshly prepared stock was added in
concentrations already described to one plate of cells while another plate was tested
with 5azadeoxy-cytidine that had been frozen. The frozen sample thawed in ambient
room temperature and in a warm water-bath then prepared into an intermediate
solution from which concentrations were prepared.
In order to treat the cells they were removed from the incubator 24 hours after
plating and placed in a tissue culture hood. In this sterile environment the media
from the wells was first removed by gently turning over the plate on sterile blotting
paper and then washing by adding 100 µl of warmed PBS to each well. The plate was
once again up turned onto blotting paper to remove the PBS. Finally incrementally
increasing concentrations of the drug was added to each column from 3 to 12 in 6
wells in rows B through to G with column 2 used as untreated controls (see Fig.1
below). After adding the drug the plate was returned to the incubator for 24 hours.
After 24 hours the drug was removed from the cells by removing the cells from the
incubator and into the tissue culture hood. The media containing the drug was
removed by gently over turning the plate onto sterile blotting paper and then washing
each well with 100 µl of PBS. The process was repeated to remove the PBS and
media was added instead as previously described. The plate was then returned to the
tissue incubator for a further 48 hours or 96 hours.
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Columns 2-11 only used for all experiments*
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Fig.1: Schematic diagram showing the wells used for plating 4T1 cell for all of the in
vitro experiments the blue circles representing the wells and yellow square the extent
of the wells used. *Rows B-G and columns 2-11 were found to receive uniform
exposure to the red lamp during optimization of the protocol and equipment
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5.2.4 Preparation and treatment: Verteporfin and Other Reagents
Verteporfin was taken purchased from Norvartis© as a 15mg of dry powder in a
liposomal formulation. This was reconstituted with 10ml sterile distilled water and
divided into aliquots of 1 mM. The molar mass of Verteporfin, and is 718.794g was
used to calculate the volume to be aliquoted using the formula:
Mass (mg) in 1ml / Molar mass (g) x 1000 = mM concentration
The dry powder dissolved easily in water and then was aliquoted into capped flat
bottom 7ml bijoux tubes as stock solutions and frozen at -600C until use. Prior to use
these aliquots were assessed using a spectrophotometer to check that their absorption
peak was at 690nm. This was confirmed indicating a normal activity level of the
photosensitizer. The absorption spectrum of Verteporfin in the liposomal formulation
is shown below (Fig.2). Treatment of 4T1 cells with Verteporfin was performed 48
hours after plating. In order to prepare test concentrations for experimentation an
intermediate solution was made up by pipetting 50µl of stock solution into 950µl of
media (RPMI with 10% FBS and antibiotic). This intermediate solution was used to
make up increasing concentrations of Verteporfin from 0.1 to 0.5µM. The 4T1 cells
were treated with verteporfin and then the plates were wrapped in aluminum foil to
stop light exposure and placed back in the incubator. After 90 minutes the plates
were removed from the incubator and in the tissue culture hood with minimum
exposure to light the verteporfin was removed, the cell washed with PBS and then
media solution added to the wells using the technique already described. The plates
were then irradiated using a red lamp. These concentrations were initially tested at 1
J and 2.5 J and those demonstrating 90-100% toxicity or 10-0% toxicity at each light
dose were excluded from further experiments. The remainder of the concentrations
used in order to determine the IC50 at each light dose. Concentrations tested at 1J cm2
were 0.3, 0.35 and 0.4µM while concentrations tested at 2.5J cm2 were 0.1, 0.15 and
0.2µM. The energy dose of the lamp was measured prior to irradiation and was
calculated to be 20W/cm2. Duration of treatment for 1J and 2.5J was 50 seconds and
125 seconds respectively. Previous testing with the lamp had shown that columns 2-9
in rows B to G received consistent light dose therefore treatment groups were plated
in wells within this.
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Fig 2: Absorption Spectrum of Verteporfin
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5.2.5 Assessing Cell Viability and Reagents Used
Once treatment with either 5aza-deoxy-cytidine or Verteporfin or combined
treatment was completed the cells were placed in the incubator for another 48 or 96
hours. In order to test the viability of the colonies in the wells an MTT assay was
performed. This is a colorometric assay for assessing cell metabolic activity. It is
dependant on oxido-reductase enzymes within live cells reducing the tetrazolium dye
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to its insoluble
formazan, which is visible within the cells as a purple colour. The test is indicative of
metabolic activity and the percentage viability per colony in each well can calculated
by measuring the absorbance at 570 nm using a plate reader.
Preparation of the Assay involved taking the dry powder of MTT and adding to
media solution in a 50ml centrifuge tube in a quantity to have a concentration of 1mg
per 1ml of media. As the powder is relatively insoluble this needed to be agitated and
then filtered until a clear amber-brown solution was obtained without the presence of
insoluble grains of MTT. This solution was then added to cells in the tissue culture
hood by first removing the media solution from the wells as previously described and
then adding 100 µl of the MTT to each well. The plate was returned to the incubator
for 2 hours. After this duration the cells were removed from the incubator and
observed using light microscopy for the formation of purple intra-cellular bodies.
100 µl DMSO solution was added to each well and the plates were read using a
colorimeter. Each well was analyzed simultaneously and electronic record created of
the each well. Using this data comparison could be made between untreated cell
colonies and treated groups.
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5.2.6

Data Analysis

All MTT assay readings were recorded and analyzed using Microsoft Excel
software™. The mean average reading of each treated column and the untreated
control column was calculated. The mean and standard deviation of the untreated
column (the control) was calculated. The treated column mean were then compared
as a percentage to the control column. These values were then plotted as a line graph
of percentage viability against increasing concentration of treatment (either 5azadeoxy-cytidine or verteporfin). The viability outcomes of IC50 concentration of 5azadeoxy-cytidine combined with various concentrations of Verteporfin were compared
with the control group outcomes as previously described and the combination
treatments plotted as bar charts with the optimum treatment achieving the lowest
viability at 48 and 96 hours.
5.2.7

Statistical Analysis

The arithmetic mean of results across 6 wells carried out in the 96 well plates
performed in triplicate as described was calculated. Two–way ANOVA with
Bonferroni post hoc multiple comparison testing using Prism software version 6 was
performed and the results were reviewed by Dr Rifat Hamoudi, Senior Lecturer with
expertise in molecular and computational pathology, UCL (supervisor). Error bars
from the mean, show +/- standard error of the mean (SEM). The minimum
significance level of P < 0.05 was used as the threshold for all statistical tests.
Synergistic interaction between the two separate therapies used in combination was
assessed. The following equation was used:
α = [%V(PDT) x %V(cytotoxin)] ÷ [%V(combination)]
The numerator %V is the percentage viability for each separate therapy (i.e. PDT and
the application of the 5ADC), and % V in the denominator is the percentage viability
observed following the combination treatment. a > 1 if a synergistic effect has been
observed [37].
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5.3 Results Of Experiments Investigating Cytotoxicity Of PDT And 5AzaDeoxy-Cytidine (5ADC) On 4T1 Cells In-Vitro
5.3.1 initial observations of 4T1 cells grown in vitro
4T1 cells plated in media 75ml Corning™ flasks with 500,000 cells per flask were
seen to seen to colonize rapidly. Observations at 0-6 hours showed little change in
the cells apart from evidence of attachment of some of the cells. However by 12
hours all the cells were attached and most showed evidence of mitotic cell division.
This was rapidly accelerated gaining 50% confluence in 24 hours and 70-90%
confluence within 36-48 hours. Plating smaller populations of 100,000 and 300,000
4T1 cells delayed the time to be fully confluent to 72 hours and 96 hours
respectively. In order to avoid over confluent cell populations in 96 well plates. 1000
cells, 2000 cells, 3000 cells and 5,000 cells were tested. The results showed that
5,000 cell populations were unsuitable due to rapid over confluence. Conversely
1,000 cells did not consistently form colonies within 48 hours. Therefore 2000 cells
and 3,000 cells were considered for plating into each well for experimental
investigations.
5.3.2 5ADC toxicity effects on 4T1 Cells
There was little guidance available in the literature regarding storage, re-use and
differences in toxicity of freshly reconstituted 5ADC compared to that stored at 0°C.
In order to assess its stability following freezing 4T1 cell colonies on 96 well plates
with 2,000 cells per well were treated with a range of concentrations of 5 ADC
between 0.1µM to 1 µM from newly reconstituted 5ADC and reconstituted, then
frozen stored 5ADC solutions. The colonies were assessed after 48 hours using an
MTT assay. The results demonstrated that storage at 0°C did not result in
deterioration of efficacy of 5ADC shown in Fig.3. In fact the frozen stored 5ADC
showed greater toxicity with ED60 achieved at 0.4 µM while this required a
concentration of 0.8 µM of the newly reconstituted 5ADC. An explanation for this
difference in toxicity may be related to the poor solubility of 5 ADC, observed to be
slow to form solution in water and the newly reconstituted stock was not completely
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dissolved. The frozen stored 5ADC had a longer duration to form a solution. When
different stocks of frozen stored 5ADC were compared their toxicity was consistent.
Therefore subsequent experiments using 5ADC were performed using frozen stored
stock.
100"
90"

5ADC%OLD%
5ADC%NEW%

80"

%"VIABILITY"

70"
60"
50"
40"
30"
20"
10"
0"

CONTROL" 0.1μM"

0.2μM"

0.4μM"

0.6μM"

0.8μM"

1μM"

2μM"

5ADC"CONCENTRATIONS"
Fig.3A: 4T1 cell line viability at 48 hours after administration of 5ADC with 24 hours
incubation at varying concentrations in µM of fresh (new) and frozen-stored (old) stock of
5ADC. The relatively small difference in viability between 1µM and 2 µM may be due to a lack
of sensitivity of the test at high concentrations or that viable 4T1 cells at these concentration are
resistant to 5ADC.

ADC

C

0.1µM

0.2µM

0.4µM

0.6 µM

0.8µM

1 µM

2 µM

%SEM

4.3

2.7

5.2

6.2

6.8

7.2

5.8

11.9

4.7

6.3

6.4

3.2

5.6

4.1

4.5

9.4

(OLD)

%SEM
(NEW)

Table 1. Percentage standard error of mean values of viability at each concentration of 5ADC of
new and old stock by MTT.
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IC50 concentration of 5ADC was determined by plating 4T1 cells in 96 well plates
with each well containing 3000 cells as previously discussed. After 24 hours
concentrations from 0.1 to 1µM were added and the cells were incubated for a further
24 hours with 5ADC. MTT assay was carried out at 48 hours and 96 hours. The cells
were visually inspected daily prior to MTT. The results showed that in the first 24
hours after treatment there was no discernable change in the colonies on microscopy.
However at 36-48 hours there was evidence of apoptosis within colonies on light
microscopy. The experiment was repeated microscopy (Fig.4.1-4.6). The results of
MTT assay were recorded. The experiment was repeated 3 times and the average of
these results are shown in Fig.5 and Fig.6. IC50 was achieved at 0.7µM when MTT
assay was performed at 48 hours. However IC50 concentration when MTT assay was
performed at 96 hours was achieved at the lower concentration of 0.5µM suggesting
that the toxic effects of 5ADC continue after single exposure (Table 2 shows the %
standard error for these experiments).

Image 1-6 of 4T1 colonies within wells of

plate in control and wells treated with 0.1, 0.5 an1 µM concentrations of 5ADC.
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Fig.4A-F: light microscopy images of wells stained for MTT of the
experimental wells

Fig.4A) Control well showing 4T1 cells at x 40 magnification of light microscopy stained for
MTT

Fig.4B) Control well showing 4T1 cells at x 10 magnification
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Fig.4C) Images of 4T1 cells treated at concentration 0.1 µM 5ADC and incubated for 24 hours.
Light microscopyat x40 magnification stained with MTT

Fig.4D) Images of 4T1 cells treated at concentration concentration 0.5 µM 5ADCand incubated
for 24 hours. Light microscopy at x 40 magnification with MTT staining
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Fig.4E) Images of 4T1 cells treated at concentration 1µM 5ADC and incubated for 24 hours.
Light microscopy at x 40 magnification staining with MTT

Fig.4F) Images of 4T1 cells treated at concentration 1µM 5ADC and incubated for 24 hours.
Light microscopy x 10 magnification staining with MTT
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Fig.5: Effect of varying concentrations of 5ADC on cell viability (MTT) at 48 hours
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Fig.6: Effect of varying concentrations of 5ADC on cell viability (MTT) at 96 hours
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1"

ADC

C

%SE

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1

µM

µM

µM

µM

µM

µM

µM

µM

µM

3.3

2.3

1.8

2

1.4

2.3

1

2.6

1.8

2.4

1.8

3.1

3.0

1

3.2

3.0

2

2.3

2.1

2.7

(MTT AT 48 HRS)

%SE

(MTT AT 96 HRS)

Table 2: Percentage standard error of mean values of viability at each concentration of 5ADC
at 48 hours and 96 hours MTT.

5.3.3 PDT toxicity on 4T1 cells
4T1 cells were plated in 3 separate 96 well plates in well colonies of 2,000 cells.
Irradiation with red light at 1J cm-2 occurred after 90 minutes of incubation with
liposomal Verteporfin at concentration of 0.1 0.25 and 0.5µM as described
previously. The plates were observed by light microscopy daily and MTT assay was
performed at 48 hours. The experiment was repeated at light dose 2.5J cm2 and with
PS incubation with no light exposure. This was repeated 3 times and the average
results of these 3 cohorts of treatment are shown in Fig.7. The results demonstrated
that Verteporfin is minimally toxic to the 4T1 cell colonies at concentration of
0.1µM at both 1J cm2 and 2.5J cm2. At 0.25µM there was a difference in response at
these 2 light doses with average survival still 80% at 1 J cm2 but 5% at 2.5 J cm2. At
0.5 µM both light doses resulted in of destruction in 4T1 cells colonies with
percentage standard error shown in Table 3.
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100"
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80"
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1%J%
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40"
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0"
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0.25"

0.5"

VerteporIin"concentration"

Fig.7: Effect of PDT treatment at 1J

cm2 and 2.5J cm2 light dose with increasing concentration

of PS Verteporfin in µM. Incubation period with PS was 90 minutes prior to irradiation at each
light dose. MTT was performed at 48 hours (c = light dose in the absence of PS)

PDT-Verteporfin

Control

0.1µM

0.25µM

0.5µM

DARK (%SE)

2.7

2.0

2.0

2.0

1J (%SE)

1.4

1.7

5.9

6.0

2.5J (%SE)

2.5

2.3

5.9

1.2

Table 3: Percentage standard error (%SE) values of the mean percentage viability at each of the
verteporfin concentration used at 1J and 2.5 J energy dose.

Following these initial results further interval concentrations of Vertepofin were
tested at each light dose in order to establish IC50 of Vertepofin at 1J cm2 and 2.5J
cm2. Observations had demonstrated 80% survival of 4T1 cells for 0.25µM at 1J.
Verteporfin concentrations of, 0.25, 0.3, 0.35 and 0.4µM were investigated for light
dose 1J cm2. Concentrations of Verteporfin between 0.25, and 0.1µM were
investigated for a light dose of 2.5J cm2. MTT assay was performed at 48 hours and
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96 hours. These experiments were repeated on 3 times on separate plates and the
average of these results are shown in the Table 4 below.
VERTEPORFIN

LIGHT DOSE (J)

CONCENTRATION

%VIABILITY AT

%VIABILITY

48 HOURS

96 HOURS

AT

(µM)

0

0

100%

(1.9*)

100%

(1.6*)

0.3

1

39%

(9.5*)

53%

(6*)

0.35

1

15%

(7.8*)

33%

(7.2*)

0.4

1

15%

(9.8*)

26%

(5*)

0.15

2.5

53%

(5.2*)

70%

(6.3*)

0.20

2.5

33%

(6*)

45%

(4*)

0.25

2.5

7%

(5.5*)

7%

(5.3*)

Table 4: Summary of 4T1 cell viability data at 48 hours and 96 hours with %standard error(
%SE) indicated by *. for the mean result at each concentration of Verteporfin using MTT

The results demonstrated that the 4T1 cell line was very sensitive to small changes in
concentration of Verteporfin with a narrow window between. In contrast to 5ADC
the effect of PDT was identifiable within the first 24 hours by light microscopy.
There was evidence of apoptosis and destruction of colonies and the extent of PDT
induced changes did not appear to change over time. There was IC50 of Verteporfin
at 2.5J cm2 at 48 hours was determined to be 0.15 µM. However IC50 required for
treatment with 1J cm2 was between 0.25 and 0.3 µM. When MTT assay was
performed at 96 hours the results showed that there was an increase in % survival of
all the colonies treated with PDT. This is likely to represent ongoing growth of
surviving 4T1 cells after PDT treatment. IC50 of Verteporfin for 1J cm2 by MTT
assay at 96 hours was 0.3 µM. IC50 of Verteporfin for 2.5J cm2 at 96 hours was
between 0.2 and 0.15 µM.
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5.3.4 Cytotoxic effects of PDT combined with 5ADC
The results of section 6.2 and 6.3 determined the concentrations Verteporfin and
5ADC investigated for combined treatment of 4T1 cells. 2 separate 96 well plates
were prepared with 2,000 4T1 cells per well. After 24 hours of incubation (as
previously described in chapter 5), selected columns were treated with 5ADC only,
5ADC followed 24 hours later with PDT, only PDT or no treatment as a control to
the experiment. 1 plate were treated at light dose 1J cm2 and the other plate at light
dose 2.5 J cm2. 0.5 µM of ADC was investigated for both light doses. 0.25 µM of
Verteporfin was used at light dose 1J cm-2 while concentration of 0.15 µM was
investigated at 2.5J cm2. Once again the plates were observed every 24 hours after
treatment by light microscopy and MTT assay was performed at 48 hours. The
experiment was repeated 3 times and the average of the results shown in Fig. 8 and 9.
Further repetition of this experiment was carried out using 3,000 4T1 cells in order to
investigate if cell population size affected the outcome. The results are shown in Fig.
10 and Fig. 11.
4T1 cells treated with 1J cm-2 /0.25µM Verteporfin PDT alone retained median 85%
viability after 48 hours while 0.5µM 5ADC alone resulted in median 60% viability in
this cohort. Combination therapy at 1J cm2 /0.25µM Verteporfin/0.5µM 5ADC
caused the viability to fall to 27% at 48 hours.
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Fig.8 Effect of PDT, 5ADC and combined treatment with PDT+5ADC on cell viability when
2,000 cells are plated and treated with light dose of 1J/cm2 and 5ADC of 0.5µM and Verteporfin
of 0.25µM concentration. (%SE values for control= 4.2 ,5ADC= 1.8, Verteporfin= 4.2, combined
=1.9 )
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Fig.9 Effect of PDT, 5ADC and combined treatment with PDT+5ADC on cell viability when
2,000 cells are plated and treated with light dose of 2.5J/cm2 and 5ADC of 0.5µM and
Verteporfin of 0.15µM concentration. (%SE values for control=2.8 , 5ADC=2.6 , Verteporfin
=6.4 , combined= 2.1)
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Fig.10 Effect of PDT, 5ADC and combined treatment with PDT+5ADC on cell viability when
3,000 cells are plated and treated with light dose of 1J/cm2 and 5ADC of 0.5µM and Verteporfin
of 0.25µM concentration.(%SE values for control= 1.0 ,5ADC =1.0 , Verteporfin = 3.7,
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combined =3.1 )
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Fig.11 Effect of PDT, 5ADC and combined treatment with PDT+5ADC on cell viability when
3,000 cells are plated and treated with light dose of 2.5J/cm2 and 5ADC of 0.5µM and
Verteporfin of 0.15µM.(%SE values for control= 1.3,5ADC =1.0 , Verteporfin= 5.4, combined =
4)
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When 4T1 cells were treated with 2.5J/0.15 µM Verteporfin the median viability was
65% in this cohort. As previously mentioned 0.5µM 5ADC resulted in 60% viability.
Combined treatment caused cell viability to fall to 25%. When 3,000 cell populations
were treated viability after PDT alone was slightly lower (59% and 50%) while
effect of 5ADC reduced median viability to just 55%. Combined treatment caused
reduction in viability to 29% and 21% at 1J cm-2 and 2.5J cm2 respectively. As
previously described in section 5.2.7 synergism can be calculated using the formula
α = [%V(PDT) x %V(cytotoxin)] ÷ [%V(combination)] with α >1 indicating
synergism in combination therapy. Table 5 presents a summary of the calculation of
synergism based on this formula with fractional percentage values shown for each
variable.
LIGHT DOSE/

% V(PDT)

%V(cytotoxin)

%V(combination

Value of α

1J/cm2 (A)

85

60

27

1.8

2.5J/cm2 (A)

65

60

25

1.56

1J/cm2 (B)

59

55

25

1.3

2.5J/cm2 (B)

50

55

21

1.3

CELL
POPULATION

Table 5: calculation of synergistic activity for combination therapy with varying cell population
size and light dose. (A) 2,000 cells and (B) 3,000 cells showed differing degree of synergism
between the two light doses at the lower cell population but the same degree of synergism at the
higher cell population.

The results demonstrate that combination treatment with 5ADC and PDT resulted in
reduced viability of 4T1 cells that was of an extent more than when each treatment
was applied alone. Synergism was demonstrated for the combination therapy. This
was irrespective of which of the 2 light doses was used to treat the cells although 1J/
137

cm2 had slightly higher value of α than 2.5J/ cm2 when cell population was 2,000; the
value of α was the same at both light doses when the cell population was 3,000.
There was similar viability after combination treatment in 2,000 cell colonies and
3,000 cell colonies. However a slightly greater potency of treatment at the higher cell
population and higher light dose was observed for PDT monotherapy. Statistical
analysis using factorial ANNOVA with Bonferroni T test was performed. The results
demonstrated that both monotherapy and combination therapy caused statistical
significant reduction in viability at both light doses and cell populations compared to
controls with the greatest effect seen in combined therapy (p<0.0001). There were
also observable differences with increasing light dose. At 1J with both 2,000 and
3,000 cell populations there were no statistically significant differences in viability
between monotherapy of PDT and 5ADC, with significant reduction following
combined therapy compared to monotherapy (p<0.05). In contrast 2.5J light dose
resulted in statistically significant reduction in viability in the PDT monotherapy
compared ADC treatment (p<0.05) at both 2,000 and 3,000 cells with combined
therapy causing significant further reduction in viability compared to monotherapy as
before with 1J (p<0.05) .These results are shown in APPENDIX IV.

5.4 Discussion
PDT mediated cytotoxicity in vitro is related to the ROS induced irreparable damage
to cellular structures and proteins that induces apoptosis and cell necrosis [38][39].
The experimental results described above have demonstrated that treatment with
PDT alone causes instantaneous cytotoxicity that was apparent within 24 hours of
treatment. The mechanism of cytotoxicity appear to be short-lived suggestive that
cell death was directly related to ROS activity due to light dose exposure. However
surviving 4T1 cells populations appeared resistant to further cytotoxicity that may
have been induced by cellular damage. At 96 hours the cell population had continued
to increase regardless of PS concentration. This supports the theory that intra-cellular
mechanisms exist in surviving cells that regulate and curtail the escalation of PDT
induced cytotoxicity [40]. The early recovery of 4T1 cells, which are metabolically
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active and demonstrate high mitotic rates, may indicate that pathways that promote
this rapid growth of the cell populations are protective to PDT mediated damage.
Conversely the observation that the larger population of cells (2000 cell vs 3000
cells) had marginally worse viability after PDT treatment alone may suggests that
either PDT is more effective or recovery is inhibited by cell density. The
implications of this in the vivo and clinical setting is that similar fast growing larger
tumours are more susceptible to PDT mediated cytotoxicity or are able to recover
less well from PDT mediated cellular damage. However other factors including local
blood supply, tissue oxygenation and bio-distribution of PS would also likely affect
the outcome of PDT [39][41]. The effect of increase in light dose in-vitro in
monotherapy and combination therapy with 5ADC demonstrated 2 observations;
firstly the concentration of Verteporfin required to achieve an equivalent fall in the
tumour cell viability is reduced with 4T1 tumour cells exquisitely sensitive to small
changes in verteporfin concentration at each light dose with increase in light dose
resulting an exponential fall in viability between a narrow PS concentration gradient.
Secondly PDT treatment resulted in early cytotoxicity while 5ADC treatment elicited
delayed cytotoxic effects. This suggests that the PS is easily absorbed into the cells
and the rate limiting step, determining the extent of cellular damage is the light dose.
The delayed cytotoxicity seen after treatment with 5ADC may be related to its
slower absorption and incorporation into cellular metabolic pathways.
There has been limited investigation of 4T1 cells and their response to 5AdC and no
published articles solely investigating its effects on this cell line in-vitro. The
experimental results presented n this chapter has demonstrated that 5ADC can be
stored in frozen in solution in distilled water without deterioration in its efficacy.
Treatment of 4T1 cell line with 5ADC resulted in cytotoxicity that was distinct from
PDT mediated cellular damage. The cytoxic effects continued in the experiments
described for at least 96 hours after treatment. In comparison to other cell lines
previously investigated the IC50 of 4T1 at 48 hours was much higher (0.7µM).
Human breast cancer cell lines MDA-MB 435, Hs578, MCF7 and MDA-MB 231
cells all demonstrated IC50 at 0.2µM or less [42][20][22]. If other solid tumour cell
lines are considered for comparison, 4T1 cells viability at 96 hours is similar to
adenocarcinomas of the esophagus and lung following 5ADC treatment [43]. 4T1
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cells demonstrated resistance to the cytotoxic effects of this de-methylating agent
and support the need to give a high dose of 5ADC in the vivo setting for effective
treatment of solid tumours from this cell line. This contrasts to previously published
experiments that advocated a low dose approach for treatment with this agent over a
host of tumour cell lines including 4T1 cells [11] on the basis that at low doses
5ADC is associated with immune system stimulation. The relatively poor success
seen in this cell line previously in comparison to other types of tumour may be
related to poor cytotoxic efficacy at lower concentrations. Mechanisms for resistance
to 5ADC have been investigated [44]. One possibility is that there is a reduced
incorporation of the agent into the cell DNA a critical step to allow hypo-methylation
to take place. Genetic instability is implicated as predisposing to resistance [44]
because of this leads to mutations that are protective and may be conserved by a
process of natural selection while cells that incorporate 5ADC are destroyed. The
resulting viable population is likely to be larger as fewer cells are susceptible to the
agent. 4T1 cells are associated with genetic instability in hypoxic conditions [45] and
other inflammatory stressors are known to induce the same effects [46] therefore this
may be a possible explanation for the why 4T1 cells were resistant to 5ADC
cytotoxicity compared to other breast cancer cell lines. However combined treatment
with PDT produced improved efficacy. While PDT relies on good tissue oxygenation
it produces oxidative stress and necrosis with local hypoxia that theoretically could
have undermined 5ADC efficacy. The observed effects in contrast suggests that the
combined treatment is additive in terms of efficacy. Clearly the metabolic or
molecular events involved in this result is unclear, suggests that tumour resistance is
just not reliant on genetic instability and requires further investigation.
Treatment with PDT combined with other agents such as chemotherapeutic drugs,
have been previously described in vivo and is well established [47][48][49]. Efficacy
of PDT activity is useful to assess and surrogate markers of PDT immune system
activation include proteins such as bcl-2 and bcl-3 [50][51]. Both of these proteins
have been shown to have, altered expression as a result of PDT mediated activation
of the NF-kb pathway [49][50]. Previous studies of verteporfin based PDT have used
relatively low doses of PS to elicit cytotoxicity [11]. This study confirmed the
efficacy of high dose Verteporfin-PDT and that it could be combined with high dose
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5ADC with synergistic cytotoxic effects. Further extension of this study beyond the
work included in this thesis and performed as collaboration within the research group
is underway including use of apoptotic markers such as Caspase 3. In addition
activation of immune pathways have been measured indirectly by expression of
BCL-2 and BCL-3.Preliminary results suggest that PDT combined with 5ADC
therapy induces a specific signature of BCL-2 and BCL-3 expression in 4T1 cells in
vitro.
5.5 Conclusion
High dose Verteporfin-PDT and high dose 5ADC were combined and successfully
demonstrated improved efficacy in vitro. In addition the effect of combining PDT
with 5ADC was synergistic at 1J cm-2 and 2.5J cm-2 light doses and this effect was
evident after increasing the cell population. These in vitro observations justify further
investigations to determine if this also occurs in the vivo setting using a murine
breast cancer model.
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6.Effects of PDT and 5-azadeoxy-cytidine treatment in an orthotopic
murine breast cancer model
6.1 Introduction
Photodynamic therapy generates reactive oxygen species (ROS) causing cellular
damage due to oxidative stress. Tumour necrosis and apoptosis result at the target
site, but there are additional effects beyond the tumour microenvironment that have
ramifications on the functioning of the tumour cells as well as the immune system as
described previously (Chapter 3). PDT related activation of acute phase proteins,
cytokines and the compliment cascade is now well documented [1,2]. Its role in
initiating and sustaining an immune response of clinical importance is undergoing
investigation and has been the subject of debate. The initial evidence to support this
theory was the observed phenomenon of PDT related cellular injury causing specific
damage associated molecular patterns (DAMPs) such as the heat shock proteins,
which are associated with systemic stimulation of the immune system [3]. Other
observations that support its role in initiating anti-tumour immunity beyond the
tumour microenvironment include the ability to confer sustained tumour immunity to
PDT untreated rats by adoptive transfer of splenocytes from rats treated with PDT
[4]; T cell mediated immunity is implicated by this and T cell memory cells
demonstrating this immunity have been recovered from distant sites [5].
Macrophages are cells that are important mediators of both innate and adaptive
immunity. It has been noted that macrophage activation occurs at sub-lethal doses of
PDT although this mainly occurs at low light fluence [6] and low dose of
photosentiser. For example, in vitro studies of Fc-receptor mediated phagocytosis by
murine

macrophages

was

improved

by

incubation

with

low

doses

of

haematoporphyrin derivative (HPD) or Photofrin and very short illumination with
white light [7]. Conversely increasing light dose or photosensitiser concentration was
associated with suppression of macrophage function in vitro studies. [3] Furthermore
increasing light dose has been observed to down regulate surface molecules such as
MHC class I, class II CD80 and CD86 in some in vitro studies all of which are
implicated in antigen presentation [3][8]. Cell death by both apoptosis and necrosis
and the process is dependent on events mediated by intracellular calcium. Therefore
148

the relative concentrations of intracellular calcium, not only regulate the process
[9,10.] that increases in intracellular calcium but favours the pathway towards
necrosis [10]. Transglutaminase 2 (TG2, tissue transglutaminase), is protein
implicated in the apoptotic pathway and is calcium dependent, and is induced by
factors including oxidative stress. [11-14]. In vitro studies by Yoo et al (2011)[15] on
gastric cancer and bladder cancer cells demonstrated differing molecular events
dependant on light dose exposure. The study demonstrated that intracellular
cytotoxic events within cancer cells were PDT light dose dependent. Low dose PDT
favoured apoptotic cell death, with increase in ROS and ionised calcium formation
within cells via caspase dependent pathways [15]. High dose PDT induced a
decrease in cell viability by necrotic death that resulted from an enormous and
prolonged increase in intracellular ionized calcium levels, which might be solely
responsible for cell death and was higher than in low dose PDT. Although there was
strong activation of TG2 this did not contribute to the necrotic death of cancer cells.
The implication is that while low dose PDT results in selective activation of
apoptotic pathways, high dose PDT induced calcium overload causes activation of
multiple pathways including TG2 but crucially also proteolytic enzymes such
phospholipases and cathepsins which are known to stimulate necrosis [15].
Ongoing investigation of the various effects of high and low power PDT has
continued. Observations in vitro regarding the differential effects of high light dose
and low light dose PDT have led to further investigation of this in animal models
[16]. Sanovic et al (2011)[16] investigated the effects of both high and low dose
PDT. The results of this study showed that tumours irradiated with high dose PDT
with 4 hour incubation period, showed delayed tumour growth: 50% of these
tumours reached the end point tumour size of 10mm after about 12 days, whereas in
the control mice this occurred in 3 days; high dose PDT group showed a four times
delayed tumour growth compared to the controls. More significantly, in the low dose
PDT group all tumours completely disappeared. The cured animals after low dose
PDT were re-challenged 60 days after the first tumour cell inoculation with the same
amount of CT26 cells. They all stayed tumour free for the subsequent 60 days [16].
The survival curves of the control mice group inoculated with CT26 tumour cells
showed that the cells used for re-challenge were fully tumourogenic. This study
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presented evidence that low dose PDT using a low power setting can induce an
immunological response and that this can be sustained suggesting its potential to act
as a vaccine. What has yet to be elucidated is whether these observations are tumour
specific, highly dependent on the photosensitiser used or light dose used or whether
the animal model used to study the effects of PDT are particularly sensitive to its
effects and not translatable to the clinical setting.
An appropriately robust surrogate for the task of studying immunological effects of
low dose PDT in breast cancer treatment is the 4T1 breast cancer murine model,
which is syngeneic to the Balb/c mouse immune-competent model. It is characterised
by its poor immunogenicity, profoundly immune-suppressive with tendency for early
metastasis to regional lymph nodes, as well as to distant sites such as the lung, liver
brain and bone [17, 18]. This closely correlates with the pathological progression of
high-grade triple receptor negative human breast carcinoma [19] as well as advanced
breast cancer, and therefore this favours its use for in-vivo investigations [20]. As
previously discussed in Chapter 5 the 4T1 cell line was first isolated nearly years
ago. It originated from a spontaneously occurring murine mammary tumour and
selected for highly tumourogenic qualities and ability to spontaneously metastasize
from the primary tumour [21]. It is particularly suitable because it can be implanted
directly into the mouse breast anywhere along the milk line (either the thoracic or
abdominal mammary glands). This facilitates study of disease progression and the
pathways that are involved, via axillary lymph nodes to liver, lung and bone and
brain, anatomically identical to the sites of metastases in human breast cancer.
Furthermore removal of the primary tumour can be performed without affecting the
metastases [21]. This correlates well with the conventional treatment of human breast
cancer that is treated with surgical excision with potential metastases still present.
The use of this cell line to investigate the activation of immune pathways involved in
disease progression is not new [21]. Pulaski et al in 1998 [22] demonstrated that
metastases from the 4T1 cells they studied first metastasised to the lungs and
draining lymph nodes before progression to the liver, bone or brain [21].
Additionally the investigations revealed that the tumour diameter at sacrifice
correlated positively with the presence of metastases in the liver and brain but not
regional lymph nodes, comparable to human breast cancer. Transfection of 4T1 cells
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with MHC class II and B7.1 genes resulted in reduction in the formation of
metastases from primary tumours compared the untreated 4T1 cells [22]. There was
increase in anti-tumour immunity due to increased antigen presentation, leading to
activation of CD4+ and CD8+ T lymphocytes [22,23]. The treatment was only
effective in tumours of less than 4mm, nevertheless these experiments opened the
door to future use of this cell line to investigate novel treatments for breast cancer
that are facilitated by immune system activation. Since then, 4T1 cells have been
used to investigate various aspects of treatment efficacy including chemo-resistance
[24] and liposomal drug delivery of platelet aggregation inhibitor Cilostazol showing
that it reduces the incidence of pulmonary metastases by preventing plate
aggregation with tumour cells [25]. In addition it has been used to identify the
immunosupressive role of regulator T cells (Treg cells) and immune stimulation can
result in the rejection of metastases in this murine model [26]. Significantly the use
of this murine model with an immune stimulatory agent induced improved survival
in treated mice by reducing the activity of Treg cells in the spleen and increasing the
production of interferon γ linked to tumour eradication [26]. 4T1 cells have not been
identified with a single marker [30] however assessment of tumour cells using flowcytometry has a identified a CD45 antibody negative, MHC class II positive
signature for this cell line [30]. 4T1 cells have been studied with regard to their
stimulation of myloid cell proliferation. Production of myloid cell-specific
chemokines are also reported characteristics [30]. Early stage of tumour progression
(Day 0-15) results in predominance of lymphocytes in tumour metastases, with
greater population of granulocytes present after this [30]. Tumour cells manipulate
cell immunity by effecting the expression of genes, which play important roles in
antigen presentation as well as over-expression of cytokines. In terms of changes in
gene expression 4T1 cells have been shown to increase expression of genes for
myloid cell chemokines MCP-1, RANTES and KC MIP-1α and MIP-1β in vivo.
The second generation PS liposomal Verteporfin (Visudyne™) has been previously
described (Chapter 2,5). Delivery of the photosensitiser Visudyne™ intravenously
results initially in the highest concentrations to be present in the vasculature. This is
followed by diffusion in to cells with a fall in effective concentration due to rapid
excretion (Chapter 2). The effects of immuno-stimulation of Visudyne-PDT has been
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studied using this model [27,28] The results showed that while Visudyne™ - PDT
appeared to have a modest effect on 4T1 tumours it was able to slow down the
tumour growth and the mice survived for longer than controls [28]. When
Visudyne™-PDT was combined with an immune-stimulant the results were more
dramatic with prolonged tumour stabilization. Mroz et al (2013) [29] had previously
shown that high dose Visudyne™ - PDT at high power (light dose of 120 J/cm2
delivered at a fluence rate of 100 mW/cm2) results in a P1A antigen specific response
and that PDT was most effect in tumours expressing this antigen and treated tumours
were immune to re-challenge [29].
DNA methylation is a key process in the regulatory mechanisms that are used to
control gene expression in immune activation. Tumour cells can de-activate genes
which are pivotal in allowing antigen presentation such as MHC class I molecules
and TTA. The result is a sub-optimally functioning immune system that fails to
detect and defend against tumourogenesis. Reversal of DNA methylation by agents
such as methyl transferase inhibitors such as 5-aza-20-deoxycitidine (5ADC) allows
normal immune functionality to occur with up-regulation of gene expression of
tumour antigens so that tumours are once again ‘visible’ to cells of the immune
system [31], and allow the presentation of cancer cells and their subsequent
destruction.
These studies demonstrated that anti-tumour effects of low power PDT are not
restricted to the direct effects at the treatment site. An immune mediated response is
unleashed as a result of treatment that is enhanced when given as an adjuvant with
other agents and can reverse tumour related immunosuppression. They also
demonstrate that these effects are not tumour specific although the level of
responsiveness appears to vary between different cancer cell lines. The immune
mediated response is clearly light dose and photosensitiser dose dependent favouring
low dose for both, although not apparently photosensitiser specific. None of the
studies so far which relate to breast cancer cell lines, the 4T1 mouse model, low dose
PDT or the use of Visudyne™ have explored the effects of combining immune –
stimulating low dose PDT with high dose immune-stimulant agent in the setting of a
robust breast cancer murine model and therefore undertaken for this thesis.
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6.2 Study design
The 4T1 mammary carcinoma model was grown in immune-competent Balb/c mice
mice as described previously. This model is ideally suited for immunotherapy studies
due to the characteristics of poor immunogenicity in the wild type, immune
stimulation due to experimental agents are more easily defined and effects are more
easily observed. It has been noted previously that 4T1 tumours are relatively
aggressive and curative treatment was not attempted in this study. Instead the focus
of this study was the nature of the treatment response, histological findings,
immunological response and if this resulted in altered genetic expression. These
observations would provide a point of comparison to clinical treatment response as
well further mechanistic clues.
In order to more closely imitate human clinical disease, the preferred site of
injection is subcutaneous in the abdominal mammary gland and the use of mice was
restricted to females. The transplantable 4T1 mammary carcinomas were inoculated
to develop in vivo as a primary tumour in 8 week-old Balb/c mice (details described
in section 6.3.2). Tumours were allowed to grow to a maximum of 10mm before
treatment and were not treated unless greater than 6 mm. Tumour were treated with
PDT following intravenous injection of photosensitiser (PS), Verteporfin in
liposomal formulation (Visudyne™). In the first part of the study (A), The optimal
timing of PDT delivery after PS administration was established. In the second part
(B) tumours were subjected to energy setting of 50 J and 90 J at power settings of
30mW, 50mW and 100mW to establish the lowest optimum and most consistent
treatment light dose to produce tumour necrosis. This treatment light dose given at
the optimum time before PDT was used to treat tumours alone and in combination
with 5 ADC or mice treated with 5 ADC alone (Part C). Comparison of the effects
was made with untreated control mice with tumours. The mice were assessed by the
extent of tumour necrosis after treatment compared to no treatment, and the spleen
was examined by histopathology to observe the differences cellular architecture in
treatment and control groups. Lung, liver and spleen were examined for the presence
of metastases. Immunohistochemistry techniques were applied to identify the
presence of T cells and their type. Quantitative assessment of splenocytes was
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performed with flow cytometry. Specifically the levels of MHC class II molecules,
CD45, CD4 and CD8 were measured in the treatment and control groups. In addition
qPCR was performed on breast and spleen tissue blocks for differences in genetic
profile in genes associated with tumour suppression.

6.3 Methods and Materials
6.3.1 Cell cultures
Unmodified 4T1 tumour cells were cultured in RPMI supplemented with 10% FBS
without antibiotic or anti-mycotic agents, from stock of cells of low passage stored in
liquid nitrogen in T75 culture flasks. Incubation was in a 37°C, 5% CO2 tissue
culture incubator. The cells were passaged using trypsin when 80% confluent and
after 2 passages were used for inoculation. The trypsinised cells were suspended in
the media described and centrifuged at 1500 rpm, the pellet re-suspended with RPMI
only and centrifuged a second time and then finally re-suspended once again in
RPMI. 0.5ml aliquots of cell/media solution drawn up into 1 ml syringes and stored
in ice.
6.3.2 In Vivo model
The animal experiments were undertaken under the authority of the project
(70/7666) and personal licenses (PIL70/25583) granted by UK Home Office (2013)
and UKCCCR Guidelines were consulted. Normal (immunocompetent) Balb/c
female mice were purchased from Worthington labororatories at 6 weeks age. They
were quarantined and acclimatised for 2 weeks. When 8weeks old the mice were
anaesthetised and inoculated with 400,000 4T1 cells by subcutaneous injection was
performed using a 25F gauge needle under general anaesthesia into the right
abdominal mammary pad. The mice had ears clipped for identification, weighed and
recovered from anaesthesia. They were observed daily, tumour diameter assessed
using calipers and weight was measured pre-inoculation and pre-treatment and prior
to sacrifice. Tumours were not palpable before day 5 after inoculation but were
visible by day 7. Median weight of the mice was 20.1g at baseline and 21g at PDT
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treatment. Once tumours were first palpable, treatment groups designated to receive
5ADC were injected intra-peritoneal with 6.25mg/Kg of 5ADC based on the average
weight of mice being 20g this was equated to a dose of 0.125mg. Mice to be treated
with PDT had this performed day 8 after inoculation when the tumour size was 6mm
or more. PDT was performed by, first injecting Visudyne™ intravenously, through
the tail vein at concentration 15mg/Kg of liposomal formulation Visudyne™ in each
mouse to be treated. The mice then were given general anaesthesia and the treatment
light dose was delivered through a bare 10mm laser fibre introduced directly into the
tumour’s superior pole, located immediately below the dermal layer. This was
achieved, by, preparing the skin overlying the tumour for surgery with chlorhexidine
solution using aseptic technique and incising the skin and fibrous capsule of the
tumour at this site. Hair around the tumour was clipped and 2-3mm incision was
made through the skin overlying the tumour capsule and the capsule opened
sufficiently to allow a single bare laser fibre tip to be inserted into the tumour. The
bare-tip fibre was held manually in place with its axis perpendicular to the tissue
surface during the treatment. Following PDT treatment the laser fibre was removed
and the wound closed with interrupted 3.0 Vicryl™ sutures. The closed wound was
cleaned once more with chlorhexidine. The treated mice were given buprenorphine
intra-muscular injection and acetaminophen for analgesia, as well as water to drink.
The mice were initially kept in darkness in humidified and warm environment in
recovery and then they were returned to their normal cages at room temperature. In
the first 24 hours post PDT the mice were kept in warm room in darkened cages and
given wet mash to optimise their post-operative recovery. The mice were observed
daily for further symptomatic deterioration or behavioural change suggestive
increasing pain and suffering requiring euthanasia to be performed in accordance to
home office guidelines. Sacrifice of mice occurred no later than day 14 after
inoculation.
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6.3.3 Reagents and Equipment
Visudyne™ was purchased as a liposomal formulation in powder form from
Novartis™ UK via the Royal Free London Pharmacy with each vial containing 15mg
of Liposomal Verteporfin. The powder was weighed and reconstituted with water
and then divided into equal volumes according to the number of mice to be injected
delivering approximately 15 mg/kg of Visudyne™ to each mouse. The solutions was
mixed with 5% dextrose with total injection volume of 0.6 ml. This was drawn up
into a 1ml syringe and placed in ice before use. The laser used for PDT was a
portable Biolitec 690nm laser operating with an attenuator to reduce its power setting
below the standard minimum of 150mW. It activated the Visudyne™ at the 690nm
peak photosensitser absorption wavelength. A bare 10mm cylindrical optical laser
diffuser fibre (RD-ML) ™ was calibrated and then placed into the treatment site as
descriobed in section 6.3.2. The tip was sterilized with chlorhexidine between
treatments. 10mg of 5 Azodeoxycitidine was purchased from Sigma UK as a powder
and reconstituted with 40 mls of water for injection (distilled water) to make a
solution of 1.1mmol/ml concentration. 0.5 mls was drawn up in 1ml syringes and
placed on ice before use. Flow cytometry was performed on Fortessa II (BD
Sciences, UK).

6.3.4 Preparation for Analysis of Histopathology Specimens
The breast tumours, spleens, lungs and liver of all mice were harvested at post
mortem and placed in 10% formal saline. The spleens were bisected and 50% placed
in PBS for flow cytometry assessment (see 7.3.5 below). All specimens were
processed for histopathology analysis within 24 hours of post mortem. All specimens
were processed, formalin fixed and parafin embedded (FFPE), for H&E analysis,
(CI.Biobank for health and disease UCL). Histopathology slides were analysed by
light microscopy at magnification x20 and x40. Photographs presented in this thesis
are at magnification x 40.
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6.3.5 Preparation of flow-cytometry of spleen specimens
All samples of spleens harvested for flow cytometry were placed in PBS in separate
labelled 50 ml centrifuge tubes. The cells were released into the PBS solution by
manual maceration of samples using right-angled dissecting forceps in a petri dish
and filtering the fluid with a 70mm cell strainer (Fisher Scientific™). The filtered
fluid was centrifuged at 1500 rpm, the supernatant decanted off, and pellet resuspended in FACS buffer solution. Fc/32 Block antibodies were added to the
solution to decrease non-specific binding of immunoglobulins and incubated for 30
minutes at 4°C in darkness and then centrifuged at 1500 rpm and the supernatant
discarded. The pellet was once again re-suspended in FACS buffer solution and
CD4+, CD8+, MHC class II and CD45+ mouse antibodies were added; total of 4µl
of this mix were present in a solution volume of 400 µl, and incubated as described
above for 45 minutes. The solution was then centrifuged at 1500 rpm, the pellet resuspended in FACS buffer and centrifuged at 2000 rpm for 2 minutes and the
resulting pellet re-suspended in FACS buffer. The flow-cytometry specimens were
place in ice until analysis. Controls were provided by 4 beads in FACS buffer coated
separately in each of the 4 antibodies.

6.3.6 Preparation of tissue for gene expression analysis
DNA and RNA were extracted from formalin fixed paraffin embedded (FFPE) tissue
blocks from treated breast and splenic tissue from the treated mice and also from the
control mice according to a standard protocol. The details of the protocol, is included
at the end of this chapter (see appendix). The procedure was performed by a member
of the research team trained and qualified to carry out the procedure in accordance to
national guidelines for gene analysis [32]. The procedure was performed at C.I
Biobank, Department of Research Pathology, UCL. Briefly 3µm sections of the
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FFPE blocks were cut and prepared with xylene to dissolve the paraffin, then
suspended in ethanol, centrifuged and all the ethanol removed leaving a pellet. This
pellet is then re-suspended in a buffer solution within proteinase K (PK) and
incubated. The solution is centrifuged once again and the supernatant containing
RNA is drawn off and incubated separately for further purification prior to use in
analysis. The remaining DNA is re-suspended and incubated with buffer solution and
PK and goes through a process of purification and reversal of the cross linkage
caused by formalin.
Quality control of these steps was maintained using Thermo Nanodrop 1000
spectrophotometer (260/280 & 230/260 ratio; quant) with 1ul of sample used for
both DNA and RNA. In addition the Thermo Qubit3 fluorimeter using Qubit dsDNA
HS Assay Kit (Thermo) with 2ul of samples were used with 198ul mastermix.
Concentration estimated from 2 standards of known concentration used as a
reference to calculate concentration of the sample (Qubit Broad Range Kit for
dsDNA or Qubit Broad Range Kit for RNA). Another method also employed was
the Agilent TapeStation 2200 capillary electrophoresis using Genomic DNA
Screentape (quant; DIN; fragment size). A1ul sample of DNA with 10ul buffer was
loaded onto the machine. 1ul sample of RNA with 5ul sample buffer was heated at
73 degrees, then on ice for 2 minutes and then loaded into the machine. Once DNA
and RNA have completed the purification and quality control process they are stored;
the DNA is stored at -200C until further use and the RNA is aliquoted into 2 separate
samples. One sample is stored at -800C for further use and the other is converted to
cDNA via reverse transcriptase first strand synthesis (Superscript IV Kit; Thermo
Fisher).

Reverse-Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) was
performed using the tissue samples as described (Chemistry: SYBR Green (Qiagen
Quantifast SYBR Green kit, Cat: 204056). The qPCR platform was from Thermo
Fisher Quant Studio 3. Primers were standard forward (sense) & reverse (antisense),
designed by (or modified from DuPré et al [30]) by Dr Rifat Hamoudi (ordered from
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Eurofins Genomics) at 0.01µmol scale, as lyophilised form. The list of primer
sequences is in Table 1.The primers were reconstituted to 100µM stock with TE
solution (10mM Tris, 0.5mM EDTA). Working dilutions consisted of 10µM forward
and reverse primer pairs; these were prepared with molecular grade water in 200µl
aliquots (10µl of each primer stock + 180µl water). The primers were optimised
using cDNA from test samples, serially diluted into 10-1, 10-2 and 10-3 aliquots.
Based on the optimisations, the final concentration of the primers was adjusted from
200nM to 300nM and the number of cycles was adjusted from 40 to 45. Primer pairs
that did not amplify or amplified but not a specific product (as determined from the
NTC melt-curve) were not used.
Oligoname+

Forward+Sequence+

Reverse+Sequence+

TLR4
BCL3
BCL2
KC
MCP1
RANTES
MIP1a
MIP1b
CCR5+
CXCR4+
CD3+
CD3e+
CD3z+
LAMP1_Ms+
GzmA_+
TRAIL_R1+
Perforin_+

GCATCATCTTCATTGTCCTTGAGA
CCTTTGATGCCCATTTACTCTA
CTGCACCTGACGCCCTTCACC
GCTGGCTTCTGACAACACTATA
AGGTGTCCCAAAGAAGCTGT
AAGAAGTTCAGCTGCCCCAT
TGAAACCAGCAGCCTTTGCT
TCCTGCTGTTTCTCTTACACCT
ATCCGTTCCCCTACAAGAAACTC+
AGCATGACGGACAAGTACAGG+
CAAGACTGGACCTGGGAAAA+
TGCAAGGTTCACAGTCTTGC+
AATGATGCCCATGTGCCAAC+
ATGGCCAGCTTCTCTGCCTCC+
TTTCTGGCATCCTCTCTCTCA+
ATGGCGCCACCACCAGCTAGA+
CAGTACAGCTTCAGCACTGAC+

CTCCCACTCGAGGTAGGTGTTT+
AGCGGCTATGTTATTCTGGAC+
CACATGACCCCACCGAACTCAAAGA+
TGAACAAGCAGAACTGAACTACC+
TGCTTGAGGTGGTTGTGGAA+
CGCTCAGCTTTCCTATTACCAA+
ATGCAGGTGGCAGGAATGTT+
ATGCAGGTGGCAGGAATGTT+
GCAGGGCTCCGATGTATAATAA+
GATGAAGTCGGGAATAGTCAGC+
GTCTCATGTCCAGCAAAGCA+
TTCCACGACAGACAGAACTC+
ACAAACTCCCTTGTTGGCTC+
ACAGTGGGGTTTGTGGGCAC+
GGGTCATAGCATGGATAGGG+
TGAGCAACGCAGACTCGCTGT+
ATGAAGTGGGTGCCGTAGTTG+

Table 1 – Forward and reverse sequences of the primers used in qPCR in this study

6.3.7 Data analysis of Histopathology
Histopathology slides were assessed for the size of breast tumours, extent of tumour
necrosis at position of the fibre tip delivering PDT at the superior pole of the tumour
and if there was evidence of central necrosis of the tumour. This was performed by
measurement of the maximum tumour diameter and necrosis diameter on the slides
using the PDT site as the central plane when present, or the maximal diameter
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measured when there was no PDT site. This was performed with a slide rule in
millimetres and then inspected by microscopy for confirmation. The diameter of
necrosis was expressed as a percentage diameter of the whole tumour. The diameters
of tumour and maximum necrotic diameter were used to calculate a volume
estimation for tumour volume and necrosis volume using the formula shown below:V = 4/3 π (D/2)3

V= volume, π =3.142 , D = diameter on slide

Spleen, lung and liver were assessed for the presence of metastases. In addition
pathological changes to the normal architecture as a result of tumour invasion, the
pattern of reactive hyperplasia increase of immunological cells was also recorded.
6.3.8 Data analysis of flow cytometry
Quantitative data from flow cytometry samples were analysed by setting the flowcytometer (Fortessa™) threshold for forward angle scatter (FS) and 4 colours of
fluorescence were collected using logarithmic amplification. These were PE (670nm,
for CD8+), FITC (520nm for MHC class II+), BV 510 (510nm for CD45+), and BV
421(421nm for CD4+); the optical filters were set to collect these wavelengths and
the data analysed and median fluorescence was determined by using flow cytometry
software. Gating as well as further analysis was carried out using the FlowJo v10
software and was based on CD45+ staining and debris and exclusion of material with
minimal forward or side scatter to remove debris and dead cells from sample
analysis. Multivariate analysis of the data was carried out using SPSS v22 software
using ANOVA with Bonferroni post-hoc analysis.
6.3.9 Data analysis for qPCR samples
The qPCR data was analysed by Dr. Gareth Gerrard, using the QuantStudio Design
and Analysis Software v1.4.1 (ThermoFisher) in relative expression mode (with
melt-curve) to generate quantification cycle (Cq) metrics for each sample / target,
with a fixed amplification threshold of 0.04. The gene expression data were exported
into Microsoft Excel 2013 for further analysis and Gapdh was used as the
housekeeping gene, using the mean Ct of two separate runs per sample, and this data
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was used to generate relative expression metrics using the 2-ΔCt calculation [32],
where ΔCt = (CtGOI – CtCG); where GOI = gene of interest and CG = housekeeping
gene.
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Fig.1: Images of Experimental procedures for PDT treatment in Balb/c mice

key: Top- Tumours were palpable 5 days after inoculation with 4T1 cells into the mammary bud.
tumours are measured prior to PDT treatment. photosensitiser was delivered intra-venously into the
tail vein. Middle – PDT was delivered via a fibre optic 10mm bare fibre inserted through a
subcutaneous incision into the tumour ; Bottom- after PDT the surgical site is closed with sutures.
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6.4 Results of investigations of effects of PDT and 5-azadeoxy-cytidine
treatment in an orthotopic murine breast cancer model
6.4.1 Results – Overview of all experimental parts
Normal Balb/c mice that were not immune-supressed like their nude counterparts
used for xenograft models were assessed for the following experimental parts of this
study. Control mice all inoculated with tumour cells as described but not treated at
all but observed daily. None were seen to be in distress or showed evidence of
disability warranting euthanasia before sacrifice of treated mice. PDT was performed
without PS in one additional control mouse not inoculated with tumour cells. No
adverse effects and no necrosis of breast tissue, distress or disability in this animal.
None of the mice lost more than 20% of their body weight or demonstrated
significant disability or distress after inoculation. Fig.1 shows images of the
experimental procedures performed. All of the mice tissue was processed as
previously described in chapter 6 and slides prepared with H&E staining. Both
treated and untreated breasts of all mice were harvested from the cadavers. In
addition spleen was also harvested from all mice. There were no slides in which the
tissue was unsatisfactory for analysis. The slides were read under the supervision and
guidance of Dr El-Sheikh who performed the final assessment of all slides without
identifiers and at the end of the reading the results were correlated with their
identities. There was no evidence of skin necrosis or fat necrosis associated with any
of the tumours examined.

6.4.2 Experimental part A: Optimization of PDT delivery timing
Four mice bearing 4T1 breast tumours were given an intravenous injection of
Visudyne, reconstituted with water (15 mg/kg) in 5% dextrose solution. PDT was
delivered either after 15 minutes or 1 hour after PS administration. Each mouse was
either given A light dose of 50J at 50mW power setting represented ‘low dose’ PDT
or 50J at100mW represented ‘high dose’ PDT (Table 2). A higher power setting
could not be used owing to the risk of thermal damage being induced. No adverse
events occurred during or after injection of PS or during anaesthesia or PDT. There
was no evidence of skin necrosis or any superficial evidence of necrosis of any of the
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tumours. The mice treated with PDT, 15 minutes after PS delivery remained well
until they were sacrificed 14 days after inoculation. Two of control mice and mice
treated with PDT one hour after intravenous injection with PS, were found dead on
day 14, the day of sacrifice. Post mortem examination was conducted and showed
that the mice had died within 6 hours of discovery on day 14 and death was most
likely due to tumour burden resulting sudden catastrophic haemorrhage.

In all

experiments that followed the mice were always sacrificed no later than day 13 after
inoculation and in all cases 4 days after PDT. No further adverse events were
observed.
6.4.3 Histopathology findings from Experimental part A
Mice treated with PDT 15 minutes after PS injection mice showed evidence of
tumour necrosis at the treatment site. The extent of this was slightly greater at 100
mw than at 50 mW. There was a clear distinction between the necrosis zone related
to the treated site and viable tumour cells at the edge of the zone of necrosis. This is
demonstrated in Fig.2 which shows the necrotic effects of PDT administered at
50J/50mW.The diameter of necrosis was 4mm and 6mm for 50mW and 100mW
respectively representing 50% and 75% of the total tumour diameter. In contrast
mice showed no necrosis at the PDT treated site when treated 1 hour after injection
of PS at power setting 50mW and 100mW. Although there was 2mm of central
patchy necrosis in the tumour treated with 100mW this was not related to the PDT
site and resembled central necrosis seen in the control group. This occurred in
control tumours 15mm or more in diameter, also a feature commonly seen in rapidly
proliferating tumours. The optimum timing for PDT delivery was accepted to be 15
minutes as injection of PS.
In addition histopathology appearance of spleens of mice treated with PDT 15
minutes after PS delivery showed that spleens had almost entirely normal
architecture (Fig.3). There was no evidence of metastases or demonstrable B cell
depletion with few islands of activated T cells. Spleens of mice given PDT after 1
hour and controls in contrast demonstrated extensive depletion of B cells, with
marked reduction of the lymphoid follicles that constitute the splenic white pulp.
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Disruption of the normal architecture with extensive lymphocyte infiltration seen in
all control mice was also a feature. Metastases were seen in the spleen with 27% of
controls having metastases at sacrifice (Fig.4).

Figure 2: PDT site with ablated tumour (red arrow), margin with live tumour (blue arrow). The
black arrow represents the sharp line of demarcation between these two areas.

Figure 3: spleen from PDT treated mice with intact normal architecture intact with normal
ratio of red and white pulp; the black arrow shows the extent and normal architecture of the
red pulp in the spleen; the blue arrow denotes the white pulp region.(x40 magnification)
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Figure 4: Control untreated 4T1 mice showed abnormal splenic architecture and depletion of
white pulp with no recognizable regions. The black arrow denotes giant atypical cells found in
the inter-follicular medullary region of the spleen. (x40 magnification)
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Power
setting
Light dose

Treatment
at 50mW
50J

Treatment
at 100mW
50J

Treatment
at 50mW
50J

Treatment
at 100mW
50J

Untreated tumours in
Control mice
None

Duration
after PS
injection
(minutes)
Duration
of
treatment
(sec)
Effect on
treated
site

15

15

60

60

Nil

1000

500

1000

500

Nil

Localized
confluent
necrosis

Localized
confluent
necrosis

No
necrosis

Central
patchy
necrosis

No necrosis in tumours <
10mm ; central patchy
necrosis > 15mm

Tumour
diameter
in mm1
Estimated
tumour
volume2in
mm3
Necrosis
diameter
in mm1
Estimated
necrosis
volume2in
mm3
Estimated
% tumour
necrosis
volume
Effect on
Spleen

8

8

9

12

5mm-24mm median tumour
size of controls = 11mm

268

268

381

904

4

6

0

2

33

113

0

4

12.5

42.2%

0

0.5%

Islands of
activated T
cells
No B cell
depletion
Normal
architecture

Small
islands of
T activated
cells
No B cell
depletion
Normal
architecture

B cell
depletion,
expanded
population
of activated
T Cells,
Disruption
of normal
architecture

B cell
depletion,
sheets of
activated T
Cells
Disruption
of normal
architecture

Most noted B cell depletion
and activated T Cells
replacing almost the entire
red pulp resulting disruption
of normal architecture

Metastases
in Spleen

nil

nil

Yes

yes

Yes

Table 2: Summary of treatment details and histopathology findings of initial experiments to
determine the optimum time interval for PDT after administration of Photosensitiser
intravenously into the dorsal tail vein of the mice. Mice treated with PDT were given light dose
of 50J at 50mW or 100mW. 1- measured by histopathology; 2- estimated volume calculated by
formula 4/3 πr3 to the nearest mm3
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6.4.4 Experimental part B: Varying power setting and light dose
The expectation that PS is mainly present in the vasculature in the first 30 minutes
of treatment when PDT is most effective is suggested by results of section 6.4.3.
Duration greater than this, some PS would have been taken up by tumor cells, owing
to its rapid clearance from circulation (sections 5.1 and 6.1). This small dose
remaining in the vasculature is likely to have little effect in the process of photoactivation at this stage. In order to establish the lowest light dose and power setting
that produced the consistent necrosis, two light doses (50J and 90J) were initially
considered with power settings of 30mW, 50mW, and 100mW. However 30mW
power setting was only used for the 50J light dose since 90J would result in
treatment duration of 50 minutes. Nine mice were treated at 3 power settings; 50J at
30mW, 50J and 90J at 50mW, 50J and 90J at100mW and the results are shown in
Table 3.
Power and Energy

30mW-

50mW-

100mW-

50mW-

100mW-

50J

50J

50J

90J

90J

PDT time (secs)

1600

1000

500

1800

900

Mean Tumour

12

8.5

11

5.5

12

3

4

3

1.5

6

1.6

10.4

2.03

1.95

12.5

Applied

*

diameter (mm)

Mean Necrosis
*

diameter (mm)

Estimated %
Tumour Necrosis
volume**

Table 3: Summary of measurements of tumours of treated mice and extent of necrosis at
various light doses and power settings. *-measured by histopathology; **- estimated by
calculating volume by formula 4/3 πr3 rounded to the nearest mm3 for tumour diameter and
necrosis diameter and expressing necrosis volume as a percentage
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6.4.5 Histopathology findings from Experimental part B
The results demonstrated that 50J at power setting of 50 mW was the lowest light
dose and power setting to achieve consistent results. Histo-pathological analysis of
tumours treated at this light dose and power setting confirmed once again, that there
is confluent necrosis with associated apoptosis and clear boundary between live and
necrotic zone. Treatment of tumours with 90J at 100mW showed similar results. The
duration of treatment of these energy settings were comparable suggesting that the
‘window’ for optimal treatment duration was no more than 32 minutes for this
treatment group (Table 2). This is supported by the observations that the least extent
of necrosis still visible on microscopy was observed at 50J at 30mW and 90J at 50
mW also resulted in reduced extent of necrosis; both these had prolonged total
duration of treatment (inclusive of PS injection) approaching 60 minutes.

6.4.6 Experimental part C: PDT alone versus PDT combined with immune
modulatory agent 5Azadeoxycitidine (5ADC) and 5ADC alone

36 mice were inoculated with 4T1 cells as previously described and then divided in
to 4 groups as shown in Table 4. 18 mice were treated with PDT at light dose 50J
with 50mW power setting following intravenous PS delivery 15 minutes earlier as
previously described. Nine of these PDT treated mice were also treated with a single
high dose of 5ADC 48 hours on day 6 after inoculation with tumour cells (Fig.5). A
further 8 mice were either only treated with 5ADC on Day 6 with no PDT
subsequently. All treatment groups were compared to the remaining 10 untreated
control mice. There was no reduction in tumour size in any of the groups. Four days
after PDT all the mice were sacrificed.
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Fig.5: Experimental schedule for comparison of treatment with PDT alone versus combination
therapy showing times of administration of drugs and light and sacrifice. Following inoculation
5 ADC was administered into the peritoneum on day 6 once tumours are palpable. PDT delivery
was performed on day 8 and animals were sacrificed on day 12.

Table 4: Summary of treatment of experimental groups comparing the effects of PDT and
5ADC alone and combination of PDT and 5ADC (section 6.4.6) .The mice were all inoculated
with 4T1 cells then mice were selected for treatment with PDT alone, 5ADC alone, combined
treatment of 5ADC followed by PDT or no treatment. PDT was delivered 15 minutes after PS
delivery at 50J@50mW. Mice were sacrificed 4 days after PDT.
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6.4.7 Histopathology Data Analysis of PDT site: treatment groups and
controls
There was necrosis present at the PDT site of mice treated with PDT alone, and mice
treated with PDT combined with 5ADC with no evidence of necrosis at other sites.
The extent of this varied in both groups (Table 5). Both these groups showed a
smooth confluent pattern of necrosis radiating circumferentially from the PDT site
with a clear margin between necrotic tissue and live tumour cells outside the zone of
treatment. There was an intermediate zone of apoptotic cells between these two areas
that was more prominently demarcated in the mice receiving combined treatment. In
contrast mice treated with the 5ADC alone showed central necrosis characterised by
irregular islands of apoptosis and necrotic cells with intervening areas of live tumour
cells in most cases although some had no necrosis. There was no evidence of
peripheral necrosis in the tumours of these drug treated mice. The untreated control
mice had tumours that did not show central necrosis unless the tumour diameter was
15 mm or more and this occurred in 3 mice 2 of which, carried tumours of 2 cm or
more. An estimation of tumour volume and necrotic volume was calculated as
described in section 6.3.7. Table 4 summarises the histopathology results for each
group from the histopathology specimen assessment and estimated median necrosis
volume for each group is also shown.
Within each of the cohorts there was variation in tumour size (Fig.6) while range of
tumour diameters, were similar for the 3 treatment groups. The control group had the
widest range of tumour diameters and the largest tumours. Despite the same volume
of tumour cells implanted, the mice were not immunosuppressed or genetically
identical. Therefore this variation could occur due to differences phenotypic
expression of the immune system of the mice. Another explanation may be due to
failure of some of the cells to implant in large enough colonies in close vicinity to
each other. This is supported by the in vitro observations that the 4T1 cell line
appeared to grow more rapidly once the plates were more than 50% confluent after
24 hours becoming 70-90% confluent in the following 12 hours in these cases
(chapter 5).
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The tumour volumes for the 4 groups were comparable. The median necrotic volume
was highest in the PDT alone treatment group. Combining a single high dose 5ADC
prior to PDT did not lead to a greater extent of necrosis at the PDT site although
qualitatively the pattern of necrosis at the PDT site was more prominently
demarcated in the combined therapy group. There was no evidence of the patchy
islands of central necrosis in this group seen when treating with the drug alone.

tumour(diameter(in(mm(

30"
25"
20"
15"
10"
5"
0"
PDT+5ADC(

PDT(

5ADC(

CONTROL(

Fig.6: Range of maximal tumour diameter measurement observed within each treatment group
and controls with blue dot indicating the median for each group and horizontal line indicating
the arithmetic mean. In treatment groups and controls these two measures were the same or
similar (section 6.4)
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Group

Median
Tumour

PDT

Median
Necrotic

Median

Median

Site of necrosis/

Estimated

Estimated

Morphology pattern

Tumour

Necrotic

1

Volume1

Diameter

Diameter

Volume

(mm)

(mm)

(mm3)

(mm3)

11

9

697

381

PDT site;

ONLY
smooth confluent;

PDT

12

5

904

65

PDT site;

+5ADC
smooth
clear

confluent;
demarcation

between

necrosis

and live cells

5ADC

13

5

1150

65

ONLY

Patchy

islands

of

central necrosis. No
clear demarcation

CONTROL

11

0

697

0

No necrosis in most
with patchy islands
of central necrosis
in large tumours. No
clear demarcation

Table 5: Summary of histopathology results of the experimental groups: As previously
described mice were either treated with PDT at light dose, 5ADC, 5ADC followed by PDT, or
received no treatment. The mice were sacrificed 4 days after PDT treatment. Tumour
measurements were performed manually from histopathology slides by high power microscopy.
Volumes were calculated1 and the range of values in each group recorded. The morphology of
necrosis observed in the breast tissue.1- estimated by calculating volume by formula 4/3 πr3
rounded to the nearest mm3 for tumour diameter and necrosis diameter.
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6.4.8 Histopathology Data analysis of spleen, liver and lungs: treatment
groups and controls
In the group treated only with PDT there was no evidence of metastases in any of the
splenic tissue. As observed previously there was no architectural destruction in any
of the specimens. In most spleens there was no change in the ratio of red pulp to
white pulp with no activated cell expansion. Some specimens did demonstrate
expansion of the red pulp, with increased populations of megakaryocytes and
atypical cells, but this was much less than seen in the control group mice. The liver
specimens of all of the mice treated with PDT alone were entirely normal in
architecture with no evidence of metastases. Examination of the pulmonary tissue of
the mice treated with PDT alone, demonstrated normal appearance of alveoli with
either no cellular infiltration or sparse groups of activated cells similar to the control
mice.
Mice treated with 5ADC alone also did not show evidence of metastatic deposits.
There were increased blast cells and a reduction in white pulp with red pulp
expansion in all specimens, and in greater proportion than in the mice treated only
with PDT, but less than seen in controls. However unlike control mice there was no
disruption of splenic architecture. The liver specimens from these mice were either
entirely normal or showed sparse lymphocytes and blast cell aggregates or mild fatty
infiltration of the liver. The pulmonary tissue specimens from this group, was
entirely normal with no evidence of any activated immune populations.
Mice treated with 5ADC followed by PDT demonstrated normal splenic tissue with
no evidence of metastatic deposits and an intact splenic architecture. The white pulp
was preserved with minimal activated immune cell infiltrate in some specimens. The
liver specimens from this group had entirely normal architecture. In addition a few
cases showed mild steotosis with sparse lymphoid aggregates. Examination of the
pulmonary tissue of these mice did not show any abnormality with no evidence of
atypical cell infiltrate or aggregates.
Control mice all showed evidence of infiltration by neutrophils, T lymphocytes and
macrophages of splenic tissue with depletion of B cells, disruption of normal splenic
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architecture, with a spectrum of changes as previously observed. This included
increase in the red pulp with simultaneous reduction in the white pulp with
expansion of blast -like cells. The control mice showed evidence of metastatic
deposits in 20% within the spleen. Similarly in the liver specimens of control mice
there was extensive disruption of normal liver architecture with immune cell
infiltration throughout. Specifically lymphoid infiltration was seen as well as blastlike nests with focal infiltration into the liver sinusoids. There was evidence of extralobular and intra-lobular necrosis, with apoptosis of hepatocytes and disintegration of
lobules. In addition peri-portal oedema was also a feature. There were no metastatic
deposits or evidence of extensive cellular infiltration in the lungs of control mice in
this study. The alveolar structure remained intact with small nests of large activated
lymphoid cells cells resembling primitive blast cells immune cells seen within them.

6.4.9 Flow cytometry analysis of splenic tissue: treatment groups and
controls.
Control mice that had metastases on histopathology analysis showed evidence of
three distinct populations of cells on flow cytometry of splenic tissue. There were
CD45+/MHC class II - cells identified as 4T1 cells [30] (Fig.7). In addition small
population of CD4+ T cells and CD8+ cells were also seen in all control mice
(Fig.9). In the three treatment groups there was no 4T1 population identified
correlating with histopathology findings (Fig.8). Flow cytometry of splenocytes also
showed that there were increased populations of the immune cells present in
experimental groups in comparison to controls (Fig.10-12). Both, CD4+ and CD8+ T
cell populations demonstrated this (Fig.13). Mice treated with PDT alone and those
treated with combined therapy of PDT and 5ADC had higher populations of CD4+
and CD8+ than mice treated with 5ADC and control mice splenic tissue. Multivariate
analysis using ANOVA with Bonferroni post-hoc analysis demonstrated statistical
significance in the difference in CD8+ T cells while CD4+ T cell populations were
raised they did not achieve statistical significance (p=0.005,p=0.3 respectively).
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CD45+/MHC

Class

II

–ve

population identified as 4T1 cells

Fig. 7. Flow cytometry of untreated 4T1 mice (controls) showing 4T1 population in orange
(CD45+/MHC Class II -).

Fig. 8.4T1 Mice Splenocytes treated with PDT + 5ADC. The 4T1 population is absent. The
delineated area shows the lymphocyte population.
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Fig.9. demonstrates CD4+ and CD8+ T cells in the untreated (control) splenic population. The
delineated area shows the lymphocyte population

Fig.10. CD4+ and CD8+ T cells in the 5ADC alone treated mice
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Fig.11. CD4+ and CD8+ T cells in the PDT alone treated mice

Fig.12 CD4+ and CD8+ T cells in the PDT +5ADC treated mice
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GROUP

CD4+

CD8+

CONTROL

1.59

0.49

5ADC ONLY

1.79

1.03

PDT ONLY

2.54

1.23

PDT+5ADC

3.50

1.49

"""

CD4+"
CD8+"

4.50"
4.00"
3.50"
3.00"
2.50"
2.00"
1.50"
1.00"
0.50"
0.00"

Control(

Drug(

PDT(

Drug+PDT(

Fig.13. CD4+ and CD8+ T cell populations measured by flow cytometry in each experimental
group in splenic tissue. The results indicate that PDT treated groups had increase in their
population of both CD4+ and CD8+ T cells compared to control mice and those treated 5ADC
alone.
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Fig.14: Multivariate Analysis of experimental groups and controls flowcytometry results of
splenic tissue using ANOVA test with Bonferroni post-hoc analysis. Increased populations of
CD4+ T cells seen in mice treated with PDT and PDT with 5ADC compared to controls but
were not statistically significant (p<0.3427). CD8+ population in the PDT treated groups were
significant (p<0.005). The details of the analysis are shown in APPENDIX V.
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6.5 qRT-PCR analysis in treatment groups and controls.
The anti-apoptotic and immune activation markers BCL2 and BCL3 were tested in
the treated breast tissue and splenic tissue. Other genes including GMZA, MCP-1,
MIP-b and CCRX4 expression were also tested in both tissue types. GMZA is a gene
conserved in both human and mice genes; it is associated with production of an
immunoglobulin allotype. MCP1, RANTES and MIP-b genes have been described
by Dupre et al, as specific to the expression of myloid cell chemokines, and overexpressed in 4T1 cells and thus integral to their characterisation [30]. It is important
to note that they are also produced by tumour infiltrating myloid cells [30]. CXCR4
expression (chemokine receptor involved in chemotaxis and cell migration and
proliferation in hypoxic conditions) is normally elevated in controls [33]. CD3 is a
pan T-cell marker and is involved in T cell mediated immune response and
epithelial-mesenchymal circulating tumour cells (EMCTCs) ability to cause
metastatic spread in lung cancer [34]. In the breast tissue preliminary results suggest
that BCL2 expression was supressed in the treatment groups while BCL3 expression
was increased in both mono-therapy groups relative to the control group in the breast
tissue (Fig.15a and Fig.15b). In addition GMZA, MCP-1 and MIP1-b had reduced
expression in the all treatment groups but not in the control mice breast tissue (Fig.
16). Other genes such as RANTES and Perforin appeared to be unaffected in the
experimental groups compared to controls (not shown).
In contrast analysis of gene expression of splenic tissue was either inconclusive or
incomplete due to inadequate genetic material of acceptable quality control. There
was no observable difference in the expression BCL2 and BCL3 in the splenic tissue
of controls and the treatment groups (not shown). GMZA, MCP-1 and MIP-b were
elevated only in the mice treated with PDT but not in other experimental groups
(Fig.17). The qPCR analysis of CD3 and CXCR4 genes in the splenic tissue showed
that CD3 is reduced in the combined treatment group and CXCR4 is increased
relative to control splenic tissue but the data from these runs were incomplete (Fig.18
and Fig.19). Only PDT treatment alone caused an elevated expression of MCP1 and
MIP-b correlating with observed immune cell activation in the spleen on
histopathology rather that the presence of 4T1 tumour invasion. CD3 expression
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reduced relative to controls following combined therapy demonstrates the opposite
relationship to that seen in lung cancer [34] where increase in CD3+ T cells was
associated with a decrease in mesenchymal-epithelial circulating tumour cells.
Finally elevation of CXCR4 expression in the combined treatment group in the
splenic tissue relative to controls may be related to tmyloid cell activation in the
spleen that may play a role in the apparent protection against metastatic spread and
preservation of the organ. Table 6 summarises the results of qPCR gene expression
analysis from the breast and splenic tissue and their interpretation.
In breast tissue, it can be seen that there is an inverse relation between BCL2 and
BCL3. In general it can be seen that BCL2 expression decreases in treated tissue
compared to controls but BCL3 generally increase in treated tissue compared to
controls. This is interesting and suggests that immune response activation via the
NF-kB pathway occurs as result of various treatment modes.

182

15a:

15b:

Fig.16:

Fig. 15 A and B:plots of qPCR expression of BCL2, BCL3, and Fig.16: GmzA, MCP-1 and MIP1b showing all treatment groups supressed gene expression compared to control mice.
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Fig.17:

Fig 18:

Fig.19:

Fig. 17 demonstrates the mono-therapy with PDT resulted in increased expression of GMZA,
MCP1 and MIP1b in splenic tissue. Fig 18 demonstrates the increased expression of CXCR4 in
the combined treatment with PDT and 5ADC Fig.19 shows reduced expression of CD3 in this
group.
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Breast
tissue
gene
expression
BCL2
BCL3
GzmA
MCP1
MIP1b

Control 5ADC

PDT

PDT
+5ADC

Interpretation
of PDT alone
effect

Interpretation
of Combined
therapy

0.9
0.0025
0.001
0.002
0.1

0.0
0.0065
0.002
0.0000
0.000

0.0
0.003
0.005
0.0005
0.000

Suppression
Activation
? Suppression
Suppression
Suppression

Suppression
? Activation
? Suppression
Suppression
Suppression

Spleen
tissue
gene
expression
GzmA
MCP1
MIP1b
CXCR4
CD3

Control 5ADC

PDT

PDT+
5ADC

Interpretation
of PDT alone
effect

Interpretation
of Combined
therapy

0.005
0.00
0.01
0.00
0.001

0.015
0.06
0.025
N/A
N/A

0.010
N/A
0.0
0.45
0.00025

Activation
Activation
? Activation
N/A
N/A

Activation
N/A
Suppression
Activation
Suppression

0.0
0.060
0.00
0.0000
0.000

0.005
0.00
0.01
0.015
N/A

Table 6: Interpretation of results of qPCR analysis of gene expression in the breast and splenic
tissue after PDT monotherapy and PDT combined with 5ADC.
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6.6 Discussion
This study has confirmed that optimum delivery of Visudyne™-PDT occurs 15
minutes after administration of the PS in vivo and the efficacy of treatment is limited
by duration of more than 30 minutes. This is likely to be due to the rapid clearance of
the PS from the circulation. Furthermore, Visudyne™ PDT at low and high energy
settings result both in local and distant effects in the 4T1 murine model. The
morphological patterns of necrosis at the treatment site, at these settings were
identical; smooth confluent necrosis with a clear demarcation between the necrosis
zone and live tumour. The lowest light dose and power setting to produce consistent
tumour necrosis was 50J/50mW in this study. Distant effects of PDT treatment
observed in the spleen by histopathology included the absence of activated blast-like
cell expansion and metastases seen in the untreated control mice. Observations that
4T1 cells were absent from splenocytes following PDT by flow cytometry correlated
with these histopathology findings. Increase in CD4+and CD8+ populations in the
spleen seen in the PDT treated groups by flow cytometry correlated with increased
BCL3/reduced BCL2 expression locally that would lead to activation of host
immune response via NF-κB pathway. These findings support the possibility that
immune-mediated effects in distant organs are controlled at the treatment site.
Suppression of some myloid cytokines at the treatment site may affect distant organs
as there is no clear evidence of PDT treatment related alteration of expression at
these distant sites. Single high dose application of 5ADC a known cytotoxic immune
modulator responsible for up-regulating host immune response to tumours, was used
as a point of comparison for the immune-mediated activity of PDT. The study
demonstrated that PDT treatment alone exerted comparable if not superior T cell
activation to this cytotoxic agent with comparable activation of host immunity and
suppression of 4T1 cell activated myloid cytokines. Combination therapy of PDT
with 5ADC in vivo did not provide convincing evidence of improved outcome
locally in terms of the extent of necrosis. However flow cytometry, gene expression
analysis as well histopathology of distant organs, provide circumstantial evidence
that there is a possible improved host immune response with combination therapy.
The effects of low dose PDT and high dose PDT are affected through differing
pathways have been seen in vitro [31,36]. In vivo studies have also been published
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which show low dose PDT is effective in causing tumour necrosis in various murine
models including this orthotopic murine model [37]. The 4T1 murine model can be
difficult to use as an investigative tool for novel treatments, since the rate of tumour
growth is unpredictable and metastasizes early with rapid spread by both direct and
haematogenous routes [26][38][39]. Its strong resemblance to human triple negative
breast cancer by the pattern of spread with early metastases still makes it a
worthwhile choice for study despite these problems [30]. In vivo characteristics of
the cell line have been assessed [30]. These include extensive infiltration of distant
organs including the spleen by dendritic cells, macrophages and cytotoxic
lymphocytes [30]. A global acute severe inflammatory response is followed by
profound immune-suppression with fall of tumour specific CD4+ and CD8+ t cells
that facilitates tumour metastases. Untreated control animals in this study initially
died suddenly without significant clinical deterioration 14 days after inoculation.
This limited the length of observation for the study to no more than this period in
order to comply with Home Office guidance for the protection of experimental
animals in the UK. There have been studies performed outside the UK using this
model for combined treatment with PDT at low power with low low doses of various
immune modulating agents including 5ADC for periods greater than 1 month
[40][41][42].
The use of low-dose Cyclophophamide alone versus high dose, have been
investigated in vivo in 4T1 murine tumour models [42]. Low dose 5ADC has been
associated with increased immune stimulation while high dose produces cytotoxicity
in tumours in the clinical setting [42]. The results of treatment with repeated low
dose 5ADC in combination with PDT in vivo have been modest for 4T1 tumours
with 50% regression or prolonged survival compared to controls [40][41]. In other
tumour types complete regression has been achieved with the same treatment [40].
Investigation of adoptive immunity, has demonstrated that it may be transferred to
untreated mice, then able to resist tumour growth after inoculation. It is not clear this
applied to the 4T1 mouse model [9]. BCL2 and BCL3 genes have both been
implicated in immune activation in breast cancer (Chapter 2). Specifically bcl 3 has
been identified as being integral in the NFκB pathway for regulation of these
pathways. BCL3 mediated repression of transcription is associated with the
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development and activation of immune cells [43]. BCL2 on the other hand has been
recognized as an anti-apoptotic gene, noted to be up-regulated in tumour cells [44].
Gene expression by qRT-PCR analysis of treated breast tissue in this study has
confirmed increased expression of BCL3 and suppression of over-expression of
myloid chemokines indicative of PDT mediated innate immune activation.
Conversely BCL2 expression was reduced in the treated mice breast tissue.
Expression of some genes specific to the 4T1 cell line associated with overexpression of myloid chemokines, leading to immune-suppression appear to be
attenuated by both 5ADC and PDT and in combination treatment in the breast. Not
all genes associated with myloid over -activity identified by du pre et al in this cell
line were supressed by PDT and this may explain why PDT therapy has been less
successful in the 4T1 model compared to other vivo models.
The design of the study described in this chapter differs from previous investigations
in the following ways: low power and lower light dose is used, single high dose
5ADC is used and the focus is not survival or tumour regression. Extent of tumour
necrosis, effect on tumour spread and alteration of tumour effects have been
examined. The rationale to use high dose 5ADC is based on in-vitro observations of
reduction of cell viability at high dose already described in chapter 5. In addition
PDT treatment in the clinical setting is likely to be used in tandem to chemotherapy
therefore effects of combination therapy with a cytotoxic agent is useful to help
assess synergistic effects as well as identify potential adverse effects. In this study
there were no significant differences in median maximal tumour size between
treatment groups and control mice; this may due to the short duration of observation
of this study in comparison to other studies where treated tumours were smaller than
controls [40][42]. Cytotoxicity from adjuvant chemotherapy in clinical treatment
typically produces variable extent of central necrosis with some parts more
responsive than other areas. In contrast smooth confluent necrosis from PDT alone
and in combination with 5ADC produced clear margins of treatment in vivo. This
suggests PDT may allow complete ablation of tumour with clear margins to the
junction between normal and malignant tissue, justifying investigation in the clinical
setting. Furthermore imaging of treated areas would enable therapy to can be
followed by non-invasive surveillance.
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6.7 Conclusion
The findings of this study demonstrate smooth confluent morphology pattern of
necrosis seen at the treatment site with low power PDT. These findings alone justify
clinical investigation of PDT for treatment of primary breast cancer. In addition
preliminary investigations of flow cytometry and gene expression provide supportive
evidence that there may be an immunological benefit to PDT treatment. The results
suggest that PDT and 5ADC both exert local effects in gene expression that oppose
tumour survival and up-regulate innate host immunity in distant organs although in
this study PDT treatment demonstrated greater efficacy in activating CD4+ and
CD8+ T cells. Combination therapy may result in a synergistic effect in cellular
immunity and requires further investigation. This chapter give some insights into the
molecular mechanism of PDT treatment. The next chapters will discuss the
application of PDT therapy on breast cancer patients.
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Section C: Effects of Photodynamic therapy in Primary
Breast Cancer: The first Human Phase I/IIa Clinical Trial
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7.Treatment of primary breast cancer using PDT: A phase I/IIa
clinical trial – Introduction and Methodology
7.1 Introduction
Current established therapies for primary breast cancer are based on strong scientific
evidence from breast cancer demographic data and outcome of treatment [1-4]
(Chapter 1) and tailored to individual patient and tumour characteristcs. This
includes patient age, ER/PR and HER 2 status and the current trend also includes
assessment of tumour gene expression of characteristics related to early recurrence
and propensity to metastases, using molecular techniques (Chapter 1). Surgical
options are based on whether the primary tumour can be excised with safe margins
of normal breast tissue with as well as identification of the extent of loco-regional
nodal involvement and management of these nodes i.e. onocological clearance.
However cosmetic appearance of surgery is also important; breast conserving
surgery should be performed if sufficent breast tissue is left to form a breast mound
using glanduloplasty techniques so as to be satisfactory aesthetically to the patient.
Adjuvant treatments include systemic chemotherapy, radio therapy, endocrine
therapy and Monoclonal antibodies targeting the HER2 receptor (Chapter 1).
Systemic chemotherapy

treatment may be given prior to definitive surgical

treatment in circumstances where surgery is technically difficult to perform e.g.
extent of skin involvement or muscle infiltation or if there is spread of breast cancer
beyond loco-regional lymph nodes. Provided that the tumour has a positive estrogen/
progesterone receptor status, primary endocrine therapy is indicated if surgery is
delayed due to patient related factors to allow optimisation, or if surgery is declined.
Radiotherapy is required for all patients undergoing breast conserving surgery.
Patients who have mastectomy may have radiotherapy to the chest wall or supraclavicular fossa if there is likelihood of spread to intra-mammary chain of lymph
nodes, other loco-regional nodes. These treatments are well established as standard
therapy but are not without side effects.
Novel therapies have been investigated for the treatment of breast cancer that may
have further advantages to conventional therapies and include photodynamic therapy
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(PDT), (Chapter 2) as well as other modalites such as radio frequency ablation
(RFA), high frequency ultrasound (HIFU) and electrochemotherapy(ECT)
[5][6][7](Chapter 3). However it is PDT that has shown the most promise in terms of
its succress in the treatment of other primary tumours [8][9][10]. To date there has
not been a human clinical trial using PDT for the treatment of primary breast cancer.
Photodynamic therapy is well established for the therapy of various dermatologic
entities particularly non-melanoma skin cancers such as basal cell carcinomas and
Bowen’s disease and pre-malignant conditions like actinic keratosis. Non
dermatologic applications include conditions like dysplasia in Barrett’s oesophagus,
all stages of head and neck cancer and non-neoplastic conditions such as age related
macular degeneration of the retina (AMD). Image guided interstitial PDT has been
successfully used in advanced head and neck tumours, and experimentally in several
other tumours of solid organs including the pancreas and prostate [8][9] [11].
As previously discussed (Chapter 2) PDT exerts its effects when light of a specific
wavelength is used to trigger a photochemical reaction occurs as a result of
photosensitiser (PS) present within tissue and vasculature in the presence of oxygen.
This is facilitated by the excitation of electrons from their resting ground state
within the PS to a higher energy level transiently and the subsequent transfer of
energy on returning to the ground state to oxygen molecules. This in effect form
singlet oxygen and other reactive oxygen series (ROS). These oxygen species are
responsible for oxidative stress which damages cellular structures irreversibly which
is primarily lethal for the cells being treated [12][13][14]. Secondary effects include
an acute inflamatory reaction produced by cell signalling molecules such as heat
shock proteins (HSPs). The release of cytokines activates cellular components of the
immune system eg. macrophages and other antigen presenting cells to allow
cytotoxic tumour specific activity by CD8+ T lymphocytes. There is increasing
evidence that PDT also causes CD4+ T cell mediated B cell activation [14]. The
nature of the biological effect may be localised to the tumour since neovasularisation with ‘leaky capilaries’ are tumour

characteristics. This would

maintain the highest tissue concentation of the photosensitiser within the tumour.
The observational evidence suggests that there is little or no damage to components
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of connective tissue maintaining the mechanical integrity of the target organ and
minimising the effect on their function and cosmesis [15]. The other advantage of
PDT is that since the light used is non-ionising, PDT does not carry the cumulative
toxicity associated with radiotherapy. So once a PDT area has healed, it can be
treated again if necessary. The use of PDT as a cancer therapy is particularly
attractive because of its relative specificity and selectivity [16] A further advantage is
that light may be delivered interstitially into solid tumours by the placement of
optical fibres within the tumour [17].

7.2 Pre-clinical data
Pre- clinical in vitro and in vivo experimental evidence has already been presented
in this thesis with regard to the efficacy of PDT as a potential treatment for breast
cancer (Chapter 5 and Chapter 6). Pharmacokinetics and the pathways of
Verteporfin-PDT mediated cell death have also been studied in other in vitro and in
vivo cancer models [18][19][20][21][22][23]. Its primary mechanism of action is
through vascular damage (Chapter 2).

7.3 Clinical data
The initial series of patients with breast carcinoma chest wall recurrence treated with
PDT in 1993 [24] showed that this was an effective treatment in selected patients
with a variation in the extent of response. The extent and type, of recurrent disease
were strong determinants of the likelihood of response. Minimal and nodular disease
responded well to PDT; partial responses were seen in patients with disease of
moderate extent. Following this publication a phase I study dose escalation study for
the treatment of breast cancer skin metastases was conducted in 1998) [25]. There
were no systemic adverse effects and marked necrosis of the tumor mass was
observed. Regression of tumor occurred between 1-2 days post treatment with
formation of an eschar over the tumour site. Re- epithelialisation occurred under the
eschar and complete healing occurred in 8-12 weeks. Assessment of efficacy
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suggests that PDT can achieve at least similar palliation to radiotherapy and
chemotherapy [26-30]. Further studies using PDT have so far been used for
treatment of cutaneous and chest wall recurrences. In this chapter and the next effects
of PDT in human primary breast cancer are investigated.
In this study Verteporfin was chosen as the Photosensitiser in its liposomal
formulation Visudyne™. This has demonstrated enhanced clinical activity, resulting
in faster drug delivery as well as rapid clearance [31]. It would appear that most of
the clinical response from this PS sensitization is based on vascular disruption and
shutdown; this drug is ideal for lesions that depend on neovasculature [32]. In the
human blood, 90% of Visudyne™ is associated with plasma and 10% associated
with blood cells. The mean plasma half- life values is approximately 5-6 hours. It’s
activation at 690nm wavelength is higher than peak of light absorption of
haemoglobin and superficial subcutaneous tissues allowing for deeper penetration of
tissues and better efficacy [33][34]. This makes Visudyne™ is a potent, second
generation photosensitizer and because it is rapidly excreted from the plasma and
tissues, the extent of photosensitivity risk is no longer than 48 hours [35]. Dose
adjustments are not required for age, gender, race, or mild hepatic or renal
impairment [33]. In the clinical setting Visudyne™ (Novartis) held the licence to be
used principally for the treatment Age related Macular Degeneration. The
manufacturer recommendation for human use instructs that it is injected
intravenously and then after an incubation period of 60-90minutes the specific lesion
is then illuminated with a long wavelength of visible red laser light (630 or 690nm,
matched to an absorption peaks of the drug). Visudyne™ has been widely used for
the PDT destruction of choroidal neovascularisation secondary to age related
macular degeneration [36], and also used for a variety of conditions such as
pigmented choroidal melanoma [37] and squamous cell carcinoma [38]. Additionally
a study at University College Hospital (UCLH) has used Visudyne™ - PDT in a
phase I study for pancreatic cancer [9]. The 630 nm absorption peak has been used to
achieve oesophageal mucosal necrosis to a depth of 1-2 mm at a light dose of 80
J/cm2 [20], while the use of 690 nm light (instead of 630 nm) increases light
penetration in tissue resulting in deeper tissue necrosis of mass lesions such as
pancreatic cancer. Visudyne™ has great potential advantages over other
200

photosensitizers such as porfimer sodium and mTHPC, which require a drug-light
interval of 48-72 hours and are associated with prolonged photosensitivity times of
up to 4-6 weeks (Chapter 2). The safety and efficacy of Visudyne™-PDT has been
reported in other solid tumours, but has not been studied in breast cancer and
surrounding tissues until now therefore this study would advance the knowledge base
regarding its clinical use. There is evidence presented in this thesis, that PDT
treatment induces both local and distant treatment effects. The implication of these
observations is that PDT may result in modulation of immune function with
improved outcome, and for the first time this trial allows assessment of treatment
efficacy and outcome after PDT in primary breast cancer in a clinical study.

7.4 Rationale and Benefits
In clinical practice patients who refuse to have surgery or any form of breast cancer
treatment are not uncommon and they have a 2.1 fold increased risk of dying of
breast cancer compared with treated women [39]. PDT may provide an alternative to
surgery. PDT could also prove to be helpful in elderly patients, those who are not fit
for surgery or are a high risk for anaesthesia.

7.5 Study Design
This was a phase I / IIa dose escalation study recruiting patients diagnosed with
primary breast cancer. Patients who had chosen mastectomy or wide local excision
as their surgical option were included. Patients had a pre therapy MRI followed by
photodynamic therapy. PDT involved intravenously injecting the photosensitizer
Visudyne™. This was administered at the therapeutic dose of 4mg/Kg of body
weight. A non-thermal red light laser was then used to irradiate the tumour activated
the photosensitser (PS), leading to local tissue necrosis at the PDT site. Although the
drug dose remained the same, the light dose was escalated depending on patient
response. An MRI was performed immediately prior to the scheduled surgery. Pre
and post PDT MRI changes were assessed for correlation with the histological
201

findings on the excised breast specimen. The thesis study was limited to the first
twelve patient recruited as these could provide the longest follow up data for the
observation of adverse outcome and the thesis study period started in April 2013 and
ended to April 2017 (48 months). At the end of the thesis study comparison was
made between the clinical outcome of the PDT cohort patients to patients who
received only conventional therapy.

7.6 Study Objectives
The primary aim of the study was to establish the minimum light intensity, in the
range of 20J/cm but not to exceed 50J/cm, required to induce an area of necrosis with
diameter of 12mm in line perpendicular to the fibre on microscopic examination or
to achieve a plateau of necrosis with no increasing necrosis as the light dose
increases. Secondary aims included investigation of the effect of PDT on the
abnormal breast tissue and study if necrosis extends to normal breast tissue. In
addition assessment of the role of MRI, in monitoring the response to treatment was
performed. This was done measuring the tumour and the zone of necrosis before and
after PDT and confirming it with histological findings. MR was also used to
determine tumour morphology vascularity and permeability to predict treatment
response. Analysis of clinical observational data within the study group, patient
characteristics,

tumour

characteristics

by

histopathology

as

well

as

immunohistochemistry techniques were also performed to determine characteristics
of treatment response and adverse outcome. Follow up of study patients were
conducted and analysed at the end of the study period to record adverse events
arising from the PDT. Comparison of clinical outcome of PDT treated patients with
patients treated only with conventional therapy was made to determine if PDT
treatment conferred any detrimental outcome effects.
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7.7 Patient selection
This was a single centre, open label, study of PDT in primary breast cancer. Women
attending the breast clinic at the Royal Free Hospital were recruited. There are about
200 patients per year diagnosed with cancer and approximately 150 patients were
estimated to be eligible for the trial, with an estimated maximal uptake of 10% per
year.
7.7.1 Inclusion criteria
1.Age 30 years or over with no upper limit
2.Females of childbearing potential and males must be willing to use an effective
method of contraception (hormonal or barrier method of birth control; abstinence)
from the time consent is signed until 6 weeks after treatment discontinuation.
3.Females of childbearing potential must have a negative pregnancy test within 7
days prior to being registered for trial treatment.
4.Females must not be breastfeeding.
5.Patients having primary breast cancer with Invasive Ductal Carcinoma (IDC),
6. Scheduled for surgery + axillary staging as primary treatment.
7.Unifocal tumour or unifocal site deemed suitable for PDT in multifocal invasive
ductal carcinoma in a single breast
8.Capable of giving written informed consent.
7.7.2 Exclusion criteria
1. Ductal Carcinoma In Situ (DCIS) only without invasive ductal carcinoma being
present.
2. Invasive Lobular Carcinoma
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3. Necrotic tumours
4. Metastatic Disease
5. Patients already on Neo-adjuvant therapy
6. Patients with Porphyrias
7. Patients with known sensitivity to photosensitizers
8. Patients with severe cardiovascular disease
9. Pregnancy and lactation
10. No male breast cancer patients.
11. Evidence of severe or uncontrolled systemic disease such as hepatic impairment
or laboratory findings that makes it undesirable for the patient to participate in the
trial
12. Any psychiatric disorder making reliable informed consent impossible
13. Taking part in any other trial of an experimental medicine
14. Patients taking endocrine therapy drugs that could confound the results.
7.7.3 Recruitment
Recruitment into the study was conducted from patients attending the breast clinic at
the Royal Free Hospital routinely presenting with a lump who had undergone have
triple assessment (Chapter 1) and diagnosed to have a primary breast cancer. The
treatment options as recommended by the MDT were discussed. Once the patient had
opted for surgery as their primary treatment and provided they fitted the eligibility
criteria, they were approached to participate in the study. Interested patients were
offered an opportunity to discuss the study with a member of the study team, given a
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copy of the patient information sheet (PIS). The subjects had at least 24 hours to
consider their possible participation in the study before being invited to provide
written informed consent.
7.7.4 Informed consent procedure, screening and enrolment
Patients diagnosed with primary breast cancer and who fulfilled the inclusion criteria
were approached for participation in this study. Patients were informed in detail
about the research project. An assessment of competence of the patient to give
consent was made prior to this. The patients were made aware that they were under
no obligation to enter the study and that they could withdraw at any time, without
having to give a reason. Written consent was obtained when patients agreed to
participate. After consent the following screening information was recorded in the
clinical notes :1. Full medical History if not already available include last menstrual period (LMP).
2. Concomitant medication currently used by patient if not already recorded.
3. The patient’s weight in order to calculate the required amount of Visudyne™.
4. Pregnancy test if not postmenopausal or menstruating
5. Pre-treatment MRI scan of both breasts using dedicated breast coils if not done as
a part of initial diagnostic pathway.
6. Blood investigations: FBC, U & e, LFTs were performed prior to enrolment.
If no exclusion factors are identified then patient proceeded to enrolment into the
trial.
7.7.5 Treatment Procedures and Subsequent Assessments
Patients who had been enrolled on the study were admitted to hospital on the day of
treatment and had the following procedures are assessment (shown on Fig. 1) :205

1. Their vital signs were recorded in the nursing observation charts. The
menopausal status was recorded. The last menstrual period (LMP) was
recorded if not postmenopausal and pregnancy test was performed if the
patient was of child bearing potential on the day PDT was performed.
2.

A single intravenous infusion of Visudyne™ (0.4mg/kg) in 5% dextrose was
administered at 3ml/min in a volume of 30mls followed by 250ml
intravenous rapid flush of 5% dextrose, at least 60 minutes and up to 90
minutes before laser activation. Visudyne™ vials dry powder preparation was
reconstituted with 7mls of water for injection. The final reconstituted volume
was 7.5 mls in each vial was added to 5% dextrose to make up a total
infusion volume of 30mls. A 690nm red laser light was delivered with a
diffuser laser fibre inserted through the skin into the breast tissue. This was
facilitated by initially inserting a 14 French gauge cannula (spring-loaded
hollow needle covered by a sterile plastic sheath) following local anaesthetic
infiltration. Under ultrasound guidance the cannula was inserted 1-1.5 cm
into the periphery of the tumour. The needle was withdrawn and the sheath
remained in situ. Then through the sheath the fine laser fibre was passed
through the sheath until it reached the tip. The length of fibre required to
advance it to lie just at the opening of the sheath and not within it was
established, just prior to insertion into the tumour by a ‘dummy run’ of the
fibre through an identical cannula sheath and flagging the point with steristrips of its optimum position on to the fibre. The laser fibre position within
the sheath was secured using a three-way tap and fibre was gently held during
PDT. The treatment site was chosen to be at the 3 o’clock or 9 o’clock face of
the tumour depending which position afforded the best access for laser fibre
insertion. A titanium clip was placed in a tract parallel to the PDT site after
the procedure. Light dose escalation occurred after every three patients. All
patients had a fixed dose of the photosensitiser but variable light dose.
Review of any adverse events and analgesic requirements was undertaken.

3. Patients remained in subdued lighting in the side room on the ward for 24
hours after injection, followed by re-adaptation to indirect sunlight for
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increasing periods while still an in-patient. Bright indoor light was permitted
after 24 hours and exposure to direct sunlight allowed after 48 hours. Patients
continued to be assessed clinically for symptoms or signs of adverse reactions
and any photosensitivity. Blood investigations (FBC, U&E and LFTs) were
performed 24 hours after PDT. Review of any adverse events was undertaken
and documented in source data. Provided that there are no medical problems
they were discharged from hospital 48 hours after admission.
4. Patients had a post PDT treatment MRI scan prior to surgery if possible
within 24 hours of surgical excision to best correlate with histopathology.
The MRI was performed as before prone using a dedicated breast coil with
contrast. The presence of change in the tumour image was recorded if present
and whether there was any necrosis or oedema associated with the tumour
was also assessed.
5. Patients were admitted for breast surgery and review of any adverse events
prior to surgery was undertaken and documented. At surgery the breast
specimen were collected and sent for histological assessment. When the
patient was discharged from the ward after surgery, follow up surveillance of
all twelve patients continued (section 7.6, 7.7.6).
6. Macroscopic preparation and observation of the breast specimen was
performed according to the protocol shown in Fig 2. In brief the specimen
was weighed immediately after excision and delivered fresh and to the
pathology laboratory. It was weighed again in this department and the size of
the specimen was measured in medial- lateral, superior to inferior and
anterior to posterior dimensions. The margins were inked using blue, yellow
and red dyes as indicated on Fig 2. The specimen was sectioned into 10-12
mm slices from posterior surface through to three-quarters the way through to
the anterior surface. Sectioning was commenced on the side of the breast
closest to the site of PDT. The sections were identified numerically and the
sections containing the tumour, PDT tract, clip and any macroscopic evidence
of necrosis was recorded. The specimen was photographed and then placed in
container with 10% formal saline of a volume 3 times the weight of the
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specimen. After fixing and processing the slices containing the tumour were
subjected to Haematoxylin and Eosin staining (H&E) and microscopic
assessment was performed. The presence of apoptosis, the maximal extent of
necrosis and if there were changes to normal breast tissue was noted.
7. Additional assessment for proliferation rate of the tumour was performed by
Mib-1 immunohistochemistry and manual double count of the mitotic cells.
This was performed by taking 3 high power photographs of each case before
treatment (core biopsy) and after (excision specimen). Counting the cells in
cycle phase, which had a brown stained nucleus, whereas cells in G0 phase of
the mitotic cycle were stained blue, performed the assessment. Percentage of
cells in cell cycle in the whole population indicated the mitotic rate.

7.7.6. Follow up of Patient Outcome
Follow up of subsequent treatments and outcome was performed to assess if there
were any adverse outcome to receiving PDT treatment in terms of early local
recurrence or appearance of distant metastases. Comparable data was collected from
two control groups; patients who were eligible for the PDT trial but declined to
participate, and selected patients from the OSNA study database who were matched
to the cohort in terms of tumour size and nodal status. The data was collected by
reviewing follow up correspondence, imaging reports and MDT outcomes. These
were stored electronically at the Royal Free London on PACS, Cerner and EDRM
data management systems. The review was conducted in October 2016 and
continued monthly until April 2017.
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Fig.1 Flow chart of PDT Study events

PATIENTS DIAGNOSED WITH PRIMARY BREAST CANCER FOLLOWING TRIPLE ASSESSMENT
AND DISCUSSED AT MDT. RECOMMENDED FOR SURGERY AS PRIMARY TREATMENT.
CONSIDERED SUITABLE FOR PDT TRIAL

PATIENT

REVIEWED

INFORMATION

SHEET

IN

OPD

GIVEN

PARTICIPATION
TO

PATIENT.

TO

TRIAL

INFORMED

DISCUSSED

CONSENT

AND

WAS

PATIENT

TAKEN

FOR

i.e MRI, HAEMATOLOGICAL

AND

PARTICIPATION AFTER MINIMUM OF 24 HOURS AFTER THIS.

SCREENING/BASELINE

INVESTIGATIONS

PERFORMED

BIOCHEMICAL PROFILES PERFORMED. IF NO EXCLUSION CRITERIA FOUND PATIENT ENROLED
ON TO TRIAL

VISUDYNE

ADMINISTERED

AND

AFTER

60

MINUTES

PDT

PERFORMED.

PATIENT

DISCHARGED AFTER 48 HOURS OF OBSERVATION. HAEMATOLOGICAL AND BIOCHEMICAL
PROFILES PERFORMED 24 HOURS POST PDT TREATMENT.

POST TREATMENT MRI PERFORMED*

SURGERY** PERFORMED AND BREAST SPECIMEN EXAMINED BY HISTOPATHOLOGY.
PATIENT CONTINUED WI TH STANDARD POST OPERATIVE CARE AND DISCHARGED.

FOLLOW UP OF TREATMENT OUTCOME AT THE END OF THE STUDY PERIOD FOR THESIS FOR
ALL PATIENTS ENROLED IN TRIAL BEWTEEN APRIL 2013 AND AUGUST 2016

* MRI performed 4 days after PDT/on the day of surgery; ** Initially only patients
undergoing Mastectomy were included however the trial was amended to include
patients having wide local excision as their primary surgical treatment in November
2015.
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Fig.2 Proforma used in sectioning of breast specimens
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8.Treatment of primary breast cancer using PDT: A phase I/IIa
clinical trial – Preliminary results.
8.1 Introduction
Funding for the trial was provided by 3 charities, which were Royal Free Charity,
Killing cancer and Javon. The appointed Sponsor regulator for the trial was Joint
Research Office, University College, London (JRO, UCL). Royal Free London
Research and Development approval was granted in January 2013 when the trial first
opened for recruitment. This was a single site study. External observation of the trial
occurred after first patient and then before advancing to the next light dose level.
8.2 Patient recruitment and completion of the thesis study
26 patients were identified as eligible according to the inclusion and exclusion
criteria (Chapter 7) and 12 patients consented to participate, were screened and
recruited into the study. A record was made of patients who were eligible to
participate but had declined to take part in the study, and followed up as a control
group. All 12 patients completed the study and Fig.1 shows images from the study.
The first 6 patients were recruited in the first year with reducing numbers per year
after that. A further control population was selected from the OSNA database. These
patients were part of population of breast cancer patients attending the Royal Free
London between 2011-2015 with primary breast cancer being assessed for their SNB
result and treatment outcome, but who were not involved in other clinical trials.
Selected patients were matched to the tumour characteristics and nodal status of
patients who participated in the PDT study. Clinical outcome of this control group
was also compared with PDT treatment group at the end of the thesis study period.

8.3 Results of Cohort characteristics
The age distribution of patients in the PDT treatment group ranged from 30 to 79
with median age of 49 years. 4 patients were postmenopausal; the remaining 8
patients consisted of 2 peri-menopausal patients and 6 premenopausal patients. The
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patients had a few co-morbidities; none had poor exercise tolerance and only 2 were
smokers. No patients were pregnant. Initial full blood count, liver function tests and
urea and electrolytes were all within the normal range. Patient characteristics are
summarized in Table 1. All 12 patients had axillary nodal involvement at the time of
diagnosis but none had visceral distant metastases. Following PDT treatment and
excision of the primary tumour, all 12 patients had axillary nodal clearance. This
resulted in confirmation that all patients had at least 1 positive node. The median
number of positive nodes was 3 with a range of 1 to 23 positive nodes.
The site of tumours was predominantly in the upper outer quadrant (9 tumours vs 3
elsewhere). 8 Tumours treated in the study were classified as T3 tumours with 4
being T2 (see TNM classification chapter 1). The maximum tumour sizes of patients
in the study ranged between 24 mm and 120mm with a median size of 50.5mm.. All
12 tumours were invasive ductal carcinoma (IDC) by core biopsy. However one of
the 12 tumours had final histopathology that showed mixed tumour pathology with
lobular carcinoma. Tumour sensitivity to estrogen and progesterone varied within the
treatment group. 4 tumours were estrogen and progesterone receptor negative, 6 were
highly positive for both and 2 were highly positive for estrogen but negative for
progesterone. In addition 4 patients had tumours, which were sensitive to Herceptin.
Only 1 patient was triple negative for these receptors and 1 patient positive for all
three receptors. The tumours demonstrated moderate to high mitotic rates; 7 tumours
were grade 3 while 5 were grade 2. These results are shown in Table 2.
MRI scans were performed before and after PDT treatment in 11 of the 12 patients
with one patient who initially agreed was unable to have this imaging due to
claustrophobia. The median time interval between pre-treatment MRI and post
treatment MRI was 25 days with 10 of the 11 patients having an MRI within 6 weeks
of treatment. One patient had an initial MRI, 9 months prior to PDT and could not be
persuaded to have another MRI before treatment. The initial MRI did not show
contralateral tumours in any of the study patients. Review of MR characteristics of
the study patients demonstrated that 10 out of 12 patients had mass morphology
while 2 were segmental. Vascularity of the tumours, and their capillary permeability
was assessed comparing the brightness of T1 and T2 images after contrast was
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administered. A qualitative score of this given as initial score of 1-5 indicating
vascularity and overall score indicating the degree to which the contrast was being
retained around the tumour, a measure of ‘leakiness’ of the tumour capillaries.
Vascularity of the tumours in the study ranged in score from 3-5 with 7 out of 11
tumours with score of 4 or 5 indicating high vascularity. Retention of contrast was
observed in all the tumours. Tumour volume was measured in 3 dimensions for the
11 patients that had MRI. These findings are summarised in Table 3 .The tumour
volumes ranged from the smallest volume of 3700mm3 and the largest of
433200mm3.
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A)

B)

C)

D)

E)

Fig.1 images of treated tumours before and after PDT: Radiology assessment in PDT trial. A)
Identification of unifocal tumour on Mammogram is followed by B) MRI assessment. C) PDT
treatment is performed D) Pre-PDT MRI is compared with 5) Post-PDT MRI to assess extent of
necrosis using subtraction views
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PT

AGE MENOPAUSAL
STATUS

CO-

T

N

(pT)

(pN)

M

MORBIDITES

001

79

Post'menopausal

Osteoarthritis

2

1

0

002

45

Premenopausal

Asthma

3

3

0

003

53

Post'menopausal

Asthma

2

2

0

004

57

Post'menopausal

Nil

3

1

0

005

36

Premenopausal

Nil

3

3

0

006

49

Premenopausal

Nil

3

3

0

007

30

Premenopausal

Nil

2

1

0

008

48

Premenopausal

Asthma

3

3

0

009

47

Premenopausal

Nil

2

1

0

010

57

Post'menopausal

Nil

3

2

0

011

54

Premenopausal

Nil

3

1

0

012

49

Premenopausal

Hemiparesis (L)

3

1a

0

Table 1: Patient and tumour characteristics and TNM status of cohort. Menopausal status and
co-morbidities are also shown. Tmour size, nodal status, and the presence of metastases are
catagorised according to the TNM classification. (APPENDIX I)
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PT

Site

Size

Grade

ER

PR

Her 2

LVI+

(mm)
001

UO

37

3

2

0

0

N

002

UO

54

2

8

8

0

Y

003

LO

24

2

8

8

0

Y

004

OU

50.5

2

8

2

0

Y

005

UO

80

3

2

0

3+

Y

006

UO

120

3

8

5

0

Y

007

UO

47

3

8

6

0

Y

008

UO

75

3

8

2

2+

Y

009

LO

29

3

0

0

3+

Y

010

UO

70

3

0

0

3+

Y

011

UO

58

2

8

8

0

Y

012

UI

50

2

8

8

0

Y

Table 2: Details of tumour characteristics of cohort. Tumour grade (1-3), Estrogen,
Progesterone receptors (1-8) and HER2 receptor (3+,= positive) status are shown. Presence of
lympho-vascular invasion by the tumour, a measure of tumour aggressiveness is also shown.

221

PT Pre-Post
MRI

Tumour

Enhance-

Vascularity

Contrast

time Volume

ment type

Score

retention

interval

(mm3)

Score

(days)
001

1433

21750

23

4

4

002

1433

91143

33

4

4

003

N/A

N/A

N/A3

N/A

N/A

004

313

32760

33

3

3

005

2633

197600

23

5

5

006

27033

433200

23

5

5

007

2533

135450

33

4

4

008

423333333333333333

235125

2

4

4

009

2533

3700

23

3

3

010

2833

27840

33

4

4

011

1233

27540

23

3

3

012

733

51414

33

4

5

Table 3: Pre- treatment MRI findings of Cohort. Tumour volumes were obtained by threedimensional measurements of the tumour. Comparison of T1 and T2 weighted images allowed
subjective assessment the extent of vascularity (graded 1-5) and retention of contrast (graded15), indicated of leakiness of tumour capillaries. Enhancement type indicates the probability of
malignancy with enhancement type 2 and 3 suggestive of malignancy.
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8.4 Initial observations of PDT treatment and during first 48 hours after
treatment
Patients were admitted as in-patients on the day of PDT treatment. Baseline
observations of blood pressure heart rate and temperature were normal. Pregnancy
tests were performed for the pre-menopausal patients and were negative. Visudyne™
of 0.4 mg/kg prepared as described in chapter 7 was given by intravenous infusion.
All patients were given eye protection from the point of drug delivery and the
infusion was carried out in subdued light conditions. There were no observed adverse
effects in any of the patients during or after drug delivery. After 60 minutes all
patients were treated with PDT as previously described without any adverse effects
during the procedure. Duration of treatment for patients receiving 20J, 30J 40J and
50J was 133 seconds, 200 seconds, 267 seconds and 333 seconds respectively. None
of the patients reported any discomfort during the procedure. Once the light dose was
completed all patients had a titanium clip inserted parallel to the PDT tract tip. Most
patients did not require additional analgesia other than oral Paracetamol with 3
patients also requiring Tramadol in the first 24 hours after the procedure. None of the
patients experienced any pain symptoms beyond 24 hours post treatment.
Review day one post PDT treatment showed that no adverse effects had occurred;
specifically there were no photosensitivity related symptoms or signs or any skin
changes associated with the treated area. There was also no other symptoms or signs
indicating abnormality in the cardiovascular, gastro-intestinal, central nervous
system or peripheral nervous system. All patients had examination of the chest,
abdomen, inspection of skin and neurological examination and none had any
abnormal findings. Blood investigations of full blood count, urea and electrolytes
and liver function tests performed on all patients were in the normal ranges and there
were no significant changes from pre-treatment results and neither pre-or post
treatment results showed abnormality that were clinically significant (see Figs 2- 4).
All patients continued to remain asymptomatic 48 hours after PDT treatment and no
abnormal observations were recorded. Physical examination two days post treatment
was once again entirely normal for all patients and they were then discharged from
further observations in hospital.
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Units
Haemoglobin –g/dL
Normal range
9.8 – 15.5

Units
White cell count
x109/L
Normal range
3-11.5

Units
Platelet count -x 109/L
Normal range
150-450

Fig 2: Heamatological profile before and after PDT. This includes Haemoglobin, total white cell
counts and platelet count. There were no clinically significant differences in the cohort.
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Units
Sodium (Na) – mmol/L
Normal Range
138-148

Potassium (K) –mmol/L
Normal Range
3.5-5.0

Urea – mmol/L
Normal Range
4-6

Creatinine –µmol/L
Normal Range
50-90

Fig. 3:Biochemical profile of cohort pre and post PDT treatment:-Sodium (Na), Potassium (K)
Urea and Creatinine. Differences were clinically insignificant.
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Units
Billirubin- µmol
Normal Range
<35µmol

Alanine
aminotransferaseU/L
Normal Range
3-37

Alkaline
phosphatase U/L
Normal range
40-105

Fig 4:Biochemical profile of cohort pre and post PDT treatment –bilirubin and liver enzymes
Alanine tranferase and Alkaline phosphatase were measured. There were no clinically
significant differences after treatment.
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8.5 Primary endpoint: Results of Histopathology for Cohort
All 12 patients had mastectomy performed following PDT treatment. The specimens
were delivered immediately after excision into formalin and transferred
histopathology for macroscopic inspection and assessment, inking of margins and
then replaced in formalin for processing for slide preparation and H&E staining for
microscopic examination. All specimens were assessed within 12 hours of excision
with most assessed within 1 hour. In all specimens the site of PDT could be
identified.
8.5.1 Histopathology examination of the PDT treatment site
Tumour necrosis was present in 1 patient out of 3 treated by 20J light dose, 2
patients out of 3 treated at 30J, and all patients treated at 40J with 2 out of 3 patients
showing necrosis at 50J. There was a trend of incremental increase of necrosis with
light dose with a plateau of necrosis at 40J with no significant increase between 40J
and 50J. Macroscopically the areas of necrosis were easily visible following fixation
of the tissue in formalin (see Fig.5A and 5B). The extent of necrosis at the PDT sites
in the cohort ranged between 5mm and 25mm. There were 2 patients who had a
much higher response. One patient had 22 mm of necrosis at 30J and another had
25mm of necrosis at 50J. Detailed microscopic examination of these two cases
revealed that both had evidence of central necrosis of the tumour away from the
peripheral PDT site. Furthermore the necrosis extended from the PDT site to the
areas of central necrosis. The remainder of the tumours only showed necrosis at the
PDT site and the largest extent of necrosis achieved at 40J and 50J in these patients
was 9mm microscopically. The pattern of necrosis was confluent and radial to the
site and in some cases extended along the tract of PDT. There was a clear
demarcation between the necrosis zone and live tumour at the treatment site (see
Fig.6 and 7). In addition there were islands of necrosis adjacent to the PDT site
bridged by apoptotic or live tumour. The estimated volume of necrosis calculated
from the maximal diameter of necrosis including confluent apoptosis for each case
ranged from 65.45mm3 to 8182.3mm3. Natural log (Loge) of the estimated necrosis
volumes were calculated due to the large numerical variation of necrosis volumes
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and are shown to demonstrate the relationship of necrosis volume with incremental
increase in light dose (Fig.10A). Examination of the tumours for proliferation rate
using the MIB immunohistochemistry marker showed that no significant differences
between pre-treatment and post treatment Ki67 values in the cohort. Low ploidy
rates (Ki67< 10%) were associated with poor response at all light dose between 2050J. No definite association between increasing value of Ki67 with increase in
tumour necrosis was seen between 20-50J. It was observed, that all the patients that
showed any amount of tumour necrosis had Ki67 above 10% although there were
other patients with Ki67 above 10% at 20J and 30J with no response. The two
patients with the highest tumour necrosis both had Ki67 above 30% but this was not
a feature specific to these patients. Patients treated with 40J and 50J who had tumour
necrosis of 8mm and above all had Ki67 above 20%. Clearly response to PDT is
related to treatment light dose but may also be related to other factors. For example
light dose 20J and 30J were less effective than energy settings above this. Indications
that tumour related factors may also determine the extent of efficacy are shown by
low Ki67 values associated with poor response. The Influence of ploidy rates was
more evident once minimum optimum light dose is reached. In this cohort this
occurred at 40J. Neither ER status nor HER2 status appeared to influence the extent
of tumour necrosis. Table 4 shows a summary of results of microscopic assessment
and Fig.8 shows the extent of necrosis with increasing light dose. Table 5 shows the
ki67, ER and HER2 values of the cohort and response to PDT.
8.5.2 Histopathology examination of the normal breast tissue
Examination of the skin at the PDT tract site did not show any skin necrosis in any of
the cases. In the tumours that were most responsive there was associated oedema
locally and subcutaneous tumour infiltration adjacent to the PDT site also showed
necrosis with local fat necrosis. This was not a feature in the other tumours where all
normal tissue adjacent to the tumour remained unchanged. The presence of sparse
numbers of lymphocytes observed immediately adjacent to the PDT site in the
normal tissue was suggestive of transient reversible inflammation in some of the
cases but this was by no means a consistent finding.
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8.5.3 Histopathology examination of ipsilateral axillary lymph nodes
from axillary nodal clearance
All the patients had proven axillary nodal involvement either pre-operatively on
ultrasound guided core biopsy of an axillary node or intra-operatively on OSNA
analysis (see chapter 1). Examination of the involved axillary nodes in the 12
patients did not show any features to suggest any PDT effect in 9 patients. However,
3 of the patients had some unexpected findings (Table 4). Patient 4 had an initial
axillary sentinel lymph node biopsy 4 days after PDT at 30J and mastectomy 7 days
after PDT. The sentinel node (the node closest to the PDT treatment site) was weakly
positive and axillary nodal clearance was performed. Histopathology examination of
this node showed apoptotic tumour cells however higher-level nodes also involved
with tumour did not show these changes. In effect OSNA analysis had
underestimated the extent of axillary tumour burden (the only incidence of this in
508 consecutive patients and more than 750 nodes). Patient 6 had a mastectomy and
axillary clearance 4 days after PDT at 30J. As already discussed this patient had
extensive tumour necrosis at the PDT site. Examination of axillary nodes revealed
necrosis within some of these nodes. Finally patient 12 had mastectomy and axillary
clearance 4 days after PDT at 50J. Initial assessment at diagnosis showed presence of
suspicious cells (C4) on FNAC with malignant cells identified in the extra-nodal
tissue on core biopsy suggestive of at least micro-metastases and axillary clearance
was recommended because of this. Histopathology examination of the axillary nodes
after nodal clearance of 16 nodes showed all axillary nodal tissue to be clear of
tumour cells.
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A)

B)

Fig. 5A and B: Macroscopic appearance of PDT site after fixation of specimen. 5A shows the
radial yellow discolouration that occurred at the PDT site. 5B shows the parallel titanium clip
tract indicated by the arrow.
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Fig. 6 Microscopic appearance of PDT Site: The arrow indicates the junction between live tumour
left of the blue line and wave of necrosis to the right.

Fig. 7 Magnified microscopic view: shows the same tissue at higher magnification the blue arrow
indicated the junction between necrosis and live tissue. The black arrow shows haemolysis inside an
adjacent tumour vessel.
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PT

Max.
confluent
tumour
necrosis
+apoptosis
(mm)

Estimated
necrotic
volume
(mm3)

Positive nodes
at ANC

0

0

1

7

180

14

0

0

7

Comments

001

002
003
004
005
006
007
008
009
010
011
012

5

65

2

0

0

23

22

5576

14

8

268

3

7

180

13

9

382

3

9

382

6

0

0

2

25

8182

1*

20J

30J

40J

50J

Apoptotic cells in
SNB

Necrotic tumour in
axillary lymph nodes

Positive core biopsy
with normal nodes at
ANC

Table 4: Summary of microscopic findings from specimens of cohort: maximum confluent
tumour necrosis measurement including the apoptotic zone is shown for each treated tumour.
These results were used to estimate tumour necrosis volume by using the formula 4/3 πr3, where
r = measurement divided by 2. The number of positive nodes and their histological appearance
is described. The light doses used to treat each tumour, indicated by the colour code shown
above.
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25"

NECROSIS"""(mm)"

20"
15"
TUMOUR"NECROSIS"

10"
5"
0"
1" 2" 3" 4" 5" 6" 7" 8" 9" 10"11"12"
PATIENTS"IN""PDT"TREATMENT"COHORT"

Fig. 8 Shows tumour necrosis at PDT site with increasing light dose. Light dose used to treat
tumours increased incrementally after every 3 patients and are indicated by the colour code
shown below

20J

30J

40J

50J

Patient

Light
Dose (J)

ER
status

HER2

Ki67
%

1
2
3
4
5
6
7
8
9
10
11
12

20
20
20
30
30
30
40
40
40
50
50
50

negative
positive
positive
positive
negative
positive
positive
positive
negative
negative
negative
positive

0
0
0
0
3+
0
0
2+
3+
3+
0
0

47
13
22
19
17
34
46
20
28
33
9
33

Histopathology Assessment of
Tumour Necrosis +apoptosis
(mm)
0
7
0
5
0
22
8
7
9
9
0
25

Table 5: ER status, Her2 status and Ki67 % values of the treatment cohort and their respective
extent of confluent tumour necrosis +apoptosis by histopathology. The light dose used is
indicated by the colour code shown above
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8.6 Secondary endpoint: Results of Post treatment MRI for Cohort
Post PDT MRI was performed within 24 hours of surgery in 9 out of 11 patients that
had MRI and 4 days after PDT in 10 out of 11 patients. 2 patients had MRI was
performed 3 days and 7 days before surgery respectively due to their specific
surgical planning requirements, while 1 patient was unable have a post PDT MR
until the day of surgery due to suspension of MR provision. Fig 5 shows the time
intervals between pre- treatment and post treatment, PDT and post treatment MRI,
and PDT and surgery for each patient.

12"
10"
8"

PDT>surgery"
interval"

DAYS" 6"

PdT>Post"MR"
interval"

4"

POSTMR>surgery"
interval"

2"
0"
1" 2" 3" 4" 5" 6" 7" 8" 9" 10"11"12"
PATIENTS"

Fig. 9: Duration between PDT treatment, MR and surgery in the Cohort

In patients where necrosis was present, it was possible to measure its volume in 3
dimensions.The volume of necrosis within tumours at the PDT treatment site was
calculated for 10 out 12 patients. The necrosis volumes ranged between 150 mm3 and
8316 mm3. Necrosis was not visible at 20J, visible at 30J, 40J and 50J but not in all
cases of these respective light doses. There was a trend of increasing necrosis with
increasing light dose on MRI. However even at 50 J MRI did not detect necrosis in
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all the 3 tumours treated at this light dose. There was no change in the vascularity of
these tumours following PDT or change in the total tumour dimensions. Table 6
shows the MRI results of the cohort. Natural log (Loge) of tumour volumes were
calculated due to the large numerical variation of tumour necrotic volumes and is
shown in Fig.10B. There was no evidence on MRI that normal tissue adjacent to the
PDT site had undergone necrosis or any new changes. Comparison of natural log
values of necrotic volume measured on MR to that estimated by histopathology
measurements show correlation provided the necrosis is visible (Fig.10C). In
addition comparison of maximal linear tumour necrosis measurement on MRI with
maximum linear confluent tumour necrosis measurement with or without apoptosis
measured by Histopathology and these are shown on Fig. 11 and Fig.12. These
results all show close correlation between Histopathology and MRI findings in terms
of the volume of necrosis and linear measurements. Total necrosis, including
confluent necrosis, plus apoptosis appear to be more closely linked to the MRI
observations in this study.
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PT

Necrosis

Tumour

Necrosis in normal tissue

dimensions (mm) Necrosis
volume (mm3)
001

Nil'

0

0

002

Nil'

0

0

003

N/A'

N/A

n/a

004

7x7x7'

343

0

005

0'

0

0

006

20'X'19'X'19'

380

0

007

06'X'05'X'05'

150

0

008

07'X'07X'07'

343

0

009

07'X'06'X'05'

210

0

010

09'X'09'X'06'

480

0

011

00'X'00'X'00'

0

0

012

33'X'18'X'14'

8316

0

20J

30J

40J

50J

Table 6: Results of MRI post PDT in the cohort. Extent of tumour necrosis could be measured
directly in three dimensions (shown) and from this volume of necrosis was calculated. There was
no necrosis identified in normal breast tissue on MRI. The light dose used for treatment of each
tumour is indicated by the colour code shown above.
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A)

20J

30J

40J

50J

10"
9"
8"

Loge"

7"
6"
5"
4"
3"
2"
1"
0"
1"

B)

2"

3"

4"

5"

6"

7"

8"

9"

10" 11" 12"

Patient"in"PDT"cohort"

Fig. 10A,B,C : The natural log (Loge) of the necrotic volume was calculated from necrotic
volume

by A) estimation from Histopathology measurements shown in Table 4 and B)

measured directly from MR. The light dose used to treat tumours are indicated by the colour
code above and C) Comparison of histopathology and MR natural log of tumour volumes
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10%
8%
6%
loge%Nvhisto%

4%

logeNvMR%

2%
0%
1% 2%
3% 4%

5%

6%

7%

8%

9%

10% 11%
12%
loge%Nvhisto%

Fig.10C) Comparison of Natural Log (Loge) values of tumour necrosis volumes measured on
MR to that estimated by histopathology described in Table 4 due to the large numerical
variations of necrosis volumes in the cohort. The values of tumour necrosis volumes from MR
correlate with histopathology provided necrosis was visible.
Key :loge Nv histo = the natural log of necrosis volumes estimated by histopathology
loge Nv MR = the natural log of necrosis volumes by MR

238

20%
15%
10%

MRTnecrosis%

5%
0%
1%

2%

3%

4%

HISTOTnecrosis
(CONFLUENT)%
5%

6%

7%

8%

9% 10%
11% 12%
MRTnecrosis%

Fig.11 Maximal linear measurement on MRI in mm compared with confluent necrosis
excluding confluent apoptosis measurement on histopathology. MR over estimates the extent of
necrosis compared to histopathology of the cohort

20%
15%
MRTnecrosis%

10%
5%

HISTOT%
necrosis(CONFLUENT%
+apoptosis)%

0%
1% 2%
3% 4%
5% 6%

7% 8%

9% 10%
11% 12%
MRTnecrosis%

Fig.12 Maximal linear measurement on MRI in mm compared with confluent necrosis including
apoptosis measured by Histopathology. MR underestimates the extent of necrosis measured by
histopathology but is more closely correlated.
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8.7 Follow up outcome data for Cohort and untreated patients
Patients who were recruited for the PDT trial have been followed up through the
breast and medical oncology clinics for once they completed the trial and received
conventional treatment recommended by the MDT. The median follow up duration
to the end of the thesis study period (April 2017) for the cohort was 39 months with a
range of 8 to 47 months. The 14 patients who were eligible for the trial but declined
to participate were also followed up as a part of their routine treatment and
surveillance. The median period of follow up for this group was 30 months with a
range of 27 to 47 months. A further 60 patients, were selected from a database of
500 patients recorded for the concurrently occurring OSNA study (Chapter1).
Patients were matched for tumour size (T2 or above) and positive nodal status (N1 or
above) with invasive ductal carcinoma, were treated with either wide local excision
or mastectomy as primary treatment, with a follow up period of at least 12 months
for comparison. The median period of follow up for these patients was 52 months
with a range between 12-69 months. The purpose of follow up was to identify
adverse long-term outcome from this novel treatment in comparison to patients who
were treated conventionally and who had the similar risk profile for recurrence to the
treatment cohort.
8.7.1 Outcome of PDT treated patients
There were no immediate cases of death or any adverse events related to PDT
treatment in the cohort. Similarly in the intermediate period following PDT and
surgery there were no adverse effects with all patients with all patients remaining
asymptomatic. There were 2 cases of post-operative wound infections which were
related to the surgery and were treated successfully with oral antibiotics. There was
no prolonged length of hospital admission after surgery amongst the cohort with the
median stay being 5 days (range 3-8 days), expected following axillary clearance in
our institution, as patients are not generally discharged home until the drainage
output from surgical wounds is less than 50mls in 24 hours. 2 weeks after surgery all
patients were reviewed and no adverse events were recorded. All patients received
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chemotherapy and radiotherapy as adjuvant therapy, a reflection of their high grade,
large tumour size and nodal involvement. As most had pre-menopausal status
associated with early disease progression this was also a factor. 9 out of 12 patients
also received endocrine therapy in accordance to their hormone receptor status.
Patients continued to be followed up every 6 months as a part of their routine
treatment during this period. After completion of chemo-radiotherapy the patients
were followed up annually with surveillance with mammograms. CT scans and
whole body bone scans were performed if there was clinical suspicion of disease
progression. None of the patients had developed local recurrence at the mastectomy
site at the end of the study period (April 2017). One patient was found to have an
additional node in the rotter’s area in the axilla 4 months after surgery and this was
removed and chemotherapy continued. In November 2016 one patient was found to
have loco-regional nodal involvement 30 months after PDT and surgery having
completed 6 months of systemic chemotherapy and 5 weeks of radiotherapy. Rapid
progression with distant metastatic spread to liver and bone occurred. Skin
involvement of the contralateral breast occurred by March 2017 requiring treatment
with mastectomy in April 2017. Table 7 summarizes outcome for PDT treated group.
8.7.2 Characteristics and outcome of eligible patients who declined to
participate in the trial
14 patients out of 26 who were eligible declined participation in the trial, and of
these 13 patients had complete follow up information, which could be accessed. Only
one patient who was followed up through the private health care system could not be
reviewed for this thesis study. In this group the median age was 66 years with a
range of 42 to 83 years. In contrast to the treatment group 10 out 13 patients were
postmenopausal and 3 were premenopausal. 4 patients had T3/T4 tumours and the
remaining 9 patients had T2 tumours. 6 patients were N1 or above while 7 patients
had node negative tumours. 12 out of 13 were estrogen/progesterone sensitive breast
cancers. All of the patients were treated with mastectomy as principal treatment. 5
out of 13 patients also received chemotherapy and radiotherapy and 11 /13 received
endocrine therapy. Tumour and treatment characteristics of this group are shown in
Table 8. The expectation in a post-menopausal dominated control group is low
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incidence of distant metastases or local recurrence (Chapter 1). In fact in this group
there were 4 cases of either distant metastases or local recurrence in this short follow
up period. If only distant metastases were considered 3 out of 13 patients (23%) were
diagnosed with metastatic progression. This occurred within 2 years of primary
treatment. All of these patients with disease progression had received chemoradiotherapy and 2/3 also had endocrine therapy. All had tumours that were T3 or
more with nodal involvement. The range of follow up period of this group was
comparable to the treatment group with the median follow up being shorter 30
months versus 39 months in the PDT treatment group.
8.7.3 Characteristics and outcome of selected TNM matched patients from
OSNA database
508 Patients recorded in the OSNA database [1] were assessed for matching TNM
characteristics with the PDT cohort and 63 patients were selected for having T2
tumour size and above, N1 nodes or above with invasive ductal carcinoma as the
histological type. 8 were grade 1 and 55 were 2 and above. The majority of the group
had T2 tumours with 6 patients having T3 tumours. The median tumour size was
30mm with a range between 20-83mm. Number of positive nodes for each patient in
the group ranged between 1 and 17 with a median of just 1 positive node (N1). 24
patients were premenopausal and 39 were post-menopausal. These characteristics are
summarized in Fig.13. Review of receptor status in the group showed that most had
estrogen and progesterone receptor sensitive tumours with only 9 patients with score
0 or low estrogen/progesterone receptor scores for their tumours and 5 patients were
triple receptor negative. 22 patients were treated with mastectomy and 41 patients
with wide local excision as primary treatment. 43 patients received chemotherapy,
52 received radiotherapy and 56 out of 63 patients received endocrine therapy. There
was no overlap of this selected population with patients identified as eligible for PDT
treatment.
There were 11 patients in this group (17.5%), with either distant metastases or local
recurrence and all were grade 2 or 3 and 4 patients had T3 tumours. The median
number of positive nodes was 3 (N1) with a range of 1 to 4. Most of these matched
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patients were premenopausal with 4 of these patients being post-menopausal. 3
patients has tumours with 0 or low estrogen /progesterone receptor scores. The rest
of the patients received endocrine therapy. 6 out of 11 patients had received
chemotherapy and radiotherapy and all had endocrine therapy if receptor positive. 5
patients did not receive radiotherapy because a mastectomy had been performed
therefore radiotherapy was deemed unnecessary, after their primary treatment by the
MDT. Local recurrence or distance progression occurred between 1 and 48 months
after primary treatment with a median time for recurrence following primary
treatment of 18 months with 8 out of 11 cases occurring by 24 months. Table 9
summarizes the characteristics of patients and their tumours that had either local
recurrence or distant metastases. Fig.14A shows the percentage of patients in each
patient population free from local recurrence over 48 months and Fig.14B shows the
percentage of patients in each patients population free from distant recurrence over
48 months.
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PT

AGE

MENOPAUSAL

TNM*

GRADE

LR**

DISTANT

STATUS
METASTASES

001

79

Post'menopausal

T2N1M0

3

NO

NO

002

45

Premenopausal

T3N3M0

2

NO

NO

003

53

Post'menopausal

T2N2M0

2

NO

NO

004

57

Post'menopausal

T3N1M0

2

NO

NO

005

36

Premenopausal

T3N3M0

3

NO

NO

006

49

Premenopausal

T3N3M0

3

NO

NO

007

30

Premenopausal

T2N1M0

3

NO

NO

008

48

Premenopausal

T3N3M0

3

NO

NO

009

47

Premenopausal

T2N1M0

3

NO

YES

010

57

Post'menopausal

T3N1M0

3

NO

NO

011

54

Premenopausal

T3N1M0

2

NO

NO

012

49

Premenopausal

T3N1aM0

2

NO

NO

Key: * TNM- classification (appendixI); ** LR –local recurrence
Table 7: PDT treated group: patient and tumour characteristics and outcome
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PT

AGE MENOPAUSAL TNM*
STATUS

GRADE LR**

DISTANT
METASTASES

013
773
023

833

033
693
043
773
053
773
063
563
073
423
083
463
093
713
103
773
113
663
123
423
133

743

143
483

Post'menopausal'
3
Post'menopausal'
3
Post'menopausal'
3
Post'menopausal'
3
Post'menopausal'
3
Post'menopausal'
'
Pre'menopausal'
'
Pre'menopausal'
'
Post'menopausal'
'
Post'menopausal'
'
Post'menopausal'
'
Pre'menopausal'
'
Post'menopausal'
'
Pre'menopausal'
'

T2N0M03 23

N3

NO3

T2N0M03 23

NO3

NO3

T2N0M03 33

NO3

NO3

T2N0M03 33

NO3

NO3

T3N3M03 33

NO3

YES3

T2N0M03 33

NO3

NO3

T2N1M03 23

NO3

NO3

T3N0M03 33

'N/A3

'N/A3

T2N0M03 23

NO3

NO3

T4N0M03 23

YES3

NO3

T3N2M03 23

NO3

YES3

T2N1M03 23

NO3

NO3

T2N0M03 23

NO3

NO3

T3N3M03 33

NO3

YES3

Key: * TNM- classification (Appendix I); LR –local recurrence
Table 8: Eligible patients who declined PDT treatment: patient and tumour characteristics and
outcome
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Fig.13 Characteristics of patients selected from OSNA database for comparison of outcome
results.

PREMENOPAUSAL"
POST"MENOPAUSAL"
GRADE"2/3"
GRADE"1"
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PT

AGE MENOPAUSAL
STATUS

TNM*

GRADE

LR**

DISTANT
METS

01

45

Pre menopausal

T2NIM0

3

NO

YES

02

37

Pre menopausal

T2N2M0

3

NO

YES

03

35

Pre menopausal

T3N1M0

3

NO

YES

04

66

Post menopausal

T3N2M0

3

NO

YES

05

56

Post menopausal

T2N1M0

3

NO

YES

06

66

Post menopausal

T2N1M0

2

YES

NO

07

57

Post menopausal

T3N2M0

3

YES

NO

08

39

Pre menopausal

T2N2M0

3

YES

NO

09

45

Pre menopausal

T2N1M0

3

YES

NO

10

41

Pre menopausal

T2N1M0

2

YES

NO

11

47

Pre menopausal

T3N1M0

3

YES

NO

Key: * TNM- classification (Appendix I); ** LR –local recurrence
Table 9: Characteristics of matched patients who developed local recurrence or distant
metastases in the OSNA database group.
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100%
95%
90%
PERCENTAGE"
85%
POPULATION"
80%
75%
70%

0J12%

12J24%

24J36%

36J48%

C1J%LRF%%

100%

100%

92.3%

92.3%

C2%LFR%%

100%

93%

89.8%

89.8%

T%LRF%%

100%

100%

100%

100%

12"MONTH"INTERVALS"FROM"PRIMARY"TREATMENT"
Fig.14A:KEY: C1 -LRF% - percentage of patients who declined PDT treatment free of local
recurrence; C2- LRF% - percentage of patients selected from OSNA database who did not have
PDT free of local recurrence; T- LRF% - percentage of PDT treated group free of local
recurrence.

100%
95%
90%
PERCENTAGE"
85%
POPULATION"
80%
75%
70%

0J12%

12J24%

24J36%

36J48%

C1%DRF%%

100%

92.3%

84.6%

76.9%

C2%DRF%%

100%

96.8%

96.8%

88.5%

T%DRF%%

100%

100%

100%

91.7%

12"MONTH"INTERVALS"FROM"PRIMARY"TREATMENT"
Fig.14B:KEY: C1 -DRF% - percentage of patients who declined PDT treatment free of distant
recurrence; C2- DRF% - percentage of patients selected from OSNA database who did not have
PDT free of distant recurrence; T- DRF% - percentage of PDT treated patients free of distant
recurrence.
Fig.14A and Fig.14B: Percentage of each population free of adverse outcome in terms of local
and distant recurrence; in the patient populations treated only with conventional therapy (C1
and C2) from in 12 monthly intervals compared to the patients who received PDT and
conventional treatments.
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8.8 Discussion
This first clinical study of PDT in the treatment of primary breast cancer has been
able to demonstrate that PDT has the potential to be a successful, well-tolerated and
beneficial novel treatment. The primary end-point of this study in determining the
optimum light dose to achieve plateau of necrosis was reached between 40J and
50J.These results are comparable to light doses demonstrating efficacy from PDT
treatment in the pancreas [1]. There were also good responses before and after this
plateau suggesting patient and tumour related factors might determine the extent of
response. Secondary end-points relating to the correlation of histopathology with
MRI findings has been achieved in the 12 patients in the thesis study. Furthermore
the close similarity between linear measurements performed on MRI and actual
histopathology results suggests that MRI may be used as a surveillance tool to
reliably monitor treatment. In addition no adverse effect to normal breast tissue has
been observed on either modality.
In contrast to previous trials of PDT treatment in breast cancer for skin metastases
[2-5] (Chapter 2) treatment for primary cancer was well tolerated by the group.
Additionally, Unlike PDT treatment of the prostate and pancreas that required opioid
medication [6,7] post treatment pain was minimal with most patients requiring no
more analgesia after local anaesthesia for the procedure. Other novel treatments such
as high intense frequency ultrasound (HIFU) and Radiofrequency ablation (RFA) are
associated with a multitude of effects including skin burns and persistent pain [8-12]
(Chapter 3). PDT treatment as delivered in this study has not resulted in any of these
undesirable events. Another beneficial finding was that normal breast tissue was
unaffected by PDT. Efficacy of treatment as determined by the extent of necrosis
with incremental increases of light dose revealed a flaw in the study design. An
assumption had been made that increasing the light dose would lead to an optimum
dose at which all tumours treated at that dose would demonstrate necrosis. Certainly
it has already been demonstrated in the pancreas and prostate [1,13]. The study
design did not allow for the possibility that intrinsic, organ specific differences in
characteristics of individual tumours such as mitotic rate may make them more or
less susceptible to treatment. In this study there was necrosis present at the lowest
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light dose and no necrosis at the highest dose with the two patients demonstrating
responses of far greater magnitude than the rest of the group at different light doses.
This suggests that there may be poor responders, good responders and patients with a
response that increases with incremental light dose. The results of Ki67 values of the
cohort suggest that poor response is associated with Ki67 of less than 10% with all
patients with any response was above this. High response may be less closely related
to high Ki67 although all patients at the plateau of response with tumour necrosis of
8mm and above had Ki67 of more than 20%.
The results of this study have demonstrated for the first time in a human primary
breast cancer the morphology of necrosis produced by PDT is confluent with clear
margins, similar to that seen in the murine model (Chapter 6). Vivo results presented
in this thesis have suggested that there is immunological up-regulation as a result of
PDT. All of the tumours in this cohort were high grade, moderately large in size with
loco-regional involvement and evidence of lympho-vascular invasion. These
characteristics are associated with early recurrence and metastatic spread. In addition
it should be noted that 8 out of 12 patients had Ki67 values of 20% or above. Ki67
values between 20-50% are also associated with high risk of early recurrence [14].
The primary ethos of medical research is ‘first do no harm’. Follow up data of the
cohort at 48 months with median follow up beyond 39 months have not shown a high
local recurrence or occurrence of distant metastases after PDT treatment and
compares well with the control groups studied. Incidence of recurrence following
mastectomy and wide local excision and chest wall radiotherapy from historical trial
data [1,15,16] (Chapter 1) is lower than that seen in the control groups seen in this
study. This reflects the risk profile of the cohort and control groups. In fact local
recurrence and distant recurrence free duration was longest in the patients treated
with PDT in addition to conventional therapy. Recent encouraging results from the
follow up data of the prostate PDT trial [17] suggests an advantage in recurrence
reduction and justifies further investigation of the immunological pathway during
treatment and follow up of PDT treated breast cancer patients as well as their long
term out come. One caveat to the use of PDT in primary breast cancer may be the
staging of axillary nodes prior to treatment as with other neo-adjuvant treatments.
The results from this study is at best anecdotal but does suggest that further
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investigation of effects on sentinel nodes needs to be considered in future trial
patients.
In consideration of future investigations of PDT as primary treatment, the choice of
PS may be reviewed. Verteporfin as the liposomal formulation known as Visudyne™
has been previously used in a clinical trial [1] and is particularly suitable for
treatment in primary breast cancer due to its short duration when it is likely to be
activated by a light dose, and rapid fall off in activity within 24 hours of drug
delivery with complete excretion by 48 hours [18]. This allows precise planning of
therapy with the advantage of allowing treatment of patients as day-case admissions
and their safe discharge on the day of treatment. The preliminary results of this trial
as demonstrated in this thesis suggest that there are no adverse consequences in
terms of haematological profile or derangement of renal or liver function. There were
also no cases of skin hypersensitivity. An alternative choice of PS is being
considered for a trial conducted at Memorial Sloan Kettering Cancer Centre
(MSKCC) in 2017. It is proposed to investigate the effect of PDT in triple negative
breast cancer patients (verbal communication). Padoporfin/Pd-bacteriopheophorbide
(TOOKAD©) has been used in PDT treatment of prostate cancer [17] and will be
used as the PS for this trial. Advantages to its use that it is water-soluble with peak
concentration at the end of infusion with rapid fall off in 24 hours with hepatic and
renal excretion [19]. This is in contrast to Visudyne™, which requires 60 minutes to
elapse prior to peak concentration. If patients are to be treated TOOKAD this would
clearly require PDT delivery to take place immediately after PS administration
therefore work flow would need to be altered from that described in this thesis.
Radiology services would administer drug delivery and analgesia. Patients in the
prostate cancer PDT trial were treated under general anaesthesia; The breast cancer
patients in this trial were all treated under local anaesthesia therefore treatment
effects and analgesic requirements will need to be established.
A limitation of the ongoing trial is that recruitment for this trial has been
unexpectedly low so far. The initially restrictive patient inclusion criteria, was
designed so that only patients with large tumours were selected. At this stage the
extent of necrosis could not be predicted. Therefore this ensured that histological
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specimen was not completely ablated by the treatment. Other PDT trials for primary
and recurrent treatment for various cancer types in comparison that are relatively
much less common, have had similar or better participation rates [1,6,7,13,20,21,22]
However unlike other cancers such as pancreatic cancer and prostate cancer where
primary treatment with PDT is internal with minimal effect on body image from
conventional surgery, breast cancer that requires mastectomy is emotionally
affronting and the physical loss of the breast as well as its implications to sexuality
and body image is difficult for most patients to come to terms with. Participation in a
trial where additional unproven treatment will not prevent the loss of the breast or
guarantee any benefit to future outcome did not seem an attractive or worthwhile
option for most of the patients who were eligible. Another cause of poor recruitment
may include the need to have two MRI scans (before and after treatment). Unlike CT
imaging MRI of breast tissue is a relatively long procedure of 45 minutes requiring
dedicated coils and the patient needs to be prone. To some patients this can be
claustrophobic and in addition an intravenous injection of contrast is required. The
most significant reason for poor recruitment is the fact the patients had to have these
additional investigations and treatment, admission to hospital for 2 days without the
reassurance of an immediate known benefit from participating in this study in terms
of their outcome. In order to recruit patients within their conventional treatment plan
they needed to be approached by the first or second visit after diagnosis;
understandably this was a time most patients were least likely to consider
participation in this type of trial. As surgery usually followed within 3 weeks of the
first visit there was little time to re-consider participation. Despite this 12 patients
were eventually recruited.
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8.9 Conclusion
PDT for the treatment of primary breast cancer is a novel treatment which well
tolerated, with no immediate adverse effects and short term follow up data of median
duration of almost 40 months has not demonstrated evidence of increased adverse
outcome in terms of local recurrence or early occurrence of distant metastases in
comparison to patients treated with conventional therapy alone. PDT results in
incremental increase in necrosis with light dose with variation of response between
patients at each light dose. While it is tempting to extrapolate the relatively delayed
appearance of metastases in the treatment group and in smaller number as a further
benefit, only a much larger study with longer follow up can confirm or refute this.
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9.Thesis Conclusions and Future Directions
9. 1 General Comments and Thesis Conclusions
The first human clinical trial of Photodynamic therapy (PDT) in the treatment of
primary breast cancer has shown that it is a viable novel treatment which is safe and
well tolerated with no adverse effects to normal breast tissue. There was no increase
in adverse outcomes observed compared to patients untreated with PDT.
Histopathology and MRI measurements of necrosis correlated well and may provide
an accurate method of surveillance of PDT treatment in the breast. There was a
variation in response at the lowest and highest light doses tested, a feature also seen
in PDT treatment in the pancreas [1]. This variation in the extent of necrosis may be
related to specific tumour cell characteristics including mitotic rate as well as
vascularity of the tumour and the density of breast. Since verteporfin affects the
microvasculature blood volume present within the tumour at the time of PDT may be
a factor and requires further study.
This thesis has demonstrated for the first time that local histopathology findings of
PDT treatment of an orthotopic 4T1 murine breast cancer model using the same PS
results in a discrete area of necrosis with clear margins between treated and untreated
tumour and this correlates directly with both histopathology results and MRI
appearance of PDT observed clinically in human breast cancer. The margins of
treatment after PDT are well demarcated, and while this is not a unique finding and
present in other cancers treated with PDT, its implications in breast cancer therapy
are significant and perhaps as important as the extent of necrosis produced by single
fiber treatment. This is because clearly defined margins may allow the use of PDT to
completely ablate T1a-c with a single fiber leaving clear margins, without the need
for surgery, with follow up surveillance using MRI.
The potential for PDT to be used in combination with cytotoxic agents has been
explored in the in vitro and in vivo work described in this thesis and demonstrates a
synergistic relationship. Finally the pre-clinical work has confirmed another
additional beneficial effect of PDT treatment indicated recently in the works of
Wachowska et al [2] and building on the work of Castano and Hamblin [3]:
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protection against early development of metastases at a relatively high population
dose inoculation and for the first time, in PDT treatment in the murine model has
demonstrated significantly altered expression in BCL2/BCL3 genes, which are
markers of immune activation. Further translational work will be required prior to
implementation of combination therapy in a clinical study.
9.2 Future directions for in-vitro work
The in-vitro work demonstrated a synergistic relationship between Visudyne-PDT
and 5ADC with reduction of cell viability. Work is currently underway to examine
the effect of these treatments on apoptosis in this cell line using Caspase 3 as a
marker and IHC techniques. Additionally but outside the work of this thesis the
research team is undertaking investigation of effect of this combination therapy in
gene expression of proteins that promote cell death or immune activation in the cell
line using qRT-PCR techniques. Also a complete characterisation of the cell line and
patient tissue before and after treatment can be carried out using whole transcriptome
RNA next generation sequencing. In addition, new areas of work in the future may
include investigations of Visudyne- PDT and other immune stimulant agents or
cytotoxic agents used as a part of conventional therapy. One such agent that could be
considered is doxorubicin, which has already been investigated with this model and
is an established chemotherapeutic agent used in breast cancer. The advantage of
investigating the combination of doxorubicin and PDT is that if a similar synergistic
effect is observed this would pave the way to vivo studies and eventually clinical
studies that may establish PDT-chemotherapy as novel treatment for metastatic
breast cancer. Another direction of investigation would be to use an alternative PS
that may be used in clinical practice in the future such as TOOKAD to assess the
efficacy of treatment. If this is successful then combination therapies can be
investigated.
9.3 Future directions for in-vivo work
The current project licence only allows a single dose of immune-stimulant to be
administered and only a single dose of PDT to be delivered. However there is a
facility to image tumours. Future work that does not requires amendment of the
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Home Office project license could include luciferase labeled 4T1 cell lines used for
inoculation so that primary tumour growth and their metastases may be tracked with
imaging of bioluminescence and the effects of treatment can be monitored prior to
sacrifice of the animals. The current project licence would also allow use of an
alternative PS such as TOOKAD™, and this would be useful to assess differences in
efficacy in PDT treatment in comparison to Visudyne™. Future work that would
require amendment of the project licence includes investigating the effect of multiple
PDT treatments alone and in combination with other agents such as 5ADC,
doxorubicin or tamoxifen. This would allow assessment of treatment regimens
similar to conventional therapy and provide evidence to allow further investigation
of PDT as an adjuvant therapy. Another direction of investigation that would also
require changes to the project license is the investigation of the efficacy of peritumoural or intra-tumoural injection of Visudyne™ or TOOKAD™. The advantage
of successful local application of PS in vivo would facilitate this form of use in
clinical studies.
9.4 Future directions for clinical studies
The next stage of clinical investigation for PDT in the treatment of human breast
cancer could only recruit patients with Ki 67 values above 10% and patients with
Ki67 above 30% could be studied as a subgroup. Patients with triple negative breast
cancer often have with high Ki67 values therefore would be another subgroup that
are likely to be targeted for investigation in the future. Alternatively, high grade
DCIS that could be included as a subgroup of patients treated with PDT. Trial
patients may have either the treated area excised or followed up with MRI
surveillance. Patients with high grade DCIS who wish to decline or postpone surgery
could be recruited. This would allow more data to be collected and patients could be
grouped according to risk factors eg. tumour size, nodal status lympho-vascular
invasion etc. as well as treatment type. Further amendments to the trial design could
be considered that allow patients to be assessed at diagnosis regarding pre-treatment
immunological profile. This could be collected from the FFPE core biopsy samples
with patient consent. These can be compared with post treatment specimens to
correlate response with expression of genes associated with lympho-vascular
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invasion, metastases and early recurrence using whole transcriptome RNA next
generation sequencing. This will facilitate resolution of understanding of why there
is variation of response and hopefully identify the good responders as well as the bad
responders at the molecular level. In addition ctDNA and RNA could be used to
monitor response. Alternatively expression of BCL2 and BCL3 could be investigated
to determine if could be used to assess response. Provided the clinical results match
the in vivo findings then this may be another way to monitor patient response to
PDT.
Changes to the trial could include shortening the observation period to 6-12 hours
post PDT, as there were no adverse findings post treatment and current clinical use
of Visudyne™ allows patients to be discharged from hospital after 6 hours. Once
definite identification of good responders and bad responders can be made the next
phase in the trial may be commenced. This could compare standard therapy for
primary breast cancer versus addition of PDT prior to surgery in tandem with
chemotherapy as neo-adjuvant treatment, in a randomized control trial. The use of
multiple fibers versus single fiber treatment could be examined here. Other areas of
investigation that would be useful in this phase of the trial would include the
assessment of cosmetic outcome of patients undergoing PDT alone and PDT with
chemotherapy compared to breast conserving surgery and radiotherapy. Alternative
photosensitsers could be considered e.g. TOOKAD™ as previously mentioned in
chapter 8. An advantage of its use would be the safety data of its use in a clinical trial
is already available from the treatment of prostate cancer. However its use would
change workflow with PDT treatment dependent on the radiology service provision.
In order to increase recruitment the trial should be opened to multiple sites nationally
with data could be held at individual institutions and robust study protocols would
need to be devised that would allow MRI and histopathology assessment to be made
to follow a pre-determined pathway, without requiring significant deviation from
local clinical practice. Data sharing would occur at regular intervals to identify
adverse outcomes and final oversight of the trial should be at national level by a
research governance body such as the National Institute of Health Research (NIHR)
with local principal investigators at each hospital that participates. Clearly this will
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require funding for the PS and expertise of laser operation however expertise already
exists in a number of centres in the UK and these institutions would be approached
first for their collaboration. Data could be held by individual institutions and shared
with

mutual

agreement

similar

to

that

of

the

InspECT

database

for

Electrochemotherapy, an international database that allows participating institutions
to share data. Once again data managers could be appointed through a national body.
In addition patient follow up should continue for at least 5 and up to 10 years with
public reporting of data (as publication or presentation) at median follow up of 3
years and 5 years for non-invasive cancer or node negative invasive cancer and 3
years, 5 years and at 10 years for invasive cancer with involved nodes.
PDT treatment in human breast cancer is a viable novel treatment with potential
long-term benefits if fully realized may lead to a paradigm shift in how therapeutic
regimens are implemented. There are unanswered questions regarding identification
of patients who would benefit and how the treatment should be applied. Hopefully
with further continuation of this trial and other similar trials these questions may be
answered and result in its successful application.
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APPENDIX I
TNM classification based on UICC
TNM class
Criteria
pT0
No evidence of primary tumor
pTa
Carcinoma in situ
pT1mic
Micro-invasion 1cm or less
pT1
Less of equal to 2cm
pT1a
0.1-0.5 cm
pT1b
0.5-1.0 cm
pT1c
1.0-2.0cm
pT2
2-5 cm
pT3
>5cm
pT4
Any size with extension to chest wall
pT4a
Chest wall, not including pectoralis muscle
T4b
Skin edema, ulceration, satellite skin nodule
pT4c
4a and 4b
pT4d
Inflammatory carcinoma
pNX
Regional lymph nodes cannot be removed/Assessed
pN0
No regional lymph node metastasis
N1
Metastasis to movable ipsilateral axillary lymph nodes
pNmi
Micrometastasis > 0.2 mm to < 2 mm
pN1a
Metastasis > 0.2 mm + at least one node > 2 mm
pN1b
Metastasis in internal mammary l. nodes detected by SLN
pN1c
Metastasis in 1-3 axill. + internal mammary l. nodes by SLN
N2
Metastases in ipsilateral axillary lymph nodes fixed of matted (N2a) or met. only in
clinically apparent ipsilateral mammary nodes without clinically evident axillary
lymph nodes. (N2b) 4-9 positive axillary lymph nodes
pN2a
Metastases in 4-9 axillary + at least one > 2 mm
pN2b
Metastasis in clinically apparent internal mammary l. nodes without
axillary lymph nodes metastasis
N3
Metastases in ipsilateral infraclavicular lymph nodes (N3a) or clincially apparent
ipsilateral internal mammary lymph nodes (N3b) or ipsilateral supraclavicular
lymph nodes (N3c)
pN3a
Metastases in 10 or more ipsilateral axillary lymph nodes or
ipsilateral infraclavicular
pN3b
Clinically apparent internal mammary lymph nodes with 1 or more
axillary lymph nodes or more than 3 axillary lymph nodes with
microscopic mets. in internal mammary lymph nodes
pN3c
Ipsilateral supraclavicular l. nodes
MX
Distant metastases cannot be assessed
M0
No distant metastases
M1
Distant metastases
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APPENDIX II

Type I

Type II

Type III
Enhancement kinetics curves derived from MRI imaging can be used to make a qualitative
assessment of breast lesions. The curves are related to signal intensity over time. The
enhancement curves above show the 3 types of enhancement: Type I – Characterized by
increasing signal intensity over time with early wash out of the signal in seconds is predictive of
benign lesions (83%) with 9% of these being malignant lesions. (specificity 71%;sensitivity
52%).Type II – Characterized by a plateau of enhancement after an initial increase of intensity
over several minutes. This type is associated with malignant lesions. (specificity 75%;sensitivity
45%). Type III – Characterized by an initial enhancement followed by a washout of the signal
prolonged over time in minutes. This type of enhancement indicates malignancy and is not
usually present in benign lesions. (specificity 90%; sensitivity 20%). (Macura KJ, Owerkerk R,
Jacobs MA,Bluemeke D.RadioGraphics 2006; 26:1719 –1734)
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APPENDIX III
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MRI USE

TRIPLE

RCR

ACR

Guidelines (2013)

Guidelines (2014)

Not part of initial triple assessment.

Not for general population

ASSESSMENT May be used as second- line

screening.

investigation
Recommended but not restricted to

/SCREENING

high risk groups, new malignancy.
Lesion characterization

STAGING/

Breast MRI scanning should be

1.

DCIS

2.

Invasion of fascia pre-

considered in patients with :-

EXTENT OF
1.

Suspected

operatively

multifocal/multicentric cancer

DISEASE

where the treatment strategy

3.

may be altered .
2.

operatively

Mammographically occult

4.

cancers
3.

Positive margins post

Treatment response for neoadjuvant chemotherapy

Radiographically dense breasts

5.

Clinically suspected recurrence
and occult primary

4.

Lobular cancers.

5.

Positive axillary nodes with no
breast primary detected on
mammography or ultrasound

6.

Monitoring neo-adjuvant
chemotherapy.
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F/UP

Not recommended for routine

Increased pick up rate of lesions

surveillance.

which may or may not be clinically
significant. MR directed biopsy
similar results to mammography.
Should not replace mammographic
surveillance or clinical biopsy

Published guidelines for the indications of MRI use in breast imaging. This has
been based on the Royal College of Radiologists–RCR American College of
Radiologists –ACR publications. (Barter S, Britton P. Breast cancer. In:
Nicholson T (ed).Recommendations for cross-sectional imaging in cancer
management, Second edition. London: The Royal College of Radiologists, 2014;
ACR practice parameters for the performance of contrast MRI of the breast.
(http://www.acr.org/guidelines).
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APPENDIX IV

Factorial ANNOVA analysis of control, monotherapy (ADC, PDT) and combined therapy at 1J and
cell populations 2000 and 3000 4T1 cells, demonstrating significant reduction in cell viability with all
therapies with maximal effect with combined therapy (p<0.0001). There was significant reduction in
viability when monotherapies were compared to combined therapy (p<0.05) but not when PDT and
ADC was compared using Bonferroni T test (see below).
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APPENDIX IV

Factorial ANNOVA analysis of control, monotherapy (ADC, PDT) and combined therapy at 2.5J and
cell populations 2000 and 3000 4T1 cells, demonstrating significant reduction in cell viability with all
therapies with maximal effect with combined therapy (p<0.0001). There was significant reduction in
viability when monotherapies were compared with combined therapy (p<0.05) and also when PDT
and ADC were compared PDT resulted in greater reduction in viability using Bonferroni T test (see
below).
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APPENDIX V
The ANNOVA TEST with bonferroni adjustment of flow cytometry
results Chapter 6.

CD4+
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APPENDIX V

CD8+
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