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ABSTRACT

Improving therapeutic approaches for the treatment of Non-small Cell Lung
Cancer using an ex-vivo explant culture system

Ellie Karekla

Lung Cancer is the leading cause of cancer death worldwide in both males and
females. Non-small cell lung cancer (NSCLC) accounts for ~80-85% of lung
cancers. NSCLC is a very heterogeneous disease, both genetically and
histologically, and there is an increasing list of mutations and copy number
alterations in cancer associated genes. Several drugs that could potentially
improve lung cancer outcomes are in development and some have entered
clinical trials. However, the current established preclinical models, particularly
animal xenografts, are not always predictive of patient outcome and there has
been a large attrition of clinical candidate drugs at the Phase lll stage. The aim
of this project was to establish a primary NSCLC explant culture system with the
view to developing a better platform to test the efficacy of existing drugs as well
as novel drug combinations.

The tissue architecture and tumour heterogeneity of individual NSCLC patients
can be examined in an ex-vivo NSCLC explant culture system which maintains
viability and proliferation in a short period of 24 hours + recovery (16-20 hours).
Even though there is a moderate effect of cultivation, the ex-vivo NSCLC
explant culture system can be used for assessing in situ drug responses over
short periods. Responses of explants were assessed after treatment with
cisplatin, MEK and PI3K inhibitors singly and in combination and TRAIL and
ABT-737 singly and in combination in the presence or absence of cisplatin. This
model points towards being more predictive of patient outcome in clinical
studies than in vitro studies or animal models. The data show that the explant
system has the potential to improve on current preclinical models for lung
cancer or other solid cancers and help the drug development process achieve
greater successes in the clinic. The model could provide a platform for
personalising treatment to each patient and for identifying effective biomarkers
for drug responses.
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Chapter 1 Introduction

1. INTRODUCTION

1.1 Lung Cancer

1.1.1 Incidence, Mortality and Survival Rates

Lung cancer is the second most commonly diagnosed cancer in the UK after
breast cancer in women and prostate cancer in men. As stated by the Cancer
Research UK website, around 43500 people are diagnosed every year with lung
cancer in the UK. It is also the leading cause of cancer death in the UK (Figure
1.1) and worldwide. In fact, according to GLOBOCAN, a worldwide database of
cancer incidence and mortality rates, it is estimated that ~1.59 million people
died from lung cancer in 2012 in the world (IARC). The World Health
Organization (WHO) estimates that lung cancer deaths worldwide will continue
to escalate, mainly due to an increase in global tobacco use, especially in Asia
(Dela Cruz et al., 2011).

Lung cancer also has one of the worst survival rates with the overall five-year
survival rate being dismal at ~10%. The major reasons for this low survival rate
is the fact that about two thirds of the patients are diagnosed at late stages as a

consequence of the lack of effective screening methods (Herbst & Bunn, 2003).

20
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Figure 1.1. The 20 most common causes of cancer deaths in the UK in 2011.
Lung cancer is the leading cause of death from cancer in both male and
females. Taken from Cancer Research UK website.
(http://www.cancerresearchuk.org/cancer-info/cancerstats/mortality/
cancerdeaths/#Twenty)

1.1.2 Risk Factors

The link with lung cancer and tobacco smoke was established several decades
ago (Doll & Hill, 1950). In fact, about 85% of lung cancers are caused by
exposure to tobacco smoke carcinogens as reviewed in (Dela Cruz et al., 2011;
Hecht, 1999). Consequently lung cancer research was mainly focused on anti-
tobacco campaigns and smoking cessation methods. This led to a decrease in
the percentage of smokers but still there are about 1 billion smokers around the
world which leaves tobacco smoke as the major driver of lung cancer (Hecht,
1999).

However, approximately 10% of lung cancer cases occur in patients who have

never smoked. Other environmental factors such as occupational exposure to
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agents like asbestos, heavy metals or diesel fumes, exposure to radon gas in
our homes (Alberg et al., 2013) and genetic susceptibility have been associated

with carcinogenesis in the lungs (Herbst et al., 2008).

1.1.3 Types of Lung Cancer

The two major forms of lung cancer are small-cell lung cancer (SCLC; Figure
1.2-C) which accounts for ~15-20% of the lung cancer cases and is usually a
more aggressive disease, and non-small cell lung cancer (NSCLC) which

accounts for ~80-85% of the cases and is the subject of this study.

NSCLC can be further divided into three histologically distinct subtypes:
squamous cell carcinoma, adenocarcinoma, and large-cell lung cancer. In most
countries, adenocarcinoma is the most common subtype of NSCLC with
frequencies ranging from 35 to 45% (Walters et al., 2013). However, in the UK
squamous cell carcinoma is slightly more common with 27% compared to 25%
of adenocarcinomas and 23% of large cell lung cancers (Walters et al., 2013).

Squamous cell carcinoma (Figure 1.2-A) arises from bronchial epithelium and is
characterised by keratinization and/or intercellular bridges depending on its

differentiation. Squamous cell lung cancer is most commonly a central tumour.

Adenocarcinoma is characterised by glandular differentiation (Figure 1.2-B) or
mucin production and it shows various different types of growth patterns such
as acinar, papillary, micropapillary, lepidic and solid (Travis et al., 2011).
Adenocarcinoma arises most frequently in the periphery of the lungs. Large cell
carcinoma (Figure 1.2-D) is a NSCLC that lacks the features of small cell,
adenocarcinomas or squamous differentiation. Almost 50% of lung carcinomas
show histologic heterogeneity and are comprised of more than one of the major
types (Travis et al., 2004). There are also many other different descriptions of

histological types of lung cancer (see Table 1.1) but their frequency is low.
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Figure 1.2. Histologic appearance of the most common lung cancer types.
A) Well-differentiated squamous cell carcinoma showing keratinization. B)
Adenocarcinoma with glandular differentiation. C) Small cell carcinoma with
islands of small basophilic cells and necrosis. D) Large cell carcinoma. Taken
from Robbins and Cotran pathologic basis of disease 7" Edition (Kumar et al.,

2005).
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Table 1.1. Summary of the histological classification of Lung Tumours according
to the World Health Organisation (WHO) (Travis et al., 2004; Travis et al.,
2011).

Histological Classification of Lung Tumours

Squamous carcinoma in situ

Pre-invasive Atypical adenomatous hyperplasia
lesions Diffuse idiopathic pulmonary neuroendocrine cell hyperplasia
Benign Papillomas
epithelial Adenomas
tumours
Squamous cell carcinoma
Papillary
Clear Cell
Small cell
Basaloid
Adenocarcinoma
Acinar
Malignant Papillary
epithelial Lepidic
tumours Micropapillary
Solid

Invasive mucinous adenocarcinoma
Adenosquamous carcinoma
Sarcomatoid carcinoma

Large cell carcinoma
Neuroendocrine

Basaloid

1.1.4 Lung Cancer Diagnosis and Staging

Lung cancer symptoms usually do not appear until later stages of the disease
and usually include a persistent cough, shortness of breath and bloody sputum.
Once a patient is suspected of having lung cancer, there are a number of
imaging tests and/or invasive procedures available to aid diagnosis.

Imaging techniques include a simple chest X-ray which usually does not pick up
early stage tumours, computed tomography (CT) scanning which can determine
tumour size and invasion, MRI and integrated positron emission tomography-CT
(PET-CT) which wusually uses Fluoro-deoxy-glucose (FDG). FDG is a

radioactive glucose analogue and is used to detect cancer cells as these cells
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have higher metabolic activity than surrounding normal cells and therefore they

uptake FDG which makes it easier to visualise (Tsim et al., 2010).

When the disease is more difficult to see, a number of invasive tests can be
performed to confirm diagnosis, such as bronchoscopy, endobronchial
ultrasound guided biopsy, CT-guided biopsy or surgical biopsy which can be

mediastinoscopy or thoracoscopy.

There is no national lung cancer screening program as yet. Most patients are
diagnosed at late stages and early disease is asymptomatic. A recent large
screening trial in the US enrolled 50000 high risk patients to undergo lung
cancer screening with either 3 annual low-dose spiral CTs or chest X-rays and
showed reduced mortality in the CT group which aided early stage diagnosis
(National Lung Screening Trial Research Team et al., 2011). However,
unfortunately the cost-effectiveness of a lung cancer screening program means

it is not applicable as of yet.

An important prognostic factor in lung cancer, as with most cancers is the
tumour stage. NSCLC classification is based on the TNM system (Tumour Node
Metastasis) which dates back to 1944 and is used for staging the majority of
epithelial tumours.

T describes the position and size of the tumour and it can range from TO to T4.

N is used to describe whether the tumour cells have spread in the lymph nodes

and it ranges from NO to N3 depending on the spread.
M indicates whether the tumour has metastasised elsewhere in the body.

The stages of NSCLC can be classified as seen in Table 1.2 and they provide
an important prognostic factor as well as information of which type of treatment
would be appropriate for each patient. The TNM classification system was
recently updated after the International Association for the study of Lung Cancer
(IASLC) established the Lung cancer staging project which collected data on
>100,000 patients diagnosed with lung cancer between 1990 and 2000
worldwide (Detterbeck et al., 2009; Detterbeck et al., 2013).
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Table 1.2. Stage groups of NSCLC. Redrawn from (Detterbeck et al., 2009;
Tsim et al., 2010).

Stage Groups T N M 5-year survival

la Tla,b NO MO 50-80%

Ib T2a NO MO 47%

lla Tla,b N1 MO 36%
T2a N1 MO
T2b NO MO

IIb T2b N1 MO 26%
T3 NO MO

llla T1-3 N2 MO 19%
T3 N1 MO
T4 NO,1 MO

b T4 N2 MO 7%
T1-4 N3 MO

\% T any N any M1a,b 2%

1.1.5 Treatment of NSCLC

According to the stage of the disease when diagnosed, patients can be offered

one of the following treatments or combinations of them.

Surgical Treatment: If the patients are in the early stage of the disease (I, Il or

maximum of Illa with minimal lymph node spread) and they are fit enough, they
can have surgery with intent of complete response. Lobectomy is usually
recommended over smaller resections such as wedge resection or
segmentectomy (McCloskey et al., 2013). When there is too much involvement,
one of the two lungs can be completely resected (pneumonectomy). Patients
are offered adjuvant chemotherapy after complete resection to ensure
prevention of re-occurrence of the cancer. However, chemotherapy is not

indicated in very early stage disease.

Radiotherapy: Patients with early stage (I or II) who are not fit for surgery can
undergo stereotactic ablative body radiotherapy (SABR) (McCloskey et al.,
2013) where high dose radiation targets the tumour very precisely. Patients with
late stage disease can be offered radiotherapy in combination with
chemotherapy to treat the disease or to control the disease and alleviate

symptoms that affect the quality of life.
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Chemotherapy: Chemotherapy for NSCLC is usually cisplatin or carboplatin

combined with at least one of the new generation drugs: vinorelbine,
gemcitabine, paclitaxel, docetaxel or pemetrexed (Zarogoulidis et al., 2013;
Darlison, 2005) if the patient is fit enough to receive combination treatments,

otherwise single treatments are considered.

The fact that many cancers are sensitive to chemotherapy drugs such as
cisplatin which is a DNA cross-linker, is due to tumour cells already
experiencing a high level of DNA damage stress to accommodate their huge
mutation overload; therefore by adding an extra level of DNA stress, the cancer
cells are unable to cope and this results in death. This phenomenon has been
described as non-oncogene addiction (Luo et al., 2009b); it describes the price
the tumour cells need to pay for being abnormal and their dependency on stress
pathways.

Targeted Therapies: Novel treatments for NSCLC have been mainly focused on

EGFR small molecule inhibitors erlotinib/gefitinib (Sharma et al. 2007; Mok et
al., 2009; Rosell et al. 2012) and crizotinib which targets tumours with ALK
rearrangements and showed increased progression free survival amongst
patients reviewed (Casaluce et al., 2013; Gridelli et al., 2014). The problem
however is that for all of these drugs, resistance eventually develops. (These
will be discussed in more detail below: sections 1.2.3 and 1.2.4).

1.2 Genetics, Oncogenic Pathways and Targeted
Treatments of NSCLC

1.2.1 Cancer is a genetic disease

Decades of research have revealed that cancer is ultimately a disease resulting
from changes occurring in the DNA sequence of the genomes of the cancer
cells (Stratton et al., 2009). Normally, cells are tightly regulated and there are
many different mechanisms in place to check whether everything is running

smoothly. However, damaging genetic changes accumulate as age increases or
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as a result of harmful environmental exposures (e.g. smoking), that lead to the
eventual uncontrollable growth of cells.

Hanahan and Weinberg in 2000 proposed that there are some generic
hallmarks of cancer which include self-sufficiency in growth signals, evasion of
growth suppressors and cell death, ability to replicate indefinitely, induction of
angiogenesis and eventual tissue evasion and metastasis (Hanahan &
Weinberg, 2000). The hallmarks of cancer were updated in 2010 to include
avoiding immune destruction, deregulating cellular energetics, tumour
promoting inflammation and genome instability and mutation (Hanahan &
Weinberg, 2011). These capabilities are mainly acquired after somatic
mutations have been developed in the cancer associated genes which include
base substitutions, insertions or deletions of segments of DNA, rearrangements
or copy number changes. Genes can also be altered by epigenetic
mechanisms. The changes mainly occur in genes called oncogenes, which
“drive” cancer initiation, maintenance and progression and tumour-suppressor

genes which need to be de-activated if the cancer is to progress.

Oncogenes identified in cancer offer a great opportunity for the development of
novel therapies since inhibitors that target them could potentially kill tumour
cells that are addicted to the action of the specific oncogene (Luo et al., 2009).
Therefore by inhibiting the action of the oncogene-product, the cancer cell

becomes vulnerable and dies.

The International Cancer Genome Consortium (ICGC) was launched in 2010 to
coordinate large-scale cancer genome studies across the most common types
of cancers to reveal the range of oncogenic mutations present in cancers and
aid in the development of new cancer therapeutics (International Cancer
Genome Consortium et al., 2010; Stratton et al., 2009; Bignell et al., 2010).
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1.2.2 NSCLC’s genomic complexity

NSCLC is a complex group of diseases highlighted by the range of the evident
histologic subtypes as discussed in 1.1.3. To add to this complexity, NSCLC is
one of the most genomically diverse of all cancers, making it even more
intricate to deal with. An excessive number of genes have been linked with
NSCLC, suggesting personalised medicine would be the answer. In fact,
NSCLC treatment has become the prototype for genetically tailored targeted
therapy (Buettner et al., 2013). This genetic complexity of NSCLC is also
highlighted by the number of review articles published in the last few years
discussing oncogenes involved and targeted therapies available (Heist et al.,
2012; Sanders & Albitar, 2010; Pao & Girard, 2011; Black & Morris, 2012;
Raparia et al., 2013; Tiwari et al., 2011; Tiwari et al., 2012; Pal et al., 2010;
Oxnard et al., 2013; Reungwetwattana et al., 2012; Bronte et al., 2010; Sato et
al., 2007; Shames & Wistuba, 2014; Li et al.,, 2013; Brandao et al.,, 2012;
Buettner et al., 2013; Sharma et al., 2007; Johnson et al., 2012; Drilon et al.,
2012; Heist & Engelman, 2012; Herbst et al., 2008).

Genomic studies in NSCLC have mainly been focused on the adenocarcinoma
sub-type. The first large collaborative cancer genome study for Ilung
adenocarcinoma was performed by Weir et al where they analysed 371 tumours
using dense single nucleotide polymorphism arrays and identified about 57
significantly recurrent events (Weir et al., 2007). Amongst them, large-scale
copy-number gain or loss of whole chromosome arms, 24 amplifications and 7

homozygous deletions were detected, emphasising the complexity of NSCLC.

In 2008 another large collaborative study sequenced the DNA of 623 genes
known to be involved in cancer across 188 human lung adenocarcinomas and
identified 26 genes that are mutated at high frequencies, suggesting their
involvement in lung adenocarcinoma carcinogenesis (Ding et al., 2008).
Among those genes were: KRAS, EGFR, TP53, STK11, NF1, APC, EPHAS,
CDKN2A, ERBB4, KDR, FGFR4, RB1, PAK3, ATM and NRAS.

An additional large study sequenced the genome of matched
adenocarcinoma/normal DNA pairs from 183 patients (Imielinski et al., 2012).

29



Chapter 1 Introduction

This was in addition to the already well-studied adenocarcinoma genome. Here
a mean mutation rate of 12 events per megabase was identified and the
previously reported genes were identified as mutated along with novel ones
(Imielinski et al., 2012). They identified the 25 most significantly mutated genes
in the study as: TP53, KRAS, EGFR, STK11, KEAP1, ATM, NF1, SMARCA4,
ARID1A, BRAF, RBM10, SETD2, PIK3CA, CBL, FBXW7, PPP2R1A, RB1,
SMAD4, CTNNB1, U2AF1, KIAA0427, PTEN, BRD3, FGFR3 and GOPC
(Imielinski et al., 2012). Copy number alterations were also identified in another

13 genes some of them included in the mutation set.

In a different study the genomic landscape of NSCLC in smokers and never
smokers in 17 patients with various histologies was reported. They showed that
smokers with lung cancer had more than 10-fold higher point mutations than
never-smokers. They also identify some novel lung cancer genes, including
DACH1, CFTR, RELN and ABCB5, on top of the previously implicated lung
cancer genes such as ALK, EGFR, KRAS, STK11 (Govindan et al., 2012).

The first comprehensive genomic characterization of squamous lung cancers
was published by the cancer genome atlas research network (Cancer Genome
Atlas Research Network et al., 2012). They used 178 squamous lung cancer
samples and whole genome sequencing and found recurrent important
mutations in 11 genes: TP53 in 81% of the samples, CDKN2A in 15%, PTEN in
8%, PIK3CA in 16%, KEAP1, MLL2, HLA-A, NFE2L2, NOTCH1 and RB1
(Cancer Genome Atlas Research Network et al., 2012).

Genomic analyses of SCLC, which is more strongly associated with smoking,
identified an extremely high mutation rate of 7.4 + 1 protein-changing mutations
per million base pairs (Peifer et al., 2012). In this study, recurrent mutations
were identified in TP53, RB1, CREBBP, EP300, MLL, PTEN, SLIT2 and EPHA7
(Peifer et al., 2012).

We can conclude that NSCLC is very heterogeneous in respect to histology and
genomic complexity. In an effort to simplify things, most of the focus here will be
placed on common driver oncogenic mutations identified in NSCLC, since they

are the ones that have “druggable” targets. Figure 1.3 shows a summary of the
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most frequent mutations present in adenocarcinomas and squamous cell

carcinomas of the lung.

Adenocarcinoma SCC

ALK

W HER2
BRAF

¥ PIK3CA W EGFRvIll
AKT1 W PIK3CA
MAP2K1 W EGFR
NRAS W DDR2

B ROS1 FGFR1 Amp

® RET B Unknown

W EGFR
KRAS

B Unknown

Figure 1.3. The most frequent genetic aberrations in adenocarcinoma and
squamous cell carcinoma of the lung. Taken from (Li et al., 2013).

1.2.3 EGFR and Targeted Therapies

The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase
(RTK) whose activation leads to the induction of multiple signal transduction
pathways, such as the Ras-MAPK signal pathway and the PISK/AKT pathway
which lead to cellular proliferation. Activated EGFR also leads to induction of
angiogenesis by increasing VEGF expression and tissue invasion and
metastasis by interacting with components of the integrin pathway (Herbst &
Bunn, 2003).

EGFR activating mutations in lung cancer are usually exon 19 deletions or the
L858R point mutation (Rosell et al., 2009). EGFR mutations are seen in ~10%
of lung cancer patients from Northern America and Western Europe and in ~30-
50% in patients of East Asian descent (Sharma et al.,, 2007). The mutation
correlates with the adenocarcinoma histology, never-smokers and females,
usually of Asian origin (Yokoyama et al., 2006; Rosell et al., 2009).
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EGFR protein overexpression which can be a result of high copy number or
gene amplification is very common in NSCLC (>60%; Hirsch et al., 2003).
Studies on the prognostic value of EGFR amplification have shown conflicting
results reviewed in (Kotsakis & Georgoulias, 2010). In general, EGFR

amplification has not been predictive of response to EGFR inhibitors.

Gefitinib and erlotinib are the first generation of EGFR tyrosine kinase inhibitors
that target the intracellular domain of EGFR, thereby blocking the downstream
signalling of the receptor. They are orally bioavailable synthetic
anilinoquinazoles (Reungwetwattana et al., 2012). Clinical trial data show that
gefinitib (Figure 1.4; Mok et al., 2009) and erlotinib (Rosell et al., 2012) improve
the median survival rate of patients carrying an EGFR activating mutation by up
to 12 months, with gefinitib showing better results (Pal et al., 2010). Both of the
drugs are approved for the treatment of advanced NSCLC. However, relapse
eventually occurs and this is usually because drug resistance develops. The
main reason for this is the secondary gatekeeper EGFR mutation T790M which
confers resistance to EGFR inhibitors erlotinib and gefinitib (Engelman & Janne,
2008). Novel irreversible EGFR inhibitors that target T790M are identified and
have been shown to be effective in murine lung cancer models (Zhou et al.,
2009).

A Overall B EGFR-Mutation-Positive
i 1.0 Hazard ratio, 0.74 (95% Cl, 0.65-0.85) b 1.0+ Hazard ratio, 0.48 (95% Cl, 0.36-0.64)
K P<0.001 £ P<0.001
S 0.8 Events: gefitinib, 453 (74.4%); carboplatin g' 0.8+ Events: gefitinib, 97 (73.5%); carboplatin
@ plus paclitaxel, 497 (81.7%) 2 plus paclitaxel, 111 {86.0%6)
[ .
@ g 0.6+ & g 0.64
&z a 'z
& 044 S&a 044
£ £ Carboplatin Gefitinib
= Carboplatin = efitini
E 024 p‘ups Gefitinib E 0.2 plus
2 paclitaxel ° paclitaxel \—\_L
a a
0.0 T T T R T 1 0.0 T T T T T 1
0 4 ] 12 16 20 24 0 4 8 12 16 20 24
Months since Randomization Months since Randomization
No. at Risk No. at Risk
Gefitinib 609 363 212 76 24 5 0 Gefitinib 132 108 71 31 11 3 0
Carboplatin plus 608 412 118 22 3 1 0 Carboplatin plus 129 103 37 7 2 1 0
paclitaxel paclitaxel

Figure 1.4. Kaplan—Meier Curves for Progression-free Survival after Gefinitib
treatment. Kaplan—Meier curves for progression-free survival are shown for the
overall population (A) and patients who were positive for the EGFR mutation
(B). Taken from (Mok et al., 2009).
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1.2.4 EML4-ALK and Targeted Therapies

The translocation of two genes on the short arm of chromosome 2, the kinase
domain of anaplastic lymphoma kinase (ALK) and the terminal portion of the
echinoderm microtubule associated protein-like (EML4) was discovered in 2007
in Japanese patients with NSCLC (Soda et al., 2007). Since then, EML4-ALK
fusions have been observed in about 3-7% of NSCLC (Pao & Girard, 2011).
This fusion gene causes irregular activation of oncogenic pathways such as
MAP-Kinase and PI3-K pathways which lead to increased proliferation and
inhibition of apoptosis. EML4-ALK translocations associate with the
adenocarcinoma histology (predominantly of acinar type), light or no smoking
history and a younger age (Bronte et al., 2010).

Another novel targeted therapy that has been approved in lung cancer is
crizotinib which targets ALK and several other kinases including MEK. This drug
has been shown to be effective in the small subset of patients that carry the
EML4-ALK translocation, showing an overall response rate of 57% (Heist &
Engelman, 2012) and has recently been approved in the USA for patients with
advanced ALK-positive NSCLC.

The identification and characterisation of these targets is already having a
growing impact on the management of NSCLC and several clinical practise
guidelines now recommend patients with an adenocarcinoma component

should undergo genetic testing for EGFR mutations and ALK rearrangements.
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1.2.5 RAS/RAF/MEK/ERK Pathway and Targeted Therapies

The RAS/RAF/MEK/ERK pathway is of high importance for developing NSCLC.
Evidence comes from the high proportion of mutations found in components of

the pathway in lung cancer and studies from mice.

RTKs such as EGFR, PDGFR (platelet-derived growth factor receptor) and
many others, are stimulated after a growth factor or a cytokine binds on their
extracellular domain (Figure 1.5). This leads to the recruitment of Src homology
2 (SH2) domain containing protein (Shc) to the intracellular domain of the RTK.
SH2 protein recruits Grb2 (GTP-exchange complex growth factor receptor
bound-2) and SOS (son of sevenless) which catalyse the activation of RAS by
exchanging GDP to GTP. GTP-Ras recruits RAF to the membrane where it
becomes activated. RAF then goes on to phosphorylate by its serine/threonine
kinase activity, MEK1/2 kinases. These in turn, phosphorylate ERK1/2.
Activated ERK1/2 serine/threonine kinases regulate a variety of targets (>600)

(Steelman et al., 2011) that control cell growth and differentiation.

1.2.5.1 KRAS

RAS genes encode a family of 21 KDa membrane bound guanosine
triphosphate (GTP) - binding proteins comprised of KRAS, HRAS and NRAS.

KRAS is the most frequently mutated RAS family member in about 15-25% of
NSCLC patients (Reungwetwattana et al., 2012). The most common KRAS
activating mutations are point mutations in codons 12 or 13 of exon 2. More
specifically at 34G -> T,C or A (49%) and 35G->T,C or A (43%)

(http://www.sanger.ac.uk/genetics/CGP/cosmic). KRAS mutations are

predominantly found in adenocarcinoma (~30%) rather than in squamous cell
carcinoma (5%) and are more strongly associated with a history of smoking
(Roberts et al., 2010).

Although the identification of most oncogenes has led to the discovery of
effective inhibitors, studies on KRAS have failed to identify clinically effective

inhibitors.
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One approach to treat KRAS-driven tumours is to target downstream signalling
components such as RAF, MEK and PI3 Kinase. In fact, combined use of NVP-
BEZ235 (a PI3K and mTOR inhibitor) and ARRY-142886 (MEK inhibitor) has
been shown to synergistically act in shrinking KRAS-driven murine lung cancers
(Engelman et al., 2008). Another strategy for targeting KRAS is by using the
concept of synthetic lethality whereby genes/gene products are identified that,
when inhibited, result in cell death only when a mutant allele of another gene
exists. One study using systematic RNA interference identified TBK1 to be
selectively essential in cells with mutant KRAS and they showed that
suppressing TBK1 specifically induced apoptosis in human cancer cell lines
with oncogenic KRAS expression but not with WT KRAS (Barbie et al., 2009).
PLK1 (Luo et al., 2009a) and STK33 (Scholl et al., 2009) were also identified as
KRAS synthetic lethal partners. These data suggest that inhibitors targeting
PLK1 or TBK1, which are available, may provide treatment options for KRAS

mutated NSCLC patients. However, this remains to be evaluated.
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Figure 1.5. The MAPK pathway and associated inhibitors. Growth factor
stimulation of RTK leads to the recruitment of SHC to the intracellular domain of
the RTK. SHC then brings Grb2 and SOS which catalyse the activation of Ras
by exchanging GDP to GTP. Activated RAS recruits RAF to the membrane
where it becomes activated. RAF then phosphorylates MEK1/2 kinases. These
in turn, phosphorylate ERK1/2. Activated ERK1/2 regulates a variety of targets
which leads to cell proliferation, migration, invasion and differentiation. Inhibitors
of pathway components are indicated in the boxes.
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1.2.5.2 BRAF

The RAF serine threonine kinase family consists of three members: ARAF,
BRAF and CRAF. BRAF mutations are found in ~7% of human cancers. Most
frequently they are found in melanomas, being present in >90% samples
(Davies et al., 2002). The most common point mutation of BRAF is V600E
which involves a 1799 A to T transversion, producing a valine to glutamine
substitution at residue 600. This results in the constitutive activation of BRAF
kinase activity. Interestingly, in NSCLC BRAF mutations are not very common
occurring only in 1-3% of patients (Davies et al., 2002; Pao & Girard, 2011) and
the majority (~88% of the mutations) are not the most common V600E mutation
but others including the G469A mutation in the G loop of the activation domain
and the L597V mutation in the kinase domain (Minuti et al., 2013). BRAF
mutations are most commonly associated with the adenocarcinoma histology in
NSCLC.

A number of BRAF inhibitors are currently in development. Vemurafenib
(PLX4032) has shown remarkable activity in V60OE positive melanoma patients
in prolonging PFS (Progression Free Survival) and OS (Overall Survival)
(Chapman et al., 2011). A case study showed response with vemurafenib in
one NSCLC patient who harboured the V600E-BRAF mutation (Gautschi et al.,
2012) suggesting further investigation in NSCLC.

A new BRAF kinase inhibitor dabrafenib developed by GlaxoSmithKline is
undergoing a Phase Il clinical trial (NCT01336634) in advanced stage NSCLC
patients harbouring a BRAF mutation. Interim results of this phase Il study show
promise as they reported 40% RR (Response Rate) in a small cohort of patients
(Planchard et al., 2013).

Another drug, Sorafenib (BAY43-9006), was developed originally as a BRAF
inhibitor, however it was discovered that it is actually a multi-kinase inhibitor of
CRAF, BRAF, VEGF-1,2,3, PDGF-3, FGFR-1, c-KIT and FLT-3 (Wilhelm et al.,
2004). Sorafenib has been assessed in NSCLC mostly as an angiogenesis
inhibitor. The ESCAPE phase Il trial evaluated the efficacy and safety of
sorafenib plus gemcitabine/cisplatin compared with a placebo in a cohort of 926

chemotherapy naive patients with advanced non-squamous NSCLC but found
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no significant differences in the survival between these two groups (Paz-Ares et
al., 2012). Another phase Il trial selected patients with a KRAS mutation to be
treated with sorafenib plus chemotherapy and showed more promising results
(Dingemans et al., 2013). Other BRAF inhibitors in development include
LGX818 by Novartis, XL281 by Exelixis and ARQ736 which is a pan-RAF
kinase inhibitor (Huang et al., 2013).

1.2.5.3 MEK

MEK1/2 are serine threonine kinases downstream of BRAF that activate
ERK1/2. MEK1/2 mutations are not very common in cancer. One study reported
point mutations identified in MEK1 at K57N in 2 out of 207 lung tumour samples
and Q56P in 1 out of 85 NSCLC cell lines (Marks et al., 2008). These mutations
were mutually exclusive of other mutations in the MAPK pathway and they
conferred increased activation of MEK and sensitivity to MEK inhibitor AZD6244
(Marks et al., 2008). Despite MEK not being commonly mutated in cancer, it has
been an attractive target in cancer therapy and multiple inhibitors have been

developed and are being pursued in clinical trials.

The first specific MEK inhibitor described was PD098059, which was identified
in a compound library screen and was found to inhibit MEK with an IC50 of ~10
pmol/L (Dudley et al., 1995). The compound U0126 was identified in a library
screen for inhibitors of AP-1 transactivation and was shown to directly inhibit
MEK1 and MEK2 specifically (Favata et al., 1998). Although PD098059 and
UO126 have been extremely useful in studying MAPK signalling in vitro, they
did not carry on to the clinic because of their poor pharmacological
characteristics (Friday & Adjei, 2008).

The first MEK inhibitor to proceed to clinical testing was PD184352 (also known
as CI-1040) which was identified as a better candidate after PD098059 with
improved pharmacological characteristics (Friday & Adjei, 2008). PD184352
selectively inhibited MEK1 in a non-competitive way in respect to ATP
suggesting a different binding site for the inhibitor. Crystal structures of CI-1040
bound to MEK with ATP showed that there is an inhibitor binding pocket close
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to the ATP binding site (Ohren et al., 2004). This also explains the high degree
of specificity identified in different MEK inhibitors. CI-1040 entered an open-
label, phase Il study to assess the antitumor activity and safety in 67 patients
with breast cancer, colon cancer, NSCLC, and pancreatic cancer (Rinehart et
al., 2004). The drug was generally well tolerated but did not demonstrate

enough promise for further development.

Instead, PD0325901, a second generation MEK inhibitor with improved
pharmacologic properties was developed (Rinehart et al., 2004). PD0325901
completely suppressed tumour growth in BRAF mutant xenografts. However
RAS mutant tumours were only partially inhibited (Solit et al., 2006).
PD0325901 entered a Phase Il study on heavily pre-treated NSCLC patients
and failed to show any objective responses. It was concluded that patients in
future clinical trials with MEK inhibitors should be refined more carefully
according to their genetics and that combinations with other inhibitors could be
beneficial since MEK inhibitors only cause growth arrest on their own (Haura et
al., 2010).

ARRY-142886 (AZD6244 or selumenitib) is another potent, selective MEK
inhibitor with an ICso of 14 nmol/L against purified MEK1 (Yeh et al., 2007).
ERK1/2 phosphorylation was inhibited in several cell lines and growth
suppression of several cell lines containing BRAF and RAS mutations was
observed, with no effect on a normal fibroblast cell line (Yeh et al., 2007).
ARRY-142886 given orally to human colon and pancreatic mouse xenograft
models was capable of inhibiting both ERK1/2 phosphorylation and growth (Yeh
et al., 2007). Early phase | studies of AZD6244 showed that is well tolerated
and shows target inhibition (Adjei et al., 2008). Phase Il studies showed that
even though AZD6244 has clinical activity in patients with advanced NSCLC,
there is no advantage as a monotherapy over standard chemotherapy at least
in an unselected population and it was proposed that further development of the
drug in NSCLC should focus on BRAF or RAS mutation-positive patients and/or
combination regimens (Hainsworth et al., 2010). In fact, there are a number of
current ongoing clinical trials in NSCLC testing combinations of AZD6244 with
erlotinib (NCT01229150 clinicaltrials.gov) and other drugs in selected

populations of patients. One phase Il study assessed selumetinib plus
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docetaxel in previously treated patients with advanced KRAS-mutant NSCLC
and showed promising activity, although there were a higher number of adverse
effects than monotherapies (Janne et al., 2013).

There are a few other MEK inhibitors that have entered the clinic including
GSK1120212 or Trametinib that has high potency, selectivity, and long
circulating half-life (Gilmartin et al., 2011).

1.2.6 PIBK/AKT/mTOR Pathway and Targeted Therapies

This pathway is an important survival pathway that is constitutively activated in
most cancers including NSCLC (LoPiccolo et al., 2008). Phosphatidylinositol 3-
Kinase (PI3K) becomes activated after RTK stimulation. PI3K phosphorylates
PIP2 to PIP3 (phosphatidylinositol (3,4,5) triphosphate) at the cell membrane
(Figure 1.6). PIP3 then recruits PDK1 (phosphatidylinositol-dependent kinase 1)
and AKT to the membrane where PDK1 activates AKT. Activated AKT results in
protection from apoptosis and increased proliferation by targeting a wide variety
of substrates including mTOR which is involved in regulation of translation.
PTEN (Phosphatase and Tensin homolog deleted on chromosome 10)

negatively regulates the pathway by converting PIP3 back to PIP2.

1.2.6.1 PIK3CA

PI3K is a lipid kinase which is a heterodimer composed of a catalytic subunit
(P110) and a regulatory subunit (P85), which is activated by RTKs or G protein-
coupled receptors (GPCR). As already mentioned, when activated, it converts
the plasma membrane lipid PIP2 to PIP3. PIK3CA, the gene that encodes the
main catalytic subunit of the PI3 Kinase (p110a) is a gene that is found to be
frequently mutated or amplified in human cancers, for example mutations are

found in 19% of colon cancer and 27% of breast cancers (Downward, 2008).
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In a study with Chinese patients PIK3CA amplification was found to be
associated with smoking history and to be more common in squamous cell
carcinoma rather than adenocarcinoma (Ji et al., 2011). In another two studies
with Japanese patients, PIK3CA mutations were found in ~3-4% of patients
(Kawano et al., 2006; Okudela et al., 2007) and copy number gains in 18.3%
(Okudela et al., 2007) and again the prevalence was higher in squamous cell
carcinoma (Okudela et al., 2007; Kawano et al., 2006). Also an association with
the male sex and smoking history was reported (Okudela et al., 2007). In
general, in NSCLC, PIK3CA mutations are most frequently found at Glu 542
and Glu 545 of exon 9 and they are frequently found in both adenocarcinomas

as well as squamous cell cancers (Pao & Girard, 2011).

Multiple PI3K inhibitors are in development. One of the first inhibitors of PI3K
was LY294002 which was developed from quercetin and has an ICso 1.4uM for
PI3K (Vlahos et al., 1994). LY294002 along with wortmannin have been used
widely in the laboratory setting and have been shown to induce anti-proliferative
effects in many studies; however they have high levels of toxicity, poor
pharmacological properties and lack of specificity which prevented their
progression to the clinic (Heavey et al., 2014). In fact, even though LY294002 is
one of the most widely used PI3K inhibitors (Ihle & Powis, 2010), it was found to
inhibit a range of other substrates, such as mTOR, casein kinase 2, DNA-PK,
GSK3 and several others suggesting its use to study PI3K signalling should be
stopped (Gharbi et al., 2007).

More specific inhibitors that target the catalytic domain p110 of class IA PI3K
have been developed and have been explored clinically in lung cancer.

GDC-0941 is a selective and highly orally bioavailable (Salphati et al., 2011)
inhibitor of class IA PI3Ks that binds competitively to the ATP binding site of
PI3K and has an ICso of 0.003uM for p110a (Folkes et al., 2008). A preclinical
study using NSCLC cell lines and xenograft models showed the combination of
GDC-0941 with paclitaxel, erlotinib, or a MAPK inhibitor had greater effects on
cell viability than PI3K inhibition alone (Spoerke et al., 2012). A Phase Ib trial
evaluating GDC-0941 in combination with paclitaxel and carboplatin, with or
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without bevacizumab, in patients with NSCLC is ongoing (NCT00974584).

Partial responses have been observed in 8/18 patients (Besse et al., 2011).

A Phase | study with combination dosing of XL518 and GDC-0941 was
generally well tolerated and decreases in tumour burden were seen in some
patients including some with NSCLC (Shapiro et al., 2011). Another phase |
study of GDC-0941 in combination with erlotinib in patients with advanced solid
tumours is ongoing (NCT00975182).

BKM120 (Novartis) is a highly specific orally bioavailable pan-class | PI3K
inhibitor with activity against the most common somatic PIK3CA mutations
(Maira et al., 2012). BKM120 was tested in a panel of 353 cell lines and showed
preferential inhibition of tumour cells bearing PIK3CA mutations and exhibited
tumour growth inhibition in xenograft models (Maira et al., 2012). In a recent
Phase | study, once-daily BKM120 of 100 mg/d demonstrated a safe and well
tolerated profile, clear evidence of target inhibition, and preliminary antitumor
activity in patients with advanced cancer (Bendell et al., 2012). BKM120 is
currently being investigated in patients with NSCLC in a number of Phase | and
Il clinical trials singly and in combination with mTOR inhibitors, standard
chemotherapy drugs, with MEK inhibitors and others (Beck et al., 2014;
Papadimitrakopoulou, 2012).

There is a plethora of other PI3K inhibitors currently being investigated clinically
and preclinically showing promising indications, including XL147, PX-866 and
BYL-719 (Beck et al., 2014). Furthermore, because the catalytic domains of
PI3K p110 subunit and mTOR are structurally similar, there are small molecule
inhibitors that can target both proteins; examples of these in current clinical
development include XL765, BEZ235, GSK2126458 and GDC-0980
(Papadimitrakopoulou, 2012).
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Figure 1.6. The PI3K Pathway and inhibitors for pathway components. PI3K is
activated by RTKs and converts PIP2 to PIP3 which leads to activation of AKT
by PDK1. AKT has multiple targets including mTOR which is involved in the
regulation of translation. AKT activation leads to proliferation and inhibition of
apoptosis. Inhibitors are shown in boxes. XL765, BEZ235, GSK2126458 and
GDC-0980 are dual specificity inhibitors of both PI3K and mTOR.
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1.2.6.2 AKT

There are three members of the AKT family (AKT1, AKT2 and AKT3) which are
broadly expressed serine/threonine kinases that have a central catalytic
domain, a PH domain and a short regulatory domain (Vivanco & Sawyers,
2002). AKT is activated by recruitment to the plasma membrane and direct
binding through the PH domain with PIPs and phosphorylation at Thr308 by
PDK1 and Ser473 by PDK2 (Vivanco & Sawyers, 2002).

AKT was found to be phosphorylated and thus activated in more than 50% of
NSCLCs in a range of early stage and late stage tumours suggesting activation
of the PI3BK/AKT pathway is an early event in lung tumourigenesis (Balsara et
al., 2004). A somatic mutation (E17K) that constitutively activates AKT1 has
been found in 1.9% NSCLC patients with squamous histology (Malanga et al.,
2008). Further studies have failed to identify more AKT1 mutations (Do et al.,
2010). Nevertheless, a number of AKT inhibitors are in development.

One of the most promising compounds is MK-2206 (Merck, Whitehouse Station,
NJ) which is an oral allosteric AKT inhibitor with high potency against purified
recombinant human AKT1 (IC50 = 5 nmol/L), AKT2 (IC50 = 12 nmol/L) and
AKT3 (IC50 = 65 nmol/L) (Hirai et al., 2010; Yap et al., 2011). MK-2206 was
shown to inhibit phosphorylation at both Thr308 and Ser473 residues of AKT
and demonstrated in vitro and in vivo antitumor activity as a single agent and
enhanced the preclinical activity of chemotherapeutic drugs and other molecular
targeted therapies (Hirai et al., 2010). A phase | study of MK-2206 in patients
with advanced solid tumours exhibited minor responses and a well-tolerated
profile of the drug (Yap et al., 2011). MK-2206 is currently being tested in
combination with erlotinib in a phase Il study in patients with advanced NSCLC
(NCT01294306) and with chemotherapeutic drugs.

Other oral AKT inhibitors in clinical development include GSK2110183,
GSK2141795 and GDC-0068 (Papadimitrakopoulou, 2012).
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1.2.6.3 PTEN

PTEN, originally isolated as a tumour suppressor gene in breast cancer, is a
dual specificity phosphatase that shows activity against lipid and protein
substrates (Vivanco & Sawyers, 2002). Its main function is to negatively

regulate the PI3K pathway by dephosphorylating PIP3 to PIP2.

Mutations that inactivate PTEN have been observed in NSCLC (Forgacs et al.,
1998). In another study PTEN protein expression was reduced or lost in 74%
(86/117) (Marsit et al., 2005) of tumours suggesting inactivation of PTEN is a

common event in NSCLC.

1.2.6.4 MTOR

MTOR (the mammalian target of rapamycin), a direct target of AKT, is a
serine/threonine kinase that regulates protein synthesis by activating p70 S6
kinase (RSK), a translational activator and by inhibiting 4E-BP1, a translational
repressor (Vivanco & Sawyers, 2002). mTOR is activated in more than 50% of
NSCLCs (Balsara et al., 2004). Several mTOR inhibitors are currently being
investigated in the clinical setting; examples include everolimus, temsirolimus
and ridaforolimus. Everolimus was examined in a phase | study in combination
with chemotherapeutic drug pemetrexed and showed to be generally well
tolerated (Vansteenkiste et al., 2011). However increased toxicities were
observed from the combination. A phase Il study investigated the combination
of Everolimus with Gefinitib (an EGFR inhibitor) but failed to reach the pre-
specified response threshold to pursue further study (Price et al.,, 2010).
Nonetheless, there was no stratification of the patients according to pathway

activation which might explain the poor response rate.
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1.4 Cell Death Pathways

Programmed Cell Death or Apoptosis was first described as a series of
morphological changes by Kerr et al in 1972. They observed plasma membrane
disruption, nuclear and cytoplasmic condensation, formation of apoptotic bodies
and engulfment by nearby cells (Kerr et al., 1972). All this happens in a period
of 30-120 minutes (Wyllie et al., 1980).

Inhibition of apoptosis is one of the hallmarks of cancers and this allows cells
that carry considerable genomic alterations to survive (Hanahan & Weinberg,
2000). There are two apoptotic pathways; the intrinsic and the extrinsic pathway
(Figure 1.7). Targeting the apoptotic machinery of tumour cells could potentially
be used to treat cancers cells selectively. In fact, a number of compounds that
target apoptotic pathways are in clinical trials for NSCLC and other tumour
types (Pore et al., 2010).

1.4.1 Caspases Are Central Executioners of Apoptosis

Caspases are a family of cysteine proteases which are synthesised as inactive
zymogens and are the central executioners which bring about the morphological
characteristics of apoptosis (Hengartner, 2000). Caspases require specific

cleavage at aspartate residues to become activated (Cohen, 1997).

Based on their function they can be classified into two groups; the initiator
caspases and the effector caspases. Initiator caspases (Caspase -2,-8,-9 and -
10) usually possess a death effector domain (DED), have long prodomains and
act upstream to transmit the apoptotic signal by interacting with adaptor
molecules (Jin & El-Deiry, 2005). The effector caspases (-3, -6, and -7) are
characterised by short prodomains and they are activated by the initiator
caspases and execute the downstream steps of apoptosis by cleaving multiple
substrates (>100) including cytoskeletal proteins, cellular DNA repair proteins,
structural proteins (Jin & El-Deiry, 2005) and PARP (Poly-ADP-Ribose

Polymerase (Tewari et al., 1995).
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1.4.2 The Extrinsic Apoptotic Pathway

The extrinsic or death receptor pathway is triggered via members of the death
receptor superfamily such as Fas/CD95, tumour necrosis factor receptor |
(TNFR-1) or TRAIL receptor (TNF-related apoptosis-inducing ligand) which after
ligand binding they induce receptor clustering. This ligand-receptor complex
recruits FADD (Fas-associated protein with death domain (Chinnaiyan et al.,
1995) and procaspase-8 to the cell membrane causing caspase-8 activation in
a complex named the death-inducing signalling complex (DISC) (Pennarun et
al., 2010). Caspase-8 then cleaves the executioner procaspase 3 which
becomes activated and the apoptotic program begins. cFLIP (Cellular flice-like
inhibitory protein), a non-functional procaspase-8 homologue, can compete with
procaspase 8 for FADD binding and this can lead to suppression of apoptosis
(Pennarun et al., 2010).

Caspase-8-mediated cleavage of Bid, a pro-apoptotic Bcl-2 family member,
results in its translocation to the mitochondria, where it promotes cytochrome ¢
exit and converges the two pathways together under certain conditions
(Hengartner, 2000).
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Figure 1.7. Extrinsic and Intrinsic Apoptotic Pathway. The extrinsic pathway is
activated through death receptor stimulation at the plasma membrane and
subsequent formation of DISC and activation of caspase which leads to
apoptosis. The intrinsic pathway is triggered through various conditions such as
DNA damage and it signals through the mitochondria with cytochrome c release
and the formation of the apoptosome which leads to caspase activation.
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1.4.3 The Intrinsic Apoptotic Pathway

The intrinsic pathway is activated by various conditions such as growth factor
deprivation, hypoxia and DNA damage which can be imposed for example by
chemotherapeutic drugs. The central actor in this pathway is cytochrome c
which normally resides in the space between the inner and outer mitochondrial
membranes. When apoptosis is initiated, the mitochondrial outer membrane
becomes permeabilized (MOMP) and cytochrome c spills out in the cytosol.
MOMP is mainly controlled by Bcl-2 family members (Jin & El-Deiry, 2005).

The Bcl-2 family is comprised of both anti- and pro-apoptotic proteins and they
all contain at least one Bcl-2 homology (BH) domain. They can be divided into
three groups. The anti-apoptotic members, such as Bcl-2, Bcl-XL, Bcl-w and
Mcl-1 are characterized by four short BH domains and C-terminal hydrophobic
tail, which localizes the proteins to the outer surface of mitochondria
(Hengartner, 2000; Jin & El-Deiry, 2005). The second group consists of Bcl-2
family members with pro-apoptotic activity and 3 BH domains; this includes Bax
and Bak. The third group consists of pro-apoptotic BH3-only proteins such as
Bad, Bid, Noxa and Puma. Interactions amongst the BCL-2 family members

determine whether apoptotic thresholds are exceeded and MOMP takes place.

When cytochrome c is released into the cytosol it induces the formation of the
apoptosome by binding to Apoptosis Protease Activating Factor-1 (APAF1) and
procaspase-9. This leads to the activation of caspase-9 and subsequent
activation of apoptosis by activation of the effector caspase-3. Another protein
which is released from the mitochondria is Smac/DIABLO which acts to
neutralise the inhibitory activity of IAPs on the caspases and promotes
apoptosis (Jin & El-Deiry, 2005).

The intrinsic apoptotic pathway can be initiated by p53 by activating Bax
(Gottlieb & Oren, 1998).
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1.4.4 Targeting TRAIL

TRAIL exists as a type Il membrane protein or in a soluble form and was
originally discovered from its homology to other TNF family members (Wiley et
al., 1995). There are five receptors that bind TRAIL in humans, TRAIL-R1
(DR4), TRAIL-R2 (DR5), DcR1, DcR2 and OPG. Only binding of TRAIL to DR4
and DR5 elicits the formation of DISC and subsequent activation of the extrinsic
apoptotic pathway (Almasan & Ashkenazi, 2003). DcR1, DcR2 and OPG are
decoy receptors that lack functional cytoplasmic domains and are therefore
incapable of inducing apoptosis. However they can bind to TRAIL and inhibit

downstream signalling (Ashkenazi, 2002).

TRAIL receptor targeting agents represent an attractive therapeutic approach
since they promote apoptosis selectively in tumour cells but not normal cells
(Walczak et al., 1999; Ashkenazi et al., 1999).This is probably because of a
number of factors including increased expression of decoy receptors on normal
cells and increased expression of DR4 and DR5 on tumour cells (Emmet,
2011). Notably, TRAIL-induced tumour killing is independent of p53 status
which is inactivated in the majority of NSCLC (Stegehuis et al., 2010). TRAIL
receptor targeting agents have been developed and include agonistic
monoclonal antibodies directed at DR4 and/or DR5 and recombinant human
soluble TRAIL. These have been examined in NSCLC. Approximately 50% of
NSCLC cell lines tested, show resistance to apoptosis by TRAIL receptor
targeting agents (reviewed in Stegehuis et al., 2010). Combination treatments
can sensitize TRAIL induced apoptosis. Recombinant TRAIL or DR5 directed
antibody combined with chemotherapeutic drugs has been shown to inhibit
tumour growth in orthotopic mouse models of lung cancer (Jin et al., 2004; Jin
et al., 2008). Other combination treatments reported to synergise with TRAIL in
inducing tumour cell death in NSCLC include bortezomib (Voortman et al.,
2007; Luster et al, 2009), a novel thymidylate synthase inhibitor
trifluorothymidine (Azijli et al., 2014) and many others such as HDAC inhibitors
(Stegehuis et al., 2010).

Phase | and Il clinical trials using TRAIL targeted agents are underway. RhTralil
was tested in combination with paclitaxel, carboplatin and bevacizumab in a

Phase Ib study in 24 NSCLC patients where it was shown to be well tolerated
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and have a response of 58% in the study population (Soria et al., 2010).
However, a subsequent Phase Il study with the same compound in 213 patients
did not improve outcomes in unselected patients with previously untreated
advanced or recurrent NSCLC (Soria et al., 2011).

Another study evaluated the efficacy, safety, and pharmacokinetics of
conatumumab (a DR5 agonistic antibody) combined with paclitaxel-carboplatin
as first-line treatment for advanced NSCLC in 172 patients. Although the
combination was well tolerated, again the addition of conatumumab did not
improve outcomes of this cohort of unselected patients (Paz-Ares et al., 2013).
In general TRAIL targeted agents have limited toxicity in patients and therefore
in theory they could be exploited with a number of combination therapies such

as the targeting of oncogenes.

1.4.5 BCL-2 Inhibitors

Interfering with Bcl-2 and other anti-apoptotic family members is another
strategy which can help to restore the sensitivity of cancer cells to pro-apoptotic
signals. Two main strategies have been employed; antisense oligonucleotides
that inhibit anti-apoptotic family members and small molecule inhibitors (Pore et
al., 2010). The second strategy is more promising. These small molecule
inhibitors are designed to bind the hydrophobic groove of anti-apoptotic Bcl-2
proteins in place of BH3-only proteins; they are so called BH3-mimetics (Kang &
Reynolds, 2009).

ABT-737, one of the most promising BH3 mimetics, was discovered using
nuclear magnetic resonance (NMR)-based screening, parallel synthesis and
structure-based design and was found to be an inhibitor of the anti-apoptotic
proteins Bcl-2, Bcl-xL and Bcl-w, with a high affinity (Oltersdorf et al., 2005).
ABT-737 showed efficacy in lymphoma and small-cell lung carcinoma lines and
in animal models (Oltersdorf et al., 2005; Hann et al., 2008). Synergistic
interactions between ABT-737 and TRAIL have also been observed in tumour
cell lines including NSCLC (Song et al., 2008).

ABT-263 is an oral derivative of ABT-737 with improved pharmacological

properties which showed complete tumour regressions when administered
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orally in xenograft models of SCLC and acute lymphoblastic leukaemia (Tse et
al., 2008). Phase | studies of ABT-263 in SCLC and other solid cancers showed
a safe and well tolerated profile of the drug and some encouraging data with
one SCLC patient having stable disease for more than 2 years (Gandhi et al.,
2011). Phase Il studies of ABT-263 as monotherapy has shown limited activity
in SCLC and it was suggested that future studies should focus on combination
treatments (Rudin et al., 2012). Results from a recent Phase | study combining
ABT-263 with gemcitabine showed stable disease in 54% of the patients and
the combination to be generally well tolerated with a favourable safety profile in

patients with advanced solid tumours (Cleary et al., 2014).

1.5 Preclinical Models

Critical reviews on drug development rates from 1964 to 2000 estimated less
than 11% success rate in bringing a drug to the market in the US and Europe
(Astashkina et al. 2012). As a result, millions of pounds have been wasted in
the drug development process because the current preclinical models simply

fail to accurately predict drug performance in vivo.

1.5.1 Cell Lines

It has been shown that tumour derived cell lines maintain the genomic features
of primary tumours (Sharma et al., 2010) and can be potentially useful in drug
screening. The CMT1000 platform is a human tumour cell line platform that
includes ~1200 cell lines and is being used to study the genetic basis for
sensitivity to anticancer drugs that are either already approved or under
investigation. Using this platform it became evident that genetically defined
cancer subsets, regardless of the tissue of origin, associate with specific kinase
inhibitors (Sharma et al., 2010; McDermott et al., 2007).

There are more than 200 established lung cancer cell lines that have made a
substantial contribution to translational research (Gazdar et al., 2010). For

example it has been shown, using cell lines, that sensitivity to an ALK inhibitor
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correlated with ALK-activating chromosomal translocations which have a 3-7%
frequency in NSCLC (McDermott et al., 2008).

Cell lines have obvious advantages such as their widespread availability, the
ease of culturing and the fact they represent a pure population of tumour cells
(Gazdar et al., 2010). Nevertheless, testing drugs in cultured cell lines is not the
best way to reflect the situation with in vivo tumours. Cell lines growing on a

monolayer on a plastic dish have little similarities with physiological conditions.

1.5.2 Mouse Models

Most of the pharmaceutical industries assess the efficacy of novel drugs on
human tumour xenografts established from human tumour cell lines on mice.
One of the problems with these models is the inability to represent the tumour
heterogeneity evident in cancer patients (Heyer et al., 2010; Daniel et al., 2009)
resulting in poor predictive capability. This is emphasised by the fact that many
candidate anticancer agents that show great potential in xenograft models, have
been disappointing in the clinic. This topic was recently reviewed by Mak and
colleagues (Mak et al., 2014). Noteworthy examples include drugs TGN1412
(humanized agonistic anti-CD28 monoclonal antibody developed for the
treatment of immunological diseases and certain cancers) and IPI-926
(Hedgehog pathway antagonist) both of which showed great potential in
xenograft models but failed to do so in human trials (Mak et al., 2014). In fact,
TGN1412 caused catastrophic systemic organ failure in patients; even though it
was administered at a dose 500 times lower than that found safe in animal
studies (Mak et al., 2014).

Novel approaches for modelling cancer in mice (reviewed in (Malaney et al.,
2014; Khaled & Liu, 2014; Heyer et al., 2010; Hayes et al., 2014)
include patient derived xenografts (PDXs) which are based on the transfer of
primary tumours directly from the patient into a non-obese diabetic/severe
combined immunodeficient (NOD/SCID) mouse (Siolas & Hannon, 2013).
Tumours can be engrafted heterotopically (implantation into the subcutaneous
flank of a mouse) or orthotopically (direct grafting to the mouse organ of
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choice). Orthotopic PDX models, even though more challenging to create, show
better predictability of clinical outcome (Siolas & Hannon, 2013).

In a pilot study of advanced cancer patients, PDX models from 14 patients were
used to test 63 drugs (Hidalgo et al., 2011). Nine out of eleven patients that
were given the PDX identified regimens, showed durable partial remission
reflecting a high correlation between drug activity in the model and clinical
outcome (Hidalgo et al., 2011). Another PDX study from NSCLC patients
showed consistent results with clinical trials, when PDX models with EGFR
activating mutations showed response to gefinitib whereas KRAS mutants were
resistant (Zhang et al., 2013). Nonetheless, PDX models are very costly and
take a long time to set up (Siolas & Hannon, 2013). Another problem with PDX
models is the lack of tumour cell interactions with the innate immune system

since they are implanted into immunodeficient mice (Siolas & Hannon, 2013).

To this end, Genetically Engineered Mouse Models (GEMMs) have a fully
functional immune system and they mimic spontaneous tumourigenesis (Heyer
et al., 2010; Singh et al., 2012). Treatment of chimeric GEMMs of NSCLC with
an EGFR mutation or a KRAS mutation with an EGFR inhibitor resulted in near
complete tumour regression and no response to the treatment, respectively,

accurately reflecting previous clinical observations (Zhou et al., 2010).

There is a new concept stated as a “Co-clinical Trial” which refers to trials that
are conducted simultaneously in GEMMs and human patients as part of Phase
I/l trials for drug development (Nardella et al., 2011). A co-clinical trial of lung
cancer has already shown promising results and identified predictive genetic
biomarkers (Chen et al., 2012). In this study, GEMMs were used to conduct a
co-clinical trial which mirrored an ongoing human clinical trial in patients with
KRAS-mutant lung cancers to determine if the MEK inhibitor selumetinib
(AZD6244) increases the efficacy of docetaxel, a standard of care
chemotherapy (Chen et al., 2012). It was previously shown that concomitant
loss of tumour suppressors TP53 or LKB1 impaired the response of KRAS-
mutant cancers to docetaxel monotherapy. Therefore, the combination
treatment on GEMMs with mutated KRAS, KRAS+TP53 and KRAS+LKB1 was

tested and it was found that the addition of selumetinib provided substantial
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benefit for mice with lung cancer caused by KRAS and KRAS and TP53
mutations, but mice with KRAS and LKB1 mutations had primary resistance to

this combination therapy (Chen et al., 2012).

To conclude, there are some exciting new mouse models that have shown
better predictability of drug response in cancer. However, these models are
quite expensive to set up plus require laborious and time-consuming
procedures. Furthermore, we have to keep in mind that we are ultimately
dealing with a different species and it should not necessarily be implied that
information found using mice models will always accurately translate to

humans.

1.5.3 3D culture models of human tumours

Three-dimensional culture models of human tumours provide an easier, less
expensive and less time-consuming approach to preclinical modelling since
they can reliably reflect tumour growth in vivo (Pampaloni et al., 2007). There
are various 3D culture systems being evaluated for this purpose such as
multicellular tumour spheroids (MCTS), ex vivo tissue slices (Vaira et al., 2010)

and HDRA (histoculture drug response assay; Hoffman, 1993).

MCTS systems offer an evolving tool to model the heterogeneity and
microenvironmental aspects of in vivo tumour growth and they have been
shown to have greater chemotherapeutic resistance than the same cells in
monolayer cultures (Fennema et al., 2013), which reflects the situation in the
clinic. A novel 3D co-culture model using NSCLC cell lines in combination with
lung fibroblasts has allowed the investigation of tumour-stroma interactions and
has the potential to be used in the cancer drug discovery field since they can be

grown in an automated way (Amann et al., 2014).

One other promising technique is the culturing of ex vivo tissue slices. Such
models have been long known and have been used for studying the toxicities of
many compounds such as the herbicide paraquat for example in a lung slice
system (Parrish et al., 1995). Tissue slices used to be prepared by a
mechanical slicing apparatus to produce slices of identical dimensions in order

to have constant rates of nutrient and gas diffusion and were placed on a grid in
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a plate (Parrish et al., 1995). This technique was improved for use in analysing
anticancer agents on tissue slices of human tumours. For example one study
used precision cut tissue slices of surgically resected hepatocellular carcinoma
to analyse the effects of COX2 inhibition (Kern et al., 2006).

A different, more recent study reported using various human tumour tissues,
immediately after harvesting from surgery, to cut tumour slices and culture up to
120h with no significant decrease in proliferating cells as assessed by Ki-67
iImmunostaining after fixing the tissues. The effect of a PI3K inhibitor LY294002
on some of the samples was examined and showed dose dependent tumour
inhibition (Vaira et al., 2010).

In a different culture approach, one study from 1986 showed human tumours
(64/89) obtained immediately after surgery could grow in vitro for long periods
(up to >100 days) and still maintain their in vivo properties such as tissue
organisation, preservation of differentiated function as well as growth of multiple
types of cells from a single tumour (Freeman & Hoffman, 1986). In this study,
specialised collagen gel from pigskin was used to culture tumour fragments of

~1mms3 (Freeman & Hoffman, 1986).

Researchers began optimising this technique further to use in drug testing and it
was subsequently called HDRA (Vescio et al., 1987; Vescio et al., 1991). One
study reported 86% accuracy in vitro of predicting drug resistance in vivo when
using various chemotherapeutic drugs (Vescio et al.,, 1991). In 1995, a
correlative clinical trial with 107 advanced gastric cancer and 109 advanced
colorectal cancer patients took place. From them, 208/216 (96.3%) were
evaluated by HDRA with an MTT endpoint (Furukawa et al., 1995). After
surgery, 38 patients were evaluated for comparison of the effects of
chemotherapy in the HDRA with clinical outcome. Twenty-nine patients treated
with drugs that were shown to be ineffective in the HDRA, and all 29 cases
showed clinical chemoresistance (Furukawa et al., 1995). In nine patients
treated with drugs shown to be effective in the HDRA, six showed clinical
response and three showed arrest of disease progression (Furukawa et al.,
1995). Therefore they reported a correlation rate of HDRA to clinical drug

sensitivity response of 92.1% (35/38 patients).
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A number of studies followed up with this technique in NSCLC and most of
them showed good predictability rates (Yoshimasu et al., 2005; Yoshimasu et
al., 2003; Tanahashi et al., 2008; Yoshimasu et al., 2007; Hayashi et al., 2009).
One of the disadvantages with this technique is the end point used to assess
drug response, the MTT (3-(6)-2, 5-diphenyl tetrazolium bromide) assay as this

requires enzymatic digestion of tissue.

Pirnia et al. used a modified version of the HDRA with 20 NSCLC patient
tumour samples whereby they cultured tumour tissue fragments for up to 120h
and treated them with mitomycin C, taxotere and cisplatin (Pirnia et al., 2006).
In their technique they used Alamar blue to assess the drug responses which
allows cytotoxicity to be measured without processing the tissue cultures. They
were able to fix and analyse the samples with immunohistochemistry (Pirnia et
al., 2006).

Professor MacFarlane’s group (MRC Toxicology Unit, Leicester) recently used
ex-vivo explant cultures with IHC as an end point to examine the response of
breast carcinomas in situ to the cytotoxic ligand TRAIL, and found that primary
explants were more predictive than tumour-derived cell line cultures (Twiddy,
D., et al., 2010-poster abstract). They found that most of the tumour cell lines
were sensitive to TRAIL-induced apoptosis whereas Invasive Ductal Carcinoma
(IDC), which is the most common breast cancer form, required the addition of
an appropriate sensitizing agent such as doxorubicin for apoptosis to occur
(Twiddy, D., et al., 2010-poster abstract).

1.6 Aims and Objectives

The aim of this PhD was to establish a primary NSCLC explant culture system
based on the previous breast cancer explant culture system established by
Prof. MacFarlane’s laboratory (Twiddy, D., et al., 2010-poster abstract) to test
the efficacy of existing drugs as well as novel drug combinations. This was
combined with stratification by tumour genotype and analysis of the signalling
pathway output, with the aim of identifying predictive biomarkers.
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The specific objectives of the project by chapters are:
Chapter 3. Patients’ Demographics
o Age, Sex, Stage of Disease, Mutation status.
Chapter 4. Development of an explant culture system for NSCLC samples

e Evaluation of the best way to analyse data and to present the results.
e Optimisation of the explant model for NSCLC samples by testing
different foetal calf serum (FCS) concentrations and assessing

varying culture times.
Chapter 5. Testing the response of ex-vivo NSCLC explants to cisplatin.

e Correlate responses to clinical information on patient outcomes if
possible.
e Test whether response to cisplatin correlates with p53 expression.

e Confirmation of cisplatin accumulation in explants by LA-ICP-MS.

Chapter 6. Assessment of responses to new agents: Targeting MAPK and PI3K

signaling pathways.

e Determine the responses of explants to PD184352 (MEK inhibitor)
and LY294002 or GDC401 (PI3K inhibitor) singly and in combination.

e Correlate response to mutations in key components of the pathway
including KRAS, EGFR, BRAF and PI3K.

e Determine effect of inhibitors on pathway outputs by assessing P-
ERK and P-AKT staining.

e Correlate responses to available clinical data on clinical trials with

these agents in the literature.

Chapter 7. Assessment of responses to new agents: Targeting non-oncogene

addicted cell death pathways.

e Determine the responses of explants to TRAIL and ABT-737, singly and
in combination, and in the presence and absence of cisplatin.
e Correlate responses to available clinical data on clinical trials with these

agents in the literature.
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2. MATERIALS AND METHODS

2.1 Ex-vivo Explant Culture Model

2.1.1 Collection of Tissue

NSCLC tumour and adjacent normal samples were collected from consented
patients undergoing lung surgery at Glenfield hospital by Will Monteiro and
Hilary Marshall (Department of Infection, Immunity and Inflammation, University
of Leicester) under the supervision of pathologist Dr Salli Muller with Ethical
Approval (UHL 10402- Molecular and Functional Mechanisms of Human Lung
Disease, Pl: Prof A. Wardlaw) (see appendix for ethics documentation). The
patients had no prior exposure to chemotherapy. Surgical segments were taken
from patients that had an excised tumour greater than 3cm in diameter and they
were sampled from the centre of the tumour to avoid risking any surgical margin
diagnosis by pathology. The tissue was kept in Hank’s Balanced Salt Solution
(HBSS) media on ice and was collected fresh, shortly after the surgery had
taken place. The samples were transferred to the MRC Toxicology Unit and
were processed in a specified Primary Cell Culture Facility in a Class 1l Hood. A
total number of 60 samples were collected throughout this project. A table

summarising the patients’ details can be found in the Appendix.

A detailed paper trail was kept for each sample for ethical reasons (see

appendix for example of form completed for each sample).

2.1.2 Processing of the tissue

Samples were cut into fragments, portions were weighed, recorded and kept in
appropriate storage conditions for eventual generation of protein lysates, RNA
extracts and DNA extracts. A portion was also fixed in 4% PFA (4% [w/V]
paraformaldehyde, 80mM NaHPO,, 20mM NaH,PO,) for histological
examination and a portion was used to set up ex-vivo explant cultures

whenever possible, as described below. The tissue fragments stored for
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eventual generation of protein (kept at -80°C) and RNA (kept in 1ml RNA later®
at -20°C) from the samples was not used for this project but were stored for

future research.

2.1.3 Ex-vivo Explant Cultures

The ex-vivo explant culture model for NSCLC (see Figure 2.1 for an illustrative
overview of the model) was based on previous work on breast explant cultures

by Professor McFarlane’s group (Twiddy et al., 2010-poster abstract).

2.1.3.1 TISSUE PROCESSING AND TREATMENT

Samples were cut using two skin graft blades (Fisher Scientific, UK) on a dental
wax surface (Agar Scientific, UK) into small fragments of approximately 2-3
mm3. The explants were placed in fresh culture media [DMEM (GIBGO,
supplemented with 4.5 g/L Glucose and L-Glutamine) + 1% (v/v) FCS + 1%
pen/strep]. Nine explants were randomly selected and placed on a Millipore
organotypic culture insert disc of 0.4um using forceps, which was floated on 1.5
ml of media in 6 well plates. The explants were then left to recover at 37°C and
5% CO, overnight (see Figure 2.1). The following day, 1.5 ml of fresh media
was added in newly labelled 6-well plates and different drugs at various
concentrations were added to each well (see Table 2.1 for a list of therapeutic
agents used in this study) in a volume of 1.5ul. The culture inserts containing
the explants were carefully transferred into the new 6-well plates containing the
drugs using forceps. The explants were then incubated for a period of 24 hours,
48 hours or 72 hours at 37°C and 5% CO..
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Table 2.1. Therapeutic agents used in this study.

Final

Constituted

Drug concentration Source in Storage
LY294001 10,20,50 uM New England Biolabs, USA DMSO 220 °C
#9901
GDC-0941 5,10,20 pM Selleck Chemicals, USA (s1065) DMSO -20°C
U0126 510,20 uM Cell Signalling, USA #9903 DMSO -20°C
PD184352 5,10,20 uM Dr Simon Cook, Babraham DMSO Room
Institute, UK temperature
TRAIL lpg/mi Prof Marion McFarlane, MRC DMSO -80 °C
Toxicology Unit, UK
ABT-737 2,10 yM Selleck Chemicals, USA (s1002) DMSO -20°C
Cisplatin | 1,10,50 uM Sigma-Aldrich, UK (P4394) DMF el
— ' temperature
: Prof. Richard Marais, Institute of Room
Sorafenib 51020 uM Cancer Research, UK DMSO temperature
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2.1.3.2 FIXATION AND EMBEDDING

After the treatment, the culture inserts containing the explants were carefully
washed with PBS (Phosphate Buffered Saline) and transferred into new 6-well
plates containing 1ml of 4% PFA. A few drops of the fixative were also put on
top of each culture insert. The fragments were left in the solution for 20 hours.
The explants were then carefully transferred onto sponges (rectangular
25x31mm, Fisher Scientific, UK) which were pre-soaked in 70% Ethanol, placed
in cassettes (Electron Microscopy Sciences, UK) and kept in a container in 70%
(v/v) Ethanol until the end of each experiment. They were then transferred to
the Histology facility of the Core Biotechnology Services (HCBS) located at the
Department of Cancer Studies, RKCSB, University of Leicester where the
explants were carefully embedded into paraffin. Care was taken to ensure
orientation of the explants was intact (see Figure 2.1). It was arranged such that
the side that was closest to the media on the culture discs was placed down into

the wax.

Lung tissue explant sections were cut from formalin fixed paraffin embedded
(FFPE) blocks by the HCBS staff and placed on untreated slides into 4um slices
using a microtome and Haematoxylin and Eosin (H&E) stained using an

automated machine by HCBS.

2.1.3.3 IMMUNOHISTOCHEMICAL STAINING

Lung explant sections were cut from the FFPE blocks into sections of 4 um and
mounted onto vectabond-treated slides (VectorLabs, UK) by HCBS. After air-
drying in a 37 °C incubator overnight, the slides were ready to use. To facilitate
de-waxing, the sections were put in a plastic rack and heated to 65 °C for 10
minutes and then immersed in xylene twice for 3 minutes each time. Next, they
were rehydrated in 99% IMS twice for 1 minute, 95% (v/v) IMS for a further
minute and soaked in slow-running tap water for 5 minutes. The rehydrated
slides were immersed in a 500ml microwavable plastic container in 1x Citrate
Buffer (10mM Sodium Citrate, pH 6.0) and microwaved for 20 minutes at 750W.
The slides were then allowed to cool down for 20-40 minutes. The Novolink™

Polymer Detection system (Nakane & Pierce, 1966; Tsutsumi et al., 1995) kit
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supplied by Leica Microsystems (Milton Keynes, UK) was used for all the
immunohistochemical staining of slides in this study.

Following the antigen retrieval, slides were placed on a tray and incubated in
peroxidase blocking solution [3—4% (v/v) Hydrogen peroxide] for 5 minutes to
neutralise any endogenous peroxidase activity. Samples were then washed in
TBS (Tris-buffered saline, pH 7.6) twice for 3 minutes each time. Next, a protein
blocking solution (0.4% Casein in phosphate-buffered saline, with stabilizers,
surfactant, and 0.2% Bronidox L as a preservative) was added onto each
section for 5 minutes to reduce non-specific binding, followed by two washes in
TBS for 3 minutes each time. The diluted antibody solutions were added onto
the slides (~100ul per slide) and incubated overnight at 4 °C. The primary
antibodies used (Table 2.2) were diluted in blocking solution made with 3%
Bovine Serum Albumin (BSA), 0.1% (v/v) Triton X-100 (Fisons, UK) in TBS to
provide the highest quality of specific binding of the antibodies on the tissue. A

no primary antibody control slide was included each time.

After incubation with each primary antibody, the slides were washed in TBS
twice for 3 minutes, incubated with post primary blocking solution [Rabbit anti
mouse 1gG (<10 pg/mL) in 10% (v/v) animal serum in TBS/0.09% ProClin™
950] for 30 minutes and washed again in TBS twice for 3 minutes. The post
primary block solution is used to detect mouse immunoglobulins by rabbit anti-
mouse antibodies. The slides were then incubated with the Novolink Polymer
[Anti-rabbit Poly-HRP-IgG (<25ug/mL) containing 10% (v/v) animal serum in
TBS/0.09% ProClin™ 950] for 30 minutes. The polymer recognises rabbit
immunoglobulins and therefore detects any post primary and any tissue bound
rabbit primary antibodies. The polymer creates HRP-linker (horse-radish
peroxidase) antibody conjugates which can be visualised when the sections are
incubated with the Novolink DAB substrate buffer and DAB chromogen (1.74%
w/v 3, 3’- diaminobenzidine, in a stabilizer solution). The reaction with the
peroxidase produces a brown precipitate allowing visualisation of the staining.
After washing in water, the sections were counter-stained with haematoxylin for
30 seconds and after serial dehydrating of the slides (95% IMS, 99% IMS and
xylenes), they were mounted onto coverslips using DPX mounting solution. The
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result of the staining was viewed under a LEICA DM 2500 microscope and
photographed with a LEICA DFC 420 camera.

Table 2.2. Antibodies used in this study

Antibody Species Dilution | Source
Phospho-Akt (serd73) Rabbit (monoclonal) 1:100 Cell Signaling #4060S
Phospho-p44/42 Mapk Rabbit (polyclonal) 1:400 Cell Signaling #9101S
Cleaved PARP [E51] Rabbit (monoclonal) 1:6000 Abcam ab32064
Ki-67 Clone MIB-1 Mouse (monoclonal) 1:2000 DAKO M7240
Cytokeratin Clone MNF116 Mouse (monoclonal) 1:5000 DAKO M0821

P53 (DO1) Mouse (monoclonal) 1:1000 Gift from David Lane
P21 [EA10] Mouse (monoclonal) 1:50 Abcam ab16767

2.1.4 Analysis of Stained Sections

For quantifying the results of the nuclear staining with cleaved PARP and Ki-67
antibodies, images of the tumour explants in each slide were taken at 10x
magnification (see Figure 2.2.A for illustration). Adobe Photoshop CS5.1 was
used to photo-merge each image of each explant together (see Figure 2.2.B for
illustration- File> Automate> Photomerge> Layout=Reposition/Blend images
together) using overlapping images of each explant. Each picture represented
one tumour explant fragment of which the tumour area was measured using
ImageJ (Schneider et al., 2012). Areas of necrosis (contiguous or overlapping
cells with cleaved parp staining) were measured separately and were excluded
from the tumour area. Also, as far as possible, stroma cells or inflammatory
cells were removed from the pictures using ImageJ (see Figure 2.2.C for
illustration). The ratio of the labelling index was analysed using ImmunoRatio
(Tuominen et al., 2010) which is a publicly available ImageJ plug-in for
guantitative image analysis (see Figure 2.2.D for illustration). The parameters of

the program were adjusted depending on the exposure of the images (blue
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threshold adjustment ranged from 0 to -40 and brown threshold adjustment
ranged from +10 to -30).

Finally, one additive number was obtained which represented all the staining
from one slide and also had taken into account the area of the tumour cells for
each explant on the slide. Because the tumour content and size of each explant
is different, a bias could be introduced if the tumour area was not introduced in
the calculations. Therefore the labelling index ratio of each explant on the slide
was multiplied by its area to obtain a nhumber from each available explant for
each particular condition/treatment, which, when added together, represented

all the staining in each slide.
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Figure 2.2. Analysis of
stained sections. A)
Pictures of the staining
were taken at  10x
magnification. B) Images
from each piece were
photo-merged together
using Adobe Photoshop
CS5.1. C) Stroma and
inflammatory cells were
removed from the image as
far as possible and the
tumour area was measured
using Image J. D) The
staining of the tumour cells
was quantified with
ImmunoRatio.
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2.1.5 Representations of the Data

Three different ways were used to present data and graphs were created in
GraphPad Prism 6.0 or Microsoft Office Excel 2010.

A) Separate graphs. Three different graphs (see Figure 2.3 for a graphic

example).

There are three separate graphs for three separate variables in this type of

representation:

- Ki67: each point on the graph represents all the staining of tumour cells
from each explant.

- Apoptosis: each point on the graph represents all the nuclear cleaved
PARP staining of tumour cells from each explant.

- Necrosis: each point on the graph represents all the necrotic area as a
percentage of the total from each explant.

In this type of representation, we can see the intra-tumour differences between

tissue fragments from one condition.
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Figure 2.3. Separate graphs - 3 different graphs.
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B) Combined graph (see Figure 2.4 for a graphic example). This graph contains

three variables:

- Ki67: This value represents the percentage of the Ki67 positive tumour
cells out of all tumour cells present in each condition/slide; added
together taking into consideration the tumour area.

- Cleaved PARP: This value represents the percentage of the cleaved
PARP nuclear stained positive tumour cells out of all tumour cells present
in each condition/slide added together taking into consideration the
tumour area.

- Necrosis Area: Represents areas judged necrotic as a measure of

cleaved PARP leakage from each slide.
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Figure 2.4. Combined graph.

69



Chapter 2 Materials and Methods

C) Pooled cases Graph - two different graphs (see Figure 2.5 for an example).

To simplify the response from one treatment across a range of samples the

apoptosis can be combined with necrosis to give one value for cell death.

Cell Death = Apoptotic Area (Area for cleaved PARP x % cleaved PARP
staining) + Necrotic Area

There are two variables: Ki67 and Cell Death in two separate graphs
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Figure 2.5. Pooled cases Graph - two different graphs.
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D) Area Graph (see Figure 2.6 for an example)

The area of the tumour between conditions is sometimes different and it should

be represented to show how powerful an observation is.
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Figure 2.6. Tumour area graph. The tumour area used to measure the Ki67 and
cleaved PARP staining is shown in green and red respectively. The necrotic
area measured is shown in black.
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2.2 DNA Isolation and Genotyping

2.2.1 Extraction of genomic DNA from fresh tissue or cell lines

Purification of genomic DNA was achieved by extraction with phenol:
chloroform: isoamyl alcohol (25:24:1) solution according to the manufacturer’s
instructions (Sigma-Aldrich, UK). Lung tissue was lysed in 0.05M Tris pH8/0.1%
SDS buffer (+ 0.5mg/ml Proteinase K) overnight at 60°C. An equal volume of
phenol: chloroform: isoamyl alcohol (25:24:1) was added to the samples and
then centrifuged at 13,000 rpm for 5 minutes. The upper layer containing DNA
was carefully pipetted and transferred into new microcentrifuge tubes. An equal
volume of chloroform: isoamyl alcohol (24:1) was added to the samples to wash
the phenol out and the samples were centrifuged at 13,000 rpm for 5 minutes.
The upper layer containing DNA was carefully pipetted and transferred into new
microcentrifuge tubes. The DNA was precipitated by adding one-tenth volume
of 1 M NaCl and three volumes of ice cold absolute ethanol. Resultant solutions
were mixed briefly by hand for a few seconds. The samples were then
centrifuged for 10 min and after carefully removing the supernatant, the DNA
pellets were washed in 70% (v/v) ethanol. Finally, the DNA pellets were
centrifuged again, air-dried and re-suspended in 150 yl of 1xTE (Tris at pH 9.0,
EDTA) and stored at 4°C.

2.2.2 Extraction of genomic DNA from FFPE tissues

FFPE tissue sections were de-waxed and rehydrated using the same method
as described in 2.2.1. Tissues were carefully scraped off the slide using a
pipette tip and they were re-suspended in 500 pl Tris pH8/0.1% SDS + 25 pl of
Proteinase K (10mg/ml) and digested at 56°C for three days. 25 pul of Proteinase
K were added each day to assist protein digestion. The same method described
in 2.2.1 was then used to extract the DNA using the phenol-chloroform method.
Some differences were introduced because of the small amounts of DNA
present in FFPE tissues. At the step where the precipitation of DNA occurs by
adding the NaCl and ethanol, the tubes were left to incubate at -20°C overnight

to increase the amount of precipitated DNA to the maximum. The samples were
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then centrifuged at 13000rpm for 15 minutes at 4°C and again washed with
70% (v/v) ethanol and re-centrifuged. The pellets were air-dried and re-
suspended in 50ul of TE.

2.2.3 Quantification of DNA

The concentration of DNA was determined using the NanoDrop
Spectrophotometer ND-1000 (NanoDrop Technologies, USA). 1yl of DNA was
loaded onto the pedestal and absorbance was measured at A260 and A280 nm.
The purity of the samples was verified by comparing the absorbance values at
260 and 280 nm with pure DNA having an A260/280 anticipated ratio of ~1.8.

2.2.4 Oligonucleotide primers and probes for mutation analysis

All primers and probes were designed in house using web-based programs
such as Primer 3 and the Primer Express version 3.0 from Applied Biosystems.
The primers (Sigma-Aldrich, UK) were used at a working concentration of 10
pm/pl. The probes (Applied Biosystems, USA) were Tagman® and were
designed to recognise common point mutations in some key genes as found in
the Catalogue of Somatic  Mutations in  Cancer (COSMIC-

http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/) database. Most of

the primers and probes used in this study (Table 2.3) were designed and
validated by past members of Dr Howard Pringle’s lab, Department of Cancer
Studies, University of Leicester. The primers and probes for the EGFR exon 19
deletions were designed according to this study (Endo et al., 2005) and they
were intended to identify some of the most common deletions of exon 19 of
EGFR according to the COSMIC database.

The probes were labelled with different reporter dyes at their 5’ end, the wild-
type probes were VIC™ labelled and the mutant probes were FAM™ labelled.
Each probe also had a minor groove binder (MGB) and a non-fluorescent
quencher at their 3" end. The MGB increases the stability of the probes (Afonina
et al, 1997). The Tagman principle (Figure 2.7) is that on an intact probe, the

guencher prevents the reporter dye to fluorescence. When the probe hybridizes
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to the target sequence, DNA polymerase extends from the primer to the probe

and cleaves it with its 5’ nuclease activity. This separates the quencher and the

dye, resulting in fluorescence by the reporter dye. Therefore, the fluorescence

signal generated in a PCR reaction is proportional to the amount of product

formed.
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Figure 2.7. The Tagman Principle.
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Table 2.3. Primers and Probes used in this study.

Mutation Description Sequence Label
Forward 5-GCAATTTCTACACGAGATCCTCTCT-3' None
PIK3CA
Reverse 5-CATTTTAGCACTTACCTGTGACTCCAT-3’ None
G1663A Wild-type 5-TGAAATCACTAAGCAGGA-3’ VIC
Mutant probe | 5-ATCACTGAGCAGGAGAA-3’ FAM
Forward 5-CAAGAGGCTTTGGAGTATTTCATG-3’ None
PIK3CA Reverse 5-TGTTTAATTGTGTGGAAGATCCAATC-3' None
A3140G Wild-type 5-ATGCACGTCATGGTG-3’ VIC
Mutant probe | 5-ATGCACATCATGGTGG-3' FAM
Forward 5-TCATGAAGACCTCACAGTAAAAATAGGT-3' | None
BRAF
Reverse 5-ATCCAGACAACTGTTCAAACTGATG-3’ None
V600E Wild-type 5-TAGCTACAGTGAAATC-3’ VIC
Mutant probe | 5-TAGCTACAGAGAAATC-3’ FAM
Forward 5-AGGCCTGCTGAAAATGACTGA-3’ None
KRAS Reverse 5-TGTATCGTCAAGGCACTCTTGC-3' None
Wild-type 5-CTACGCCACCAGCTC-3 VIC
34G>T,C,0rA Mutant probe | 5-TACGCCACDAGCTC-3’ FAM
35G>T,C,0rA Mutant probe | 5-TACGCCADCAGCTC-3' FAM
38G>A Mutant probe | 5-CTACGTCACCAGCTC-3’ FAM
Forward 5-CCCAGAAGGTGAGAAAGTTAAAATTC-3’ None
EGFRexon 19 Mooverse 5-AGCAGAAACTCACATCGAGGATT-3 None
Wild-type 5-AGGAATTAAGAGAAGCAACATCT -3’ VIC
Del2235-2249, | Mutant probe | 5'- CTATCAARACATCTCCG-3’ FAM
Del2236-2250
Del2240-2254 Mutant probe | 5- ATCAAGGAATCTCCGAAAGC-3’ FAM
, , FAM
Del2240-2257, Mutant probe | 5- CTATCAAGGAAYCGAAAGC -3
Del2239-2256
Forward 5-AACACCGCAGCATGTCAAGA- 3’ None
Reverse 5-CCGCACCCAGCAGTTTG-3 None
EGFR T2573G :
Wild-type 5- ACAGATTTTGGGCTGG- 3’ VIC
5- CAGATTTTGGGCGGG- 3’ FAM

Mutant probe
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2.2.5 Quantitative PCR (qPCR)

The primers and probes were used to test for mutations in DNA from the lung
samples. Each PCR reaction was set-up on ice and consisted of: 3 ul DNA
(10ng/reaction), 5 yl TagMan Genotyping Master Mix (Applied Biosystems, UK),
0.6 pl of forward and reverse primers; 0.2 yl of wild-type probe (VIC) and 0.2 pl
of mutant probe (FAM) and 0.4 ul of sterile Ultra Pure H.O, making up a total
reaction volume of 10 ul. Each sample was performed in duplicate. In addition
to the samples, a positive control for mutated or wild-type DNA (Table 2.4) was
included for each probe set on every plate, along with a no template control
(NTC) to assess whether genomic DNA contamination occurred during the PCR
set-up. Plates were spun at 3000rpm for 30 seconds before the reaction. All
reactions were performed on the Step-One thermal cycler (Applied Biosystems,
USA) in the conditions shown in Figure 2.8. PCR reactions consisted of 40
cycles of 15 seconds denaturation at 95 °C and annealing and extension
temperature for 1 minute. This temperature step varied between different

probes according to each probes’ annealing temperature (Table 2.4).

Holding Stage Cycling Stage
i
1
1
1
1
95°C i 95°C
10:00 i 00:15
1
50°C ! Variable °C
1
1
02:00 : 01:00
1
1
1
!

Figure 2.8. PCR Conditions.
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Table 2.4. Mutation Probes Controls and Annealing Temperature.

Gene Mutation/ Deletion Positive Wild-Type Annealing
Control Control Temperature
KRAS 34G>T, Cor A H358 Tonsil 63 °C
35G>T, Cor A SW480 Tonsil 61°C
38G>A HCT116 Tonsil 64 °C
PIK3CA | G1633A MCF7 Tonsil 60°C
A3140G HCT116 Tonsil 62°C
EGFR T2573G H1975 Tonsil 57°C
Del2235-2249, Del2236- | HCC827 Tonsil 61°C
2250
Del2240-2254 EGFR19D2 Tonsil 63°C
+ve
Del2240-2257, Del2239- | EGFR19D3 Tonsil 62°C
2256 +ve
BRAF T1799A Skmel5 Tonsil 60°C

2.3 Statistical Analysis

For statistical analysis of the IHC results, for unpaired samples the Mann-
Whitney non parametric test was used. For paired samples, the Wilcoxon
matched paired rank test was used when comparing two values only and the
Friedman test was used when comparing more than two values. Correlations
were investigated by Spearman’s rho test. Trend analysis for matched samples
was investigated by Page’s L non-paramateric test manually using an excel
MRC

cbu.cam.ac.uk/statswiki/FAQ/pagesL). All other statistics were performed in

spreadsheet from (http://imaging.mrc-

GraphPad Prism 6.0. P values of <0.05 were considered statistically significant.
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Chapter 3 Patients’ Demographics

3. PATIENTS’ DEMOGRAPHICS

3.1. Introduction

This chapter summarises the demographic data, histology and mutation status
of the patients’ samples. All the information regarding the patients was taken
from the official histopathology report submitted for each patient by consultant

pathologists working at Leicester Hospitals, unless otherwise stated.

3.2. Results

From March 2010 to November 2013, 60 tumour samples were collected from
consented patients undergoing lung surgery at Glenfield Hospital in Leicester.
Ex-vivo explant culture models were set up, when possible, immediately after
surgery. For samples not collected on the same day as surgery, explants were
not derived but the samples were processed for histological examination and
DNA extraction.

3.2.1 Demographics

There were 34 male patients and 26 female patients giving a ratio of 57% and
43% respectively (see Table 3.1 and Figure 3.1). The median age of the
patients was 71; with a range of 43 to 85 years old (see Table 3.1 and Figure

3.1). The majority of the patients were between 60 and 79 (75%).

3.2.2 Smoking History

Smoking history is known for 44 out of the 60 patients (see Table 3.1 and
Figure 3.1). From these 44 only 3 patients were recorded as non-smokers. The

rest were either ex-smokers (25/44) or current smokers (15/44).
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Table 3.1 Patients’ Characteristics.

Characteristic Number Usable
(N = 60) explants
(N=21)

Sex
Male 34 11
Female 26 10

Age
Median 71 70
Range 43-85 54-85

Age Groups
40-49
50-59
60-69
70-79
80-89

~NN P NP
©
W o N O

Smoking History
ex-smoker 25
smoker 15
non-smoker 3
unknown 16

o

O, NP

Histology
Adenocarcinoma 28
Squamous Cell Carcinoma 24
Large Cell Carcinoma
Adenosquamous
Atypical carcinoid tumour
Metastatic colorectal

o

P NN W
ONOOEKr O

Stages TNM
pT1, pNO, pMX
pT1la, pNO, RO
pT1lb, pNO, RO
pT2, pNO, pMx, RO
pT2, pN2b, pMX, RO
pT2a, pNO, pMx, RO
pT2a, pN1, pMla, RO
pT2a, pN1, pMX, RO
pT2a, pN2, pMX, RO
pT2b, pNO, pMX, RO
pT2b, pN1, pMX
pT2b, pN1, pMla
pT2b, pN2, pMx, RO
pT3, pNO, pMx
pT3, pN1, pMx
pT3, pN2, pMX
pT4, pN1(mi), pM1, Rx
pT4, pN1
Unclear from histopathology report
Stage groups*
1A
1B
A
11B
1A
1B
\
Unknown**

ARPRPRAWORRUURWRRENWRR
FOONNWOONROROMONNEO

WWNEFEOOEREU
~ ($)]
PORFRPONNOW

*Stage groups were given according to the classification of TNM shown in Table 1.2.
**Unknown: could not be deduced because of insufficient information from histopathology
reports.
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Sex Age Groups

40-49
2%

Smoking History

non-
smoker
5%

Figure 3.1. Sex ratio of patients, age group distribution and smoking history.

3.2.3 Histology

The majority of the patients fit into the adenocarcinoma or squamous cell
carcinoma categories (see Table 3.1 and Figure 3.2) with 47% being
adenocarcinoma (28/60) and 40% squamous cell carcinoma (22/60). There
were three patients with Large Cell carcinoma histology, two patients with
atypical carcinoid tumours and two patients with adenosquamous histology.

One of the patients had metastatic colorectal cancer in their lungs.
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Atypical carcinoid . Metastatic
tumour Histolo ay colorectal
3% 2%

Adenosquamous
3%

Large Cell
Carcinoma
5%

Figure 3.2. Histological categories of patients.

Adenocarcinoma histology can be further subcategorised into 5 different
patterns: lepidic, acinar, solid, papillary and micropapillary. In this instance the
majority of the histopathology reports did not categorise samples to their
specific patterns (53%). Of the ones known, 18% were acinar
adenocarcinomas, 11% lepidic, 11% mixed type, 3% papillary and 4% solid

adenocarcinomas (see Figure 3.3).

Adenocarcinoma Subcategories

Acinar
18%

Lepidic
Not 11%
specified

53%

Solid Papillary
4% 3%

Figure 3.3. Adenocarcinoma subcategories.
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3.2.4 Mutation Analysis

DNA was extracted from the majority of the samples (57/60) and mutation
analysis by gPCR was performed for some point mutations in KRAS, PIK3CA,
EGFR and BRAF genes (see section 2.2.4 & 2.2.5 for details). The mutation
analysis was done in collaboration with Callum Rhakit. Figure 3.4 shows a
representative example of the gPCR results. Each sample was always
compared to a mutant and a wild-type DNA control. LT1 has clearly amplified
both the WT and mutant probes indicating to have a heterozygous PIK3CA
G1633A mutation status (Figure 3.4). The ACT shows that only a proportion of
the DNA is mutated (Figure 3.4).

Out of the 57 tumours tested, 15 were found positive (see Table 3.3 for details);
9 had PIK3CA mutations, 4 KRAS and 2 EGFR mutations (see Figure 3.5).
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Amgiification Pt Amgplification Pict

(.1.1]

Figure 3.4. Graphical representation of gqPCR mutation analysis results. The
graphs show the amplifications of the mutant (red) and wild-type (blue)
Tagman® probes in ARn per PCR cycle. Rn is the reporter signal normalized to
the fluorescence signal of a passive reference dye. ARn is Rn minus the
baseline. A) Positive mutant control DNA (PIK3CA G1633A) from MCF7 breast
cancer cell line. B) Wild type control DNA from HCT116 colorectal cell line. C)
DNA from lung tumour sample LT1 showing amplification of the PIK3CA
G1633A probe.

Categorising the mutations by histology showed that the only mutation found in
the squamous cell carcinoma histology was the PIK3CA with a frequency of
21% (see Figure 3.4). In contrast in samples with adenocarcinoma histology, a
range of different mutations was present with KRAS being the most common
(14%), PIK3CA (11%) and EGFR (7%).
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Mutation Analysis

BRAF
r0%

Adenocarcinoma Squamous Cell Carcinoma i

KRAS

Figure 3.5. Mutation analysis in patient cohort (57/60).

The majority of the patients with identified mutations were classified as smokers
or ex-smokers (13/15) with only 2/15 having an unknown status (see Table 3.3
for details).
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Table 3.2 Mutations found in patient cohort.

Sample | Histology Positive Mutation Smoking Sex
History
LT4 Adenocarcinoma KRAS 35G>T,C or A Ex-smoker F
LT9 Adenocarcinoma KRAS 34G>T, Cor A Ex-smoker F
LT51 Adenocarcinoma KRAS 34G>T, C or A Smoker F
LT83 Adenocarcinoma KRAS 34G>T, Cor A Ex-smoker M
LT16 Adenocarcinoma PIK3CA G1633A Ex-smoker F
LT21 Adenocarcinoma PIK3CA G1633A Ex-smoker M
LT36 Adenocarcinoma PIK3CA A3140G Unknown M
LT41 Adenocarcinoma EGFR L858R Smoker F
LT49 Adenocarcinoma EGFR L858R Ex-smoker M
LT2 Squamous cell carcinoma PIK3CA G1633A Ex-smoker F
LT35 Squamous cell carcinoma PIK3CA G1633A Smoker M
LT92 Squamous cell carcinoma PIK3CA G1633A Unknown F
LT23 Squamous cell carcinoma PIK3CA A3140G Ex-smoker M
LT38 Squamous cell carcinoma PIK3CA A3140G Ex-smoker M
LT1 Adenosquamous PIK3CA G1633A Smoker M
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3.3 Discussion

Sixty patient samples were collected during the span of this project from
consented patients undergoing lung surgery at Glenfield hospital. The majority
of the patients were recorded as current or former smokers (41 out of 44 known
smoking histories; Figure 3.1). This is in line with the strong link between
tobacco smoke and lung cancer that has been established several years ago
(Doll & Hill, 1950). Furthermore, the age distribution among the patients (see
Figure 3.1) comes in agreement with Cancer Research UK statistics stating
lung cancer occurs in 9 out of 10 people aged 60 or more. Also there is a
comparable number of female to male patients with 43% and 57% respectively,
mirroring the general trend of the increase of female patients with lung cancer
which reflects smoking patterns between sexes. It has been revealed that the
number of female smokers has been slightly increasing while male smoker

population has been decreasing over the past years (Cancer Research UK).

The most common histological category of NSCLC among the 60 patients is
adenocarcinoma with a frequency of 47% (28/60). In most countries,
adenocarcinoma is the most common subtype of NSCLC with frequencies
ranging from 35 to 45% (Walters et al., 2013). However, it has been recorded
that in the UK squamous cell carcinoma is slightly more common with 27%
compared to 25% of adenocarcinomas and 23% of large cell lung cancers
(Walters et al., 2013). This is not the case with our patient cohort that shows
adenocarcinoma to be more common (47%) to squamous cell carcinoma (40%)
and large cell carcinoma which was only identified in 3 patients giving it a
frequency of 5% (Figure 3.2). This could be a result of the small population size
of 60 patients.

The mutation analysis has identified PIK3CA point mutations G1633A and
A3140G to be the most common in this study with a frequency of 16% across all
samples (Figure 3.5) which is higher than that previously reported in a number
of studies so far which state an incidence of only ~3-4% (Ji et al., 2011, Kawano
et al.,, 2006, Okudela et al., 2007, Samuels et al., 2004). This is followed by
KRAS point mutations with a frequency of 7% and EGFR point mutation L858R
at 3% across all samples. Distributing the mutations according to the two main
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histology categories (Figure 3.5), adenocarcinoma and squamous cell
carcinoma, shows differences between the frequencies of the mutations. Firstly,
PIK3CA mutations are the only ones identified in squamous cell carcinoma with
a frequency of 21%. The prevalence has been recorded as higher in squamous
cell carcinoma (Okudela et al.,, 2007; Kawano et al., 2006) however, the
frequencies reported for PIK3CA mutations in both squamous cell carcinoma
(~5 and ~12%) and adenocarcinomas (~2-3% and ~4-5%; Li et al, 2013; Heist

& Engelman, 2012, respectively) are significantly lower than in this study.

In samples with adenocarcinoma histology, mutations of KRAS (14%), PIK3CA
(11%) and EGFR (7%) were identified. The adenocarcinoma histology has been
linked with more mutations in a number of genes compared to squamous cell
carcinoma histology. KRAS has been found to be frequently mutated in 15-30%
of NSCLC patients and is predominantly found in adenocarcinoma (Roberts et
al., 2010; Reungwetwattana et al., 2012). EGFR mutation frequencies identified
in this study (7% in adenocarcinomas) are more or less in agreement with
reports that they are seen in ~10% of lung cancer patients from Northern
America and Western Europe and in ~30-50% in patients of East Asian descent
(Sharma et al., 2007).

To conclude, PIK3CA has been identified to be far more commonly mutated
than reported, in our study. Nevertheless, it should be kept in mind that the
number of samples analysed in this study (57) is very small in comparison with
the published literature therefore more samples are required to compose

statistically significant conclusions.
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4. DEVELOPMENT OF AN EXPLANT

CULTURE SYSTEM FOR NSCLC SAMPLES

4.1 Introduction

Three-dimensional culture models of human tumours provide an easier, less
expensive and less time-consuming approach to preclinical modelling in animal
models, since they can reliably reflect tumour growth in vivo (Pampaloni et al.,
2007). Professor MacFarlane’s group (MRC Toxicology Unit, Leicester) recently
used ex-vivo explant cultures with IHC as an end point to examine the response
of breast carcinomas in situ to the cytotoxic ligand, TRAIL and found that
primary explants were more predictive of patient outcome than tumour-derived
cell line cultures (Twiddy, D., et al., 2010- poster abstract). Based on this, the
aim of my PhD was to develop the model further and establish the best
conditions for NSCLC with the objective to test the efficacy of existing drugs as

well as novel drug combinations.

4.2 Aims and Objectives

e Evaluation of the best way to analyse data and to present the results.

e Optimisation of the explant model for NSCLC samples by testing different
foetal calf serum (FCS) concentrations and assessing varying culture

times.
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4.3 Results

4.3.1 Staining

In some of the NSCLC cases, the histology was complex resulting in difficulties
in identifying the tumour cells from the stroma in H&E stains. Thus, the DAKO
antibody clone MNF116 which reacts with cytokeratins 5, 6, 8, 17 and probably
also 19 was used to detect cells of epithelial origin (see Figure 4.1) since it
stains human epithelial tissue from simple glandular to stratified squamous

epithelium.

Figure 4.1. MNF116 stained sample example image. MNF116 (epithelial cell
marker) was used to identify tumour areas in difficult samples. A) Low power
view (x20) of MNF116 staining in an explant case. B) Higher power
magnification (x40) of a stained area.

All the samples were stained with Ki67 as a proliferation marker (Figure 4.2)
and cleaved PARP as an apoptosis marker. The latter was also used as a
necrosis marker as indicated by contiguous or overlapping cells with cleaved
PARP staining (see Figure 4.3).

89



Chapter 4 Development of an explant culture system for NSCLC samples

Figure 4.2. Image of Ki67 staining to assess proliferation. A) Low power view
(x20) of Ki67 staining in an explant case. B) Higher power magnification (x40)
of a stained area.

Figure 4.3. Image of cleaved PARP staining to assess apoptosis. A) Low power
view (x20) of cleaved PARP staining in an explant case. B) Higher power
magnification (x40) of a stained area. Black arrows indicate to cells undergoing
apoptosis. Area circled in yellow represents an example area that was
measured as necrotic.
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4.3.2 Analysis

A substantial amount of time was spent in the optimisation of the assay
conditions and in developing the best analysis method. Automatic scanning
equipment was not available to us and therefore an approach was used based
on the ImmunoRatio software which is a publicly available software as an Image
J plugin developed by Tuominen, V.J. et al (Tuominen et al., 2010). To validate
this method of counting, the Immunoratio values from 30 images representing
three different cases stained with either cleaved PARP or Ki67 were compared
with the corresponding manual count values. Figure 4.4 shows the Bland-
Altman graph of Immunoratio vs manual counting or difference plot, which is a
graphical method to compare two measurement techniques (Bland & Altman,
1986). In this graphical method the differences between the two techniques are
plotted against the averages of the two techniques and all the points but one
are within the limits of agreement (From -17.69 to 12.74; Figure 4.4). From this
result, and the correlation coefficient (0.96; P Value <0.0001) between the two
techniques, it was concluded that Immunoratio is not statistically different from

manual counting and this gave us confidence to use it for analysing the cases.
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Figure 4.4. Comparison of Immunoratio vs manual counting with Bland-Altman.
30 different images of areas that were stained with either cleaved PARP or Ki67
from three different cases were counted manually and the same images were
counted using the Immunoratio software. The differences between the two
techniques are plotted against the averages of the two techniques. The dotted
lines represent the 95% confidence intervals of the limits of agreement (From -
17.69 to 12.74). The correlation coefficient between the two methods is 0.96 (P
Value <0.0001).
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The possibility of using images taken with the 10x objective instead of the 20x
objective was assessed in order to decrease the amount of time spent on taking
the images and their subsequent analysis, by analysing corresponding images
at 10x and 20x magnifications (Figure 4.5). Comparison between the
measurements of tumour areas using Image J taken with the two different
objectives, 10x and 20x, showed high correlation (Spearman correlation = 0.99
;P<0.0001). Furthermore, comparison between the ImmunoRatio % labelling
index of images taken with the two different objectives also showed high
correlation (Spearman correlation = 0.81; P<0.0001). Therefore it was decided

to switch to taking the images at 10x magnification in order to increase time

efficiency.
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Figure 4.5. 10x photomicrographs are not significantly different than 20x. A)
Comparison between the measurements of tumour areas using Image J taken
with different objectives (10x and 20x). Spearman correlation = 0.99
(P<0.0001). B) Comparison between the ImmunoRatio % labelling index of
images taken with different objectives (10x and 20x). Spearman correlation =
0.81 (P<0.0001).
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Therefore, the final analysis method for quantifying the results was to take the
images at 10x magnification from the entire slide, stitch each image together
with Adobe Photoshop, measure the tumour area using Image J and then find

the ratio of the labelling index using ImmunoRatio (Tuominen et al, 2010).

This resulted in the following measurements from the analysis of each case:

e % Apoptosis (labelling index of cleaved PARP)
e % Proliferation (labelling index of Ki67)

e Tumour Area Undergoing Apoptosis (in pm?)

e Tumour Area Undergoing Proliferation (in um?2)

e Area Undergoing Secondary Necrosis (in umg2)

4.3.3 Intrinsic rates of proliferation and apoptosis in ex-vivo

explant cultures

A total of 34 ex-vivo explant cultures were set up using various conditions,
during the duration of this project. 23 of 34 were analysed fully whereas the
remaining 11 of the cultures had problems that regarded them as not usable for
further analysis. For example, 9 of these had levels of high necrosis in both the
uncultured and cultured controls. This reflects poor quality of the samples with
intrinsic necrosis which makes them unsuitable for culture. One case proved to
be viable in the uncultured control but not in the cultured controls. Therefore in
this case the sample did not survive the culture. And in the last of the 11 cases
not analysed, the tissue was lost while cutting slides from the paraffin

embedded explants for H&E staining, due to technical problems.

From the 23 analysed cases, one of the cases proved to have high background
intrinsic necrosis (more than 60%) and another had high background necrosis in
the controls, therefore it was decided not to include them in the results.
Consequently, 12 tumour samples out of 34 (~35%) were too necrotic for

analysis by this approach. If we include the one case that did not survive the
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culture, 13 cases in total out of 34 (~38%) failed to be cultured as explant

cultures.

The intrinsic rates of cell death or proliferation as assessed by cleaved PARP
and Ki67 staining in uncultured samples were variable among the 21 viable
cases as were levels of necrosis. These data are summarised in Figure 4.6. All
the samples show low intrinsic cell death and low levels of inherent necrosis.
The variability is more evident on Ki67 staining where three groups of

proliferation can be seen; high, medium and low (Figure 4.6).
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Figure 4.6. Intrinsic rates of combined cell death, proliferation and separate
necrosis of all the usable ex-vivo explant cultures set up (21). H= High, M=
Medium, L= Low. Each circle represents one sample.

When looking at the proliferation rates according to histology, squamous cell
carcinoma ex-vivo explant cultures showed higher rates of intrinsic proliferation
than either adenocarcinomas or atypical carcinoid tumours (Figure 4.7). This
result was not significant with a Mann Whitney test (Mann-Whitney U=27.00;
P=0.15) because of the low number of the cases; however the difference is
clearly visible on the graph (Figure 4.7). There was no difference in intrinsic cell

death rates across histologies (Figure 4.8).
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Figure 4.7. Intrinsic Rates of Ki67 staining across histologies. Each circle
represents one sample. ADC= Adenocarcinoma, SCC= Squamous Cell
Carcinoma, AC= Atypical Carcinoid.
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Figure 4.8. Intrinsic Rates of cell death across histologies. Each circle
represents one sample. ADC= Adenocarcinoma, SCC= Squamous Cell
Carcinoma, AC= Atypical Carcinoid.
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4.3.4 Tumour Area Differences

Tumour area differences were observed between individual explants within a
given tumour as well as across tumours. An initial set of 9 explants was
routinely set up for each different culture condition per sample. These explants
were embedded in paraffin after processing, but, in some cases some of the
explants were lost at this stage, due to their tiny size. There were 128 explants
from the uncultured controls of the 21 usable explant cultures. The average
tumour area per control explant was 0.44 mmz2 (SD=0.66 mm?2; range= 0.002 -
4.42 mm?; median=0.22 mm?) and the average number of explants with tumour
areas per control slide was 6.09 (SD=2.19; range= 1 - 11; median=6). However,
the number of total explants initially set up per uncultured control was higher

than nine in most cases.

In contrast there were 1802 explants that were cultured in 403 conditions from
the 21 usable explant cultures. The average tumour area per cultured explant
was 0.35 mmz2 (SD=0.46 mmz; range= 90.5 um?2 - 4.89 mm?, median=0.19 mm?2)
and the average number of explants with tumour areas per control slide was
4.47 (SD=1.99; range=1 - 9; median=4).

4.3.5 Culture conditions

To establish the best culture conditions for NSCLC a set of 6 lung tumour
explants was used to test various FCS concentrations in DMEM media (0, 0.5,
1, 2.5 and 5% FCS) and varying culture time (24, 48 and 72 hours). One of the
six samples was very small and explants could only be set-up for the 24 +

recovery culture time.

Examples of an intrinsic low proliferation sample, LT33 (Figure 4.9) and an
intrinsic high proliferation sample, LT31 (Figure 4.10) are represented.
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4.3.5.1 EXAMPLE OF LOW INTRINSIC PROLIFERATION CASE: LT33

ADENOCARCINOMA

LT33 had low intrinsic proliferation and low intrinsic cell death. This stayed the
same across the different FCS concentrations and across the different culture
times of 24 + recovery (Figure 4.9A &D), 48 + recovery (Figure 4.9B &E) and 72
+ recovery (Figure 4.9C &F). At 48 hours the 1% FCS point and at 72 hours the
0.5% and 5% FCS points are missing as, unfortunately, the tissue in some of
the paraffin embedded samples was lost during processing with the microtome.
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Figure 4.9. Proliferation and Cell Death of LT33 in varying FCS concentrations
through culture time. A-C) Representative images of corresponding areas in
H&E staining, MNF116 (epithelial cell marker), Ki67 staining (proliferation
marker) and cleaved PARP staining (apoptosis marker). A) 24 + recovery in
culture B) 48 + recovery in culture and C) 72 + recovery in culture. D-F) Each
point represents an additive number which characterises all the staining from
each slide and also takes into account the area of the tumour cells for each
explant on the slide. The red dot represents the percentage of cells that have a
nucleus stained with cleaved PARP out of all the tumour cells present in the
slide and similarly the green dot represents the Ki67 labelling index. The dark
grey bars behind show the percentage of the area that was undergoing
secondary necrosis as decided by cleaved PARP leakage out of the total area
(light grey). It shows the proliferation (Ki67-green) and the apoptosis (cCPARP-
red) or the secondary necrosis (dark grey) of LT33 undergoing culture with
varying serum concentrations for 24 (D), 48 (E) and 72 (F) hours after the initial
recovery period. Lower graph. This graph represents the exact values of the
tumour areas used for Ki67 analysis (green bar), cleaved PARP analysis (red
bar) and secondary necrosis so we can compare each condition with the
amount of tumour cells present.

Tumour cell area
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4.3.5.2 EXAMPLE HIGH INTRINSIC PROLIFERATION CASE: LT31

SQUAMOUS

LT31 had high intrinsic proliferation and low cell death. At 24 hours after
recovery (Figure 4.10A & D) the best FCS concentration for LT31 seemed to be
0% or 0.5% FCS, since these conditions retained the proliferation levels and
had low cell death while 5% FCS, although retaining proliferation had increased
necrosis. 1% and 2.5% FCS show increased cell death rates compared to the
control. However, the values are based on smaller tissue areas and therefore

might not be as accurate.

At 48 hours after recovery (Figure 4.10B & E) the best FCS concentration
seemed to be 2.5% FCS and 5% FCS, with the latter showing increased
necrosis. At 72 hours after recovery (Figure 4.10C & F) the proliferation is
significantly decreased in all of the FCS concentrations and cell death appears
to be increased at 0% FCS. The 5% point is missing as, unfortunately, the
tissue in some of the paraffin embedded samples was lost during processing

with the microtome.
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Figure 4.10. Proliferation and Cell Death of LT31 in varying FCS concentrations
through culture time. A-C) Representative images of corresponding areas in
H&E staining, Ki67 staining (proliferation marker) and cleaved PARP staining
(apoptosis marker). A) 24 + recovery in culture B) 48 + recovery in culture and
C) 72 + recovery in culture. D-F) Each point represents an additive number
which characterises all the staining from each slide and also takes into account
the area of the tumour cells for each explant on the slide. The red dot
represents the percentage of cells that have a nucleus stained with cleaved
PARP out of all the tumour cells present in the slide and similarly the green dot
represents the Ki67 labelling index. The dark grey bars behind show the
percentage of the area that was undergoing secondary necrosis as decided by
cleaved PARP leakage out of the total area (light grey). It shows the
proliferation (Ki67-green) and the apoptosis (cPARP-red) or the secondary
necrosis (dark grey) of LT31 undergoing -culture with varying serum
concentrations for 24 (D), 48 (E) and 72 (F) hours after the initial recovery
period. Lower graph. This graph represents the exact values of the tumour
areas used for Ki67 analysis (green bar), cleaved PARP analysis (red bar) and
secondary necrosis so we can compare each condition with the amount of
tumour cells present.
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4.3.5.3 PROLIFERATION OF EX-VIVO EXPLANT CULTURES IS DECREASING

AT INCREASING CULTURE TIME

5 ex-vivo explant cultures were used to test the effect of culture time of 24, 48
and 72 hours after an initial recovery period of 16-20 hours. The % Ki67 staining
of the tumour area of the individual cases can be seen in Figure 4.11. Most of

the cultures showed a decrease in proliferation at increasing culture time.
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Figure 4.11. % Ki67 of tumour area of 5 NSCLC ex-vivo explants through
culture time. The Ki67 staining values from each sample are the uncultured
tumour in its native state, 24 hours, 48 hours and 72 hours of culture after an
initial recovery of 16-20 hours. The values for each sample are the average of
explants from the same sample, cultured in different FCS concentrations (0, 0.5,
1, 2.5 and 5% FCS).

When we combined the 5 cases as mean % Ki67 + 95% CI (Figure 4.12) we
could see a clear decrease in proliferation with increasing culture time.
Statistical analysis with a Friedman test showed only the 72 hour time point to
be significantly different from the uncultured control ( Friedman statistic: 8.3; P=
0.04). However, when we applied a Page's L nonparametric trend test, a
negative trend was evident with increasing culture time (L statistic =143;
P=0.01), suggesting ex-vivo explant cultures are more proliferative in short term

culture.
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Figure 4.12. The 5 NSCLC samples from figure 4.11 plotted together. Data are
expressed as mean %Ki67 values + 95% CI (Confidence Intervals). A Friedman
test identified 72 hours to be statistically significantly different from the
Uncultured (* P= 0.04; Friedman statistic: 8.3). Page's L nonparametric trend
test showed a negative trend with increasing culture time (P=0.01; L statistic
=143).

4.3.5.4 CELL DEATH OF EX-VIVO EXPLANT CULTURES IS INCREASING AT
INCREASING CULTURE TIME

The same 5 ex-vivo explant cultures were analysed for cell death. The % cell
death of the tumour area of the individual cases can be seen in Figure 4.13. All

of the cultures showed an increase in cell death at increasing culture time.
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Figure 4.13. % Cell Death of tumour area of 5 NSCLC ex-vivo explants through
culture time. The % Cell Death values from each sample are the uncultured
tumour in its native state, 24 hours, 48 hours and 72 hours of culture after an
initial recovery of 16-20 hours. The values for each sample are the average of
explants from the same sample, cultured in different FCS concentrations (0, 0.5,
1, 2.5 and 5% FCS).

When we combined the 5 cases as mean % Cell Death + 95% CI (Figure 4.14)
a clear increase of cell death could be seen with culture which was significant at
24, 48 and 72 hours (Friedman statistic: 9; P= 0.04 for all culture times). From
Figure 4.14 the 24 and 48 hour culture point did not look different. However,
when we applied a Page's L nonparametric trend test, a positive trend was
evident with increasing culture time (L statistic= 140; P=0.05), suggesting ex-

vivo explant cultures are more viable in short term culture.
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Figure 4.14. The 5 NSCLC samples from figure 4.13 plotted together. Data are
expressed as mean %Cell Death values + 95% CI. A Friedman test identified
24, 48 and 72 hours to be statistically significantly different from the Uncultured
(* P= 0.04 for all culture times; Friedman statistic=9) but not between them.
Page's L nonparametric trend test showed a positive trend with increasing
culture time (L statistic=140; P=0.05).

From these experiments, it was decided that the best culture time for the ex-

vivo explant cultures is 24 hours after recovery.
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4.3.5.5 THE EFFECT OF VARYING CONCENTRATIONS OF FCS IN EX-VIVO

EXPLANT CULTURES

Next, we wanted to test whether different FCS concentrations are important in
the proliferation and cell death of the samples. To do this, we used 5 samples
which were cultured in 0, 0.5, 1, 2.5 and 5% FCS for 24 hours after recovery.
Table 4.1 provides the percentages of cell death and proliferation values for
tumour areas across the different FCS concentrations and the uncultured

control which shows the values of the staining in the tumour in its native form.

Table 4.1. %Cell Death and % Ki67 values at 24 hours after recovery for 5
cases cultured in a range of FCS.

24 Hours After Recovery

%Cell | Uncultured | 0% FCS | 0.5% FCS | 1% FCS 2.5 % FCS 5% FCS
Death

LT31 34 10.3 12.0 36.1 30.1 12.6
LT32 12.5 15.9 12.8 20.7 10.7 154
LT33 1.2 5.2 10.2 131 113 9.4
LT36 9.5 30.4 37.8 27.2 37.7 26.9
LT38 15 11.8 10.9 12.9 20.4 13.7

24 Hours After Recovery

%Ki67 | Uncultured 0%FCS | 0O5%FCS | 1%FCS 2.5 % FCS 5% FCS
LT31 56.5 57.3 38.6 21.9 25.9 62.4
LT32 46.5 47.8 65.7 53.2 53.7 68.8
LT33 14.3 4.9 9.4 4.0 5.5 0.6
LT36 31.7 14.1 12.2 131 11.8 15.9
LT38 24.3 5.9 7.4 14.0 13.5 11.8

Figure 4.15 shows the cell death values from the Table 4.1 plotted in a graph for
all 5 cases. In most of the cases there was no evident difference between the
different FCS concentrations. What was apparent was the small but consistent

increase of cell death compared to the uncultured control.
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Figure 4.15. % Cell Death of tumour area of 5 NSCLC ex-vivo explant cultures
in varying FCS concentrations at 24 + recovery.The % Cell Death values from
each sample are the uncultured tumour in its native state, compared with
explants from the same tumour cultured in varying FCS concentrations (O,
0.5,1,2.5 and 5% FCS) for 24 hours after an initial recovery of 16-20 hours.

When we expressed the values of the 5 cases as mean % cell death + 95% ClI
(Figure 4.16), the FCS concentrations did not show a statistically significant

difference amongst each other.
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Figure 4.16. The 5 NSCLC samples from figure 4.15 plotted together. Data are
expressed as mean %Cell Death values + 95% CI. A Friedman test identified
none of the FCS concentrations to be statistically significantly different from
each other.

Figure 4.17 shows the Ki67 values from the Table 4.1 plotted in a graph for all 5
cases. In most of the cases there was no evident difference between the

different FCS concentrations.
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Figure 4.17. % Ki67 of tumour area of 5 NSCLC ex-vivo explant cultures in
varying FCS concentrations at 24 + recovery. The % Ki67 values from each
sample are the uncultured tumour in its native state, compared with explants
from the same tumour cultured in varying FCS concentrations (0, 0.5,1,2.5 and
5% FCS) for 24 hours after an initial recovery of 16-20 hours.

In fact, when we expressed the values of the 5 cases as mean % Ki67 + 95%
Cl (Figure 4.18), the FCS concentrations did not show a statistically significant

difference amongst each other.
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Figure 4.18. The 5 NSCLC samples from figure 4.17 plotted together. Data are
expressed as mean %Ki67 values + 95% CI. A Friedman test identified none of
the FCS concentrations to be statistically significantly different from each other
or the Uncultured.

From these experiments, it was decided that FCS is probably not such an
important factor for the culture of ex-vivo explants since the differences between
FCS concentrations were so marginal in both the cell death and proliferation
values. We decided to carry on with the 1%FCS in the media since most of the

drug treatments were already done in that concentration.

Figure 4.19 and Figure 4.20 show the comparison of the uncultured and the 24
hours in culture after the recovery period between the rest of the analysed ex-
vivo explant cultures. The cell death was increased by about 10-15% compared
to the control (Figure 4.19) and the proliferation was decreased by about 5%

compared to the native tumour (Figure 4.20).
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Figure 4.19. Box and whiskers plot of %Cell Death of tumour area in the
uncultured tumour compared to 24 + recovery in 1%FCS media. (N=15). The
box extends from the 25th to 75th percentiles. The line in the middle of the box
is plotted at the median. The whiskers go down to the smallest value and up to
the largest. A Wilcoxon matched paired rank test shows 24 hours in culture after
recovery to be statistically significant from the uncultured (P<0.0001).
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Figure 4.20. Box and whiskers plot of % Ki67 of tumour area in the uncultured
tumour compared to 24+recovery in culture in 1%FCS media. (N=15). The box
extends from the 25th to 75th percentiles. The line in the middle of the box is
plotted at the median. The whiskers go down to the smallest value and up to the
largest. A Wilcoxon matched paired rank test shows 24 hours in culture after
recovery to be statistically significant from the uncultured (P=0.02).
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4.3.6. Comparison across explants from one tumour

Thus far, the results have been presented as a single value per condition.
However, if we plot the values from each explant from one tumour we can see
heterogeneity between different explants from the same tumour. A
representative example is shown in Figure 4.21. In this instance, the cell death
values per explant seem to be more variable than the proliferation values which

appear to be tighter.
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Figure 4.21. % Cell death and % proliferation per explants in an example case.
Upper graph: Percentage Cell death as measured by cleaved PARP staining at
different culture times. Each red circle represents one explant and the line
represents the mean value between explants. Lower graph: Percentage
proliferation as measured by ki67 staining at different culture times. Each green
circle represents one explant and the line represents the mean value between
explants.
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4.3.7 Normal Lung Ex-vivo explant culture

Adjacent normal lung was used to set up ex-vivo explant cultures. An example
of a culture over a 0-72 hour period is shown in Figure 4.22. The integrity of the
culture was assessed by H&E staining. During increasing culture periods the
integrity of the normal lung parenchyma was lost but cells remained viable.
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Figure 4.22. Representative Images of H&E stain of an adjacent normal lung
sample. A) The uncultured control and explants cultured for 24 + recovery (B),
48+ recovery (C) and 72 hours + recovery (D).
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4.4 Discussion

Cleaved PARP is an established marker of apoptosis as it is a product of
effector caspases -3 and -7 (Soldani & Scovassi, 2002) and has been used as a
marker of apoptotic cell death in numerous studies (Mallon et al., 2011; Hoeflich
et al., 2012; Romano et al., 2012; Iljin et al., 2009). A cleaved PARP antibody
has been chosen over cleaved caspase-3 to measure apoptotic cell death as a
result of previous experiments by Shambhavi Naik (Prof MacFarlane’s group)
that showed cleaved PARP to be more stable in detecting apoptotic cells and to

have good sensitivity in IHC.

Apoptosis should always terminate with the elimination of a cell undergoing
apoptosis by a scavenger cell (Silva, 2010). When the clearance of apoptotic
cells becomes insufficient as a result of a problem with the availability of
phagocytes or the apoptotic load is simply too big, secondary necrosis is
activated at the end of the full apoptotic program which leads to an autolytic
disintegration of the cells (Silva, 2010). In our study we used cleaved PARP
leakage as an indication of secondary necrosis (Figure 4.3). In secondary
necrosis, features of apoptosis and necrosis exist such as apoptotic markers
and membrane shredding (Silva, 2010). Therefore, markers of apoptosis such
as cleaved PARP used in this study are released from the cells and areas of

dark brown staining can be regarded as necrotic.

The Ki67 antibody (Gerdes et al., 1983; Gerdes et al., 1984) which detects a
nuclear antigen expressed in all the states of the cell cycle (G1,5,G2 and M
phase) but is absent in GO cells was used to mark proliferating cells. This
antibody is also routinely used in diagnostic laboratories to define the
proliferation index of certain tumours as it has a prognostic value in certain
cancers. In NSCLC the predictive value of Ki-67 labelling index has been
controversial. A recent review by Jakobsen and colleagues reported no
consensus on the prognostic role of Ki67 among 28 studies from 2000 to 2012
(Jakobsen & Sgrensen, 2013). A recent study assessed the Ki67 proliferation
index retrospectively by immunohistochemistry in a cohort of 1065 NSCLC in

association with clinicopathological data including outcome and therapy (Warth
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et al., 2014). Here they reported that the Proliferation Index (PI) differed
significantly according to histology with SCC showing a mean (52.8%) twice as
high as ADC (25.8%) which is in agreement with our findings (Figure 4.7). As
far as the prognostic value is concerned, they reported opposing effects of Pl on
overall survival. A high Pl in ADCs was a negative prognostic indicator in a
stage-independent manner whereas high Pl in SCC subtypes was associated
with better survival (Warth et al., 2014).

The fact that about a third of the surgically resected cases we obtained proved
to be unusable due to poor viability of the controls reflects the quality of the
samples obtained. Solid tumours often exhibit highly necrotic areas as a result
of hypoxia. Most of the samples we received from Glenfield hospital come from
the middle of the tumour in order to preserve the edges for pathology
examinations; but unfortunately the middle is usually the most necrotic part of
the tumour. Better selection of appropriate areas of tissue with tumour areas is
needed. Current PhD students Wen-Jing Liao and Dr. Esraa Al Dujaily have
found all the recent cases studied for NSCLC explants to be viable. Other
studies have reported culture problems in about 10-30% of samples (Singh et
al., 2002; Vescio et al., 1990).

The high occurrence of unusable samples led us to introduce a frozen section
check on the quality of the sample, before setting up the ex-vivo explant
cultures. However, this method was only instigated towards the end of this

project, therefore some of the earlier explants proved unusable.

Figure 4.21 shows that there is heterogeneity between different explants from a
single tumour. Tumours are heterogeneous in their nature and histopathology.
The fact that our model shows heterogeneity between explants reflects the in
Vivo situation more accurately and areas within a tumour will react differently to
treatments. By dissecting a tumour sample into tiny fragments and randomly
collecting nine explant pieces for each condition, we can capture the
heterogeneity of the tumour. This would not be the case when using tissue
slices (Kern et al., 2006; Vaira et al., 2010) for example, where you would see
more uniform results because the tissue is sliced from the same exact area or in

cell lines and organoid cultures derived from tumours.
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Differences in tumour area were observed across samples and this could be
resolved by introducing additional duplicates of the conditions in order to ensure
that sufficient tumour area is covered across each condition. We felt it was
important to provide a measure of the total tumour area that was assessed for
each condition but ultimately this value was not taken into account in

determining the effectiveness of a response to a drug.

In similar studies working with IHC endpoint explant cultures, scientists have
reported the use of different approaches for quantifying responses for example
by counting at least 50 cells from three different areas (van der Kuip et al.,
2006), or they measure 3 random 40x fields from each of three tissue slices per
condition (average 97 nuclei per field; (Maund et al., 2014). For the way we
have assessed response, introducing duplicates or triplicates of the conditions
should resolve any issues with tumour area differences. However, this would be
extremely challenging in the analysis of multiple tumour explants and so
introducing a slide scanner and specific software for accurately counting the

staining and automation of the procedure would be a great advantage.

In this study, the best culture time was identified to be 24 hours after recovery
after Page’s L nonparametric trend test showed a negative trend of Ki67
staining with increasing culture time (Figure 4.12, P=0.01) and a positive trend
of cell death with increasing culture time (Figure 4.14, P=0.05). However, the
cell death values for the 48 and 72 hour time points we examined were not very
different from the 24 hour time point, suggesting that culturing ex-vivo explants

for a period of up to 72 hours is not detrimental.

In fact most of the other studies described in the literature have used tissue
cultures for 4-7 days (Hayashi et al., 2009; Pirnia et al., 2006; Vaira et al., 2010)
and report maintenance of viability similar to their controls. Nevertheless, to my
knowledge no group has published extensive data on the viability of the tissue
cultures through time or any other factor. We also have one ex-vivo explant
tissue culture that was kept for one week in culture and showed no increase of
cleaved PARP levels compared to the uncultured control (data not shown),
although there was some decrease of Ki67 levels. One would argue that, by

prolonging the culture of the tissue, the situation would no longer mirror the in
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vivo situation as the tumour explants would start adapting to the culture
conditions and outgrow their original counterparts. Therefore the original tissue
architecture of the patient’s tumour would gradually fade. By keeping the culture
time at 24 hours following an initial recovery of the explants, this should provide
enough time to observe whether a drug treatment has a response or not and
also keeps the tissue architecture intact, representing the original tumour.
Therefore the decision was made to use 24 hour time points after 16-20 hours

recovery.

Following the decision for the time the ex-vivo explant cultures should stay in
culture, we wanted to study the effect of varying concentrations of FCS of the
media. We chose to test a range of 0, 0.5, 1, 2.5 and 5% FCS since previous
experiments on breast ex-vivo explant cultures showed that higher FCS led to a
decrease in tumour survival (Shambhavi Naik, Professor Marion MacFarlane,
MRC Toxicology Unit). From our experiments comparing the cell death
percentages amongst 5 samples (Figure 4.16) and the proliferation values
(Figure 4.18) showed no significant differences amongst the range of FCS
concentrations in the samples, suggesting that varying FCS does not make an

important contribution to the survival of the explants.

Most of the published literature on three dimensional explant cultures report
using 10% FCS in the media (Pirnia et al., 2006; Hayashi et al., 2009; Furukawa
et al., 2000) or even 20% (Vaira et al., 2010; Furukawa et al., 1995). However,
in our previous experience with breast cancer, higher FCS led to decreased
tumour survival (Shambhavi Naik- Professor MacFarlane’s group). The fact that
most of the other groups use such a high concentration of FCS and still report
good viability, suggests that the variability of whether a sample will survive or
not in culture comes from the variability of the tumour samples and that adding
FCS or not in the media does not make a significant contribution. The presence
or absence of FCS was also reported not to influence morphology and survival
in human glioma cell lines and glioma biopsy primary cultures (Clavreul et al.,
2009).
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Taking all these into consideration, it was decided that 1% FCS was reasonable
to use since most of the drug treatments were already done in that

concentration, consisted with the breast cancer studies.

Looking at the comparison between the uncultured controls and the same
samples cultured for 24 hours after recovery of all the viable ex-vivo explant
cultures that were set up, there is an evident effect of cultivation. The cell death
percentages are somewhat increased (Figure 4.19) and the proliferation
percentages are slightly decreased (Figure 4.20). This was also shown in a
study using NSCLC samples to set up a short term tissue culture model with a
16 hour time point (Lang et al., 2007). They also show that the viability,
proliferation and apoptosis of the tissues were mildly affected by cultivation
(Lang et al., 2007). One would expect to see a moderate effect of cultivation
since the tumour samples are being taken out of their original environment and
are subjected to vigorous cutting and changes of the original conditions. This
however, does not mean we cannot use the ex-vivo explant culture system to

test treatments.

To conclude, our findings indicate that an ex-vivo explant culture system for
NSCLC that was developed from a model established by Professor
MacFarlane’s group with breast cancer samples can be used to test various
treatments for NSCLC. NSCLC show some intrinsic heterogeneity but this can
be accounted for in the method used for data analysis. Viability and growth of

the tumour cells can be maintained in short term culture.
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5. TESTING THE RESPONSE OF EX-VIVO

NSCLC EXPLANTS TO CISPLATIN

5.1 Introduction

In order to begin to assess whether our ex-vivo explant culture system is
predictive of patient response we chose to use one of the most potent
anticancer agents, cisplatin which shows significant clinical activity against a
variety of solid tumours. In fact, cisplatin-based combination treatment has been
the most effective systemic chemotherapy for NSCLC having a ~30% response
rate in NSCLC treatment (Ardizzoni et al.,, 2007). Most of the patients we
collected samples from were in the early stages (I-lll) of NSCLC since they
were given surgical treatment. The majority of these patients would have
received adjuvant chemotherapy after their surgery to either kill any remaining
tumour or, in case of complete resection, to reduce the risk of recurrence.
Therefore if these patients were treated with cisplatin and we had the clinical
information of their response, we potentially could correlate the results with the
cisplatin response from our ex-vivo explant culture system. We tested cisplatin

responses in a total of 19 samples and the data are shown here.

5.1.1 Cisplatin: Mode of action

Cisplatin reacts with nucleophilic N7-sites of purine bases in DNA and forms
intrastrand DNA adducts (Eastman, 1987). The DNA damage induced by
cisplatin is recognised by various proteins that activate several signal
transduction pathways. Amongst these are p53, p73, ATR and MAPK (Siddik,
2003). This could either lead to DNA damage induced apoptosis or cell cycle
arrest. The latter is linked with resistance as it gives time for the cell to repair
the damage. In fact, a major limitation of cisplatin based chemotherapy is the
multiple ways for developing resistance to the drug. Resistance mechanisms
include reduced drug uptake, increased drug inactivation by metallothionine and
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glutathione, increased DNA repair, activation of the PI3-K/Akt pathway, loss of
p53 function, overexpression of anti-apoptotic Bcl-2, and interference with
caspase activation (Siddik, 2003).

5.2 Aims and objectives

e Test cisplatin responses in ex-vivo explant cultures of NSCLC.

e Correlate responses to clinical information on patient outcomes if
possible.

e Test whether response to cisplatin correlates with p53 expression.

e Confirmation of cisplatin accumulation in explants by LA-ICP-MS.

5.3 Results

5.3.1 Dose responses to Cisplatin in 10 samples

Dose responses to cisplatin (1 pM, 10 pM and 50 pM) were tested and
analysed in 10 tumour samples by cleaved PARP and Ki67 staining of tumour
cells. Some samples demonstrated resistance to cisplatin treatment where
others were sensitive. An example of a sample with sensitive responses of the
explants to cisplatin is shown in Figure 5.1 and 5.2 and an example of a

resistant sample is shown in Figure 5.3 and 5.4.

5.3.1.1 CISPLATIN SENSITIVE EXAMPLE CASE

LT92 had low intrinsic cell death and medium Ki67 staining. LT92 showed a
response to cisplatin at the concentrations of 10 uM and 50 pM, with an
increase in cell death of ~55% and ~90% respectively, compared to the carrier

control (Figures 5.1 and 5.2).
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24 hours after recovery

LT92

Carrier Control 1uM Cisplatin 10uM Cisplatin 50uM Cisplatin

\ . f

LTSRN

-.‘.'i.-:; .E'_'lﬁ

Figure 5.1. Representative images of corresponding areas in H&E staining, Ki67 staining (Proliferation marker) and cleaved PARP
staining (apoptosis marker) of LT92.
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Figure 5.2. LT92 dose response to cisplatin treatment. Upper graph. Each point
represents an additive number which characterises all the staining from each
slide and also takes into account the area of the tumour cells for each explant
on the slide. The red dot represents the percentage of cells that have a nucleus
stained with cleaved PARP out of all the tumour cells present in the slide and
similarly the green dot represents the Ki67 labelling index. The dark grey bars
behind show the percentage of the area that was undergoing secondary
necrosis as decided by cleaved PARP leakage out of the total area (light grey).
It shows the proliferation (Ki67-green) and the apoptosis (cPARP-red) or the
secondary necrosis (dark grey) of LT92 undergoing culture with the carrier
alone and with increasing cisplatin concentrations (1 uM, 10 uM and 50 uM) for
24 hours after the initial recovery period. Lower graph. This graph represents
the exact values of the tumour areas used for Ki67 analysis (green bar),
cleaved PARP analysis (red bar) and secondary necrosis so we can compare
each condition with the amount of tumour cells present.
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5.3.1.2 CISPLATIN RESISTANT EXAMPLE CASE

LT33 had low intrinsic proliferation and low intrinsic cell death. LT33 showed no
response to cisplatin to either concentrations of 1 uM, 10 uM or the very high 50
MM, since no increase in cell death or reduction in proliferation was observed in
comparison to the carrier control (Figures 5.3 and 5.4) suggesting LT33 is

resistant to cisplatin treatment.
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LT33 24 hours afterrecovery

Carrier Control 1pM Cisplatin 10pM Cisplatin 50uM Cisplatin

H&E

MNF116

Figure 5.3. Representative images of corresponding areas in H&E staining, MNF116 (epithelial cell marker), Ki67 staining
(Proliferation marker) and cleaved PARP staining (apoptosis marker) of LT33.
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Figure 5.4. LT33 dose response to cisplatin treatment. Upper graph. Each point
represents an additive number which characterises all the staining from each
slide and also takes into account the area of the tumour cells for each explant
on the slide. The red dot represents the percentage of cells that have a nucleus
stained with cleaved PARP out of all the tumour cells present in the slide and
similarly the green dot represents the Ki67 labelling index. The dark grey bars
behind show the percentage of the area that was undergoing secondary
necrosis as decided by cleaved PARP leakage out of the total area (light grey).
It shows the proliferation (Ki67-green) and the apoptosis (cCPARP-red) or the
secondary necrosis (dark grey) of LT33 undergoing culture with the carrier
alone and with increasing cisplatin concentrations (1 uM, 10 uM and 50 uM) for
24 hours after the initial recovery period. Lower graph. This graph represents
the exact values of the tumour areas used for Ki67 analysis (green bar),
cleaved PARP analysis (red bar) and secondary necrosis so we can compare
each condition with the amount of tumour cells present.
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5.3.1.3 SUMMARY OF DOSE RESPONSES TO CISPLATIN IN 10 SAMPLES

The cleaved PARP and Ki67 staining of tumour cells were quantified for the 10
samples and normalised against each case’s carrier control to take out the
variability between cases and to be able to see the treatment effects only. A
summary of the fold responses relative to the control is shown in Table 5.1 and

Figures 5.5 for fold cell death and 5.6 for fold proliferation.
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Table 5.1. The responses of 10 samples treated with 1 uM, 10 uM and 50 uM of
Cisplatin for 24 hours after an initial recovery of 16-20 hours, shown as fold
changes compared to each sample’s carrier control.

: Fold cell death Fold

sample Conce.ntrat.lon compared to proliferation

of Cisplatin control (=1) compared to

control (=1)
LT31 my 0.88 0.49
10uM 0.53 0.22
>0uM 6.47 0.00
LT33 my 1.00 1.14
10uM 0.93 0.27
S0pM 1.09 1.04
LT34 my 0.85 152
10uM 1.07 0.87
50uM 2.07 0.10
LT36 my 0.62 0.96
Lo 1.03 1.18
S0pM 1.35 0.37
LT38 my 2.70 1.24
10uM 1.37 1.70
S 6.11 1.01
LTS3 my 0.91 067
10pM 0.85 0.96
S0puM 4.46 051
LT84 my 0.65 158
10uM 1.30 0.86
S0uM 2.18 0.00
LT88 my 2.72 713
10uM 8.80 0.05
S0puM 9.49 0.00
LT89 my 1.04 2.20
10pM 0.79 1.56
S0uM 1.42 1.19
LT92 my 1.15 0.84
10uM 6.98 0.19
S0pM 16.39 0.00

Some of the explants showed cell death dose responses with increasing
concentrations of cisplatin (LT92, LT88) whereas in others there was not a clear

dose response.
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At the concentration of 1 uM of cisplatin, out of the 10 samples, tested LT38
and LT88 (2/10 cases: 20%) showed a 3-fold cell death response relative to
their controls (Figure 5.5). At the concentration of 10 uM of cisplatin, LT88 and
LT92 (2/10 cases: 20%) showed a 9-fold and a 7-fold cell death response
respectively. At the very high concentration of 50 uM of cisplatin, 5/10 samples
showed a response (50%). Three of these samples showed a 4-7 fold cell death
response (LT83, LT34 and LT38), whereas LT88 and LT92 showed > 9-fold cell
death response (Figure 5.5).
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Figure 5.5. Fold Cell Death relative to control of 10 NSCLC ex-vivo explant
cultures treated with doses of cisplatin. The % Cell Death values from each
sample were determined from cleaved PARP staining for the carrier control
compared with explants from the same tumour cultured in increasing cisplatin
concentrations (1 puM, 10 uM and 50 pM) for 24 hours after an initial recovery of
16-20 hours. The value for each treatment was divided by the carrier control to
give the fold change.
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In assessing proliferation, some of the samples gave a slight increase of
proliferation (1-2 fold) with low doses of cisplatin, although in one case this was
7-fold (Figure 5.6). The increase at 1 uM of Cisplatin is completely anomalous
and is difficult to explain since some of these samples showed a cell death
response at 1 uM (LT88). It is highly unlikely that any concentration of cisplatin
would be inducing proliferation, given previous data on the drug. This raises the
possibility that the increase arises from the variability of proliferation rates
across the samples or loss of tissue during processing which could skew the
data. By introducing duplicates or triplicates for the conditions we could
increase the tumour area and be more certain of the results; however this
depends on the amount of sample initially given from the surgery, which tends

to be quite small.

Nonetheless, figure 5.6 shows that most of the samples treated with increasing
doses of cisplatin show decrease in proliferation, especially from 10 uM to 50
UM. Because of the variability of Ki67 staining and quantitation our analysis
would suggest we should focus on the cleaved PARP staining and the cell

death data, rather than Ki67 proliferation.
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Figure 5.6. Fold Proliferation relative to control of 10 NSCLC ex-vivo explant
cultures treated with doses of cisplatin. The % Proliferation values from each
sample were determined from Ki67 staining for the carrier control compared
with explants from the same tumour -cultured in increasing cisplatin
concentrations (1 uM, 10 uM and 50 pM) for 24 hours after an initial recovery of
16-20 hours. The value for each treatment was divided by the carrier control to
give the fold change.
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5.3.2 Responses of ex-vivo explant cultures to 50 pM of Cisplatin

only

We obtained an additional nine samples that were treated with 50 yuM of
cisplatin only. Data from these were combined with the 50 uM treatment of the
previous 10 samples, giving a total of 19 samples (Table 5.2). 7 (LT92, LT14,
LT88, LT22, LT31, LT38 and LT83) out of the 19 samples (36.8%) showed
response to 50 uM of cisplatin by more than 4-fold increase in cell death relative
to the control (Figure 5.7). Two samples (LT32 and LT18) showed a 3-fold
increase of cell death and another two (LT84 and LT34) showed a 2-fold
increase of cell death. 8 out of the 19 samples did not respond at all.

Looking at the proliferation results in Figure 5.8, then 7 out of 19 samples
showed strong suppression of proliferation (LT14, LT31, LT84, LT18, LT92,
LT88 and LT34). Five samples showed no change of proliferation at all and
some of them actually showed a small increase of proliferation, which again is
probably reflective of variation between different tumour areas in a sample.
These five samples also did not respond to the drug in terms of cell death
changes (Figure 5.7). The rest 7 of the samples showed variable decreases of

proliferation ranging from 0.3 to 0.7 of the control.

A four-fold increase of cell death would be a reasonable cut-off of sensitivity in a
very high concentration of a drug. In this case, 7 out of 19 samples show
response (36.8) (Figure 5.7). In fact 5 of these 7 samples also showed complete

lack of proliferation (Figure 5.8).

5 of the 7 samples that responded to cisplatin were squamous cell cancers of

the lung and 2 were adenocarcinomas (see Table 5.2).
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Table 5.2. A summary of information on explants set up from 19 samples and
the corresponding patient information. Patients with no death date are
considered still alive. Samples highlighted in red were considered to respond by
more than 4 fold increase of cell death at 50 uM of cisplatin.

fold cell fold
death proliferation .
Code relative to relative to Histology Death Age | Sex Group stage
control control
Atypical carcinoid IB
LT89 1.42 1.19 tumour 85 F
. A
LT33 1.09 1.04 Adenocarcinoma 79 F
LT15 0.89 098 Atypical carcinoid 54 | M A
. . tumour
. 1B
LT83 4.46 0.51 Adenocarcinoma | 08/10/2013 | 70 M
. IB
LT22 7.82 0.52 Adenocarcinoma 65 M
. 1B
LT32 3.20 0.70 Adenocarcinoma 55 M
. A
LT16 1.26 1.45 Adenocarcinoma | 26/04/2012 | 69 F
LT38 6.11 1.01 Squamous cell 76 | ™ 1A
: ’ carcinoma
. 111B
LT20 1.50 0.45 Adenocarcinoma 77 F
. A
LT34 2.07 0.10 Adenocarcinoma 65 F
. A
LT27 1.56 0.53 Adenocarcinoma 60 M
Squamous cell A
LT23 1.30 0.32 carcinoma 81 M
LT36 1.35 0.37 Adenocarcinoma | 01/05/2012 | 61 M =
Squamous cell 1A
LT18 3.10 0.01 carcinoma 05/06/2011 84 M
Squamous cell IA
LT14 10.01 0.00 T 65 F
Squamous cell IB
LT31 6.47 0.00 carcinoma 74 F
Squamous cell Unknown
LT84 2.18 0.00 A T 75 F
Squamous cell IA
LT88 9.49 0.00 carcinoma 68 F
Squamous cell 1B
LT92 16.39 0.00 T 62 F
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Figure 5.7. Induction of cell death relative to the carrier control upon 50 pM
cisplatin treatment in 19 NSCLC ex-vivo explants. Cultures were incubated with
or without cisplatin for 24 hours after an initial recovery period of 16-20 hours
and analysed for cell death (cleaved PARP IHC positivity of cancer cells).
Treatments were divided by each sample’s control to calculate the fold
difference.
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Figure 5.8 Reduction of proliferation relative to the carrier control upon 50 uM
cisplatin treatment in 19 NSCLC ex-vivo explants. Cultures were incubated with
or without cisplatin for 24 hours after an initial recovery period of 16-20 hours
and analysed for proliferation (Ki67 IHC positivity of cancer cells). Treatments
were divided by each sample’s control to calculate the fold difference.

5.3.2.1 CORRELATION WITH CLINICAL OUTCOMES

Unfortunately thus far, we do not have all the clinical information of the patients
for which we set up ex-vivo explant cultures from tumours. Post-op therapy
information was only provided for patient from LT34 (2 cycles of
cisplatin/vinorelbine) and therefore we had to assume that most patients should
have been treated with a cisplatin based combination therapy since it is the
most commonly used drug in the clinic for NSCLC. The only clinical data we
were provided with thus far is the death date of patients (Table 5.2). From this it
is evident that 6/7 patients who showed a response to cisplatin in our ex-vivo
explant model (more than 4-fold increase of cell death at 50 puM) are still alive.
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The exemption is patient LT83 who died exactly 21 days after the surgery took
place, which suggests he might have died of complications from the surgery

rather than being related to the chemotherapy he received (Table 5.2).

In contrast, two patients died after 6 months and 1 year from the surgery date,
LT16 and LT36. These two patients showed no response to cisplatin treatment
in our ex-vivo explant system (Table 5.2) even at the high 50 uM dose. Thus

2/12 non-responders in explants have died.

5.3.3 Characterisation of samples by P53 expression status

The 19 ex-vivo NSCLC explant cultures that were treated with cisplatin were
analysed for p53 protein expression by immunohistochemistry. According to
their p53 immunostaining characteristics, the tumour samples could be divided
into 3 categories: 1) In 9 of 19 cases (47%), we found constitutively low (less
than 20% of cancer cells) or undetectable p53 levels in cancer cell nuclei in
untreated samples and an accumulation of p53 in the cancer cells upon
cisplatin treatment (Figure 5.9 for representative example). This suggests these
samples carry wild-type TP53 since under normal conditions p53 is not present
at noticeable levels in the cell. However, upon various types of cellular stresses,
p53 becomes stabilized and rapidly accumulates within the nucleus. 2) In 9 of
19 samples (47%) we found constitutively high p53 levels in the cancer cell
compartment (Figure 5.10), with no further p53 accumulation after cisplatin
treatment. This suggests TP53 is mutated in these samples as p53 proteins
produced by missense mutations are regularly very stable, as a result of
escaping post-translational mechanisms that otherwise promote rapid p53
degradation (Schmid et al., 2012). 3) In one case LT92, p53 protein was
completely undetectable in cancer cell nuclei both without and with cisplatin
treatment suggesting that TP53 is probably deleted. In all, we can say that
according to p53 IHC, 47% of the samples tested were IHC-wtp53 (9/19) and
53% were IHC-mtp53 (10/19, either missense mutation or deletion). Of these 10
IHC-mtp53 samples, 3 were adenocarcinomas and 7 were squamous cell

carcinomas.
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Figure 5.9 A p53 wild-type example (LT33) upon cisplatin doses. Quantification
of nuclear p53 staining on tumour cells. The upper graph shows the
accumulation of p53 during increasing doses of the drug, cisplatin (Test for
linear trend *P< 0.0001). The bottom panel shows representative pictures of the
p53 staining.
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LT27 Uncultured

Figure 5.10 Examples of samples expressing constitutively high p53.

Interestingly, tumours harbouring IHC-mtp53 had a significantly (P<0.05) higher
intrinsic rate of Ki67-positivity in cancer cells of the native tumour compared
with IHC-wtp53 tumours (Fig. 5.11). This is probably because most of them
were squamous cell carcinomas and as mentioned in section 4.3.3 this

subclass has higher intrinsic proliferation rates.
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Figure 5.11 Intrinsic Rates of Ki67 staining according to p53 IHC status. Each
circle represents one sample. Mann Whitney test between IHC-wtp53 and IHC-
mtp53 showed significant difference (P value= 0.02).
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5.3.3.1 CORRELATION WITH p21/¢'P?

We wanted to test whether IHC-wtp53 increase upon increasing concentration
of cisplatin correlates with p21/"* induction in the explants. Due to time
restrains we could only test this in 3 IHC-wtp53 samples. A representative
example is shown in Figure 5.12 for LT33 (p53 accumulation shown in Figure
5.9). We can observe p21/™ induction upon increasing concentrations of

cisplatin suggesting wt p53 signals through p21/°"*.
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Figure 5.12. p21/“'™* expression in LT33 upon cisplatin doses. Quantification of
nuclear p21 staining on tumour cells is shown in the upper graph during
increasing doses of the drug, cisplatin (Test for linear trend *P< 0.0001). The
bottom panel shows representative pictures of the p21 staining.
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5.3.3.2 CORRELATION OF CISPLATIN RESPONSE TO P53 EXPRESSION

STATUS

Re-plotting the responses of the 19 samples treated with 50 pM of cisplatin
according to their IHC p53 status (Table 5.3;Figure 5.13), showed that out of the
7 samples that showed more than 4-fold cell death increase: 4 had IHC-mtp53
and 3 had IHC-wtp53. From these, samples that were IHC-mtp53 seemed to
show higher fold cell death responses and fold decreases in proliferation than
the IHC-wtp53 sensitive samples. In general, IHC-mtp53 samples show higher
fold decreases in proliferation with 50 uM of cisplatin than IHC-wtp53. This
probably reflects the high intrinsic proliferation of those samples since most of
the IHC-mtp53 samples are squamous cell cancers of the lung (Figure 5.13).
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Figure 5.13. Induction of cell death and reduction of Ki67 score upon 50 uM
cisplatin treatment in 19 NSCLC ex-vivo explants stratified by p53 status. Red
indicates IHC-mtp53 and black are IHC-wtp53 samples. Squares are ADC,
circles SCC and triangles AC. A) Induction of fold cell death relative to controls
in samples and B) Reduction of fold proliferation relative to controls in samples.
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Table 5.3. Correlation of cisplatin response to p53 expression status. Shown
here the fold cell death and fold proliferation relative to control after 50 uM of
cisplatin treatment, the raw cell death difference from the control, the raw
proliferation difference from the control, the p53 IHC status and histology from
19 samples.

f Cell death . .
old Proliferation
fold cell death roliferation raw raw
Code relative to profite difference . p53 IHC Histology
relative to difference
control from
control from control
control
LT89 1.42 1.19 1.49 3.53 IHC-wtp53 AC
LT33 1.09 1.04 0.94 14.30 IHC-wtp53 ADC
LT15 0.89 0.98 -1.41 1.73 IHC-wtp53 AC
LT83 4.46 0.51 14.59 17.31 IHC-wtp53 ADC
LT22 7.82 0.52 29.94 6.81 IHC-wtp53 ADC
LT32 3.2 0.7 27.50 46.51 IHC-wtp53 ADC
LT16 1.26 1.45 8.80 31.08 IHC-wtp53 ADC
LT38 6.11 1.01 40.43 24.32 IHC-wtp53 SCC
LT20 1.5 0.45 18.05 25.67 IHC-wtp53 ADC
LT34 2.07 0.1 30.37 7.28 IHC-mtp53 ADC
LT27 1.56 0.53 21.58 25.71 IHC-mtp53 ADC
LT23 1.3 0.32 15.21 39.04 IHC-mtp53 SCC
LT36 1.35 0.37 22.15 31.69 IHC-mtp53 ADC
LT18 3.1 0.01 67.21 67.17 IHC-mtp53 SCC
LT14 10.01 0 90.01 38.5 IHC-mtp53 SCC
LT31 6.47 0 84.56 56.54 IHC-mtp53 SCC
LT84 2.18 0 54.05 32.79 IHC-mtp53 SCC
LT88 9.49 0 89.47 3.94 IHC-mtp53 SCC
LT92 16.39 0 93.90 31.28 IHC-mtp53 SCC

Separating the responses to cisplatin to IHC-wtp53 and IHC-mtp53 revealed
significant differences (Figure 5.14). The fold proliferation reduction of IHC-
mtp53 samples was significantly higher than IHC-wtp53 samples (***P= 0.0002;
Mann-Whitney U=3; Median of IHC-mtp53 group: 0.005 vs Median of IHC-
mtp53 group: 0.98; Figure 5.14A). The fold cell death increases were not
statistically significant between the two groups (P=0.21). However comparing
the raw difference between the %cell death values of treated and control
explants, showed that IHC-mtp53 samples had significantly higher cell death
induction than IHC-wtp53 samples (**P= 0.004; Mann-Whitney U=11; Median of
IHC-mtp53 group: 14.59 vs Median of IHC-mtp53 group: 60.63; Figure 5.14D).
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Figure 5.14. Comparison between IHC-wtp53 and IHC-mtp53 explants to fold
responses and raw differences in response to 50 pM cisplatin. A) Fold
proliferation responses relative to control in IHC-wtp53 and IHC-mtp53 to 50 uM
cisplatin. Mann Whitney test between the two groups revealed significant
differences (***P= 0.0002; Mann-Whitney U=3). B) Fold cell death responses
relative to control in IHC-wtp53 and IHC-mtp53 to 50 puM cisplatin. Mann
Whitney test between the two groups revealed no significant differences
(P=0.21). C) Differences between the raw %proliferation values between
treated and control in IHC-wtp53 and IHC-mtp53 to 50 uM cisplatin. Mann
Whitney test between the two groups revealed significant differences (**P=
0.003; Mann-Whitney U=10). D) Differences between the raw %cell death
values between treated and control in IHC-wtp53 and IHC-mtp53 to 50 uM
cisplatin. Mann Whitney test between the two groups revealed significant
differences (**P= 0.004; Mann-Whitney U=11).
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5.3.4 LA-ICP-MS element distribution mapping of Pt-treated

explants

One thing we wanted to make sure of was whether the cisplatin is actually
getting into the explants so that lack of response could not be attributed to
inaccessibility of drug. One proof comes from IHC-wtP53 sample in Figures 5.9
and 5.12 where we can see an accumulation of p53 and p21, respectively, with
increasing concentrations of cisplatin in one example case, suggesting that the
drug is causing a DNA damage response in the tumour cells.

In addition, we collaborated with Professor Barry Sharp’s group from
Loughborough University that work with Laser Ablation Inductively Coupled
Plasma Mass Spectrometry (LA-ICP-MS) which can be used to study the
spatially-resolved distribution of elements (Zayed et al., 2011). They were able
to resolve the distribution of platinum (Pt) in our cisplatin treated slides with this
method and we could therefore visualise where cisplatin is located in a sample.
Due to time constrains we only have the LA-ICP-MS Pt distribution information
for one sample thus far, LT31 treated with 10 uM of cisplatin. LT31 (IHC-mtP53)
showed no response at 10 uM cisplatin but did show a response at 50 uM.
Figure 5.15 shows LT31 treated with 10 uM of cisplatin and not responding to
the treatment (Figure 5.15 D for cell death). As we can see from the Pt
distribution from the LA-ICP-MS (Figure 5.15E), there is Pt depletion in areas
corresponding to tumour cells but is present all around the tumour areas in the
stroma cells suggesting that cisplatin is delivered through our ex-vivo NSCLC
culture system. Another metal, Zinc, was used as a control (Figure 5.15F). Zinc

distribution is similar across the tumour tissue slide.
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Figure 5.15. LA-ICP-MS sampling of human lung cancer explant LT31 treated
with 10 uM cisplatin for 24h. Photomicrographs showing: A) H & E stained
tumour section, B) Pan Cytokeratin immunohistochemical (IHC) staining
(tumour marker), C) Ki67 IHC staining (proliferation marker), D) cPARP IHC
staining (cell death marker). LA-ICP-MS sampling (Data provided by Dr John
Pugh) for the same section showing distribution for :- E) Platinum F) Zinc.
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5.4 Discussion

The peak plasma concentration of cisplatin reported in the literature is variable.
One study on 17 patients with advanced breast cancer treated with 100 mg/m?
described a peak plasma platinum concentration of 3.91 pg/ml £ 1.41 (Ostrow
et al.,, 1980). Another study comparing the pharmacokinetics of cisplatin and
two other drugs reported peak plasma platinum concentration of 3.09 pg/ml
after 30 minute intravenous injection of 80mg/m? cisplatin (Sasaki et al., 1989).
One other study comparing different infusion times of 100 mg/m? cisplatin given
in rapid, 3hr and 24hr infusion times reported plasma platinum levels of 8.62
png/ml, 1.96 pg/ml and 0.27 pg/ml respectively (Vermorken et al., 1982). In a
different study working with paediatric patients with solid tumours they
investigated the pharmacokinetics of free platinum in 12 children receiving
cisplatin (75-120 mg/m?) with different infusion times and found plasma
platinum concentrations of 13.5 +/- 4.97 pg/ml in patients treated with 100
mg/m? cisplatin (Erdlenbruch et al., 2001). Another study reported peak
concentration of total platinum of 49 pumolar per litre (van Hennik et al., 1987) in
patients treated with 100 mg/m? cisplatin, which corresponds to ~15 pg/ml.

Therefore, there is a range of peak plasma platinum concentrations reported
from patients treated with 100 mg/m? cisplatin, from as low as 0.27 pg/ml to as
high as 13.5 +/- 4.97 pg/ml. Differences in the infusion times of cisplatin or in
the time intervals the plasma measurements took place, could account for this
range. It can be confusing however when you are trying to determine the
clinically relevant concentrations of drugs to use in experiments. In our study we
chose to use 1 pM, 10 puM and 50 pM of cisplatin which correspond to 0.3
pg/ml, 3 pg/ml and 15 pg/ml, respectively. This allows for us to assess whether

there is a dose response of the tumours.

Other studies using similar models to ours reported using a range of cisplatin
concentrations. One study using tumour explants with autoradiography as an
end point to screen for tumour drug sensitivity, described 1.5 pg/ml of cisplatin
and 24 hr exposure to be therapeutically relevant according to peak plasma
concentrations in patients (Vescio et al., 1987). They also used a 10x
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concentration and showed response in 14/27 explants, whereas the 1x
concentration was only active in 7/29 (Vescio et al., 1987). When they tried
using higher concentrations, there was an increase of false-positive cases
(Vescio et al., 1991). In a different study using ex-vivo explants of NSCLC, they
described 10 pg/ml of cisplatin to be clinically relevant and reported 5/9 samples

to respond to this concentration after 120h treatment (Pirnia et al., 2006).

The majority of studies have been based on HDRA (histoculture drug response
assay) with the MTT assay as an endpoint and, using a massive 20 pg/ml of
cisplatin, there was a high correlation between the assay and patients
(Yoshimasu et al., 2007; Furukawa et al., 1995; Ariyoshi et al., 2003; Fujita et
al., 2009; Furukawa et al., 1992). In fact, Furukawa et al discussed that the
doses of drugs they used are supra-pharmacological but there was a high in
vitro - in vivo correlation and they argued that the optimal cut-off drug
concentrations should be determined independently with each assay and each

end point used (Furukawa et al., 1992).

In our study if we used 1 uM of cisplatin (0.3 pg/ml) as a cut-off value then we
had two responders out of the ten samples tested at that concentration which
gives a percentage of 20% response to cisplatin (Table 5.1, Figures 5.5). If we
take 10 uM of cisplatin (3 pg/ml) as a cut-off value then 2/10 cases showed a
response which also gives a percentage of 20% response to cisplatin. If we take
50 uM of cisplatin (15 pg/ml) as a cut-off value then 7/19 cases showed a
response which gives a percentage of 36.8% response to cisplatin. The
reported response rate to cisplatin-based treatment is 30% in NSCLC (Ardizzoni
et al., 2007), suggesting the explant system is broadly consistent with patient
response. What we can definitely conclude is that we had 12/19 samples that
showed no response even at 50 pM of cisplatin in our ex-vivo explant culture
model system. We would argue that these patient's tumours would be
intrinsically resistant to cisplatin treatment and this could have implications in
choosing the right treatment for patients. Indeed two out of the twelve patients
for whom we set up ex-vivo explant cultures from that did not respond, died
after 6 months and 1 year from the surgery date, suggesting they would not
have responded very well to post-op chemotherapy.
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Because of the variability of Ki67 staining and quantitation we focused on the
cleaved PARP staining and the cell death data, rather than Ki67 proliferation in
assessing responders to cisplatin treatment. In low doses of the drug we
observed increases in proliferation compared to the control in some cases
(Figure 5.6). This observation most likely reflects the intrinsic proliferation
variability evident in different regions of the tumours and the number of tumour
cells present for analysis; larger areas should average this out. Another
possibility is that because of tumour heterogeneity, different regions of the
tumour respond differently to drugs. For example, BRAF mutated cells showed
decreased proliferation to treatment with a BRAF inhibitor whereas KRAS

mutated cells showed increases in proliferation (Heidorn et al., 2010).

TP53 mutations are associated more with the squamous histology in NSCLC
(Jin et al., 2010; Le Calvez Florence et al., 2005) and this is in agreement with
our study too where 7/10 IHC-mtp53 samples were squamous cancers.
However, we should be careful since studies report that IHC is not as sensitive
as sequencing to predict TP53 mutation status (Greenblatt et al., 1994) and that
discrepancies exist. Nevertheless, there are studies reporting high correlation
between IHC and TP53 mutation status (Ma et al., 2014; Tsao et al., 2007;
Scoccianti et al., 2012; Schmid et al., 2012).

From the 7 samples that responded to treatment at 50 uM of cisplatin, 5 of the
samples were of the squamous histology and two were adenocarcinomas. This
is consistent with one study which addressed whether histology predicts
survival of advanced NSCLC patients treated with cisplatin-based
chemotherapy and found no correlation in 1139 patients (Hoang et al., 2013).
Four of the 7 samples showed intrinsically high expression of p53 by IHC
suggesting they carried a mutation and three of them showed IHC-wtp53

characteristics.

Multiple reports have addressed the question as to whether TP53 mutations in
NSCLC tumours have a prognostic value in predicting response to
chemotherapy. The results are controversial, with some suggesting a negative
prognostic effect, some a positive prognostic effect, and others showing no
effect (Toyooka et al., 2003). One report evaluated the predictive value of
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mutations in TP53, in the International Adjuvant Lung Cancer Trial (IALT), a
randomized trial of adjuvant cisplatin-based chemotherapy against observation
and found that TP53 mutations are not significant predictors of outcome in their
trial of cisplatin-based chemotherapy in 524 patients (Ma et al., 2014). In
another study on 253 NSCLC patients, 132 (52%) were positive for p53 protein
overexpression (Tsao et al., 2007). Untreated p53-positive patients had
significantly shorter overall survival than did patients with p53-negative tumours.
However, these p53-positive patients also had a significantly greater survival
benefit from adjuvant chemotherapy compared with patients with p53-negative
tumours. On the other hand, they found that mutations in TP53 or RAS genes
were neither prognostic for survival nor predictive of a differential benefit from
adjuvant chemotherapy (Tsao et al., 2007). Therefore they suggest that p53
IHC positivity but not TP53 mutations are associated with greater survival

benefit from adjuvant chemotherapy.

Oppositely, the presence of a mutant p53 genotype was highly indicative of
resistance to induction chemotherapy with cisplatin (p < 0.002) in a 35 NSCLC
patient study (Kandioler et al., 2008). In bladder cancer, a retrospective analysis
of patients treated with adjuvant therapy found that patients with TP53 mutation
as assessed by IHC had increased sensitivity to treatment with DNA damaging
agents cisplatin and doxorubicin, and had more benefit from adjuvant
chemotherapy (Cote et al., 1997). In this regard it was shown here, that IHC-
mtp53 samples show higher fold proliferation reductions and higher cell death
differences compared to the control in response to cisplatin treatment than IHC-
wtp53 samples (Figure 5.14), agreeing with the notion that patients who are
IHC-mtp53 have greater responses to cisplatin than IHC-wtp53.

Some groups have demonstrated that disruption of p53 function sensitizes
tumour cells to cisplatin instead of making them resistant, as would be expected
(Schmid et al.,, 2012). These cells have an apoptotic dysfunction and one

possibility has to do with p21/“'™*

elimination. The increased sensitivity to
cisplatin in such cases may be credited to a loss in the contributory role of
p21/“"! in G2/M arrest, resulting in premature entry into mitosis, with cell death

being the final outcome (Schmid et al., 2012). There is also a p53 independent

156



Chapter 5 Testing the response of ex-vivo NSCLC explants to cisplatin

way of inducing cisplatin cytotoxicity which involves p73, which can also be
induced by cisplatin to mediate apoptosis (Schmid et al., 2012).

The evidence suggests that there are multiple possible mechanisms associated
with cisplatin cytotoxicity and p53 is not the only pathway involved.
Unfortunately, there are also multiple ways of developing resistance to cisplatin
such as decreased intracellular drug accumulation and/or increased drug efflux,
drug inactivation by increased levels of cellular thiols, processing of drug-
induced damage by increased nucleotide excision-repair activity and decreased
mismatch-repair activity, alterations in drug target, and evasion of apoptosis
(Florea & Busselberg, 2011). In fact the LA-ICP-MS data from LT31 which was
not responsive to 10 uM of Cisplatin (Figure 5.15) and was IHC-mtP53 suggest
decreased intracellular drug accumulation in the tumour cells as the method of

resistance in this particular example.

Our results indicate that dose responses of cisplatin were achievable in some of
the ex-vivo explant cultures of NSCLC. In responding samples, increasing cell
death with increasing concentrations of the drug could be observed (Figure 5.5)
or decreasing proliferation with increasing concentrations of the drug (Figure
5.6). Our data show that more than half of the samples are resistant to the drug
which is consistent with known response in the clinic. This model could
potentially be used to predict patient responses to drugs. We can also use the
model to test the expression of proteins of interest. In this respect, we could test
the expression of p53 and correlate with responses to cisplatin and found that
IHC-mtp53 samples are more sensitive to cisplatin treatment than IHC-wtp53
samples. Overall it is encouraging that we can observe dose responses with
cisplatin, that we can identify responders and non-responders and there may be

some correlation with patient outcome.
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6. ASSESSMENT OF RESPONSES TO NEW
AGENTS: TARGETING MAPK AND PI3K

SIGNALLING PATHWAYS

6.1 Introduction

After establishing the culture conditions of ex-vivo NSCLC explants and
confirming the utility of the model to test drug responses of tumours in situ, we
wanted to use the model to test targeted therapies and combinations that could
improve therapeutic approaches for the treatment of NSCLC.

As discussed in depth in the general introduction section 1.2, cancer is a
disease that arises from genetic alterations that give rise to the capabilities
associated with tumours. These competences or generic hallmarks of cancer
include self-sufficiency in growth signals, evasion of growth suppressors and
cell death, ability to replicate indefinitely, induction of angiogenesis and eventual
tissue evasion and metastasis (Hanahan & Weinberg, 2000). These capabilities
are mainly acquired after somatic mutations have been acquired in cancer

associated genes, i.e. tumour suppressor genes and oncogenes.

Oncogenes identified in cancer offer a great opportunity for the development of
novel therapies since inhibitors that target them could potentially kill tumour
cells that are addicted to the specific oncogene (Luo et al., 2009b).
Therefore by inhibiting the action of the oncogene-product or downstream
effects, the cancer cell can become vulnerable and die. This has already been
exploited in NSCLC with the introduction of EGFR and ALK inhibitors that are
having a growing impact on the management of NSCLC and have improved
outcomes of patients carrying EGFR mutations and ALK rearrangements.
However, there are only a small percentage of patients associated with these
mutations and lung cancer is a complex genetic disease, with many different

genetic alterations identified.
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Targeting two of the most common cancer-associated pathways, the
RAS/RAF/MEK/ERK pathway and the PI3K/AKT/mTOR pathway, could
potentially be useful in NSCLC as there is a high proportion of mutations found
in components of these pathways in lung cancer and in all cancers in general.
Therefore, we chose to use inhibitors targeting proteins downstream of both
pathways (Figure 6.1), mainly MEK inhibitors (UO126 or PD184352) and PI3K
inhibitors (LY294002 or GDC-0941).

RAS/RAF/MEK/ERK pathway PI3/AKT/MTOR pathway
Growth GFOWth
Factors Factors
d@ LY294002 or
PI3K GDC-0941

@sz UO126 or -m
PD184352 @KT)

Proliferation Proliferation,
cell survival

Figure 6.1 RAS/RAF/MEK/ERK pathway activity can be inhibited using MEK
inhibitors UO126 or PD184352. PISK/AKT/mTOR pathway activity can be
inhibited using PI3K inhibitors, LY294002 or GDC-0941.
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6.2 Aims and Objectives

e Determine the responses of explants to PD184352 or UO126 (MEK
inhibitors) and LY294002 or GDC401 (PI3K inhibitors) singly and in
combination.

e Correlate response to mutations in key components of the pathway
including KRAS, EGFR, BRAF and PIK3CA.

e Determine effect of inhibitors on pathway outputs by assessing P-ERK
and P-AKT staining.

e Correlate responses to available clinical data on clinical trials with these

agents in the literature.

6.3 Results

Overall 10 ex-vivo explant NSCLC cultures were tested for their response to
MEK and PI3K inhibitors and combinations. In three of these samples a PIK3CA
point mutation was identified through gPCR analysis of the samples’ DNA (see
chapter 3-section 3.2.4). The other eight samples carried none of the mutations
we tested for in KRAS, BRAF, EGFR or PIK3CA. Despite the lack of these
mutations, the majority of NSCLC samples had high levels of p-ERK or p-AKT
in the original tumour (Figure 6.2) suggesting one or both of the
RAS/RAF/MEK/ERK and/or PIBK/AKT/mTOR pathways are activated, likely by
mutations in genes other than the ones we tested by qPCR (chapter 3 - Table
3.2).
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Figure 6.2. Examples of two cases demonstrating high levels of p-ERK (A) and
p-AKT (B) respectively. None of the 10 mutations in KRAS, BRAF, EGFR or
PIK3CA we tested by qPCR were positive for these tumours.

6.3.1 Targeting PI3K

Initially, six ex-vivo NSCLC explant cultures were treated with increasing doses
of LY294002. However, LY294002 is not particularly specific for PI3K and is not
a drug that is given to patients as it is not bioavailable. Therefore, we decided to
switch to a more clinically relevant PI3K inhibitor, GDC-0941, and had time to

test the responses of another four explant cultures.

6.3.1.1 ExAMPLE PIK3CA MUTANT CASE TREATED WITH LY294002

LT16 tested positively for the PIK3CA point mutation G1633A. This
adenocarcinoma sample had some intrinsic cell death from the uncultured
tumour and a slight increase in cell death was observed as a result of culture as
can be seen by comparison to the carrier control. Nevertheless, LT16 showed a
slight response to LY294002 in comparison to the carrier control (Figure 6.3 and
Figure 6.4). The concentrations of 10 uM and 50 uM seemed to show a better
response than 20 uM of LY294002. A slight reduction in proliferation was also

observed in comparison to the carrier control (Figure 6.3 and Figure 6.4). Even
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though LT16 had a PIK3CA mutation, the p-AKT expression without any
treatment was quite low (Figure 6.5 A). Nonetheless, treatment with 10, 20 and
50 uM of LY294002 resulted in completely negative p-AKT expression (Figure
6.5 B, C and D), suggesting the inhibition of PI3K was successful even at the
lowest LY294002 dose. However the cell death increase was small and the

effect on proliferation minimal.
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Figure 6.3. Representative images of corresponding areas of LT16 (PIK3CA mutation positive) in H&E staining, Ki67 staining
(proliferation marker) and cleaved PARP staining (apoptosis marker).
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Figure 6.4. Dose response of LT16 (PIK3CA mutation positive) to LY294002.
Upper graph. Each point represents an additive number which characterises all
the staining from each slide and also takes into account the area of the tumour
cells for each explant on the slide. The red dot represents the percentage of
cells that have a nucleus stained with cleaved PARP out of all the tumour cells
present in the slide and similarly the green dot represents the Ki67 labelling
index. The dark grey bars behind show the percentage of the area that was
undergoing secondary necrosis as decided by cleaved PARP leakage out of the
total area (light grey). It shows the proliferation (Ki67-green) and the apoptosis
(cPARP-red) or the secondary necrosis (dark grey) of LT16 undergoing culture
with the carrier alone and with increasing LY294002 concentrations (10 uM, 20
UM and 50 pM) for 24 hours after the initial recovery period. Lower graph. This
graph represents the exact values of the tumour areas used for Ki67 analysis
(green bar), cleaved PARP analysis (red bar) and secondary necrosis so we
can compare each condition with the amount of tumour cells present.
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Figure 6.5. P-Akt staining of LT16 (PIK3CA mutation positive) in increasing
concentrations of LY294002. A) P-Akt expression of the LT16 Carrier control. P-
Akt expression of LT16 treated with LY294002 B) 10 uM, C) 20 uM and D) 50

UM of LY294002.
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6.3.1.2 DOSE RESPONSES TO LY294002

Six ex-vivo NSCLC explants were treated with increasing doses of LY294002.
Three of the explants were adenocarcinomas and the other three were
squamous cell carcinomas. The responses can be seen in Figure 6.6 for fold
cell death and Figure 6.7 for fold proliferation. The responses were variable.
The majority of samples showed a very small dose response with increasing
concentrations of the drug, except LT20 which only showed a 1.5 fold increase
at the highest 50 uM dose. LT22 showed a 4-fold increase of cell death at 10
UM, which reached more than 7-fold at 20 uM and no further increase at 50 uM
of LY294002. LT16 and LT23 were positive for PIK3CA mutations. However,
there was no visible difference between their response to LY294002 and the
other 4 samples (Figures 6.6 and 6.7). Looking at the fold proliferation
responses of the six explants (Figure 6.7), all 6 showed a fold decrease of
proliferation which was more evident at 10 uM and 50 puM of LY294002.
Strangely, in 4 samples the fold proliferation difference seemed to be smaller at
the middle dose of 20 pM.
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Figure 6.6. Fold cell death dose responses to LY294002 relative to control. The
% Cell Death of tumour area of 6 NSCLC ex-vivo explant cultures as
determined from cleaved PARP staining is shown. % cell death values from
each sample in increasing LY294002 concentrations (10 uM, 20 uM and 50 pM)
for 24 hours after an initial recovery of 16-20 hours were divided by each carrier
control to determine the fold difference.
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Figure 6.7. Fold proliferation dose responses to LY294002 relative to the carrier
control. % Proliferation of tumour area of 6 NSCLC ex-vivo explant cultures as
determined from Ki67 staining. The % Ki67 values from each sample in
increasing LY294002 concentrations (10 puM, 20 uM and 50 uM) for 24 hours
after an initial recovery of 16-20 hours were divided by each carrier control to
determine the fold difference.

6.3.1.3 DOSE RESPONSES TO GDC-0941

Four ex-vivo NSCLC explants were treated with increasing doses of GDC-0941.
The responses can be seen in Figure 6.8 for fold cell death and Figure 6.9 for
fold proliferation. Three of the samples were squamous cell carcinomas and
one was an adenocarcinoma. The latter, LT27, did not show evident fold cell
death increase relative to the control (Figure 6.8). However, there was some
reduction in proliferation which was higher at 10 uM of the drug (Figure 6.9).
The other three squamous samples showed some fold increase of cell death
relative to the control. LT88 showed a two fold increase at 5 uM, which went up
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to three-fold at 10 uM but no increase in cell death was observed at the highest
dose. The reduction in proliferation however, was evident in increasing
concentrations of the drug. LT93 also showed increasing fold cell death at
increasing concentrations of GDC-0941 and decreasing fold proliferation
similarly. LT92 was positive for a PIK3CA mutation and showed the highest fold
cell death response (6.5-fold increase) even at the lowest drug dose (Figure
6.8) suggesting GDC-0941 works better in selected samples which carry PI3K

aberrations.
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Figure 6.8. Fold cell death dose responses to GDC-0941 relative to control. The
% Cell Death of tumour area of 4 NSCLC ex-vivo explant cultures as decided
from cleaved PARP staining was analysed for samples treated with GDC-0941
concentrations (5 uM, 10 uM and 20 pM) for 24 hours after an initial recovery of
16-20 hours. Each sample was normalised to the carrier control.
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Figure 6.9. Fold proliferation dose responses to GDC-0941 relative to control.
The % Proliferation of tumour area of 4 NSCLC ex-vivo explant cultures as
decided from Ki67 staining was analysed for samples treated with GDC-0941
concentrations (5 uM, 10 uM and 20 pM) for 24 hours after an initial recovery of
16-20 hours. Each sample was normalised to the carrier control.

6.3.2 Targeting MEK

Seven ex-vivo NSCLC explant cultures were treated with increasing doses of
PD184352. Unfortunately, we experienced a shortage of PD184352 and two

samples therefore were treated with increasing doses of UO126.

6.3.2.1 EXAMPLE PIK3CA MUTANT CASE TREATED WITH PD184352

LT16 tested positively for the PIK3CA point mutation G1633A. LT16 showed a
response to 5 uM and 20 uM PD184352 in compared to the carrier control in
terms of cell death increase (Figure 6.10 and Figure 6.11). There was also a
small reduction in proliferation with increasing concentrations of PD184352 in
comparison to the carrier control (Figure 6.10 and Figure 6.11). LT16 had a very
high p-ERK expression without any treatment (Figure 6.12 A). This increased p-
ERK expression became less evident with treatment with 5, 10 and 20 uM of
PD184352 (Figure 6.12 B, C and D), suggesting inhibition of the drug’s target,

MEK, with increasing doses.

170



Carrier Control 5uM PD184352 10uM PD184352 20puM PD184352

H&E
PEREL
i Y
e
Ki67 R Py
R £ i
N TR Ve
&",53‘:.-.*-5,3.1 e 7 4 %
.‘..'3.?- "’l » .
Cleaved
PARP

Figure 6.10. Representative images of corresponding areas of LT16 (PIK3CA mutation positive) in H&E staining, Ki67 staining
(proliferation marker) and cleaved PARP staining (apoptosis marker).
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Figure 6.11. Dose response of LT16 (PIK3CA mutation positive) to PD184352.
Upper graph. Each point represents an additive number which characterises all
the staining from each slide and also takes into account the area of the tumour
cells for each explant on the slide. The red dot represents the percentage of
cells that have a nucleus stained with cleaved PARP out of all the tumour cells
present in the slide and similarly the green dot represents the Ki67 labelling
index. The dark grey bars behind show the percentage of the area that was
undergoing secondary necrosis as decided by cleaved PARP leakage out of the
total area (light grey). It shows the proliferation (Ki67-green) and the apoptosis
(cPARP-red) or the secondary necrosis (dark grey) of LT16 undergoing culture
with the carrier alone and with increasing PD184352 concentrations (5 uM, 10
UM and 20 pM) for 24 hours after the initial recovery period. Lower graph. This
graph represents the exact values of the tumour areas used for Ki67 analysis
(green bar), cleaved PARP analysis (red bar) and secondary necrosis so we
can compare each condition with the amount of tumour cells present.
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Figure 6.12. P-ERK staining of LT16 (PIK3CA mutation positive) in increasing
concentrations of PD184352. A) P-ERK expression of the LT16 carrier control.
P-Akt expression of LT16 treated with PD184352 B) 5 uM, C) 10 uM and D) 20
UM of PD184352.

6.3.2.2 DOSE RESPONSES TO PD184352

Seven ex-vivo NSCLC explants were treated with increasing doses of
PD184352. Five of the samples were squamous cell carcinomas and two were
adenocarcinomas. The responses can be seen in Figure 6.13 for fold cell death
and Figure 6.14 for fold proliferation. Most of the samples showed a very small
response with cell death increases in increasing concentrations of the drug.
LT92 which had a PIK3CA mutation, showed a near 7-fold increase of cell
death at the highest PD184352 dose. Looking at the fold proliferation graph we
can see some anomalous points which show increases of proliferation relative
to the control in 3 samples. This probably arises from the variability of
proliferation amongst different explants, as already mentioned in chapter 5.
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Nevertheless decreases in proliferation are evident in the other 5 samples
(Figure 6.14).
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Figure 6.13. Fold cell death dose responses to PD184352 relative to control.
The % cell death of tumour area of 7 NSCLC ex-vivo explant cultures as
decided from cleaved PARP staining was analysed for samples treated with
PD184352 concentrations (5 uM, 10 uM and 20 uM) for 24 hours after an initial
recovery of 16-20 hours. Each sample was normalised to the carrier control.
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Figure 6.14. Fold proliferation dose responses to PD184352 relative to control.
The % proliferation of tumour area of 7 NSCLC ex-vivo explant cultures as
decided from Ki67 staining was analysed for samples treated with PD184352
concentrations (5 uM, 10 uM and 20 pM) for 24 hours after an initial recovery of
16-20 hours. Each sample was normalised to the carrier control.

6.3.2.3 DOSE RESPONSES TO UO126

Two ex-vivo adenocarcinoma explant cultures were treated with increasing
doses of UO126 which is a MEK inhibitor routinely used in laboratory
experiments but not very clinically relevant. The responses of LT22 and LT27
can be seen in Figure 15A for fold cell death and Figure 15B for fold
proliferation. LT22 showed an increase of fold cell death relative to the control in
increasing concentrations of UO126 while LT27 was not responding (Figure
15A). However, the decrease in proliferation in increasing concentrations of
UO126 was more evident in LT27 than LT22 (Figure 15B).
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Figure 6.15. Fold cell death and fold proliferation to dose responses to UO126
relative to control. A) The % cell death of tumour area of 2 NSCLC ex-vivo
explant cultures as decided from cleaved PARP staining was analysed for
samples treated with UO126 concentrations (5 uM, 10 uM and 20 uM) for 24
hours after an initial recovery of 16-20 hours. Each sample was normalised to
the carrier control. B) The % proliferation of tumour area of 2 NSCLC ex-vivo
explant cultures as decided from Ki67 staining was analysed for samples
treated with UO126 concentrations (5 uM, 10 uM and 20 uM) for 24 hours after
an initial recovery of 16-20 hours. Each sample was normalised to the carrier
control.

6.3.3. Inhibiting PI3K and MEK simultaneously

The ten ex-vivo NSCLC explants were also treated with combinations of PI3K
and MEK inhibitors. Due to the availability of the drugs, four samples were
treated with combinations of LY294002 and PD184352; three samples were
treated with combinations of GDC-0941 and PD184352, and one sample was
treated with LY294002 and UO126, another with GDC-0941 and UO126 and

the last one with combinations of LY294002 and sorafenib.

6.3.3.1 ExamMPLE PIK3CA MUTANT CASE TREATED WITH COMBINATIONS
OF LY294002 AND PD184352

LT16 tested positively for the PIK3CA point mutation G1633A. LT16 showed a
better response to increasing concentrations of LY294002 in combination with
PD184352 in comparison to the carrier control as measured by an increase of
cell death (Figure 6.16 and Figure 6.17). The reduction in proliferation is also
evident with combination treatments in comparison to the carrier control (Figure
6.16 and Figure 6.17).
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Figure 6.16. Representative images of corresponding areas of LT16 (PIK3CA mutation positive) in H&E staining, Ki67 staining
(proliferation marker) and cleaved PARP staining (apoptosis marker).
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Figure 6.17. Dose responses of LT16 (PIK3CA mutation positive) to LY294002
in combination with PD184352. Upper graph. Each point represents an additive
number which characterises all the staining from each slide and also takes into
account the area of the tumour cells for each explant on the slide. The red dot
represents the percentage of cells that have a nucleus stained with cleaved
PARP out of all the tumour cells present in the slide and similarly the green dot
represents the Ki67 labelling index. The dark grey bars behind show the
percentage of the area that was undergoing secondary necrosis as decided by
cleaved PARP leakage out of the total area (light grey). It shows the
proliferation (Ki67-green) and the apoptosis (cPARP-red) or the secondary
necrosis (dark grey) of LT16 undergoing culture with the carrier alone and with
increasing PD184352 + LY294002 concentrations (5 uM PD +10 pM LY, 10 uM
PD +20 pM LY and 20 uM PD +50 uM LY) for 24 hours after the initial recovery
period. Lower graph. This graph represents the exact values of the tumour
areas used for Ki67 analysis (green bar), cleaved PARP analysis (red bar) and
secondary necrosis so we can compare each condition with the amount of
tumour cells present.
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6.3.3.2 DOSE RESPONSES TO LY294002 IN COMBINATION WITH
PD184352

Four ex-vivo NSCLC explants were treated with increasing doses of LY294002
and PD184352. Two of these were adenocarcinomas and two were squamous
cell carcinomas. The responses can be seen in Figure 6.18 A for fold cell death
and Figure 6.18 B for fold proliferation. Three of the samples (LT16, LT18 and
LT14) showed a high response with cell death increases in increasing
concentrations and ki67 decreases similarly (Figure 6.18). LT20 only showed a
small response at the highest concentration in terms of fold cell death increase.
However, the fold proliferation went down in increasing concentrations of the

drug combinations in all four samples.

179



Chapter 6 Targeting MAPK and PI3K signalling pathways

A
5
4.5
° 4
s
c
835
8
v 3 ague| T16
2
(5]
& 25 =] T18
< LT20
© 2 _
(]
o apew| T14
8 15
3
e 1 .
0.5
0 T T 1
Carrier Control 5uM PD +10 uM LY 10 uM PD +20 pM LY 20 uM PD +50 uM LY
B
1.2
°
e 1
o
(%]
8
-021 0.8
k] =g T16
()
n:: 0.6 - @l T18
o
b= LT20
@ 0.4
% apEe| T14
a
- 0.2
o
(1Y
0 T T 1
Carrier Control 5 uM PD +10 uM 10 uM PD +20 uM 20 uM PD +50 uMm
LY LY LY

Figure 6.18 Fold cell death and proliferation dose responses to LY294002 in
combination with PD184352 relative to control. A) The % cell death of tumour
area of 4 NSCLC ex-vivo explant cultures as decided from cleaved PARP
staining was analysed for samples treated with increasing PD184352 +
LY294002 concentrations (5 uM PD +10 pM LY, 10 uM PD +20 uM LY and 20
UM PD +50 pM LY) for 24 hours after an initial recovery of 16-20 hours. Each
sample was normalised to the carrier control. B) The % proliferation of tumour
area of 4 NSCLC ex-vivo explant cultures as decided from Ki67 staining was
analysed for samples treated with increasing PD184352 + LY294002
concentrations (5 uM PD +10 pM LY, 10 uM PD +20 pM LY and 20 uM PD +50
UM LY) for 24 hours after an initial recovery of 16-20 hours. Each sample was
normalised to the carrier control.
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6.3.3.3 DOSE RESPONSES TO GDC-0941 IN COMBINATION WITH
PD184352

Three squamous cell carcinoma ex-vivo NSCLC explants were treated with
increasing doses of GDC-0941 and PD184352. The responses can be seen in
Figure 6.19A for fold cell death and Figure 6.19B for fold proliferation. All three
samples showed response with cell death increases in increasing
concentrations of the combination drugs and proliferation decreases similarly
(Figure 6.19). LT92 which carried a PIK3CA mutation, showed the highest fold

induction of cell death.
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Figure 6.19 Fold cell death and proliferation dose responses to GDC-0941 in
combination with PD184352 relative to control. A) The % cell death of tumour
area of 3 NSCLC ex-vivo explant cultures as decided from cleaved PARP
staining was analysed for samples treated with increasing PD184352 + GDC-
0941 concentrations (5 uM PD +5 uM GDC, 10 uM PD + 10 uM GDC and 20
UM PD + 20 uM GDC) for 24 hours after an initial recovery of 16-20 hours. Each
sample was normalised to the carrier control. B) The % proliferation of tumour
area of 3 NSCLC ex-vivo explant cultures as decided from Ki67 staining was
analysed for samples treated with increasing PD184352 + GDC-0941
concentrations (5 uM PD +5 pM GDC, 10 uM PD + 10 puM GDC and 20 pM PD
+ 20 pM GDC) for 24 hours after an initial recovery of 16-20 hours. Each
sample was normalised to the carrier control.
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6.4 Discussion

The responses of ten ex-vivo NSCLC explant cultures were tested after
treatment with PI3K inhibitors (LY294002 in 6 samples and GDC-0941 in 4
samples) and MEK Inhibitors (PD184352 in 7 samples and UO126 in 2
samples) singly and in combination. The responses were variable. The average
increase of cell death in LY294002 and PD184352 single treated samples was
2-fold. GDC-0941 single treatments showed 3-fold increases in 2 samples and
one sample showed a 6-fold response. The same sample, LT92 which carried a
PIK3CA mutation, also showed a high 6-fold response at the highest PD184352
single treatment, suggesting that correlation with genotype is important. In
general however, most of the single treatments did not induce significant
responses in the explants. The combination of PIS3K and MEK inhibitors though,
showed more promise since the fold induction of cell death and the fold
decrease of proliferation was much higher, ranging from 4-fold to as high as 18-
fold cell death increase. This high fold cell death increase is similar to samples
treated with 50 uM of Cisplatin (Chapter 5 section 5.3.2).

PD184352 (also known as CI-1040) was the first MEK inhibitor to proceed to
clinical testing. A phase Il clinical trial to assess its anti-tumour activity and
safety in 67 patients with NSCLC, breast, colon and pancreatic cancer showed
that the drug was generally well tolerated but did not demonstrate enough
promise for further development (Rinehart et al., 2004). Studies with other MEK
inhibitors such as PD0325901 came to the conclusion that patients in future
clinical trials with MEK inhibitors should be refined more carefully according to
their genetics and that combinations with other inhibitors could be beneficial
since MEK inhibitors only caused growth arrest on their own (Haura et al.,
2010).

This was highlighted in Phase Il studies where it was seen that another MEK
inhibitor, AZD6244, had clinical activity in patients with advanced NSCLC.
However no advantage was observed from monotherapy over standard
chemotherapy at least in an unselected population and it was proposed that
further development of the drug in NSCLC should focus on BRAF or RAS
mutation-positive patients and/or combination regimens (Hainsworth et al.,

2010). These observations are evident in our data as well since single
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treatments with MEK inhibitors only showed minimal responses on the ex-vivo
NSCLC explants compared to the fold inductions we observed with single
treatment of 50 uM Cisplatin, whereas combination treatments with PI3K

inhibitors showed synergy and increases of cell death.

LY294002 was one of the first inhibitors of PI3K (Vlahos et al., 1994) and has
been widely used in the laboratory setting. However high levels of toxicity, poor
pharmacological properties and lack of specificity prevented its progression to
the clinic (Heavey et al., 2014). In fact, LY294002 was found to inhibit a range
of other substrates, such as mTOR, casein kinase 2, DNA-PK, GSK3 and
several others suggesting its use to study PI3K signalling specifically should be
guestioned (Gharbi et al., 2007).

GDC-0941 is a more selective inhibitor of class IA PI3Ks and has good
pharmacological properties. A study using breast cancer cell lines and in vivo
xenograft models found that models harbouring PIK3CA mutations,
amplification of human epidermal growth factor receptor 2, or dual alterations in
two pathway components were very sensitive to treatment with GDC-0941
(O'Brien et al., 2010). However, several models that did not have these
alterations also showed sensitivity to GDC-0941 (O'Brien et al., 2010). For
example, PTEN loss has been identified as a predictive biomarker of response
to GDC-0941 (Heavey et al., 2014).

In our study the response to either single treatment with PI3K inhibitors was
correlated with PIK3CA mutation status only in one case out of the three
PIK3CA mutant samples identified. However, the three explants were treated
with different PI3K inhibitors. The sample that showed high response with single
treatment was treated with the more potent GDC-0941 PI3K inhibitor, whereas
the other two samples were treated with LY294002. They did show some
response but they were no different to samples carrying none of the 10
mutations we tested. There are two possibilities; one is that LY294002 is not as
good at targeting PI3K and the other one is that targeting PI3K alone in those
two samples does not induce a massive response because they are not solely
dependent on PI3K and there are also other drivers present.
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What is evident from our study and published work is that monotherapies do not
offer a great advantage to patients. Combination therapies work best and in this
case the combination of a potent PI3K inhibitor such as GDC-0941 with a MEK
inhibitor such as PD184352 shows promise.

Further in vitro data demonstrated that GDC-0941 synergizes with the MEK
inhibitor U0126 in NSCLC cell lines to induce cell growth inhibition and
apoptosis (Zou et al.,, 2012). Several preclinical studies also showed that
combinations between MEK and PI3K inhibitors work synergistically to reduce
tumour burden. A preclinical study using NSCLC cell lines and xenograft
models showed the combination of GDC-0941 with paclitaxel, erlotinib, or a
MAPK inhibitor had greater effects on cell viability than PI3K inhibition alone
(Spoerke et al.,, 2012). Combined use of NVP-BEZ235 (a PI3K and mTOR
inhibitor) and ARRY-142886 (MEK inhibitor) has also been shown to
synergistically act in shrinking KRAS-driven murine lung cancers (Engelman et
al., 2008). Synergistic effects of concurrent blockade of PI3K and MEK
pathways were also observed in pancreatic cancer preclinical models (Zhong et
al., 2013). Another study using a combination of AZD6244 (MEK inhibitor) and
MK2206 (AKT inhibitor) showed a significant synergistic effect on tumour
growth in vitro and in vivo and led to increased survival rates in mice bearing

highly aggressive human lung tumours (Meng et al., 2010).

In the clinical setting, a study investigated safety, efficacy, and correlations
between tumour genetic alterations and clinical benefit in 236 patients with
advanced cancers treated with drugs targeting PI3K and/or MAPK pathways in
a Phase | setting (Shimizu et al., 2012). They found that the dual inhibition of
both pathways exhibited a favourable efficacy compared with inhibition of either
pathway alone, at the expense however of greater toxicity (Shimizu et al.,
2012). Nevertheless, preclinical data investigating the combination of GDC-
0941 and GDC-0973 (novel MEK inhibitor) both in vitro and in vivo showed that
intermittent inhibition of the PI3K and MAPK pathway is sufficient for efficacy in
BRAF and KRAS mutant cancer cells (Hoeflich et al., 2012). Therefore, the
toxicity of combination treatments observed in the previous mentioned clinical

study, could potentially be reduced by alternating dosing of the inhibitors.
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Our data demonstrate the utility of ex-vivo explant cultures for assessing in situ
drug responses for targeted therapies. Our findings propose that the use of a
combination of PI3K and MEK inhibitors could potentially provide a therapeutic
improvement in the treatment of NSCLC. This is also evident in the literature
with various studies proposing that concurrent inhibition of PI3K and MAPK

pathways is an attractive cancer treatment.
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/. ASSESSMENT OF RESPONSES TO NEW
AGENTS. TARGETING NON-ONCOGENE

ADDICTED CELL DEATH PATHWAYS

7.1 Introduction

After establishing the culture conditions of ex-vivo NSCLC explants and
confirming the utility of the model to test drug responses of tumours to cisplatin
and targeted therapies in situ, we wanted to use the model to assess the
responses to agents targeting cell death pathways and combinations that could

have therapeutic implications for the treatment of NSCLC.

Inhibition of apoptosis is one of the hallmarks of cancers and this allows cells
that carry considerable genomic alterations to survive (Hanahan & Weinberg,
2000). Targeting the apoptotic machinery of tumour cells could potentially be
used to treat cancer cells selectively. There are two apoptotic pathways; the
intrinsic and the extrinsic pathway. The extrinsic pathway is activated through
death receptor stimulation at the plasma membrane and subsequent formation
of DISC and activation of caspases which leads to apoptosis. The intrinsic
pathway is triggered through various conditions such as DNA damage and it
signals through the mitochondria with cytochrome c release and the formation
of the apoptosome leading to caspase activation.

We used recombinant TRAIL to induce the extrinsic cell death pathway and
ABT-737 to induce the intrinsic cell death pathway in explants. ABT-737 is a
BH3 mimetic which inhibits the anti-apoptotic proteins Bcl-2, Bcl-xL and Bcl-w,
with a high affinity (Oltersdorf et al., 2005). Synergistic interactions between
ABT-737 and TRAIL have also been observed in tumour cell lines including
NSCLC (Song et al., 2008), so we wanted to test whether the combination gives
a similar response on ex-vivo NSCLC explants. Another possibility we wanted

to test was whether cisplatin enhances TRAIL or ABT-737 responses in the
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explants. We tested the responses to TRAIL, ABT-737 and combinations with

cisplatin in a total of 12 samples and the data are shown here.

7.2 Aims and Objectives

e Determine the responses of explants to TRAIL and ABT-737, singly and
in combination, and in the presence and absence of cisplatin.
e Correlate responses to available clinical data on clinical trials with these

agents in the literature.

7.3 Results

7.3.1 TRAIL responses in 12 samples

Twelve ex-vivo NSCLC explant cultures were treated with 1 pg/ml of TRAIL.
The cleaved PARP and Ki67 staining of tumour cells were quantified for the 12
samples and normalised against each case’s carrier control. From these 12
samples, 2 were atypical carcinoid tumours, 5 were adenocarcinomas and 5
were squamous cancers. The fold cell death responses of explants to TRAIL
showed three groups (Figure 7.1): 1) One sample, LT22 showed a 4-fold
increase of cell death, 2) Samples that showed a small fold increase (1.3 to 2-
fold) relative to the control (LT20, LT83, LT27, LT23 and LT16) and 3) Samples
that showed no fold increase of cell death and instead showed a small decrease
(LT18, LT84, LT89, LT92, LT15 and LT88).

The fold proliferation responses showed that proliferation went down to varying
degrees in the majority of samples (Figure 7.2). In LT89 and LT22 the
proliferation seemed to be slightly increased (1.2 fold) compared to the control.
This could again arise from variation of Ki67 staining between tumour areas in
samples. However, it has been reported in the literature that TRAIL treatment
could induce proliferation in TRAIL resistant tumours (Baader et al., 2005;
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Ehrhardt et al., 2003). In LT22, however, a 4-fold increase of cell death was

observed suggesting this is not the case.
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Figure 7.1. Fold Cell Death responses to 1 pg/ml of TRAIL relative to the carrier
control. The % Cell Death of tumour area of 12 NSCLC ex-vivo explant cultures
as determined from cleaved PARP staining after treatment with 1 pg/ml of
TRAIL for 24 hours after an initial recovery of 16-20 hours were divided by each
carrier control to calculate the fold difference.
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Figure 7.2. Fold Proliferation responses to 1 pg/ml of TRAIL relative to the
carrier control. The % Proliferation of tumour area of 12 NSCLC ex-vivo explant
cultures as determined from Ki67 staining after treatment with 1 pg/ml of TRAIL
for 24 hours after an initial recovery of 16-20 hours were divided by each carrier
control to calculate the fold difference.

7.3.2 TRAIL responses in combination with cisplatin in 12 samples

As shown in Figures 7.1 and 7.2 TRAIL treatment by itself was not very
effective in the ex-vivo NSCLC explant cultures we tested. We wanted to see
whether combination treatment with cisplatin would enhance the effect. We
tested the responses of 1 pg/ml of TRAIL in combination with 50 uM cisplatin in
the same 12 samples. The results of the fold cell death responses can be seen
in Figure 7.3 and the fold proliferation in Figure 7.4. In the majority of cases
TRAIL does not enhance the effect of treatment with 50 uM cisplatin alone
(Figure 5.7) as the samples which were responsive to cisplatin showed
approximately the same fold cell death increase with the addition of TRAIL
suggesting the cell death effect is attributed to cisplatin sensitivity and TRAIL

does not offer an advantage. In one case however, LT83, TRAIL seems to
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synergise with cisplatin and induce 6-fold increase of cell death with the
combination treatment whereas 4-fold cell death increase was observed with
cisplatin alone (Figure 7.3). On the other hand, for LT22, addition of TRAIL
produced the opposite effect and decreases 2-fold the cell death amount

compared to 50 uM cisplatin treatment alone.

For measurements of proliferation (Figure 7.4), most cases showed decrease
with cisplatin treatment which remained constant with the addition of TRAIL.
LT83 showed an additive effect with a greater decrease in proliferation with the
combination treatment. A group of samples (LT15, LT89, LT27, LT23, and
LT16) showed anomalous results with the proliferation going up and down with
the different treatments. In the first 4 samples, combination of TRAIL and
cisplatin increased the proliferation in comparison with cisplatin treatment alone,
whereas in LT16 the proliferation seemed to be more decreased with TRAIL

alone and TRAIL and cisplatin than cisplatin alone (Figure 7.4).

18
16 ® Carrier Control
14 = TRAIL 1pg/ml
50uM Cisplatin
12— wTRAIL THg/mi+ 50M Cis

10

Fold Cell Death Relative to Control

LT15 LT16 LT18 LT20 LT22 LT23 LT27 LT83 LT84 LT88 LT89 LT92

Figure 7.3. Fold Cell Death responses to 1 pug/ml of TRAIL, 50uM Cisplatin and
combination of the two relative to the carrier control. The % Cell Death of
tumour area of 12 NSCLC ex-vivo explant cultures as determined from cleaved
PARP staining after treatment with 1 pg/ml of TRAIL, 50uM Cisplatin and TRAIL
+ cisplatin for 24 hours after an initial recovery of 16-20 hours were divided by
each carrier control to calculate the fold difference.
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Figure 7.4. Fold Proliferation responses to 1 pg/ml of TRAIL, 50uM Cisplatin
and combination of the two relative to the carrier control. The % Proliferation of
tumour area of 12 NSCLC ex-vivo explant cultures as determined from Ki67
staining after treatment with 1 pg/ml of TRAIL, 50uM Cisplatin and TRAIL +
cisplatin for 24 hours after an initial recovery of 16-20 hours were divided by
each carrier control to calculate the fold difference.

7.3.4 Dose responses to ABT-737 in 10 samples

Ten ex-vivo NSCLC explant cultures were treated with 2 uM and 10 uM ABT-
737. The cleaved PARP and Ki67 staining of tumour cells were quantified for
the 10 samples and normalised against each case’s carrier control. From these
10 samples, 1 was atypical carcinoid tumour, 5 were adenocarcinomas and 4
were squamous cancers. The responses in terms of fold cell death can be seen
in Figure 7.5 and fold proliferation in Figure 7.6. The majority of the samples
showed very little fold cell death increases (up to 2-fold) compared to the control
in increasing concentrations of the drug. Two samples, LT22 and LT89, showed
better dose responses which reached 7-fold and 6-fold at the highest ABT-737
dose respectively. The same can be broadly observed with the fold proliferation
results. Most of the samples showed decreases in proliferation with increasing
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ABT-737 doses. LT27 showed irregular results, with fold cell death decreasing
at the highest dose and the fold proliferation increasing at the highest dose.
This is highly unlikely. Looking at the tumour areas available for the analysis of
the samples the 2 uM was double the tumour area compared to the 10 uM. It is
possible that the results of the explants from 10 uM could be biased because of

the smaller tumour area available for analysis.

/ LT22

6 LT89

LT92
LT88
LT20
LT16

Fold Cell Death Relative to Control
N

LT23
1 LT83
LT84
LT27
0
Carrier Control 2 uM ABT 10 uM ABT

Figure 7.5. Fold Cell Death responses to increasing doses of ABT-737 relative
to the carrier control. The % Cell Death of tumour area of 10 NSCLC ex-vivo
explant cultures as determined from cleaved PARP staining after treatment with
2 uM and 10 puM ABT-737 for 24 hours after an initial recovery of 16-20 hours
were divided by each carrier control to calculate the fold difference.
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Figure 7.6. Fold Proliferation responses to increasing doses of ABT-737 relative
to the carrier control. The % Proliferation of tumour area of 10 NSCLC ex-vivo
explant cultures as determined from Ki67 staining after treatment with 2 uM and
10 uM ABT-737 for 24 hours after an initial recovery of 16-20 hours were
divided by each carrier control to calculate the fold difference.

7.3.5 Dose responses to ABT-737 in combination with TRAIL in 10

samples

Next we wanted to see whether addition of TRAIL enhances the effect of ABT-
737 treatment alone. The same ten explants were treated with combinations
and the fold cell death results can be seen in Figure 7.7 and the fold
proliferation in Figure 7.8. The combination of TRAIL with ABT-737 did not
provide any advantage to the explants in comparison with ABT-737 alone in the
majority of explants. LT22 and LT89 both responded with ABT-737 alone and in
fact LT89 showed a smaller increase with the combination treatment. However,
one case LT83 showed an additive effect between ABT-737 and TRAIL
treatment with observed 4-fold cell death increase at the highest dose of the

combination.
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M Carrier Control

H TRAIL 1ug/ml

m2 uM ABT

m10 uM ABT

M2 uM ABT + TRAIL 1pg/ml
m 10 uM ABT + TRAIL 1ug/ml

Fold Cell Death Relative to control

LT16 LT20 LT22 LT23 LT27 LT83 LT84 LT88 LT89 LT92

Figure 7.7. Fold Cell Death responses to increasing doses of ABT-737 in
combination with TRAIL relative to the carrier control. The % Cell Death of
tumour area of 10 NSCLC ex-vivo explant cultures as determined from cleaved
PARP staining after treatment with 1 pg/ml of TRAIL, 2 uM and 10 pM ABT-737
in combination with 1 pg/ml of TRAIL for 24 hours after an initial recovery of 16-
20 hours were divided by each carrier control to calculate the fold difference.
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Figure 7.8. Fold Proliferation responses to increasing doses of ABT-737 in
combination with TRAIL relative to the carrier control. The % Proliferation of
tumour area of 10 NSCLC ex-vivo explant cultures as determined from Ki67
staining after treatment with 1 pg/ml of TRAIL, 2 pM and 10 pM ABT-737 in
combination with 1 pg/ml of TRAIL for 24 hours after an initial recovery of 16-20
hours were divided by each carrier control to calculate the fold difference.

7.3.7 Dose responses to ABT-737 in combination with cisplatin in 4
samples

Finally, we wanted to test the response to ABT-737 in combination with 10 uM
cisplatin. Due to time limitations we could only test this for 4 samples. The
results of fold cell death can be seen in Figure 7.9 and fold proliferation in
Figure 7.10. In three cases the single treatments or the combination did not
show any visible response in fold cell death increases or fold proliferation.
However in LT92 we saw a massive enhancement of cell death induction at
increasing concentrations of the combination in comparison with each treatment

alone (Figure 7.9).
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Fold Cell Death Relative to Control

LT83 LT84 LT89 LT92
Figure 7.9. Fold Cell Death responses to 2 uM and 10 pM of ABT-737, 10 uM
cisplatin and combinations relative to the carrier control. The % Cell Death of
tumour area of 10 NSCLC ex-vivo explant cultures as determined from cleaved
PARP staining after treatment with 2 uM and 10 uM of ABT-737, 10 uM cisplatin
and combinations for 24 hours after an initial recovery of 16-20 hours were
divided by each carrier control to see the fold difference.

3
M Carrier Control

m 2 pM ABT

2.5 % 10 pM ABT
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m 2 uM ABT+ 10 Cis
m 10 uM ABT+ 10 Cis

Fold Proliferation Relative to Control
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Figure 7.10. Fold Proliferation responses to 2 uM and 10 uM of ABT-737, 10 uM
cisplatin and combinations relative to the carrier control. The % Proliferation of
tumour area of 10 NSCLC ex-vivo explant cultures as determined from Ki67
staining after treatment with 2 uM and 10 uM of ABT-737, 10 uM cisplatin and
combinations for 24 hours after an initial recovery of 16-20 hours were divided
by each carrier control to see the fold difference.

197



Chapter 7 Targeting non-oncogene addicted cell death pathways

7.4 Discussion

The responses of 12 ex-vivo NSCLC explant cultures were tested here for
TRAIL and ABT-737 in the presence and absence of cisplatin. The general
results of the treatments did not look very encouraging. The majority of the
samples did not respond to the treatments even in combinations between the
drugs. However, one sample LT22, showed response to TRAIL monotherapy
(Figure 7.1). In another case, LT83, TRAIL seemed to synergise with cisplatin
and induce more cell death with the combination treatment (Figure 7.3). Two
samples, LT22 and LT89, showed good dose responses with ABT-737
treatment which reached 7-fold and 6-fold increase of cell death at the highest
ABT-737 dose respectively (Figure 7.5). Only one case, LT83, showed an
additive effect between ABT-737 and TRAIL treatment with an observed 4-fold
cell death increase at the highest dose of the combination (Figure 7.7). The
combination between ABT-737 and 10 uM of cisplatin was only tested in four
samples. Out of them, LT92, showed a massive enhancement of cell death
induction at increasing concentrations of the combination in comparison with

each treatment alone (Figure 7.9).

In vitro studies have shown that a number of cancer cell lines including NSCLC
are sensitive to the cytostatic or cytotoxic effects of TRAIL monotherapy
(Ashkenazi et al., 1999; Stegehuis et al., 2010). It has also been demonstrated
that treatment of athymic mice with TRAIL shortly after tumour xenograft
injection markedly reduced tumour incidence and that TRAIL treatment of mice
bearing solid tumours induced tumour cell apoptosis, suppressed tumour
progression, and improved survival (Ashkenazi et al., 1999). Furthermore, in
mice TRAIL showed synergism with chemotherapeutic drugs such as 5-
fluorouracil causing substantial tumour regression or complete tumour ablation
(Ashkenazi et al.,, 1999). Additional experiments with orthotopic xenograft
mouse models based on NCI-H460 NSCLC cell line showed that TRAIL
administration alone inhibited growth of tumours by 60% compared to controls
and when combined with Taxol plus carboplatin chemotherapy the growth
inhibition was 97% (Jin et al.,, 2004). They also showed similar results in an
orthotopic lung tumour mouse model with apomab, a fully human monoclonal
antibody that induces apoptosis via binding TRAIL-R2 (Jin et al., 2008). Based
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on all these promising preclinical studies, agents targeting TRAIL receptors,
such as human recombinant TRAIL or agonistic monoclonal antibodies that
target the functional TRAIL-R1 and TRAIL-R2 receptors, moved on to clinical

testing.

A Phase Il study of mapatumumab, a fully human agonistic monoclonal
antibody which targets and activates the TRAIL receptor-1, in 32 heavily pre-
treated patients with advanced NSCLC showed that no objective single agent
activity of mapatumumab was demonstrated, but the drug was safe and well
tolerated (Greco et al., 2008). Nine patients (29%) however, had stable disease
(Greco et al., 2008). Similarly, in our study out of the twelve ex-vivo NSCLC
explants tested with TRAIL treatment only one sample showed some response
to single treatment with TRAIL. Further clinical studies focused on combinations
with chemotherapy. A phase 1b Study of dulanermin (recombinant human
Apo2L/TRAIL) in combination with paclitaxel, carboplatin, and bevacizumab
(PCB) in patients with advanced Non-Squamous NSCLC showed promising
results with one confirmed complete response and 13 confirmed partial
responses and an overall response rate of 58% (Soria et al.,, 2010).
Nevertheless, the Phase Il study which was done with 213 patients
unfortunately concluded that the addition of dulanermin to PCB did not improve
outcomes in unselected patients with previously untreated advanced or
recurrent NSCLC (Soria et al., 2011). Similar results were observed in another
randomized phase 2 study of paclitaxel and carboplatin (PC) with or without
conatumumab (a fully human monoclonal agonist antibody directed against
TRAIL-R?2) for first-line treatment of advanced NSCLC (Paz-Ares et al., 2013).
172 patients randomised between treatments showed that although the drug
was well tolerated, the addition of conatumumab to PC did not improve
outcomes in unselected patients with previously untreated advanced NSCLC
(Paz-Ares et al., 2013). In our study we tested the responses of 12 ex-vivo
NSCLC explant cultures to a combination of TRAIL and cisplatin and only one
case showed increased cell death from the combination. Our observations
broadly agree with the results of the clinical studies of either recombinant TRAIL

or monoclonal antibodies targeting TRAIL receptors.
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Neutralization of anti-apoptotic Bcl-2 family members (Bcl-2, Bcl-XL, Bcl-w, Mcl-
1 and Bcl2Al) is required for apoptosis induction and has therefore made
inhibitors of this family an attractive way to improve cancer therapy (Vogler et
al., 2009). Studies with ABT-737 (inhibitor of Bcl-2, Bcl-XL and Bcl-w) showed
the drug to exhibit single agent killing of lymphoma and small-cell lung
carcinoma lines in addition to patient-derived cells (Oltersdorf et al., 2005). They
also reported that in animal models, ABT-737 caused regression of established
tumours and produced cures in a high percentage of the mice (Oltersdorf et al.,
2005). Oral administration of ABT-263 (the orally bioavailable improvement
compound from ABT-737) alone induced complete tumour regression in
xenograft models of small-cell lung cancer and acute lymphoblastic leukemia
(Tse et al., 2008). However in xenograft models of aggressive B-cell lymphoma
and multiple myeloma ABT-263 exhibited modest or no single agent activity, but
it significantly enhanced the efficacy of clinically relevant therapeutic regimens
(Tse et al., 2008).

In a phase | study of ABT-263 (aka Navitoclax) in patients with SCLC and other
solid tumours from 47 patients, one patient with SCLC had a confirmed patrtial
response lasting longer than 2 years, and eight patients with SCLC or carcinoid
had stable disease (Gandhi et al., 2011). However, in a further Phase Il study of
single-agent Navitoclax in patients with relapsed SCLC it was concluded that
Bcl-2 targeting by navitoclax showed limited monotherapy activity against
advanced and recurrent SCLC and that future studies should focus on
combination therapies (Rudin et al., 2012). In our study two samples out of ten
showed good dose responses with ABT-737 treatment which reached 7-fold
and 6-fold increase of cell death at the highest ABT-737 dose. When we
combined ABT-737 with the chemotherapeutic drug cisplatin one out of four
samples showed great enhancement of the response, further supporting the

use of combinations between chemotherapy and BCL-2 inhibitors.

A combination of ABT-737 and TRAIL induced significant cell death in multiple
cancer cell lines, including renal, prostate, and lung cancers, although each
agent individually had little activity in these tumour cells (Song et al., 2008). This
synergy between ABT-737 and TRAIL was also observed in an in vivo

glioblastoma model (Cristofanon & Fulda, 2012). In our study this combination
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was tested in 10 ex-vivo NSCLC explants and only one case showed improved

response. This combination has not been tested in the clinic yet.

The literature supports the use of TRAIL receptor targeting agents and BCL-2
inhibitors in improving cancer treatment. The generalised conclusion is that
monotherapies provide very small if any advantage in cancer therapy. There are
numerous studies examining different promising potential enhancers of TRAIL
induced apoptosis such as the proteasome inhibitor bortezomib (Luster et al.,
2009; Voortman et al., 2007), quercetin (Chen et al., 2007), PI3K inhibitors
(Bagci-Onder et al., 2011) and trifluorothymidine (Azijli et al., 2014). A further
realisation is that drugs should be better selected according to the patients’
tumour molecular characteristics. The ex-vivo NSCLC explant model we used
points towards it being more predictive of patient outcome when comparing
similar results with other in vitro studies or animal models. It could potentially be
used to improve on the current preclinical models for lung cancer and other
solid cancers and help the drug development process. It could also provide an
ex-vivo way of personalising treatment to each patient to identify the best

therapy for the individual.
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8. SUMMARY AND CONCLUSIONS

Sixty patient samples were collected during the span of this project from
consented patients undergoing lung surgery at Glenfield Hospital. 47% of the
patients had adenocarcinomas, 40% had squamous cell carcinomas, 5% had
large cell lung cancers and the remaining 8% had other histology. Reports for
lung cancer in the UK as a whole, however, have shown slightly different figures
with 27% being squamous cell carcinomas, 25% being adenocarcinomas, 23%
being large cell lung cancers, 16% being SCLC and 7% categorised as other
carcinomas (Walters et al., 2013). Thus, in Leicester we see significantly more
adenocarcinomas, and less large cell carcinomas. This difference could be a
result of the small population size of 60 patients.

Mutation analysis with gPCR in KRAS, BRAF, PIK3CA and EGFR identified
PIK3CA mutations in 21% of the squamous cell carcinomas. In samples with
adenocarcinoma histology, mutations of KRAS (14%), PIK3CA (11%) and
EGFR (7%) were identified. PIK3CA mutation frequency was far higher
amongst our cases that has been previously reported (Ji et al., 2011, Kawano et
al., 2006, Okudela et al., 2007, Samuels et al., 2004) , however this could be a
result of our small population study.

The main focus of this project was to establish a primary NSCLC ex-vivo
explant culture system based on a previous breast cancer explant model
established by Prof. MacFarlane’s laboratory (Twiddy, D., et al., 2010-poster
abstract) to test the efficacy of existing drugs as well as novel drug

combinations.

Ex-vivo explant cultures were set-up for 34 out of the 60 NSCLC samples
collected. Due to high necrosis and some technical problems, 21 ex-vivo
NSCLC explants remained usable for full analysis with IHC. Thus there was an
attrition rate of ~30% which needs to be borne in mind in utilising this platform
further. However, current PhD students continuing to work with NSCLC explants

report better quality of samples.
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Six of 21 samples were used to determine the best conditions for explant
culture. The best culture time was identified to be 24 hours after recovery as, at
this time, the proliferation and viability was found to be better preserved
compared to longer culture times. This should provide enough time to observe
whether a drug treatment has a response or not and also maintains the tissue
architecture intact. The effect of varying concentrations of FCS in the media
was also studied. A positive trend for cell death with increasing FCS
concentrations was observed amongst six samples. However, no significant
differences were observed on proliferation. It was decided that 1% FCS was
reasonable to use since most of the drug treatments were done in that
concentration, consistent with the breast tumour studies. A moderate effect of
cultivation was observed which is expected since the tumour samples are being
taken out of their original environment and are subjected to vigorous cutting and

changes of the original conditions.

Next, responses of ex-vivo NSCLC explants to cisplatin were tested at a range
of concentrations (1, 10 and 50 pM) for 10 samples and at the 50 uM supra-
pharmacological dose for a total of 19 samples. 2/10 samples showed response
at 1 and 10 pM cisplatin and 7/19 showed response at 50 pM. None of the 7
patients from the responding explants have yet died, except one patient who
died 20 days after the surgery suggesting complications that were probably not
associated with chemotherapy. However, of the 12 resistance explants, two of
these patients have died. Although these data are not statistically significant, it
Is interesting that only some of the cisplatin resistant patients have so far died.

The responses to cisplatin were also correlated to p53 IHC expression. IHC-
mtp53 samples showed higher fold proliferation reductions and higher cell death
differences compared to the control in response to cisplatin treatment than IHC-
wtp53 samples agreeing with previous reports that patients who are IHC-mtp53
have greater responses to cisplatin than IHC-wtp53 (Tsao et al., 2007; Cote et
al., 1997).

The responses of ten ex-vivo NSCLC explant cultures were tested after
treatment with PI3K inhibitors (LY294002 in 6 samples and GDC-0941 in 4
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samples) and MEK inhibitors (PD184352 in 7 samples and UO126 in 2
samples) singly and in combination. Our findings propose that the use of a
combination of PI3K and MEK inhibitors, especially GDC-0941 and PD184352,
could potentially provide a therapeutic improvement in the treatment of NSCLC.
The responses were greater in the PIK3CA mutant samples. This is also
evident in the literature with various studies proposing that concurrent inhibition

of PI3K and MAPK pathways is an attractive cancer treatment.

The responses of 12 ex-vivo NSCLC explant cultures were tested here for
TRAIL and ABT-737 in the presence and absence of cisplatin. TRAIL
monotherapy or in combination with 50 uM cisplatin did not induce responses in
the explants tested except in 1/12 that showed moderate response. ABT-737
monotherapy showed response in 2/10 samples whereas ABT-737 in
combination with TRAIL only showed an additive effect in 1/10 samples. These

results were generally in agreement with clinical studies.

To conclude, we have shown here that the tissue architecture and tumour
heterogeneity of individual NSCLC patients can be examined in an ex-vivo
NSCLC explant culture system which maintains viability and proliferation in a
short culture period of 24 hours + recovery (16-20hrs). Even though there is a
moderate effect of cultivation, the ex-vivo NSCLC explant culture system can be
used for assessing in situ drug responses. This model points towards being
more predictive of patient outcome when comparing similar results with other in
vitro studies or animal models. It could potentially be used to improve on the
current preclinical models for lung cancer and other solid cancers and help the
drug development process. It could also provide an ex-vivo way of personalising

treatment to each patient to identify the best therapy for the individual.

It is unlikely that the ex-vivo NSCLC explant culture system described here
could be adapted for high-throughput drug screening but is better applied to
addressing specific questions on the in situ response of an anticancer agent. It
is envisaged that this could have particular utility for assessing the effect of
agents that target the tumour stroma for example anti-PD1 therapeutic
antibodies or chemokine receptor inhibitors.
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The analysis of the results was found to be very laborious and time-consuming
since this was mainly done by hand. This should improve by introducing a slide
scanner and specific software for accurately counting the staining and
automation of the procedure. Another possibility would be to assess the
cytotoxicity with Alamar Blue which is a dye that can be added to the culture
medium, which can be sampled at various time-points for cytotoxicity
measurements by fluorometry (Pirnia et al., 2006).

Some interesting results have already been published using similar methods to
explants (Pirnia et al., 2006; Hoffman et al., 1989; Vescio et al., 1990; Furukawa
et al., 2000; Vaira et al., 2010). However, different methodological and ethical
restrictions limit the design of studies like these, despite their clinical relevance.
Having a preclinical model which mimics the treatment outcomes of real
patients more faithfully than other models such as cell lines and animal models
should aid the drug development process and it could also provide a way of
tailoring therapy to the individual. Before it could be incorporated as a routine
platform, the next stage would be to undertake a study in which outcomes of
explants are directly correlated with clinical outcomes. This was initially the
purpose of the cisplatin study but it would take many months if not years to

complete such an analysis so that statistically meaningful data is acquired.
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APPENDIX

9.1 Ethics Documentation

NHS!

Health Research Authority

National Research Ethics Service

NRES Committee North West - Haydock

North West Centre for Research Ethics Committees
3rd Floor - Barlow House

4 Minshull Street

Manchester

M1 3DZ

Tel: 0161 625 7819/7832
Fax: 0161 237 9427

13 June 2012

Professor Andrew Wardlaw
Professor of Respiratory Medicine
University of Leicester

Glenfield Hospital

Groby Road

Leicester

LE3 9QP

Dear Professor Wardlaw

Study title: Use of Tissue from Lung Resections to Investigate the
Molecular and Functional Mechanisms of Human Lung
Disease

REC reference: 07/MRE08/42

Amendment number: Substantial Amendment 3, 04-May-12

Amendment date: 04 May 2012

The above amendment was reviewed at the meeting of the Sub-Committee held on 12 June
2012.

Ethical opinion

The amendment (Substantial Amendment 3, 04-May-12) requested a number of changes to
the approved Protocol and study documentation as follows:-

1 To remove references to AstraZeneca from the Protocol, and Participant Information
Sheet and Consent Form as they are no longer involved in the study.

2. To make minor amendment to the ‘background’ section of the Protocol.

3. Tomake a number of minor clarifications and corrections of typographical errors

4 To make a number of minor changes to the Participant Information Sheet to make it
more reader friendly.

5. To make amend the Consent Form to allow the Sponsor access to patient records.

6.  To share anonymised samples and data with other ethically approved research
studies and with other academic partners or industrial collaborators.

7. To extend the study end date to 31 June 2017.

It was noted that there was a typographical error in the stated end date of the study that
should be corrected to read the 30 June 2017 instead of the 31 June 2017.

A Research Ethics Committee established by the Health Research Authority
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The Sub-Committee identified no ethical issues with the proposed amendment.

The members of the Committee taking part in the review gave a favourable ethical
opinion of the amendment on the basis described in the notice of amendment form
and supporting documentation.

Approved documents

The documents reviewed and approved at the meeting were:

Document Version Date

Notice of Substantial Amendment (non-CTIMPs): Substantial 04 May 2012
Amendment 3, 04-May-12

Protocol - tracked changes 2 04 May 2012
Protocol 2 04 May 2012
Participant Information Sheet: with tracked changes 3 04 May 2012
Participant Consent Form: with tracked changes 3 04 May 2012
Participant Information Sheet 3 04 May 2012
Participant Consent Form 3 04 May 2012
Data Collection Form 3 04 May 2012

Membership of the Committee

The members of the Committee who took part in the review are listed on the attached
sheet.

R&D approval

All investigators and research collaborators in the NHS should notify the R&D office for the
relevant NHS care organisation of this amendment and check whether it affects R&D
approval of the research.

Statement of compliance

The Committee is constituted in accordance with the Governance Arrangements for

Research Ethics Committees and complies fully with the Standard Operating Procedures for
Research Ethics Committees in the UK.

| 07/MRE08/42: Please quote this number on all correspondence |

A Research Ethics Committee established by the Health Research Authority
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Yours sincerely

On behalf of:-

Professor Ravi S Gulati

Chair

E-mail: noel.graham@northwest.nhs.uk

Enclosures: List of names and professions of members who took part in the
review

Copy to: R&D office for NHS care organisation at lead site:

Carolyn Maloney

R&D Manager

Research Office

Leicester General Hospital
Gwendolen Road
Leicester

LES 4PW
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University Hospitals of Leicester[i'/2 5]

NHS Trust
DIRECTORATE OF RESEARCH & DEVELOPMENT Research & Development Office
Leicester General Hospital
Director: Professor D Rowbotham Gwendolen Road
. . . . Leicester
Assistant Director: Dr David Hetmanski LE5 4PW
R&D Manager: Carolyn Maloney

Direct Dial: (0116) 258 8351
Fax No: (0116) 258 4226
18/06/2012

Professor Andrew Wardlaw
University of Leicester
Glenfield Hospital

Groby Road

Leicester

LE3 9QP

Dear Professor Andrew Wardlaw

Ref: UHL 10402

Title: Molecular and Functional Mechanisms of Human Lung
Disease (plus sub studies)

Project Status: Project Approved

End Date: 30/06/2017

Thank you for submitting documentation for Substantial amendment Number 3 Date
4" May 2012 for the above study.

| confirm that the amendment has the approval of the University Hospitals of
Leicester NHS Trust R&D Department and may be implemented with immediate
effect. The study End date has also been noted and extended to 30" June 2017.

The documents received are as follows:

Description Version

Data Collection Form V3 Date: 04.05.2012
PIS& ICF V3 Date: 04.05.2012
Protocol V2 Date: 04.05.2012

Please be aware that any changes to these documents after approval may constitute an amendment. The process of
approval for amendments MUST be followed. Failure to do so may invalidate the approval of the study at this trust.

Please ensure that all documentation and correspondence relating to this
amendment are filed appropriately in the relevant site file.

Yours sincerely

Gl Moy

Carolyn Maloney
R&D Manager
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gt 717

Title: Creation of a Midlands Lung Tissue Consortium (MLTC) for the provision of lung resection
tissue.

Hypothesis
The use of primary lung tissue as a source of material for studies into the pathogenesis of lung disease is
more physiologically relevant than cell lines and animal tissue.

Objective:
To maximise the supply of lung tissue from resection material for use in research into lung disease by
members of the MLTC.

Background:

Lung diseases including COPD, asthma, cancer and interstitial lung disease are common and cause
considerable morbidity and mortality. Ideally research into lung disease should use material obtained
from human lung. However lung tissue is difficult to obtain because it is dependent on invasive
procedures such as lung surgery or fibre-optic bronchoscopy. As a result both academic research and the
development of new drugs by the pharmaceutical industry often have to rely on cell lines or animal
tissue which is a second best option because it lacks physiological relevance.

One source of fresh lung tissue is excess material from lung resections usually undertaken for carcinoma
of the lung. In addition the 'normal’ lung tissue can be compared with the malignant tissue for those with
an interest in lung carcinoma. The lung tissue can be processed for histology or to obtain primary lung
cells. These can include cells of the immune system (e.g. mast cells, T cells, eosinophils, neutrophils,
alveolar macrophages) or structural cells (e.g type 1 and 2 pneumocytes, airway smooth muscle cells,
fibroblasts, bronchial epithelium, and vascular endothelial cells). The immune cells need to be used
within hours of resection whereas the structural cells can be cultured and stored for long periods. A wide
variety of experiments can be performed on these cells depending on the interest of the investigator.
Where appropriate the clinical status of the patient can be linked anonymously to the tissue so that the
diagnosis and severity of disease can be related to the functional capacity of the cells.

The cardiothoracic unit at Glenfield Hospital in Leicester has an approximately fifteen-year history of
using lung resection material for research into lung disease. During that time we have obtained and
processed in the region of 700 lung specimens and in the region of thirty peer reviewed original papers
have directly resulted from the use of lung resection material. In the last eleven years Leicester has had
collaborations on studies relating to the pathogenesis of COPD which has involved the supply of lung
tissue. This tissue has been used to investigate the relationship between pathology and function in
patients undergoing lung volume reduction surgery (LVRS) and to help guide drug development.
Birmingham Heartlands are also using lung resection material for their research programmes and
Walsgrave Coventry have access to lung resection material and are keen to develop their research
programmes.

In order to maximise the potential for research in the Midlands, Leicester entered into discussions with
Birmingham Heartlands and Coventry Walsgrave about the possibility of establishing a consortium
(MLTC) for the supply of lung tissue to members of the consortium to enhance their research
programmes. These programmes differ in each of the centres with each needing different types of lung
cells. As the research programmes are not resource competitive by maximising the use of lung tissue we
can enhance the research programmes of all three centres. We will also be able to share expertise in lung
processing and develop collaborative research projects where our research interests overlap.

07/MRE08/42
Protocol
Version 2, 04-May-12
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Plan of Investigation

The Midlands Lung Tissue Consortium (MLTC)

The consortium has now been well established since 2007 and is made up of the participating centres
noted above. Day to day running of the MLTC will be in the hands of a management board with
representatives from each centre. The administration of the ML'TC, in particular co-ordinating the
provision of lung tissue will be undertaken by Leicester. Good communication between the centres in
terms of the timing of the availability of the lung tissue will be essential to the success of the initiative.

Arrangements for the Supply and Processing of Lung Tissue

The broad outline will be the same for each centre with local variations.

Leicester:

This will broadly follow our current procedure. Patients undergoing lung resection will be asked for
written informed consent to use their lung tissue (both malignant tissue and normal tissue at a distance
from the tumour) for research purpose including sharing the tissue with our collaborators in the MLTC.
Consent for the use of both the normal and malignant tissue as well as up to 50mls of blood will be
obtained either by the doctor obtaining consent for the operation (usually a surgical SHO), a research
nurse, study co-ordinator or clinical fellow involved in the research programme. When the lung is
removed from the patient in theatre the nursing staff will check for the presence of consent. They will
then contact the technician employed to harvest the lung tissue. The technician will collect the fresh
unfixed lung tissue and take it to pathology where s(he) will dissect away the normal lung tissue from
the malignant tissue. The remaining lung will then be placed in formalin and dealt with by the
pathologists. The technician has been trained by the pathologists to do this 'cut up'. Where malignant
tissue is required the cut up will be done by a pathologist or fully trained technician. The technician files
the consent form and records the clinical details of the patient. The technician then codes the samples so
that the tissue is dealt with anonymously by the research staff in a way that the clinical details can be
linked to the patient if necessary. Only the technician, the research nurse or the principal investigator
(Wardlaw) has access to the identity of the patient.

The technician will then take the lung tissue to the research laboratories where it is dealt with by the
research staff depending on their immediate needs. Some of the lung will be transported between the
hospitals either as whole lung, lung digests or single cell preparations. Where required some clinical
details such as lung function, smoking history and diagnosis are provided to the research staff on an
anonymous basis.

Birmingham Heartlands:

Consent will be obtained by the surgical SHO's or clinical research fellow as is the case for Leicester. In
accordance with current agreed practice and ethical / trust approval, lung samples peripheral to the
tumour specimen will be excised by the surgical team performing the lung resection. A mechanism for
feedback to the pathologist about the resected lung is already in place. The clinical fellow will then file
the consent form and record and code the patient details as described above for Leicester before
handing the tissue over to the local research staff for processing or transporting the lung to Leicester by
courier.

07/MRE08/42
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Coventry Walsgrave:

Consent will be obtained by the research nurse employed on the project. Suitable patients will be identified from the
theatre lists. The nurse will also collect the lung from theatre, transport it to pathology where it will be cut up by the
pathologist. S(he) will then record the details as above and arrange for the lung to be processed locally or
transported by courier to Leicester.

Experimental Methodology

The way the lung is processed will depend on the current research priorities of the members of the MLTC. These
will change over the course of the collaboration so it is not appropriate to describe specific experiments.
Potentially we would aim to use all the lung cells for experiments ranging from immunological investigation
through to gene expression analysis as well as high throughput screening of drug targets. Between us we have
protocols for the isolation of most lung cell types and these will be shared between members of the MLTC. In
some cases the tissue will be processed for immunohistochemistry and these samples will be stored in a manner
appropriate to the embedding method used. In some cases structural cells will be cultured and stored in liquid nitrogen
for thawing at a later date. Most of the experiments will involve normal tissue but in some cases we will want to use
the malignant tissue either for immunohistochemistry, gene profiling or isolation of malignant and non-malignant
cells for functional studies. In cases where malignant tissue is required this will only be done in close co-operation
with the pathologist in the centre to make sure that the routine analysis of the sample is not compromised. For some
experiments we will want to compare blood and lung cells from the same patient. Consent will be routinely obtained
for blood (up to 50ml) to be taken as well as lung tissue as described above but this will only be acted upon in a
small number of specific cases.

Numbers of Patients

It is anticipated based on the resection numbers in each centre that Leicester will source in the region of 60 useable
lung samples a year, Walsgrave 40 and Birmingham 80. These figures may need to be adjusted based on
experience.

07MRE08/42
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9.2 Example patient sample sheet

Patient Sample Sheet

Lung Tumour Sample Number: 27

Ethics Project Title: Use of tissue from lung resections to investigate the molecular
and functional mechanisms of human luna disease
LREC Ref:

Date of Operation: 27/07/11
Pathologist: Sally Muller, collected with Will Monteiro

Consent Given: Yes Specific/Generic
Person attaining consent:

Patient Date of Birth: 59y 8m
Sex: M
Procedure: LLL

Tissue Tracking

Person/s processing tissue sample: Ellie Karekla
Total weight of sample:
Total weight of solid tissue: 4.3793 g

Total volume of holding media:

Total volume of bodily fluids:

Immunohistochemistry:

Total weight of sample to be used for slices:
Storage of tissue:
Total weight of sample to be used for PFFE for later analysis: ~1g
Total weight of sample to be used for DNA for later analysis: 135 mg

Total weight of sample to be used for RNA for later analysis: 641 mg
Total weight of sample to be used for protein for later analysis: 1430 mg

Disposal of tissue:
Total weight of sample disposed of on day of acquistion: none

Experimental Aims

Viability Genotyping
Diffusion Biochemical Assays
Long term cultures Explants

Proliferation
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Patient Sample Sheet

Sample taken to MM lab and processed by Ellie in the same days as
operation.

A portion was taken for eventual generation of protein lysate using Kinase
Assay Buffer.

The portion taken for RNA was stored in RNA Later at -20°C after 1 day at
4°C.

The portion taken for DNA was lysed in 0.05M Tris pH8/0.1% SDS buffer (+
0.5mg/ml Proteinase K) for 3 hours at 65°C, cleaned with an equal volume of
phenol/chloroform/IAA, washed in chloroform/IAA, precipitated with 100%
ethanol (-20°C) and 1M Nacl, washed in 70% ethanol then air dried and

resuspended in 250 ul TE and stored at 4°C.

Portion taken for explants was processed in MM lab by Ellie in the class I TC
hood.

1 x 6 well processed for to
27 x 6 well processed and incubated in DMEM media plus 1% FCS+
1%pen/strep

Samples harvested and processed for PFFE. They were fixed for ~20 hours in
4% PFA and then stored in cassettes in 70% EtOH. Processed for H&E and
IHC in HP lab

Block numbers are as follows:

LT27-001: T=0
LT27-002: 15hrs o/n + 24 hours untreated
LT27-003: 15hrs o/n + 24 hours untreated

LT27-004: 15hrs o/n + 24 hours control carrier alone (1.5ul DMSO)
LT27-005: 15hrs o/n + 24 hours control carrier alone (3ul DMSQO)
LT27-006: 15hrs o/n + 24 hours control carrier alone (1.5ul DMF)

LT27-007: 15hrs o/n + 24 hours + 50 uM cisplatin in DMF (1.5 pnl)
LT27-008: 15hrs o/n + 24 hours + 5 M U0126 in DMSO (1.5 pl)
LT27-009: 15hrs o/n + 24 hours + 10 uM U0126 in DMSO (1.5 pl)
LT262-010: 15hrs o/n + 24 hours + 20 uM U0126 in DMSO (1.5 pl)
LT27-011: 15hrs o/n + 24 hours + 5 uM GDC-0941 in DMSO (1.5 nl)

LT27-012: 15hrs o/n + 24 hours + 10 uM GDC-0941 in DMSO (1.5 pl)
LT27-013: 15hrs o/n + 24 hours + 20 uM GDC-0941 in DMSO (1.5 pl)
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LT27-014: 15hrs o/n + 24 hours + 5 uM U0126 in DMSO (1.5 pl) +5 uM GDC-
0941 in DMSO (1.5 pl)

LT27-015: 15hrs o/n + 24 hours+10 uM U0126 in DMSO (1.5 pl) + 10 uM
GDC-0941 in DMSO (1.5 pl)

LT27-016: 15hrs o/n + 24 hours + 20 uM U0126 in DMSO (1.5 pl) + 20 uM
GDC-0941 in DMSO (1.5 nl)

LT27-017: 15hrs o/n + 24 hours + 5 uM U0126 in DMSO (1.5 pl) + 5 uM GDC-
0941 in DMSO (1.5 pl) + 50 uM cisplatin in DMF (1.5 ul)

LT27-018: 15hrs o/n + 24 hours+10 uM U0126 in DMSO (1.5 pl) + 10 uM
GDC-0941 in DMSO (1.5 pl) + 50 uM cisplatin in DMF (1.5 pl)

LT27-019: 15hrs o/n + 24 hours TRAIL 1pg/ml (1.5 ul)

LT27-020: 15hrs o/n + 24 hours TRAIL 1pug/ml (1.5 pl) + 50 uM cisplatin in
DMF (1.5 pl)

LT27-021: 15hrs o/n + 24 hours TRAIL 2pg/ml (2 ul)

LT27-022: 15hrs o/n + 24 hours 10 uM ABT (1.5ul)
LT27-023: 15hrs o/n + 24 hours 2 uM ABT (0.3 pnl)
LT27-024: 15hrs o/n + 24 hours 10 uM ABT (1.5ul) + TRAIL 1ug/ml (1.5ul)
LT27-025: 15hrs o/n + 24 hours 2 uM ABT (0.3 ul) + TRAIL 1pg/ml (1.5ul)

LT27-026: 15hrs o/n + 24 hours 2 uM TRAM-34 (0.3 pl)

LT27-027: 15hrs o/n + 24 hours 10 uM TRAM-34 (1.5ul)
LT27-028: 15hrs o/n + 24 hours 10 uM TRAM-34 (3pl)
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9.3 Summary table of all cases

Mutations Explants
Date Smoking . . tested with Positive Tumour P53
Coee Taken s | e History SN O SlEtlig UL gPCR mutations Dimensions S:%elé status**
probes
PIK3CA,
Adenosquamous BRAF, PIK3CA 26 x25 x 25
LT1 | 11/03/2010 | 62 smoker carcinoma RUL pT1, pNO, pMx, RO KRAS. G1633A mm NO \
EGFR *
PIK3CA,
ex- . BRAF, PIK3CA 35x21x
LT2 | 17/03/2010 | 73 smoker Squamous carcinoma pT2, pNO, pMx, RO KRAS. G1633A 38mm YES/YES \
EGFR *
Combined small cell/ PIIBKR?ACFA 30x 15 x 10
LT3 | 22/03/2010 | 43 smoker | large cell neuroendocrine pT2, pNO, pMx, RO KR AS’ mm NO \
carcinoma EGER *
. . PIK3CA
Mixed acinar and . ' KRAS
LT4 | 24/03/2010 | 66 ex- micropapillary pT4, pN1(mi), pM1, BRAF, | g5g>T,c [ 40%58x48 1 (o \
smoker b Rx KRAS, mm
adenocarcinoma of RUL orA
EGFR *
PIK3CA,
LT5 | 24/03/2010 | 60 smoker SapEmas oz pT2, pNO, pMx, RO B, SOREDXED || g \
carcinoma KRAS, mm
EGFR *
PIK3CA
Debatable. At least '
LTe | 11/04/2010 | 81 ex- Squamous cell pT2a, possibly pT3, BRAF, 19x16x26 | o \
smoker carcinoma KRAS, mm
pN2, R2 EGER *
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PIK3CA,

35 mm

LT7 | 07/05/2010 | 83 il SEUEITIENS Gl pT2a, pNO, pMx, RO EIRAI maximum | YES/NO \
smoker carcinoma KRAS, diameter
EGFR *
ex- PIK3CA,
smoker Squamous cell BRAF 55 mm
LT8 | 12/05/2010 | 52 . pT3, pN1, pMx, RO ' maximum \
60 pack- carcinoma KRAS, diameter
years EGFR *
PIK3CA,
ex- | BRAF, KRAS 8 mm
LT9 | 16/09/2010 | 65 smoker Adenocarcinoma KRAS. 34G>T n;gxr;rgtjerr NO \
EGFR *
PIK3CA,
ex- . BRAF, 45 x 35x 20
LT10 | 27/09/2010 | 69 smoker Adenocarcinoma pT3, pNO, pMx, R1 KRAS. mm NO \
EGFR *
PIK3CA, four
LT11 | 07/10/2010 | 60 unknown Metasta'u_c colorectal EIRC fragments 4 NO \
carcinoma KRAS, mm max
EGFR *
PIK3CA,
LT12 | 08/11/2010 | 74 unknown Squamous cell pT2a, pNO, pMx, RO BRAF, approx 40 NO \
carcinoma KRAS, mm
EGFR *
pieey o5 m
LT13 | 15/11/2010 | 69 smoker Adenocarcinoma pT3, pNO, pMx, R1 KRAS, maximum NO \
EGER * diameter
PIK3CA,
LT14 | 10/01/2011 | 65 unknown Squamous cell pT1a, pNO, RO BRAF, omm | vES/VES | Mutant
carcinoma KRAS, maximally
EGFR *

217




PIK3CA,

ex- . Lo BRAF, 76 x 30 x 25
LT15 | 31/01/2011 | 54 smoker Atypical carcinoid tumour pT3, pN2,R2 KRAS. mm YES/YES WT
EGFR *
PIK3CA,
ex- Acinar type BRAF, PIK3CA 86 x80 x55
LT16 | 11/04/2011 | 69 smoker adenocarcinoma PT3, pN1, RO KRAS, G1633A mm YES/YES WT
EGFR *
PIK3CA,
LT17 | 24/05/2011 | 67 smoker SEneUE CEl oT2b, pNO, pMX, RO | BRAF, 50X 70x60 | yeg/No \
carcinoma KRAS, mm
EGFR *
PIK3CA,
LT18 | 25/05/2011 | 84 ex- Squamous cell pT1b, pNO, RO BRAF, 29X25%25 | yEgivES | Mutant
smoker carcinoma KRAS, mm
EGFR *
PIK3CA,
LT19 | 31/05/2011 | 72 e Mixed acinar/papillary | 15, (NG pMX RO Bl 40X35x35 | yEgND \
smoker adenocarcinoma. KRAS, mm
EGFR *
Separate parietal pleura
and bronchial margin. . PIK3CA
. : First pT3 pNO pMx '
LT20 | 20/06/2011 | 77 unknown | One poorly differentiated | o0 pT14 pNO, BRAF, 1OXT5X5S | vegves | wr
adenocarcinoma. Mx R2 KRAS, mm
Second primary P EGFR *
adenocarcinoma
e
ex- . BRAF, PIK3CA
LT21 | 27/06/2011 | 82 smoker predomlr_lant pT2b, pN1, pMla KRAS. G1633A 50x55 mm | YES/NO \
adenocarcinoma EGER *

(extensive necrosis)
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Invasive lepidic

PIK3CA,

LT22 | 29/06/2011 | 65 ex predominant mucinous pT2a, pNO, RO BRAF, 33x25x50 | vegivEs | wrT
smoker adenocarcinoma KRAS, mm
EGFR *
Squamous cell Pt
ex- . . BRAF, PIK3CA 90 x 70 x 50
LT23 | 04/07/2011 | 81 smoker | c&rcinoma Wlth. zones of pT3,pN1,RO KRAS. A3140G mm YES/YES | Mutant
necrosis
EGFR *
Centrally necrotic Péléi?:A 54 x 55 x 51
LT24 | 25/07/2011 | 73 smoker squamous cell pT2b,pN2, pMx, RO KRAS, mm YES/NO \
carcinoma EGER *
PIK3CA,
LT25 | 25/07/2011 | 74 unknown Squamous cell DT 2b,pNO,pMX,R0 B SRS ED ||y \
carcinoma KRAS, mm
EGFR *
PIK3CA,
LT26 | 27/07/2011 | 59 smoker Adenocarcinoma pT2b,pNO,pMX,R0 EEQE =0 Xn51?nx =0 YES/NO \
EGFR *
PIK3CA,
never . BRAF, 125 x 95 x
LT27 | 27/07/2011 | 60 smoked Adenocarcinoma pT3, pN2, pMX,R0O KRAS. 65 mm YES/YES | Mutant
EGFR *
PIK3CA,
LT28 | 06/00/2011 | 83 ex- Squamous cell 0T2b, pN1, pMX,RO BRAF, 52x45x35 | o \
smoker carcinoma KRAS, mm
EGFR *
PIK3CA,
ex- Adenocarcinoma BRAF,
LT29 | 14/09/2011 | 59 smoker (partially necratic) KRAS, 40 mm max | YES/NO \
EGFR *
ex- Adenocarcinoma Pl_l)KR:fACFA 42 x 40 x 33
LT30 | 21/09/2011 | 79 predominant acinar pT2a,pN2,pMX,R0 ' YES/NO \
smoker KRAS, mm
pattern EGER *
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PIK3CA,

LT31 | 28/09/2011 | 74 SEUEITIENS Gl 0T2a,NO,MX,R0 Bl 40x45x40 | yegivES | Mutant
carcinoma KRAS, mm
EGFR *
. PIK3CA
Solid type '
LT32 | 05/10/2011 | 55 smoker adenocarcinoma with pT2a,pNO,pMX,R0 EEQE 30 Xn21r5nx 35 YES/YES WT
areas of necrosis EGER *
Pleomorphic carcinoma PIK3CA,
ex- (with BRAF, 72 x 40 x 65
LT33 | 18/10/2011 | 79 smoker adenocarcinomatous pT3, pNO, pMx, RO KRAS. mm YES/YES WT
components) EGFR *
ex- Lepidic type non BRAL 60 x 26 X 50
LT34 | 22/11/2011 | 65 mucinous pT3,pNO,pMX, RO ' YES/YES | Mutant
smoker adenocarcinoma KRAS, mm
EGFR *
Squamous cell PUSEER,
i BRAF, PIK3CA approx 40
LT35 | 05/12/2011 | 77 smoker carcinoma -shovv_s pT2a,pN1,RO KRAS. G1633A MM max YES/NO \
extensive necrosis
EGFR *
Pleomorphic carcinoma PIK3CA,
- : BRAF, PIK3CA | 31x30x25
LT36 | 07/12/2011 | 61 unknown lepidic pred(_)mmant pT2,pNO,pMX,R0O KRAS. A3140G mm YES/YES | Mutant
adenocarcinoma
EGFR *
. . PIK3CA
Adenocarcinoma with '
ex- ; . BRAF, 42 x 40 x 40
LT37 | 11/01/2012 | 64 smoker predc;r:gﬂﬁlgétﬂ?gnlary pT2a, pNO,pMX,R0 KRAS. mm YES/NO \
EGFR *
PIK3CA,
ex- Squamous cell BRAF, PIK3CA | 65x20x 25
LT38 | 01/02/2012 | 76 smoker carcinoma pT2b,pNO,pMX,R0O KRAS. A3140G mm YES/YES WT
EGFR *
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PIK3CA,

Large cell carcinoma BRAF, 90 x 65 x 45
LT39 | 06/02/2012 | 65 unknown NOS ypT4,ypN1 KRAS. mm NO
EGFR *
Large cell PIK3CA,
LT40 | 20/02/2012 | 62 ex- neuroendocrine pT2a,pNO,pMX,R0 BRAF, 40 x 40 x 30 NO
smoker carcinoma. KRAS, mm
EGFR *
PIK3CA,
Mucinous BRAF, EGFR 120 x 90 x
LT41 | 08/03/2012 | 50 smoker adenocarcinoma pT3,pN2,pMX,R0O KRAS. L858R 80 NO
EGFR *
PIK3CA,
ex- Squamous cell BRAF, 27 x32x 30
LT42 | 02/04/2012 | 73 smoker carcinoma pT2a,pN1,pMX,R0 KRAS, mm NO
EGFR *
PIK3CA,
LT43 | 25/04/2012 | 76 unknown SUEMEIE Gl pT2b,pN1,p0MX,R0 BRAF, A5XS5X3B | g
carcinoma KRAS, mm
EGFR *
PIK3CA,
LTa4 | 14/05/2012 | 76 unknown Non mucinous pT2a,pN2,pMX,R0 BRAF, 28x20x35 | o
adenocarcinoma KRAS, mm
EGFR *
Pleiomorphic carcinoma PIK3CA,
(adeno +spindle BRAF, 50 x 45 x 40
LT45 | 13/06/2012 | 57 smoker cell/sarcomatoid pT2a,pN2,pMX,R0 KRAS, mm NO
morphology) EGFR *
PIK3CA,
never . BRAF, 55 x40 x 30
LT48 | 26/06/2012 | 78 smoked Adenocarcinoma pT2b, pNO,pMX, RO KRAS. mm NO
EGFR *
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PIK3CA,

ex- - BRAF, EGFR 50 x 35 x 20
LT49 | 26/06/2012 | 76 smoker Adenocarcinoma pT2a, pNO,pMX, RO KRAS. L858R mm NO \
EGFR *
PIK3CA,
LT50 | 02/07/2012 | 77 smoker Adenosquamous pT2a, pNx,pMX, RO BRAF, 45x33x30 NO \
carcinoma KRAS, mm
EGFR *
T KRAS | 42 x50 x 60
LT51 | 04/07/2012 | 70 smoker Adenocarcinoma pT2b, pN1,pMX, Rx KRAS, 34G>T, C mm NO \
EGFR * or A
PIK3CA,
LT52 | 04/07/2012 | 74 ex- Squamous cell pT2a,pN1,pM1a,R0 BRAF, 45x40x25 | g \
smoker carcinoma KRAS, mm
EGFR *
PIK3CA, KRAS
LT83 | 17/09/2013 | 70 ex AEITET LU pT2(pL1)b,pN1,pMX BRAF, 34G>T, c | 00X 34%58 | veqves | wr
smoker adenocarcinoma KRAS, or A mm
EGFR *
PIK3CA,
LT84 | 18/09/2013 | 75 smoker Squamous cell RO BRAF, 45x30x48 | vEg/vES | Mutant
carcinoma KRAS, mm
EGFR *
LT86 | 23/09/2013 | 71 unknown | Acinar adenocarcinoma pT2a,pNO,pMX,R0O & Xn::’fnx 24 YES/NO \
LT87 | 25/09/2013 | 71 smoker NSCLC, favouring pT3,pNO,RO 105x84x 1 vEgNO \
adenocarcinoma 43 mm
PIK3CA,
LTss | 21/10/2013 | 68 unknown Sapemas oz atleast pT1b,pNO,RO |  BRAF, 23x18x24 | yvegves | Mutant
carcinoma mm
KRAS *
PIK3CA, 25mm x 20x
LT89 | 30/10/2013 | 85 unknown | Atypical carcinoid tumour pT2a,pNO,pMX,R0 BRAF, YES/YES WT
KRAS * 15mm
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LT90 | 30/10/2013 | 75 unknown Adenocarcinoma, mixed | pT2(PL1),pN2b,pMX, 40 x 35 x 62 YES/NO \
growth pattern RO mm
PIK3CA,
LTo1 | 06/11/2013 | 78 unknown Squamous cell PT1b,pNO.PMXPLOR | " gpap 26x19%28 | vESNG | Mutant
carcinoma 0 mm
KRAS *
PIK3CA,
LT92 | 11/11/2013 | 62 unknown Sapemas oz pT2b,pN1,pLL,R1 BRAF, PIKSCA 1 67 mm max | YESIYES | Deleted
carcinoma G1633A
KRAS *
Combined small cell
LT93 | 20/11/2013 | 78 unknown a - pT2a,pN1,pMX,,R0 BRAF, YES/YES \
carcinoma with small KRAS * mm

area of small cell
carcinoma )
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